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Abstract

Catalytic properties of oxide-based catalysts strongly depend on the mobility and reactivity of surface oxygen as well as on oxide ability to
provide oxygen as a reactant and its facility to undergo re-oxidation process. To understand the whole process one of the most important
information concerns energetics of creation and annihilation of surface oxygen vacancies. In order to obtain such data theoretical calculations
by means of DFT method are carried out. Catalytic activity of different surface species that contain oxygen (surface O centers, surface OH and
H,0 groups, adsorbed O,) in MoO3 and V,0s5 systems are examined using cluster model. In addition, tendency towards an aggregation of

surface oxygen vacancies is studied.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Transition metal oxides represent an important class of
materials due to their technological and commercial
importance [1-7]. In particular, two groups of catalytic
materials, namely vanadium and molybdenum oxides — both
pure and mixed with other metals, are well known catalysts
for a whole spectrum of industrial processes. Vanadium- and
molybdenum-based catalysts are active and selective in
many chemical reactions of very different types. Vanadia-
based compounds are used as components for catalysts used
in mild oxidation, ammoxidation, oxidative dehydrogena-
tion of hydrocarbons, selective oxidation of hydrocarbons,
removal of NO,, and selective reduction [8—13]. Molybde-
num oxides in combination with other elements (bismuth,
vanadium, cobalt, or aluminum) are applied as major
catalysts in commercial processes such as isomerization,
polymerization, production of formaldehyde, acronitrile and
in particular, as selective catalysts for the partial oxidation of
hydrocarbons and alcohols [14-18].
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Catalytic properties of oxide-based catalysts depend
strongly on the ability of oxide to provide surface oxygen as
a reactant [1-21]. Therefore, it seems worthy to study
chemical/catalytic properties of active oxygen centers as a
function of both the coordination number (i.e. a number of
chemical bonds that have to be broken) and the character of
neighboring atoms (i.e. character of chemical bonds that
have to be split off). On the other hand, the chemistry of
transition metal oxides is strictly dependent on and
controlled by the amount and properties of surface defects.
Real crystal structure of transition metal oxides is
characterized by presence of various ‘‘imperfections”,
described as defects of the crystal structure [22-28]. These
defects are usually classified according to their dimensions
and may be divided into point defects (vacancies; interstitial
or foreign atoms), linear defects (dislocations), plane defects
(shear planes, various internal/external grain boundaries)
and spatial defects such as pores or foreign inclusions
[2,8,14]. From a thermodynamic point of view an ideal
crystal (with perfect periodical arrangement of all structural
elements) can exist only at the temperature of absolute zero.
At any other temperature thermal oscillations of surface
atoms will lead to formation of various kinds of point defects
decreasing the chemical potential.
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Some of the point defects (in particular oxygen
vacancies) are formed during the catalytic reaction. In
processes catalyzed by molybdenum or vanadium systems
the Mars—van Krevelen [8,29] reaction mechanism gives two
possibilities for the formation of oxygen point defects. First,
through the formation and successive desorption of surface
hydroxyl or water species, and second, via a direct
incorporation of surface oxygen ions into an organic
species. Surface hydroxyl and water species can be formed
as a result of activation of hydrocarbon molecule on surface
oxygen atoms, which are capable to abstract hydrogen atoms
from the organic species, and can desorb in the subsequent
step, leaving the oxygen point defects behind. The second
reaction step, which is a nucleophilic oxygen insertion,
proceeds through the transfer of surface oxygen atom(s)
from the surface of oxide catalyst towards an adsorbed
hydrocarbon and, as the result, gives the precursor of
oxygenated product (aldehyde or ketone), which can desorb.
Such an incorporation of surface oxygen atoms into the
organic species creates also surface oxygen vacancy.

It is generally accepted that reduced surfaces often
possess chemisorptive and catalytic properties different
from stoichiometric surfaces [1-28] due to the different
electronic configurations of the ions, and also different
(lower in case of reduced surface) coordination of surface
ions. Oxygen defect creates a new active site at the surface,
which can be annihilated by either the diffusion of oxygen
from the bulk or by an adsorption of atomic/molecular
oxygen from a gas phase [3,28]. In a typical catalytic process
the oxide surface undergoes step-wise reduction and
oxidation. During the reduction the oxygen vacancies are
formed and the parent structure is transformed first into a
mixed-valence oxide and then into the lower-valence oxide
(for example V205 — (V409, V6Ol3) — V02 — V203 [8]
or MoO3 — (M0401, M030s5,) — M0O,) [23]. At any step
the reduction can be stopped and reversed by gaseous
oxygen, which fills the vacancies and leads to re-oxidation of
the surface. The combination of reduction/re-oxidation
reactions together with structure transformation processes is
a very complex phenomenon.

Formation or existence of surface oxygen vacancy might
become a starting point for many different surface processes.
Oxygen point defects may give rise to extended linear/planar
defects, may initiate the creation of shear plane, and finally,
may lead to a fully reduced oxide [23,30-34]. If the
concentration of surface oxygen vacancies exceeds a critical
value, the respective crystal plane changes its topology
through rearrangements of the elementary metal-oxygen
polyhedral units (for example from corner- into edge-
linked), and in addition, the metal-to-oxygen ratio (stoi-
chiometry) is modified. In effect, vacancies might become
annihilated and different sub-oxide might be generated. The
formation of crystallographic shear planes may be seen as
one of the factors that create the ability of these structures to
insert oxygen into the organic species in the selective
oxidation process. However, one should stress that the

formation of crystallographic shear planes cannot exclude
the existence of point defects [35-39]. Experiments using
ESR and EPR spectra postulate that the reduction of oxide
surfaces proceeds at the beginning with the formation of
structural point defects such as oxygen vacancy.

In recent years the electronic structure of point defects in
metal oxide materials has received an increasing attention
[23,24,40-50], due to a fact that understanding the nature of
point defects in oxides is of a fundamental importance to
catalysis. On one hand, the presence of reduced surface
metal centers strongly affects the adsorption/activation of
hydrocarbon molecules. In addition, surface point defects
are responsible for the changes in optical, electronic and
transport properties. On the other hand, the geometric and
electronic nature of oxygen vacancies can change drama-
tically from system to system. On top of it one should
remember that catalysts based on transition metal oxides
usually exhibit pronounced crystallographic anisotropy,
which causes the catalytic properties to be dependent on
the exposed faces in a given crystalline sample. Further, the
different oxide surfaces contain catalytic active sites, which
usually participate in different elementary steps of catalytic
reaction and, as the results, different types of oxygen
vacancies exist at different surfaces.

Present paper aims at collecting and summing up the
results of the ab initio DFT cluster studies, which consider
two groups of catalytic materials, namely V-O and Mo-O
systems. It focuses on the energetics of formation,
aggregation and re-oxidation of oxygen point defects. To
give complete, chronological picture of the changes
occurring at any oxide surface (i.e. its reduction and re-
oxidation) already published results, which concern forma-
tion of single oxygen vacancies [51-58] forego new material
on creation of the second vacancy in presence of the first one,
generation of the pair of vacancies and on aggregation of
surface vacancies. For completeness the reverse of the
surface reduction i.e. its re-oxidation done through the
adsorption of O, gaseous molecule at different vacancies is
considered [57,58]. The whole reduction/re-oxidation pro-
cess that proceeds at surface of each oxide is discussed taking
MoO; and V,05 systems as examples. Changes in electronic
structure connected with the vacancy formation are added.

2. Theoretical modeling

Vanadia- and molybdena-based catalysts have several
common properties. First, both oxides contain metals
exhibiting the highest oxidation states. Second, the crystal
structures of both compounds consist of units where metal
cations are surrounded by oxygen anions in octahedral
coordination [59]. Those building units are connected with
each other through edges and corners. The metal coordina-
tion sphere has not the highest possible symmetry because
different M—O bond lengths distort it. Such a distortion
results in the existence of structurally non-equivalent
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oxygen sites, especially at the surfaces and, in consequence,
leads to the different types of oxygen vacancies having an
impact on surface properties of both systems. To describe the
non-equivalent oxygen sites/vacancies a finite cluster model
is used. Geometry inside clusters follows from the crystal-
lographic structure of the particular system. In all cases the
selected clusters are representative for the discussed system,
meaning that they contain all structurally different surface
oxygen sites and elements that are characteristic for the
surface geometry. The clusters are terminated by hydrogen
atoms in order to saturate dangling bonds (resulting from the
cutting of the cluster out of the surface) and to ensure proper
formal oxidation states of metal and oxygen ions. Both
oxides, MoO3 and V,0s, crystallize in an orthorhombic
layer type lattices, and may be viewed as systems of weakly
bonded bi-layers (MoOs) or single layers (V,0s) parallel to
the (0 1 0) netplane.

In molybdenum trioxide each bi-layer consists of two
interleaved planes of corner-linked distorted MoOg octahe-
dra, where the octahedra of adjacent planes share edges. The
(0 1 0) surface contains centers (see Fig. 1) of the following
nature: O(1) terminal (molybdenyl) oxygen coordinated to
one molybdenum atom through a short bond (dyjo_o = 1.67 A)
that is almost perpendicular to the surface, O(2) bridging
oxygen atom that lays asymmetrically between two Mo
centers in the surface plane and bounds to them by short
(dro-o=1.73 A) and long (dyoo= 2.25 A) bonds, and
finally O(3) bridging oxygen atom, placed symmetrically
between two Mo centers of the surface layer (dyjo_0 = 1.94 A)
and linked to the third Mo center in the underlying sub-layer
(dymo-o = Mo-0O distance 2.33 A). The molybdenum center
Mo(6) is coordinated to six oxygen atoms. To model the
(0 1 0) surface the Mo;50s¢H,, cluster is used (see Fig. 1).

Vanadium pentoxide, V,0s, is characterized by a layer-
type orthorhombic lattice [59]. Loosely connected crystal

(0 10)Mo0,

layers, extending parallel to the (0 10) crystallographic
plane, are described by a periodic arrangements of edge and
corner sharing VOs square pyramids, pointing out at both
sides of the layer. At the (0 1 0) surface the following surface
centers, which are accessible for an incoming molecule, can
exist (see Fig. 1): O(1) terminal (vanadyl) oxygen,
coordinated to one vanadium atom through a short bond
(dv_o=1.58 10\) perpendicular to the surface, O(2) bridging
oxygen, laying in the surface plane and coordinated to two
vanadium atoms by two equal bonds (dy_o =1.78 IQA), and
O(3) that bridges oxygen in the surface plane and is
coordinated to three vanadium atoms, with two shorter
V-O bonds (dy_o=1.88 A) and one longer bond
(dv_o0=2.02 1&). In addition, there exist V(5) bare vanadium
centers coordinated to five oxygen atoms. In the calculations
the local environment at the (0 1 0) surface is modeled by
V10031H;, cluster (see Fig. 1), which describes different
surface oxygen centers.

Point defects created at the surface are described using
Mo;505sH,, and VoO50H;, clusters that are obtained by
removing oxygen from structurally different positions at the
respective surface. Each local defect obtained in that way
results from different number of broken bonds and has a
different chemical/geometrical arrangement.

The calculations are carried out by means of ab initio
DFT method [60,61], using StoBe quantum chemistry
program package [62]. The exchange correlation interac-
tions are accounted for by the gradient corrected RPBE
functional [63,64]. The Kohn—Sham molecular orbitals are
expanded as a linear combination of atom-centered
Gaussian-type orbitals, expressed in terms of double zeta
basis sets including polarization functions. For vanadium,
oxygen, and hydrogen atoms extended all electron basis sets
are used, whereas molybdenum atoms are represented by
valence basis sets with the [Ar]3d10 core described by a

(010) V,0,

Fig. 1. Sketch of non-equivalent oxygen centers (black dots), O(1-3), at the (0 1 0)MoO; and (0 1 0)V,Os surfaces. Additionally the substrate clusters
M;5056H2, and V10031H;, used to represent (0 1 0)MoOj3 and (0 1 0)V,0s5 surfaces respectively are emphasized.
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model core potential [65]. The details of the electronic
structure of the studied systems are explored using the
Mulliken analysis [66], Mayer bond order indices [67,68],
and atom projected densities of the states (PDOS). In
addition, the changes in cluster geometry as consequences of
bond making/breaking are discussed. To describe the
problem of trapping electrons at the surface vacancy two
different strategies are applied. Starting from the hypothesis
that the removal of an oxygen atom leads to the formation of
dangling bonds [69,70] no basis function is placed at the
position of missing oxygen. In the second approach
assuming the possibility of electron localization (observed
in ionic systems, like MgO [71,72]) the basis set of the
missing oxygen is put into the vacancy place.

3. Results and discussion
3.1. Energetics of point defects at perfect surfaces

The thermodynamic stability of various oxygen sites at
the surfaces is directly connected with the energy required to
remove an oxygen species from the surface. Generally, at
both studied surfaces, three different types of surface oxygen
vacancies can exist: O(1) vacancy created by removing
singly coordinated terminal oxygen atom, O(2) vacancy
formed after desorption of doubly coordinated oxygen, and
O(3) vacancy localized in the place of triply coordinated
oxygen. Fig. 2 shows all types of studied oxygen vacancies
in Mo—O and V-O systems.

(010)MoO,

0O(3) vacancy

Depending on the electronic charge of the removed
oxygen species (neutral O atom or charged O~ and 0%~
oxygen ions), surface vacancies can exist in three electronic
states: 0, —1 or —2 — when 02_, O~ or O is removed, what
corresponds to the 2+, 1+ and O charged -clusters,
respectively. Generally, the process of vacancy formation
can be represented by the following formal reaction:

ideal surface

— (surface with point defect)"" + (oxygen species)” ™,
n=0,1,2

Based upon the clusters model, the energy of vacancy
formation, that is equal to the energy needed to desorb
surface oxygen species, Ep(0)”, is defined by an equation
following from the total energies of the appropriate clusters
and oxygen species:

ED(O)n = Etot(Mx y—le)n+ + Etot(o)n_
- Etot(MxOsz)

where E,(O)"” and E(M,O,H,) are ground state
total energies of the free oxygen species and the non-
defected cluster (without vacancy) and Eu(M,O,_;H)""
is the total energy of the defected (with an oxygen vacancy)
cluster.

Preliminary studies on the removal of oxygen ions (O™
and 027), resulting in the charged vacancies, which are done
for Mo—O and V-O-P systems, show that at oxide surfaces
neutral vacancies form more stable local defects than

(010)V,0,
0O(1) vacancy

0(2) vacancy

Fig. 2. Sketch of the vacancies at different surface oxygen sites O(1-3) at the (0 1 0)MoO; and (0 1 0)V,0s5 surfaces and additionally in the M;505s¢H5, and
V10031H;, clusters used to represent studied surfaces. Arrows indicate positions of created point defects at various sites at surfaces and in the cluster.
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charged vacancies. The energy needed to create any
positively charged vacancy is much higher than energy
required to obtain neutral vacancy. This does not mean that
charged vacancy cannot act in the catalytic process,
however, taking into account that catalyst forms the electron
reservoir, one should expect the neutralization of any local
defect. To keep this in mind only neutral oxygen vacancies
are taken into account in the following discussion and for
clarity the superscript “n” is from now on omitted.

Table 1 lists energies needed to form surface vacancies.
All values are obtained keeping atoms in their bulk
positions. For each system the first row of the table defines
energy required to remove surface oxygen atom from non-
defected surface. High, positive values of the defect formation
energies indicate that creation of oxygen vacancies at
transition metal surfaces is a strongly endoenergetic
processes.

The results of calculations show that the energy of
vacancy formation is a function of defect location, i.e.
depends on the coordination of removed oxygen atom,
which is connected with the number of bonds that have to be
broken. All oxygen atoms are very strongly bound to their
substrate environment and are unlikely to be removed in one
step during the catalytic reaction. The vacancy energies, Ep,
vary between 6.50 and 6.80 eV for MoOj; and from 6.55 to
7.47eV for V,0s. In the MoOj system, the energy of
vacancy formation is slightly larger for singly and doubly
coordinated oxygen atoms, O(1) and O(2), than for triply
coordinated O(3). For V,0s, the energy of vacancy
formation is largest for two-fold bridging site O(2) while
those connected with O(3) and O(1) sites are smaller by 0.92
and 0.86 eV, respectively. In both oxides energies needed to
remove oxygen atoms with the same coordination number
but bound to different metal ions (Mo, V), are similar, except

Table 1

Defect formation energies [eV] for the surface oxygen sites O(1-3)
coordinated to one, two and three metal ions, respectively at perfect and
defected surfaces for MoO5; and V,05

MoO; Energy of vacancy V,0s5 Energy of vacancy
formation [eV] formation [eV]
Oo(1) 6.80 o(1) 6.61
0(2) 6.75 0(2) 7.47
0(3) 6.50 0(3) 6.55
Energy of O(1) vacancy formation in presence of
o(l) 6.64 Oo(1) 6.52
0(2) 6.37 0(2) 7.05
0@3) 6.38 0(3) 6.76
Energy of O(2) vacancy formation in presence of
Oo(l) 6.32 Oo(1) 791
0(2) 6.62 0(2) 7.50
0@3) 6.40 0(3) 7.64
Energy of O(3) vacancy formation in presence of
o(l) 6.08 o(1) 6.71
0(2) 6.15 0(2) 6.72
0(@3) 6.54 0(@3) 6.88

All values obtained with the cluster model (details in the text), using a DFT
non-local (RPBE) functional.

doubly coordinated oxygen atom, O(2). The energy needed
to remove this type of oxygen is larger for V,0s
(Ep =7.47 eV) than for MoOj3 (Ep = 6.75 eV). It is probably
due to the coordination type of O(2) site in MoO; system,
where the doubly coordinated bridging oxygen is bounded to
the Mo center by one short (strong) and one long (weak)
bonds and, as the result, it posses many properties of the
singly bonded oxygen O(1), having an impact on the
vacancy creation energy that is similar to O(1) site.

3.2. Energetics of point defect formed at
defected surface

The energy of vacancy formation is different, when the
vacancy is created at already defected surface i.e. at surface
with local oxygen vacancy. To study the influences of
existing point defects on the energy needed to create a new
vacancy in already defected material, a two-step process of
di-vacancy formation is studied. The energy required to
create a surface vacancy next the pre-existing single vacancy
is defined by the formula:

E]I)(O) = Etot (Mxoy—ZHz) + Etot(o) - Etot (Mxoy—le)

where E(M,O,_,H,) is the total energy of the cluster with
two types of oxygen vacancies, E(M,O,_;H,) is the total
energy of the cluster with mono-vacancy and E,,(O) is the
ground state of the free oxygen species. In all cases remov-
ing two closest oxygen atoms forms two vacancies. This
value should be discussed with respect to the results con-
cerning isolated vacancies. Table 1 summarizes the energy
values for MoOj and V,05 systems. For each system we
have three groups that list energies needed to form different
types of mono-vacancies (discussed before). Consecutive
rows contain energies required to create a particular type of
vacancy in the presence of another, already present vacancy
(as indicated by the labels).

Analysis of the results indicates the existence of a strong
interaction between oxygen vacancies at surfaces. In the
case of MoO;, for almost all vacancy dimers (except the
0(3)-0(3) vacancy pair) the formation energy of the second
vacancy is smaller than the respective value for non-defected
system. For example: the formation of O(2) type vacancy in
a “perfect” crystal costs 6.75 eV, whereas, when O(1) type
or O(2) type vacancy exists at the surface, creation of the
same type of oxygen vacancy cost 0.43 or 0.35eV less.
Similar effect exists for other vacancies. Formation of O(1)
vacancy is easier in the presence O(2) or O(3) vacancy
(energies lower by 0.43 or 0.42 eV, respectively) whereas
creation of O(3) is energetically less costly (by 0.42 or
0.35eV) in the presence of O(1) or O(2) type vacancy. In
MoO; system the pre-existing vacancies, which are of the
different type than the vacancy being created, lower the
required energy more than the vacancy of same type with
respect to the one being formed. Energy needed to create the
second homo (with respect to the first) vacancy is lower by
0.16 and 0.13 eV for O(1) and O(2) type, respectively.
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(010)V,0,

0(2)-0(2)
o 0(1)-0(2)

Fig. 3. Models for different di-vacancy complex at (0 1 0)MoOj3 and (0 1 0)V,0s surface.

Formation of the second O(3) type vacancy (at surface where
already O(3) vacancy exists) costs a bit more than the
formation of first O(3) vacancy.

In contrast to MoOs3, in the V,05 system, independently
of the sequence of vacancy formation, the energy needed to
generate the second vacancy site is always larger then
respective energy associated with formation of a point defect
on the “perfect’ surface. For example: the formation of O(2)
type vacancy in the presence of O(1) or O(3) vacancy costs
0.44 or 0.17 eV more than the creation of the first O(2) type
vacancy. The same is true for O(3) vacancy formed when
already O(1) or O(2) vacancy exists at the surface (the
needed energies are larger by 0.16 or 0.17 eV, respectively)
and for O(1) vacancy created in the presence of O(2) or O(3)
(energies larger by 0.44 or 0.15 eV). Only in the case of
O(1)-O(1) dimer, formation of O(1) type vacancy nearby
O(1) vacancy is favorable and costs less (6.52 eV) than the
creation of O(1) type vacancy on a ““‘perfect’ surface (energy
equals to 6.61 eV).

3.3. Energetics of di-vacancies

The electrostatic interaction between point defects may
lead to the association and formation of pairs (dimers) of
vacancies and further to larger aggregates such as line, plane
and spatial defects. Therefore selected models with different
di-vacancy complexes on nearest-neighboring oxygen sites,
for MoOj3; and V,05 systems are considered (see Fig. 3).

Studies on all di-vacancy configurations obtained in one-
step process serve as a test for the tendency of vacancy

Table 2

aggregation at the surface. The energy required to form pair
of vacancies, Ep(O-0), is defined in a way analogous to
isolated vacancies i.e. by subtracting total energy of the
perfect cluster, E(M,O,H,), from the sum of the total
energies of cluster with di-vacancy, Eo(M,O,_»H,), and
two extracted oxygen atoms, E(O):

Ep(O—0) = Eiot(M,Oy_2H;) + 2Eot(0) —Etot(M,O,H;)

Table 2 summarizes the corresponding energies of oxygen
di-vacancy formation as a function of defect location (first
row for each system), together with energies of accumula-
tion, E,., defined as a difference between the energy
required to form a di-vacancy, Ep(O-0), and the sum of
energies associated with formation of two isolated vacancies
of the given types, Ep(O):

Eqee = Ep(0—0) — 2Ep(O)

The negative value of energy E,.., implies the gain in energy
of aggregated di-vacancy with respect to two isolated
vacancies.

Negative values of accumulation energy, E,., in the
MoO; oxide suggest that the process of di-vacancy
formation is more favorable than the existence two isolated
vacancies at the surface. The energy gain is the largest (equal
to —1.10eV) for O(2)-O(2) dimer where single Mo atom
looses two neighbors and changes its coordination from 6 to
4. Note that a similar decrease in Mo coordination number
caused by O(3)-O(3) vacancy accumulation is much less
favorable (E,..= —0.23eV). In general, the hetero-type
dimers, O(1)-0(2), O(1)-0(3), O(2)-0O(3) exhibits lower

Di-vacancy formation energy [eV] Ep(O-O) and energy of accumulation of oxygen vacancies E,.. [eV]

Energy of di-vacancy formation [eV]

0(1)-0() 0(1)-0(2) 0(1)-0(3) 0(2)-0(2) 0(2)-003) 0(3)-013)
MOO3
Ep(0-0) 13.50 13.12 12.88 13.68 12.90 12.77
Epee ~0.16 —0.43 —0.41 ~1.10 —0.34 ~0.23
V,0s5
Ep(0-0) 13.13 14.52 13.32 14.81 14.19 13.13
Ejyec —0.08 0.45 0.16 0.03 0.17 0.02
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E... (between —0.34 and —0.43 eV) than homo-type dimers
that are formed by the same type of oxygen vacancies i.e.
O(1)-0(1), O(3)-0(3) (—0.16 and —0.23 eV). This means
that in MoO3, independently of what type of mono-vacancy
is created in the first step, formation of another vacancy
nearby is favorable in comparison with the creation of two
isolated vacancies.

In the case of V,0s, in contrast to MoQs, the association
energy is positive (or at least only slightly negative) for all
cases. Homo-type dimers seem not to interact with each
other since all accumulation energies are close to zero; E,..
equals to —0.08, 0.02 and 0.03 eV for O(1)-O(1), O(2)-
0(2), and O(3)-0O(3) dimers, respectively. For hetero-type
dimers, positive values of accumulation energy varying from
0.16 to 0.45 eV, indicate mutual repulsion, and as a result,
the second vacancy is expected to reside as far away from the
first one as possible. In almost all cases the energy required
to extract the second atom in order to form a di-vacancy
at (0 1 0)V,Os surface, is higher than that required to create
the respective additional mono-vacancy at infinite distance.
Therefore, the di-vacancy complex should be rather
unstable.

3.4. Formation of oxygen point defects in
the presence of H

It is generally accepted that oxygen vacancies are formed
easily in reducing atmosphere, i.e. in hydrogen presence.
Hydrogen, which is always present near the surface, may
adsorb at oxygen site to form surface hydroxyl (OH group)
that may subsequently desorb leaving the vacancy behind.
Similarly, the hydroxyl group may interact with another
hydrogen atom to form surface water species, which may
desorb in the next step, resulting in the formation of oxygen
vacancy at the surface. Therefore different scenarios of
vacancy formation are possible:

(O)surf - (O)des7
(O)surf +H— (OH)surf - (OH)
(OH)

des>

surf T H— (H2O)surf - (H2O)des

which means that the oxygen vacancies at transition metal
oxides can be created in three different ways: by direct
removal of surface O atoms from structurally different
positions at the surface (energetics of this process were
discussed above), by adsorption of H atoms at the surface
O atoms followed by formation OH groups and desorption of
hydroxyl groups, or through adsorption of another H atom at
surface OH group, formation of surface water species and its
desorption.

Table 3 collects the energy data corresponding to creation
of vacancy via removal of surface oxygen atom and through
abstraction of OH and H,O surface species, for MoO3 and
V,0s5 systems. Some of the results have been already
published [52-54] but are repeated for completeness. The
energies required to create a vacancy at the surface by

Table 3
Energy of vacancy formation by removal of oxygen atom, OH and H,O
group from the (0 1 0)V,0s and (0 1 0)MoOs; surface

Ep(O) [eV] Ep(OH) [eV] Ep(H0) [eV]

MOO3

o) 6.80 451 1.47

0(2) 6.75 4.11 —0.20

0Q3) 6.50 3.12 -
V205

o(1) 6.61 4.67 1.17

0(2) 7.47 5.33 0.92

0Q3) 6.55 4.06 0.08

abstracting different surface species are defined by the
following formulas:

Ep(O) = Eiot(M,Oy_1H;) + E,t(O) — Etor (M OyH;),
Ep(OH) = Eo((M,Oy_1H;) + Eio((OH)
— Eiot(McOyH)H,
Ep(H20) = Eiot(MOy_1H;) + Eot(H20)
— Eoi(M,O,H,)2H

where E«(M,O,_1H,) is the energy of the cluster with
oxygen vacancies; Eu(M,O,H,), E(M,O,H)H, and
E(M,O,H,)2H are the total energies of the ‘“‘perfect”
cluster, cluster with hydrogen adsorbed, and cluster with
two hydrogen adsorbed, whereas E(O), E(OH),
E\,«(H>O) are ground state energies of the free O, OH and
H,O species, respectively.

Results of calculations clearly show, that presence of
hydrogen facilitates formation of oxygen vacancies. The
energies of hydroxyl or water removal from the surface are
always smaller than corresponding values for the removal of
individual surface oxygen. The energies needed to form
vacancy through desorption of OH species are reduced by at
least 40-50% in comparison to surface oxygen desorption.
The energy of OH desorption ranges between 3.12 and
4.51 eV for MoOj system and from 4.06 to 5.33 eV for
V,0s, depending on the surface oxygen site. The adsorption
of second H atom and formation of water species further
decreases energy needed to create vacancy. For H,O
removal, desorption energies are close to 1eV for both
V-0 and Mo-O systems. Small values for H,O species
formed at the O(3) site in V,0s5 system, and for O(2)
negative value for O(2) type vacancy in MoOs system
suggest spontaneous generation of point defects at these
surface sites. To conclude one has to say that the reduction of
energy required forming vacancy follows from the H-
induced weakening of the Mo—O and V-O bonds as well as
from the exceptional stabilization of free OH and H,O
species as compared to bare O atom. Fig. 4 gives a summary
of the energetic data connected with the process of vacancy
formation for MoOj; and V,0s5 systems together with all
discussed schemes leading to the different types of surface
vacancies.
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Fig. 4. Energetic scheme of formation of different type of oxygen vacancy as results of removal O, OH, H,O in the case of MoO; and V,0s5 oxides.

3.5. Relaxation effects of defected surfaces

Formation of oxygen vacancies is accompanied by
lowering the coordination numbers of the nearest neighbors.
Unbalanced coordination in the vicinity of the point defect is
the driving force for structure relaxation of the defected
surface. The energetic effect connected with relaxation is
different for each type of vacancy and can be described by
the relaxation energy calculated as follows:

Erelax = E{) (O) - E]r)(o)

where E]f)(O) refers to the vacancy formation energy calcu-
lated for “frozen” cluster (with all atoms kept fixed at their
crystallographic positions), whereas E[,(O) describes the
energy of vacancy formation in a cluster where all atoms
(except the terminal H atoms) are allowed to freely rearrange
acquiring the lowest cluster energy. Formation of oxygen
vacancies at the surfaces leads to the changes in surface
geometry that strongly depends on the vacancy type (number
of coordination of the missing oxygen atoms) and chemical
formula of the system.

From Table 4, which collects the relaxation energies for
both MoOj3 and V,05 systems, it is evident that relaxation
effect is more pronounced for molybdenum trioxide than for
vanadium pentoxide. At (0 1 0)MoO; surfaces geometrical
changes resulting from the formation of oxygen vacancies
are significant [57], especially those connected with the
removal of O(1) and O(2) oxygen atoms. In the case of
(0 1 0)V,05 surface the rearrangement of bonds following
from the vacancy creation is negligible [54] and therefore
has a smaller impact on the values of relaxation energies. A

source of the different behavior of both systems is their
different (bi- and mono-layered) crystallographic structure.

The relaxation effect is always found to be locally
confined. As an example, Fig. 5 shows the relaxation effect
in closest vicinity of O(2) type vacancy for both systems.
White balls denote the positions of atoms in the system
without vacancy, whereas the dark balls show the effect of
relaxation after removal of O(2) bridging oxygen (system
with vacancy).

Detailed analysis of the positions of each atom done for
MoO;3 leads to the conclusion that desorption of O(2)
bridging oxygen causes the singly coordinated oxygen O(1)
to move towards the position of the doubly coordinated. In
fact, the same is true other way around i.e. after removal of
singly coordinated oxygen bridging oxygen shifts towards
vanadyl position. In effect, in both cases major changes in
molybdenum coordination close to vacancy site are
observed and the same final geometrical structure is
obtained i.e. oxygen vacancy that is neither of pure O(1)
or O(2) type but something in between. Removal of O(3)
oxygen atom leads only to a small rearrangement in cluster
geometry, which is reflected by the smallest relaxation
energy for this type of vacancy.

Table 4
Energy of relaxation [eV] of defected (0 1 0)V,05 and (0 1 0)MoO; sur-
faces

O(1) vacancy O(2) vacancy O(3) vacancy

MOO3

1.96 1.92 0.47
V,05

0.69 0.76 0.52
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0(2) / O(2) vacancy

MoO, %;; E?

0(2) / O(2) vacancy

V,0,

Fig. 5. Relaxed geometry in the closest neighboring of O(2) type vacancy formed at (0 1 0)MoO; and (0 1 0)V,0s5 surfaces.

In the case of V,0s5 system the relaxation effect is
smaller. Relaxation geometry of the closest neighborhood of
O(2) type vacancy shown in Fig. 5 leads to the atom
displacements of about to 0.6-0.7 A near the vacancy site
(the same effect is observed for O(3) vacancy). After
removal of vanadyl oxygen, O(1), only the vanadium atom
missing the vanadyl relaxes and moves down into the bulk,
which indicates that a single vacancy will not introduce a
major restructuring of the surface. Small surface relaxation
due to vacancy formation, in V,Os5 system, decreases the
energy of vacancy formation by 0.52-0.76 eV, the effect
being the largest for the O(2) site.

3.6. Electronic structure of the defected surfaces

Formation of oxygen point defects leads always to the
changes in the electronic structure of transition metal oxides
surfaces. Removal of oxygen atom may results in trapping
an electron in the formed cavity (effect observed for the
ionic system [71,72]) or may lead to the formation of
dangling bonds (main effect in the covalent systems
[69,70]). The mixed ionic-covalent character of both
MoO; and V,0s systems and the existence of free d
orbitals generate rather complicated nature of oxygen
vacancy. In order to elucidate the electronic properties of
oxygen vacancies two approaches are applied: without and
with oxygen basis in the cavity. The description is done
using atomic charges and density of states.

Table 5 collects changes in charges (Mulliken analysis) of
metal ions that are close to the vacancy site for Mo—O and

Table 5

Changes in populations of metal ions close to vacancy sites as a result of
vacancy formation with respect to the clean surface obtained with or without
(values in parenthesis) basis set put into the vacancy place

O(1) vacancy O(2) vacancy O(3) vacancy

MoO;3
0.46 (0.41) 0.88 (0.64) 0.48 (0.46)
0.08 (0.17) 0.46 (0.42)
0.49 (0.29)

V,05
0.17 (0.12) 0.31 (0.27) 0.28 (0.27)
0.31 (0.27) 0.33 (0.24)
0.28 (0.19)

Positive values indicate the reduction of metal centers.

V-0 systems, obtained without and with the oxygen basis
set put in oxygen vacancy. Positive numbers indicate
reduction of metal centers whereas negative ones — their
oxidation. Reduction of metal ions is connected with
formation of oxygen vacancies through the removal of
neutral oxygen atoms. After vacancy creation two electrons
associated with surface O*~ ion remain at the surface and are
distributed over the atoms close to the cavity.

In all systems changes in populations on metal ions
depends on oxygen vacancy type. Results of Mulliken
analysis indicate that only metal atoms, which are
characterized by incomplete environment, undergo reduc-
tion. The compensating charge is uniformly spread over the
metal centers in the first coordination shell around the
vacancy whereas the charge distribution on the other atoms
of the cluster remains nearly the same. Thus, the process of
the redistribution of excess electrons has a local character.

In MoOs system, the formation of oxygen vacancy leads
to the reduction of molybdenum ions by almost 0.4-0.5e per
each Mo atom, with the exception of O(2) type vacancy.
After removal of O(2), only the molybdenum atom bound to
this oxygen by short bond (1.73 A) is reduced (decrease in
positive charge by 0.88); populations on the second Mo atom
connected to O via long bond (2.02 A) changes only slightly
(0.08). This is in agreement with the specific character of the
O(2) center in MoOs. As it was mentioned before, doubly
coordinated O(2) exhibits many properties of singly
coordinated, molybdenyl oxygen. In the presence of oxygen
basis placed at the vacancy place, the reduction of
molybdenum ions is smaller than in the system without
basis, nevertheless it is still pronounced (0.41 for one atom,
0.81 for two atoms and 1.17 for three atoms in case of O(1),
O(2) and O(3) vacancy, respectively).

Formation of oxygen vacancy in V,05 oxide results also
in the reduction of vanadium atoms, however the values
describing the changes in metal population are smaller in
comparison to molybdenum trioxide case. The smallest
reduction is found for removal of singly coordinated oxygen,
O(1) (the positive charge of V atom changes by 0.17 whereas
in other cases by 0.3e). Similar as in MoO; system, presence
of oxygen basis in the vacancy place leads to the smaller
reduction (0.12 per one atom, 0.54 per two atoms and 0.70
per three atoms for O(l), O(2) and O(3) vacancy,
respectively) in comparison to system without basis set.



250

Table 6
Accumulation of electrons in the vacancy place

O(1) vacancy O(2) vacancy O(3) vacancy

Mulliken analysis/Loéwdin analysis
MoO; 0.00e/0.22e
V,05 0.00e/0.20e

0.00e/0.32¢
0.04e/0.29¢

0.06e/0.43e
0.10e/0.45¢

The electrons left behind after the removal of a neutral
oxygen atom from the perfect crystal can be delocalized over
the ions around the cavity (as shown before), however part of
them can be trapped and localized in the center of the
vacancy, where the basis set is localized. To study this well-
known effect in ionic solids (like MgO [71,72]) Lowdin
population analysis is applied, which suit better ionic type
interactions than Mulliken one. Table 6 summarizes the
values of electron localization in the different vacancies, for
both Mulliken and Léwdin approaches for V,05 and MoOj3
oxide.

Results of Mulliken and Lowdin population analyses,
which are performed with basis left at the vacancy hole,
show that the accumulation of electrons may take place for
both metal oxides and is connected rather with vacancy
created by desorption of high-coordinated oxygen centers.
As expected, Lowdin analysis give more pronounced
indication of electron accumulation than Mulliken one;
both show the trapping of electrons being the largest in case
of vacancy formed by removal of triply coordinated oxygen.

MoO,
5.0 - -
— total
— Mo
a0f__ . o
5
E 3.0 ’I
- —
(9] I'd
Q 20 /
o Vs
4
1.0 [
1,
00
— total
40 M
-16.0 -13.0 -10.0 -7.0 -4.0
Energy [eV]

DOS [a.u] DOS [a.u]

DOS [a.u]
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The negative charge (Lowdin analysis) trapped in the
0O(3) vacancy site (—0.43 for MoO; and —0.45 for V,0s) is
larger than the charge of the respective surface oxygen ion
that is missing (—0.31 for MoO5 and —0.43 for V,0s5), what
means that high coordinated vacancy form a new surface
center of higher nucleophillicity than surface oxygen.
Taking into account that formation of triply coordinated
oxygen vacancy leads to the smallest changes in geometry
(see Table 4, energy of relaxation), this type of vacancy may
be responsible for formation of color centers at the
(01 0)V,0s5 and (1 0 1)MoO; surfaces. The accumulation
of electrons is smaller in the vacancy, which is made after
removal of doubly coordinated oxygen site; at the same time
the larger changes in populations of nearby metal ions are
observed (see Table 5). The smallest electron density in the
vacancy place is found in the case of the vacancy created on
the vanadyl or molybdenyl oxygen atom (O(1) type).
However, still vacancies are more nucleophilic (0.20e in
V,05 and 0.22e in MoQj3) than the singly coordinated
oxygen lattice ions (charge on O(1) equals to —0.14 in V,05
and to —0.09 in MoO3). In all cases not only electrons from
the oxygen atoms but also electrons from metal ions
coordinated with this oxygen are trapped in the vacancy,
which leads to the increase of positive charge on the metal
center, and growth of the electrophilic character of the
unsaturated metal ions. One should add that in contrast to the
large redistribution of charge on metal atoms, close to the

V20 5
12,0 fprm— tot.al
 —\/
—_—- 0
9.0
~
6.0 /7 N
/ N
/
3.0 /
//
- -l
12.0 pe== total E

0.0
-16.0

-13.0 -10.0

Energy [eV]

-7.0

Fig. 6. DOS for M;50s¢H,, cluster described (0 1 0)MoO; oxide before and after formation O(3) type vacancy. Total DOS curve (thick solid) with
decomposition into molybdenum (thin solid) and oxygen (dashed) contributions. In both the figures a Gaussian broadering of 0.4 eV is applied. The energetic
position of the highest occupied cluster orbital Eyomo is marked by a thin vertical line.
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vacancy site, oxygen centers near the vacancy show only
negligible changes in their charges.

Reduction of metal ions is clearly seen also on projected
density of states plots (DOS) see Fig. 6. For both oxides
valence region of DOS is characterized by multi-peak
structure dominated by oxygen contributions. The lower part
of unoccupied band is dominated by metal (V/Mo) contribu-
tions that are identified as Mo 4d or V 3d. Formation of oxygen
vacancy is associated with only small differences in the
valence band region that is characterized by O 2sp. Reduction
of metal ions in pure Mo—O and V-O systems, corresponds to
adding electrons to the low-lying empty Mo 4d/V 3d levels,
which contribute to the bottom of the conduction band. In
effect, by adding point defects (first and second vacancy) the
HOMO level is shifted towards metal d orbitals.

Thus, formation of oxygen point defects (mono- or di-
vacancy) creates new reactive energy levels that are
illustrated on molecular orbital diagrams given in Fig. 7.
For both oxides formation of mono-vacancy by removal of
O(2) or O(1) atoms creates a localized doubly occupied state
that lies near the conduction band whereas in the case of
O(3) vacancy that state is placed in the middle between
valence and conduction bands. Formation of di-vacancy
results in additional occupied state, which is located
between the valence and conduction bands. This leads to
the decrease of HOMO-LUMO energy gap and can be seen
as a first step towards transformation from isolator into
metal. The additional level between conduction and valence
band may become also responsible for changes in the
reactivity of the defected surface.

3.7. Reactivity of vacancies
All created surface vacancies may become re-oxidized
either through exchange with gaseous oxygen or via

diffusion of bulk oxygen atoms. More detailed information
on this reaction proceeding due to O, adsorption is given in

(010 )MoO,

0, at O(2) vacancy

V,0, Mo0O,

4 U

-4.5 -
S 7
5 | e L3 '
© 5.5~ —H— sl
i i —H— J
-6.0— a2
-6.5— -

cluster Q(3) 0(2)-0(3) cluster 0O(3) 0(2)-0(3)
mono-vacancy di-vacancy mono-vacancy di-vacancy

Fig. 7. Molecular energy diagram showing the changes in HOMO and
LUMO levels upon O(3) mono-vacancy and di-vacancy formation in V,Os
and MoOj; oxide with comparison with non-defected surfaces.

[73,74], here only the main conclusions are given for
completeness of the description of surface transformation.

Molecular oxygen becomes adsorbed (exothermic pro-
cess) at any surface vacancy in geometries given in Fig. 8.
The ordering of adsorption energies (see Table 7) goes
parallel with the energies required to form vacancy i.e. the
most difficult vacancy to create — is the first to be filled.
Upon stabilization at surface the molecular oxygen under-
goes activation (weakened and stretched O—O bond). Thus,
adsorbed molecular oxygen can replace the surface oxygen
occupying a specific lattice site, which means that the oxide
surface is able to incorporate larger amount of oxygen
species than follows from its stoichiometry.

In order to restore the initial state one oxygen atom has to
be removed after the O, molecule is adsorbed at the vacancy.
The energies corresponding to the removal of oxygen,
(Eg(0)), which are equal (with opposite sign) to the energies

(010)V,0,

0,at O(2) vacancy
0, at O(1) vacancy

Fig. 8. Sketch of computed equilibrium geometries of an adsorbed O, molecule at different vacancy sites of the MoO5(0 1 0) and V,05(0 1 0) surfaces. The
results are obtained by optimizing the O, position and geometry in the Mo;5055H2, and V0O30H;, vacancy cluster models. Shaded balls show the O, adsorbate

species while the surface lattice is sketched by lighter balls.
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Table 7

Energies of vacancy formation Ep, molecular oxygen adsorption at a
vacancy Eg(0O,), and atomic oxygen adsorption at the surface Eg(O) for
surface sites O(1), O(2), O(3) at the (0 1 0)MoOj3 and (0 1 0)V,Os5 surfaces
using Mo;50s¢H,, and V,005,H;, clusters, respectively

Geometry Parallel/perpendicular Parallel/perpendicular Parallel
O(1) vacancy O(2) vacancy O(3) vacancy

MoO;
Eg(0,) —2.98/-2.39 —1.11/~ —0.08
Eg(0) —1.77/—1.19 —0.02/- 0.82
V205
Ep(0Oy) —2.53/-2.16 —3.27/-2.76 —1.03
Eg(O) —1.50/—1.13 —1.38/—0.87 0.05

All energies are given in eV.

of adsorption of atomic oxygen, are listed also in Table 7.
For both oxides, the removal of O atom from O, molecule
adsorbed at the O(3) vacancy is spontaneous. Small,
negative values of Eg(O) for all other cases indicate the
presence of easily released active oxygen atom.

4. Conclusions

The performed calculations show the possibility of
different active centers that may exist at the oxide surface:
surface oxygen and metal sites, local vacancies, adsorbed
OH, H,O and O, species. Structurally non-equivalent
surface oxygen sites are characterized by different electronic
states and, as a result, exhibit different catalytic properties.
Lattice oxygen atoms are strongly bound to the surface
therefore formation of oxygen vacancies is a highly
endothermic process. A prior H adsorption, which results
in formation of hydrogen containing surface species
(hydroxyl and water) decreases energy required for vacancy
creation. Local point defects formed at structurally different
places (different number of bonds to be broken, different
arrangement) are characterized by various electronic states
(different chemical reactivity) and exhibit stronger nucleo-
philic character than the respective surface oxygen. The pre-
existing vacancy influences the formation of the second
vacancy. Vacancy may aggregate (due to the electrostatic
type interaction) giving a first step towards a more
pronounced defect. Presence of oxygen vacancies changes
the electronic structure of the surfaces, in particular
electronic state of metal atoms localized nearby. All surface
vacancies may become re-oxidized via gaseous oxygen or
through oxygen diffusion from the bulk. Adsorption of O,
gaseous molecule is an exothermic process and leads to
molecular, weakly bonded and very active oxygen species.
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