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Abstract: Results of gradient-corrected periodic density functional theory calculations are reported for
hydrogen abstraction from methane at O(zsj, Oy 02(‘5), point defect, and Sr2*-doped surface sites on
La,03(001). The results show that the anionic O, species is the most active surface oxygen site. The
overall reaction energy to activate methane at an O site to form a surface hydroxyl group and gas-phase
*CHjs radical is 8.2 kcal/mol, with an activation barrier of 10.1 kcal/mol. The binding energy of hydrogen at
an O, site is —102 kcal/mol. An oxygen site with similar activity can be generated by doping strontium into
the oxide by a direct Sr?*/La®" exchange at the surface. The O~ -like nature of the surface site is reflected
in a calculated hydrogen binding energy of —109.7 kcal/mol. Calculations indicate that surface peroxide
(og(;)) sites can be generated by adsorption of O, at surface oxygen vacancies, as well as by dissociative
adsorption of O, across the closed-shell oxide surface of La,0O3(001). The overall reaction energy and
apparent activation barrier for the latter pathway are calculated to be only 12.1 and 33.0 kcal/mol,
respectively. Irrespective of the route to peroxide formation, the O%{S) intermediate is characterized by a
bent orientation with respect to the surface and an O—0 bond length of 1.47 A; both attributes are consistent
with structural features characteristic of classical peroxides. We found surface peroxide sites to be slightly
less favorable for H-abstraction from methane than the O, species, with AEx(CHa4) = 39.3 kcal/mol, Eact
= 47.3 kcal/mol, and AEags(H) = —71.5 kcal/mol. A possible mechanism for oxidative coupling of methane
over La,03(001) involving surface peroxides as the active oxygen source is suggested.

Introduction Studies have shown that rare-earth-metal (REM) sesquioxides
are especially effective OCM cataly$ts.These highly basic
oxides are capable of achieving80% selectivity for G
compounds at over 15% Glaonversion, with Sr-doped L@
being among the most active materiafs Because of the high

Conversion of methane into liquid products is traditionally
achieved via steam reforming to produce CO andfbllowed
by transformation of these diatomic molecules into oxygenates

forstoam relomation s xerbitant, e routes o methane 1YY Of L&Ox a number o experimenta investgations have
' centered around its OCM chemistry. Studies by Lunsford and

conversion have been pursugd. Qne gpproach, Whlch Iegds toco—workers have shown that $@s, as well as most other REM
directformation of G products, is oxidative coupling. Oxidative

I )
coupling of methane (OCM) occurs via a combination of oxides! produces large amounts ®Hj; radicals under OCM

heterogeneous and homogeneous steps in which initial activationConditions (600°C and 15 Torr of @). Several investigators
9 9 P have provided evidence that subsequent coupling between

oroduceClatadicar, Mty racical recombinaton then ocours. MUY radicals accounts for the observed oduct! 11
P 3 ' y hunsford has also shown that molecular oxygen is required to

e anerae M 10 levls of cataytc OCM sy over iy
' P Although the exact role of ©is unclear, isotopic labeling

o - . o
for the initial C—H bond activation remains unknown? experiments14 and kinetic studiéd both suggest that O

*To whom correspondence should be addressed. E-mail: mn4n@ (6) Otsuka, K.; Jinno, K.; Morikawa, AJ. Catal. 1986 100, 353-359

virginia.edu. o (7) Campbell, K. D.; Zhang, H.; Lunsford, J. H. Phys. Chem1988 92,
T University of Virginia. 750-753.
*The Dow Chemical Co. (8) DeBoy, J. M.; Hicks, R. FJ. Chem. Soc., Chem. Comm1988 982
(1) Lee, J. S.; Oyama, S. Tatal. Re.—Sci. Eng.1988 30, 249-280. 984.
(2) Dubois, J.-L.; Cameron, C. Appl. Catal.199Q 67, 49-71. (9) Lin, C.-H.; Campbell, K. D.; Wang, J.-X.; Lunsford, J. B.Phys. Chem.
(3) Amenomiya, Y.; Birss, V. I.; Goledzinowski, M.; Galuszka, J.; Sanger, A. 1986 90, 534-537.
R. Catal. Re..—Sci. Eng.199Q 32, 163-227. (10) Nelson, P. F.; Lukey, C. A.; Cant, N. W. Catal. 1989 120, 216-230.
(4) Voskresenskaya, E.; Roguleva, V.; Anshits, A.@atal. Re.—Sci. Eng. (11) Lacombe, S.; Zanthoff, H.; Mirodatos, €. Catal.1995 155 106-116.
1995 37, 101-143. (12) Haung, S.-J.; Walters, A. B.; Vannice, M. A.Catal.200Q 192, 29—-47.
(5) Lunsford, J. HAngew. Chem., Int. Ed. Endgl995 34, 970-980. (13) Winter, E. R. SJ. Chem. Soc. A969 2889-2902.

8452 m J. AM. CHEM. SOC. 2002, 124, 8452—8461 10.1021/ja0121235 CCC: $22.00 © 2002 American Chemical Society



Periodic DFT Study of Methane Activation over La;O3 ARTICLES

dissociatively adsorbs over the Gy surface to generate active  in the reactiort’28 In addition, Otsuka et al. found that,O

oxygen species. ions contained in simple peroxides did not activate metfane.
The activated forms of surface oxygen most commonly  Another oxygen species frequently implicated in OCM
implicated in OCM chemistry are the anion radicat,Qhe chemistry on metal oxides is the monatomic anion @/hile

superoxide @, and/or the peroxide £ . Kinetic studies of there is evidence that Gsites are responsible for H-abstraction
OCM reactions over Sgs by Otsuka and Jinno indicate that  from methane over Li-promoted Mg®,the presence of O
the active oxygen source is likely diatorfcand the developing  sites has not been detected on,@aor other REM oxides.
consensus is that a diatomic oxygen species is indirectly, if not Despite the lack of experimental evidence, it is not unreasonable
directly, responsible for the activation of methane on many to suggest that the highly reactive Gpecies could be generated
OCM catalysts. via decomposition of a diatomic oxygen species and account

Experimental evidence is mounting in support of peroxides for OCM reactions over REM oxides. In fact, Kazansky and
as the active form of oxygen responsible for H-abstraction co-workers have noted that each of the oxygen species may
reactions. Both the groups of Sinev and Otsuka demonstratedexist in equilibrium, depending on the nature of the catalyst
that simple peroxides such as#0g, Ba®, and SrQare capable  (eq 1)3233
of stoichiometric partial oxidation of methah€,!® indicating
that Q2" is active for abstracting hydrogen from methane. Oz(g)‘__‘oz(ads)i Oz_i‘ozz_‘——‘ZO_ 12 S0 1)
Kharas and Lunsford were the first to show that peroxide ions
exist on a complex metal oxide surface (BaBp@nd are
capable of catalyzing the oxidation of methane toh@dro-
carbong? In addition, in situ Raman experiments by Lunsford
et al. revealed the presence of peroxides on Ba/MgO catalyst:
at temperatures up to 80C 2! X-ray photoelectron spectros-
copy (XPS) studies on the same system showed good correlatio
between intrinsic catalytic activity and near-surface concentra-
tion of peroxide iong? Yamashita et al. also employed XPS
and thermal decomposition experiments to detect peroxide ions
over BaO/La0O3.2® Moreover, Lunsford et al. reported the
presence of a Raman band characteristic e @ though
subsequent studies failed to reproduce these resiltsre
recently, Au and co-workers have suggested that the interaction
between G*~ ions (observed via in situ Raman) and QiHay
generate carbene radicals, which would account for the highly
selective nature of BaCfaOBr catalysts to produce ethyl-
ene?®

Although Lunsford’s group?6 and otherd—2° have detected
a paramagnetic signal from EPR studies opQgcharacteristic
of the superoxide ion &, there is some doubt that this species
is actually responsible for methane activation. lwamoto and
Lunsford showed that the Oion is unreactive toward simple
alkanes on MgO at temperatures up to 20F° Louis and co-
workers demonstrated the instability of the superoxide ion on
Lax0s under OCM conditions and suggested that the instability 31y ito, T.; wang, 3.-X.; Lin, C.-H.; Lunsford, J. H. Am. Chem. S0d.985

stems from the low partial pressure of oxygen commonly used 107, 5062-5068. ,
(32) Shvets, V. A.; Vrotyntsev, V. M.; Kazansky, V. Kinet. Katal.1969 10,

Several theoretical studies on OCM over metal oxides can
be found in the literature, most of which are concerned with
H-abstraction over MgO and other irreducible oxid&s?

S‘Theoretical studies of methane activation have also been
reported for the bare oxygen specieand in depth studies have
'been done on metal oxide ions such as Fefde to their
potential as enzyme modefs?” In comparison, theoretical
studies of OCM over LgD; or other REM oxides are scarce.
To our knowledge, only three such studies have been reported.
Capitan and co-workers examined the interaction between
La(OH); clusters and methane using ab initio Hartr€®ck
theory and the effects on OCM imposed by a regular lattice
with an embedded cluster method employing point chatges.
On the basis of the results, they concluded thaterolytic
splitting of CH, could occur under OCM conditions but it would
take place on basic, lattice oxide sites without requiring the
presence of adsorbed oxygen, wherbagolytic splitting of
CH, to produce*CHjs radicals would occur on an adsorbed
oxygen species. Au et al. investigated the potential ferHC
bond activation by O, O,2~, O?~, and Q* by applying second-
order Mgller-Plesset perturbation theory to small clusters
containing seven atoms or le¥sThey found that the overall
energy for the reaction between @r 0,2~ and methane to

356.
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199Q 121, 122-130. 82, 425-442.
(19) Sinev, M. Y.; Korchak, V. N.; Krylov, O. VKinet. Katal.1986 27, 1274. (38) Aray, Y.; Rodfguez, J.; Murgich, J.; Ruette, B. Phys. Chem1993 97,
(20) Kharas, K. C. C.; Lunsford, J. H. Am. Chem. Sod.989 111, 2336~ 8393-8389.
2337. (39) Johnson, M. A.; Stefanovich, E. V.; Truong, T.N.Phys. Chem. B997,
(21) Lunsford, J. H.; Yang, X.; Haller, K.; Laane,dl. Phys. Chem1993 97, 101, 3196-3201.
13810-13813. (40) Mehandru, S. P.; Anderson, A. B. Phys. Chem1987 91, 2930-2934.
(22) Dissanayake, D.; Lunsford, J. H.; Rosynek, MJRCatal.1993 143 286— (41) Mehandru, S. P.; Anderson, A. B.; Brazdil, A. B.Chem. Soc., Faraday
298. Trans.1987 83, 463—475.
(23) Yamashita, H.; Machida, Y.; Tomita, Appl. Catal. A: Generall991 (42) Ward, M. D.; Brazdil, J. F.; Mehandru, S. P.; Anderson, AJBPhys.
79, 203-214. Chem.1987 91, 6515-6521.
(24) Mestl, G.; Knozinger, H.; Lunsford, J. Ber. Bunsen-Ges. Phys. Chem. (43) Mehandru, S. P.; Anderson, A. B.; Brazdil, JJFAm. Chem. S0od.988
1993 97, 319-321. 110 1715-1719.
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produce an ©H surface species and gas-ph&3kl; radical is
exothermic, with a low activation barrier, while the same
reaction involving @~ or O* is endothermic with a high
activation barrier. Last, Islam and lllet have examined the role
of surface structure, structural defects, and oxygen ion migration
on the catalytic activity of LgD; using atomistic computer
simulation techniques formulated within the framework of the
Born model®-51 Results of their studies indicate that @01}
and{011} surfaces of Lg0; are the most stable, artOFrenkel
defect is the predominant intrinsic disorder, oxygen diffusion
to and from the surface is facile, and’O peroxide species
should be stable on L@; surfaces.

The theoretical studies mentioned above have provided
valuable insight into some of the salient features of OCM over

rare-earth-metal oxides not easily attainable through experiment.

The limitations and approximations of the computational
methods employed in the studies reported in the literature,
however, have left the theoretical treatment of this system
incomplete. In an attempt to fill the void, we report herein the
first periodic density functional theory study of methane
activation over LaOs. The periodic approach imparts a number
of significant advantages over the methods utilized in the past.
For instance, a more realistic representation of the lanthanum
oxide surface is employed, size and edge effects commonly
associated with cluster models are eliminated, different surface
oxygen species can be examined, and surface defect sites an

others’ experimental studies. The discussion includes comments
on active site formation, €H bond activation, and catalyst
regeneration.

Calculational Details

General Theory. The calculations reported herein were performed
using gradient-corrected periodic density functional theory (DFT) as
implemented in the Vienna ab initio simulation (VASP) packetge®
In the VASP formalism, a self-consistent solution to the Kelstham
equations of local spin density functional theory is obtained by an
unconstrained band-by-band minimization of the norm of the residual
vector of each eigenstate. Convergence to the electronic ground state
is accelerated by optimized charge- and spin-mixing routines. The
electron-ion interactions are described by either the projector aug-
mented wave (PAW) method originally proposed by &i¢ and
implemented by Kres8éand/or the ultrasoft pseudopotential (USP)
method of Vanderbilt® Both formalisms allow for a significant
reduction in computation time, since the large number of plane waves
required to represent the oscillations near the core is approximated.
Atomic geometries are optimized by conjugate gradient-based relaxation
of the total energy.

For the present study, calculations were performed using a spin-
polarized version of VASP® Exchange and correlation corrections were
described within the generalized gradient approximation of Perdew and
Wang (PW91}° Brillouin zone sampling was based on the Moiidte
Pack schem& Convergence of the total energy with respedt-fmoint
sampling was accelerated for the insulating@aby the tetrahedron
ghethod with quadratic corrections. The La atom was described by the

interactions between adsorbates, such as methane and molecul&AW pseudopotential of KresS&All other atoms were described by

oxygen, and the catalyst surface may be fully explored. In

addition, quantitative results for adsorbate binding energies,

overall reaction energies, and activation energies are possible
Following a thorough account of the calculational details, all

of the different oxygen sites on L@z that were studied (O,

O, and GQ?") are examined in full individually. (We have

chosen not to investigate the superoxidg Gimply because

of the wealth of data showing its inactivity for H-abstraction

from methane under OCM conditions.) The adsorption energy

the Vanderbilt ultrasoft pseudopotentials generated by Kresse and
Hafner® Full relaxation of adsorbate/substrate systems was performed.
In addition to the periodic DFT calculations, a set of cluster/adsorbate
calculations was performed using the Amsterdam density functional
(ADF) theory program of Baerends and co-workef® In the ADF
formalism, a series of KohaSham one-electron equations is solved
in an iterative manner to determine a self-consistent field electron
density. All cluster calculations described here used the exchange
correlation potential of VoskeWilk —Nusair®” Nonlocal gradient
corrections for the exchange and correlation energy were computed

of hydrogen at each oxygen site is reported, as well as the overallVi@2 Mmethods established by Befkeand Perdew? respectively.

reaction energy for the abstraction of hydrogen from methane
to generate surface-€H species and gas-pha$eH; radicals.

In certain instances, the activation barrier for the H-abstraction
step is reported. In addition to studying the different oxygen
species on the surface of 4@;, we also explored the effect of
SrPt-doping as a way to generate ar Gite, as well as the
effect of oxygen point defect sites on methane activation. Oxide

Relativistic corrections were based on the Pauli formalism. All results
were obtained from spin-unrestricted calculations. A Slater-type orbital
(STO) basis set of triplé-quality with one polarization function was
used for all atoms in the clusters/adsorbates studied (La, O, C, and H).
Electrons up to the 4d shell of La and up to the 1s shell of O were
frozen. Full geometry optimization, based on a quasi-Newton approach
which utilizes the Hessian for computing changes in geometry so as to
make the gradients vanish, was performed.

ion vacancies introduced into the surface model F-centers (a Surface Construction. La,Os crystallizes in the hexagonal space

hole containing two trapped electrons) and changes in the
hydrogen adsorption energy at oxygen sites adjacent to F-center
are discussed. In addition, adsorption of molecular oxygen at

T

groupP3ml (a = b = 3.939,c = 6.136), with a structure characteristic

Kresse, G.; Hafner, Phys. Re. B 1993 47, 558-561.
(53) Kresse, G.; Hafner, Phys. Re. B 1994 49, 14251-14269.

the surface defect sites is examined. Results indicate that the(54) Kresse, G.; Furthiiiler, J. Phys. Re. B 1996 54, 11169-11186.

oxygen species generated is peroxide-like in nature. Charac-

terization and reactivity of the £~ surface site are provided.

Our calculations suggest that similar peroxide sites can be
generated pairwise by dissociative adsorption of molecular
oxygen across oxide-covered surfaces; this process is fully

examined herein. Finally, general comments are made abou'[E62

the mechanism of OCM over k@ based on our results and

(49) llett, D. J.; Islam, M. SJ. Chem. Soc., Faraday Trank993 89, 3833—
3839.

(50) Islam, M. S.; llett, D. JCatal. Today1994 21, 417—-422.

(51) Islam, M. S.; llett, D. J.; Parker, S. G. Phys. Chem1994 98, 9637—
9641.
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(58) Vanderbilt, D.Phys. Re. B 199Q 41, 7892-7895.
(59) Moroni, E. G.; Kresse, G.; Hafner, J.; Furthifer, J. Phys. Re. B 1997,
56, 15629-15646.
Perdew, J. P.; Chevary, J. A,; Vosto, S. H.; Jackson, K. A.; Pederson, M.
R.; Singh, D. J.; Frolhais, Phys. Re. B 1992 46, 6671-6687.
61) Monkhorst, H. J.; Pack, J. [Phys. Re. B 1976 13, 5188-5192.
) Kresse, G., personal correspondence.
(63) Kresse, G.; Hafner, J. Phys.: Condens. Mattelr994 6, 8245-8257.
(64) Baerends, E. J.; Ellis, D. E.; Ros, ®hem. Phys1973 2, 41-51.
(65) Baerends, E. J.; Ros, IAt. J. Quantum Chem. Sym978 12, 169-190.
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(66) Boerrigter, P. M.; Velde, G.; Baerends, Elnl. J. Quantum Chen1.988
33, 87-113.
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(68) Becke, A. D.Phys. Re. A 1988 38, 3098-3100.
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Figure 1. Experimental structure for bulk k&®; (a=b =3.939 A c =

6.136 A); (La—O')" (O' represents a four-coordinate oxygen atom) is
characterized as a double-hexagonal layer, arig,£® (O represents a
six-coordinate oxygen atom) is an oxygen hexagonal layer. The experimental
values for the three unique & bond lengths are shown; the bond lengths
shown in parentheses are for bulkxOg at the optimized equilibrium lattice
constantsa = b = 3.95 A andc = 6.15 A.

. Lanthanum

of other A-type sesquioxides (Figure )72 The calculated equilibrium
PW91 lattice constants for bulk k@; area = b = 3.95 A andc =

6.15 A, which are in good agreement with the experimental values.
The unit cell consists of one independent La atom and two independent
oxygen atoms. Each La atom is seven-coordinate and possesses
“capped” octahedron geometry with lodad, symmetry. With respect

to thez-direction indicated in Figure 1, each La atom is bound on one
side by six-coordinate oxygen atoms'(Qvith local O, symmetry (each
La—O" bond distance is 2.739 A) and on the opposite side by four-
coordinate oxygen atoms {(Qwith local C3, symmetry (three LaO'
bonds are 2.372 A; one k€D’ bond is 2.462 A). Coordination between
the La and the four-coordinate oxygen atoms forms a dyad of (k&0
double-hexagonal layers (E&D'—0O'—La stacking); the distance be-
tween adjacent (La@™ double-hexagonal layers is 2.462 A. Each
pair of double-hexagonal layers is connected by ah),& layer.

A number of experimental studi€s’® as well as the theoretical work
by Islam and lllet’5tindicate that LaO3(001) is the most stable surface
of lanthanum oxide. Consequently, all calculations described in this
report were carried out on supercells constructed from this particular
surface. An LaO3(001) slab exposing four-coordinate oxygen atoms
(O') on both faces was found to be the most stable. Exposure of either
La or Q' atoms resulted in high-energy surfaces. Since Islam and lllet
reported similar findings, we did not investigate these particular surface
models in any detail. In most calculations, theQg001) substrate
was modeled by a symmetric, stoichiometricx2 1 surface cell
comprised of 10 atomic layers, four lanthanum and six oxygen. We
found that thinner slabs did not consistently model the bulklike
properties of the material, and thicker slabs led to insignificant changes
in energy. A 12 A vacuum layer was placed above the surface to avoid
any electronic interactions between slabs. A% x 1 Monkhast—
Packk-point grid was used to model the first Brillouin zone. The basis
set was restricted to plane waves with a maximum kinetic energy
= 396 eV. Extensive testing showed that these parameters result in
convergence to within 2 meV.

Surface O sites were modeled with an asymmetric, nonstoichio-
metric 2 x 2 surface cell comprised of eight atomic layers, three
lanthanum and five oxygen (12 A vacuum layer, 3 3 x 1
Monkharst—Packk-point grid). The larger supercell was necessary to
stabilize the bulk of this higher energy surface. Smaller 1 surface

(70) Pauling, L.Z. Kristallogr. 1929 69, 187.

(71) Hoekstra, H. RInorg. Chem.1966 5, 754-757.

(72) Greis, OJ. Solid State Chen.98Q 34, 39—44.

(73) Zhou, W.; Jefferson, D. A.; Liang, W. \Gurf. Sci.1989 1989 444—454.

(74) Le Van, T.; Che, M.; Kermarec, M.; Louis, C.; Tatiboud. M. Catal.
Lett. 199Q 6, 395-400.

(75) Squire, G. D.; Luc, H.; Puxley, D. @ppl. Catal. A1994 108 261-278.

(76) Hussien, G. A. M.; Gates, B. . Chem. Soc., Faraday Trank996 92,
2425-2430.

top view

side view

Figure 2. Structure of the seven-atom [4@s]** cluster used in the ADF
calculations.

cells were also explored, and we found that, in most cases, the smaller
cell was capable of accurately modeling adsorbate/oxide interactions;
that is, coverage effects had only a small influence on adsorption
energies and overall reaction energies. The larger cells were utilized,
however, so that multiple active surface sites as well as “isolated”
surface defect sites could be investigated.

Cluster Construction. Seven atom clusters consisting of three
lanthanum atoms and four oxygen atoms were constructed from the
{001} surface of LaOs (Figure 2). The upper oxygen (0and three
central lanthanum atoms of the cluster can be viewed as being derived
from the (La—O')."" layer of LaOs and the lower three oxygen atoms
derived from an adjacent ((>" layer. Appropriate charges were given
to the clusters in order to maintain stoichiometry (formal charges of
@a®" and G~ were assumed); thus, the clustersgDd™ and [LaO4]*"
were used to model surfaceOand O sites, respectively. A similar
set of clusters were used in the theoretical studies of Au ®t al.

Energy Calculations. Adsorption energies were computed by
subtracting the sum of energies of the optimized gas-phase adsorbate
and the clean L#; surface from the energy of the optimized
adsorbate surface complex (eq 2). A similar approach was used for

)

the adsorbate/cluster systems. Overall reaction energies were calculated
such that the sum of energies of reactants was subtracted from the sum
of energies of products (eq 3). These conventions (eqgs 2 and 3) lead to

AErxn = z Eproducts_ z Ereactants (3)

negative values for adsorption energies and exothermic reaction
energies.

Activation energies for the abstraction of hydrogen from methane
over the different oxygen intermediates were estimated by performing
a series of single-point calculations at discrete points along the reaction
coordinate. Appropriate points were chosen by performing a linear
extrapolation between reactant and product states. For the present study,
the reactant state was the optimized substrate plus gas-phase molecule,
and the product state was the optimized substrate/adsorbate complex.
The activation energy for the dissociative adsorption of molecutar O
was determined from a series of single-point calculations along different
two-dimensional reaction coordinates. Once an approximate activation
barrier for dissociation was identified, the @oiety was fixed in space,
and the surface layers of the 4Gy substrate were allowed to relax.
The resultant energy was taken to be the activation barrier. (Complete
details can be found in a preliminary publicatiGnSince full relaxation
of the ions was not allowed, the activation energies reported herein
can be considered an upper bound to the actual barriers.

AEads: Eadsorbate/surface_ (Eadsorbate+ Esurfacg

Results and Discussion

Hydrogen Abstraction over Surface G~ Sites.Oxide (G)
surface sites on LL®; were modeled with a symmetric slab
containing four lanthanum layers and six oxygen layers. The
slab was constructed by cleavingCa(001) between adjacent

(77) Palmer, M. S.; Neurock, M.; Olken, M. Phys. Chem. B002 106, 6543
6547.
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381eV
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Ep=0.04 eV —>

: :l(La-v:r)“n+

Figure 3. Symmetric, stoichiometric L.&®3(001) slab. Both faces of the

slab expose (LaO'),"" double-hexagonal layers. The bond lengths shown

are for the optimized slab at the equilibrium lattice constaats; b =

3.95 A b

x6 Surface O —

(LaO),™ layers to expose ‘Qand six-coordinate La atoms on 3 3
both faces (Figure 3). Since the stoichiometry of the unit cell — : : * °
is maintained, all of the oxygen ions, including those on the E <6
surface, can be viewed formally as?Oanions. Geometry E
optimization of the stoichiometric L.&3(001) slab does not lead c
to any significant structural changes as compared to the
optimized bulk structure. Adsorption of hydrogen at a surface F . . L\
O*" site, however, results in the H-bound oxygen ion "lifting” Figure 4. Density of states (DOS) plots for the symmetric, stoichiometric
off the surface, as evidenced by the+t@ bond lengths La;03(001) slab: (a) the total DOS; (b) the partial DOS for the surface
increasing from 2.36 to 2.62 A. The'©H bond distance  oxygen atoms; and (c) the partial DOS for the surface La atoms.
optimizes to 0.98 A.

The adsorption energy of hydrogen at af~Gurface site
was calculated to be-19.7 kcal/mol. Both Au et &° and Yu
and Andersoff have suggested that the weak-B binding
associated with surface oxide sites stems from the closed-shell \2— \2— .
nature of the oxide system. Au et al. based this conclusion on (O + CHy— (O —H +"CH;
results of cluster calculations specifically designed to model an AE,, = 91.6 kcal/mol (4)
0?" site. They found that the highest occupied molecular orbital
(HOMO) of the seven-atom cluster [k@4]* is predominantly mol. Au and col-workers found the overall energy for the
oxygen in character and completely filled. In a localized picture, @nalogous reaction over the fiGy]* cluster (eq 5) to be
the HOMO of [LaO4]* can be viewed as an Spybridized
orbital centered on the “surface” oxygen containing a lone-pair
of electrons. Interaction between the high-energy, lone-pair
electrons and one of the-€4 ¢ bonding orbitals of methane
leads to a destabilizing, two-orbital/four-electron interaction.
Likewise, interaction between?0 and the lone electron of an
isolated hydrogen atom is also unfavorable. Although methal
hydrogen is capable of binding to higher energy, unoccupie
antibonding oxygen-based orbitals, the result is a wealHO
adsorption energy. An analogous line of reasoning can be
applied to the LgO3(001) slab. Since lanthanum oxide is an

Surface La 3

The overall reaction energy for a surface’)fO site and
methane to generate arl-€H surface species and gas-phase
*CHsradical (eq 4) is calculated to be endothermic by 91.2 kcal/

[La,05" + CH, — [La,0,] "—H + "CH, (5)

endothermic by 65.3 kcal/mét. Although some difference in

the calculated energies between the two studies is expected due
to dissimilarities in methods and structural models, it is not
ne/ exactly clear why there is such a large discrepancy in overall
d reaction energy. The calculations we performed on theQkld

" cluster produced a hydrogen binding energy-aB8.6 kcal/mol

and an overall reaction energy of 93.4 kcal/mol; both energies
are directly comparable to those we obtained using periodic

insulating material, the bands are fully filled through the Fermi D(;:T' l;t 'S/ vlvorth notlngl that V\ée fou_nd the energies of the |
level, and there exists a sizable band gap (the calculated banctdsorbate/cluster complex to be quite sensitive to structura

gap is 3.81 eV, and literature values range between 2.8 and 5_4relaxat?on. The fact that Au et al. did not aIIow_ for struc?ural
eV).7980 Partial density of states (DOS) plots (Figure 4) reveal relaxation of the_ clusters may account for the difference in the
that bands near the Fermi level have a sizable contribution from calc.ulated reaction energies. ) . .
the surface oxygen atoms, and Pauli repulsion between electrons >"C€ the overall energy for the reaction shown in eq 4 is
in these bands and the electrons of the adsorbates dominated@ther endothermic and thus unlikely to occur, we did not
As a result, the only stabilizing interaction betweenHand calculate the activation barrier for H-abstraction by &n €lte.

the surface involves higher energy bands, which leads to a Hydroggn Abstraction over Surface O Sites.Anionig o
weakly bound, physisorbed species. surface sites on L®; were modeled by constructing an

asymmetric slab from th¢001} surface consisting of three

(78) Yu, J. W.; Anderson, A. BJ. Am. Chem. S0d.99Q 112, 7218-7221. lanthanum layers and five oxygen layers (Figure 5). The

(79) Estell, T. H.; Flenges, S. N. Electrochem. Sod.969 116, 771-778. H i Ahi ;

(80) Derbeneva, S. S.; Batsanov, SDBKI. Akad. Nauk SSSR67, 175 1062- asymmetry of the slab results in a stoichiometric excess of
1063. oxygen (i.e., LaOs 39 and a formal one-electron oxidation of

8456 J. AM. CHEM. SOC. = VOL. 124, NO. 28, 2002



Periodic DFT Study of Methane Activation over La;O3 ARTICLES

—TT T T T T T T T T T

Total DOS

392eV ]

/ _-_I(O”)nln' t,l..;l SN | PRRNTEEN B PR |...:
2.63A 2.428° 2,464 4 ) 0 2 4 6

Figure 5. Asymmetric, nonstoichiometric L&;34001) slab. The upper E;=-1.62eV—>
face of the slab exposes an &@),"* double-hexagonal layer, and the
bottom face exposes an'(Iy?"~ hexagonal layer. The bond lengths shown F <6 ) ) ) ' E
are f?&f the optimized slab at the equilibrium lattice constaats; b = 3 Surface O 3
3.95 A 3 3

bi 3
the slab; that is, four of the oxygen layers can be described as 3 j\/\/\ 3
containing G~ oxide ions, while the fifth oxygen layer (the A . . )
- . .
_/\/'\./\

surface layer) can be described formally as containing O . r 3
anions. In addition, the asymmetry leads to exposure of two 3 Surface La 3
different surfaces, an'Gix-coordinate La surface layer on one 3
face of the slab and an'Geven-coordinate La surface layer 3
on the other face. Constructing the,03(001) surface in this -
manner results in coordinatively unsaturated oxygen atoms on :
both faces, but only one kgD bond per lanthanum atom was Figur_e 6. Density of states (DOS) plots for the asymmet_ric, nonstoichio-
cleaved to expose the'yer, whie free LaO bonds were  Teiic 20r=00 b () e ot DO () e paref DOS fr e
cleaved to form the Olayer. Consequently, the'@ace should
be more stable and predominate under OCM condition. Indeed, kcal/mol. This is approximately 80 kcal/mol more exothermic
different hydrogen adsorption energies and reaction energiesthan hydrogen adsorption at ad Gite. Though the difference
are calculated for the two surfaces, and our results reflect theis marked, it is easily explained in terms of the formal oxidation
greater stability/lower reactivity of the'@overed surface. Since  of the surface brought about by the nonstoichiometry of the
it has been suggested that H-abstraction reactions occur ala;0s34001) slab. As mentioned in the discussion of thie O
coordinatively unsaturated surface oxygen sites, we report oursite, partial DOS plots of a fully oxided slab show that bands
finding for both O surfaces. near the Fermi level have a sizable contribution from the surface
Optimization of the asymmetric L@&;34001) slab has oxygen atoms. Oxidation of the surface removes electron density
varying effects on the two different oxygen-covered surfaces; from these atoms. This is clearly evident from inspection of
little ionic motion is observed for the atoms near tHecOvered the total and partial DOS plots for the 4@ 34001) slab (Figure
surface, while significant reconstruction is observed for those 6). Consequently, hydrogen is able to interact with the incom-
near the O-covered surface. Atomic reconstruction of the-O  pletely filled surface-oxygen-based bands rather than interacting
covered surface is two-fold: (1) the'Catoms at the surface  with higher energy bands which lie well above the Fermi energy.
move inward toward the bulk, and (2) the seven-coordinate The result is chemisorption of the hydrogen atom rather than
lanthanum atoms near the surface move out and away from thesimple physisorption. The large hydrogen adsorption energy
bulk. Both movements stem directly from the high degree of manifests itself in the calculated energy for the overall reaction
unsaturation of the Oatoms’ coordination sphere caused by between the surface and methane (eq 6), which was found to
cleavage of the surface. That is, thé &oms move toward the
bulk to compensate for negative charge lost when the three (0)t+ CH,— (O)y~H + "CH;
La—O bonds are cleaved, and the lanthanum atoms move away AE.. = 8.2 kcal/mol (6)
from the bulk to relieve the accumulation of negative charge
caused by the approaching’@toms. The primary result is be only +8.2 kcal/mol. The activation energy for the H-
contraction of the LaO'"" bond distance from 2.74 to 2.42 A, abstraction step was calculated to be 10.1 kcal/mol. The
leaving what used to be an"@ulk site structurally similar to ~ estimated transition state structure for methane activation is
a typical O surface site. shown in Figure 7. At the transition state, the-B bond of
Adsorption of hydrogen at an oxygen site on thee®posed methane which is breaking is 1.33 A, and the ®bond which
surface leads to the H-bound oxygen atom “lifting” off the is forming on the surface is 1.26 A. The surface oxygen atom
surface and the associated+@' bond distances expanding interacting with methane raises up out of the plane of the surface
from 2.36 to 2.60 A. The G-H distance optimizes to 0.97 A. by 0.26 A, resulting in a LaO' distance of 2.51 A.
Both the La-O' and the O—H bond lengths are less than those ~ Au and co-workers modeled anGite with the [LaO4]%*
calculated when hydrogen adsorbs at &n €ite, indicating a cluster. They found the overall reaction energy for H-abstraction
stronger interaction between hydrogen and the "®ite. The from methane (eq 7) to be11.2 kcal/mol, with an activation
stronger interaction is clearly reflected in the highly exothermic - oy .
hydrogen adsorption energy, which is calculated to-1€2.6 [La;04"" + CH, — [Lag0,]"" —H + "CH;, (1)

™n
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Figure 7. Estimated transition-state structure for the abstraction of hydrogen
from methane over an Osite of La03(001).

energy of 15.0 kcal/mdP We performed similar calculations
on the [Lg04)?" cluster and foundEx, = —5.1 kcal/mol and
AEat = 4.9 kcal/mol. The binding energy of hydrogen was
determined to be-117.1 kcal/mol. Both sets of calculations

and selectivity for G products have been shown to increase by
as much as 5% and 15%, respectiv&hf. Although a number

of experimental studies have been reported on the ZtH.a
systenB3-8 few explanations for the promotion effect have been
proposed. It has been suggested, however, tiatexchange
with the L&" cations at the surface may give rise to localized
O -like sites. Our calculations on Brpromoted systems
suggest that the surface oxygen site that is formed from direct
Sr¥f/Ladt exchange indeed mimics an~Gite. The binding
energy of hydrogen at this oxygen site was calculated to be
—109.7 kcal/mol, which is consistent with the value-6£02.6
kcal/mol for the explicit O site.

Surface Oxygen VacanciesSurface oxygen vacancies on
La,O; were studied by removing an oxygen atom from the
surface of the symmetric, stoichiometric0g(001) slab (see
Figure 3). The defect can be viewed formally as an F-center

are certainly consistent with and in the range of the results (an oxygen hole containing two electrons). Optimization of the
obtained with VASP, suggesting that the same surface site isslab results in a slight contraction of the-+@' bond adjacent

being modeled. In addition, comparison of atomic charges of to the F-center from 2.36 to 2.34 A. No other reconstruction of
the clusters shows that the “surface” oxygen atom becomesthe surface is observed. This suggests that the F-center electrons

distinctly more positive on going from [le®,] " to [LagO4]?",
indicating that it is the surface oxygen atom which is predomi-
nantly oxidized. To further confirm the exact nature of the
oxygen site, we performed a series of calculations with VASP
in which the symmetric, stoichiometric k@3(001) slab was
oxidized by removing one electron from the surface cell. Both

binding energies and overall reaction energies of the oxidized -

slab are consistent (difference® kcal/mol) with the results
for the O-covered surface of the L@s3{001) slab, again
indicating the presence of a surface 6ite.

The energetics of an Osite on the O-exposed surface are
similar to those of the Gexposed surface. The binding energy
for hydrogen was found to be 118.5 kcal/mol, whereas the
overall energy of reaction and activation energy weie6 and

8.6 kcal/mol, respectively. As alluded to above, the greater

exothermicity stems from the fact that th¢-®xposed face of
La,0334001) slab is a high-energy surface, which is stabilized

to a greater extent by interactions with adsorbates. Though

accessible Osites are probably not common under our reaction

conditions, they could exist at step-edges or other defect sites

which are known to exist on L®; at these reaction condi-
tions?1-82and may contribute to the overall OCM reactivity on
LayOs.

Formation of Active Oxygen Sites.In addition to the fact

remain localized in the defect site, possibly stabilized due to
the fact that they reside in a three-fold site ofLa&ations.

When hydrogen is adsorbed on a surface oxygen atom
adjacent to an F-center, its adsorption energy is calculated to
be exothermic by-26.2 kcal/mol. The value is slightly more
exothermic than the case when hydrogen adsorbs on a “pure”
surface site £19.7 kcal/mol), but the difference is small,
indicating that the surface oxygen atoms neighboring the
F-center remain essentially?Glike, despite the perturbation
to the surface structure. Again, this implies that the two F-center
electrons remain primarily localized in the defect. Further
evidence that the electrons remain localized is reflected in the
fact that adsorption of hydrogen at an oxygen site adjacent to
the hole results in the H-bound oxygen ion “lifting” off the
surface by a similar amount as the case when no defect exists;
i.e., the bond length between the H-bound oxygen atom and
the surrounding surface La atoms is 2.60 A when an F-center
is adjacent to the adsorption site and 2.62 A when no defect is
near the adsorption site. Likewise, the-® bond distance is
0.98 A both with and without a neighboring F-center.

Molecular Oxygen Precursors.We found that molecular
oxygen is capable of binding at an F-center with an adsorption
energy of—154.6 kcal/mol. The orientation of the,@noiety

that no O surface species has been detected on rare-earth-metali’ound in the hole is such that it lies at an angle of 2Wvh

OCM catalysts, no clear understanding of the mechanism to

respect to the plane of the surface (Figure 8). The oxygen atom

generate such a species exists. In an attempt to identify possiblenearest the surface is shifted slightly from the three-fold La site

structural features which may control the formation of active
O~-like sites, we examined the effects of doping.Qa with
Sr2*, creating anion vacancies in the lattice, and introducing

typical of surface oxide ions and closer to a La-atop site,
allowing the upper oxygen atom to align itself directly above a
La—La bridge site. This “bent” orientation is advantageous over

molecular oxygen precursors. The results of each of these studie®"€ in which @ adsorbs at the F-center perpendicular to the

are discussed below.

Strontium Doping. It is well established that doping the basic
LayO3 catalyst with strontium greatly enhances the activity of
the material. In Sr™-promoted systems, conversion of methane

surface AEags = —150.4 kcal/mol), since it allows the three
La®* cations around the hole site to stabilize the negative charge
on both oxygen atoms of the £Omoiety rather than only one.
Adsorption of Q expands the ©0 distance from 1.24 to 1.47

(81) Lacombe, S.; Geantet, C.; Mirodatos, X.Catal. 1994 151, 439-452.
(82) Mirodatos, C.; Xu, G.; Lacombe, S.; Ducarme, W.; Martin, G. A. Structure
Sensitivity of Oxidative Coupling of Methane and Dehydrogenation of
Ethane Over Lanthana CatalystsNatural Gas Comersion |V, de Pontes,
M., Espinoza, R. L., Nicolaides, C. P., Scholz, J. H., Scurrell, M. S., Eds.;

(83) DeBoy, J. M.; Hicks, R. FJ. Catal. 1988 113 517-524.

(84) Gulcicek, E. E.; Colson, S. D.; Pfefferle, L. D. Phys. Chem199Q 94,
7069-7074.

(85) Kalenik, E.; Wolf, E. ECatal. Lett.1991, 9, 441.

(86) Feng, Y.; Niiranen, J.; Gutman, D. Phys. Cheml991, 95, 6558-6563.

)
Studies in Surface Science and Catalysis 107; Elsevier Science B.V.: New (87) Feng, Y.; Niiranen, J.; Gutman, D. Phys. Cheml991, 95, 6564-6568.
)

York, 1997; pp 345-350.
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side view
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Figure 8. Calculated structure of a surface peroxide site 0pOs6001). ' L, L _top view

-{001} surface

A. The calculated bond length is characteristic of classical bl
peroxides (1.49t 0.02 A)89.90

Although calculational evidence of a surface peroxidic species
on La0Og3 is encouraging, its formation, in the current context, z !
depends on the existence of an F-center. Huang and co-wdrkers x(é\
have suggested that pairs of F-centers could possibly be v
generated by desorption of molecular oxygen from the surface
(eq 8). We calculate the overall reaction energy for this process

==

Figure 9. Calculated structure of surface peroxide sites opOz6001)
- — formed by dissociative adsorption of molecular. Gfa) the reactant state
20(23) 2[0/2e) + 02(9)’ and (b) the product state.

where (0/2e") represents an F-center (8)
and Kharas noted, however, that crystallographic analysis of

to be 312.3 kcal/mol. The highly endothermic energy is g,ppg \was based on a profile refinement of powder data which
congruent with the strong binding energy of the surface 0xygen j,q| ded highR-factors. Regardless of the validity of these

atoms (-224.5 kgal/mol) and |nd|ce_1te§ that (_:Iesorptlon c_zf o claims, it is clear from our results that it is not necessary to
from the surface is unfavorable. This finding is also consistent yoqqribe surface peroxide species onQzin a nonclassical

with the limited amount of experimental evidence for F-centers .0 Classical © surface species can be formed either
on Lg0s. by adsorption of molecular oxygen at F-centers or, more likely,

While F-centers may exist due to impurities and structural ,y gissociative adsorption of Qlirectly on the oxide surface.
defects or be formed by means more energetically favorable Hydrogen Abstraction over Surface Q2" Sites. Surface

thar_l d_esorptlon _of m_olecular oxygen, we were curious wr_\ether peroxides on LgOs offer two potential oxygen sites at which
a similar peroxide-like species could be generated without \; -1 iraction reactions can occur: a lower, embeddesi@

requiring the presence of an F-center. We found that it is ;.4 a5 upper, exposed Gite (seeside view of Figure 8).
possible to dissociatively adsorb molecular oxygen on an oxide- Hydrogen binds to the upper, exposed oxygen atom of the

(0*")-covered surface (Figure 9).Surprisingly, the overall  g\itace @7~ species with an adsorption energy-671.5 kcall
reaction energy for this process (eq 9) is calculated to be only | rhjs js approximately 52 kcal/mol more exothermic than
o _ - an * site and 31 kcal/mol less exothermic than an €ite.
20f,) + Oy — 205 : : :
AE.. =121 keal/mol 9 Adsorption leads to elongation of the peroxide-O bond from
xn — L4 KCAMo ©) 1.47 to 2.19 A. In addition, the bonds between the surface La

12.1 kcal/mol, with an apparent activation energy of 33.0 kcal/ atoms and the lower oxygen atom of the?Omoiety contract
mol. The surface peroxides formed by dissociative adsorption t0 values typical of an oxide-covered surface (2.37 A). Taken
of O, are essentially identical to those formed by chemisorption together, the structural data indicate that the interaction between
of O, at F-centers. The £~ moieties are bent with respect to  the surface and the -€H species is weak and may be easily

the surface at an angle of approximately,2fnd the new G-O cleaved to regenerate the catalytic surface. Mg, for the

bonds are 1.47 A. The original-€D bond of the gas-phase,0  €XPosed peroxide site and methane to generate-é Slrface

is lengthened to 2.67 A and essentially broken. species and gas-pha%gHs radical (eq 10) is calculated to be
The only other description of a peroxide-like species on OCM

catalysts is that of a “nonclassical” peroxide. Nonclassical O3+ CH,— O3 —H + "CH,

peroxides have been characterized as a through-bond species AE,,,, = 39.3 kcal/mol (10)

involving two isolated yet coupled Osurface anions. Simula-

tions by Islam and 1lléf>*on L&0s(011) predicted an O-O" 39.3 kcal/mol. The overall reaction energy for this process is

distance of 3.9 A, and experiinents by Lunsford and KH8ras 31 kcal/mol more endothermic than that for H-abstraction over
on BaPbQ indicated an O—O" contact 0f~3.0 A. Lunsford an O site. The activation energy is 47.3 kcal/mol. The structural
(89) Vannerberg, N.-GProg. Inorg. Chem1962 4, 125-197. fgatu_res at the transition s_tate_ are sm_ular_ to those of the O
(90) Boca, R.Coord. Chem. Re 1983 50, 1-72. site; i.e., the G-H bond which is breaking is 1.31 A and the
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O—H bond which is forming is 1.20 A. Even though the series of studies concerning the formation of hydroxyl radical
activation energy is relatively high, H-abstraction over the during the reaction of oxygen with methane or water over basic
peroxide site remains energetically accessible because of thdanthanide oxide catalysts:®* Using laser-induced fluorescence
600—-700 °C temperatures typically employed during OCM.  spectroscopy, the Lunsford group has shown that strongly basic
Hydrogen does bind to the lower, embedded oxygen atom oxides are capable of generatif@H radicals at the catalyst
of the surface peroxide, bttE,4{H) is approximately 10 kcal/  surface; the radicals then emanate into the gas phase. Reaction
mol less exothermic than at the upper oxygen site. The decrease®f molecular oxygen and methane over.0a generates gas-
activity most likely stems from stabilization of the negative phase’OH radicals and kD. When CH is replaced with an
charge on the embedded oxygen atom by the surfadé La equivalent amount of O, the concentration 0fOH radicals
cations. The negative charge on the exposed oxygen atom ofincreases. Competition studies show that addition of ©Hhe
the peroxide is not stabilized to any extent by the surface ions O»/H,O system has a strong, negative effect on the production
and is thus more active for hydrogen abstraction. of *OH radicals, indicating that the same type of active surface
Attempts to model hydrogen binding simultaneously at both center is responsible for formation ®tHs radicals from CH
oxygen atoms of a surface peroxide species were unsuccessfulandOH radicals from HO. Lunsford and co-workers also found
This suggests that generation of carbene radicals directly fromthat production ofCHs radicals is kinetically limited, whereas
methane at a single, isolated surface peroxide site, as suggestetie production ofOH radicals is limited only by thermodynam-
by Au et al. to account for ethylene production over BaCO ics. This is reflected in the fact that th@H radical concentration
LaOBr catalystg® may not be likely or at least not universal in the QJ/CH;, system is directly related to the amount ofCH
over REM oxide catalysts. A viable alternative, however, is produced at the catalyst surface, while the concentration of
simultaneous abstraction of two H atoms from methane at “OH in the Q/H,0 system is controlled through an equilibrium
neighboring peroxide sites to generate methylene radicals whichwith the reagents. In other words, all of th@H radicals
could then couple in the gas phase to form ethylene directly. produced in the reaction of the@Hs or O,/HO systems
Abstraction of two hydrogen atoms directly from ethane at appear to be formed via H-abstraction froraH
peroxide pairs could also result in ethylene formation. Each of ~ Keeping these experimental observations in mind, we find

these pathways will be explored in a future publication. that the reaction of oxygen with methane over an oxide-covered
General Comments on the Mechanism of OCM over  Surface of LaO3(001) to form a*CH; radical at a surface
La,O3 Active Site Formation, C—H Bond Activation, and peroxide site (eq 11) is endothermic by 40.8 kcal/mol. Reaction

Catalyst Regeneration.Our results indicate that anionic’O

2— | 1 ~2 N .
sites should be the most active species ogOsaWhile no O O T 720"+ CH; = Oy~H + 'CHy

species has yet been identified on a REM oxide, the possible AE,,, = 40.8 kcal/mol (11)
role of such a species in OCM chemistry cannot be rejected. ) ) ]
We found that doping strontium into the i@ surface via S/ of oxygen with HO to form arrOH radical at a surface peroxide

La®* exchange generates a surface oxygen site characteristiSit® (8d 12) is endothermic by 50.9 kcal/mol. Assuming that
of an O species, which may account for the enhanced OCM - 1 2— .

reactivity of Sr-doped L#D; catalysts when compared to the Ofg) + 720, + H,0 — Oy—H + "OH
unpromoted system. This finding is supported by methane AE,,, = 59.0 kcal/mol (12)
activation energies reported by Lunsford et al.; they reported
that activation energies for methyl radical production from
methane over Sr/l&®s% and Li/MgO?! a catalyst widely
believed to operate via surface Gites, are both approximately

23 kcal/mol. In contrast, Otsuka and Jinno determined an ; . .
activation energy of 37 kcal/mol for the production ‘@Hs experiments, showing that adition of Etd the Q/H,0 system

from methane over Sy3,'® and Lunsford et al. reported a haTs_ a strong,_anatlve eff_ectfon the pro_du%tlm d]lj_ f :aqllcar;l.
barrier of 63 kcal/mol over Mn/NAVO,/SIO.*5 In these O/C\;VI—? potentia routezextl)st or generatlr(gh a |?asmt N id
systems, a slightly less active oxygen intermediate may be =2~ system once H-abstraction over the surface peroxide

important in H-abstraction chemistry. Experiment and theory site has occurred (eq 13).

similar active sites are indeed involved in H-abstraction from
both CH, and HO, it is clear from a comparison &E, values

for the reactions shown in eqs 11 and 12 that abstraction from
CH, is energetically favored. This agrees with Lunsford’s

both indicate that a surface peroxide species is a likely candidate. 2— 2— .
) : . - ) O H— 0" (5 + "OH
Experimental studies have not only identified surface peroxides
on a number of REM catalysts but also, in some instances, have AE, = 34.3 kcal/mol (132)

provided evidence for the active role 00 species in OCM P IR TP N P S|
chemistry, and our theoretical results show thag@nd Q%) Oze~H = 10 * 72059+ 71H:0
are not that dissimilar with respect to the energetics of AE,, = —11.5 kcal/mol (13b)
H-abstraction from Ckl Consequently, we focus our discussion
of the mechanism of OCM over L@3(001) to catalytic
pathways involving surface peroxides as the active surface
oxygen species.

Lunsford and co-workers have provided a number of clues (92) anderson, L. C.; Xu, M.; Mooney, C. E.; Rosynek, M. P.; Lunsford, J. H.

regarding the overall mechanism of OCM over,Qa from a J. Am. Chem. Sod.993 115 6322-6326.
(93) Hewett, K.; Anderson, L. C.; Rosynek, M. P.; Lunsford, JJHAmM. Chem.

Soc.1996 118 6992-6997.
(91) Xu, M.; Shi, C.; Yang, X.; Rosynek, M. P.; Lunsford, J. HPhys. Chem. (94) Hewett, K.; Rosynek, M. P.; Lunsford, J. Batal. Lett.1997, 45, 125~
1992 96, 6395-6398. 128.

The first route involves simple dissociation*@fH radical from
the surface, leaving behind an oxidé 7 site (eq 13a). The
overall reaction energy for this process is highly endothermic

8460 J. AM. CHEM. SOC. = VOL. 124, NO. 28, 2002



Periodic DFT Study of Methane Activation over La;O3 ARTICLES

Table 1. Comparison of H-Adsorption Energies, Overall Reaction

2
0 Energies,? and Activation Energies (in kcal/mol) for H-Abstraction
Oxg) from Methane at Various La;O3 Surface Oxygen Sites

205 2CHgo0r 2H,0 AEas(H) AEx(CHa) AE (H-abstraction)
0z —19.7 91.6
H,0 2(-CHy(g)) or 2(+OH(gy) (0P —26.2 84.7
)\ 0 (0) —102.6 8.2 10.1
20%-H CoHg o (0 -1185 -7.6 8.6
, o (o) -109.7 1.2
Figure 10. Proposed mechanism for OCM over JCa(001) involving 02~ —715 39.3 47.3
surface peroxide sites; indicates start of catalytic cycle; 1 indicates that
one G~ and one @ site are regenerated via elimination of®ifrom aQverall reaction energy for a surface oxygen species and methane to
the surface. generate an ©H surface species and gas-ph#&kj; radical (™ + CHy

— O™ —H + *CHy). ? Surface @~ site adjacent to an F-centérCreated

+/| a3+
(57.4 kcal/mol), suggesting that formation@H radical directly by SPT/La" exchange at the L@¢(001) surface.

from a surface intermediate is unlikely. This route is also
inconsistent with Lunsford’s findings. Alternatively, the surface

O_': s?ecles cdar(lili)e ellrfnlnate.(il asy lef;’éngs?:md ; equl“éb While oxygen point defects did not enhance reactivity at
each of Q) and G surface sites (eq 13b). Although eq ! neighboring surface oxygen sites, we found that surface
show; the_reacnon as a_smgle elementary step, ellml_natlon Ofperoxides can be generated by adsorption of molecular oxygen
H20 likely involves reaction of one surface-® groupwitha 5t defect sites, as well as by dissociative adsorption of molecular
hydrogen atom from a neighboring-®1 surface species. The  oxygen across the closed-shell oxide surface @0s¢001). The
AExn for the overall process is11.5 kcal/mol. The exothermic  overall reaction energy for the latter pathway is calculated to
reaction energy for this particular route, the formation eO be only 12.1 kcal/mol, with an apparent activation energy of
and the intrinsic kinetic dependence*afH radical formation 33.0 kcal/mol. This finding is in agreement with experimental
on the production of KD at the surface are all consistent with isotopic labeling studies which suggest that dissociative adsorp-
Lunsford’s experimental data. tion of O, occurs readily over OCM catalysts. Irrespective of
. . 2 . . .
With the support of experimental observations and the resultsthe route to peroxide formation, the;() intermediate is
of our calculations, it is possible to suggest a plausible characterized by a bent orientation with respect to the surface
mechanism for the oxidative coupling of methane ovexdza ~ @nd an G-O bond length of 1.47 A. Both attributes are
The ideas are incorporated into the catalytic cycle shown in consistent with structural features characteristic of classical
Figure 10. The cycle is initiated by dissociative adsorption of ?erox'gfs% Wﬁl fot‘)md su_rfa(;e DefOXIge Sltehs to be slightly less
molecular oxygen over an oxide-covered surface to form a pair a'\tlk?rZEe cc):rH -a_s:targlc;’tlin Ir/om Imet inz; 3ar|l thﬁ @’?C'esé
of surface peroxide sites. Hydrogen abstraction from both CH wi on(CHa) = 39.3 keal/mo Eact = 47.3 keal/mol, and
. . AEag{H) = —71.5 kcal/mol. While the activation energy is
and HO occurs at the surface,®© sites, though abstraction : CT . ; .
from methane is energetically favored. Abstraction fromaCH relatively high, it remains energetically accessible because of
9 y ) . 4 the 600-700°C temperatures typically employed during OCM.
generates a gas-pha%gH; radical, whereas abstraction from he basis of th Its of lculati d others’
H>O generates a gas-pha%@H radical. The*CHjz radicals On the basis of the results of our calculations and others

e in th h ; | . experimental data, it is possible to propose a mechanism for
couple in t € gas phase to formpHg. Ca’Fa yst regeneratlon OCM over La03(001) involving surface peroxides as the active
occurs by elimination of KD and concomitant reformation of

oxygen source. The mechanism involves dissociative adsorption

this may account for the enhanced activity of the Sr-dope@®4.a
system.

2— — .
Ol and Gy sites. of molecular oxygen over the oxide-covered surface to form
surface peroxide sites, H-abstraction from £t the surface
Summary 0,2~ sites, coupling of gas-phas€H; radicals to produce

ethane, and catalyst regeneration by elimination ¢ tand

A summary of our results for H-abstraction from methane at regeneration of g and Qz(_s) sites.

0. Oy and G, sites on La0s(001) is shown in Table 1.
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