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Density functional theoretical study of Cun, Aln (n = 4–31)
and copper doped aluminum clusters: Electronic properties

and reactivity with atomic oxygen

Corinne Lacaze-Dufaure *, Christine Blanc, Georges Mankowski, Claude Mijoule

CIRIMAT, ENSIACET, UMR CNRS 5085, 118 route de Narbonne, 31077 Toulouse Cedex 4, France
Abstract

A DFT study of the electronic properties of copper doped aluminum clusters and their reactivity with atomic oxygen is reported.
Firstly we performed calculations for the pure Cun and Aln (n = 4, 9, 10, 13, 25 and 31) clusters and we determined their atomization
energy for some frozen conformations at the B3PW91 level. The calculated work functions and M–M (M = Cu, Al) bond energies of
the largest clusters are comparable with experimental data. Secondly, we focused our attention on the change of the electronic properties
of the systems upon the substitution of an Al atom by a Cu one. This latter stabilizes the system as the atomization energy of the 31-
atoms cluster increases of 0.31 eV when the substitution is done on the surface and of 1.18 eV when it is done inside the cluster. We show
that the electronic transfer from the Al cluster to the Cu atom located at the surface is large (equal to 0.7 e�) while it is negligible when Cu
is inserted in the Aln cluster. Moreover, the DOS of the Al31 and Al30Cu systems are compared. Finally, the chemisorption energies of
atomic oxygen in threefold sites of the Al31, Cu31 and Al30Cu clusters are calculated and discussed. We show that the chemisorption
energy of O is decreasing on the bimetallic systems compared to the pure aluminum cluster.

Keywords: Aluminum; Bimetallic; Cluster; Copper; Density functional theory; Oxygen; Surface reactivity
1. Introduction

Copper-containing aluminum alloys such as 2024 alloy
are often used in aerospace applications; thus, there is sig-
nificant interest in their corrosion behaviour in aerated
solutions. These materials are high-strength alloys in which
a heterogeneous microstructure is developed by thermome-
chanical processing to obtain good mechanical properties.
In such alloys, copper is present in the matrix as well as
in various fine strengthening phases and coarse intermetal-
lic particles. For instance, 2024 alloy is characterized by a
mean copper content of the matrix of about 4 wt.% (a quasi
pure aluminum matrix containing about 0.02 wt.% Cu and
doi:10.1016/j.susc.2007.01.015
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strengthening copper-rich particles) and coarse intermetal-
lic particles with high Cu concentrations [1,2]. Due to the
high influence of copper on the oxidation and electrochem-
ical behaviour of copper-containing aluminum alloys [3,4],
it is interesting to study in details models of the pure Al and
Cu phases as well as the binary AlCu phases.

Models for the theoretical treatment of crystalline solids
and surfaces were reviewed by Batra and Kleinman [5] and
more recently by Jug and Bredow [6]. The authors classified
the models as finite systems and periodic approaches. We
are interested by the former ones. In the cluster model, it
is assumed that a surface can be represented adequately
by a finite number of atoms; the main difficulty arising
from this approach is the border effects. Two ways were
developed, i.e. saturation and embedding, in order to avoid
this problem. Another solution is to use cluster large
enough to get reasonable models of the surface. This

mailto:Corinne.Dufaure@ensiacet.fr


method allows obtaining a concrete description of the elec-
tronic density localization as well as the eventual charges
transfers by using atomic orbitals. On the other hand, the
periodic approach often by using a plane waves basis
set allows to have a better description of the band structure
of the infinite systems.

Our goal is to study the electronic properties of copper
containing aluminum alloys and their reactivity with oxy-
gen. More precisely, the possible dissociative chemisorp-
tion of molecular oxygen is studied. Indeed, it was
previously shown that a molecular physisorbed state exists
on the Al(111) surface [7,8]. But it was also demonstrated
experimentally [5,9,10] and theoretically [5,7,8,11] that
molecular oxygen dissociates on Al surfaces almost sponta-
neously. The chemisorption of the O atoms is thus com-
monly considered as the initial step of the oxidation
process of the Al surface [7,11–13].

Copper and aluminum containing systems were the pur-
pose of many theoretical studies in the literature. Without
being complete, we focus our literature review here on that
dealing with Cu and Al pure- and bimetallic systems in the
framework of the density functional theory (DFT).

Pure copper clusters were investigated in order to deter-
mine size effects on their geometrical structure and elec-
tronic properties [14–26]. The size of the studied clusters
varies between 2 and 13 Cu atoms with one work dealing
with larger cluster up to 32 atoms [27]. Copper clusters
were also widely used to model the Cu surface and its reac-
tivity against atomic or molecular species [28–37]. Periodic
studies dealing with the surface and the bulk of the metallic
systems were also described [21,38–41]. Furthermore, the
same approach was used to investigate the adsorption of
atomic and molecular oxygen [30,42–47].

Aluminum clusters were also the purpose of many works
where the authors focused on the geometrical and elec-
tronic properties of Aln clusters [48–60]. Periodic calcula-
tions on aluminum systems, i.e. aluminum atomic chains,
bulk metal and the infinite surface, are also available [61–
65]. The initial stage of oxidation of the (111) surface of
aluminum was also studied. Early experimental and theo-
retical studies were discussed by Batra and Kleinman [5].
This exhaustive review was followed by several works on
the adsorption and dissociation of the oxygen molecule
and the stability of aluminum oxide films [7,8,11–13,66].

Doped copper clusters were also the purpose of much
work with studies on NiCu [67], PdCu [68–70], RhCu
[71], PtCu [72], CoCu [73–75] and AuCu [76] systems.
The cluster model was specially chosen by Illas et al. to
studied the bonding mechanism between atoms in PdCu
alloys using the Pd1Cu12, Pd4Cu6, Pd8Cu92 and Pd40Cu60

clusters [69,70]. Dealing with periodic systems, Ruban
et al. presented a database of the surface segregation ener-
gies in transition metal alloys including copper alloys, de-
rived from LDA-DFT computations in conjunction with
a tight-binding representation [77]. Slab DFT calculations
are also available for the PdCu, PtCu and FeCu systems
with various compositions [78–84].
There are few studies on doped aluminum systems [85–
94]. For example, calculations were carried out on FenAlm
(n + m = 15) clusters [85] or on (FeAl)n (n 6 6) clusters
[86].

Copper doped aluminum clusters were studied by
Khanna et al. [95] and Zope and Baruah [96] who looked
for their equilibrium geometries. We also found several
studies whose aim is to model the Al and AlCu surfaces
using both cluster-like approach and slab computations.
For instance, the adsorption of copper atoms on two
Al25 and Al37 frozen clusters modelling the Al(100) surface
was investigated and an adsorption energy of 3.52 eV was
calculated. The authors also conclude that there is no clear
indication of a charge transfer mechanism for the bonding
as they did not see any charge transfer between the sub-
strate and the adsorbate [97].

Others authors claimed that the adsorption of a copper
atom can restore the reactivity of the oxidized Al surface,
modelled by a two-layer Al18 cluster [98]. Periodic LDA
computations were performed by Wolverton et al. who cal-
culated the energetic properties of the Al2Cu h and h 0

phases and incorporated them in computational thermody-
namics approaches [99,100].

The present work is aimed at studying the properties
and the reactivity of Cu doped Al clusters in relation to
the reactivity of AlCu alloys. In order to simulate the metal
and the infinite surface, we first present studies on frozen
Cun, Aln and Al30Cu clusters. These preliminary computa-
tions are benchmarks in order to determine the dependence
of some properties of the bimetallic systems due to the Al
substitution by Cu. In a second part, we investigate the
reactivity of the pure and bimetallic AlCu systems with
atomic oxygen. Firstly, the adsorption is done on frozen
Al31, Cu31 and Al30Cu clusters. It is related to our goal
to simulate the O adsorption on a (111) surface of an fcc
structure. Secondly, we take into account the local cluster
relaxation when O is adsorbed on its surface. To our
knowledge, no previous study has been reported on that
subject. The relative adsorption energies of O and charge
distributions on the systems are compared and discussed.

2. Computational details

The calculations were performed in the framework of
the density functional theory using the GAUSSIAN98
package [101]. In this study, the exchange part of the func-
tional is treated with the Becke’s three parameters func-
tional (B3) [102]. The correlation part is described by the
Perdew and Wang (PW91) GGA functional [103]. The
so-called B3PW91 has proved to be suitable to describe
such kind of systems [19,20]. Los Alamos National Labora-
tory effective core potentials as well as a DZ atomic basis
sets are used for Al and Cu, treating explicitly 3 and 19
electrons, respectively [104–106]. The O atom is treated
with the D95 full DZ basis set.

Broken-symmetry calculations were performed in order
to take into account the spin polarization and the results
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Fig. 3. The O adsorption sites on the first layer of the MAl30 (M = Al, Cu)
cluster.
presented here concern the systems in their more stable spin
state (three spin states were explored for each system).

The clusters are built along the (111) plane and kept
frozen (Cu–Cu bond length = 2.555 Å and Al–Al bond
length = 2.857 Å [107]). For the pure Cun systems, we use
two-layers (Cu4, Cu9, Cu10, Cu25) and three-layers (Cu10,
Cu13,Cu31) clusters. The Aln systems are also described by
two-layers (Al4, Al9, Al10, Al25) and three-layers (Al13

and Al31) clusters. The clusters with n = 4–25 are presented
in Fig. 1 while the clusters with n = 31 are shown in Fig. 2.
The Al31 cluster is taken as the reference to study the
Al30Cu systems in which a copper atom substitutes an alu-
minum one in two different position successively (Fig. 2).
In position no. 1, the copper atom is situated in the surface
layer whereas it is surrounded by 12 neighbours when
placed in position no. 2.

The atomization energy per atom of a pure Mn cluster
(M = Cu and Al) containing n atoms is defined by

Eatomization ¼
nEðMÞ � EðMnÞ

n

while the M–M binding energy is given by
Fig. 1. Clusters geometries used for the calculations on the Aln and Cun

(n = 4, 9, 10, 13 and 25) pure systems.

Position n˚1

Position n˚2

Fig. 2. Geometry of the MAl30 (M = Al, Cu) cluster used for the
substitution of a Al atom by a Cu atom, in two successive positions
(position nos. 1 or 2).
Ebond ¼
nEðMÞ � EðMnÞ

N

where N is the number of M–M bonds in the cluster.
We can also extrapolate from the M–M binding energy

in the cluster an estimation of the bulk cohesive energy, as

Ecohesion ¼ 12�ðEbinding=2Þ

For the bimetallic Al30Cu systems, the atomization energy
is defined as

Eatomization ¼ 30EðAlÞ þ EðCuÞ � EðAl30CuÞ

and the copper extraction energy is

Eextraction ¼ EðAl30Þ þ EðCuÞ � EðAl30CuÞ

For all the systems, the work function / is determined from
the Fermi energy as described in Ref. [108]. From the dis-
crete distribution of the energy levels for the clusters, we
plot the density of state (DOS) using the GaussSum pack-
age [109].

The O atom is adsorbed on the surface in pure or mixed
threefold sites on the Cu31, Al31 and Al30Cu clusters (see
Fig. 3). The O atom is placed either above the threefold
(A) or threefold (B) sites. The former one has no atom
on the z-axis in the second layer while the latter does. We
first perform computations with the metal cluster kept fro-
zen. The vertical O–metal distance above the surface varies
to optimize the O–Al and O–Cu bonds. Secondly, we take
into account the local relaxation of the cluster with O
adsorption: the O atom and its metallic nearest neighbours
are allowed to relax.

In both case, we determined the O binding energy:

Ebinding ¼ EðclusterÞ þ EðOÞ � EðO-clusterÞ
3. Results and discussion

We begin this article with a discussion on the change of
the electronic properties of the pure Cun and Aln clusters
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Fig. 4. Comparison of the atomization energy per atom of the clusters
(–e–) and their cohesive energy (–h–) calculated from the Cu–Cu binding
energy (B3PW91 level). Dash line: experimental value for the bulk metal
[107].
with cluster size. It is followed by the study of the bimetal-
lic systems and their reactivity against oxygen.

3.1. Pure Cun and Aln clusters

The structure of the Cun and Aln (n = 4–31) clusters are
shown in Figs. 1 and 2. The results concerning the Cun clus-
ters in their most stable spin state are given in Table 1. The
total energy is given together with the calculated atomiza-
tion energy per atom, the Cu–Cu binding energy and the
work function determinated from the Fermi energy. The
most stable spin states of Cun are doublet states when n
is odd (except for the Cu31 cluster) and triplet states when
n is even. The atomization energy per atom ranges from
1.03 to 2.15 eV increasing with the size n of the cluster.
The convergence to the bulk value (3.50 eV [107]) is slow
and comparable to that of the number of bonds per atom
(see Table 1). The optimized cluster structures from the lit-
erature are very different in shape than the frozen cluster
used in this work. Nevertheless the atomization energy
per atom of copper calculated for the optimized or non-
optimized clusters are not so different [15,18–27]. We also
plot for comparison the atomization energy per atom and
the cohesive energy estimated for the bulk from the aver-
aged Cu–Cu binding energy (Fig. 4). The latter decreases
rapidly to the experimental value of 3.50 eV for the bulk
metal. The value of 3.84 eV calculated from the Cu–Cu
binding energy of the largest Cu31 cluster compares well
with the cohesive energy determined from periodic compu-
tations, i.e. 3.89 eV (PW91 [39]) or 3.74 eV (FLAPW/PBE
[41]).
Table 1
Energetic properties (absolute energy in ua, atomization energy per atom and
clusters at the B3PW91 level

Systems Number of bond per atom Multiplicity Abs. energ

Cu 2 �196.154
Cu4 – 2 layers 1.5 3 �784.768
Cu9 – 2 layers 2.3 2 �1765.951
Cu10 – 2 layers 2.4 3 �1962.183
Cu10 – 3 layers 2.4 3 �1962.162
Cu13 – 3 layers 2.8 2 �2550.877
Cu25 – 2 layers 3.0 2 �4905.745
Cu31 – 3 layers 3.4 4 �6083.227

Cu8 – 2 layersa,b 1.6 1 �1569.721
Cu9 – Cs syma,c 2.4
Cu9 – Cs syma,d 2.4
Cu10

a,e 2.0
Cu13 – C1 syma,f 2
Cu13

a,g 2.3

Experiment [107] 12

a Optimized geometry.
b From Ref. [19] (LANL2DZ/B3PW91).
c From Ref. [15] (PW91).
d From Ref. [20] (LANL2DZ/B3PW91).
e From Ref. [27] (LANL2DZ/PBE).
f From Ref. [23] (LANL2DZ/B3LYP).
g From Ref. [21] (PW91).
While the ionization potential of the clusters (calculated
as 5.54 eV for the largest Cu31 cluster) strongly overesti-
mates the experimental value of the work function for an
infinite surface, the calculated work function of 4.54 eV
for the largest cluster compares well with the experimental
value of 4.65 eV [107]. The reasonable simulation of the
properties of the infinite surface by a frozen Cu(111) clus-
ter is also related to the experimental and theoretical evi-
dences that the Cu(11 1) surface does not reconstruct
[39,40] or weakly reconstruct [41, and Ref. therein].

Finally, we looked at the electronic configuration of the
copper atoms inside the cluster, by means of a Mulliken
Cu–Cu binding energy in eV) and calculated work function / of the Cun

y (ua) Eatom. per atom (eV) E binding Cu–Cu (eV) / (eV)

262
575 1.03 0.69 5.50
221 1.70 0.73 4.18
482 1.74 0.73 4.70
294 1.69 0.70 4.74
008 1.82 0.66 4.36
070 2.07 0.68 4.40
561 2.15 0.64 4.54

5 1.66 0.95 4.49
2.06
1.77
2.00
1.74
2.00

3.50 0.58 4.65



Table 2
Energetic properties (absolute energy in ua, atomization energy per atom and Al–Al binding energy in eV) and calculated work function / of the Aln
clusters at the B3PW91 level

Systems Number of bond per atom Multiplicity Abs. energy (ua) Eatom. per atom (eV) E binding Al–Al (eV) / (eV)

Al 2 �1.940501
Al4 – 2 layers 1.5 5 �7.927824 1.13 0.75 6.19
Al9 – 2 layers 2.3 2 �17.997848 1.61 0.69 4.74
Al10 – 2 layers 2.4 3 �20.050941 1.76 0.73 5.07
Al13 – 3 layers 2.8 2 �26.159414 1.95 0.70 5.00
Al25 – 2 layers 3.0 4 �50.379406 2.03 0.67 4.86
Al31 – 3 layers 3.4 2 �62.558428 2.11 0.62 4.78

Al10
a 2.3 3 1.90

Al11
a 2.8 2 1.99

Experiment [107] 12 3.34 0.56 4.24

a Optimized geometry; from Ref. [53] (LANL2DZ/BPW91).
population analysis. The configuration of the isolated cop-
per atom is (3d104s14p0). We observe an electronic transfer
from the 4s atomic orbital to the 4p orbital with the
increasing size of the cluster (Cu4: 3d9.85 4s0.85 4p0.30,
Cu10: 3d9.80 4s0.65 4p0.49 and Cu13: 3d9.80 4s0.28 4p0.91), while
the 3d orbital occupation remains nearly constant.

The results concerning the Aln (n = 4–31) pure clusters
are presented in Table 2. The first difficulty with aluminum
arises with the description of the lowest electronic state of
the isolated atom for which the electronic configuration is
(3s23p1). It corresponds to two different electronic states
1/2P1/2 and 1/2P3/2 and thus each of them is described by
a multireferential wave function. Nevertheless, the energy
gap between the 1/2P1/2 and 1/2P3/2 electronic states is only
0.014 eV [110] and we can expect that the monodetermi-
nantal character of the DFT wave function (which is a mix-
ing between both ‘‘true’’ electronic states) leads to an
available electronic energy. In Table 2 and in Fig. 5, we
can see for the same reasons as in the case of the Cun clus-
ters that the atomization energy per atom increases slowly
to the experimental counterpart of 3.34 eV [107]. The equi-
librium geometries of optimized clusters are different in
shape than our frozen systems. But the confrontation be-
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Fig. 5. Comparison of the atomization energy per atom of the clusters
(–e–) and their cohesive energy (–h–) calculated from the Al–Al binding
energy (B3PW91 level). Dash line: experimental value for the bulk metal
[107].
tween the values of the atomization energy per atom of
our frozen systems and that calculated with optimized clus-
ters [53] shows comparable results. The cohesive energy
estimated from the Al–Al binding energy of the largest
Al31 cluster (0.62 eV) is of 3.72 eV. It is in better agreement
with experiments and the value of the cohesive energy of
3.50 eV determined from GGA periodic computations
[7,8]. The work function converges slowly to the experi-
mental work function of 4.24 eV for an infinite aluminum
surface [107]. It is a better estimation that the crude deter-
mination of the ionization potential (5.65 eV for the Al31

three-layer cluster).
From these results, the largest cluster Cu31 and Al31 are

assumed to describe reasonably the electronic properties of
the metal. Their reactivity upon adsorption will be investi-
gated in the next sections.
3.2. Clean bimetallic Al30Cu systems

We used the Al30Cu clusters to simulate the true alloy [4]
in order to reduce border effects that could influence the
adsorption process on smaller clusters. The shape of the
cluster was chosen to present A and B threefold adsorption
sites (see Fig. 3). As the position of the copper in the Al
matrix may be a key factor to the surface reactivity, we
substituted successively one Al atom by a Cu atom in
two different positions (nos. 1 and 2 on Fig. 2), leading
to two different Al30Cu clusters. The Cu atom is located
in the surface layer for one cluster (Cu position no. 1),
and it is inside the cluster with 12 Al–Cu bonds in the sec-
ond one (Cu position no. 2). The results of our calculations
are given in Table 3. They show that the total atomization
energy of the Al30Cu systems is higher than that of the Al31

cluster (DEatomization = 0.31 eV and 1.18 eV). The Al30Cu
clusters are more stable than the Al31 cluster. Furthermore,
the cluster where the Cu atom is surrounded by 12 Al
neighbours is the most stable system: the extraction energy
is of 2.99 eV and of 3.79 eV for Cu in position 1 and 2,
respectively. This behaviour is in agreement with previous
results that were about optimized small AlnCu (n = 11–
14) clusters [95,96].



Table 3
Energetic properties, calculated work function / and relative Mulliken net charges of the Al31, Cu31 and Al30Cu clusters at the B3PW91 level

Systems Pos. of
Cu atom

Mult. Absolute
energy (ua)

DEatom
a

(eV)
Cu extraction
energyb (eV)

DEextr. per bond
c

(eV)
/
(eV)

DqX/Al
d

(in e)
DQlayer

e

(in e)

Al31 2 �62.558428 4.78
Cu31 4 �6083.227561 4.54
Al30Cu 1 2 �256.784042 0.309 2.994 0.036 4.67 DqCu(1)/Al(1) = �0.73 1st layer: �0.45

2nd layer: +0.47
3rd layer: �0.02

Al30Cu 2 4 �256.815881 1.176 3.791 0.099 4.74 DqCu(2)/Al(2) = �0.02 1st layer: �0.21
2nd layer: +0.25
3rd layer: �0.04

a DEatomization = Eatomization (Al30Cu) � Eatomization (Al31).
b Eextraction = E(Al30) + E(Cu) � E(Al30Cu); the Al30 clusters are taken in their most stable state (triplet).
c Gain of energy for a Cu–Al bond when compared to a Al–Al bond in Al31

DEextraction per bond = (Cu extraction energy in Al30Cu–Al extraction energy in Al31)/N. N: number of Cu–Al bonds in the Al30Cu cluster.
d DqX/Al = qX (X = Cu and Al in Al30Cu)–qAl (corresponding position in Al31)

q: atomic Mulliken net charges. The numbering Cu(i) and Al(i) (i = 1, 2) corresponds to the position nos. 1 and 2 in the clusters (see Fig. 2).
e DQlayer = Qlayer (in Al30Cu)�Qlayer (in Al31); Q: global Mulliken net charges for the layer.
We also want to estimate the gain of energy of an M–Al
bond, replacing one atom M = Al by M = Cu in the Al31

clusters in position 1 and 2. We calculated:

DEextraction per bond ¼ ðCu extraction energy in Al30CuÞ
� ðAl extraction energy in Al31Þ=N

with Cu and Al in the same position in the Al30Cu and the
Al31 systems and N the number of Cu–Al bonds. It shows
that a Cu–Al bond is stronger than a Al–Al bond. It is in
agreement with the stabilization of the system upon
alloying.

The weak variation of the calculated work function with
the Cu substitution indicates that the availability of elec-
trons which participate in first to charge transfer in reactiv-
ity process remains nearly unchanged. By a Mulliken
population analysis, we determined that the electronic
transfer arises from the Al host to the Cu atom in the
two bimetallic clusters. This is simply explained by compar-
ing the IP of Cu (7.72 eV at B3PW91/LANL2DZ level of
theory) with the energy of the LUMO (4.03 to 4.25 eV)
of the Al30 clusters having the same structure as the Al30Cu
systems but with the Cu atom lacking.

We define the relative net charge DqX/Al of an atom X
(X = Cu and Al) with an atomic net charge qX as:
DqX/Al = qX (X = Cu and Al in Al30Cu) � qAl (same posi-
tion in Al31).

For the Al30Cu system, the relative net charge of Cu in
position no. 1 is of �0.73 e. This result shows a charge
transfer mechanism for the bonding that was not seen in
others studies [97,98]. From the relative global net charge
of the different layers in the clusters DQlayer, we see that
the electronic transfer comes from the adjacent layer in
the cluster to the Cu atom. The Al–Al bonds are thus
weaker in the bimetallic systems than in the Al31 pure clus-
ter. When the Cu atom substitutes the Al atom in position
no. 2, resulting to a cluster where the Cu atom is sur-
rounded by 12 Al atoms, we note a redistribution of the
electrons within the cluster but the net charge of the central
atom (no. 2) remains unchanged.

We plot the electronic density of states (DOS) for the
Al31 and Al30Cu systems. The full width at half maximum
(FWHM) of each peak is here of 0.7. For the Cu atom
(doublet/B3PW91), the p-, d- and s-states lie at �75.14,
�6.65 and �5.18 eV, respectively. In the Fig. 6 are shown
the alpha and beta DOS for the Al31 pure cluster and for
the more stable Al30Cu system. In this figure, the three lev-
els lying at around �77 eV for each system are not drawn.
They correspond to pure Cu p-orbitals. The DOS profiles
show that the doping slightly modifies the MO energy lev-
els in comparison to the Al31 cluster. The DOS curve for
the Al30Cu system is similar to the Al31 cluster with extra
peaks at around 9 eV. The Mulliken population analysis
describes these levels as a combination of Al-s and Cu-s,d
orbitals.
3.3. Atomic oxygen adsorption on the Al31, Cu31 and Al30Cu
clusters

We chose to use cluster models as it was demonstrated
in the past that adsorption and reactions on pure metal
and alloys surfaces can be reasonably modelled using a
cluster-like approach, especially at very low coverage [69–
71]. The modification of the reactivity with O when com-
pared to that of the Al pure cluster is described in terms
of the adsorption properties (chemisorption energy, dis-
tances O–Cu and O–Al) and electronic transfers. The O
atom is adsorbed on the surface of the Al31, Cu31 and
Al30Cu systems (Fig. 3). For the Al31 cluster, we investi-
gated A and B adsorption sites. For the Al30Cu cluster with
Cu in the surface (position no. 1), the O atom was adsorbed
in a mixed (Al/Cu) A site and in a mixed (Al/Cu) B site.
For the Al30Cu (Cu position no. 2) system, we chose the
B adsorption site. It is composed of solely Al atoms in
the first layer with the Cu atom in the second layer. Firstly,
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Fig. 6. Alpha (–) and beta (–) DOS for (a) the Al31 and (b) the Al30Cu cluster with Cu in position 2 (see Fig. 2) at the B3PW91 level. Only the occupied
levels are shown.
the metallic clusters are kept frozen. The results are pre-
sented in Tables 4 and 5. They illustrate the influence of
the presence and the location of the copper atom on the
O adsorption properties. For the Al31 cluster, the A
adsorption site is favoured with a O binding energy of
5.99 eV to be compared to 5.58 eV for the B site, showing
that the chemisorption of molecular oxygen is dissociative
(the calculated binding energy of O2 in the gas phase is
equal to 4.09 eV, and the physisorption energy is of the or-
der of 0.2 eV). These values are low if we compare to the
DFT periodic results found by several authors that pre-
dicted an O binding energy on Al(111) in the range of 7–
10 eV [7,8,11,12,66]. However, the O–Al distance of
1.860 ± 0.005 Å compares well with the O–Al distances
determined in these studies and that are in the range of
1.85–1.90 Å [7,8,11,12,66]. These previous periodic compu-
tations where performed without constraints. The authors
noted that the relaxation of the Al surface layer upon O
adsorption can be neglected and lower weakly the O
binding energy (�10 to 14 meV) [7,11]. As expected, our
DFT results are higher than the O binding energy found
using HF approaches to describe O/Aln interactions
(EB = 3.5 eV [111]).

For the A site, we got an O adsorption energy of 5.64 eV
on Al30Cu and of 5.99 eV on Al31. For the B adsorption
site, we calculated an O adsorption energy of 5.32 and
5.28 eV on the Al30Cu with Cu in position 1 and 2, respec-
tively, to be compared to 5.58 eV for O on Al31. Thus, the
presence of the copper atom in the adsorption site lowers
the O chemisorption energy independently of the position
of the Cu atom (position nos. 1 or 2). On Al30Cu, the A
adsorption site is also favoured over the B one. The change
in the adsorption energies are in agreement with the change
of the distance O–X (X = Al of the adsorption site) of
1.894 and 1.865 Å, respectively, to be compared to
1.855 Å on Al31.

From the Mulliken population analysis, we see a large
electronic transfer from the Al31 cluster to the O atom
(qO = �1.00 e). This transfer is lowered when the adsorbate
is directly coordinated to the copper atom (qO = �0.83 e



Table 4
Energetic properties, geometric parameters and relative Mulliken net charges of the OAl31, OCu31 and OAl30Cu clusters (B3PW91 level of theory) – frozen
adsorption site

Systems Ads. site Mult. Absolute energy (ua) O atomic net charge and DqX
b

O 3 �75.052138

O + Al31 B 2 �137.815969 O: �1.00; DqAl (site) = +0.41; +0.41; +0.41
A 2 �137.830936 O: �1.00; DqAl (site) = +0.50; +0.50; +0.15

O + Cu31 B 4 �6158.412859 O: �0.45; DqCu (site) = �0.01; �0.01; �0.01
A 4 �6158.406383 O: �0.47; DqCu (site) = �0.23; �0.23; �0.13

O + Al30Cu B 4 �332.031756 O: �0.83; DqAl (site) = +0.37; +0.37; DqCu (site) = +0.16
Cu pos. 1a A 4 �332.043337 O: �0.84; DqAl (site) = +0.43; +0.20; DqCu (site) = +0.24

O + Al30Cu B 4 �332.062031 O: �1.01; DqAl (site) = +0.44; +0.44; +0.44; DqCu = �0.31
Cu pos. 2a

a pos.: position of the Cu atom in the cluster, see Fig. 2.
b DqX = qX (in O-cluster) � qX (corresponding atom in the clean cluster). X = Cu, Al; q: atomic Mulliken net charges.

Table 5
Energetic properties, geometric parameters and relative Mulliken net charges of the OAl31, OCu31 and OAl30Cu clusters (B3PW91 level of theory) – frozen
or relaxed adsorption site

Systems Ads. site Mult. Distance O–Xb (Å) O adsorption energy (eV) Dz/zi
c (%)

O + Al31 B 2 1.855 5.58
1.855 6.38 +25

A 2 1.865 5.99
1.846; 1.846 6.68 +16

O–Al (border): 1.897 +19

O + Cu31 B 4 1.980 3.62
1.952 3.78 +8.9

A 4 1.962 3.45
1.933; 1.933 3.61 +10.3

O–Cu (border): 1.980 �0.8

O + Al30Cu
Cu pos. 1a

B 4 1.894 5.32
O–Cu: 2.068 5.99 �5.6

O–Al: 1.815; 1.815 +28.3

A 4 1.884 5.64
O–Cu: 2.049 6.16 �6.8

O–Al: 1.809 +15.8

O–Al (border): 1.836 +18.4

O + Al30Cu
Cu pos. 2a

B 4 1.865 5.28
1.856 5.83 +25.8

a pos.: position of the Cu atom in the cluster, see Fig. 2.
b X: atom of the adsorption site; X = Al and Cu.
c Dz/zi: vertical relaxation of the atom (relative to the bulk interlayer distance).
on Al30Cu (A and B with Cu in position 1)). The copper
outermost electrons are less available for the transfer than
those of the aluminum atoms. However, the charge varia-
tion upon oxidation within the cluster show that the elec-
tronic transfer comes in first from the surface layer in
interaction with the O atom, and more precisely from the
atoms composing the adsorption site. For Cu in position
2, an electronic rearrangement in the cluster occurs upon
adsorption as the O and the Cu atoms get both some elec-
trons from the Al host.

On the Cu31 cluster (B site), the calculated O binding
energy is of 3.62 eV and the electronic transfer of 0.45 e�

towards the adsorbate showing that the O adsorption is
less favourable in the presence of copper. It is difficult to
compare these results on Cu31 with the O chemisorption
energy on Cu(111) available in the literature as the authors
do not agree and present results in the range of 1.7–5.0 eV
[30,42,43].

We also estimate the local relaxation in the case of O
adsorption on the metallic clusters. The results are pre-
sented in Table 5 (italic values). The O adsorption energies
increase significantly when the clusters are allowed to relax
locally. The relaxation leads to a shortening of the O–Al
and O–Cu distances. The Al31 and Al30Cu clusters are
more influenced by the local relaxation process than the
Cu31 cluster: the increase of the O adsorption energy (Eads

relaxed cluster � Eads frozen cluster) is in eV of +0.80 (site
B), +0.69 (site A) on Al31, +0.67 (site B – Cu position 1),



+0.52 (site A – Cu position 1), +0.55 (site B – Cu position
2) on Al30Cu to be compared to +0.16 (site A or B) on
Cu31. In all case, the A adsorption site is still more stable
than the B site. The Al atoms and the Cu atom behave dif-
ferently as we estimate the vertical displacement Dz/zi of
+16 to +25% for Al and from �6.8% to 8.9% for Cu,
where zi is the (111) interlayer distance. On the other hand,
the electronic transfers remain nearly unchanged.

4. Conclusion

We performed density functional computations on Cun,
Aln (n up to 31 atoms) and two bimetallic Al30Cu clusters.
The calculated work functions and M–M (M = Cu, Al)
bond energies of the largest clusters are comparable with
experimental data.

For the bimetallic systems, we can conclude that the
substitution of an Al atom by a Cu one stabilizes the sys-
tem as the atomization energy of the 31-atoms cluster in-
creases of 0.31 eV when the substitution is done on the
surface and of 1.18 eV when it is done inside the cluster.
Comparing Al31 and Al30Cu, we note that the electron
transfer proceeds from the Al cluster to the Cu atom.
Moreover, the DOS of the Al31 Al30Cu systems are com-
pared. Finally the reactivity of the Al31, Cu31, and Al30Cu
clusters with atomic oxygen is investigated. We studied suc-
cessively frozen and locally relaxed clusters. We note that
in all case the A adsorption site is favoured over the B site,
in agreement with previous theoretical works. The O
adsorption energies increase significantly when the cluster
is allowed to relax (+0.16 to +0.80 eV). Independently of
the relaxation effects, the substitution of an Al atom by a
Cu atom leads to a weakening of the O-cluster binding
energy.
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