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Oxygen adsorption onto pure and doped Al
surfaces – the role of surface dopants

Cláudio M. Lousada* and Pavel A. Korzhavyi

Using density functional theory (DFT) with the PBE0 density functional we investigated the role of

surface dopants in the molecular and dissociative adsorption of O2 onto Al clusters of types Al50,

Al50Alad, Al50X and Al49X, where X represents a dopant atom of the following elements Si, Mg, Cu, Sc, Zr,

and Ti. Each dopant atom was placed on the Al(111) surface as an adatom or as a substitutional atom, in

the last case replacing a surface Al atom. We found that for the same dopant geometry, the closer is the

ionization energy of the dopant element to that of elemental Al, the more exothermic is the dissociative

adsorption of O2 and the stronger are the bonds between the resulting O atoms and the surface.

Additionally we show that the Mulliken concept of electronegativity can be applied in the prediction of

the dissociative adsorption energy of O2 on the doped surfaces. The Mulliken modified second-stage

electronegativity of the dopant atom is proportional to the exothermicity of the dissociative adsorption

of O2. For the same dopant element in an adatom position the dissociation of O2 is more exothermic

when compared to the case where the dopant occupies a substitutional position. These observations

are discussed in view of the overlap population densities of states (OPDOS) computed as the overlap

between the electronic states of the adsorbate O atoms and the clusters. It is shown that a more

covalent character in the bonding between the Al surface and the dopant atom causes a more

exothermic dissociation of O2 and stronger bonding with the O atoms when compared to a more ionic

character in the bonding between the dopant and the Al surface. The extent of the adsorption site

reconstruction is dopant atom dependent and is an important parameter for determining the mode of

adsorption, adsorption energy and electronic structure of the product of O2 adsorption. The PBE0

functional could predict the existence of the O2 molecular adsorption product for many of the cases

investigated here.

Introduction

Interactions between oxygen and aluminum are of interest for
many technological applications that involve this metal, such as
catalysis and diverse areas of material technology.1 Aluminum,
the most abundant metal in the earth’s crust, is already used in a
wide variety of processes but still finds innovative usages in many
different applications. Upon exposure to oxygen, aluminum
metal surfaces are readily passivated by a layer of oxide which
enhances their corrosion resistance.2 The high exothermicity of
the reaction of aluminum with oxygen leads to the formation of
an oxide which is thermodynamically stable under a wide variety
of conditions.3 Understanding the interactions between oxygen
and aluminum is thus important in order to further improve and
better predict the performance of aluminum based materials.

Gaining detailed knowledge of the interactions, adsorption
and further reactions of O2 with metal surfaces is challenging for
both experimental and theoretical approaches.4 This is mostly
due to the fact that these processes are fast and involve changes
in the spin state of O2 as the gas-phase molecule interacts with
surfaces of metals.5 It is known from experimental1,6,7 and
theoretical1,7–9 investigations that the reaction of dissociation of
O2 at Al surfaces is very fast: the molecular adsorption product of
O2 has little stability and consequently it is short-lived. Never-
theless, at the Al(111) surface, the molecular adsorption of O2

occurs leading to a stable product.8,9 The adsorption of the O
atoms resulting from the dissociation of O2 is generally con-
sidered as the initial step of the process of oxidation of Al.8,10–12

The fact that an energy barrier for O2 adsorption is not predict-
able in many computational studies has been attributed to the
limitations of single determinant electronic structure calculation
methods in describing the triplet–singlet transition that occurs in
O2 when the molecule starts to interact with a metal surface.4,13

The change in spin multiplicity in O2—that is subject to the
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Wigner spin selection rules—has been appointed as one of the
main underlying causes for the existence of an energy barrier
for the homolytic cleavage of the O–O bond in O2 at metal
surfaces.5,14 Other phenomena such as non-local exchange
effects15 or short-ranged correlation effects13 also contribute
for the existence of the energy barrier for O2 cleavage. All these
phenomena are at the origin of the low dissociative sticking
probability7,16 (o0.01) for O2 at Al(111).17 Additionally, the
presence of other chemical elements at the surface of Al is
known to affect the chemistry and dynamics of the interactions
of O2 with these surfaces.18 These systems present an additional
level of complexity in what concerns the electronic structure of
the surface–adsorbate complex when compared with the surface
of a pure metal.

It has been shown experimentally that the adsorption of O2

onto Al(111) at low temperatures between 85 and 150 K gives
rise to close-spaced dimers of surface bound O atoms which are
distributed at the surface at large separations—of several tenths
of Å between dimers.19 The spacing between the O atoms in the
dimers lies in the range of one to three Al interatomic distances.
In the cited study it was found that even though these O atoms
are close-spaced, they are not bound to each other and are in the
form of atomic O. The underlying reason for the close spacing of
these species might reside on the fact that after homolytic O2

splitting, due to their strong interactions with the surface, the
adsorption of the resulting O atoms is very exothermic—in the
order of 5 eV per O atom.11 This fact, together with the inter-
actions between the O atoms, limits the surface mobility of the
O atoms at low temperatures. A reason for the apparent
randomness of the surface distribution of O dimers has not
been specified but based on the existing knowledge of the effect
of surface defects in lowering many energy barriers for homo-
lytic bond cleavage in adsorbates, the role of surface defects
should not be excluded as an underlying cause for this apparent
randomness.20

The adsorption of O2 onto a metal surface is accompanied
by charge transfer from the surface to the O2 molecule. The
lowest unoccupied molecular orbital (LUMO) of O2 is an
anti-bonding 2p* orbital. Populating this orbital leads to the
weakening and ultimately to the splitting of the bond in O2. In
spite of the challenges which electronic structure methods face
for correctly describing the chemistry of O2 at metal surfaces,21

hybrid DFT functionals could previously successfully grasp the
details of the molecular adsorption structure and the energy
barrier for splitting the O2 molecule at the Al(111) surface.22 The
pure DFT functionals based only on the generalized gradient
approach (GGA) or local density approximation (LDA) fail to
account for an energy barrier for dissociative adsorption of O2

and thus cannot locate the molecular adsorption structure in the
adiabatic potential energy surface.5,8,23,24 The reason for this
discrepancy with experiments has been attributed to the fact that
the energy of the LUMO of O2 as predicted by GGA or LDA type of
functionals lies below the Fermi level of Al.22 According to the
authors, this makes the charge transfer from the Al surface to O2

a spontaneous and barrierless process when described using
such functionals. The hybrid DFT functionals place the LUMO

orbital of O2 at energies above the Fermi level of Al and
consequently can account for the existence of an energetic
barrier for electron transfer from the surface to the O2 orbitals.
This suggestion that hybrid DFT is always able to predict the
existence of a barrier for the cleavage of O2 in view of the placement
of the electronic energy levels of O2 and of the surface will be
discussed in this work.

In this work, we report the results of the investigation of the
effect of the presence of dopant atoms on the adsorption of O2

onto the Al(111) surface using DFT. This study compares the
adsorption of O2 onto a plane Al(111) surface and onto surfaces
where one dopant atom of the following elements was added,
Zr, Ti, Si, Sc, Mg, and Cu. Two types of geometry for the dopant
atom were investigated: one consisting of the dopant as an
adatom; the second is the case where the dopant substitutes an
Al(111) surface atom—making a plane Al(111) surface with a
substitutional impurity. We found that both the type of doping
element and its disposition at the Al(111) surface can greatly
affect the bonding, the mechanism and the energetics of O2

adsorption onto the Al(111) surface.

Computational details

The DFT calculations were performed using cluster25 models of
Al and the software package Jaguar 7.9.26 The geometry optimiza-
tions were done using the hybrid density functional PBE0.27,28 The
PBE0 functional has previously provided a good description of the
electronic properties and structures of Al clusters.29,30 For geo-
metry optimizations, the all-electron 6-31G basis set was employed
for non-transition metal atoms. This implies 13 basis functions per
Al atom. For the transition-metal atoms, Zr, Cu, Ti, and Sc, the
LACVP basis set was used. The basis set LACVP is a combination of
the split valence basis set 6-31+G(d) and the Los Alamos effective
core potential (ECP) (ref. 31) for transition metals. The single point
energy calculations were done using the split valence, all-electron
triple-z basis set 6-311G++** for non-transition metals, which
corresponds to 21 basis functions per Al atom. This basis set
supplements all atoms with polarization and diffuse functions.
The transition metals were treated with the LACV3P++** basis set
which is the triple-z implementation of the LACVP basis set and
augments the transition metal basis set with polarization and
diffuse functions. The effect of the addition of an a posteriori term
of D3 type to the energies obtained with PBE0 for accounting for
dispersion interactions was also investigated. This is the zero-
damping, two-body only correction as previously suggested by
Grimme et al.32,33 Tight convergence criteria and ultrafine inte-
gration grids were used for all the calculations (atomic units):
rms gradient o3 � 10�4; maximum gradient o4.5 � 10�4; rms
step o1.2 � 10�3; maximum step o1.8 � 10�3; maximum
change in total energy between two consecutive steps o5 � 10�5.

The adsorption energies reported herein were calculated as

DEads = Eadsorbate/cluster � (Eadsorbate + Ecluster)

where Eadsorbate/cluster, Eadsorbate, and Ecluster represent the 0 K
electronic energies in the gas-phase for the adsorbate binding

Paper PCCP

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
D

ec
em

be
r 

20
14

. D
ow

nl
oa

de
d 

on
 6

/1
8/

20
26

 2
:2

8:
30

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c4cp04277h


This journal is© the Owner Societies 2015 Phys. Chem. Chem. Phys., 2015, 17, 1667--1679 | 1669

to the cluster, free adsorbate and bare cluster respectively. This
definition means that the more negative is the adsorption
energy, the stronger is the adsorption. The cluster models
implemented here conform to the three principles proposed
to model metal oxides using clusters.34,35 These principles are
the neutrality principle, the stoichiometry principle and the
coordination principle.

The electronic structure descriptors such as density of states
and orbital analysis were calculated using the software package
AOMix.36 The methods used to compute the overlap population
density of states (OPDOS) as well as the contribution of O atom
orbitals to bonding, both as a function of the orbital energies,
are the standard methods employed37,38 and described in
AOMix. The fragments considered for computing the OPDOS
consist of the clusters (fragment 1) and the O atoms (fragment 2).
The OPDOS shown and discussed in this work are the result of
the overlap between the electronic states of these two frag-
ments. The OPDOS computation method allows the determina-
tion of the contribution of the orbitals of a given fragment—at
certain energies—to the one-electron levels of a product where
such fragment is part of. OPDOS plots use Mulliken population
analysis39 (MPA) as a method for the electron population
analysis. When used to study changes in electron populations
due to adsorption40 or to compare the electron populations of
clusters that only differ slightly in chemical composition,41 the
MPA approach has proved to be a reliable method.

Results and discussion
Pure Al clusters

It has been demonstrated previously that adsorption and
further reactions on surfaces of pure metals and alloys can be
fairly well-modelled using cluster models provided that low
coverages of adsorbates are considered.18,42–44 The clusters of
Al used in this work were built following some fundamental
criteria recurrently suggested to model surfaces using cluster
models.45 The clusters were built keeping in mind that these
properties should be conserved when the surfaces are sliced
from the extended crystal structures. It has been shown addi-
tionally that a high level of symmetry is a desirable feature of
cluster models of metals in order to avoid instabilities in the
corresponding wave-function and to speed up its determina-
tion.46 The clusters used in this work are of types Al50 (C3v),
Al50Alad, Al50Xad and Al49Xsub,—with X representing the surface
dopant, ad in the adatom position and sub in the substitutional
position replacing an Al(111) atom. The dopants considered are Si,
Mg, Cu, Sc, Zr and Ti. These clusters have the highest symmetry
possible for a 50-atom pyramidal-shaped cluster based on the (111)
surface cut from a fcc crystal structure. For the geometry optimiza-
tions, the coordinates of the (111) surface and the inner atoms
were allowed to relax while the coordinates of the atoms compris-
ing the other facets of the clusters were kept fixed.

It has been also previously illustrated the need for using an
all-electron basis set for accurately describing the chemistry of
higher oxidation states of Al.47 For the present work, this fact

was taken into account given that the goal is to investigate the
molecular adsorption of O2, its cleavage and the formation of
the first Al–O bonds that will further lead to stoichiometric
aluminum oxide. Furthermore, a study on the binding of O2 to
transition metals revealed high sensitivity of the overlap popu-
lations obtained in what concerns the type of basis set used.48

Employing a triple-z all-electron basis set avoids orbital overlap
artifacts due to the rigidity of the ECP approach for describing
the charge-exchange reactions involving a small atom such as
Al. Additionally, the limitations of the double-z basis sets for
describing the perturbed orbitals of Al when these interact with
O are avoided.49 An all-electron basis set was used for all the
calculations involving the clusters of Al50 type. It is known that
the cohesive energy of Al clusters with sizes ranging from 36 to
72 Al atoms shows only small fluctuations with cluster size.50

For the first ionization energy of closed shell Al clusters, conver-
gence within less than 0.25 eV occurs already for clusters larger
than 30 Al atoms.51 Furthermore, the PBE0 density functional has
demonstrated very good accuracy for describing electronic and
structural properties of Al9 type of clusters.29 Additionally, due to
bonding with the O atoms of O2, the loss of electron density from
the Al atoms of the Al50 cluster is delocalized over the whole
cluster and implies a loss of E0.04 e�/Al atom. Based on this, we
employed the Al50 model for the investigation of O2 adsorption
mechanisms.

Oxygen on pure Al50 and Al50Alad clusters

The optimized structures of the clusters Al50Alad and Al50 are shown
in Fig. 1a and b respectively. All clusters used in this study are in
the singlet spin state as this is the favored spin state previously
found for Al clusters of this size.52 In order to achieve this, when
necessary, a H atom was bound to an Al atom situated in the
opposite side of the (111) surface of the cluster, as shown in Fig. 1b.
The spatial coordinates of the H atom were allowed to relax during
geometry optimizations.

The products of the reaction of O2 with the clusters of Fig. 1 are
shown in Fig. 2. For the molecular adsorption, the O2 molecule
shows a preference for geometry almost parallel to the surface
plane. This is in agreement with previous literature data.17 For
each product is also shown the plot of the respective overlap
population densities of states (OPDOS) between the O atoms
and the Al cluster (Fig. 2). Also shown is the contribution of the
orbitals of the O atoms to the electronic densities of states of
the products. Positive OPDOS values correspond to the bonding

Fig. 1 Clusters of 50 (a) (Al50) and 51 (b) (Al50Alad) Al atoms used to study
the reactions of O2. A H atom was added to the Al50Alad cluster in order to
maintain the closed shell singlet spin state. Al ( ), H ( ).
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overlap while negative values correspond to the anti-bonding
overlap between the cluster and the oxygen atoms. It can be
seen that the contribution of the O atom orbitals for the newly
formed electronic states is smaller than 50% in all the cases.
This indicates that the larger contribution for the new bonding

states formed upon adsorption of O atoms comes from the
cluster populated electronic states. In turn this is an indication
of delocalization of the electronic density from the clusters to
the O atoms in order to form the resulting bonding states,
ultimately leading to the oxidation of the surface site where the

Fig. 2 Products of adsorption of O2 onto Al50 (a and c) and Al50Alad (e and g) clusters. In the plots (b), (d), (f) and (h) are represented the overlap
population densities of electronic states (OPDOS) ( )—resulting from the overlap between the O atom states and the cluster states—and the
contribution of the O atom orbitals to the final states ( ) both as a function of orbital energy (eV). Only populated states are shown. (a) and (e) Products of
the molecular adsorption of O2; (c) and (g) products of the dissociative adsorption of O2. The corresponding adsorption energies are given in Table 1.
Al ( ), O ( ) H ( ). OPDOS 4 0 = bonding interactions; OPDOS o 0 = anti-bonding interactions.
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O atoms adsorb. This is consistent with previous observations of
bonding of radicals to metal surfaces.53 We recall that when the
O–O bond in O2 undergoes splitting—and before any electronic
relaxation of the newly formed O atom orbitals occurs—the O
atoms are radical species with an open shell electronic structure.
The interactions with the surface cause displacement of the
electron density from the surface in order to form the bonded
states that will lead to a closed-shell electronic structure of the
complex: adsorbate–adsorption site.5 The extent of the interactions
between the adsorbate O radicals and the surface will depend on
how close in energy are the populated electronic states of the
O radicals and those of the surface—in this case, the cluster Fermi
level. If the difference is large, the newly formed states are more
diffuse in nature. If the difference is small the newly formed states
are less diffuse in terms of their energies. This model is consistent
with the OPDOS plots shown in Fig. 2. For the case of the cluster
with the surface adatom (Fig. 2e)—which has electronic states that
lay closer to the O molecule than the case of the perfect (111)
surface (Fig. 2b)—upon molecular adsorption of O2 the newly
formed states are less diffuse in energy than for the case of the
perfect surface. Additionally, for the surface with the adatom, also
the contribution of the O orbitals to bonding is larger than for the
case of the perfect surface. This indicates that the delocalization of
the electronic density from the surface to the O2 molecule in order
to form the molecular adsorption product is smaller for the case
when the surface adatom is present when compared to the case of
the perfect surface. Similarly, for the binding of O atoms, the
contribution of these atom orbitals to the resulting bonding states
is larger for the case of the surface with an adatom when compared
with the perfect surface. This means that for Al(111), when a
surface adatom is present, the bonding between O atoms and the
surface has more covalent character than for the case when the
O atoms bind to the perfect (111) surface. This has implications
on the molecular and dissociative adsorption energies of O2.
The molecular adsorption is 0.5 eV more exothermic when a
surface adatom is present, DEads,mo (O2–Al50Alad) = �2.97 eV,
when compared to adsorption onto the perfect surface,
DEads,mo (O2–Al50) = �2.47 eV. For dissociative adsorption of
O2, the difference in energy is smaller with adsorption onto the
surface with an adatom slightly less exothermic than the perfect
surface: DEads,dis (O2–Al50Alad) = �8.53 eV; DEads,dis (O2–Al50) =
�8.64 eV. The reason for this is that even though it is more
favorable—from an electronic structure point of view, due to more
similarities on their energy levels—to bind the O atoms to the
surface containing the adatom, for this case, the surface site where
the O atoms bind to also goes through a more extensive recon-
struction when compared to the case of the perfect surface. This
has an associated energetic cost54 and the energy initially gained
due to the presence of the adatom is in this case decreased due to
the energetic penalty involved in the reconstruction of the surface.
This fact is not always verified for other dopants as it will be shown
in the next section. The inclusion of the dispersion energy
computed with a term of D3 type leads to slightly more exothermic
adsorption energies, E0.11 eV for molecular adsorption and
E0.16 eV for dissociative adsorption (Table 1) for both the clean
surface and the surface with adatom respectively. An increase in

the exothermicity of adsorption due to the inclusion of dispersion
effects is expected and is in agreement with literature data.41

Effect of the presence of Si, Mg, Cu, Sc, Zr and Ti on the
molecular and dissociative adsorption of O2 onto Al(111)

In this section we report investigations on the effect of the pre-
sence of different atomic elements on the adsorption of O2 onto
Al(111). We also studied the geometric effects that accompany
the placement of dopant atoms at the surface, by placing these
atoms in two distinct geometries. The dopant atoms were placed
both as an adatom and as a substituent for a surface Al atom,
occupying a substitutional site on the Al(111) surface.

The geometries of the products of dissociative adsorption of
O2 and their corresponding OPDOS plots are shown in Fig. 4
(dopants in adatom geometries) and Fig. 5 (dopants in substitu-
tional position geometries). The molecular adsorption products
are shown in Fig. 3. The corresponding adsorption energies are
given in Table 2.

Only for some dopant atoms and geometries the level of theory
employed here predicted molecular adsorption products of O2.
For the remaining cases, when placed on the surface, the O2

molecule splits without an energy barrier. It has been suggested that
when O2 adsorption is computed with DFT, spontaneous splitting of
the molecule occurs whenever the computed LUMO of O2 lies at
energies more negative than the computed HOMO (Fermi level) of
the surface and in this way a spontaneous, barrierless charge
transfer from the surface to the O2 molecule would also occur
leading to a barrierless splitting of O2.22 This fact was not con-
firmed with our calculations and no correlation exists between
barrierless splitting of O2 and the relationship between the LUMO
of this molecule and the HOMO of the surfaces. Upon charge
transfer from the surface to the O2 molecule, the rearrangement
of the orbitals of the newly formed O2

n� species will also be
accompanied by a change in its bond length and such processes
implicate an energy barrier.13 The fact that DFT could not predict
the existence of barriers for O2 splitting in some cases is probably
due to the fact that in those cases the energy barriers are small
enough to lie within the error interval of computed energies for
reactant structures.55 However, a detailed discussion of this topic
is outside the scope of this work.

Molecular adsorption of O2

The importance of the surface geometry effects in determining
the mode of adsorption of O2 is highlighted with the fact that

Table 1 Electronic adsorption energies for different modes of adsorption
of O2 onto the (111) surface of Al clusters. Al50 – flat (111) surface (Fig. 1a);
Al50Alad – (111) surface with an Al adatom (Fig. 1b). DEmo (molecular
adsorption); DEdis (dissociative adsorption). To the values labeled with �
D3 has been added a D3 type dispersion correction component to the
energy. All values in eV

Cluster

O2 adsorption

DEmo DEmo � D3 DEdis DEdis � D3

Al50 Fig. 1a �2.465 �2.580 �8.644 �8.800
Al50Alad Fig. 1b �2.966 �3.084 �8.525 �8.689
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for the adatom structures the elements that lead to a molecular
adsorption product are Mg, Zr and Ti while for the substitutional
structures only Si leads to a product of molecular adsorption of O2.
For the remaining cases, the O2 molecule splits spontaneously
when placed on the surfaces of the clusters. Even though we are
not fully certain that this DFT description is correct—due to the
lack of experimental data to support these findings—it is
important to remark that the place occupied by the dopant
atom at the surface has large implications in the mode of
adsorption of O2 and on the geometries of the products formed
(Fig. 5). This happens even for cases where the adsorption
energies do not differ considerably (Table 2). Such similarity

may lead to misinterpretations when concluding about adsorp-
tion modes of O2 using only the adsorption energies to support
those statements. As the surface geometric effects need to be
considered we can only make fair comparisons of the electronic
structure between the clusters where the dopant atom occupies
the same geometry. For the case of the adatom geometries, the
OPDOS plots reveal that for Mg, the contribution of the O atom
orbitals of O2 for the states formed is less significant than for
the cases of Zr and Ti. This observation is in agreement with the
fact that both Zr and Ti have higher Pauling electronegativities
of 1.33 and 1.54, respectively, when compared with that of Mg
which is 1.31.56 Because the molecular adsorption of O2 occurs

Fig. 3 Structures of the products of molecular adsorption of O2 onto clusters of the type Al50Xad (a, c, e) with X in the adatom position: Mg (a) ( );
Zr (c) ( ); Ti (e) ( ) and Al49Xsub (g) with X placed as a surface substitutional atom: Si (g) ( ), Al ( ), H ( ). In the respective plots (b), (d), (f) and (h) are
represented the overlap population densities of electronic states (OPDOS) ( )—resulting from the overlap between the O atom states and the cluster
states—and the contribution of the O atom orbitals to the final states ( ) both as a function of orbital energy (eV). Only populated states are shown.
OPDOS 4 0 = bonding interactions; OPDOS o 0 = anti-bonding interactions.
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Fig. 4 Structures of the products of dissociative adsorption of O2 onto clusters of Al50Xad type. With X = Si (a, b) ( ); Mg (c, d) ( ); Cu (e, f) ( ); Sc (g, h)
( ); Zr (i, j) ( ); and Ti (k, l) ( ). X placed as a surface adatom. Al ( ), H ( ). In the plots are represented the overlap population densities of electronic states
(OPDOS) ( )—resulting from the overlap between the O atom states and the cluster states—and the contribution of the O atom orbitals to the final
states ( ) both as a function of orbital energy (eV). Only populated states are shown. OPDOS 4 0 = bonding interactions; OPDOSo0 = anti-bonding
interactions.
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Fig. 5 Structures of the products of dissociative adsorption of O2 onto clusters of Al49Xsub type. With X = Si (a, b) ( ); Mg (c, d) ( ); Cu (e, f) ( );
Sc (g, h) ( ); Zr (i, j) ( ); and Ti (k, l) ( ). X placed as a surface substitutional adatom. Al ( ), H ( ). In the plots are represented the overlap population
densities of electronic states (OPDOS) ( )—resulting from the overlap between the O atom states and the cluster states—and the contribution of the
O atom orbitals to the final states ( ) both as a function of orbital energy (eV). Only populated states are shown. OPDOS 4 0 = bonding interactions;
OPDOS o 0 = anti-bonding interactions.
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both via the interactions of its non-bonding electron pairs with
the metal atoms and also due to the hybridization of the O2

orbitals with the orbitals of the cluster,57 a higher Pauling
electronegativity of the metal atom means that these electrons
involved in the bonding with O2 are being more pulled away
from the O2 orbitals, become more delocalized and will occupy
orbitals with less O2 character than for the case where the
electronegativity of the metal atom is smaller and does not
exert a delocalization effect on the electrons of O2 to such an
extent. The value of DEads,mo (O2–Al50X) is less exothermic by
approximately 0.38 eV for the case of Mg than for the cases of Ti
and Zr. These facts, together with the data from the OPDOS
plots, indicate that the molecular adsorption of O2 is stronger
for the cases where the newly formed states have more contri-
bution from the orbitals of O2 than for the cases where this
contribution is smaller.

When the dopant atom occupies a substitutional position at
the surface, the only case for which DFT predicted the existence
of a molecular adsorption product was that of Si. Additionally,
also for the non-doped Al surface, the adsorption of O2 leads to
a molecular adsorption geometry. This is a consequence of
the similarities between the electronic structures of the two
elements—Al and Si—as they occupy neighboring places in the
same block in the periodic table. Because the orbitals of the
other elements investigated here differ more extensively from
those of Al than the orbitals of Si, the energy barriers for
splitting molecular adsorbed O2 are possibly lower for surfaces
doped with such elements.58 It is plausible that the energy
barriers are low enough to lie within the errors associated with
the DFT calculations as described above.

Dissociative adsorption of O2

For the cases where the dopant atoms occupy substitutional
positions, the type of dopant has a very large effect on the

dissociative adsorption energies of O2. It can be seen in Table 2
that the least exothermic value is found for the case of Ti doping
while the dopant that leads to a more exothermic dissociation of
O2 is Mg. Even though the OPDOS plots of the Mg and Ti doped
surfaces (Fig. 4d and l respectively) differ only moderately, the
difference in exothermicity between these two extreme cases is
6 eV. This is because the dissociative adsorption of O2 onto
Al49Ti causes a more extensive adsorption site reconstruction
than the equivalent process on Al49Mg. The energy cost for
displacing the surface atoms at the adsorption site is a factor
that contributes to the decrease in the exothermicity of the
adsorption process.59 In the case of Al49Ti, the bonding between
the reconstructed adsorption site and the O atoms is not
exothermic enough to compensate for such energetic cost,
causing the whole process of adsorption to be less exothermic.
It can also be seen in Table 2 that the dissociative adsorption of
O2 onto the surfaces where the dopant is an adatom is more
exothermic than the corresponding process occurring on a
surface where the dopant occupies a substitutional position.
The only exception to this is for Si with a difference of 0.21 eV
between both geometries. It can be seen in the OPDOS plots of
both Si geometries that more anti-bonding states are populated
for the case where Si occupies a substitutional position when
compared to the adatom case. Overall, there are less differences
in the OPDOS plots of different dopants for the cases where the
dopant atom is in a substitutional position.

For the adatom geometries, Sc and Ti are the cases that show
larger differences in their OPDOS plots when compared with
the remaining dopants (Fig. 3). It can be seen on the product
geometries (Fig. 3) that for the cases of Sc and Ti, upon
dissociative adsorption of O2 these elements are displaced away
from the surface, along the perpendicular direction, causing
the dopant atoms to minimize their contact with the surface
Al atoms. This makes the states of the resulting adsorption

Table 2 Electronic energies for different modes of adsorption of O2 onto the (111) surface of Al clusters. Al49Xsub – flat (111) surface with the dopant X in
a substitutional surface position; Al50Xad – (111) surface with a dopant in an adatom position. DEmo (molecular adsorption); DEdis (dissociative adsorption).
To the values labeled with – D3 has been added a D3 type dispersion correction component to the energy. All values in eV. References in parentheses are
the number of the respective figure showing the product structure; n/a means the level of theory used could not predict the molecular adsorption
product of O2 for the respective cluster

Dopant Geometry

O2 adsorption

DEmo DEmo � D3 DEdis DEdis � D3

Si Substitutional �2.335 (3g) �2.425 (3g) �8.090 (5a) �8.272 (5a)
Adatom n/a n/a �8.299 (4a) �8.463 (4a)

Mg Substitutional n/a n/a �8.800 (5c) �8.955 (5c)
Adatom �3.377 (3a) �3.494 (3a) �8.006 (4c) �8.172 (4c)

Cu Substitutional n/a n/a �6.370 (5e) �6.551 (5e)
Adatom n/a n/a �8.163 (4e) �8.332 (4e)

Sc Substitutional n/a n/a �8.065 (5g) �8.191 (5g)
Adatom n/a n/a �9.206 (4g) �9.208 (4g)

Zr Substitutional n/a n/a �7.554 (5i) �7.713 (5i)
Adatom �3.750 (3c) �3.818 (3c) �8.416 (4i) �8.525 (4i)

Ti Substitutional n/a n/a �2.822 (5k) �2.918 (5k)
Adatom �3.731 (3e) �3.755 (3e) �8.403 (4k) �8.376 (4k)
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product that originates from these atom states to have more
‘‘free-atom-like’’ character and hence less spread in energies
in the OPDOS for these two cases when compared with the
remaining dopants. For elements belonging to the third row of
the periodic table, there are large differences in the resulting
adsorption geometries and OPDOS—Cu different from the
other two third row elements Sc and Ti. This can be attributed
to the involvement of either d or s orbitals in the interactions
with O atoms. Cu with the valence shell as 3d104s1 involves the
more diffuse s orbitals in the bonding with O leading to an
OPDOS which is more spread in energies—also the bonding
with Al is stronger for this case because of the more symmetry
favorable interactions between the Cu s and Al p orbitals.
On the other hand, Sc with a 3d14s2 valence shell and Ti with
3d24s2 involve the more localized d orbitals in the bonding with
O causing less spread in the OPDOS and weaker interactions
with Al, making the bonding between these elements and the Al
surface easier to break due to the adsorption of O atoms. This
effect can also be seen on the OPDOS plots of the substitutional
dopant geometries. In this case, the transition metals that are
located to the left of the periodic table—Sc, Ti and Zr—also lead
to less spread in the energies of the bonding OPDOS than Cu
when interacting with O atoms. For these dopants, it can be
seen (Fig. 4) that the bonding part of their OPDOS has two
broad peaks close spaced and localized at around the same
energies for the three cases, while the bonding OPDOS of Cu
shows a more delocalized character.

The differences in adsorption energies between the adatom
and substitutional atom geometries can be further analyzed in
terms of the charge of the dopant atom. It has been previously
observed that for neutral clusters of Al12X, with X = Mg, Al, Si,
the dopant atom has a negative partial charge.60 The authors
further found that the magnitude of the dopant atom charge
increases with the electronegativity and ionization potential (IP)
of the dopant atom. In the cited work it was also found that for
the same dopant atom, the charge is more negative for sub-
stitutionally placed dopants when compared to the case where
the same dopant is an adatom. Translated into the results of this
work, this implies that upon adsorption of O atoms, the more
negatively charged the dopant atom is, the stronger it will bound
to the O atoms because more charge is available to be displaced
to the O atoms to form bonding states. Also, the polarization of
the Al(111) surface will be less when the ionization energy of the
dopant atom is closer to that of Al. This means that the higher
the ionization energy of the dopant atom, the more the negative
charge is located at this atom after forming bonded states
with Al, and the more covalent character the bonding between
the dopant and Al has. Based on these observations, the data in
Table 2 and what is stated above for the pure Al clusters, we
found that for the same surface geometry, the higher is the
ionization energy of the dopant atom, the more exothermic is the
adsorption of O atoms and the stronger are the bonds between
the surface and the O atoms. This effect is visible in the plot of
Fig. 6. The plot shows the variation in the dissociative adsorption
energy of O2 as a function of the second ionization potential (IP2)
of the dopant atoms. The second ionization potential was chosen

for the reasons that will be discussed in the next section. The O2

adsorption data are for the dopants in the substitutional position.
The higher the IP2 of the dopant atom, the more negatively charged
is this atom and the stronger is the bonding with the O atoms.
It can be seen that the dopant atoms that have a higher IP2 lead
to more exothermic dissociative adsorption of O2. The correla-
tion between both quantities supports the statement that the
more covalent character the bonding between the dopant atom
and the Al surface has, the stronger will be the bonds between
the O atoms and the doped surface site.

Mulliken electronegativity of the dopant atom and dissociative
adsorption energy of O2

The charge transfer between the dopant atom, X, and the Al(111)
surface and further between the O atoms and the adsorption site
(XAl(111)) can be analyzed based on Mulliken61,62 concepts of
electronegativity (w), ionization potential (IP), electron affinity
(EA) and the significance of these quantities for describing charge
transfer to and from atoms. For the present case the charge
transfer and the surface polarizability at and near the dopant site
can be schematized as follows:

X + Al(111) - Xn+Al(111)n� (R1)

Xn+Al(111)n� + O2 - (OO)m�X[(m/x)+]+(n+)Al(111)[(m/y)+]+(n�)

‘ (1/x + 1/y) = 1 (R2)

where n and m can be either a fractional or an integer, and
represent a partial or complete charge transfer, respectively;
(R1) represents the reaction that leads to the placement of
the initially charged neutral X atom at the surface; and (R2)
represents the dissociative adsorption of O2 that leads to the
formation of the two surface adsorbed O atoms (OO). According
to the Mulliken definition of electronegativity, w = [(IP + EA)/2].61

For different dopants, X, keeping the same substrate, Al(111),
according to the original paper by Mulliken,61 the amount of
charge transferred from X to Al(111) in reaction (R1) depends on
the first-stage electronegativity (w1) of X. Consequently, in (R2), for
the series of different dopants, the difference in the amount of

Fig. 6 Plot of the dissociative adsorption energy of O2 on an Al49Xsub

cluster where X represents a surface dopant atom in a substitutional position
(DEads,dis (O2–Al49, X)) (eV), as a function of the second ionization potential
(IP2) of the dopant atom (eV). X = Al, Si, Mg, Cu, Sc, Zr.
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charge that is removed from the X (m/x) or from the Al surface
(m/y) is dependent on the capability of the dopant to maintain
the electrons on its orbitals when subject to a positive external
potential such as that created by the O atoms. This property of the
dopant atom now oxidized to the oxidation state n+ will depend on
the second-stage electronegativity (w2) of the dopant. The property
w2 has been defined by Mulliken as w2 = [(IP2 + EA2)/4], where IP2 is
the second ionization potential of X (for forming the species X2+)
and EA2 is the double electron affinity. In the present case we
used Mulliken formulation but employing the first electron
affinity because reaction (R1) also depends on this property of
the dopant atom. We call this property the modified second-stage
electronegativity (w2m). A plot of the dissociative adsorption
energy of O2 (DEads,dis (O2–Al49X)) as a function of the modified
second-stage electronegativity (w2m) of the dopant atom in the
substitutional position is shown in Fig. 7. The good correlation
seen between DEads,dis for O2 and w2m demonstrates that the
Mulliken concept is applicable to both the bonding between a
dopant and a surface and also to the adsorption of O2 onto the
doped surface site. It is important to note that this correlation
is valid for the substitutional geometries of the adatoms. The
geometric effects present when the dopant is in an adatom
position cause a deviation from linearity when plotting the
equivalent data. Also worth noticing is that the data for Al was
included (doping with Al corresponds to the perfect Al surface)
and is the ideal case where the surface, where O2 adsorbs onto,
is non-polarized. This is the case that leads to more exothermic
adsorption of O2.

The variation in adsorption energies for the geometries
where the different dopants occupy an adatom position differs
considerably from the variation found when the dopants
occupy a substitutional position. For the different dopants in
adatom geometries, the dissociative adsorption energies of O2 vary
only by 0.19 eV. The variation in the substitutional geometries is
much larger, 6.0 eV. This can be interpreted as a geometric effect
that has implications on the mode of interaction between the
orbitals of oxygen and those of the adsorption site. The adatom

geometries lead to stronger bonding between the O atoms and the
XAl(111) site because of the more adsorbate readily available
spatial disposition of the orbitals of the dopant when this is an
adatom. This is in contrast to the case when the dopant is
substitutional at the surface. In the case of the adatom geo-
metries, the interactions between O atoms and the adsorption
site occur without extensive rearrangements of the surface—
even though some displacement occurs for the dopant atom in
some cases, the energetic cost of this process is fairly low. In
contrast, for the substitutional geometries, for the interactions
between O atoms and the adsorption site to be maximized,
some rearrangement of the adsorption site has to occur and
this rearrangement decreases the exothermicity of the whole
process of adsorption. Most importantly, for the substitutional
geometries there are geometrical constraints for the orbitals
of the O atoms to achieve the optimal interactions with the
orbitals of the adsorption site when compared with the adatom
geometries where these interactions are closer to the optimal
case i.e. more free-atom-like character.

Conclusions

We investigated the effects of the presence of dopants on the
Al(111) surface in the bonding with O2 and O atoms and the
modes of adsorption of these species. For the dissociative
adsorption of O2—adsorption of O atoms—different dopants at
the surface lead to different types of bonding with the O atoms.
This effect is dependent on both the type of the dopant atom and
the geometric placement of this atom at the surface. For dopants
occupying a substitutional position at the Al(111) surface—i.e.
replacing a surface Al atom—dopants with a higher ionization
potential lead to a more covalent type of bonding with the Al
surface. This situation causes a more exothermic adsorption of
O2 compared to when the bonding between the dopant and the
Al surface is more ionic in nature. It is also demonstrated that
the concepts of electronegativity as developed by Mulliken can
be applied with success to predict the dissociative adsorption
energy of O2 onto Al(111) when the surface is doped with atoms
that occupy substitutional positions. The larger the Mulliken
electronegativity of the dopant atom, the stronger is the disso-
ciative adsorption of O2. This is because the more covalent is
the bonding between the dopant and the Al surface the more
negative charge is localized at the dopant atom. In turn, the
more negative charge is available at the dopant atom the easier
it is to delocalize this charge from the surface to the O atoms. For
the same underlying reasons, when the dopant atoms occupy an
adatom geometry, the adsorption of O2 is more exothermic when
compared with the situation where the dopant is at the Al(111)
surface in an substitutional position. For the same dopant atom,
the adatom position allows for a better overlap of electronic
states between the surface adsorption site and the orbitals of O2

leading to a stronger bonding when compared with the adsorp-
tion onto the surface with an adatom in the substitutional
position. Even though surface reconstruction leads to a better
overlap between the electronic states of the O atoms and those

Fig. 7 Plot of the dissociative adsorption energy of O2 on an Al49Xsub

cluster where X represents a surface dopant atom in a substitutional
position (DEads,dis (O2–Al49, X)) (eV), as a function of the Mulliken modified
second-stage electronegativity, w2m of the dopant atom. X = Al, Si, Mg, Cu,
Sc, and Zr.
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of the surface, the energetic cost associated with this process is
not always compensated by the formation of the new electronic
states and in some cases, such as those involving the dopant Sc,
reconstruction led to less exothermic adsorption. Additionally,
the PBE0 functional could not predict an energy barrier for O2

dissociation for all the cases investigated here.
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