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Abstract—Molecular structures of the active vanadium phase of the VO,/TiO, supported catalyst are calcu-
lated in the framework of the cluster approximation of density functional theory (DFT). It is shown that vana-
dium can be stabilized on the anatase (001) surface both in the tetrahedral and octahedral coordinations with
the formation of monoxo- and dioxovanady! structures. The energy of the dioxovanady! structure binding to the
support surface is 600800 kJ'mol. The formation of dioxovanady! structures from monoxovanadyl ones with
the formation of water molecules is energetically favorable. The effect of support on the electronic state and
acidic properties of the supported vanadium phase is discussed.

INTRODUCTION

VO, supported on TiO, is an important commercial
catalyst for the partial oxidation of hydrocarbons[1-3],
the selective reduction of NO by ammonia [4-6], and
several other reactions. The catalyst with alow concen-
tration of V,05 (3-5 wt %), which is close to a mono-
layer, shows high activity, selectivity, and resistance to
sintering and restructuring under conditions of catalytic
processes. Individual oxides V,05 and TiO, do not pos-
sess such properties [7]. The V,04/TiO, system is a
striking example of the strong interaction between a
support and an active phase. The properties of the vana-
dium-containing active phase are determined by the
support. The physicochemical and catalytic properties
of the vanadium—titanium catalyst have been studied
extensively for the two last decades. Analysis of the
monolayer VO,/TiO, catalyst using high-resolution
transmission electron microscopy (HRTEM) showed
that the vanadium phase has a different structure from
V,0s. Rather, it isan amorphous surface layer. Itsthick-
nessis either 0.9-1.0 nm [8] or 1.5-2.5 nm [9]. Sepa-
rate crystalites of V,0s; are above this layer. The
molecular structure of the surface vanadium species has
been studied by laser Raman spectroscopy [10, 11], 'H
and 3'V NMR [12-14], FTIR spectroscopy [15, 16],
ESR [17], XPS [18, 19], XANES/EXAFS [20], and
photoelectron diffraction [21].

M ost researchers assume that the amorphous mono-
layer coverage of the VO,/TiO, catalyst in the oxidative
atmosphere consists of discrete hydroxy-, monoxo-,
and dioxovanadium groups [12, 13, 22-26] in tetrahe-
dral and octahedral coordinations. Deo and Wachs [27]
also considered the formation of polyvanadates (specif-
icaly, decavanadates). Vanadium—titanium catalysts
have been prepared by different methods: VOCI, depo-
sition from the gas phase, titania impregnation by the
solutions of vanadyl oxalate or ammonium vanadate,
and the thermal treatment of the mechanical TiO,—
V,05 mixture. After achieving the equilibrium state of

the surface, the amorphous VO, layer with similar
molecular structures of vanadium specieswas observed
on all catalysts[28].

It catchesthe eyethat, despite numerous experimen-
tal studies devoted to the identification of the molecul ar
structure of vanadium species, only three models [20,
29, 30] were proposed for the structural units of a
monolayer in the VOU/TiO, catalysts. Based on
XANES/EXAFS studies, the tetrahedral coordination
and the existence of two vanadyl oxygen atoms were
proposed [ 20, 26]. Vanadium formsthe other two bonds
with bridging oxygen atoms of anatase. Wachs [29]
proposed a simple model of the monoxide species
based on laser Raman spectral data. He also assumed
that vanadium is tetracoordinated and has only one
vanadyl oxygen atom, whereasthree bonds are taken by
anatase oxygen atoms. Carlson and Griffin [30]
assumed that there is a monolayer V,05(001) structure
on the anatase (001) surface. They assigned the lattice
parameters of anatase to this structure and ignored the
necessity of adjusting the interface boundary between
V,05 and TiO,. Based on the proposed models,
Devriendt et al. [21] carried out single scattering clus-
ter calculations them to the azimuthal spectra of photo-
electron diffraction. These authors conclude that the
best fit of calculated and experimental points is
achieved for Ti,,, Oy, and V,, peaks of the Carlson—
Griffin model [30].

The geometric complementarity between the
V,05(010) surface and TiO,(010) and TiO,(001) sur-
faces was considered in [31] as one of the main factors
enabling the formation of the monolayer coverage of
the VO,/TiO, catalyst. Sayleet al. [32] computationally
modeled the VO,/TiO, interface boundary using meth-
ods of molecular mechanics (and the computer pro-
gram MARVIN). They found that the best geometric
complementarity is achieved between the V,05 (001)
and TiO,(001) surfaces. The optimization of the inter-
face boundary between these crystaline faces is
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achievable with smaller deformations and tension of
the V,05 and TiO, structures. The formation of the
coherent (001)V,04/(001)TiO, boundary is accompa-
nied by changes in the bond lengths and angles of
vanadyl oxygen atomsin V,0s inthe layer that is near-
est to the anatase support. However, in the second and
third layers above thefirst one, the crystalline structure
of V,05 remains perfect. This result contradicts exper-
imental data according to which the structure of vana
dium-containing monolayer coverage in the VO,/TiO,
catalyst differs from the crystalline structure of V,0s,
and the interface boundary between the vanadium
oxide and anatase is amorphous to the depth of 2-
3 monolayers[8, 9].

In thiswork, we used the cluster method to describe
the coherent interface boundary of vanadium with ana-
tase and calculated several molecular structures that
describe the interaction of the active V,05 phase with
the (001) anatase surface.

CALCULATION DETAILS

Cadlculations were carried out using the computer
program ADF and density functional theory (DFT)
with basis sets of typesl, 11, 11, and 1V, which differ in
the number of frozen inner-core orbitals. Simplified
basis | without polarization functions was used for
pseudoatoms H* introduced at the cluster boundaries.
For titanium and vanadium atoms, we used basis set
I1.2p, which involves the d-z basis series without polar-
ization functions and frozen 1s, 2s, and 2p orbitals.
Oxygen and nitrogen atoms were calculated with basis
set I11.1s with the frozen 1s orbital. This basis set dif-
fered from basis set |1 in that the polarization functions

(t—z series) were present. The ammoniumion NH, and

the hydroxyl groups V-OH were calculated for the
hydrogen atom in basis set 1V, which contained the t—z
basis series and an additional 2p polarization function
for hydrogen.

The fragments of regular crystalline lattices of ana-
tase and vanadium pentoxide were chosen as cluster
models of individual oxides—TiO, and V,0s. For sat-
urating the broken bonds on the boundary of a cluster
and the bulk phase, we introduced pseudoatoms H*.
Initially, these pseudoatoms were placed at a distance
of 1 A from oxygen atomsin the direction of the broken
oxygen—metal bonds. Then, the position of boundary
pseudoatoms H* was fixed and geometry optimization
of al cluster atoms was carried out.

For geometry optimization and the calculation of
binding energiesin cluster structures, we used the local
density approximation (L DA) with the exchange-corre-
lation Vosko—Wilk—Nusair (VWN) functional.
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CLUSTER MODELS
AND CALCULATION RESULTS

In this work, the (001) crystalline face of anatase
was modeled by both monolayer clusters ([Ti;O,;Hy]™
(Fig. 1a), [Ti,O4,H,] (Fig. 1b), [Ti,O\,H;, 1™ (Fig. 10)),
and the two-layer cluster [Ti;0,,H,,]"" (Fig. 1d), which
took into account the lower layers. The (001) face was
chosen because it is the most frequent (together with
the (010) face) on polycrystalline anatase samples[33].
On the other hand, thisfaceis the most complementary
to the (001) and (010) faces of V,05 from the geometry
standpoint [31, 32]. After optimization, the lengths of
Ti—O bondsin the clusters were changed within 10%in
agreement with experimental data on the relaxation of
the TiO, surface [34].

When modeling the structure of monoxovanadyl
species, we took into account the foll owing experimen-
tal facts:

(1) The interactions of vanadium-containing com-
ponents with the anatase surface occur via the surface
OH groups[12, 35].

(2) OH groups of two types are available on the ana-
tase surface: with the localization of protons on bridg-
ing and terminal oxygen atoms [36, 37].

(3) Monovanady! species have the structure of dis-
torted tetrahedrons and contain vanadyl oxygen [29]
and the OH group [12].

We calculated the molecular structure

o_ OH O_ OH
N — M
(@] (@) (@]

I

which corresponded to conditions (1)—(3). Optimized
structure I on the anatase (001) surface is shown in
Fig. 2a. Vanadium is bound to the terminal and bridging
oxygen atoms of anatase. The bond lengths are
|(V=0) = 1.600 A, I(V-OH) = 1.810 A, I(V-O,,,) =
1.725 A, and |(V—-Oigging) = 1.847 A. The energy of the
oxovanadyl structure binding to the support was calcu-
lated using the formula

B, = Evoyrio,— (Evo, * Erio,), (D

where Eyq rio,» Evo,, and Eqo, arethetotal energies

of the TiO, binding to the supported VO, structure,

VO,, and the TiO, support, respectively. In the case of

monoxovanady! structures of initial VO,, we took the
O\\ /OH . . .

structure o//v . The binding energies of two mon-

oxovanady! structures (Fig. 2a) with support was E, =
-289.9 kJ/mol.

The authors of [22, 26] assume that, in addition to
monovanady! species, polymerized structures with one
or two bridging oxygen atoms are present on the sur-
face of the monolayer VO,/TiO, catalyst. Dioxova
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Fig. 1. Cluster models of the anatase (001) surface: (a) cluster [Ti;O,,Ho] ™", (b) cluster [Ti,O,,Hs]’, (c) cluster [Ti,O,,H,,]"", and

(d) cluster [TizO,H, 1.

nady| specieswith tetrahedral and octahedral envelopes
of vanadium ions are considered in [24-26]. The fol-
lowing structures were proposed:

N\ _O_./ \08\ _0O. //O/O/
_oY" V=0 and —0Y~NgY-0-
o) o o) o)

/ \ / \

1I 111
According to our calculations, structuresII and III can

be obtained by covering the anatase surface with the
molecular species

R o P X oLk
1l 1\ / \
0] @) O @)
/ \

v

Structure I'V was chosen for the following reasons:

(1) Vanadium and oxygen in 1V are in the stoichio-
metric ratio, and this structure has no charge.

(2) Thecrystalline phase of vanadium pentoxide can
be described (Fig. 3a) as a set of chains consisting of
KINETICS AND CATALYSIS  Vol. 43

No. 2 2002

structures IV. The way in which they connect to each
other determinesthe crystalline structure V,0s, and the
structures I'V determine the short-range interactions in
vanadium pentoxide. In amorphous structures, short-
range interactions are usually preserved.

Structure IT was obtained by layering IV on the
[Ti;O,,H,,]"! cluster (Fig. 2b) so that two vanady! oxy-
gen atoms formed bonds with two adjacent titanium
ions aong the [100] direction. The [100] direction on
the anatase surface was chosen on the basis of geomet-
rical complementarity: the positions of oxygen atoms
along the [100] directions on the V,05 and TiO, sur-
faces virtually coincide. After carrying out optimiza-
tion, one more V-0 bond is formed with the bridging
TiO, oxygen atom and the vanadium ion becomes tet-
racoordinated (Fig. 2b) with the following bond

lengths: I(V=0) = 1.606 A, 1(,,-O~\/) = 1.788 A, (V-
Operm) = 1.697 A, and 1(V-Oyigging. 1) = 1.794 A.

To estimate the effect of choosing the support model
on the geometry and energy of vanady! structure bind-
ing to the anatase (001) surface, structure I'V was lay-
ered on clusters [Ti,O,,Hgl% [Ti,O,H;,]"', and
[Ti;O,,H,,]° in addition to cluster [Ti;O,,H;,]"!. The
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Fig. 2. Cluster models of the VO,/TiO, catalyst: (a) cluster [V,0H,/Ti,O,4H;;]"", monoxovanady! structures1 on the anatase sur-
face; (b) cluster [V,05/Ti30;,H,;]~, dioxovanadyl structure IT with one bridging oxygen; (c) cluster [V,05/Ti;0;Ho] ™!, dioxo-
vanady! structure III with two bridging oxygens on the anatase (001) surface; and (d) cluster [TiV2014H13]‘1, the model with two

V** embedded in the anatase | attice.

results of calculations are shown in Table 1. The ener-
gies of dioxovanady! binding to the support were calcu-
lated by formula (1). The structure of the V,05 mole-
cule was chosen to begin calculations. As can be seen
from Table 1, the energy of molecular vanady! binding
to the support changes substantially if the second layer
of the crystalline lattice in the cluster model of the sup-
port is taken into account. For the [VO,/Ti,O,¢Hg]™
model, E, =-139.83 kJmoal, although for the two-layer
cluster [VO/Ti;O,,H,]™! E, is —870.42 kJ/mol. When a
deeper layer is considered in the planar model by intro-
ducing the proton bound to the bridging oxygen atom
Ti—(l)—Ti on the [100] axis, along which Sructure IV is
H
layered, the binding energy E, increases to —600 k¥ymal.
According to theresults shown in Table 1, the choice of the
cluster model of support weakly affects the lengths of
bonds between vanadium and vanadyl V=0 or bridging
v~ O~y oxygen aoms. They changewithin 0.01-0.02 A,
although the lengths of two other bonds of vanadium

with the bridging oxygen of Ti (V-O;) and bridging
oxygen\,-O~1; with Ti increaseto 0.1-0.15 A for the
planar model of support [Ti,0,,H]°.

Structural model III with two bridging oxygen
atoms between vanadium atoms and with the octahe-
dral oxygen environment of vanadium ions was
obtained by coordinating structure IV to the
[Ti;O,,Hy]™" cluster. Two vanadyl oxygen atoms of
structure IV were bound to two terminal titanium ions
of the [Ti;O,;Hy]™! cluster, and the bridging oxygen

atom ,~O~, was bound to the central titanium ion.
After optimization, the geometry of the surface species
changed so that each vanadium atom formed two bonds
with two bridging oxygen atoms of anatase and one
bond with the central bridging oxygen (Fig. 2¢). Vana
dium became six-coordinated and the bond lengths
werel, = 1.609 A for vanadyl oxygenV=0, |,=1.819 A
and I; = 2.129 A for two bridging oxygen atoms

o

vZ O>V ,1,=2.250 A and | =2.394 A for bridging oxy-

KINETICS AND CATALYSIS Vol. 43 No.2 2002
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Fig. 3. (a) Crystalline structure of vanadium pentoxide and (b) cluster [V50, 1H6]*1, amodel of the V,05(001) surface. Bond lengths

arein angstroms.

gen atomsof thelattice, and = 1.679 A for V-O of the

bridging oxygen atom V/O\ Ti - The energy of struc-
ture IV binding to anatase (cluster [V,05/Ti;O,,;Ho]™)
is—600 kJ/mol.

In our earlier paper [38], we considered the cluster
models of six-coordinated vanadium incorporated in
the anatase lattice by the isomorphic substitution of
titanium ions for vanadium ions. Electric conductivity
measurements in the process of vanadium ion deposi-
tion and in the process of nitrogen oxide reduction by
ammonia [39, 40] suggested the possibility of vana-
dium dissolution in the upper layers of support. In this
work, we return to the model (Fig. 2d) of vanadium
embedded into a TiO, matrix to compare the acidic
properties of this structure with the properties of the
vanadium phase supported on TiO.,.

In this work, we only considered the Bronsted acid
sites V-OH, which are the sites for ammonia adsorp-
tion. According to IR data[41, 42], they are present on
both the V,05 and VO,/TiO, catalysts.

We calculated the ammonium ion in ammonia
adsorption on the binuclear V(OH)-O-V(O) site,
which was present in the structures used as cluster
models:

(1) Vanadium embedded in the anatase lattice (clus-
ter [H/TiV,0,4H,;1°);

KINETICS AND CATALYSIS  Vol. 43
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(2) Vanadium supported on the TiO,(001) surface
with one bridging oxygen -O~y (cluster
[H/V,05/Ti;0,H;,1°);

(3) Vanadium supported on the TiO,(001) surface
with two bridging oxygen atoms V(S}V (cluster
[H/V,05/Ti;0;,Hy]°);

(4) Unsupported V,05 (cluster [H/V;0,,Hq]); the
fragment of the (001) surface of vanadium pentoxideis
described by the [V;0,,H] cluster (Fig. 3b).

Ammonia protonation with the formation of the
ammonium ion is observed for all structures except
structure (3) (cluster [H/V,05/Ti;0,,H,]°).

For structure (3), the ammonium ion is formed in
the optimization process as a transition state. After
optimization, ammonium is bound by the strong
hydrogen bond with one V-OH site. For other struc-
tures, the ammonium ion is formed from adsorbed
ammonia in the optimization process equally readily
on both symmetric clusters (with symmetries C,,, and
C,) and when the symmetry is decreased to C,. This
was used asacriterion for the achievement of the local
minimum on the potential energy surface in ammonia
adsorption on the clusters NH,/TiV,0,,H,; (Fig. 4a),
NH4/V205/T13012H11 (Flg 4b), and NH4/V3011H6
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(Fig. 4c). Theresults of calculation are summarized in
Tables2 and 3.

As follows from Table 3, we observe for the above
clusters relatively small changes in the energy of NH;,
Stabilization:  Eyy, for model (1) (cluster

NH,/TiV,0,4H;3) is 20.5 kImol higher than for the
crystalline unsupported V,05 (model (4), cluster

NHy/V;0,He); Eyn, for model (2) (cluster
NH,/V,0s/Ti;0,,H;,) is 27.1 kJmol lower than for

mode (4). The calculated energies of NH; stabilization

do not contradict experimental therma desorption data:
the activation energy of ammonia thermal desorption is
18-26 kca/mol for V,0; [42] and 22-28 kcal/mal for the
supported VO,/TiO, catalyst [4].

We also calculated the energy of deprotonation for
the clusters H/TiV,0,,H;;, H/V,0+/Ti;O,H;,, and
H/V;0,,H,. Theresulting data are presented in Table 3.
The energy of ammonium stabilization increases in
inverse proportion to the energy of proton abstraction
from a cluster. Therefore, we conclude that the depro-
tonation energy in these mixed oxide systemsis a poor
acidity index for the active sitesin zeolites.

MIKHEEVA et al.

DISCUSSION

Thiswork isthefirst attempt to use quantum-chem-
ical calculationsin the studies of molecular structure of
the monolayer VO/TiO, catalyst. The results of calcu-
lation agree with available experimental data on the
possibility of vanadium stabilization on the TiO, (001)
surface both in tetrahedral and octahedral coordinations
with respect to oxygen. The localization of the mono-
and dioxovanady! structures I, II, and III on the TiO,
(001) surfaceisenergetically favorable. The energies of
structures II and III are about the same (600-
800 kJmal). There are no data on the V-O bond
lengths for oxovanadyl structures. Only one work is
known [26] where the bond lengths were estimated for
the tetrahedral monovanadyl structure based on
XANES/EXAFS spectra. The authors of that work
assume that structure | has two vanadyl oxygen atoms
with aV=0 bond length of 1.65 A and two bonds with
bridging oxygen atoms of anatase (1.90 A). However,
IR spectroscopic data[15] and kinetic data on oxygen
isotope exchange [43] suggest that monovanady! struc-
ture has only one vanadyl oxygen. According to our
calculation, thebond lengthsin structurel arel(V=0) =
1.600 A for vanadyl oxygen, |(V—0), = 1.725 A for

Table 1. Energies and bond lengths of monoxo- and dioxovanadyl molecular structures on the anatase surface

Bind Bond length, A
Structure Cluster inding en-
k I
ergy, kdimal| + y_o v-O~v | v-O<T1i |V—Oigging i
o_ OH [V,0H,/Ti,O H, 1" (Fig. 28)| —289.90 | 1.600 |V—OH 1.810| V-0 1.725 1.847
V. 0O-Ti 2.014
o o
\
OH
%
N VO,0OH —3499.71 - - - -
o ! [V,04/Ti,0,,H]° ~139.83 | 1612 1780 | V-0 1.677 1.899
3 / ]
/O/>/ \<\O\ O-Ti 2.132
O (0]
/ \
0 [V,04/Ti,0,H,,]"" ~60638 | 1.611 1789 |V-01.716 1.836
N\ i
0/\, <8>V\o O-Ti 2.003
— \ —
0 0 [V,05/TisO H, 1" (Fig. 2b) | —870.42 | 1.606 1788 | V-0 1.697 1794
O-Ti 1.985
[V,04/Ti50,,H,,]° -830.54 | 1.590 1779 |V-01.711 1.804
O-Ti 1.975
[V,05/Tiz0,,HoJ ™! (Fig. 2c) 2600.03 | 1.609 | ,=1.819 |V-01.679 | I,=2250
l3=2.129 |O-Ti2.324 l5=2.394
\,.0_ 7
Vi V,05 ~5366.46 _ - _ _
I \
O O
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Fig. 4. Ammonia adsorbed on (a) cluster [H/TiV,04H;3]°

with two V** embedded in the anatase lattice; (b) cluster

[H/V,05/Ti;01,H;1° with the dioxovanady! structure supported on the anatase surface; and (c) cluster H/V;0,H, amodel of the

V,05(001) surface.

bridging \y~©~1i , and I(V-OH) = 1.810 A, and I(V-
Obyidging) = 1.847 A for vanadium with the OH group
(V—OH) and anatase oxygen (V—Opigging)-

Quantum chemical calculations led us to conclude
that dioxovanadyl structures can be formed from two
monoxovanadyls (with water formation) according to
the reaction

O_ ,OH Q
N \ ]
2 v — O/v/o\v\O +H,0, @
O O 4 5

which occurs with a gan in energy equa to
115.1 kJ/mol. When water moleculestransform into the
adsorbed state, this gain is even more pronounced.

The study of monolayer VO, coverage of TiO, by
spectroscopic methods showed that the structure and
charge of surface vanady! species rapidly changes with

KINETICS AND CATALYSIS  Vol. 43
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achangein the redox medium and moistness. Based on
diffuse-reflectance spectra, Carcfaet al. [44] concluded
that the number of isolated vanadyl groups in the
VO,/SiO, samples depends on the extent of surface
hydration. According to our calculations, the dehydra
tion of the VO,/TiO, catalysts should switch the equi-
librium of reaction (I) toward the formation of dioxova
nady| species.

It isinteresting to compare the energetic character-
istics of structures II and III considered in this work
with a change in the interface energy when the mono-
layer coverage V,05(001)/TiO,(001) is formed. Sayle
et al. [32] noted that the best geometric complementar-
ity exists between these surfaces enabling the possibil-
ity for the formation of a chemical bond between
vanadyl oxygen atoms of the V,05 monolayer that turn
to the anatase surface and titanium cations. The optimi-
zation of the monolayer coverage V,05(001)/TiO,(001)
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results in an energy gain of 0.46 Jm?. The binding
energy of structures II and III with the anatase surface
is 600 kJ/mol. Taking into account that the surface area
covered by structures I and I is 20 A2 and that the cov-
erage of TiO,(001) by dioxovanadyl molecular struc-
tures is monolayer, the binding energy is5 Jm? in our
case. This is an order of magnitude higher than the
binding energy estimated using the force filed method.

In the cluster models considered above, vanadyl
oxygen is aso bound to titanium cations along the
[100] axis of anatase. However, in the optimization pro-
cess, arather short bond isformed between the bridging
oxygen atom of anatase |(V—Opggine. 1) = 1.800—
1.900 A and molecular structure IV becomes inclined
to the (001) surface of anatase. The angle between axis
c of anatase and the vanady! structure is24°-27°.

Krikova et al. [45] managed to detect the coherent
boundary of splicing the crystalline phases of TiO, and
V,05 when 20 wt % of vanadium pentoxide is sup-
ported. The unit cells of TiO, and V,05 are in contact
so that the [100] direction is common to both phases
and the angle between axes cis 17.4°. Apparently, it is
incorrect to compare the results obtained at the level of

MIKHEEVA et al.

a molecular model with crystallographic data, but the
general trend is seen.

We considered various explanations for the nature
of the strong interaction between the support and the
supported vanadium phase.

The first explanation was proposed in [31, 45]. The
authors of these papers noticed that the structural com-
plementarity of crystalline faces of the TiO, support
and the V,0; phase should result in the strong inter-
atomic interaction at the boundary of contacting mate-
rials. As a consequence, elastic stress appears in the
crystalline lattice of anatase and causes the formation
of disocations and vacancies, some of which can be
substituted by vanadium ions. Molecular cluster mod-
els obtained by the isomorphic substitution of the sur-
face titanium ions for vanadium ions were considered
in [38] and in this work.

The other explanation is based on the experimental
fact that hydroxyl groups on the anatase surface partic-
ipate in the formation of achemical bond between VO,
and the support surface [35]. Molecular structures that
are the structural units of the monolayer VO,/TiO, cat-
alyst were characterized by various spectroscopic
methods. In this work, we carried out the quantum-

Table 2. Charges of vanadium and oxygen ions and the HOMO and LUMO energies for clusters that model unsupported
V,05, V** embedded in the anatase lattice, and V,O5 supported on the anatase surface

do do

do bridgin bridgin Eromo.
System Cluster Qv vanitlyl ! CQ)J\ g /(?\ 9_ EL oG

\% \% \% Ti
Unsupported V,05 [V30,,Hgl ™t 1.9386 —0.7072 —0.8338 - —2.8998
—0.2150
V** embedded in the anatase | [TiV,0;4H13] 2 1.8294 ~0.6546 ~0.7697 - ~1.6650
|attice -0.2410
Supported V,05 [V,0s/TizOpH 1Y 1.9841 -0.7310 —09195 | -07310 | -3.2550
with one bridging oxygen —0.6170
Supported V,0s [V,0g/TizOpHg | 1.7157 —0.6972 —08503 | -07653 | —2.7540
with two bridging oxygens —0.8588 —1.3460

Table 3. Charges, bond lengths, and the energies of ammonia adsorption Eys and deprotonation Egegror

Parameter H/V 305,Hg + NH3 H/TiV,014Hy3 + NH, H/V ,05/ TizOpH1; + NH;

Qv 2.0340 1.9071 2.0344

% ~0.7951 ~0.7532 —0.8095

OHo) 0.3148 0.3017 0.3045

Hev) 0.2840 0.2749 0.3264

On ~0.4775 —0.4756 ~0.4902
q(NH,)** 0.7201 0.6678 0.7716
I((N-H(O)) 1.022 1.025 1.025

I(O—H) 1.543 1572 1.610

E.ge, kdmol ~129.74 ~150.28 -102.66

Egeprot» kI/Mol ~79.85 ~118.45 ~34.83
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mechanical calculation of cluster models for monoxo-
and dioxovanady! structures and showed their thermal
stability on the anatase surface.

Tables 1 and 2 show the results of calculating theV-O
bond lengths and charges of vanadium and oxygen
ions. These results (Figs. 2a—2c and Table 1) suggest
that the structural parameters (namely, the number and
lengths of V—O bonds of the oxygen environment clos-
est to V) of the cluster models of VO, supported on
the anatase surface and V** embedded in the TiO, lat-
ticediffer from those for the cluster model of vanadium
pentoxide.

It is well known that changes in the structural
parameterslead to changesin the electronic state of the
system. Table 2 shows the values of Mulliken charges
for vanadium and oxygen calculated for the cluster
models of V** embedded in the anatase | attice (Fig. 2d)
and supported on the VO,/Ti0, surface (Fig. 2b). These
are compared with the supported V,0s (the cluster
model, Fig. 3b). As can be seen from Table 2, these
structures differ in the extent of the ionic character of
the V—O bond, which can be defined as the ratio of the
cation effective charge to the anion charge. The bond
between V** embedded in the anatase lattice and oxy-
genistheleast ionic. The bond between vanadium sup-
ported on the TiO, surface and oxygen is the most
ionic. Unsupported vanadiaforms abond with an inter-
mediate ionic character.

There are alot of papers devoted to the effect of the
ionic character of the metal—oxygen bond on the acidic
properties of oxides. It is known that alkali metal
oxides with the high ionic character have basic proper-
ties. The acidity of an oxide system also increases with
an increase in the extent of covalence of a metal—oxy-
gen bond. Pronounced Lewis and Bransted sites were
found on WO; and V,0;, which have low charges of
cations and anions (compared to the maximum possible
charges).

Results obtained in thiswork agree with the general
trend toward an increase in the acidity with a decrease
in the ionic character of bonds. The highest adsorption

energy of ammonia E,,, = -150.28 kJmol was
obtained for the model of V** embedded in the anatase
lattice with the ionic character p, = 1.8294/5.0 =
0.3658. The smaller value Eyy, =—129.74 kJ/mol was
obtained for unsupported V,05 with p,, = 1.9386/5.0 =
0.3877. The lowest value Ey, = -102.66 kd/mol was
obtained for the model of VO, supported on the anatase
surface with p, = 1.9841/5.0 = 0.3968.

It was assumed in several papers [46-48] that NO
oxidation by ammonia occurs between adsorbed
ammonia and gas-phase NO molecules. The necessary
step for thisreaction is the activation of ammoniain its
adsorption on the binuclear V(O)—-V(OH) site with the

formation of NHZ . However, according to our calcula-
tion, the values of the stabilization energies of ammo-
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nium ions on such a site for unsupported V,05 and
models of VO/TiO, catalyst are only ~20 kJ/mol. It is
reasonable to consider other mechanisms for ammonia
activation, specifically those associated with dissocia-
tive adsorption [49-51].
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