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Abstract The first step in the mechanism of n-butane oxi-
dative dehydrogenation (ODH) on a V4O10 cluster and
V4O10 supported SBA-15 is examined using DFT method.
The activation and adsorption energies, oxidation state of V
atoms are calculated. Over V4O10 the obtained results indi-
cate that the activation of C-H bond of methylene group can
occur at both the terminal and the bridging oxygen atoms
with similar barrier (21.5–22.5 kcal mol−1). The role of
SBA-15 (with and without modification by Al) in n-butane
adsorption step has been studied in detail. SBA-15 itself has
mild effect on the reaction process, but the substitution of
silicon atoms by aluminum atoms results in an active sup-
porter for V2O5 in ODH reaction. In that, the ratio of Si/Al
will decide the direction of initial interaction steps between
n-butane and catalyst surface and it will result in the selec-
tivity of the reaction products.
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Introduction

The extensive availability and low price of light alkanes are
the main reasons which have led to their use in the synthesis of
the corresponding olefins, used as raw materials in several
processes of considerable industrial importance. In particular,
the interest in converting n-butane is due to the importance of

butenes and butadiene in international markets. There are two
possible ways for converting alkane: direct dehydrogenation
and oxidative dehydrogenation. Direct dehydrogenation is
reversible and suffers from several limitations: it is an endo-
thermic process that requires high temperatures. At these
temperatures, the catalyst deactivates because of coke forma-
tion, thus necessitating periodic regeneration of the catalyst
which increases the operating cost [1]. In the last decade the
exothermic oxidative dehydrogenation (ODH) reactions
which can successfully overcome most of the obstacles men-
tioned above have attracted much interest as a potential alter-
native route for production of alkenes [2–6].

ODH reaction of n-butane is quite complex, the key
aspect of the technology is the development of the catalysts
capable of activating only the C - H bonds of the alkane
molecule in a flow of oxygen. Despite the large number of
studies found in the open literature [7–14] some important
aspects, such as the nature of the active sites, the kinetics
and the mechanism of the reaction, the hydrocarbon activa-
tion process and the factors that determine selectivity, are
not sufficiently clear.

Vanadium oxide is a well-established catalyst for selective
oxidative dehydrogenation process and the catalytic behavior
of vanadium can be improved by depositing on an appropriate
support [5–19]. Vanadium supported on SBA-15 was reported
to be a suitable catalyst in the ODH of propane and butane.
SBA-15 is a mesoporous silica material with uniform hexag-
onal channels, a narrow pore size distribution (5–30 nm), high
surface areas (800–1000 m2/g), and considerable hydrother-
mal stability due to a sufficient thickness of the framework
walls (31–64 Ǻ) [20]. To gain insight into the dispersity and
the nature of V species formed on SBA-15 supported vanadi-
um catalysts a detailed characterization of the vanadium in-
corporated SBA-15 catalysts by scanning electronmicroscopy
(SEM)/transmission electron microscopy (TEM), diffuse re-
flectance ultraviolet–visible spectroscopy (DR UV–vis), 15V
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nuclear magnetic resonance spectroscopy (NMR), H2-temper-
ature-programmed reduction (TPR), ultraviolet rama spectros-
copy (UV-Raman ), X-ray diffraction (XRD), Fourier
transform infrared spectroscopy (FTIR spectroscopy) has
been performed [21–23].

It has been proposed the ODH reaction of alkane over
vanadium based catalysts that occurs follows a Mars-van
Krevelen red-ox mechanism [24], in which surface V sites
are reduced by hydrocarbon and followed by re oxidation
with adsorbed O2 from the gas phase. The involvement of
lattice oxygen species has been confirmed by techniques
such as temporal-analysis of products (TAP) [25], isotopic
labeling studies [26] and also quantum chemical calcula-
tions [27]. In our previous study [28], the electronic density
of states was applied to study the electron transfer process of
the adsorption step in the oxidative dehydrogenation of
propane on V2O5 (001) with the orientation of CH2 group
onto V2O5(001). The calculations revealed that the reaction
occurred between C3H8 and V2O5 follows the oxidation-
reduction mechanism that means it was preceded via the
Mars-van Krevelen redox mechanism. From the principle of
maximum overlap in molecular orbital theory it was con-
cluded that the CH2 group is more active than the CH3

group and the type of the adsorption is a typically chemical
adsorption.

Generally, there are three types of lattice oxygen on
vanadium oxide surfaces [26, 27]: i, singly coordinated
terminal oxygen O(1), which is a vanadyl oxygen (V=O);
ii, two-coordinated oxygen O(2); and iii, three-coordinated
oxygen, O(3). To date, it remains controversial what kind of
oxygen is responsible for hydrocarbon oxidation. In the past
few years, the mechanism of ODH of propane over vanadi-
um based catalysts have been studied extensively using
density functional theory (DFT) [27–33]. A detailed mech-
anism for ODH of propane on the V2O5 (001) surface with a
V4O10 cluster have been carried out by Cheng and co-
workers [34]. They found that the V=O(1) sites play an
essential role for all reaction steps and the rate-determining
step corresponds to the first hydrogen abstraction from the
methylene group by the terminal oxygen O(1) with an
activation barrier of 29.6 kcal mol−1. The reaction pathways
in ODH of propane on the V2O5 (001) surface have also
been studied utilizing DFT by Ha Nguyen et al. [35]. For the
first step of the catalytic cycle, the adsorption of propane,
nine reaction pathways were examined and three different
sites were investigated, namely are the vanadyl oxygen
O(1), two-fold, O(2) and three-fold O(3). The obtained
calculations indicated that the active center for propane
activation was a V=O(1) group. The initial interaction of
C3H8 with an active center involved simultaneous abstrac-
tion of the first hydrogen from the methylene group by the
vanadyl oxygen O(1). This step with the highest activation
barrier of 23.3 kcal mol−1 was found to be the rate-

determining step. All calculations showed that among three
types of oxygen atoms on the V2O5 (001) surface, the
vanadyl oxygen V=O sites play the crucial role for all
reaction steps.

Although a number of theoretical studies of the electronic
structure and bonding properties of pure vanadium oxide
surface have been carried out the study of the influence of
support on the catalytic behavior of vanadium oxides in
alkane ODH is very rare. Khaliullin et al. [36] carried out
a comparative study of the reaction energetic for a VO4

active site supported on cluster models of the SiO2, TiO2

and ZrO2 surfaces. They found activation energies that were
much higher than those found experimentally, and also
found little dependence of activation energy on the support
material, which is also contrary to experiment. The investi-
gation of Redfern et al. [37] for ODH of propane on the
(010) surface, in both vanadium oxide cluster and a periodic
slab, indicated similar energetic for the vanadyl V=O site
and bridging V-O-V site. Their calculation suggested that
the (010) surface V2O5 is unfavorable for propane ODH and
other factors, such as the influence of a support material, are
responsible for the experimentally observed catalytic activ-
ity of vanadium.

From our knowledge, there are very few (if any) theoret-
ical studies on the mechanism of n-butane ODH over bulk
V2O5 catalyst and vanadium based catalysts as well. Be-
cause of the considerable uncertainties in the detail of the
reaction mechanism in atomic scale for these systems, our
works have focused on the electronic and geometric struc-
ture of vanadium based catalysts. In the previous work [38]
the effects of MgO to V2O5 catalyst in the rate-determining
step, the C-H bond activation step were investigated. The
aim of the present work is to preliminary investigate the
effects of support composition on the adsorption of n-butane
on the surface, an early step in n-butane ODH mechanism.
SBA-15 is considered as the support and the active site for
n-butane adsorption is taken to be cubic V4O10. Density
functional theory (DFT) is used to determine the energetic
of n-butane adsorption. The results of this study may pro-
vide insight into the questions concerning the activity of
vanadium based catalysts and especially how structure can
be related to catalytic performance.

Computational and model methodology

Computational methods All spin polarized calculations
have been performed by using the DFT method with non-
local, gradient-corrected DFT. The Perdew, Burke, and
Ernzerhof (PBE) gradient-corrected functional [39] are
employed in the calculation of the exchange-correlation
energy. This method is implemented in SIESTA code [40].
The exchange-correlation (XC) functional PBE chosen is
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much better than LDA for calculating barrier heights [41],
some other XCs (such as TPSS, TPSSh, B3LYP,…) are
slightly better than PBE but their performance are worse
[42]. The double zeta basis plus polarization orbital (DZP)
for valence electrons while core electron are “frozen” in
their atomic state by using norm-conserving pseudo poten-
tials [43] in its fully nonlocal (Kleinman-Bylander) form
Troullier-Martins with mesh cutoff (real energy) defined to
be the equivalent plane wave cutoff for the grid was
1,360 eV. The Brillouin-zone sampling is restricted to the
Γ-point. All equilibrium structures are performed using
Quasi Newton algorithm and the forces acting on the dy-
namic atoms all are smaller than 0.05 eV Å-1. Transition
states have been found out by the nudged elastic band
(NEB) method [44, 45] with the forces acting on the dy-
namic atoms all are smaller than 0.1 eV Å-1.

A comparison of some of the optimized geometrical
parameters with experimental data for n-C4H10 is presented
in Table 1 and Fig. 1. The results indicate that the optimized
distances and angles in the model are in good agreement
with the experimental values.

Cluster models For SBA-15: geometries of silica rings in
SBA-15 mesoporous molecular sieve were investigated
using the density functional theory (DFT) by Wang et al.
[20]. Their work demostrated that bicyclic model clusters
are the main structural units to consitute the framework of
SBA-15. The geometries of these model clusters were fully
optimized at the level of B3LYP with the 6-31G(d) basis set
available in Gaussian 03. Their harmonic vibration frequen-
cies were also evaluated at the same level. Therefore, in this
work, this model is employed as the model cluster of SBA-
15 molecular sieve. As shown in Fig. 2a, the bicyclic model
cluster is composed of two monocyclic silica rings and it is
called the model 5-6-s. 5- and 6- represent the numbers of
silicon of two silica rings, “s” means that two hydroxyls of
the model are not adjacent, namely separated by other
groups. The boundary atoms of the model cluster are satu-
rated by hydrogen atoms. The model consists of 9 Si atoms,
16 H atoms and 12 O atoms making 37 atoms in total.

The V4O10 cluster model (Fig. 2b) is of Td symmetry
(singlet state) and has been used in some theoretical studies
as an oxidant in oxidative dehydrogenation of light hydro-
carbons [34, 46]. It is also found as the most stable cluster
[47]. This cluster contains the vanadyl V=O(1) site and the

V-O(2)-V site, but does not contain the three-fold coordi-
nated oxygen O(3) site. All vanadium atoms in V4O10 have
a formal oxidation state of +5, thus one can consider the
V4O10 cluster is suitable for modeling the chemistry of the
V2O5-(001) surface. The reason for choosing V4O10 cluster
instead of monomeric units VO4 is that: according to the
observation reported in the literature [48] only for very low
coverage degree on amorphous SiO2 or ordered mesopore
SBA-15, isolated species of the type VO4 are prevalent.
Using X-ray absorption spectroscopy and performed a
detailed XAFS data analysis, Walter et al. [49] indicated
that independent of the V loading, in the range 2.7–
10.8 wt.% the isolated VO4 units are not the major
vanadium oxide species present on the dehydrated
VxOy/SBA-15 samples, and thus an isolated VO4 model
did not properly describe the local structure between 2 Ǻ
and 4 Ǻ around vanadium centers in dehydrated
VxOy/SBA-15. Therefore, we believe that the results
from the V4O10 model are directly applicable to mecha-
nisms for vanadium based catalysts.

Figure 2b and Table 2 show the structural parameters of
the singlet of V4O10. The calculated bond distances are:
V=O(1) = 1.54 Å and V-O(2) = 1.79 Å, they are in good
agreement with experimental values obtained for the bulk
V2O5 (1.59 and 1.78 Ǻ for V=O and V-O respectively) [34].
Periodic DFT calculations on the V2O5 (001) surface by
Sauer et al. [50] also lead to 1.59 Å for the bond distance
of V=O and 1.80 Å for the V-O bond.

Finally, a complex model for V4O10 located on SBA-15
has been proposed. The calculated bond distances for V4O10

unit bound to the support SBA-15 are presented in Fig. 2c
and Table 2. The formation of the combined system is an
exothermic process, indicating that it is easy to create this
system. New chemical bonds Si-O(V) have been formed
with a bond distance of about 1.678 Å. The initial bond
lengths of V=O(1) and V-O(2) are slightly changed: the
V=O(1) bond elongates by 0.009 Å and V-O(2) bond dis-
tance increases from 1.795 to 1.874 Å.

Results and discussion

In our work, V4O10 cluster, V4O10 supported on parent
SBA-15 and V4O10 supported on modified SBA-15 were
considered to study the adsorption of n-butane.

Table 1 Selected structural pa-
rameters of C4H10: distances (r)
in Å and angles (a) in degrees

Selected structural parameters (C1, C2 and C3 are successive)

rC-H rC2-C3 aC1-C2-C3

Present work 1.108 1.513 112.3

Experiment (http://cccbdb.nist.gov/) 1.114 1.531 113.8
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According to Mars-van Krevelen, the first step is the
initial activation of C4H10 on the catalyst’s surface. All
calculations of activation energies and adsorption energies
have been performed only for the initial step, the activation
of C-H bond. Adsorption energy (Eads) (or interaction ener-
gies) is calculated by equation:

Eads ¼ E C4H10 þ V4O10ð Þ � E C4H10ð Þ � E V4O10ð Þ:

The adsorption of n-C4H10 and C-H bond activation over
V4O10 and over V4O10 supported on SBA-15 (V4O10/
pureSBA-15)

The breaking of C-H bond can occur in the methyl (−CH3)
or the methylene (−CH2) groups, therefore for the starting
configuration, the butane molecule is located in front of
V4O10 or V4O10/pure SBA-15 with –CH2 group (or –CH3

group) is oriented directly toward to O-(V4O10) atom. Be-
cause V4O10 cluster contains only two different lattice oxy-
gens (named as O(1) and O(2)), starting from C4H10 +
V4O10 (or C4H10 + V4O10/pure SBA-15) four models of
interactions between lattice oxygens and –CH2 group or –
CH3 group are studied, i.e., O(1)…CH2, O(1)…CH3,
O(2)…CH2 and O(2)…CH3. Furthermore for all investigat-
ed interaction models we assume an insertion mechanism
[31, 35]: a lattice oxygen atom inserts into C-H bond of n-
butane to form an alcoholic intermediate on the surface. The

proton of the alcoholic intermediate is then transferred to
another lattice oxygen.

The initial and final structures for each orientation are
carefully optimized using Quasi Newton method then the
CI-NEB is applied to find out the transition states. Cal-
culated activation energies and adsorption energies for
eight pathways (four paths for V4O10 cluster and another
four for V4O10 supported on pure SBA-15) are shown in
Table 3.

Reaction at O(1) site

& O(1)....CH2 interaction involves the insertion of the
vanadyl oxygen O(1) into a methylene C-H bond via a
transi t ion sta te Ts.V4O10 over V4O10 or via
Ts.V4O10/SBA-15 over V4O10/pureSBA-15.

– Over V4O10: the initial distances between C atom of –
CH2 group and O(1) is chosen by 3.036 Å; and the initial
distances between H atom of C-H bond and O(1) is
chosen by 2.157 Å. At Ts.V4O10 (Fig. 3a) the C-H bond
distance elongates from 1.108 to 2.089 Å and the H –
O(1) distance is only 0.975 Å, indicating the OH group is
nearly formed. The C…O(1) distance is decreased from
3.036 to 2.580 Å. The V=O(1) bond is lengthened from
1.542 to 1.785 Å. One of the three V–O(2) bonds distance
decreases to 1.789 Å, while the other two bonds elongate
to 1.810 and 1.813 Å. The activation barrier for this path
is 21.5 kcal mol−1, which is slightly higher than that over
V4O10/pureSBA-15 and it is the second lowest barrier
among eight studied pathways.

– Over V4O10/pureSBA-15: (Fig. 3b) At Ts.V4O10/SBA-15
the C–H bond elongages from 1.108 to 1.796 Å and the
distance between the H atom of CH2 group and O(1) atom
is shortened to 1.005 Å. The V=O(1) bond elongates from
1.551 to 1.756 Å. Two of three V – O(2) bonds distances
decrease from 1.793 to 1.751Å and from 1.874 to 1.806Å,
while the other increases from 1.791 to 1.819 Å. An Eads
value of –19.7 kcal mol−1 indicates this reaction is thermo-
dynamically favorable. The activation barrier for this path-
way is 19.3 kcal mol−1, which is 2.2 kcal mol−1 lower than
over V4O10 and is the most energetically favorable path
among eight studied reactions.

Fig. 1 IR spectrum of n-C4H10

Fig. 2 Bicyclic model cluster
of SBA-15 (a), V4O10 (b) and
combined system (c)

3236 J Mol Model (2013) 19:3233–3243



& O(1)....CH3 interaction starts with inserting the O(1) into a
methyl C-H bond. The calculations result in activation
barriers of 33.6 kcal mol−1 and 35.4 kcal mol−1 for this
reaction over V4O10 and over V4O10/pureSBA-15 respec-
tively, which are 12.1 kcal mol−1 and 16.1 kcal mol−1

higher than that of methylene C-H bond breaking. This
observation is understandable because bonding energy of
C-H in methylene group is 98.5 kcal mol−1, which is
weaker than that in methyl group (101.0 kcal mol−1). Ex-
perimentally, isotopic studies by Chen et al. [9] indicated
only the methylene C-H bond is involved in the rate deter-
mining step. Furthermore, iso-butyl radical is more stable
than n-butyl radical due to the stronger hyperconjugation
from CH3 and CH2 species. Overall this interaction is less
favorable compared to the O(1)-CH2.

Reaction at O(2) site

The pathways for this site are similar to those for the O(1)
site. The calculation result for O(2)…CH3 interaction over
V4O10 predicts an energy barrier of 5.4 kcal mol−1 higher
than that for O(2)…CH2 reaction indicating an energetically
unfavored pathway on O(2) site. Therefore this path is not
considered for the next discussion.

& O(2)…CH2 interaction:

– Over V4O10: in this adsorption model the interaction
involves the breaking of C-H bond and the formation of
O-H bond via transition state Ts1.V4O10 (Fig. 3c). Ini-
tially the n-butane molecule is placed in such a way that

the distance between the O(2) and C atom is approxi-
mately 3.056 Å. After interaction, at transition state the
C-H bond is weakened: the distance increases from
1.108 to 1.879 Å. The bond length of V-O(2) increases
slightly from 1.795 to 1.819 Å. Especially, the
Ts1.V4O10 involves even O(1) site: the distance be-
tween H atom of C-H bond and O(1) is only 1.004 Å.
In the intermediate’s configuration, this distance de-
creases to 0.973 Å indicating the formation of OH
group and also the C..O(2) distance is shortened to
1.480 Å. A low adsorption energy (−29.2 kcal mol−1)
could come from the requirement of two O sites in the
adsorption state. Therefore, thermodynamically, the ad-
sorption state related to the O(2) site is generally more
stable than that related to the O(1) site. The barrier for
this path is 22.5 kcal mol−1.

– Over V4O10/pureSBA-15 (Fig. 3d): After interaction, at
transition state the V=O(1) elongates to 1.774 Å; the C-
H bond distance of CH2 elongates from 1.108 to
2.477 Å. The CH2-O(1) distance is 2.771 Å, which is
0.6255 Å longer than that in the initial state (3.396 Å).
The H atom (of CH2 group) and O(1) comes closer with
a distance of 0.982 Å and an adsorbed hydroxyl is
formed in the intermediate complex (not shown). Like
Ts1.V4O10, the Ts1.V4O10/pureSBA-15 is more stable
than Ts.V4O10 and Ts.V4O10/pureSBA-15 due to the
involvement of O(1) in the structure of transition state.
The activation barrier for this path is 28.3 kcal mol−1.

The adsorption of n-C4H10 over V4O10/modified SBA-15
(by Al3+)

Since silicon is balanced by four surrounding oxygen atoms,
pure SBA-15 is charge neutral. By substituting a silicon
atom by an aluminum atom, the charge balance of the
network is upset creating strong Brønsted acid site Al-O-
H. The sources of Brønsted acidity in SBA-15 are bridged -
OH, which consists of a H atom, bonded to the O atom that
connects the tetrahedrally coordinated cations. Alteration of
Si/Al ratio lead to variations in the catalytic activity and
stability of framework. In order to see the influence of SBA-

Table 2 Selected bond lengths for V4O10 cluster, bicyclic model
cluster of SBA-15 and V4O10 supported on SBA-15

V4O10 cluster Bicyclic model
cluster of SBA-15

V4O10/SBA-15

Parameters (Ǻ)
d(V=O(1)) 1.542 – 1.551

d(V-O(2)) 1.795 – 1.874

d(Si-Obutane) 1.677

d(Si-OSBA-15) 1.643 1.671

Table 3 Ea and Eads
corresponded to the interaction
between lattice O(1), O(2) and n-
butane in the adsorption process
over studied catalysts

Ea (kcal mol−1) Eads (kcal mol−1)

-CH2 -CH3 -CH2 -CH3

O(1) O(2) O(1) O(2) O(1) O(2) O(1) O(2)

V4O10 21.5 22.5 33.6 27.9 −17.2 −29.2 −15.7 −22.6

V4O10/pure SBA-15 19.3 28.3 35.4 30.2 −19.6 −25.5 −9.5 −21.4

V4O10/SBA-15(Si8Al) 15.0 25.4 32.0 30.0 −20.5 −26.0 −10.4 −13.0

V4O10/SBA-15(Si7Al2) 41.1 22.9 24.3 14.1 2.4 −31.2 −11.9 −36.6

J Mol Model (2013) 19:3233–3243 3237



15 modification by aluminum on the adsorption process of
n-butane, two different positions of silicon atom have been
chosen for replacement by aluminum atoms. These positions
are closest to the Vatom to get the maximum influence of Al
on the structure of V4O10. As one silicon atom has been
substituted by aluminum, a Si/Al ratio of 8/1 was obtained
and the modified SBA-15 is now named as SBA-15(Si8Al);
two silicon atoms have been substituted by aluminums,
leading to SBA-15(Si7Al2) with a Si/Al ratio of 7/2.

We preliminary investigate the effect of aluminum atoms
on the adsorption of n-butane over catalysts. For each model
V4O10/SBA-15(Si8Al) or V4O10/SBA-15(Si7Al2) four possi-
ble interactions between n-butane and V4O10 are studied,
including O(1)…CH2; O(1)…CH3; O(2)…CH2 and O(2)…
CH3. These eight reaction pathways are similar to their O(n)…
X counterparts above, and here we will mainly concentrate on
their differences (n=1,2; X = −CH2, −CH3). The calculated
energies for eight paths and selected optimized geometries are
summarized in Table 3 and in Fig. 4. Like the situation over
V4O10 and V4O10/pure SBA-15, the calculated activation
energies for recation pathways over two models indicate the
preference of breaking methylene C-H bond over methyl C-H
bond, thus the possibility of methyl C-H bond activation is not

considered except the case of V4O10/SBA-15(Si7Al2) with
O(2)…CH3 interaction. Also the O(1)…CH2 interaction over
V4O10/SBA-15(Si7Al2) can be excluded because this path has
the highest activation energy (41.1 kcal mol−1) among all
studied pathways.

Fig. 3 Transition states of
adsorption process with a:
O(1)…CH2 interaction over
V4O10, b: O(1)...CH2

interaction over V4O10/pure
SBA-15; c: O(2)…CH2

interaction over V4O10, d:
O(2)…CH2 interaction over
V4O10/pure SBA-15

Fig. 4 Transition state of adsorption of n-C4H10 over V4O10/SBA-
15(Si8Al) (a) and V4O10/SBA-15(Si7Al2) (b)

3238 J Mol Model (2013) 19:3233–3243



& Over V4O10/SBA-15(Si8Al): obviously, when SBA-15
is modified by one Al atom, the initial step for activation
of methylene C-H bond seems to be easier than in the
case of V4O10 supported on pure SBA-15.

– O(1)…CH2 reaction is the most energetically favored path-
waywith the lowest activation energy (15.0 kcalmol−1) and
the intermediate state in this reaction is stable due to a low
negative adsorption energy (Eads = −20.5 kcal mol−1). The
related TS (named as Ts.V4O10/SBA-15(Si8Al)) is shown
in Fig. 4a. At Ts.V4O10/SBA-15(Si8Al), the C-H bond
is lengthened to 1.700 Å and the O(1)-H distance is only
1.019 Å. The activation energy for this path is 6 kcal mol−1

and 4.3 kcal mol−1 lower than that in the O(1)…CH2

reaction over V4O10 cluster and V4O10/pureSBA-15, re-
spectively. The V=O(1) bond length elongates to 1.745 Å.
This TS is stabilized by hyperconjungtion from two
CH3 groups.

– The pathway of the O(2)…CH2 is similar to their
O(1)…CH2 counterpart. This path has higher activation
energy (25. 4 kcal mol−1) than that in O(1)…CH2

interaction, but its adsorption energy is 5.5 kcal mol−1

lower than that in O(1)…CH2. The transition state of
this reaction (not shown) consists of two O sites: O(2)
and O(1) sites. Furthermore a low adsorption energy
indicates the stability of the intermediate state. There-
fore, compared to the pathway on the O(1) site the
adsorption on the O(2) site is favorable in thermody-
namics, but it is less favorable in kinetics.

& Over V4O10/SBA-15(Si7Al2): by contrast, when two
aluminum atoms present (V4O10/SBA-15(Si7Al2)), the
favorable adsorption sites for n-butane are near the O(2)
sites and the energetically most favored path is the
CH3⋅⋅⋅O(2) with Ea being 14.1 kcal mol−1. This path
also has the lowest adsorption energy −36 kcal mol-1. At
TS the C-H bond distance is increased to 2.878 Å, the
distance between C atom and O(2) is 2.627 Å, the
distance between H atom of CH3 group and O(1) is only
0.974 Å indicating an adsorbed hydroxyl is formed. A
mild structural change is observed where two of three V-
O(2) bond lengths are slightly shortened, while the other
elongates to 1.821 Å. The V=O(1) bond length is
1.768 Å. Although the distance between V4O10H and
n-C4H9 is quite large (2.627 Å, Fig. 4b), but the V4O10H
is very stable due to significant shorteness of V-O bonds
distances. Especially V-O*(2) bond distance is decreased
to 1.672 Å (it is 0.123 Å shorter than that in the case of
V4O10cluster). This bond plays a major role in stabiliz-
ing thesystem because this site is in direct interaction
with n-C4H9. In addition, while at Ts.V4O10/SBA-
15(Si8Al) iso-C4H9 directly l inks with SBA-
15(Si8Al)/V4O10H only through H-O(1)=V bridge, at
Ts.V4O10/SBA-15(Si7Al2), the methyl group of n-C4H9

has two simultaneous interactions: with the O(2) site
and O(1) site, it may result in a closer to silica
framework of n-C4H9 and consequently the transition
state is stabilized with a low activation energy. There-
fore one may suggest that when SBA-15 is modified
by aluminum atoms the interaction between CH3

group and O(2) site is the most favorable pathway
of but−1-ene product formation.

Spectrum analysis of X-ray absorption near edge structure
(XANES) on V atom in catalysts

Because ODH reaction is a redox process, C4H10 is reduced
by V+5 in catalyst. Theoretically, V atom with a higher
oxidation number will be a more powerful oxidizer. There-
fore, the detailed study of oxidation state of V atom in
catalysts can give more information about the role of the
modification of SBA-15 by Al.

Formal oxidation number of V in V4O10, V4O10/pureSBA-
15, V4O10/SBA-15(Si8Al1) and V4O10/SBA-15(Si7Al2) is +5
but they are unmeasurable and their physical meaning can be
ambiguous. The informal oxidation state (or spectroscopic
oxidation state) can bemeasurable, this oxidation state of each
atom changes depending on the chemical environment sur-
rounding the atom. The XANES spectra can give useful
information.

To compare the informal oxidation state of V, XANES K-
edge of V atoms in studied catalysts have been calculated.
K-edge spectrum of V consists of two parts: pre-edge:
electron excited from 1s → 3d (the excitation of electron
from 1s → 3d) and edge: 1s → 4p (the excitations 1s1/2 →
4p1/2 and 4p3/2, the experimental value of starting excitation
energy of Kβ2 edge of V in V2O5 crystal is about 5,475 eV
[51, 52] according to the selection rules (Δl=±1). The
obtained results are shown in Fig. 5, with V(1) and V(2)
denoted for V atoms bound to O(1) and O(2) sites
respectively.

Fig. 5 K-edge spectra of V in catalysts
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According to a fundamental property of the XANES spec-
trum, the higher excitation energy is, the higher oxidation
number should be, the following comments may be useful:

(i) Informal oxidation states of V in V4O10 cluster and
V4O10/pure SBA-15 (without modification) are very
similar due to the similarity in the values of starting
excitation energies of K-edge (about 5,467 eV). It re-
sults in a similar activation barrier for the O(1)…CH2

interaction over both V4O10 and V4O10/pureSBA-15
(21.5 and 19.3 kcal mol−1, Table 3).

(ii) When Silicon atoms in SBA-15 framework are
substituted by aluminum atoms, informal oxidation
state of V is significantly increased but these changes
are different in V(1) and V(2).

– At V(1), K-edges are almost unchanged (about
5,472 eV) when the Si/Al ratio changes from 8/1
to 7/2.

– At V(2), K-edge is dramatically increased. For ex-
ample, with a Si/Al ratio of 7/2, K-edge is increased
up to 5,482 eV. This change in K-edge may result
from the closer position of V(2) to aluminum atom
compared to V(1). Therefore, the informal oxida-
tion number of V(2) is higher than that of V(1).
Over V4O10/SBA-15(Si7Al2), V(2) oxidizes C4H10

more strongly than V(1) and obviously, the
CH3⋅⋅⋅O(2)-interaction is the most favored pathway
with a very low activation energy (14.1 kcal mol−1,
Table 4).

The comparison with previous works and general comments
on the initial step of n-butane ODH process over four
studied catalytic systems

In previous work [35] the density functional theory using a
plane-waves basis set and pseudo potential has been used to
study the reaction pathways for ODH of propane on the
V2O5 (001) surface. Our results revealed that the lowest
energy pathway for propane activation occurred by an
O(1) insertion into a methylene C-H bond of propane pro-
ducing an iso-propanol structure. This agrees well with the

conclusions from Gilardoni et al. [27] and Redfern et al.
[37]. This step is the rate-determining step with activation
energy of 23.3 kcal mol−1. The subsequent step involved the
abstraction of the second hydrogen by O(1) site leading to
the formation of propene. This process had activation ener-
gy of 22.5 kcal mol−1. The elimination of surface bound
water molecule at the O(1) was a barrierless process. In that
study, the electronic density of state has been applied to
prove the reality of the calculated results.

In the following work [38], the effect of support
MgO on the activity of V2O5 for ODH of propane
and n-butane was investigated. In that work, only inter-
action of methylene group with the V4O10/MgO surface
was considered. The activation energy for this step was
found to be 30.8 kcal mol−1 and 32.9 kcal mol−1 for
propane and n-butane respectively. The adsorption ener-
gies were −5.2 kcal mol−1 for both. According to
obtained results one can see the initial step, the activa-
tion of C-H bond, becomes more difficult with V4O10

supported MgO catalyst in both kinetics and the ther-
modynamics sides because of higher activation and ad-
sorption energies in comparison to those in pure V4O10.
The electron density, spin density, XANES were used to
successfully explain the reasons for the difference in
catalytic activity when V2O5 was located on the MgO.

On the basis of the barriers for initial activation in n-
butane over vanadium oxide and vanadium oxide supported
SBA-15 catalysts, the possible comments can be given as
follows:

(i) It is expected that the initial step in n-butane ODH would
be the interaction between methylene group and V=O(1)
site or O(2) site. The negative values of adsorption ener-
gies obtained indicate initial step is thermodynamically
favorable. Our results are similar with Fu et al. [31]. Their
results demonstrated that both O(1) and O(2) species of
vanadium oxide are active for C-H bond breaking but the
O(1) was slightly more active than the O(2). From the
calculated results it is hard to find a strong preference of
the O(1) site over O(2) site in activation step of the C-H
bond. Over V4O10 the reaction barrier in the pathway of
the O(1) site is only 1 kcal mol−1 lower than that of the
O(2) site. But at site O(2) a 10 kcal mol−1 adsorption
energy lower than that on O(1) site indicates the interme-
diate state in the O(2)…CH2 reaction is more stable
compared to its counterpart in the O(1)…CH2 path.
Therefore, compared to the pathway on the O(1) site,
the dissociative adsorption on the O(2) site is more fa-
vorable in thermodynamics, and it could be competitive
in kinetics.

(ii) A further analysis based on atomic charge is performed
in order to understand more about the reducibility of the
lattice O. Table 4 presents the atomic charge of selected

Table 4 The atomic charge of O surface atoms at clean surface and at
the transition states related to O(1)…CH2 interaction

TSs O(1) O(2)

Clean surface TS Clean surface

Ts.V4O10 −0.163 −0.188 −0.198

Ts.V4O10/SBA-15 −0.187 −0.186 −0.214

Ts.V4O10/SBA-15(Si8Al) −0.177 −0.183 −0.200

Ts.V4O10/SBA-15(Si7Al 2) −0.195 −0.196 −0.235
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surface atoms at clean surface and at transition states
computed using Hirshfeld calculation, almost indepen-
dent of basis set. The atomic charge reflects the ability of
the lattice O to further gain electrons (reducibility). It is
found that on the clean surface of all catalysts the atomic
charges for O(2) atoms are more negative than that for
O(1) atoms and are more difficult to be reduced, the O(1)
atoms is more active. However, these atomic charges do
not reflect the actual activity of the O(2) found out by our
work. Our explaination is similar to Fu et al. [31]: If one
looks at the intermediate state they will find that for all
studied catalysts, calculated adsorption energies (Eads)
related to O(2) site are always more negative than
that related to O(1) site. That means, thermodynami-
cally, the adsorption states related to O(2) sites are
generally more stable. The analysis of transition states
reveals that while in the transition states related to
O(1) - C4H9 species link with the catalyst’s surfaces
through O(1) site only, the transition states related to
O(2) site involve two O sites: the reacting lattice O(1)
and O(2) and therefore it could be a factor to stabilize
the transition state. Furthermore, although the O(2)
has less ability to be reduced compared to O(1) it
has a better contact with other surface atoms (two
neighbour V atoms), while O(1) atom bonds only
directly with one V atom. So the electron at the
O(2) site can be well delocalized into the nearby
atoms, this can help to stabilize the transition states.

(iii) The presence of silicalite SBA-15 as a support has a
mild effect on the adsorption activity of V4O10: the
calculated results reveal that SBA-15 has a positive
effect only for the activation of methylene C-H bond
at site O(1). For all other models, the activation of C-H
bond becomes kinetically and thermodynamically more
difficult due to slightly higher activation energies and
adsorption energies observed.

However, with modification by Al atom, SBA-15 be-
comes an effective support for vanadium oxide in ODH
process of n-butane. Table 4 shows that the atomic charge
of O(1) atoms at transition states related to O(1)..CH2 inter-
action shows a sequence of −0.183, −0.186, −0.188, −0.196
going from Ts.V4O10/SBA-15(Si8Al); Ts.V4O10/SBA-15;
Ts.V4O10 and to Ts.V4O10/SBA-15(Si7Al 2). Therefore the
O(1) atom in Ts.V4O10/SBA-15(Si7Al2) is the most difficult
to be reduced reflecting the highest activation energy
(41.1 kcal mol−1). By contrast, the O(1) atom at
Ts.V4O10/SBA-15(Si8Al) is the most active with the stron-
gest electrophilic tendency (Ea=15 kcal mol−1). It is also
found that electrons are transfered from –CH2 group to the
surface V atom via bridge oxygen [28] and the electron
transfer through Ts.V4O10/SBA-15 is more favorable than
through Ts.V4O10.

Over V4O10/SBA-15(Si7Al2) the reaction between CH3

group and O(2) site is the most favorable path in both
thermodynamic and kinetic aspects for the C-H bond
activation.

Conclusions

The reaction pathways for the first step in the mechanism of
n-butane ODH process over vanadium oxide and vanadium
oxide supported on SBA-15 have been studied utilizing
DFT theory. Obviously, the cubic V4O10 cluster is a good
model for studying the catalysis on V2O5, particularly for
supported catalysts. For the first step of the catalytic cycle,
the adsorption of n-butane and the C-H bond activation,
eight reaction pathways are examined and two different sites
are investigated, namely the vanadyl oxygen O(1) and two-
fold O(2). The obtained calculations indicate that the lowest
energy pathway for n-butane activation occurred by an O(1)
insertion into a methylene C-H bond of n-butane producing
an iso-butanol structure with a barrier of 21.5 kcal mol−1.
The activation of a C-H bond in methyl goup is less possi-
ble. Furthermore, the calculated results reveal that the acti-
vation of C-H bond can also occur at the bridging oxygen
atoms O(2). Compared to the pathway on the O(1) site, the
dissociative adsorption on the O(2) site is more favorable in
thermodynamics, and it could be competitive in kinetics.

The effect of SBA-15 on the catalytic activity of vanadi-
um oxide is clarified: when V4O10 setting up on pure SBA-
15 the interaction of vanadium oxide with SBA-15 slightly
lowers activation energy and adsorption energy for O(1)…
CH2 reaction. The substitution of SBA-15 by aluminum
atoms create a more effective support for vanadium oxide
in ODH process. The presence of aluminum atoms help
stabilize the transition state and hence reduce the activation
energies. When one Si is substituted by Al, the interaction
between methylene group and terminal oxygen O(1) is more
pronound and it is the lowest energy pathway, in which the
C-H bond breaks to form an alcoholic intermediate with a
barrier of 19.3 kcal mol−1. However, when SBA-15 is
modified by aluminum atoms the interaction between
CH3 group and O(2) site is the most favorable pathway.
This path can lead to the formation of but-1-ene as the main
product. In this direction, the activation barrier and also ad-
sorption energy are quite low (Ea=14.1 kcal mol−1 and Eads=
−36.6 kcal mol−1).

Overall, the calculated results indicate that both O(1) and
O(2) species of the catalyst are active for C-H bond break-
ing, but the O(1) site is slightly more active than O(2) site.
However, the adsorption on site O(2) is more favorable in
thermodynamics. The results of this study may provide the
information for future computational investigations of these
materials.
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