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Abstract

A molecular orhital study of methane oxidation reactions on the (100) surface of MoO; is made. The adsorption energy
for the molecular species or fragments has been computed using a methodology based on the atom superposition and
electron delocalization molecular orbital (ASED-MO) theory. Calculations were performed using a bulk superimposable
M04,0555* cluster model. Different sequences and sites for H abstraction from methane were explored on layers exposing
molybdenum or oxygen atoms. The oxygen coordination and the geometric arrangements for the adsorbed species were
analyzed. The process appears to be endothermic. The formation of oxygenated products such as formaldehyde, CO and CO,
is also addressed. Our results are in good agreement with recent literature reports, showing that total oxidation of methane is
difficult to achieve. © 1998 Elsevier Science B.V.
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1. Introduction The global reaction for the catalyzed oxida-
tion of methane can be written as:
Methane is the major component of natural

gas, often constituting more than 90% of the MCH, + N0, = PCoHe +qC,H, +1CO,
hydrocarbon fraction of the gas. The functional- +sH,0

isation of methane for manufacturing valuable Reactions of catalytic oxidation may be di-
products is of great importance. Since partial vided into two categories: (1) electrophilic oxi-
oxidation is one of the main processes used to dation, proceeding through the activation of
functionalise hydrocarbon molecules, several re- oxygen and (2) nucleophilic oxidation, in which
searchers have intensified the investigation of activation of the hydrocarbon molecule is the

the conversion of methane to higher hydrocar-  first step followed by consecutive steps of nu-
bons by partial oxidation and oxidative coupling cleophilic oxygen insertion and hydrogen ab-
[1]. straction. In each of these processes the carbon

skeleton remains unchanged [2].
The oxidative coupling of methane (OCM)
* Corresponding author. Fax: +54-91-883933; e-mail: has been proposed as an dternative for the
cajuan@criba.edu.ar hemical utilization of natural gas. Catalysts
! Present address: Department of Chemistry, Cornell Univer- chemical utfizallo u gas. y
sity, Ithaca 14853, USA. E-mail: 5j29@cornell.edu used for the OCM are usualy composed of
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metal oxides. The oxygen species on the cata-
lyst surface (either surface lattice oxygen or
adsorbed oxygen) interact with methane, lead-
ing to formation of methyl species. Subsequent
coupling of methyl species results in ethane
and, by its dehydrogenation, in ethylene. Methyl
radicals as well as C, hydrocarbons in their
radical form may also interact with surface and
gas-phase oxygen leading to total oxidation [3].
An exhaustive review for the OCM has been
recently published [4].

The rate-determining step in the selective
oxidation of methane is the rupture of the C—H
bond. There are two main hypotheses on this
subject under discussion.

According to 1to and Lunsford methane acti-
vation occurs by a homolytic mechanism [5]:

Cat-[0"] + CH, — Cat-OH + CH

This first hypothesis has been substantiated
by the presence of methyl radicals on the sur-
face of the MgO catalyst, as reported in Ref. [6].
The methyl radicals so formed on the surface
could react with the catalyst and produce
methoxide ions, which on a subsequent reaction
with water yield methanol. Further oxidation of
methanol or dehydrogenation of methoxide ion
leads to the formation of formaldehyde.

The second hypothesis has been recently pro-
posed by Sokolovskii and co-workers. They
suggested that the methane activation proceeds
heterolytically via its interaction with an acid—
base pair, giving place to a proton detachment
and the formation of a metal—methyl com-
pound, where the methyl results in being nega-
tively charged [7]:

Me*207 2+ CH, > CH;Me™?+ H"O 2

The coordinately unsaturated metal ion paired
with a strong nucleophile (O~2 ion) may act as
an active center [8].

Further oxidation of these surface methyl an-
ions would lead to methyl radicals, which then
dimerize:

CH;Me"?2—> CH;+ Me*?+e”

In contrast with the considerable amount of
papers published about the activation of methane
on pure transition metals, the theoretical studies
of this reaction on metal oxides have not yet
succeeded in giving a sufficiently clear and
complete explanation of this process. Recently
Burch et al. have published a review examining
this kind of activation of C—H bonds in satu-
rated hydrocarbons [9].

The interactions of methane on metal oxides
have been explored by several authors [2,3,8].
The relationship between the different crystal
planes of MoO,; and their contribution to the
activity and selectivity of catalytic reactions is
important because it provides important infor-
mation needed for the identification of active
sites in this catalyst [10,11]. Molybdenum triox-
ide is an active and sdlective catalyst for the
partial oxidation of alcohols and hydrocarbons
[12—14]. In addition, MoO; based catalysts are
widely studied for methane oxidation [15—20].

Focusing on the theoretical approaches, the
extended Huckel (EH) method has been em-
ployed by several authors in order to study the
hydrocarbon molecule interactions on metal ox-
ide surfaces. Sambeth et al. used this formalism
to explain the catalytic oxidation of methanol on
V,0O; [21]. Rahmouni and Barbier studied the
chemisorption of methanol on various faces of
MoO; by EH calculations [12].

The calculations of Mehandru et al. drew
important conclusions concerning the dissocia-
tive chemisorption of methane on MoO; sur-
faces in presence of O~ gpecies. The results
obtained using the atomic superposition and
electron delocalization molecular orbital theory
(ASED-MO) and a M0,05;* cluster show that
O™ strongly activates C—H bonds. The presence
of O™ was explained in terms of an UV O2p —
Mo4d charge-transfer excitation. Heterolytic ad-
sorption is most likely at edge sites and CH 3
forms a donation bond to Mo™®. If a homolytic
pathway is followed, the products obtained at
edge sites are less stable. In the same paper the
authors mention the possibility that some methyl
radicals could escape to the basal plane and
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dimerize subsequently in ethane or, in presence
of additional electron—hole pair excitations, to
produce formaldehyde. In addition, the barrier
to methyl radica diffusion over O~ 2 sites is
approximately the same as the desorption en-
ergy, 0.4 eV. Findly, they propose that the
homolytic adsorption at O~ sites on the basal
planes will also take place, forming ethane and
formaldehyde. Unless CH,O is desorbed, addi-
tional electron—hole pair excitations should lead
to further dehydrogenation and surface reduc-
tion with the formation of CO and CO, [22].

The goal of the present work is to perform a
theoretical study of the dehydrogenation and
subsequent oxidation of methane on different
catalytic sites of a MoO, (100) surface. To this
purpose a semi-empirical molecular orbital tech-
nique was employed, which will be described in
Section 2.

2. Theoretical method

The computational technique used in this
study is the ASED method developed by Ander-
son et a., which can be view as a modification
of the EH theory [23-25]. One important im-
provement is the inclusion of a pair-wise repul-
sion term, based on the Hellmann—Feynman
force theorem. This repulsive term allows the
determination of equilibrium geometries for the
adsorbed species. The diagonal elements of the

Table 1
Parameters for ASED-MO calculations

Hamiltonian are taken as the negative valence
orbital ionization potentials (IP). While the off-
diagonal elements on the same center are zero,
the off-diagonal elements on different centers
are the average of the corresponding diagonal
elements multiplied by: S; exp(—0.13R), where
S, is the corresponding valence orbital overlap
integral and R is the internuclear distance. This
multiplicative factor can be considered to give
an improved EH Hamiltonian in comparison
with the Wolfsberg—Helmholtz formulation [26].

The atomic parameters used for this work, 1P
and Slater exponents, are those reported by
Anderson et al. [27]. Regarding the atomic basis
set, a full valence s+ p+d Slater type was
employed. All these parameters are listed in
Table 1.

The calculation of the adsorption energy
(AE,) was performed as the difference be-
tween the total energy of the system when the
adsorbed species/molecular fragments are at a
finite distance from the surface, and the same
energy when those species are far away from
the solid surface. That is, the adsorption energy
was calculated as:

A Ea = Eiota(ads. species/metal oxide)
— E (2. Species)
— Eioa(Metal oxide)

The adsorbed species include CH,, CHj,
CH,, CH, C, H, CO, CH,0 and CO,.

Atom Orbital |onization potential (eV)

Slater exponent (au™1)

Linear coefficient Electronegativity (Pauling)

Mo 4d 10.06 4542
1.901
55 9.10 2.256
5p 5.92 1.956
o} 2s 26.48 1.946
2p 11.62 1.927
c 2s 15.59 1.5536
2p 10.26 1.4508

H 1s 13.60 1.0000

0.5899 1.8
0.5899
35
25
21
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The ASED, being a useful improvement of
the EH method, gives approximate results when
calculations for molecular properties are com-
pared to Hartree—Fock (HF) or configuration
interaction (Cl) results. Particularly, for those
properties of transition-metal diatomic oxides
such as equilibrium force constants, equilibrium
bond Iengths and bond dissociation energies, the
ASED method brings satisfactory predictions
[28-31]. It must be underlined to the reader that
the reported energy values should be interpreted
in their qualitative sense, due to the approxi-
mated nature of both the method and model.

Since several structural and geometrical as-
pects of the model must be considered at the
same time, including adsorption site, azimuthal
orientation, tilt angle, bond distortions and
height above the cluster surface, certain assump-
tions were made. The criteria for exploring the
mentioned characteristics of the systems and the
structure of the clusters is described in Section
3.

3. The cluster model and the structure of the
adsorption sites

In the last years several authors have reported
the pronounced influence of the geometric fea-
tures of oxide crystallites on the selectivity of
oxidation reactions. Many studies have been
devoted to understand the behavior of different
MoO, crystal faces [12—14,18,19,32].

Rahmouni and Barbier, in a recent work,
studied the interactions of CH,OH with «-
MoO; and found that the stability of the molec-
ular chemisorption complexes increased as they
pass from the (100) face to the (001) and (010)
ones [12]. Tatiboliet and Germain studied the
catalytic anisotropy of MoO; in the conversion
of methanol [13]. The effect of ions geometric
arrangement on the reactivity of adsorbed hy-
drocarbon molecules at different MoO, crystal
planes was discussed by Ziolkowski for some
catalytic reactions on the basis of the bond-
|length—bond-strength concept. According to this

approach three types of surface oxygen atoms
can be distinguished: (i) tightly bound inactive
lattice oxygen atoms, (ii) weakly bound active
lattice oxygen atoms and (iii) weakly bound
active adsorbed oxygen atoms [14].

Smith and Ozkan studied the partial oxida-
tion of methane to formadehyde over MoO,
samples exposing different relative amounts of
(010) and (100) plane areas. The experimental
characterization studies suggest that the O=Mo
sites could be promoting the formation of for-
maldehyde, while the bridging sites Mo—O-Mo
were more likely to lead to complete oxidation
[18,19]. Briickman et al. studied the role of
active sites on molybdate catalysts for olefin
oxidation reactions [32].

In the following we will describe our cluster
model. MoO, crystallizes in the orthorhombic
system, with a=3.963 A, b=13.855 A and
c=3.696 A. The space group is Pbnm [33]. The
stereochemistry of the metal atom in MoO, can
be best considered as that of a markedly dis-
torted octahedron, athough it can be easily
deduced from the MoO, tetrahedron as a basic
unit.

MoO; has a layer structure in which each
layer is built up of MoO, octahedrons at two
levels, connected along the z-axis by common
edges and corners, so as to form zigzag rows
and along x-axis by common corners only [2].
Moreover each layer exhibits, in the direction of
z-axis, oxygen atoms which are common for
three different octahedrons. Each octahedron
aso shares, along x-axis, two oxygen atoms
with two neighboring octahedrons.

Besides, for each MoO, octahedron there is
only one oxygen atom which is doubly bounded
to the molybdenum atom (O=Mo). It occupies
different positions along the y-axis. For each
MoO; octahedron at the higher level this oxy-
gen atom points up. On the contrary, for each
MoOj; octahedron at the lower level this oxygen
atom points down.

The structure of the MoO, octahedron is
shown in Fig. 1la In addition, the MoO; cluster
used in our calculations, considering the struc-
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Fig. 1. (@ The MoO; octahedron structure and (b) superimposable cluster Mo,,0;3* used in our calculations. (shaded circles) Mo, (open

circles) O.

tural features above mentioned, is shown in Fig.
1b. It has 137 atoms distributed in two layers of
71 and 66 atoms each.

The idedlized arrangement of molybdenum
and oxygen atoms on the (100) plane of MoO,
is shown in Fig. 2. The clean (100) plane pre-
sents coordinately unsaturated Mo*® ions with
one bridging O~2 ion missing from their coor-
dination sphere. Thus it acquires the formal
uncompensated charge (+1). This plane also
contains unsaturated bridging O~2 ions with
one Mo*® missing and a formal uncompensated
charge of (—1) [2].

In order to model the (100) surface of MoO,
the calculations were performed using a bulk
superimposable Mo,,0;,3* cluster. This surface
is formed by a perpendicular cleavage to the
layers. The excess electrons assigned to the
cluster, making it formally to bear a charge of
(—34), serve to assure that al oxygen anions
were in the (—2) oxidation state. This (—34)
charge does not affect the evaluation of the
electronic Hamiltonian matrix elements under
the standard extended Huckel calculations. The
usual procedure of dangling bonds saturation

with hydrogen atoms did not improve the calcu-
lations in the present case.

To find the local energy minimum of each
molecular fragment bond distances and inter-
bond angles were optimized varying only the X,
y and z atomic coordinates (in 0.1 A steps).
The sign of the energy gradient determined the

Fig. 2. Space fill idealised (100) MoO; face. The uncompensated
charges are also shown. (shaded circles) Mo, (open circles) O.
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next step direction. For each sequence the reac-
tion coordinate was determined at approxi-
mately 0.3 A steps. The same number of steps
were used for all reaction sequences. We must
underline that the reaction coordinate involves
several geometric changes such as stretching,
rotation and trandlation as it will be clarified
later.

4. Results and discussion

The different processes explored in this work
such as H-abstraction and CH,0, CO and CO,
formation, will be described in Sections 4.1, 4.2
and 4.3.

4.1. H-abstraction

4.1.1. CH,—Mo0O; interaction on the layer ex-
posing oxygen atoms

CH,— CH,;+ H: As can be seen in Fig. 3,
the methane adsorption is calculated to be unfa-

vorable on this layer. The CH, approach to the
surface produces a considerable energetic bar-
rier. The abstracted H was positioned on a
terminal oxygen atom (O=Mo) and a weak
bond was found between the methyl group and
the another oxygen atom. The system increases
its energy by 1.8 eV. This sequence is shown in
Fig. 4. Here the fina C—O distance from the
CH fragment to the ‘surface’ O atom is equal
to 4.0 A while the distance from the H atom to
the O=Mo site is equal to 1.15 A. The CH -
fragment adopts a sp® hybridization with one of
the tetrahedral axes through the C atom oriented
perpendicularly to the oxide surface.

The reported values were obtained optimiz-
ing simultaneously both H and CH 5 fragments.
After that, the CH,; group maintained the same
geometry (< HCH angle = 109.5° and C—H dis-
tance = 1.32 A) asin the free methane molecule
(calculated with the atomic parameters reported
in Table 1).

CH,; — CH, + H: This sequence is shown in

9 i
8 e
7 _
— 60
T st
5 4|
ES ‘
= 3
m ]
2 _
14
O L
Reaction coordinate

Fig. 3. Total energy curve versus reaction coordinate for H-abstraction. (

) Reaction over the layer exposing Mo atoms, (- @ —)

reaction over the layer exposing O atoms and (——-) fourth H abstraction, second alternative.
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CHy4 / MoOg3
Fig. 4. Pathway for the first H-abstraction over the layer exposing O atoms. (small filled circles) H, (O) O, (shaded circles) Mo, (@) C.

Fig. 5. The H-O distance obtained was 1.1 A
while the methylene <HCH angles and C—H
distances did not change after their optimiza
tion. The energy is increased by 1.94 eV (E,y,
=3.74 eV) and the energy barrier results in
93% of the former (see Fig. 3).

CH,— CH + H: The optimized H-O and
C-O0 distances and the energy increment for the
third H abstraction seem to be similar to the

(CH; = CH; + H )/ MoO3

Fig. 5. Pathway for the second H-abstraction over the layer
exposing O atoms. (small filled circles) H, (O) O, (shaded circles)
Mo, (@) C.

—

(CH3

+ H) / MoO;3

previous ones. The energy barrier results in
86% of the one in the first H-abstraction (see
Fig. 3). This sequence is presented in Fig. 6.

CH— C+H: As it was described in the
previous cases, the H-O and C-O distances
were optimized, obtaining a shorter C-O dis-
tance (2.17 A, see Fig. 7). The energy incre-
ment for the last H abstraction is 2.3 eV, while
the energy barrier results in 55% of the first
H-abstraction barrier (see Fig. 3).

4.1.2. CH,~MoO; interaction on the layer ex-
posing molybdenum atoms

CH,— CH, + H: The first hydrogen to be
abstracted was sent to an O atom double coordi-
nated to a Mo atom (i.e. an O=Mo bond) in a
similar way as it was described by Mehandru et
al. [22]. The C-H bond breakage requires 3.2
€V in the vacuum (this value was calculated
using the atomic parameters of the present
work). Over the Mo layer the energy barrier
results to be 2.95 eV high and the H-O distance
of 1.1 A. The methyl group bonded to the Mo
atom was placed at a distance of 2.16 A. The
adsorption turned out more favorable (0.15 €V)
with respect to free methane. The H charge
results to be +0.16, while the CH; charge is
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(CH, = CH + H ) / MoO3

Fig. 6. Pathway for the third H-abstraction over the layer exposing
O atoms. The initial and final site for the 3rd H are shown in the
same figure. (small filled circles) H, (O) O, (shaded circles) Mo,
(@) C

—0.40. These values show the same tendency
of fragments polarization than those obtained by
Mehandru et a. [22] (+ 0.3 and — 0.33, respec-
tively) for the heterolytic scission. As in both
calculations a non-self-consistent method was
used, the concrete values of atomic charges
must be considered only in a qualitative sense.
The most important contribution to H;C—Mo
bond comes from the hybrid between the end
orbital of CH, and the dz? orbital of Mo atom.
This molecular orbita is above the O,, band

and comes out to be the HOMO orbital (Ref.
[22]). Due to an H — O €electron charge transfer
being present, the overall charge balance as-
sures that a fraction of these electrons is re-
tained by the CH,;-Mo bond. Then CH; be-
comes somewhat negative charged.

The bond angles and optimized distances are
indicated in Fig. 8. The <HCH bond angles
and C-H distances of the CH, fragment re-
sulted in 109.5° and 1.32 A, respectively, as in
the free molecule.

CH; — CH, + H: The abstraction of the sec-
ond hydrogen turned out into a barrier of 72%
of the former. The energy increment for this
sequence is 0.84 eV (see Fig. 3). In Fig. 9 the
bond angles and optimized distances of CH,
fragment are shown. The C-H distances are
maintained at 1.32 A.

CH,— CH + H: This sequence presents a
barrier higher than that corresponding to the
second hydrogen abstraction, although its mag-
nitude is similar to that of the first abstraction.
The optimized bond angles and distances are
indicated in Fig. 10.

CH - C+ H: Two possihilities were ana
lyzed for the fourth H-abstraction (see Fig. 11a),
starting from the situation shown in Fig. 10. In
the first (Fig. 11b), the H atom was turned
round the C atom and was abstracted with a
2.93 eV energy barrier. The system reaches a

CH / MoOs

—

Fig. 7. Pathway for the fourth H-abstraction over the layer exposing O atoms. (small filled circles) H, (O) O, (shaded circles) Mo, (@) C.

(C + H) / MoO3
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(CH4y = CH3 + H )/ MoOs

Fig. 8. Pathway for the first H-abstraction over the layer exposing
Mo atoms. (small filled circles) H, (O) O, (shaded circles) Mo,
(@) C.

total energy of 4.68 eV. In the second case, an
adsorbed H atom from the previous sequence
was moved as indicated in Fig. 11c with a
barrier of 1.1 eV. This movement was proposed
to generate a free O atom as an aternative
adsorption site for the fourth H atom. For the
latter proposal the total energetic barrier results
to be 2.49 €V. The energy versus reaction coor-
dinate plot for all the sequences is displayed in
Fig. 3.

4.1.3. CH,—MoQ; interaction on the layers ex-
posing molybdenum and oxygen atoms

The C—H bond breaking in the CH ; fragment
adsorbed over Mo atom (Fig. 8), demands 2.1
eV (see Fig. 3). A similar energetic value is
necessary to desorb CH ;. Therefore, two differ-
ent alternatives were explored:

(1) Starting from a desorption step and a
translational displacement on the (100) plane,
the ‘free’ CH 5 fragment could be readsorbed at

an O atom of the other layer (see Fig. 4, right),
obtaining in this way an additional stability of
0.13 eV. Furthermore, when the CH ; fragment
isin the ‘ vacuum’' the H atoms could easily turn
round the C atom. So, it comes to be possible
for the CH; fragment to be readsorbed in a
different geometry leading to H atoms closer to
surface O atom. Nevertheless, our results indi-
cate that the last sequence is unfavorable.

(2) Losing another H atom and giving rise to
the CH ,—Mo species (Fig. 9), as Section 4.1.2)
(CH;— CH, + H).

Looking at the different adiabatic energy
curves in Fig. 3 we can infer that the integral
H-abstraction process for the three cases (Sec-
tions 4.1.1 and 4.1.2 and this section) we con-
sidered is essentially endothermic. Notably this
same behavior has been obtained experimentally
for the C-H bond rupture of free CH, and
theoretically for CH, on La,O, [34].

L.,

101.70 168460
114°
137.7°

(CH3 —» CH; + H )/ MoO;3

Fig. 9. Pathway for the second H-abstraction over the layer
exposing Mo atoms. (smal filled circles) H, (O) O, (shaded
circles) Mo, (@) C.
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11830 169'70
116 A

171 A

(CH; = CH + H )/ MoO;

Fig. 10. Pathway for the third H-abstraction over the layer expos-
ing Mo atoms. (small filled circles) H, (O) O, (shaded circles)
Mo, (@) C.

Moreover the results of Fig. 3 clearly show
that the heterolytic H-abstraction is an energeti-
cally more favorable process. Indeed the activa

tion energy for the first homolytic H atom rup-
ture and the final corresponding dissociated state
are nearly 2 eV above those of the heterolytic
abstraction. The subsequent stationary points for
the homolytic process are more than 4 eV above
those of the other mechanism.

The present results indicate that despite an
important energy barrier being necessary for the
first C—H bond activation, the overall oxidation
process is kinetically more favored in the het-
erolytic mechanism. On the other hand ab-initio
calculations performed for CH, on Al,O; and
La,O; have shown an important barrier for
CH, activation (of nearly 2 eV) [34]. Actual
catalysts for complete oxidation work at ele-
vated temperatures and hence this first activa
tion barrier would be easily surmounted.

In a recent paper Yoshizawa et a. have
analyzed using an ab-initio technique the possi-
ble reaction pathways for the conversion of
methane to methanol catalyzed by FeO*. The
preferred mechanism includes an insertion inter-
mediate H-O—Fe"—CH,. These authors con-
clude that the activation of hydrocarbons through
the ferryl oxygen (FEO—CH,) is unlikely be-
cause it does not correspond to a minimum or
saddle point of the potential energy surface [35].

(CH = C+ H ) / MoO;3

Fig. 11. (& Final geometry after the fourth H-abstraction over the layer exposing Mo atoms. (small filled circles) H, (O) O, (shaded circles)
Mo, (@) C. (b) Schematic movement for an H atom round the C atom. (c) Schematic movement for an adsorbed H atom.
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Finally, we want to mention the EH calcula-
tions of CH,OH chemisorption performed by
Rahmouni and Barbier. These authors obtained
for the heterolytic dissociation of methanal a
surface (CH ;O + H) complex where the CH ;O
group interacts with an unsaturated Mo atom of
the surface [12]. This complex is more than 1
eV more stable than our CH,;+ H complex.
This result is reasonable taking into account the
greater affinity of Mo to O atomsin order to fill
its bulk coordination.

4.2. Formaldehyde formation

After the second H atom abstraction from
methane three sequences are analyzed:

(a) Starting from CH ,—Og ... SPECi€es on the
layer exposing O atoms.

(b) Starting from CH,—Mo
the layer exposing Mo atoms.

(c) A combination of steps from (a) and (b).

The CH,O optimization was performed using
the EH parameters above mentioned. While the
bond angles so obtained are similar to the exper-
imental reported values the interatomic dis-
tances result in 1.64 A and 1.20 A for C-H and
C-0, respectively, which are rather long with

species on

surface

Uri
SNt
SO~ y

TGN
v

‘,“-."u’.»

CH, + O (MoO3) =% CH;0

respect to the experimental findings. Using
larger H Slater exponents, slightly better dis-
tances are computed (~ 0.1-0.2 A shorter). We
think however that by using another set of EH
parameters, the main results of general character
we obtained would not undergo significant mod-
ifications, particularly considering our compar-
isons with the calculations of Mehandru et al.
also performed within the ASED formalism [22].
The sequences (a)—(c) are discussed as follows:

(& In Fig. 12 a the CH,O formation se-
quence is presented. This path included the
desorption step and a bond angle and distances
rearrangement with respect to the optimized free
formaldehyde. The final state is positioned 1.14
eV above the starting point. Comparing the
formaldehyde formation with the third H ab-
straction process, a decrease of 0.79 eV in the
activation barrier can be observed. The resulting
CH,O species is 0.82 eV more stable than that
obtained after the third H abstraction (see Fig.
13).

(b) In Fig. 9 the starting point can be ob-
served. Interactions with neighboring oxygen
atoms of different coordinations are aso ana
lyzed. Fig. 12b shows the oxygen atoms labeled
1, 2, 3and 4. In Table 2 the most energetically

Fig. 12. (a) Formaldehyde formation sequence on the O exposing layer. The desorption is done following x(100)-axis. (b) Oxygen atoms 1,

2, 3, 4 (see dlso Table 2).
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9 -~

7
N 6 1 / /\
> 0.82 eV
\c)/ 1 9CH011‘{V N
> Y 2 ¢ 0.20 eV
% 4
= 34
8a)

27 Mo “layer” ”PL[B 'P v

1- ‘

" 7/\7%@{% N7
0 PN
CH4 -> CH3 - 9 CH2 —) ’CH -> C
Reactlon coordlnate

Fig. 13. Total energy curve versus reaction co-ordinate for formaldehyde formation. (— - —) Sequence according to Fig. 12a on the O
exposing layer; (- - —) sequence with combination of steps on O and Mo layers. The methane oxidation sequences are also shown on

(

) Mo and (

) O.

favorable situation can be observed, which cor-
responds to oxygen atom 4 (surface). For oxy-
gen atoms 1 and 2 the coordination is referred
to the number of bonded Mo atoms, while
oxygen atom 3 simulates an adsorbed O atom.
(c) An aternative path could be developed
starting with the desorption of the fragment
adsorbed to the Mo atom (see Fig. 9) and
followed by its adsorption to the oxygen atom
4. This step has a 3.9 eV energy barrier (see
Fig. 13). The process would continue with the
CH,O desorption, as indicated in (a). Among
the different hypothesis studied here, the last

Table 2
Relative energies for CH,—Mo+ O interactions

Oxygen type Relative adsorption energy
1 (3-coordinate) 163
2 (1-coordinate) 1.88
3 (adsorbed) 177
4 (surface) 1.00

seems to be the most favorable. In Fig. 13 it can
also be observed that the CH,O formation pro-
cess just described comes out only 0.20 eV less
favorable than the complete H-abstraction pro-
cess over the layer exposing Mo atoms (leading
to a final adsorption energy value of 4.68 eV,
see Fig. 3).

4.3. CO and CO, formation

The CO formation performed after the se-
guence described in Section 4.1.2 (over the
layer exposing Mo atoms) is a highly unfavor-
able mechanism when it is compared to a simi-
lar process over the layer exposing oxygen atoms
(see Section 4.1.1).

Taking into account the situation shown in
Fig. 7 (where the C—O bond distance is of 2.17
A) the CO molecule formed after passing a 0.45
eV Dbarrier results to be 1.78 eV more stable
than at the starting point. The CO molecule
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formation sequence involves the approach of the
neighboring O atom to the C atom up to a
distance of 1.2 A. After that, the CO fragment is
desorbed from the cluster, leaving four adsorbed
H atoms and an oxygen vacancy.

Finally, because of its availability of O sites
the possible formation of CO, over the layer
exposing oxygen atoms was studied. Among
several explored alternatives, the one which re-
sults to be the most favored in order to form
CO, involves the simultaneous approximation
of two O atoms to the C atom, which is finally
desorbed as CO,. Nevertheless, even for this
sequence, the energetic barrier involved is ex-
cessively high when compared with any of the
other barriers reported in this present work.

5. Conclusions

The aim of the present work was to analyze
theoretically different alternative pathways for
CH , adsorption—oxidation on MoO, (100). The
analysis was based on calculation of the adsorp-
tion energy of the system by molecular orbital
caculations (ASED).

The theoretical study of the CH,—MoO,
chemica interaction suggests that while the H-
abstraction requires less energy for each consec-
utive step the overall process remains endother-
mical. The different sequences and sites for
hydrogen abstraction from methane, analyzed
over different layers exposing molybdenum and
oxygen atoms, alowed us to conclude that the
heterolytic H-abstraction is an energetically
more favorable process in comparison to the
homolytic one.

Regarding the oxygenated products, both CO
and CH,O are possible to be formed from
lattice oxygen and dehydrogenated methane. In
the first case, the activation barrier is of 0.45 eV
with a stable final state, while the CH ,O species
isamost 1 eV more stable than those obtained
after the third H atom abstraction from methane.

No matter which surface or paths were con-
sidered the CO, formation involving lattice

oxygen results to be the most unfavorable pro-
cesses studied.

Our results are in good qualitative agreement
with ab-initio SCF-MO calculation on oxide
surfaces [34] and other EH calculations [12,22]
performed to study the reactivity of the MoO,
surface.
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