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Oxidative dehydrogenation (ODH) of ethane over th©y/(001) surface has been carried out using periodic
density functional theory (DFT) calculations. We show that the firstHCbond activation leading to an
ethoxide intermediate is the rate-limiting step of the reaction. The most feasible pathway forthbdhd
activation is predicted to take place at the O(1H®) site, with activation energy of 35.1 kcal/mol. The

0(2) (V—0—V) site is less active for EH bond activation, with an energy barrier of 37.6 kcal/mol. However,

the O(1) site exhibits much lower selectivity to ethene formation than O(2) because the side reaction leading
to acetaldehyde occurs more easily than ethene production on O(1), whereas O(2) is inert for acetaldehyde
formation. On the basis of our results, the ODH reactions of ethane and propane are systematically compared

and discussed.

1. Introduction the intermediate formed upon-& bond activation of ethane

. I . . Is more stable than that of propane and thereby compensates
The catalytic oxidation of light alkanes has been the subject ¢, the c—H bond activity difference between these two
of intensive studies because of its importance for the production 5 jecule4

of basic chemicals such as alkereg! The oxidative dehydro- In recent years, theoretical calculations, especially based on

genation (ODH) of lower alkanes offers an attractive route to density functional theory (DFT), have been employed to study
alkenes. One major advantage of the ODH reaction lies in the yo mechanism of alkane ODH reactions over metal oxide
fact that it is thermodynamically favored at low temperatures, c4ia\ysts. Both cluster and periodic slab models are adopted to
which would significantly reduce coke formation and extend el the catalytic system. The cluster model calculations of
the lifetime of catalysts. methané? and propar® ODH reactions over a M@ cluster
Vanadium pentoxide (3Os) is an important catalyst for the  gemonstrated that the -@4 bond activation of these two
ODH reaction of light alkane¥3 The ODH reactions over  molecules share similar mechanisms and that the activation
the vanadium-based catalysts have been extensively studied inenergies are generally higher for methane than those for propane.
the past decade, and the reaction mechanism originally proposeqn these studies, the terminal oxygen=®) is considered to
by Mars and van Krevelen has been accepted genéfaly,  pe the active site. In the cluster model study of propane ODH
which can be described as (i) the reduction of the oxide surfaceon \,0s, Redfern et at5 found similar energetics for the
by hydrocarbon and (ii) the subsequent reoxidation of the surfaceyanadyl \.=0 site and bridging VO—V site, but the energy
by the gas-phase oxygen. Mechanism studies on propane angyarriers for both G-H bond activation and propene formation
ethane ODH reactions revealed that both reactions proceed viagre much higher than experimental observation. Periodic DFT
Mars-van Krevelen pathways involving lattice oxygen study of propane ODH over a)®@s (001) surface using a slab
atoms?~*3%% and the first step in both propane and ethane model obtained moderate energy barriers effChond activa-
oxidation reactions seems to involve the breaking of-8HC  tjon and propene formation comparable with experiments at both
bond, which is regarded as the rate-limiting stéf3 Oyama  terminal =0 and bridging \-O—V sites, indicating that both
etald inVeStigated the ethane oxidation OEOé/SIOZ and 100% lattice oxygen Species may contribute to propane JbH.
V205 samples. They found the main products of the reaction  |n thijs report, we present the first detailed periodic DFT study
were acetaldehyde, ethene, CO, andCadd the 100% YOs on the ethane ODH reaction over a®% (001) surface. Various
sample shows much lower activation energies. In addition, the active sites and reaction mechanisms are examined. In addition
100% V,0s sample prefer to produce extensively oxidized tg the reactions leading to ethene, other likely pathways leading
products throughout the entire temperature range. Comparingto byproduct are also investigated. Similar activity of surface
with the propane ODH reaction, the measured ODH rate of oxygen species and-€H bond activation mechanisms are found
ethane is much lowéf:** This may be readily explained by  in ethane ODH as those in propane ODH. However, the energy
considering that ethane consists of only a methylHCbond barrier of C-H bond breaking for ethane is higher than that of
with a bonding energy of 420 kJ/mol while propane has two propane, and the higher stability of reaction intermediate

weaker methylene bonds (401 kJ/mol). However, the measuredethoxide on the surface than that of isopropoxide was not
activation energies of ethane and propane are very siffifdr,  gpserved.
and the origin of this remains unclear. One speculation is that i )
2. Computational Details
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orbital basis sets and TroullieMartins normconserving pseudo- i V. v
potentials?’48 The exchange-correlation functional utilized is NN NN
the generalized gradient approximation method, known as GGA-
PBE#® A double¢ plus polarization basis (DZP) set was
employed. The orbital-confining cutoff radii were determined

from an energy shift of 0.01 eV. The energy cutoff for the real ¢ grface oxygen sites. For the ODH of propane, the previous

space grid used to represent the density was set as 150 Ry. Ty, gy already showed that the chemical reaction of homolytic
further speed up calculations, the KehBham equations were  ¢ja4ya4e is more feasibé The reaction follows two steps: (i)

solved by an iterative parallel diagonalization method that Propane dissociatively adsorbs on the surface to form a

ujcilizes' the ScaLAPACK §uproutine Pd{;ygVX with two- propoxide and a hydroxyl group. It is a process involving two
dimensional block cyclicly distributed matri.The Broyden  |atice oxygen atoms. (ji) The propoxide then releases an H atom
method was employed for geometry relaxation until the maximal 1 5 second lattice oxygen to produce propene. Therefore, for

forces on each relaxed atom are less than 0.1 eV/A. TV the ODH reaction of ethane, we consider the homolytic cleavage
(001) surface is routinely modeled by a one-layer slab with all only, which can be represented as

atoms allowed to relax. A (% 1) unit cell (11.54x 10.81 A)
is used to mc_>de| the surface and the vacuum region is 20 A. C,Hs—H, + Og+O, < C,Hs0, + HO,
Only theT-point was used to sample the Brillouin zone in our
calculations. Spin-polarization was considered during all the
calculations.

A constrained minimization scheme is employed to search
the transition states (TSs) on the potential energy suffetée.
A TS is identified when (i) the forces on the atoms vanish and
(ii) the energy is a maximum along the reaction coordinate but
a minimum with respect to all of the other degrees of freedom.
The energy barrier is determined as the energy difference
between the saddle point and the initial state.

The adsorption energyEfqd is calculated as

Figure 2. Homolytic cleavage mechanisms for the—8 bond
activation of ethane.

where g and s denote the gas phase and surface, respectively.
With three different types of lattice O on@s (001) (Figure
1), nine possible combinations of two oxygen sites in total are
available for the ODH reaction, i.e., O(1)-O(1), O(1)-0O(2), O(1)-
0(3), O(2)-0(1), O(2)-0(2), O(2)-0(3), O(3)-0(1), O(3)-0O(2),
and O(3)-O(3). According to our previous work on propane
ODH reactiong'® here we considered the two most favorable
reaction mechanisms for each O-O combination, namely, the
oxo-insertion mechanism (A) and the radical mechanism (B)
(Figure 2). In mechanism A, a lattice oxygen atom inserts into
E..=E ) - (E +E, ) the C-H bond of the ethane to form an ethoxide intermediate
ads adsorbate substrat adsorbate " —substraf on the surface. The proton of the ethoxide is then transferred to
another lattice oxygen nearby. For mechanism B, a lattice
oxygen atom abstracts an H atom from ethane directly to leave
an ethylic radical in the gas phase. It is then followed by the
rebound of the ethylic radical to a second surface oxygen. In
3.1. Molecular Adsorption of Ethane. The molecular short, the G-H bond activation pathways can be denoted as
adsorption of ethane at various lattice oxygen sites gBsV O(m)-O(n)-X, wherem, n = 1, 2, 3 and X= A, B, the first
(001) surface was first examined. It is found that the most stable O(m) denotes the O site where an ethane attacks the surface
adsorption structure is at the O(2) site with the adsorption energy initially. We will go through our DFT results for these pathways
only of —2.8 kcal/mol, showing that molecular ethane only in the following subsections.
physisorbs on YOs (001). For a comparison, the adsorption of 3.2.1. O(2) Site: O(1)-O(n)-X{a) O(1)-qn)-A. A terminal
propane on the surface of,¥s (001) was also calculated. oxygen of V=0 interacts with one of the ethane-®& bonds
Similar to that of the ethane, the propane also has a physisorptiorthrough the transition state TS1 to form a stable ethanol-like
state on the surface, with the adsorption energy-af5 kcal/ intermediate on the surface (Figure 3). The reaction barrier is
mol and the most favorable adsorption site being at the O(2) 39.9 kcal/mol, and the relative energy of the products is about
site, in agreement with the previous reptrConsidering that 2.2 kcal/mol with respect to the reactants. In TS1, theHC
the ODH reaction occurs at high temperatures, e-@00 K, bond is elongated from 1.12 A of ethane to 2.06 A, and the
ethane in the gas phase is more stable than it is on the surfacelistance between the C atom of ethane and the O(1) atom is
due to the large entropy contribution. It is thus expected that shortened to 2.71 A. The length of-® bond is 1.00 A,
the C-H bond activation of ethane over,¥s (001) is not indicating that the &H bond is already formed at the same
precursor mediated. time. In the ethanol-like intermediate, the-O bond and G-H
3.2. C—H Bond Activation. Two different ways have been  bonds are formed with the bond length of 1.48 A and 1.05 A,
suggested as for how the-E&1 bond breaks on metal oxidés. and the G-H distance is now 2.14 A. The subsequent migration
One is heterolytic splitting, leading to an alkyl anion and a of hydrogen to a nearby O(1) site can occur readily with an
proton. The other is homolytic cleavage that usually takes place energy barrier of only 1.0 kcal/mol. This completes the O(1)-

where a negativ&,qsindicates exothermic process.

3. Results and Discussion
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Figure 3. Energy profile of C-H bond activation at the O (1) site
and the structures of related transition states and intermediates.

O(1)-A pathway. The final state of surface ethoxide is 0.6 kcal/
mol less stable than the reactants.

As for the pathways of O(1)-O(2)-A and O(1)-O(3)-A, the
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O(1)-B, although the calculated energy barrier for ethand¢iC
bond activation is about 6.8 kcal/mol higher than that of
propane'é

3.2.2. O(2) Site: O(2)-O(n)-XThe pathways of the O(2)-
O(n)-X are similar with those of O(1)-O(n)-X in general. Here
their main differences will be highlighted. For the insertion
mechanism A, it is found that the energetically most favorable
pathway at the O(2) site is O(2)-O(2)-A with the barrier of 37.6
kcal/mol. Because of the large distance between the O(1) and
0O(2) (Figure 1), the energy barrier of H atom migration in the
pathway of O(2)-O(1)-A is as high as 50.4 kcal/mol. The binding
of H atom with O(3) is the weakest on the surface. In the O(2)-
O(3)-A pathway, the energy barrier required during the process
of H atom migration is 2.9 kcal/mol higher than that of O(2)-
0O(2)-A (7.3 kcal/mol vs 4.4 kcal/mol).

In the radical mechanism, the activation energy of O(2)-
O(n)-B pathways is at least 1.6 kcal/mol higher than that of
0(2)-O(2)-A. Therefore, mechanism A is preferred to mecha-
nism B over the O(2) site. Compared with the-B bond
activation on O(1) site, the energy barrier of the process taking
place on the O(2) site is 2.5 kcal/mol higher (37.6 kcal/mol vs
35.1 kcal/mol). Obviously, the situation of< bond activation
of ethane is very similar with the case of propane ODH. Both
0O(1) and O(2) sites are active for-& bond activation with
O(1) site slightly more active, and the most favorable reaction
mechanism on these two sites are different.

3.2.3. O(3) Site: O(3)-O(n)-XAs reported in the previous
study of propane ODH reactiofi%the 3-fold coordinated O(3)
is the most inert toward the -€H bond activation. Here two
possible pathways are located on O(3), i. e. O(3)-O(3)-A and
0(3)-0O(2)-B, with high-energy barriers, of 46.9 and 42.2 kcal/

reaction barriers required for the migration of the H atom to mol, respectively. Moreover, the adsorption of ethoxide at O(3)
the nearby O(2) or O(3) sites are 18.0 kcal/mol and 20.8 kcal/ will induce strong surface reconstruction by breaking one of
mol, respectively. This is not surprising as the adsorption of H the O(3)-V bonds. Therefore, as in the case of propane, the
atom at O(2) or O(3) sites are less stable by 9.6 and 2.6 kcal/ possibility of the 3-fold coordinated O(3) as the reaction center
mol, respectively, than that at the O(1) site, Therefore, among for ethane ODH reactions could be ruled out.
the three O(1)-Oy)-A pathways, the O(1)-O(1)-A is the most 3.2.4. Electronic Structure Analysishe changes of atomic
feasible. charges of the system in the process efHCbond activation

(b) O(1)-0f)-B. For mechanism B, the H of ethane is Were calcu]ated by using Badercharge analysis, anql the results
abstracted by O(1) to form an ethyl radical in the gas phase. Of mechanism B on O(1) and O(2) sites were listed in Table 1
The energy barrier is calculated to be 34.1 kcal/mol, and the for comparison. Generally the results are very similar with those
radical intermediate is only 1.8 kcal/mol more stable than the ©f the propane ODH reactioli.From ethane to ethoxide, two

transition state (TS3). As shown in Figure 3, the i€ bond in electrons are transferred to the surface. As the first step-é1 C
TS3 is lengthened to 1.50 A, and the-@ d,istance is only bond activation, one electron flows to the surface at TS3 and

1.13 A, indicating the breaking of-€H bond and the formation TS7. After that, upon ethyl radical rebonding with surface

of O—H bond. The radical intermediate may rebind with the oxygen, another.e.lectron is transferred to the catalyst. ”. Is
nearby lattice O atoms in the next step. It is found that the notable that the injected electrons located on both vanadium

rebinding of ethyl radical with the nearest O(1) site is the most and oxyge;n atk?ms. The_delc;cahzatmn_of ele_c:]rcl)ns ondthe_s_llJ_rface
feasible with a barrier of only 2.8 kcal/mol, while the energy aCCﬁuntsoo;t %reak(]: t|V|tyho cr)]xy%enhsnes W'td. ow reducibility,
barrier for that involving O(2) or O(3) is 5.5 or 7.3 kcal/mol, such as O(2). On the other hand, the vanadium atoms are not

. . - . reduced as much as expected. The Bader spin-charge analysis
respectively. In addition, the ethoxide SPEcies on O(2) and O(_S) also showed that the ﬁet spins are mainli)/ Iocategd on tr):e
are less stable than that on O(1). Obviously, O(1)-0(1)-B is \ anadium atoms directly linked to the reacting lattice oxygens.
the most favorable pathway among O(1)APB pathways, and

o - . The strong spin polarization on V, which is mainly due to
itis also energetically more feasible than O(1k pathways. d-state, is expected to arise from the weakening of the original

The surface hydroxyl group on the O(1) site can also capture V—0 d-p covalent bond resulting in the spin-polarized d-states
the H atom of ethane to form a water molecular and form an on V.
ethyl radical simultaneously, but the calculated energy barrier 3 3, Ethene Formation.From the adsorbed ethoxide, ethene
is as hlgh as 40.4 kcal/mol. Therefore, Compared with lattice can be produced by |Osing one of the H atoms of the methy|

oxygen O(1), the €H bond activation by a surface hydroxyl
such as O(1)-H is rather unlikely.

Comparing with the ODH reaction of propane at the O(1)
site, we found that the activation of-@ bonds of these two
alkanes follow the similar lowest energy pathway, namely, O(1)-

group to a nearby lattice oxygen. In the following, our results
for the ethene formation from the ethoxide on the O(1) and
0(2) sites will be presented in detail.

Starting from the ethoxide at O(1) site, its H atom of the
methyl group can migrate to the nearby lattice O atoms,
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TABLE 1: Bader Charge Differences of the Atoms in the System upon Going from the Initial State (ethane in the gas phase
plus the clean surface) to the Transition States (TS), Intermediate States (IM), and Ethoxides on O(1) and O(2) Sites in the
C—H Bond Activation?

0(1) 0(2)
TS3 IM2 TS4 GHsO*(1) + O*(1)H TS7 IM4 TS8 GHsO*(2) + O*(2)H

o(1y —-0.21 -0.72 —-0.74 -0.35

o2y —0.06 —0.61 —0.59 —0.60

Veur? —-0.27 -0.23 -0.21 -0.25 -0.33 —-0.36 -0.40 -0.72

Ogun? —0.21 —-0.38 —0.45 -1.08 -0.13 —0.36 -0.33 —0.30

CHe 0.68 1.33 1.40 1.68 0.52 1.33 1.33 1.62
net spin (ts) 0.52 1.49 1.47 1.63 0.82 1.48 1.48 1.41

2 Negative value means electron gain. The net spin of each state is also listed. The unit of GbjafjEHe reacting oxygen atoms in the unit
cell. ¢ Sum of the net charges on all V atoms in a unit céBum of the net charges on all O atoms in a unit cell except the reacting O atom.
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Figure 4. Energy profile of C-H bond activation at the O (2) site  Figure 5. Reaction pathways of ethene and acetaldehyde formation
and the structures of related transition states and intermediates. through H abstraction from ethoxide by surface oxygen or a surface

including O(1), O(2), and O(3) sites. After examining these three OH group at the O(1) site.
possible reaction pathways, we found that the H atom abstractionwhile the nearby O(1) site is the least feasible site for H
by the nearest O(1) atom is the most favorable pathway, with abstraction, with a very high energy barrier (71.2 kcal/mol).
an energy barrier of 34.1 kcal/mol (Figure 5). The whole process The reason why the O(1) site is less feasible for H abstraction
is endothermic by 24.2 kcal/mol. In addition, the H atom may than O(2) is apparently due to the large distance (near 4.9 A)
be abstracted by a nearby surface hydroxyl group O(1)-H to between O(1) and O(2) on,®@s (001) (Figure 1). Moreover,
form ethene and water simultaneously. Since the formation andunlike O(1), the hydroxyl group at O(2) is found to be inert for
desorption of a water molecule may induce severe surfaceethene formation due to the high-energy barrier of 42.6 kcal/
reconstruction, the pathway is explored by using a two-layer mol.
model of \,Os (001). As shown in Figure 5, this process is In summary, the O(1) site on the surface has secondary
endothermic by 17.6 kcal/mol with an energy barrier of 35.2 reactivity, which means that after the O(1) site accepts one H
kcal/mol. Obviously, in the process of ethene formation, the atom, forming an O(1)-H group in the first-€H bond activation
O(1) and O(1)-H group have similar abilities to abstract an H step, it is still reactive for the ethene formation by breaking the
atom from the ethoxide. In other words, after the firsti€ C—H bond of ethoxide, while the O(2) site is blocked after the
activation step, all the O(1) sites on the surface are still active first step, C-H bond activation of ethane. But compared with
for the next step, H abstraction. that on the O(1) site, the ethoxide on the O(2) site more easily
For an ethoxide at the O(2) site, the most feasible pathway forms ethene through H abstraction by a nearby lattice O(2)
of H abstraction utilizes a nearby O(2), with an energy barrier atom. Considering that the energy cost for the methylHC
of 31.6 kcal/mol, which is 2.5 kcal/mol lower than that with an  bond breaking is the same regardless of the O(1) or O(2) site,
O(1) site (Figure 6). Itis also found that the H atom of ethoxide the ease of ethene formation on the O(2) site is mainly due to
at the O(2) site can be abstracted by O(3), with an energy barrierthe weaker ©-C bond of ethoxide on the O(2) site, just as what
(32.7 kcal/mol) very similar to that by O(2) to form ethene, we found in the case of propane ODH.
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~ CcH, our calculations, it is expected that water and acetaldehyde
CH,CHO would desorb from the surface to create vacant O(1) sites easily.
154 The subsequent reaction is the reoxidation of catalyst by the
GRG0 gas-phase oxygen. When the oxygen molecule in the gas phase
attacks the unsaturated V sites, a stable molecular adsorption
state is formed (as shown in Figure 7), with the adsorption
energy of —6.7 kcal/mol. In the transition state (TS15), the
7813 07 distance between V and O is shortened to 1.66 A (the normal
CHCHOO'H 205 V—0(1) bond length is 1.59 A), which suggests that theQ(1)
16.5 CH,(g+0™H bond is forming. At the same time, the activated©@ bond is
almost broken, and the bond length is elongated from 1.28 A
to 1.78 A. The other O atom of the activated oxygen molecule
CH 00" can transfer and bind with the nearby bare V site to form another
V—0(1) bond. Finally, the initial YOs(001) catalyst is regener-
ated, completing the catalytic cycle. The process of vanadium
reoxidation is calculated to be exothermic by 86.9 kcal/mol,
with a barrier of 35.1 kcal/mol. Obviously, the surface of catalyst
can be reoxidated easily at high temperatures when it is exposed
to O,
3.6. Discussion.On the basis of the results above, we
summarized the overall energy profiles of the ethane ODH
reaction in Figure 8. Generally, for the ODH reaction oiOy,

Relative Energy (kealmol)

TS13

. -

Figure 6. Reaction pathways of ethene and acetaldehyde formation
through H abstraction from ethoxide by a surface O atom at the O(2)

site. ethane shares many common features with propane. In the first
step of C-H bond activation, the O(1) species on the surface
3.4. Acetaldehyde Formation.Experimental studies indi- IS predicted to be more active than the O(2) site with the energy

cated that ethene is the most abundant primary product of ethand?arrier lower by 3.5 kcal/mol. Similar to those in propane ODH
ODH on VQ/SiO,,VO,/Al,03, and VQ/ZrO,,254and the other reactions, the radical mechanism is preferred over O(1) for
side-reaction products include acetaldehyde,,G@d CO. In ethane C-H bond breaking, and the oxo insertion mechanism
order to obtain a better understanding of this process, we alsoiS Preferred on O(2). As for the ethene formation by breaking
explored the main side-reaction channel leading to acetaldehydethe second €H bond, the O(2) site is preferred over the O(1)

The possibility of the reaction taking place at the O(1) site is Sité due to the weaker-€C bond of the ethoxide species on
first investigated. Starting from the adsorbed ethoxide, a ©(2)- Also, the surface hydroxyl group O(1)-H has an ability
methylene H atom instead of a methyl hydrogen is abstracted Similar to that of O(1) to abstract an H atom from ethoxide in
by a nearby lattice O(1), yielding a surface §HHO species ethene fo_rma'uon, while O(2)-H is inert in this step. By exploring
(Figure 5). The energy barrier of this process is calculated to the réaction channel toward the byproduct acetaldehyde, we
be 31.7 kcal/mol, and the reaction is endothermic by 1.3 kcal/ found that the production of acetaldehyde from ethoxide is in
mol. The energy cost for the desorption of the acetaldehyde fact easier than the production of ethene at the O(1) site (energy
molecule is 17.4 kcal/mol. Alternatively, the methylene hydro- Parrier of 30.8 kacl/mol vs 34.1 kcal/mol). Moreover, the
gen can transfer to a nearby hydroxyl group O(1)-H to produce a(;etaldehyde product is very stable on the §urface compared
a surface CHCHO species and a water molecule simultaneously, With ethene (Figure 8) Therefore, the O(1) site is expected to
with an energy barrier of 30.8 kcal/mol. The process is have a low selectivity to ethene produppon, and the stable
exothermic by—8.7 kcal/mol, mainly due to the hydrogen acetaldehyde on O(1) may be further oxidized to CO and.CQ
bonding formed by the water molecule with a nearby O(1) BY contrast, the pr.oduct|on of aceta[dehyde over the 0(2) site
(Figure 5). The desorption energy of acetaldehyde from the iS more difficult, with an energy barrier of 12 kcal/mol higher
surface is 15.9 kcal/mol. It is noticed that the formation of than that of ethene production.
acetaldehyde at the O(1) site is easier than the production of Overall, a clearer picture of the ethane ODH reaction over
ethene, and the surface acetaldehyde species is sufficiently stabl®/20s emerged from our calculations. In agreement with the
that it may undergo further oxidation to produce CO or,CO previous experimental and theoretical studies, the rate-limiting
This could account for the low selectivity of the alkane ODH step of ethane ODH over s is the activation of the €H
reaction. bond. Both O(1) and O(2) species of the catalyst are active for

For the reaction taking place at the O(2) site, the formation C—H bond breaking, but the O(1) site is obviously more active.
of acetaldehyde is very difficult, with a much higher energy The higher activity of O(1) is attributed to two characteristics.
barrier of 43.9 kcal/mol, and the process is endothermic by 30.7 First, the energy barrier for €H bond activation at O(1) is
kcal/mol. The overall energy profile is shown in Figure 6. In lower than O(2). Second, the hydroxyl group O(1)-H has activity
addition, if the acetaldehyde molecule desorbs from the surface,similar to that of O(1) in accepting H during ethene or
the structure of the catalyst falls apart, and the energy of acetaldehyde formation, which means that every O(1) on the
desorption is as high as 45.7 kcal/mol. Therefore, we can surface provides two oxidative sites. However, the O(2) site
conclude that the C¥CHO species is unlikely to form at the has better selectivity to ethene due to both its lower energy
0(2) site, which implies a higher selectivity of the O(2) site for barrier for ethene formation and its inertness for byproduct
the ethane ODH reaction. production.

3.5. Vanadium Reoxidation.Le Bars et af® carried out a From the discussion above, one can find that the calculated
calorimetric experiment of ethane ODH on unsupporte@®zy/ energy barrier of the rate-determining step of ethane ODH is
which showed that @is important in regenerating the vanadia 35.1 kcal/mol, which is about 7.8 kcal/mol higher than that of
surface and maintaining a high olefin yield. On the basis of propane!® This result is consistent with the bond energy
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0.0
0,(9)

Relative Energy (kcal/mol)

Figure 7. Reaction pathways and structural parameters for the transition states of the vanadium reoxidation step.

~ O()CH site of Mo;Og has been calculated to estimate the valuASf
e s O(2)-C.H, As a result, the obtainetiSfor ethane G-H bond activation is
376 Ts4 36.8 O(1)-CH,CHO —27.5 kcal/mol/K and that for propane 1s35.9 kcal/mol/K at

1 TS9

873 K. So the activation entropy of propane ODH is more

—Y
:-\31 4 28.1 CH,(@)+20(1)'H negative than that of ethane ODH rather than vise versa, which

— they share the same reaction mechanism in alkene formation.

| CH,CHO(g)+H.0

However, as indicated by the above calculations, the O(1) site

E \%cymgwoazm : suggests that the entropy factor is unlikely to account for the
3 C.H+20(1)H much lower reaction rate of ethane ODH relative to propane.
= 34.1 | C,H,+20(2)*H At first glance, it is also unlikely that the number of active sites
E" 308 for ethane ODH would differ from that of propane ODH since

E 7.8

2

0.0 :
C.H.(g)+20" 06 bears very low selectivity for ethene production because of the
B CHO™O™H | .. competing process of acetaldehyde formation with a lower
CH,CHO+H,0 energy barrier. In addition, both O(1) and O(1)-H species are

- more active for acetaldehyde formation than for ethene forma-
igure 8. Lowest-energy pathways of the ethane ODH process .. . .
occurred on O(1) and O(2), respectively. tion (Flgure 5). As for the propane O[?H, the posslble byproduct
reaction routes were not examined in the previous stidiy.
difference between methyl and methylenel€bonds (420 kJ/ order to compare with the ethane ODH, the possible side-
mol vs 401 kJ/mol). The DFT calculations on methane and reaction route starting from surface isopropoxide leading to
propane ODH over MgDq cluster also found a higher activation — acetone is evaluated here. The energy barrier required to form
energy of C-H bond activation for methane than for pro- acetone is 28.6 kcal/mol, while that leading to propene is 28.2
pane*243However, the DFT results appear to conflict with the kcal/mol. Therefore, on the O(1) site the formation of acetal-
equivalence of the activation energies for ethane and propanedehyde is much more preferred to the formation of ethene while
ODH derived from the experimental kinetic d&e? It is the propene production is competitive with acetone production.
proposed that the stability of the intermediate species formed In other words, the O(1) site is much more effective, thereby
upon C-H bond activation may be the reason; that is, the higher contributing more to the rate of propane ODH than to ethane
stability of ethoxide than isopropoxide species could compensateODH. Although the C-H bond activation mechanisms in ethane
for the difference in €H bond energies in the transition state and propane ODH are the same, the efficiency for alkene
involved in C—H bond activation and lead to similar activation formation differs due to the different activity of lattice oxygens
energies for the two alkane reacta#t&! However, this specula-  for side reactions. This may partly account for the rate difference
tion is not supported by our calculations. On the contrary, the of ethane and propane ODH although thorough understanding
calculation shows that ethoxide species is in fact 1 kcal/mol of the puzzle requires a more comprehensive study of all
less stable than isopropoxide on the surface. possible oxidation side reactions in alkane ODH. A detailed
Yet another puzzle exists in the comparison of ethane and study of further oxidation reactions is undergoing in our group.
propane ODH. According to the experimental restflthie rate
of ethane ODH is much lower than that of propane while the 4. Conclusions
activation energies are very similar. Therefore, it means that
either the preexponential factor or the number of active sites The mechanism of oxidative dehydrogenation reaction of
must be much lower for ethane than for propane reactants. The€thane over a Y05 (001) surface has been investigated for the
lower preexponential factor reflects a larger negative entropy first time by means of periodic DFT calculations. The main
change upon transition state formation for ethane than for results are summarized below.
propane. By using the cluster model, the most feasible pathway 1. The ethane ODH over the,@s (001) surface follows a
of first step C-H bond activation of gHg and GHg at the O(1) mechanism similar to that of propane. The first& bond
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activation is the rate-limiting step of ethane ODH, leading to (9) Xie, S. B.; Chen, K. D.; Bell, A. T.;
the ethoxide intermediate.-€H bond activation over the O(1) 20(()80)10é1hé20?<9 .
site through a radical mechanism is the most feasible route ing46.
this step, with an energy barrier of 35.1 kcal/mol. The energy ~ (11) Chen, K. D.; Bell, A. T.;
barrier of G-H bond activation over the O(2) site through an 18513)25_"8”' K. D Xie, S. B
oxo-insertion mechanism is 2.5 kcal/mol higher than that of (’13) Chen, K. D.;
O(1). 197.

2. Ethene can be formed more easily at O(2) than at O(1) . (14) Chen, K. D.; Khodakov, A.; Yang, J.; Bell, A. T.;

) ) Catal. 1999 186, 325.

through the second €H bond breaking from the ethoxide (15) Albonetti, S.; Cavani, F.; TrifiroF. Catal. Re.-Sci. Eng.1996
intermediate, with energy barriers of 31.6 kcal/mol and 34.1 38, 413.
kcal/mol, respectively. The surface hydroxyl group at the O(l) (16) Cadus, L. E.; Gomez, M. F.; Abello, M. Catal. Lett 1997 43,
site has similar activity with O(1) for ethene formation. (i7) Centi, G.Appl. Catal. A1996 147, 267.

3. As the byproduct of ethane ODH, acetaldehyde can be (18) Miki, J.; Osada, Y.; Konoshi, T.; Tachibana, Y.; ShikadaApp!.
formed at the O(1) site via the dehydrogenation of ethoxide Cazillg)Aé%% 137k93BJ Catal. 1997 68, 423,

rzybowska ata

species, with a lower energy barrier than that of ethene formation (20) Busca. GCatal, Today.1995 24, 307,
(30.8 vs 34.1 kecal/mol). The surface hydroxyl group O(1)-H  (21) michalakos, P.; Kung, M. C.; Jahan, I.; Kung, H.HCatal.1993
has similar activity for acetaldehyde production, while O(2) is 140, 226. '
inert for this side reaction. Acetaldehyde formation is an _ (22) Sananes-Schulz, M. T.; Tuel, A.; Hutchings, G. J.; Volta, 1.C.

exothermic process, and its high stability on the surface may Catal. 1997, 166, 388.
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(29.3 kcal/mol), and the ethoxide intermediate does not show a”:
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the preexponential factor. By considering the byproduct selec-  (34) Kondratenko, E. V.; Baerns, MAppl.
tivity of various lattice oxygens, we propose that the much lower 133.

ODH rate of ethane relative to propane may be partly accounted g%é”gy'e M.D.; Chen, K. D.;

for by the reduction of the number of active sites for ethane ~(36) mars, P.; van Krevelen, D. WChem. Eng. Sci.,
ODH due to the poor efficiency of the O(1) site for ethene 1954 3, 41.
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' Catal. A1999 187, 147.

(38) Mamedov, E. A.; Cofte Corbefa, V. Appl. Catal. A1995 127,

I. E.; Wechuysen, B. MAppl. Catal. A 1997 157,

(30) Eon, J. G.; Olier, R.; Volta]. Catal. 1994 145, 318.

Iglesia, E.; Bell, A. J..Catal.

Catal. A 2001 222

Iglesia, E.; Bell, A. T. Catal.2002

Special Suppl.

Acknowledgment. This work was supported by the National 1.
Science Foundations of China (20433020, 20673024, 20633030) (39) Le Bars, J.; Vedrine, J. C.; Aurous, J, A.; Trautmann, S.; Baerns,

Appl. Catal., A1992 88, 179.
indr:helNatmgal Sc!gnce zgg‘zdzaztg)lng Oéﬂ'c""ffgfé SCI'\?nt?e a?d\ﬂ (40) Haber, J.; Witko, MJ. Catal. 2003 216 416
echnology Committee ( ), Nationa 2413 Grzybowska Swierkosz, Bop. Catal.200Q 11/12 23.

Major Basic Research Program of China (2003CB615807), o Fu, G.; Xu, X; Lu, X.; Wan, HJ. Am. Chem. So@005 127,
Shanghai Education Committee (04SG05), Shanghai Leading3® (43) Fu, G.. Xu, X.: Lu, X.: Wan, HJ. Phys. Chem. 2005 109,
Academic Discipline Project (B108). The Shanghai Supercom- g416.
puting center and Fudan Computing center are thanked for (44) Heracleous, E.; Machli, M.; Lemonidou, A. A.; Vasalos, . A.
computing time Mol. Catal. A2005 232 29. )
: (45) Redfern, P. C.; Zapol, P.; Sternberg, M.; Adiga, S. P.; Zygmunt,

S. A,; Curtiss, L. AJ. Phys. Chem. B006G 110 8363.

(46) Fu, H.; Liu, Z.-P.; Li, Z.-H.; Wang, W.-N.; Fan, K.-N.. Am. Chem.
Soc 2006 128 11114.

(47) Junquera, J.; Paz, O.; Sanchez-Portal, D.; Artach@hlgs. Re.
B 2001, 64, 235111.

(48) Troullier, N.; Martins, J. LPhys. Re. B 1991, 43, 1993.

(49) Perdew, J. P.; Burke, K.; Ernzerhof, Phys. Re. Lett 1996 77,
3865.

(50) http://www.netlib.Org/scalapack/scalapack_home.html.

References and Notes

(1) Bettahar, M. M.; Costentin, G.; Lavalley, J. 8pl. Catal. A1996
145 1.

(2) Oyama, S. T.; Middlebrook, A. M.; Somorijai, G. A.Phys. Chem
199Q 94, 5029.

(3) Oyama, S. TJ. Catal.1991, 128, 210.

4) Zh_ao, Z.; Yamada, Y.; Teng, Y.; Ueda, A.; Nakagawa, K,;
Kobayashi, T.J. Catal 200Q 190, 215. (51) Liu, Z. P.; Jenkins, S. J.; King, D. Al. Am. Chem. S0©004

(5) Kung, H. H.Adv. Catal. 1994 40, 1. 126, 10746.

(6) Mamedov, E. A.; Cortes-Corberan, ¥ppl. Catal. A1995 127, §52g Liu, Z. P.; Hu, P.J. Am. Chem. So@003 125, 1958.

1 53) Martin, G. A.; Mirodatos, CFuel Process. Technoll995 42,
(7) Hong, S. S.; Moffat, J. BAppl. Catal. A1994 109, 117. 179.
(8) Chen, K. D.; Bell, A. T.; Iglesia, EJ. Phys. Chem. BR00Q 104, (54) Argyle, M. D.; Chen, K. D.; Bell, A. T,; Iglesia, Bl. Phys. Chem.
1292. B 2002 106, 5421.



