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Catalytic conversion of methane to higher hydrocarbons takes place on lithium-doped MgO. To date,
investigations of the Li-doping process have been confined to the bulk and the (100) surface. In this paper,
we describe an investigation of the surface dependence of Li-doping of MgO through an in-depth study of
the (100), (110), and (111) low index surfaces using density functional theory with correction for on-site
Coulomb interactions (DFT+U). Three competing defect configurations were investigated on each of the
surfaces; substitution of Li for Mg with the formation of a compensating oxygen hole state, substitution of
Li for Mg with the addition of a Li surface interstitial and the clustering of two Li ions with the formation
of a neutral [Li′Mg VO

•• Li ′Mg] oxygen vacancy. Our results demonstrate that the energetics associated with the
Li-doping of MgO are strongly surface dependent. On the (100) surface, there is an energy cost associated
with Li-doping, whereas on the (110) and (111) surfaces Li-doping is energetically favored. The implications
of the results for the catalytic activity of the different surface terminations of MgO are discussed.

1. Introduction

Methane is a highly abundant natural resource, and the
identification of catalysts that can transform methane into other
desirable products is a major research aim within the petro-
chemical industry. Oxidative coupling of methane to C2

hydrocarbons enjoyed research popularity in the late 1980s and
early 1990s with the discovery that Li-doped magnesium oxide
catalyzes the coupling of methane1

This catalyst, when operated at high temperatures, was found
to produce a significant fraction of C2 hydrocarbons (ethane
and ethene) with up to 73% selectivity at 7% Li-doping. An
industrial process based on such a catalyst could provide
significant savings over traditional methods of conversion via
synthesis gas.

The most commonly accepted reaction mechanism for
methane coupling over Li-doped MgO begins with the extraction
of a hydrogen atom from methane to form a methyl radical,
which then reacts further with other such radicals present in
the gas phase.2 Wu et al.3 have conducted a high-resolution
electron energy loss spectroscopy study of Li-doped MgO and
have noted that at temperatures greater than 1100 K a new loss
feature at 1.6 eV is observed. This is attributed to the formation
of OO

• electron holes, situated at the surface, which are the
proposed reactive sites for the extraction of hydrogen radicals
from CH4. The presence of a trapped hole on a single oxygen
atom has been confirmed by electron paramagnetic resonance4-8

and through reaction with NO.1,4 Electron spin resonance and
electron nuclear double resonance (ENDOR) techniques have
also been employed in detailed studies of Li-doped MgO defect
centers, allowing both an examination of the geometry of the
defect center and the nature of the electronic hole to be
determined.9-11 The presence of hyperfine components in the
ENDOR spectrum was also attributed to the formation of a
[Li ′MgOO

• ] center with the electronic hole localized on a single
oxygen ion.9 Determination of the geometry of the defect center
is also possible by decomposition of the magnetic hyperfine
interaction, although the calculated Li-O distance depends on
the radial extent of the O 2p orbital function used in the analysis.
On the application of a number of models, Li-O distances in
the range 2.37-2.59 Å were found,9 all of which are substan-
tially longer than the bulk Mg-O distance of 2.11 Å and the
Li-O distance of 2.00 Å in Li2O.

Computational methods have been used extensively to study
oxygen hole formation on Li-doped MgO.12-18 Cluster model
studies using unrestricted Hartree-Fock (UHF) have been
presented by Zuo et al.12 and Lintuluoto and Nakamura.13 The
embedded cluster study of Zuo et al. found a contraction of
21% of the Li-O distance in the defect center, compared to a
bulk MgO bond length,12 which is strongly at variance with
experimental findings that the Li-O distance is elongated.5s8

Lintuluoto and Nakamura considered bare cluster models of the
Li-doped (100) MgO surface and observed a single increased
Li-O interatomic distance of 2.58 Å, which is consistent with
experiment. Analysis of atomic charges and spin densities
showed localization of the hole on the oxygen atom with the
elongated Li-O bond, again showing consistency with experi-
mental results.5-8 Oxygen hole formation has also been studied
using periodic UHF.14-16 When the [Li′MgOO

• ] defect is mod-
eled using periodic UHF, one Li-O distance is elongated to
2.44 Å. The UHF band structure shows that the unpaired
electron occupies an O 2p orbital that is lower in energy than

* To whom correspondence should be addressed. E-mail: watsong@tcd.ie.
Tel: +353 1 8961357.

† Current Address: National Renewable Energy Laboratory, Golden,
Colorado 80401.

2CH4 + 1/2O2 f C2H6 + H2O

2CH4 + O2 f C2H4 + 2H2O

7971J. Phys. Chem. C2007,111,7971-7979

10.1021/jp070200y CCC: $37.00 © 2007 American Chemical Society
Published on Web 05/11/2007



the onset of the valence band. The corresponding unoccupied
O 2p orbital appears as a gap state lying between the valence
band and the conduction band. Both the elongated bond length
and spin localization are consistent with experimental observa-
tions.5-8

In the UHF study by Dovesi et al.,16 the authors additionally
reported a density functional theory (DFT) calculation of the
electronic structure. However, they did not succeed in localizing
the unpaired electron, which was described by DFT as being
distributed over the six oxygens neighboring the Li-dopant. Later
DFT studies have displayed vastly different findings to UHF.17,18

Yang et al.17 investigated electronic hole formation on the (100)
surface within the local density approximation of DFT, while
Dash and Gillan18 investigated the same surface within the
generalized gradient approximation (GGA), starting from a high-
symmetry geometry. In both studies, the Li-O interatomic
distances were found to be equal, and the electronic density of
states (EDOS) calculated for the Li-doped surface shows the
valence band crossing the Fermi level with no defect state
produced in the energy gap. Nolan and Watson have also
conducted a GGA study of this defective surface and have
shown that a symmetry-broken starting geometry also results
in a symmetric solution, with the electronic hole delocalised
over several O centers and uniform Li-O distances.19 These
results show that uncorrected DFT gives a description of the
defect geometry and electronic structure that is inconsistent with
both the calculated UHF results and with experimental data.

The problem of describing localized O 2p holes in doped
metal oxides with DFT is rather widespread.20-26 It has been
extensively discussed for Al-doping of silica20,24,25where the
UHF results are consistent with experiment and the DFT results
are not. Further examples include cuprate semiconductors
(La2CuO4)21 as well as SrCoO322 and LaFeO323,26. The origin
of this problem lies in the failure of DFT to cancel the electron
self-interaction. One approach to compensate for this is to use
DFT corrected for on-site Coulomb interactions for strongly
correlated systems (DFT+U).27s30 In this context, Nolan and
Watson have also studied the electronic structure and energetics
of hole formation for the Li-doped (100) MgO surface using
DFT+U,19 which gave results in agreement with both experi-
mental data and previous UHF calculations in contrast to the
uncorrected DFT calculations described above.

In the present paper, we apply DFT+U to study the surface
dependence of Li-doping of MgO. The difference in charge
between Mg and Li requires the formation of a charge-
compensating defect. There are a number of ways in which this
compensation could take place. The direct substitution of Li
for Mg with electronic compensation, in the form of an oxygen
hole state, produces a catalytically active [Li′MgOO

• ] defect as
previously discussed and which previous studies have considered

However, there are alternative, competing, charge-compensating
mechanisms. Pairs of Mg atoms can be replaced with Li in a
clustered configuration next to an oxygen vacancy. In stoichio-
metric MgO, a neutral oxygen vacancy leaves behind two
electrons. However, in a clustered [Li′Mg VO

•• Li ′Mg] defect,
because each Li-dopant ion has a formal charge of+1 in
comparison with the+2 of Mg, a neutral oxygen vacancy
contains no extra electrons and consequently the defect center
is likely to be catalytically inactive

Another alternative compensating configuration is the sub-
stitution of Li for Mg accompanied by the introduction of an
additional interstitial Li atom. The addition of the Li interstitial
on the Li-doped surface produces another defect center, which
is potentially catalytically inactive

The latter two mechanisms for Li incorporation can also be
thought of as solution mechanisms. In the following work, we
present a study of Li-doping of MgO, examining the different
charge-compensating mechanisms and their dependence on the
(100), (110) and (111) surfaces.

2. Methods

Calculations of equilibrium geometry and electronic structure
for the systems of interest were performed using the periodic
DFT code, VASP,31,32 with valence electrons described within
a plane wave basis set. The interaction between the core (Mg:
[Be] and O: [He]) and valence electrons is handled by the
projector-augmented wave method,33 which approaches the
accuracy of an all electron calculation while maintaining the
computational efficiency of a standard pseudopotential. For Li,
all electrons are explicitly treated as valence. The Perdew-
Burke-Ernzerhof34 gradient corrected exchange-correlation
functional is applied. The calculations performed were fully spin
polarized to be able to describe the unpaired electron produced
on doping Mg(II)O with a single Li(I).

DFT+U has previously been employed to correct for on-site
Coulomb interactions in strongly correlated systems28,35,36and
is applied in all the calculations. In this instance, the term
strongly correlated refers to the physics terminology of strong
Coulomb interactions resulting in localized electronic states. In
HF, the Coulomb interaction is correctly described with the exact
exchange term cancelling the unphysical electron self-interac-
tion. In DFT however, exchange is only approximated, so the
self-interaction is not correctly cancelled. This results in the
self-interaction error, which causes the poor description of
strongly correlated systems.20 DFT+U introduces a HF-like term
to cancel this self-interaction error. This methodology is
generally applicable to cases where DFT fails to give the correct
localized solution. The value ofU, which is applied to the
oxygen p orbitals and which is used in all the work described
herein, is 7 eV, which has previously been shown to be suitable
for the description of the (100) MgO surface with a [Li′MgOO

• ]
defect center,26 giving atomic and electronic structures that are
consistent with both experimental data and earlier UHF results.

To calculate equilibrium lattice parameters for the chosen
model, structural optimizations of bulk MgO were performed
at a series of volumes, allowing the atomic positions, lattice
vectors, and cell angles to relax while the total volume was
held constant. The resulting energy volume curves were fitted
to the Murnaghan equation of state37 to obtain the equilibrium
bulk cell volume, which was then used in generating the surfaces
of interest. This approach was taken to avoid the problems of
Pulay stress and changes in basis set that accompany volume
changes in plane wave calculations.

To describe surfaces within three-dimensional periodic bound-
ary conditions, the slab method was employed. Within this
approach, the model system was constructed as a 2× 2 supercell
two-dimensional slab of finite thickness, periodically repeated
in the three Cartesian dimensions. The (100), (110), and (111)
MgO surfaces were cleaved from bulk MgO configurations
using METADISE.38 The periodic slabs are separated by a

Li2O f Li ′Mg + Li i
• + OO

Li2O + 1
2

O2 f 2[Li ′MgOO
• ]

Li 2O f 2Li′Mg + VO
•• + OO
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vacuum gap in the direction perpendicular to the surface planes,
which is large enough to remove spurious slab-slab interactions.
A vacuum thickness of 15 Å between periodic slab images was
applied in all calculations.

Each surface was tested for convergence of surface energy
against slab thickness. This resulted in thicknesses of 12.12 Å
(6 atomic layers) for the (100) surface, 11.90 Å (6 atomic layers)
for the (110) surface, and 12.22 Å (13 atomic layers) for the
(111) surface. A 2× 2 × 1 k-point sampling mesh and a plane
wave energy cutoff of 500 eV were also used for each surface
to ensure suitable energy convergence. The modifications made
to the atomic structure in preparing defective systems were
performed identically on both sides of the slab to ensure that
the slab dipole moment perpendicular to the surface was zero.

MgO has the B1 rock salt structure, and consequently the
(100) and (110) surfaces are defined by Tasker39 as type 1
surfaces for which the surface layer is a charge neutral array of
equal numbers of cations and anions. Conversely, the (111)
surface is of type 3 being composed of alternating charged
planes that give rise to a dipole perpendicular to the surface.
As a consequence, the bulk crystal can be cleaved to form a
(111) surface terminated with either cations (Mg) or anions (O);
we have considered both surfaces in this work. To remove the
large dipole perpendicular to the surface that would otherwise
be present, half the exposed atoms uppermost on one (111)
surface were transferred to the opposite side of the slab in a
process similar to that employed in other type 3 oxide surface
calculations.40 Previous DFT work has shown such a formation
of (100) microfacetting to be the most stable reconstruction of
the MgO (111) surface.41 For an unmodified (111) surface, the
ions that make up the uppermost surface layer each sit at the
apex of a trigonal bipyramid, and have a coordination environ-
ment with trigonal symmetry. Removing<11h1> rows of ions
from one side of the slab and replacing them on the opposite
side lowers the symmetry of the surface sites, making the three
counterions in the subsurface layer nonequivalent. Two remain
equivalent to each other and occupy five-coordinate bridging
sites, each coordinated to two surface atoms; the third lies on
the other side of the surface ion in a nonbridging four-coordinate
site being coordinated to a single surface ion. In what follows,
these sites will be denoted Xb and Xnb, where X is Mg in the
case of an oxygen-terminated surface, and O in the case of a
magnesium-terminated surface. For each surface considered, a
full ionic relaxation was performed after construction to find
an equilibrium energy and geometry. The structures were
deemed to be converged when the forces on all the ions were
less than 0.01 eV Å-1.

DFT+U calculations using the same calculation parameters
and convergence criteria as described above were also performed
on Li2O and molecular oxygen, so that consistent energies could
be obtained for use in the defect formation energy calculations
presented below.

3. Results

3.1. Pure Surfaces.The relaxed surface energies for the
stoichiometric surfaces are 0.91 J m-2 for the (100) surface,
2.31 J m-2 for the (110) surface, 3.44 J m-2 for the Mg-
terminated (111) surface, and 3.58 J m-2 for the O-terminated
(111) surface. The (100) surface is by far the most energetically
stable stoichiometric surface, as expected for rock salt-structured
metal oxides.

The relaxed (100)-terminated surface results in a nearest
neighbor Mg-O interatomic distance of 2.11 Å on the surface,
which is relatively unperturbed from the bulk. For the (110)

surface, two pairs of Mg-O atoms are relaxed to interatomic
distances of 2.11 Å and 2.02 Å, respectively. The Mg-terminated
(111) surface distorts strongly upon relaxation and results in
three-coordinate surface cation sites with two Mg-O interatomic
distances of 1.88 Å and one of 1.86 Å. For the O-terminated
(111) surface, there are two unique types of cation site. The
surface nonbridging site is four-coordinate with two Mg-O
distances of 2.20 Å, one of 1.99 Å, and one of 1.86 Å. The
corresponding bridging cation site is five-coordinate with two
oxygens at a distance of 2.28 Å, two at 1.88 Å, and one at 2.19
Å. These equilibrium geometries are in good agreement with
previous MgO surface studies.41-43

3.2. Lithium-Doping with Oxygen Hole Electronic Com-
pensation. To construct the Li-doped MgO surfaces with
electronic compensation in the form of an oxygen hole, a surface
Mg atom was replaced with a Li atom. The symmetry of the
defect site was then lowered by moving one oxygen adjacent
to the Li-dopant off its lattice site by extending the relevant
Li-O bond length. This breaking of symmetry has been shown
to be necessary to achieve relaxation to a geometry with a
correctly localized electronic structure.19

The DFT+U relaxed geometry for the [Li′MgOO
• ] (100)

structure, with the dopant in a surface site, is shown in Figure
1. There is a single elongated Li-O distance of 2.38 Å, com-
pared to the pure Mg-O surface distance of 2.11 Å, and a
corresponding shortened Li-O distance of 1.92 Å, both of which
are colinear along the<010> direction. The remaining inter-
atomic distances in the surface layer are less strongly perturbed.
The geometry qualitatively agrees with previously published
experimental and UHF data5-8,13-16 and our previous DFT+U
calculations, in which a 5-layer slab of the (100) surface was
used.19

When doping the (110) surface, one of the Mg atoms in an
upper ridge was chosen as the substitution site. The subsequently
relaxed geometry is shown in Figure 2. A single Li-O distance
is elongated to 2.43 Å, compared with 2.22 Å on the pure (110)
surface.

Figure 1. The relaxed DFT+U geometry of Li-doped (100) MgO with
[Li ′MgOO

• ] defect. Side view (upper panel) and top view (lower panel)
of the geometry around the Li-dopant. The Mg atoms are colored green,
Li atoms colored purple, O atoms coordinated to the Li colored blue,
and all other oxygen atoms colored red.
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For the Mg-terminated (111) surface, again a Mg ion at the
surface was replaced with a Li-dopant. The oxygen atoms
coordinated to this cation site are of two nonequivalent types
(Ob and Onb) and calculations were performed where each of
these was moved from their respective lattice sites before the
relaxation was begun. Ionic relaxation of both these two starting
geometries resulted in the same converged structure with an
increase in the Li-Onb distance from 1.86 to 1.89 Å (Figure
3). This is a smaller increase than for the (110) and (100)
surfaces, which may be due to the lack of an oxygen ion in the
site opposite the extended Li-O bond that would provide a
Coulombic interaction reinforcing bond extension.

For the O-terminated (111) surface, there are two possible
Mg lattice sites at which the Li-dopant can be introduced (i.e.,
the bridging and the nonbridging sites). Calculations were
performed on the two configurations, and for both configurations
elongation of one Li-O distance was found with Li-O
distances of 2.19 Å (from 1.88 Å in the pure surface) and 1.89

Å (from 1.86 Å in the pure surface) for the bridging and
nonbridging dopant sites, respectively. The relaxed structure of
the nonbridging [Li′MgOO

• ] defect on the oxygen-terminated
(111) surface is shown in Figure 4.

To examine the effect of the presence of a [Li′MgOO
• ] defect

on the electronic structure, the partial (ion and angular momen-
tum decomposed) electronic density of states (PEDOS) were
calculated by projecting the wavefunctions onto spherical
harmonics centered on the ions, with radii of 1.40 Å for Mg,
1.50 Å for O, and 1.40 Å for Li. These radii are consistent with
charge density plots of the valence electron density and result
in the correct number of valence electrons for such a projection.
Figure 5a-d shows the spin-polarized O 2p PEDOS for the O
ion with the elongated Li-O distance for the (100), (110), (111)
Mg-terminated and (111) O termination (bridging oxygen). The
energy is plotted relative to the top of the valence band. A
narrow peak is present 5 eV below the valence band edge for
the (100), (110), and Mg-terminated (111) surfaces, which arises
from population of the O 2p state with a single electron. A wide
band of states extends from 4.5 eV below the valence band up
to the valence band edge. For the O-terminated (111) surface,
the lower energy peak is coupled with this main O 2p valence
band. Finally, an unoccupied gap state is found 1.0 eV (100),
1.4 eV (110), 1.9 eV Mg-terminated (111) and 1.4 eV O-
terminated (111) above the valence band and below the onset
of the conduction band. This gap state arises from the O 2p
hole trapped on the oxygen ion and is a consequence of the+1
charge Li-dopant replacing a Mg ion with a formal charge of
+2.

To clarify the nature of the gap state identified from the
PEDOS, the partial electron density was calculated for the region
of the EDOS around the gap states in each surface. A density
slice is shown for the (100), (110), and (111) Mg-terminated
and (111) O-terminated (nonbridging) in Figure 6a-d. For each
system, the excess spin is of O 2p character and is strongly
localized on a single O- ion, the oxygen ion with the Li-O
interatomic distance extended relative to the corresponding MgO
bond length in the stoichiometric surface. Both terminations of
the (111) surface exhibited the same characteristics in the
electron density. The PEDOS and partial electron density maps
together clearly demonstrate the existence of a localized

Figure 2. The relaxed DFT+U geometry of Li-doped (100) MgO with
[Li ′MgOO

• ] defect. Side view (upper panel) and top view (lower panel)
of the geometry around the Li-dopant.

Figure 3. The relaxed geometry of the Li-doped (111) Mg-terminated
MgO surface with [Li′MgOO

• ] defect, indicating the bridging and
nonbridging nearest-neighbor sites. Side view (upper panel) and top
view (lower panel) of the geometry around the Li-dopant.

Figure 4. The relaxed geometry of the Li-doped (111) O-terminated
MgO surface with [Li′MgOO

• ] defect (shown for the nonbridging
Li-dopant). Side view (upper panel) and top view (lower panel) of the
geometry around the Li-dopant.
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electronic hole state on O in each of the low index surfaces of
MgO. This illustrates that DFT+U, as employed in this study,
can accurately describe the electronic effects of this Li-defect
on different MgO surfaces.

The energy of formation associated with the [Li′MgOO
• ]

defect on each surface can be calculated according to the
following equation:

The calculated formation energies are listed in Table 1 with
DFT+U applied to oxygen in all systems. It should be noted
that these formation energies have not been corrected for the
well-documented errors in the DFT-calculated binding energy
of O2.44-47 In standard DFT, this error normally overstabilizes
O2 by as much as 0.7 eV with reference to experiment.48

However, comparison with the experimental value49 indicates
that the error when using DFT+U is only of the order of 0.1
eV.

The formation of the [Li′MgOO
• ] oxygen hole defect on MgO

is energetically favorable (negative formation energies) for the
(110) and (111) surface terminations. For the more stable (100)
surface, the cost of forming the defect is 0.51 eV Li-1.

3.3. Lithium-Doping with Oxygen Vacancy Formation.To
form a [Li′Mg VO

•• Li ′Mg] defect, two magnesium surface atoms
are each replaced with lithium in a clustered configuration, and
a single neighboring oxygen atom is removed to form an oxygen
vacancy. Two different oxygen vacancy configurations were
considered for the (100) Li-doped surface, both of which are
shown in Figure 7. In the first arrangement, the two Li ions are
in a linear configuration with the oxygen vacancy in between
them (labeledR100) and with all three sites lying in the surface
(100) plane. In the second configuration, the two Li ions are
positioned so that the vacancy forms a 90° angle between them
(type â100) again with all three sites in the surface plane. The
relaxed geometries for both configurations are displayed in
Figure 7a,b. In both cases, ionic relaxation results in all
surrounding cations moving away from the vacancy site.

Three different oxygen vacancy configurations were explored
for the doped (110) MgO surface. The first (typeR110) has both

Li ions on one ridge of the surface with the oxygen vacancy
directly between them in a colinear arrangement, as shown in
Figure 8a. The second configuration (typeâ110) consists of two
Li ions sitting on adjacent ridges on the surface with the oxygen
vacancy on the surface of the lower ridge between them, forming
a 90° Li-V-Li angle, Figure 8b. In the third configuration (type
γ110), one Li ion sits in a Mg site on a ridge and the second is
in an adjacent Mg site in one of the two neighboring lower
Mg-O-Mg rows. The oxygen vacancy is again on an upper
ridge forming a 90° Li-V-Li angle, Figure 8c. In all cases,
ionic relaxations resulted in the neighboring cations moving
away from the vacant oxygen lattice site with the smaller singly
charged Li substituents moving further off their lattice sites than
the unsubstituted Mg ions.

A single oxygen vacancy configuration was calculated for
the Mg-terminated (111) MgO surface, which is shown in Figure
9a. The two Li-dopants lie in the same exposed uppermost row
of ions with the oxygen vacancy in a bridging lattice site in the
adjacent subsurface row of five-coordinate oxygens. Relaxation
of the structure resulted in the distortion of the Li ions away
from their substitutional positions. The resulting Li-O inter-
atomic distances for each Li ion are reduced to 1.83 and 1.70
Å.

For the oxygen-terminated (111) surface, two different
vacancy configurations were considered. In both cases, the
vacancy site was a surface-terminating oxygen site. Such sites
have three neighboring cation sites, two bridging and one
nonbridging, and two of which are substituted by Li in creating
the vacancy. This gives one possible structure where the two
Li atoms occupy the nonbridging site and one of the (equivalent)
bridging sites, Lib-V-Linb, and another structure where both
the bridging sites are substituted, Lib-V-Lib. The first of these
gives a relaxed structure with the two Li ions distorted away
from their initial positions and drawn toward the bulk, Figure
9b, with Li-O interatomic distances of 1.91 and 2.02 Å. The
second configuration shows similar distortions upon relaxation
with Li-O interatomic distances of 1.83 Å (Figure 9c).

The valence electron density isosurfaces for the oxygen
vacancy configurations on the (100) surface are shown in Figure

Figure 5. O 2p PEDOS for Li-doped MgO surfaces with [Li′MgOO
• ] defect (black spin up, gray spin down). (a) (100) termination, (b) (110)

termination, (c) (111) Mg termination, and (d) (111) O termination (bridging oxygen).

MgOslab+ Li2O + (1/2)O2 f MgO(2[Li - O])slab+ 2MgO
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7c,d. Accumulation of charge density is not observed in the
vacancy positions on each of these surfaces, indicating that this
defect does not result in a localized charge on the oxygen ions,
in contrast with the observations made for the [Li′MgOO

• ] defect
center. The vacancy sites for the other surface terminations are
similarly found to have an absence of charge density.

The calculated EDOS were examined for each of the vacancy
structures. No defect gap states were found, and this absence
of a compensating electronic hole state is consistent with the
charge density plots.

The energies of formation of the [Li′Mg VO
•• Li ′Mg] defect

centers were calculated according to

The energies for each surface are listed in Table 2. For the (100)
surface, the two vacancy configurations (R100 andâ100) are iso-
energetic with formation energies of+0.65 eV per Li atom.
For the (110) surface, the formation energies for the three
configurations are-0.99 eV (typeR110), +0.52 eV (typeâ110),
and -0.27 eV (typeγ110), indicating that oxygen vacancy

formation is more stable in the outermost layer with the ordering
of energies as might be expected from electrostatic consider-
ations. For the Mg-terminated (111) surface, the vacancy
formation energy is-0.70 eV, while for the O-terminated (111)
surface, the formation energy is-1.36 eV for one Li in a
bridging site and the other in the nonbridging site. The
alternative (111) O-terminated vacancy (both Li atoms in
bridging sites) has a formation energy of-0.73 eV. Substitution
by a Li atom at a bridging five-coordinate Mg site is energeti-
cally unfavorable compared with alternative substitution at a
nonbridging four-coordinate site.

3.4. Lithium-Doping with Lithium Interstitials. Li-doping
of the surfaces of MgO with additional lithium interstitials to

Figure 6. Side view of the partial electron density around the defect
state in Li-doped MgO with [Li′MgOO

• ] defect on the (a) (100) surface,
(b) (110) surface and (111) (c) O-terminated, and (d) Mg-terminated
surfaces. The density shows localization on the oxygen atoms neighbor-
ing the Li-dopant. The contour map is shown for from 0 (blue) to 0.4
electrons Å-1 (red).

MgOslab+ 2Li2O f MgO(2[2Li + Ovac])slab+ 4MgO

Figure 7. Top views for (a) TypeR100and (b) Typeâ100 [Li ′Mg VO
••Li ′Mg]

defect configurations in the (100) Li-doped surface of MgO. The oxygen
vacancy position is indicated schematically by a blue atom. The
resulting charge densities are shown in (c) and (d), respectively, for
the surface layer. The isosurface (blue) is shown for 0.15 electrons
Å-1.

Figure 8. Top views of the three [Li′Mg VO
•• Li ′Mg] defect configura-

tions for Li-doped (110) MgO: (a)R100, (b) â110, and (c)γ110. The
oxygen vacancy position is indicated schematically by a blue atom.
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produce a [Li′MgLi i
• ] defect have also been considered, and the

resulting structures are shown in Figure 10a-c. For the (100)
surface, the interstitial lithium is coordinated to a single oxygen
atom and the substituted Li atom (Figure 10a). The interstitial
Li in the (110) surface is bridging between two surface oxygen
atoms (Figure 10b). For the Mg-terminated (111) surface, the
interstitial Li in a [Li′MgLi i

•] defect is coordinated to three
oxygen ions (Figure 10c). Such surface interstitial sites would
be occupied by surface Mg atoms in a non-reconstructed MgO
(111) surface, and it is therefore unsurprising that they provide
stable sites for an additional interstitial cation when the surface
has been reconstructed to give (100) microfacetting. The
corresponding sites for the O-terminated (111) surface would
be occupied by O atoms in a non-reconstructed surface, and
each vacant site has three neighboring Mg cations. It is therefore
electrostatically unfavorable for these sites on the (100) micro-
facetted surface to be occupied by an interstitial Li cation, and
no attempt was made to model what would be a very high-
energy configuration. Examination of the electron density and
density of states confirmed the absence of any defect state in
the band gap, as expected due to the presence of two Li atoms.

The energy of formation for the [Li′MgLi i
•] defect can be

calculated using the equation

The formation energies for each surface are shown in Table 3.
Generation of the [Li′MgLi i

•] defect is only unfavorable on the
(100) surface with a formation energy of+0.51 eV Li-1. The
(110) and Mg-terminated (111) surfaces result in energies of
-0.59 and-1.06 eV Li-1 respectively.

4. Discussion

For the three surfaces considered, the effect of Li-doping with
oxygen hole electronic compensation on the geometry and
electronic structure is qualitatively the same. All doping
positions show an elongation of a single Li-O interatomic
distance, although the precise length of the extended bond varies
between surfaces. For example, for the (100)-terminated MgO
surface the Li-O distance is 2.37 Å, while it is 1.89 Å for the
(111) surface. All the [Li′MgOO

• ] defect centers display the same
features in the electronic structure: localization of the electronic
hole on a single oxygen site (the oxygen ion involved in the
elongated Li-O distances) and the appearance of a new feature
in the electronic density of states, lying between the valence
band and the conduction band. Thus, we have demonstrated
that formation of a (potentially) catalytically active defect center
through substitutional Li-doping is possible on each of the low
index surfaces.

The formation of the [Li′MgVO
••Li ′Mg] defect center also pro-

duces similar results on each surface. For all the configurations
considered, there are no electrons present in the vacancy site
and no gap state is observed in the EDOS. The absence of charge
in the vacancy site indicates these defect centers are likely to

be catalytically inactive, a result which is independent of the
choice of surface.

The formation of the [Li′MgLi i
•] defect center also displayed

results that are again qualitatively the same for the three surfaces.
The calculated EDOS do not contain any gap states, and no
excess or localized charge is found in the equilibrium charge
density. This indicates the formation of another defect center,
which is likely to be catalytically inactive; this is a result that
is independent of the choice of surface.

Differences between the surfaces are found when the forma-
tion energies of these defects are considered. For the stable low
energy (100) surface, all three types of Li-doping are energeti-
cally unfavorable. Of the three defect types considered, Li-
doping of the surface with oxygen hole electronic compensation
and Li interstitials are by far the most energetically accessible
defects with formation energies of+0.51 and+0.50 eV per
Li-dopant, respectively. In comparison, the formation energy
of an oxygen vacancy on the Li-doped surface is+0.65 eV
Li-1. However, in a low oxygen partial pressure environment
the formation of an oxygen vacancy will be more favored.

For the (110) and (111) surface terminations, very different
results are found. For the (110) surface, there are negative
formation energies for the three Li-defect centers. This indicates
that either defect center could readily form on this surface. Of
the different defects and configurations considered, the isolated
[Li ′MgOO

• ] defect is the most energetically favorable (-1.58 eV
per Li) with the linear oxygen vacancy configuration (R110) also
highly favored (-0.99 eV). The only unfavorable defect
configuration is theâ110 oxygen vacancy where the oxygen
vacancy is between the Li-dopants but is situated in the plane
of a lower surface ridge in a fully coordinated lattice site. For
the Mg (111)-terminated surface, the formation of each defect
type is also energetically favorable. The isolated [Li′MgOO

• ]
defect has a formation energy of-2.04 eV, while the oxygen
vacancy and lithium interstitial defects result in a defect again
of -0.70 eV and-1.06 per Li-dopant, respectively.

Similar results are found for the O-terminated (111) surface
where the formation of the defect centers are again energetically
favored over the stoichiometric MgO surface. The nonbridging
[Li ′MgOO

• ] defect results in an energy gain of-2.06 eV, while
the [Li′MgVO

•• Li ′Mg] defect results in the formation energy of
-1.36 eV Li-1. The alternative oxygen vacancy with lithium
substituents in both the bridging sites has a slightly less favorable
formation energy of-0.73 eV. This difference is because
substituting at a four-coordinate-nonbridging site causes a
smaller penalty to the Madelung energy than doing so at a five-
coordinate-bridging site, as seen above in the energetics of the
[Li ′MgOO

• ] O-terminated (111) surface.
The strong surface dependence for the Li-doping of MgO is

of consequence for catalytic reactions. The interaction of a hydro-
gen atom with the Li-defect site on the surface of Li-doped MgO
is currently considered as the most likely mechanism for the
catalytic coupling of methane. A C-H bond of methane is
cleaved with the resulting hydrogen bonding to the surface O-

site produced by the Li-dopant. This DFT+U study suggests
that of the defect centers considered, isolated [Li′MgOO

• ] defects
are energetically favorable on the (110)- and (111)-terminated
surfaces. However, on both these surfaces the formation of
oxygen vacancies and Li interstitials upon Li clustering are also
energetically favorable and thus will show dependence on
oxygen partial pressure. With a high dopant concentration, it is
therefore possible that defect centers will be adopted that do
not contain an active O- site, hence, reducing the catalytic
activity of the material. This corresponds qualitatively to

TABLE 1: Energy of Formation for the [L i′MgOO
• ] Defect on

the Low Index Surfaces of MgO

surface energy of formation (eV per Li)

(100) +0.51
(110) -1.58
Mg-terminated (111) -2.04
O-terminated (111) - Linb -2.06
O-terminated (111) - Lib -1.08

MgOslab+ 2Li2O f MgO(2[2Li])slab+ 2MgO

Surface Sensitivity in Lithium-Doping of MgO J. Phys. Chem. C, Vol. 111, No. 22, 20077977



experimental evidence that increasing the Li-dopant concentra-
tion above 7% leads to a reduction in the catalytic activity of
Li-doped MgO.48

5. Conclusions

In this study, we have used DFT+U to investigate the defect
centers in Li-doped MgO on the low index (100), (110), and
(111) surfaces. We have investigated structural, electronic, and
energetic features of the defect centers formed through isolated
Li-doping with electronic compensation (the formation of
catalytically active oxygen hole states) and through clustering
of pairs of Li atoms accompanied by oxygen vacancy formation
or Li interstitials.

On the three surfaces, Li-doping with electronic compensation
results in a distortion of the geometry around the dopant site
with strong elongation of a single Li-O distance. This oxygen
atom is found to carry the electronic hole that results from the
doping process, and a new electronic state appears between the
valence band and the conduction band in agreement with
experiment.

To examine the possible mechanism for Li-doping on each
of the low index surfaces, we have computed defect energies
of formation for each of the Li-defect centers. We find a very
strong surface dependence. On the (100) surface, while all the
defects considered cost energy to form, Li-doping with oxygen
hole electronic compensation or Li interstitials are favored
relative to oxygen vacancy formation on the doped surface.
Conversely, the formation of an oxygen vacancy is favored on
the doped (110) surface. Importantly, the formation of each
defect configuration results in a substantial energy gain over
the stoichiometric surface. As such, either defect could be
expected to form readily. On both terminations of the (111)
surface, energy gains are also observed for formation of each
defect center. Isolated Li-doping with oxygen hole formation
is the most energetically favored defect for the Mg-terminated
surface, and vacancy formation is the most favored for the
O-terminated surface.

The results presented in this paper follow from a detailed
examination of the surface dependence of formation of defect
centers in Li-doped MgO as well as an understanding of the
relative stability of active and inactive defect centers. This
provides a foundation for a complete description of the catalytic
coupling of methane on doped metal oxide surfaces.

Figure 9. The relaxed geometry of the [Li′MgVO
••Li ′Mg] defect on (a) the (111) Li-doped Mg-terminated, (b) the Lib-O-Linb configuration on the

(111) O-terminated surface, and (c) the Lib-O-Lib configuration on the (111) O-terminated surface. The oxygen vacancy position is indicated
schematically by a blue atom.

Figure 10. The relaxed geometry of the [Li′MgLi i
•] defect for (a) (100)

surface, (b) (110) surface, and (c) (111) Mg-terminated surface.

TABLE 2: Energy of Formation for the [L i′Mg VO
••Li ′Mg] Defect

on the Low Index Surfaces of MgO

surface energy of formation (eV per Li)

(100) +0.65 (R100,â100)
(110) -0.99 (R110)

+0.52 (â110)
-0.27 (γ110)

Mg-terminated (111) -0.70
O-terminated (111) -1.36

-0.73 (both Li bridging)

TABLE 3: Energy of Formation for the [L i′MgL i i
•] Defect on

the Low Index Surfaces of MgO

surface energy of formation (eV per Li)

(100) +0.50
(110) -0.59
Mg-terminated (111) -1.06
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