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Role of Structural Defects and Oxygen Ion Migration in the Catalytic 
Activity of La,O, 

Douglas J. Nett and M. Saiful Islam* 
Department of Chemistry, University of Surrey, Guildford, UK GU2 5XH 

Atomistic computer simulation techniques are used to investigate t h e  role of key defect and transport properties 
of La203 that may be involved in the catalytic activity. The theoretical techniques are based upon efficient 
energy minimization procedures and Mott-Littleton methodology for accurate defect modelling. The interatomic 
potentials for La203 correctly reproduce the  hexagonal structure. Anion Frenkel disorder is found to be the 
predominant intrinsic defect with negligible deviation from ideal stoichiometry, in accord with the known proper- 
ties of the pure material. The highest solubility, for a range of dopants, is calculated for Sr which would increase 
the oxygen vacancy concentration; this is consistent with experimental studies of the promoted catalyst. A low 
activation for 02- vacancy migration suggests fast diffusion through the bulk and to the surface. W e  suggest that 
t h e  catalytic activity is linked to an oxidation reaction in which oxygen-hole centres are created from the annihi- 
lation of oxygen vacancies by reactant gas-phase oxygen. Furthermore, calculated binding energies indicate the 
possible formation of stable (dopant*-) centres. 

Rare-earth-metal sesquioxides rank among the most active 
and selective catalysts for the oxidative coupling of methane 
to form higher hydrocarbon products (mainly ethane and 
ethene),'-'4 a process of considerable importance in utilizing 
the large reserves of natural gas. In particular, La203 doped 
with Sr exhibits the highest activity and has the added advan- 
tage of good stability at reaction conditions. 

The issue of the reaction mechanism is still unclear, but is 
thought to involve hydrogen-atom abstraction from methane 
by 0- hole centres to generate methyl radicals followed by 
gas-phase recombination. The participation of other oxygen 
centres such as the 0;- peroxide species in the direct forma- 
tion of ethene has also been p r o p ~ s e d . ~ * ' ~ * ' ~  More recently, a 
few s t ~ d i e s ~ . ' ~  have emphasized the relationship between the 
catalytic activity and the defect structure of pure and doped 
La,O, . For example, isotope exchange  experiment^'^ 
provide evidence that facile oxygen ion diffusion within the 
bulk and to the surface plays a major role in the oxidative 
coupling reaction, and that Sr doping increases such oxygen 
mobility by increasing the number of 02- vacancies. 

The numerous investigations on the rare-earth-metal oxide 
catalysts have largely focused on testing studies of selectivity/ 
activity behaviour to identify the most effective catalysts. It is 
clear, however, that solid-state properties such as the precise 
role of structural defects and dopants, the energetics of 
oxygen ion diffusion, as well as the nature of redox reactions 
leading to the formation of electron hole (0-) centres are not 
well established and are crucial to the proper understanding 
of the catalytic properties of the La,O, system. 

In an attempt to clarify these issues we apply computer 
simulation techniques which are well suited to exploring 
solid-state properties at the atomic level. The reliability of 
such theoretical methods has been demonstrated by studies 
of a diverse range of polar solids including alkaline-earth- 
metal oxides,' zeolitesI6 and oxide superconductors.' The 
present simulations of the La,O, bulk are a useful prelimi- 
nary to more complex simulations of the surface which are 
currently being undertaken. 

Simulation Methods 
The simulations are formulated within the framework of the 
Born model, the main features of which are the nature of the 
interatomic potentials and the modelling of perfect and defec- 
tive lattices. The present account of these widely used tech- 

niques (embodied in the CASCADE code'*) will be brief 
since comprehensive reviews are given elsewhere." 

The effective potentials describing the interatomic forces 
are represented by ionic, pair-wise potentials of the form 

which includes a long-range Coulombic interaction, and a 
short-range term to model the repulsions and van der Waals 
attractions between electron charge clouds. The latter short- 
range term is typically described by an analytical function of 
the Buckingham form: 

4i,(rij) = Ai j  exp( - r i j / p i j )  - Cij/ri j  

Ionic polarisation is treated by the shell modelZo which 
represents each ion in terms of a massless shell (simulating 
the valence shell electrons) and a core, coupled by a har- 
monic spring. The development of a dipole moment is 
effected by the displacement of the shell relative to the core. 

The static simulation of the perfect lattice gives the crystal 
structure and the lattice energy, which employs efficient 
energy minimization methods based on a Newton-Raphson 
(i.e. second derivative) procedure. Having attained the 
minimum energy structure, subsequent calculations of the 
second derivatives of the energy with respect to atomic coor- 
dinates yield information required to determine elastic and 
dielectric properties. 

The defect energies are calculated within the context of the 
Mott-Littleton a p p r o a ~ h ' ~ ~ ~ '  in which the ions in an inner 
region immediately around the defect are relaxed explicitly 
until they experience no net forces. In contrast, in the more 
distant regions of the crystal, the forces are relatively weak 
and are treated by methods based on continuum theories. 
There is now ample evidence that given reliable interatomic 
potentials and a sufficiently large inner region these methods 
can produce accurate values for defect formation, migration 
and interaction energies. 

Potentials for La,O, 
La203 crystallizes into a hexagonal structure (space group 
Ph1)22 with an unusual seven-coordination of the cation 
(Fig. 1). The unit cell consists of one independent La ion and 
two independent 0 atoms. The La and 0(1) form double hex- 
agonal layers of alternating La and 0 and these layers are 
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Table 3 Calculated properties of the perfect crystal 

property 

0;0'.? ........ 

""f ).. ....................................................... ..., , 

lattice energy/eV formula unit - - 
a (4 
c (4 

elastic constants/lO" dyn cm-' 
c11 
c12 

c33 

c44 

'13 

' 6 6  

relative permittivities 
(4 
( E m )  

130.53 
3.887 (3.938)" 
6.059 (6.128)" 

32.02 
15.20 
12.06 
22.38 
1 1.45 
8.41 

18.3 
3.9 

O ( 2 )  " O(21 

Fig. 1 Hexagonal structure of La203 (after ref. 22). Arrows indicate 
possible pathways for oxygen vacancy migration. 

held together by O(2). The potential parameters for La203 
are derived from electron-gas methods and were recently 
applied to pressure sir nu la ti on^^^ of La,CuO, . Integral ionic 
charges are presumed, i.e. 3 +  for La and 2- for 0, which 
enables a simple definition of hole states (as 0-) and the 
useful concept of isovalent or aliovalent dopant substitution. 
Details of the potential and shell model parameters used in 
this study are given in Table 1. 

A comparison between calculated and experimental inter- 
atomic separations, presented in Table 2, indicates that the 
deviation is generally small. This clearly shows that the 
potentials for La,O, correctly reproduce the complex hex- 
agonal structure, without employing empirical fitting pro- 

Table 1 Interatomic potentials for La203 

(a) Short-range: V(r) = A exp(-r/p) - C/r6 

interaction A/eV P / A  C/eV A - 6  
. 6.8630 85791.74 0.22030 

~ a 3 + .  . .02- 5700.52 0.29885 38.9365 
0 2 - .  . .02- 576.94 0.33536 0.0 
La3+. . .O- 5700.52 0.298 8 5 38.9365 
0 2 - .  . .o - 576.94 0.33536 0.0 

La3+. .La3+ 

(b) Shell model" 

La3 + 

O2 - 
0- 

- 6.00 
- 2.50 
- 1.50 

~ ~~ 

460.0 
27.0 
27.0 

a Y and k are the shell charge and spring constant, respectively. 

Table 2 Calculated and observed interatomic separations/A 

separation r WPt) r (calc) 1A1 

La-O( 1) 2.371 2.378 0.007 
La-O( 1) 2.45 1 2.335 0.116 
La-O( 2) 2.720 2.724 0.004 
O( 1)-O( 1) 2.886 2.791 0.094 
0(1)-0(2) 3.147 3.173 0.026 
La-La 3.865 3.799 0.066 

" Observed values2' in parentheses. 

cedures. One of the largest errors is in the O(1)-0(1) distance 
which may lead to some uncertainty in the calculated migra- 
tion profiles. The lattice energy, elastic and dielectric con- 
stants for the perfect crystal have also been calculated and 
reported in Table 3. Unfortunately, corresponding experi- 
mental data for comparison are unavailable although our cal- 
culated static relative permittivity is consistent with 
experimental values24 of 15.7 and 16.2 for G d 2 0 3  and Lu203 
respectively. To our knowledge these studies are the first 
detailed survey of the La203  catalyst employing simulation 
methods. 

Results and Discussion 
Intrinsic Atomic Defects 

Calculations were first performed on the energies of isolated 
point defects (vacancies and interstitials) which are given in 
Table 4(a). In all cases, the lattice ions surrounding the defect 
are allowed to relax in the energy minimization procedure. 
For vacancies the energy corresponds to removing a lattice 
ion from the perfect crystal to infinity; likewise, the intersti- 
tial energy corresponds to introducing an ion from infinity 
into the perfect crystal. 

The oxygen vacancy energies clearly indicate that it is 
more favourable to form vacancies in the four-coordinate 
O( 1) rather than octahedral O(2) positions. For the intersti- 
tial ions, various sites in the structure were considered. The 
most favourable position is located between adjacent La 

Table 4 (a) Calculated energies of isolated point defects' 

defect E/eV 

La3+ vacancy (V:') 
O2 - (1) vacancy (Vy) 
02- (2) vacancy (V;) 
La3 + interstitial (LaJb 
02- interstitial ( 0 ~ ) ~  

48.64 
16.66 
17.71 

-34.16 
- 11.51 

(b) Calculated formation energies of Frenkel and Schottky disorder 

tY Pe E/eV per defect 

Frenkel 
La3 + 

O2 - 
Schottky 

7.24 
2.57 
3.34 

Region I contains 250 ions. * Interstitial site at (0.32, 0.56, 0.5) in 
lattice units. 
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layers and at the centre of a ‘cage’ which has eight-fold coor- 
dination with respect to oxygen. 

The individual point defect energies are then combined to 
give formation energies for Frenkel and Schottky disorder 
[reported in Table 4(b)]. The La and 0 Frenkel defects can 
be represented by the following reactions using Kroger-Vink 
notation : 

La;, -+ Vra + La;’’ (1) 

0x04 v, + 0; (11) 

(111) 

From examination of the calculated energies in Table 4(b) 
it is clear that the simulations predict that the predominant 
mode of intrinsic defect is of the oxygen Frenkel type. This 
result accords well with work of Anshits et aL9 and Kofstad’ 
who postulated that oxygen Frenkel defects would dominate 
in pure La,03. Hence, ionic conduction will be undoubtedly 
controlled by the diffusion of oxygen defects, although the 
magnitude of the Frenkel energy suggests that the defect con- 
centration will be very low in the pure material. It is inter- 
esting to note that the hexagonal A-type structure of La,O, 
is closely related to the cubic C-type of other rare-earth-metal 
sesquioxides which, in turn, is derived from the fluorite 
structure.” Therefore, oxygen vacancies and interstitials 
might reasonably be expected in La,03 since anion Frenkel 
disorder is commonly observed in fluorite-structured 
oxides.25 

and similarly the Schottky defect can be expressed as: 

2La;, + 30; -+ 2Vra + 3V; + La,03 

Electronic Defects 

Our approach to the investigation of electronic defects 
follows that used for transition metal oxides15 and subse- 
quently the oxide supercond~ctors.~ Calculations were 
performed on the 0- substitutional which is the model for 
the hole centre in La,O, and on the La2+ substitutional a 
model for the defect electron. Two types of calculation were 
carried out in each case : first a conventional calculation in 
which the lattice was fully relaxed around the defect species 
(referred to as a ‘thermal’ calculation); the resulting energy 
corresponds to the small polaron. In the second type only the 
shells were relaxed (referred to as an ‘optical’ calculation) 
which, as discussed previously,’ provides a model for the 
large polaron. Therefore, in the small polaron picture the 
electronic defect is localized and self-trapped by its own 
polarization field; in contrast, the large polaron is delocalized 
with no contribution from lattice distortion. 

The lattice energy changes for the 0- and La2+ species are 
reported in Table 5 together with various atomic and band- 
widths terms. To estimate the small polaron energy the 
appropriate ionization energy or electron affinity is added to 
the lattice energy term. For the large polaron energy we also 
include half the bandwidth which approximates to the kinetic 
energy of the delocalized species. The resulting energies (given 
in Table 6) show first that the 0- hole is a large polaron 
state on the O(2) site; for electrons, on the other hand, we 
predict small polarons. By combining the two energies we 
obtain an estimate of 10 eV for the band gap which accords 
with the La203 material being a wide-gap in~ulator.’~ Of 
course, there are uncertainties in the relative energies which 
are due largely to uncertainties in the bandwidth contribu- 
tions. Nevertheless, these results are consistent with the type 
of electronic species found in the MgO catalyst and the band 
gap characteristics of related sesqui~xides .~~ 

In addition to intrinsic disorder of the Frenkel and 
Schottky type there is also the question of whether there is 

Table 5 (a) Calculated lattice energy changes/eV for electronic 
defects 

defect small polaron” large polaronO 

0- (1) hole (h’) 15.30 
0- (2) hole (h’) 14.12 
La2+ electron (e’) 24.7 1 

18.36 
15.98 
25.86 

(b) Atomic and bandwidth energiesb 

term energy/eV 

0- bandwidth 
La bandwidth 

19.18 

8.75 
5.16 

- 1.47 

ca. 5 
ca. 2 

- ~~~ ~ ~~ 

” Small- and large-polaron energies refer to ‘thermal’ and ‘optical’ 
calculations respectively. 0 bandwidths from ref. 26 and La band- 
width from ref. 27. ‘ is the third ionization potential of La. 

Eea, and Eea, are the first and second electron affinities of oxygen. 
D,  is the dissociation energy of an 0, molecule. 

any deviation from the stoichiometric composition. The fol- 
lowing defect models might be expected under both oxidizing 
and reducing atmospheres leading to a degree of non- 
stoichiometry : 

(i) oxidation to form holes (0-) with oxygen interstitial 
compensation (which produces an oxygen-excess compound) : 

+02(g) + 0; + 2h’ (IV) 

(ii) oxidation to form holes (0-) with cation vacancy com- 
pensation (metal-deficient compound) : 

+O,(g) + $La;, 4 $V[, + 2h’ + 3La203 

(iii) reduction to form electron states (La;,) with oxygen 
vacancy compensation (oxygen-deficient compound) : 

0; -+ V i  + +O,(g) + 2e’ (VI) 
(iv) reduction to form electron states (La$) with cation 

interstitial compensation (metal-excess compound) : 

+La,03 -+ $La;** + +O,(g) + 2e’ (VW 
The energies of these reactions are listed in Table 7, and are 
derived using relevant defect energies (Table 4) and intra- 
atomic energy terms (given in Table 5). Owing to the uncer- 
tainties in the free ion terms, we must be cautious in giving 
detailed interpretations. Nevertheless, the high positive values 
for all the oxidation and reduction reactions suggests that 
deviation from ideal stoichiometry is not significant in La203 
in agreement with the known properties of the material.g*25 
In particular, the oxide is extremely resistant to reduction. 
Our results therefore confirm that metal centres having vari- 
able oxidation states are not a prerequisite for methane oxi- 
dative coupling.’ 

Table 6 Formation energies for electronic defect/eV 

defect small polaron large polaron 

0- (1) hole (h’) 6.55 
0- (2) hole (h’) 5.37 
La2+ electron (e’) 5.53 

7.11 
4.73 
5.68 
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Table 7 Calculated energies of redox reactions 

J. CHEM. SOC. FARADAY TRANS., 1993, VOL. 89 

Table 8 Calculated activation energies for oxygen ion migration 

redox process E/eV mechanism direction EJeV 

oxidation 
reaction (IV) 
reaction (V) 

reaction (VI) 
reaction (VII) 

reduction 

7.8 1 
8.24 

17.87 
21.95 

vacancy 
0(1)-0(1) 
O( 1)-0(1) 
interstitial 

direct 
interstitialcy 
interstitialcy 

in tralayer 
interlayer 

4.79 
0.63 

2.10 
collinear 2.05 
non-collinear 3.08 

Oxygen Migration 

It is well established that solid-state diffusion, allowing the 
flow of oxygen from the gaseous phase (present as one of the 
reactants) into and through the bulk lattice, is of central 
importance to the mode of operation of certain oxidation 
catalysts. However, only a few ha ve focused on 
oxygen diffusion in the La203 system. Early conductivity 
measurements of Etsell and Flengas28 obtained an activation 
energy of 17.1 kcal mol-' (0.74 ev) for CaO doped La,O,, 
which they attribute to the motion of 02- ions through 
either a vacancy or interstitial mechanism. Milne et aL2' have 
reported conductivity measurements as a function of SrO and 
CaO doping and obtained an activation energy of 0.6-0.7 eV 
for the undoped limit. More recently, isotope exchange 
studies of Kalenik and Wolf', have shown that lattice oxygen 
plays a major role during the oxidative coupling of methane; 
they also determined oxygen self-diffusion coefficients (Do) for 
the pure and promoted catalyst with the 1% Sr/La20, 
system exhibiting the highest value. 

Despite the evident implications for the catalytic process, 
the precise nature of the migration mechanism or pathway 
controlling ion transport is still uncertain. Atomistic model- 
ling can greatly enhance our understanding of this problem 
by evaluating the activation energies for various defect mech- 
anisms. 

For the hexagonal A-type structure of La203 there are a 
number of possible migration mechanisms. Since the forma- 
tion energy of the 0(1) vacancy is significantly more favour- 
able than the O(2) position, we will focus our attention on the 
O( 1) sublattice for vacancy migration. Of the five mechanisms 
we have identified, two involve 02- vacancies and the other 
three are concerned with 02- interstitials. The two vacancy 
mechanisms are associated with intralayer and interlayer 
migration between neighbouring 0(1) sites; the three intersti- 
tial migration mechanisms relate to the direct pathway 
between the most favoured interstitial sites, and two intersti- 
tialcy or 'knock-on' mechanisms. The latter involves the 
migrating ion displacing a neighbouring lattice ion into the 
adjacent interstitial position. The importance of such intersti- 
tialcy mechanisms has been demonstrated by previous studies 
on fluorite-structured compounds. 

The migration energies were evaluated by a detailed search 
of the potential-energy surface along the diffusion path. In 
this way the saddle-point configuration can be identified from 
which the energy barrier to migration is derived. It is clear 
from the numerous simulation studies of oxides that electron- 
gas (non-empirical) potentials are particularly reliable in 
modelling the potential energy at separations widely different 
from perfect-lattice values. The resulting activation energies 
for oxygen vacancy and interstitial mechanisms are reported 
in Table 8. 

Examination of the results indicates that interlayer vacancy 
migration clearly emerges as the lowest-energy path with an 
activation energy of 0.63 eV (and at least 1.4 eV more favour- 
able than the other mechanisms considered). Interestingly, the 
corresponding interatomic separation of 2.89 A is the shortest 
0-0 distance in the structure. This result is consistent with 

isotope exchange experiments1 which show fast oxygen dif- 
fusion. Moreover, the calculated activation energy is in good 
agreement with the observed values from ionic conductivity 

It is also clear that all the interstitial 
mechanisms have high energy barriers (Table 8), which 
implies that they would have a negligible contribution to 
oxygen transport. 

To conclude, oxygen diffusion is predicted to be dominated 
by vacancies but restricted to interlayer migration between 
0(1) sites. In view of this type of motion, anisotropic ion con- 
ductivity is expected for single crystal La203. Furthermore, 
the low activation energy will permit facile oxygen vacancy 
migration (which effects transport of lattice 02-) through the 
bulk and to the catalyst surface. As is discussed further 
below, such high oxygen mobility will certainly have a major 
practical influence on methane activation. 

Dopant Substitution 
Numerous experimental studies have shown that the addition 
of alkali-metal and alkaline-earth-metal dopants (especially 
Sr2+) to La203 is effective in promoting oxidative coupling 
of methane. A wide range of catalytic activities and selec- 
tivities are exhibited which have yet to be optimized. 

Our simulation approach is based on assessing the ener- 
getics of dissolution of such aliovalent ions and the nature of 
the charge-compensating defects in which we neglect defect 
entropy terms. The most straightforward mode of dopant 
incorporation into the host matrix is as a substitutional ion 
at a La3+ site with compensating oxygen vacancies. This can 
be represented by the following defect equations: 

alkali metal: 3 M 2 0  + La:, + M:, + Vy + 3La203 (VIII) 

alkaline-earth metal : 

MO + La:, -+ Mt, + 3V; + 3La20, 

The energies of solution are then evaluated by combining 
appropriate defect and cohesive energy terms. For example, 
the energy of reaction (IX) can be expressed as: 

where Esub is the dopant substitutional energy, E ,  is the 
oxygen vacancy energy and UL is the lattice energy. We note 
that the entropy change and hence the temperature depen- 
dence can be obtained computationally and is currently being 
investigated. 

The interatomic potentials for the dopant species are 
exactly those of corresponding binary metal oxides3' which 
have been successfully applied to recent studies17 of impu- 
rities in La2Cu0, and YBa,Cu,O, . The resulting energies of 
solution for a series of alkali-metal and alkaline-earth-metal 
ions are presented in Table 9 and are also plotted us. ion 
radius in Fig. 2. 

Two points emerge from these results. First, the lower solu- 
tion energies for alkaline-earth-metal ions suggests a higher 
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Table 9 Energies of solution for alkali-metal and alkaline-earth- 
metal dopants with oxygen vacancy compensation (reactions VIII 
and IX) 

M UJeV" E,,/eV per dopant 

Li + 

Na+ 
K+ 
Rb+ 
Mg2+ 
Ca2 + 

Sr2 + 

Ba2+ 

- 29.98 
- 24.75 
-22.18 
-21.18 

-41.29 
- 36.10 
- 33.42 
- 33.74 

4.78 
3.82 
4.47 
5.09 

3.94 
2.30 
1.71 
4.93 

a Lattice energies from ref. 30. 

solubility range than the alkali metals. The calculations 
therefore predict that alkaline-earth-metal doped La203 
would show the greater activity which is consistent with 
observation. We recognize, however, the difficulty in assess- 
ing the relative activity/selectivity properties of the promoted 
catalyst since a diverse range of reaction conditions have 
been employed. The lower solubility of Li+ and Na+ may be 
explained in terms of the ion size 'mismatch' with La3+ 
(shown in Fig. 2) and, hence, they cannot be so readily 
accommodated in the lattice. In view of these high solution 
energies it is possible that the catalytic properties are associ- 
ated with exsolved Li20 and Na,O, but modified by inter- 
action with the La203 host. Indeed, it is believed that the 
role of Li and Na is to poison the catalyst surface for total 
oxidation  reaction^.^ Secondly, the most favourable solution 
energy and hence the highest solubility is predicted for Sr. 
This is clearly illustrated in Fig. 2 which reveals a degree of 
correlation between the calculated solution energy and the 
size of the dopant ion, with a minimum at Sr2+ (close to the 
La3+ radius of 1.06 A). The trends with dopant radius indi- 
cate the sensitivity of the interatomic potentials to small 
changes in ion size. Moreover, our results accord well with 
experimental studies which have demonstrated how the addi- 
tion of Sr leads to the highest activity for a range of 
dopants. * 5 *  l 

We are aware, however, that the solution energy is endo- 
thermic which suggests limited solubility in the host oxide at 
high temperatures unless additional stabilization occurs. It is 

"1 

N a 4  

Ca 0 

Sr* 

Rb 
4 

4 

K 

0 )  I I I I I I I I I 

ion radius/A 
0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 

Fig. 2 Calculated energies of solution as a function of ion radius for 
alkali-metal and alkaline-earth-metal dopants. (Note that the La3+ 
radius is 1.06 A.) 

well established that clustering can take place between 
dopant ions and their charge-compensating defects. From a 
preliminary investigation we have calculated a binding 
energy of - 0.78 eV for the (Srt, Vt) pair cluster which will in 
effect reduce the solution energy by this stabilizing term; such 
calculations will form the basis of a subsequent publication. 
In any case, the present calculations demonstrate their qualit- 
ative importance in predicting the most favourable dopant 
substitution and thus provide a useful guide to dopant 
behaviour. 

We note that an alternative compensation mechanism 
involving cation interstitials was also considered, but resulted 
in solution energies that were less favourable by at least 3 eV. 
This confirms the view that the majority defects created by 
incorporating these dopant ions will be oxygen vacancies 
(particularly at low oxygen pressures). Moreover, even for 
small additions of SrO the dopant-controlled vacancy con- 
centration will far exceed that arising from thermal disorder 
and thereby enhance the oxygen mobility. We therefore con- 
clude that the net flux of oxygen through the doped solid 
(and to the surface) will be high. 

Hole Centres in the Doped Oxide 
Various spectroscopic have demonstrated that the 
active sites in the Li/MgO catalyst are 0- hole species which 
are stabilized by the formation of (Li+O-) centres, and facili- 
tate hydrogen-atom abstraction from methane. These studies 
also report that the majority of the 0- centres are located in 
the bulk of the material. However, the issue of the active site 
for rare-earth-metal sesquioxides is not as clear, although the 
participation of 0-, 0; superoxide and 0;- peroxide 
species has been p r ~ p o s e d . ' * ~ * ' ~  Calculations in this area can 
be useful in clarifying the nature of the redox reaction, 
together with the key energetic terms controlling the forma- 
tion of oxygen holes in the doped oxide. 

To render alkaline-earth-metal doped La203 catalytically 
active, it is necessary to treat the material with gaseous 
oxygen co-fed with methane. In terms of defect chemistry this 
leads to the oxidation (or 'filling') of oxygen vacancies by 
molecular oxygen with consequent formation of hole states. 
This oxidation reaction may be expressed as: 

Vi + 302(g) + 0x0 + 2h' 

where 0; is an oxygen anion on a normal site and h' is an 
electron hole modelled as a substitutional 0-. As is men- 
tioned earlier, a large polaron model for 0- was found to be 
the most favourable. We note that this process is consistent 
with spectroscopic studies of Lunsford and co-workers2 who 
proposed that the active oxide species is derived from the 
reaction of molecular O2 with La203. 

The calculated energy for the oxidation reaction (X) is 
reported in Table 10 for the two independent oxygen sites. 
The first point to emerge from the results is that the O(2) 
position is the most likely 0- site. We therefore envisage the 
diffusion and filling of O( 1) vacancies will lead to the creation 
of holes on neighbouring O(2) sites. Such an oxidation 
process involving hole formation at a site adjacent to the 
vacancy has also been proposed for the Li/MgO catalyst. l5 

Table 10 Energies of oxidation reaction (oxygen vacancy to hole) in 
doped La,O, 

reaction E,&V 

Vb; + 302(g) -P OX, + 2h' 
O( 1) site 
O(2) site 

2.63 
0.80 
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Table 11 Calculated binding energies of (dopant-hole) centres 

centre" EJeV* 

-0.77 
-0.70 
-0.58 
-0.53 

- 0.56 
- 0.44 
- 0.30 
- 0.20 

@ 0- at O(2) position. Negative value indicates system is bound. 

The present calculations predict a small endothermic 
energy at low temperatures although it is possible that other 
types of oxygen species could have higher stability. This 
energy, when compared with the uncertainties in the contrib- 
uting free-ion terms, suggests a finely balanced equilibrium 
which could be displaced by changes in oxygen partial pres- 
sure. However, the entropic contribution of O,(g) to the total 
free energy will make this reaction less favourable at high 
temperatures. Nevertheless, our result is consistent with 
experimental findingsg which suggest that holes predominate 
at high oxygen partial pressures (> 0.1 kPa). Indeed, most, if 
not all, of the catalytic studies are carried out with oxygen 
partial pressures in excess of 5 kPa. Entropic effects need to 
be included in our calculations to derive a quantitative 
relationship between the oxygen partial pressure and the 
defect concentrations. This is obviously a topic for further 
study. 

In addition to isolated states, calculations were performed 
on (dopant-0 -) complexes comprised of nearest-neighbour 
species which have been linked to possible active sites. The 
results are reported in Table 11 which gives the binding ener- 
gies with respect to the component isolated defects. Note that 
we have employed Kroger-Vink notation where, for example, 
(Sr2+O-) is written as (Srt,Ob). The results reveal that in all 
cases the complexes are bound which is not too surprising in 
view of their opposite effective charges. In any event this sug- 
gests that the 0- species are stabilised by the formation of 
(dopant-0-) entities. It should be added that such inter- 
actions do not necessarily preclude the presence of isolated 
species since clusters will be in equilibrium with single defects. 

Conclusions 
The present study has illustrated how computer simulation 
methods can contribute to the understanding of key solid- 
state properties of the La203 material that are relevant to its 
catalytic behaviour. Four main features emerge from the 
study: , 

(1) The anion Frenkel defect consisting of 02- vacancies 
and interstitials, is calculated to be the predominant intrinsic 
disorder albeit at very low concentrations. Deviation from 
ideal stoichiometry is not significant in accord with the 
known properties of the material; the redox reactions 
confirm that cations with variable valence are not a prerequi- 
site for oxidative coupling of methane. In practice, therefore, 
defect populations in La203 will be largely due to com- 
pensation for dopants or impurities. 

(2) Oxygen diffusion will be associated with an interlayer 
vacancy mechanism [on the 0(1) sublattice] and hence aniso- 
tropic ion transport is anticipated for single crystal La203. 
Moreover, the low activation energy suggests that the oxygen 
vacancies consumed in the oxidation reaction will be readily 

replenished by fast diffusion through the bulk and to the 
catalyst surface. 

(3) The majority compensating defects created by addition 
of alkaline-earth-metal (or alkali-metal) dopants will be O2 - 
vacancies and hence the net flux of oxygen through the doped 
solid will be high. The highest solubility is calculated for Sr 
and will thus be the most effective dopant in producing an 
appreciable vacancy concentration; this is consistent with 
experimental results which find the highest activity for Sr- 
promoted La203.  

(4) We suggest that the catalytic activity may be associated 
with the oxidation reaction: 

Vi + $O,(g) -, 0; + 2h' 

in which 0- holes (large polarons) are created from the 
'filling' of oxygen vacancies by reactant molecular oxygen, 
for which we calculate a small endothermic energy for the 
low temperature limit. Oxygen hole centres are believed to 
facilitate hydrogen abstraction from methane but other 
species, such as 0;-, need to be considered before firm pre- 
dictions may be made. In either case, this oxidation reaction 
is consistent with the observed inactivity of the catalyst in the 
absence of gas-phase oxygen. 
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