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ABSTRACT: The surface chemistry associated with the synthesis of
energetic nanolaminates controls the formation of the critical interfacial
layers that dominate the performances of nanothermites. For instance, the
interaction of Al with CuO films or CuO with Al films needs to be
understood to optimize Al/CuO nanolaminates. To that end, the chemical
mechanisms occurring during early stages of molecular CuO adsorption onto
crystalline Al(111) surfaces are investigated using density functional theory
(DFT) calculations, leading to the systematic determination of their reaction
enthalpies and associated activation energies. We show that CuO undergoes
dissociative chemisorption on Al(111) surfaces, whereby the Cu and O
atoms tend to separate from each other. Both Cu and O atoms form islands
with different properties. Copper islanding fosters Cu insertion (via surface
site exchange mechanism) into the subsurface, while oxygen islands remain
stable at the surface. Above a critical local oxygen coverage, aluminum atoms are extracted from the Al surface, leading to
oxygen−aluminum intermixing and the formation of aluminum oxide (γ-alumina). For Cu and O co-deposition, copper
promotes oxygen−aluminum interaction by oxygen segregation and separates the resulting oxide from the Al substrate by
insertion into Al and stabilization below the oxide front, preventing full mixing of Al, Cu, and O species.

KEYWORDS: Al/CuO nanolaminates, Al/CuO nanothermites, aluminum oxidation, DFT calculations, Cu on Al(111),
Cu and O co-deposition on Al(111)

■ INTRODUCTION

Nanoenergetic materials are of great interest for Micro-
ElectroMechanical Systems (MEMS) technologies because
they can be easily integrated, for instance in microactuators
and detonators.1,2 Their high energy density and compatibility
with conventional MEMS fabrication techniques makes them
ideal components of autonomous micro- and nanosystems for
developing nanoenergetics-on-a-chip systems.3 Nanolaminates
(i.e., a nanofoil arrangement of thermites) composed of metal
and metal-oxide (fuel and oxidizer, respectively) films allow the
reactants to be intimately stacked in a controlled manner.4 This
arrangement enhances the reactivity, minimizes energy loss, and
facilitates the tuning of the thermal characteristics. Among
alumino-thermites or bimetallic-based nanofoils, the Al/CuO
system has a relatively high energy density, 21 kJ/cm3, that is, 3
times higher than trinitrotoluene (TNT, 7.6 kJ/cm3), a
standard high-explosive material. Importantly, it offers full
compatibility with conventional microelectronics deposition
processes. Therefore, CuO/Al nanofoils have attracted much

attention during the past decade, as demonstrated by a number
of experimental and theoretical investigations.2,4−10

Downscaling these materials to the nanoscale has raised
many fundamental questions, such as the impact of interfaces
on the thermal properties, highlighting the lack of under-
standing of the interface formation and motivating possible
ways to design and nanoengineer smart-interfaces for tunable
nanoenergetic materials.11 In contrast to most materials,
reactive stacks such as Al/CuO are intrinsically characterized
by strong exothermic elementary reactions during synthesis,
inevitably leading to the formation of mixed layers at the
interfaces. Mixed interlayers act as barriers by slowing down
mass diffusion and subsequent reactions and can stabilize the
energetic material if they are uniform. The overall stability is
critical and needs to be accurately controlled: a poor interfacial
layer causes unexpected ignition of the thermite at relatively
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low temperatures, while a uniformly thick layer leads to
inhibition (flegmatization) of the reaction. Controlling the
atomic arrangement and thickness of the mixed region is
therefore critical. For instance, the role of defects on the
stability of an Al/Ni bilayer has been pointed out.12−14

Similarly, the chemical nature of an Al/CuO interfacial layer
has been shown to be more important than its physical
thickness.11 Clearly, technological and fundamental progress in
such reactive heterogeneous stacked nanostructures requires
understanding of the chemistry and associated fundamental
mechanisms that control the formation and chemical
composition of its interface, thus their impact on the
performance and aging of the energetic nanolaminates.
Purely experimental studies of the interface formation are

limited by the ability to analyze the chemical composition and
structure with high enough spatial resolution.7,15 Often,
computational studies can not only propose and evaluate
mechanisms based on hypotheses derived from experiments,
but also can consider and investigate processes that are beyond
the reach of experiments. For nanoenergetic materials, the
theoretical efforts have primarily involved macroscale models
(mainly for the Ni/Al system) and have been focused on
deriving the macroscopic thermal properties and understanding
the impact of intermixing on reaction velocities16,17 and alloy
formation reactions.18 In contrast to Ni/Al, there have only
been a few studies of the Al/CuO systems, combining
experiments to elucidate reaction paths8 and theoretical work
to build macroscale models for its combustion.19,20

At the atomic scale, molecular dynamics (MD) has been used
to study nanolaminates, focusing on the intermixing process at
the interfaces of the nanolayers during ignition.21,22 For
instance, the role of defects in initiating the intermixing process
at the Al/Ni interface12,13,23−25 and the specific chemical
mechanisms to explain atomistic exchanges at the Fe2O3/Al
interface26,27 have been investigated. These atomic scale studies
are all based on model systems in which the interfaces are
generated through crystallographic coincidence lattice site
models. No attempt has been made so far to develop
simulations that deal with realistic interfaces before tackling
thermal studies. General methodologies have been proposed to
model vapor deposition processes, addressing the basic
chemical mechanisms through first-principles tools.28 But
literature dealing with specific issues associated with nano-
energetic materials (i.e., energetic reactions) is scarce, in
particular for the Al/CuO nanothermite system.
This work addresses the early stages of the deposition

chemistry of CuO onto Al(111) surfaces (ideal model system
for real PVD experiments) using first-principles density
functional theory (DFT) based calculations. We show that
CuO dissociates upon adsorption, leading to Cu and O cluster
formation through Cu−O repulsive forces, which induces Cu
incorporation into Al and Al extraction by oxygen at high
enough local coverages. Oxygen agglomeration is consistent
with thermodynamic considerations,29 even at low coverages.
However, we show that calculation of kinetic barriers is critical
to modeling the underlying elementary processes, such as
migration and aggregation, and to examine in detail the
simultaneous deposition of oxygen and copper atoms on the
Al(111) surface.
This paper is organized as follows. The first section describes

the computational method. The next section discusses results
and addresses the adsorption and decomposition of CuO
molecules on Al(111) surfaces and the individual interactions

of oxygen and copper, before considering their co-deposition.
The motivation for separating oxygen and copper deposition
arises from experimental observation that CuO adsorption is
dissociative.5,7 In the Results, section 1 focuses on the
decomposition of CuO, and section 2 focuses on the deposition
of copper atoms onto Al(111) surfaces. The potential diffusion
of Cu atoms into Al and their clustering either on the surface or
in the subsurface30 are also examined. Section 3 addresses the
deposition of oxygen onto Al(111) surfaces, providing a kinetic
confirmation of island formation at the surface, critical for
subsequent oxidation.3 Section 4 considers the simultaneous
deposition of Cu and O. The results are compared with those
obtained in sections 2 and 3 to assess the synergistic effect of
these species on the global reactivity. Finally, conclusions and
some perspectives are reported, highlighting the impact of this
work for all aluminum-based technologies.

■ COMPUTATIONAL METHODS
All calculations presented here are based on the DFT approximation.
We used the Perdew−Burke−Ernzerhof functional31 in the General-
ized Gradient Approximation (PBE-GGA) implemented in the VASP
5.2 package (Vienna Ab initio Simulation Package).32−35 A plane-wave
basis set for the Kohn−Sham Bloch functions is used, with an energy
cutoff of 400 eV, to account for the valence electrons and a
Monkhorst−Pack36 mesh of 2 × 2 × 1 k-points for the sampling of the
Brillouin zone. Projected-augmented waves are used for the
representation of inner shell electrons. All performed calculations are
spin-polarized, and initial magnetic moments have been introduced for
systems that include copper atoms. An Al(111) slab is constructed
based on an orthorhombic supercell containing six layers of 16
aluminum atoms each. Within each Al slab, the bottom layer is held
fixed in the bulk configuration so as to reproduce the bulk behavior. A
15 Å thick vacuum space is added in the z direction for creating (111)
surfaces. The total dimensions of the asymmetric orthorhombic
simulation box are 11.43 × 9.90 × 25.00 Å3.

An Al(111) surface exhibits two types of stable adsorption sites,
namely the fcc and hcp sites, as shown in Figure 1.29,37,38 They are

associated with two possible types of stacking on a (111) surface of an
fcc lattice: (i) the normal fcc stacking as obtained in epitaxial layer
growth, and (ii) the hcp resulting in a stacking fault in the fcc lattice.
As shown in Figure 1, the Al atom below an hcp site in the vertical
direction is situated in the first subsurface layer, while for an fcc site,
the Al atom is situated in the second subsurface layer. In addition to
these two sites, a metastable site can be observed at the transition state
between fcc and hcp, on top of the Al−Al bond center, interacting
directly with these two Al surface atoms. This site is labeled as the
bridge site in Figure 1. The lower coordination number explains the
lower stability of this particular site. Note that each unit cell in Figure 1
comprises an fcc and an hcp site (whose distance is only 1.6 Å, which

Figure 1. Different types of adsorption sites on the Al(111) surface:
(■) fcc, (◆) hcp, and (+) bridge. Dashed lines represent the surface
unit cell as defined in this article; (left) top view and (right) side view.
Gray spheres are aluminum atoms.
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is roughly in the order of a diatomic molecule and therefore too short
to accommodate a CuO molecule, for instance).
Looking into thermodynamic characteristics, we can associate an

enthalpy change with each reaction. The energy reference is taken as
the Al(111) substrate alone with all other species at infinite distance.
The enthalpy change is calculated as the binding energy associated
with the configuration resulting from the reaction, expressed as E =
Etotal − (Eadsorbate + Esurface), where Etotal is the total energy of the system
in its final configuration after total energy minimization; Eadsorbate and
Esurface are the respective energies of the isolated adsorbate and the
surface slab alone. Kinetic rates are derived from the activation energy
barriers, which are the enthalpies at the saddle points for the transition
between two configurations. A saddle point is obtained through the
determination of the minimum energy pathway, among all possible
pathways in the multidimensional space. In this study, the nudged
elastic band (NEB)39−41 method is used to find these pathways and
the related energy barriers.

■ RESULTS

1. Copper Monoxide Adsorption and Decomposition
on Al(111). The interaction of copper monoxide with the
Al(111) surface is examined first. Copper monoxide is the most
stable gas product expected from the sputtering experiment.
Considering the three high symmetry sites of the surface (fcc,
hcp, and bridge), three initial positions of the CuO molecules
are tested with the CuO molecule positioned at distance of 3 Å
(i.e., far enough from the Al surface layer) with its molecular
bond axis parallel to the surface to enable reorientation of the
molecule during energy minimization. For instance, two of
these initial positions have the CuO molecule positioned above
the surface with its oxygen atom on top of the fcc site and the
copper atom on top of the hcp site, and vice versa. This makes
it possible to examine the competition between the respective
affinity of copper and oxygen to the aluminum surface to
determine the lowest energy adsorption state. In the third
position, both copper and oxygen atoms are on top of the
adjacent bridge sites.
In the first two cases, a direct and fully dissociative

chemisorption is observed, as illustrated in Figure 2 (panels a
and b are the initial and final states, respectively). In both cases,
the oxygen atom is adsorbed remaining in its initial axis, either
fcc or hcp, and the copper atom migrates toward a bridge site
away from the oxygen adsorption site (dCu−O = 3.7 Å), that is,
with the Cu atom crossing over into the next neighboring unit
cell (repulsed away). These two adsorption configurations have
different adsorption energies: when the O atom remains on top
of fcc site, which appears to be the most favorable
configuration, the adsorption energy is large (−6.97 eV); in
contrast, when the O atom is adsorbed on an hcp site, the
chemisorption energy is reduced to −6.57 eV, that is, +0.4 eV
above the most stable configuration. These results are in
agreement with previous findings of the most stable adsorption
sites for isolated oxygen atoms,42−45 leading to the conclusion
that the oxygen atom is driving the thermodynamics of CuO
decomposition. To quantify this repulsion and resulting
chemical separation of copper and oxygen atoms, a static
calculation is performed to compare the energies of O and Cu
atoms in similar sites (both in fcc or both in hcp) but adjacent
unit cell (separation of 2.7 Å; dCu−O = 2.7 Å) with the
corresponding energies when the Cu atoms migrate to adjacent
bridge sites (separation of 3.7 Å). The former configuration,
which could intuitively correspond to the most favorable
dissociative chemisorbed state, (with dCu−O = 2.7 Å) is
characterized by a −6.29 eV adsorption energy, less stable

than the two previous geometries obtained after dissociation
(with dCu−O = 3.7 Å).
In the third position, wherein both copper and oxygen atoms

are on top of the adjacent bridge sites, the molecule−surface
interaction is weaker, with a −2.92 eV adsorption energy. Here,
only partial CuO molecular dissociation is observed (Figure
2c,d). This chemisorbed state is characterized by an increase of
the Cu−O molecular bond length to 1.79 Å from its gas phase
value of 1.66 Å. Furthermore, the equilibrium position of the
CuO molecule is far from the surface (2.4 Å), compared to the
distance of the dissociated states, with typical dO−surface values of
∼0.80 Å for both fcc and hcp sites and dCu−surface values of
∼1.60 Å for the same sites. Note that the distance between the
Cu atom and the surface plane is reduced to 1.50 Å for the
bridge case. This metastable bridge state can be seen as a
possible step in the pathway from the gaseous phase toward a
full dissociation of CuO, as previously discussed. The transition
from this metastable chemisorbed state to the full dissociative
state can probably take place without any incubation time at
normal processing conditions, because a slightly nonsym-
metrical initial positioning of the CuO molecule leads to full
dissociation. These data lead us to the conclusion that CuO in
its molecular form has no appreciable lifetime in contact with
the Al(111) surface.
Additionally, initial vertical positions for the CuO molecules

on top of the surface have also been tested (on either side of
the molecule facing fcc or hcp sites). In all cases, full
decomposition is observed with no fundamental change from
what is observed in the cases of parallel positionings.
To better understand CuO adsorption, we calculated the

adsorption energies of isolated O and Cu atoms on two
different Al(111) slabs, starting with isolated O in an fcc
position and isolated Cu in a bridge site. The total energy gain
with respect to molecular CuO as reference amounts to −6.94
eV. This value is comparable to −6.97 eV already found in the
first case examined in this section, when a CuO molecule was

Figure 2. Top views of two different adsorption states of CuO on
Al(111). (a) Initial and (b) final configurations of the dissociative
adsorption; (c) initial and (d) final configurations of the partial-
dissociative chemisorption. Gray, blue, and red spheres are aluminum,
copper, and oxygen atoms, respectively.
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deposited on the same substrate, resulting in the Cu and O
atoms separated by 3.7 Å.
This finding indicates that the interaction with the Al(111)

surface can be studied separately, in the limit of low coverage
(initial exposure), because there is no significant chemical
interaction between the two adsorbed species (Cu and O)
when positioned in adjacent neighboring sites (i.e., no energy
stabilization). Therefore, the next section focuses on separate
studies of adsorption and migration of isolated Cu and O atoms
before examining the more complex case of co-deposition. This
choice is also consistent with experimental procedures, because
the CuO target surface is likely to decompose into Cu and O
before evaporation when hit by highly energetic Ar+ ions in the
usual plasma sputter-deposition technique.5,8

2. Copper on Al(111). Surface Clustering. In this section,
we consider copper deposition on the Al(111) surface. The
calculations described above indicate that the adsorption on fcc,
hcp, and bridge Al(111) surface sites is energetically equivalent,
with respective binding energies of 2.78, 2.77, and 2.72 eV. In
fcc and hcp configurations, three Al−Cu bonds are formed with
equivalent 2.42 Å bond lengths, whereas the Cu bridging
configuration exhibits four Cu−Al bonds, two short bonds
(2.35 Å) that contribute mostly to the stability and two long
bonds (2.67 Å) associated with weaker interactions with second
Al neighbor atoms. Interestingly, an investigation of the
migration pathways between these three sites reveals that the
activation barriers are low, indicating that copper atoms move
quasi freely on the Al(111) surface even at low temperatures.
The activation barriers are displayed in Figure 3 for migration

from the fcc to the hcp sites through the bridge configuration.
They are all in the range of 0.01−0.03 eV, which is the same
order of magnitude as kBT = 0.025 eV at room temperature.
This behavior can be explained by the metallic nature of the
Cu/Al(111) interaction, which consists in the integration of the
copper electronic wave functions into the delocalized electron
gas of the aluminum surface, leading to similar energies for the
different sites (fcc, bridge, and hcp) with negligible barriers in
between. We conclude that the binding energy of copper atoms
is not sensitive to the local configuration of the neighboring Al
atoms.
We now consider the properties of a second Cu atom

adsorbed in an fcc, hcp, or bridge site in the vicinity of an
existing Cu atom. We find that the bridge configuration is not
stable, leaving only the adjacent hcp or fcc site as possible
neighboring configuration depending on the position of the
original Cu atom. Table 1 reveals that when the Cu coverage is

increased, clustering with either a local hcp or fcc configuration
is favored, indicating that there is a strong coupling energy
between the surface Cu atoms. Indeed, when Cu atoms are on
neighboring sites, the adsorption energy per atom inside the
cluster increases with cluster size, up to a non-negligible value
(e.g., 0.47 and 0.46 eV per atom gained for clusters of five Cu-
fcc and Cu-hcp configurations, respectively). A NEB calculation
was also performed to estimate the activation barriers for Cu
atom extraction from a four Cu cluster. In this process, a Cu
atom is moved away from the rest of the cluster by one first
neighbor position, either fcc or hcp, which places it at least at a
second neighbor position from other Cu atoms inside the
cluster. Similar to the case of the Cu-bridge position at the
proximity of other surface copper atoms, these second neighbor
sites are unstable, and the Cu atoms extracted from the copper
clusters recover their initial positions inside the cluster after
relaxation. As a result, we estimate that the activation barriers
for extraction is ∼0.5 eV for hcp and fcc sites, as the barrier for
further migration of the isolated copper atoms is negligible
compared to its aggregation energy (energies given for the
extraction from a five Cu cluster and referenced to an isolated
copper atom on the surface).

Copper Site Exchange Process. In addition to surface
migration, an adsorbed Cu in either fcc or hcp position can
exothermically insert into the aluminum slab, by Al substitution
(i.e., extraction out of its original surface lattice site to above the
surface). The successive steps of this “site exchange” path are
shown in Figure 4. The initial state (Figure 4, left) corresponds

to the adsorbed Cu atom, the transition state (4, center) shows
the Cu and Al atoms both out of the surface, and the final state
(Figure 4, right) illustrates the final position of the copper atom
within the Al surface layer. This favorable site exchange process
occurs through a concerted movement between the copper and
extracted aluminum atom and is characterized by an activation
barrier of 0.54 eV in the case of a single copper atom
interaction. The reaction is slightly exothermic with an enthalpy
of −0.12 eV (Table 2). The activation barrier decreases when
the environment is copper-rich, as illustrated by the data given
in Table 2. Two situations are examined: (i) adsorption next to
an existing surface Cu atom, and (ii) adsorption next to a
subsurface Cu atom. The corresponding activation barriers are
lower (0.45 and 0.40 eV for i and ii, respectively) and the
enthalpies larger (−0.22 and −0.14 eV, respectively). This
thermally activated concerted mechanism is confirmed by a
molecular dynamics simulation performed at T = 300 K,

Figure 3. Activation barriers encountered along surface migration of
copper atom on an Al(111) surface, between fcc, hcp, and bridge sites
as described in Figure 1. Reference energy given in eV is taken for Cu
in fcc site as the most stable configuration. Activation barriers (in blue)
are given in eV.

Table 1. Adsorption Energy of Copper Atom Positioned in
fcc and hcp Close Packed Configurationsa

number of packed Cu

1 2 3 4 5

Eads on fcc (eV per atom) −2.78 −2.95 −3.08 −3.18 −3.25
Eads on hcp (eV per
atom)

−2.77 −2.94 −3.05 −3.17 −3.23

aAdsorption energy gains are given per deposited Cu atom (in eV).

Figure 4. Side views of pathway of (blue spheres) copper insertion
into Al(111), associated with a barrier of 0.54 eV.
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showing a shorter time for penetration (t = 3 ps) compared to
that of a single Cu atom, without adding any extra force or
interaction on the system during the simulation.
These results indicate that under low pressure conditions,

isolated copper atoms will either penetrate into the substrate or
migrate freely on the surface until they meet each other.
Because surface migration leads to island formation due to the
attractive nature of Cu−Cu interaction on Al(111) surfaces, the
local coverage of Cu will increase and favor substitution of
surface Al atoms with copper atoms, thanks to the favorable
cooperative effect (decrease of the activation barriers). These
findings are consistent with the conclusions reported in the
literature and derived from experiments on the deposition of
Cu on Al(111) analyzed by Auger electron spectroscopy and
transmission electron microscopy (TEM).46−48 The various
observations made on thin Cu films deposited on Al indicate
that (i) the adsorption of the first atomic layer shows long-
range disorder, with the appearance of Cu(111) islands, and (ii)
during the deposition of the second atomic layer, the first one
penetrates the aluminum substrate and disappears completely.
Thus, intermixing occurs very rapidly, so that an alloy is formed
during the deposition process.
3. Oxygen on Al(111). This section describes the two

successive regimes associated with the deposition of oxygen on
Al(111):43,49 (i) the adsorption regime limited to the surface
(adsorption without penetration), and (ii) the oxidation regime
in which aluminum extraction takes place. For the first regime,
there is no oxide created and no real mixing of Al and O
species. In contrast, the second regime involves intermixing of
both oxygen and aluminum, as previously noted.37

Adsorption Regime, Surface Clustering. For the adsorption
of a single oxygen atom on the aluminum surface, the fcc site
(Eads = −7.64 eV) is more stable than the hcp site (Eads = −7.24
eV). In contrast to an isolated Cu atom, an oxygen atom is not
stable on the bridge site that now corresponds to the saddle
point for migration from the fcc to hcp sites and vice versa. The
associated activation barriers are 0.72 eV for fcc-to-hcp
migration and 0.32 eV for the back migration.
The adsorption of molecular oxygen has been theoret-

ically38,50−54 and experimentally43 reported. There is a
consensus that it spontaneously and exothermically dissociates
resulting in hyperthermal displacement. While static DFT
calculations indicate that neighboring fcc sites are favorable
after dissociation,38 surface separation resulting from hyper-
thermal trajectories during dissociation may lead to isolated
configurations for the surface oxygen atoms. Consequently,

consideration of isolated oxygen atoms is most appropriate in
the limit of early oxidation stages and low pressure conditions,
the utilization of molecular O2 in our investigation should rise
to the same general conclusions. At higher coverage or longer
times, islanding needs to be considered as static DFT
calculations and experiments on higher surface coverages
indicate that oxygen atoms interact on the surface and have
the propensity to form ordered islands, thanks to activated
migration of oxygen atoms. For instance a (1 × 1) pattern is
observed and corresponds to an epitaxial arrangement of a
single oxygen monolayer on the (111) aluminum surface.
These findings were first revealed by Brune’s scanning
tunneling microscopy (STM) real-time observations of
aluminum surface oxidation,43,44,49 and have since been
confirmed by other experimental55 and theoretical52,53,56

studies.
We now examine in more detail this tendency for oxygen to

agglomerate on the surface. An incremental method is applied
to model the assembly of one to seven oxygen atoms into
islands, which corresponds to almost a half-monolayer coverage
for the 16 Al atoms used in a surface unit-cell. In these
calculations, we consider different sizes of closed-packed
oxygen-fcc islands and calculate the activation barrier required
for one oxygen atom to leave the islands (i.e., from its close
packed fcc site to an adjacent hcp site). Figure 5 (top) shows

the calculation performed on a five oxygen-fcc island, and
Figure 5 (bottom) summarizes the results that include
activation barriers for both leaving the cluster and reagglom-
erating into the cluster.
We previously showed that for a single oxygen atom

migrating on the surface, the energy barrier for migrating
from an hcp site to an fcc site is 0.32 eV, and the energy barrier
for the way back is 0.72 eV ; hence, oxygen atoms tend to
remain on fcc sites once adsorbed or after migration from
adjacent hcp sites. This calculation justifies the close-packed
arrangement of oxygen-fcc atoms on Al(111) surfaces.
When increasing the island size from two to seven oxygen

atoms, the fcc to hcp activation barrier rapidly increases to 0.9,

Table 2. Energy Gains, Insertion Energies, and Activation
Energies Given for Various Copper Adsorbed
Configurations and Insertion Paths for Cu-fcc Atomsa

initial
configuration

final
configuration

energy
gain
(eV)

insertion
energy
(eV)

activation
energy
(eV)

1 adsorbed Cu-fcc inserted Cu −0.12 −2.90 0.54
2 adsorbed Cu-fcc 1 inserted Cu +

1 adsorbed Cu
−0.22 −3.36 0.45

1 adsorbed Cu-fcc
+ 1 Cu inserted

2 inserted Cu −0.14 −3.48 0.40

aFor the single copper atom configurations, the reference in energy is
the substrate plus copper atom at an infinite distance from it. For the
two copper atom configurations, the reference becomes an adsorbed
copper atom configuration plus another copper atom considered at an
infinite distance. Only Cu-fcc adsorbed sites are given in the table.

Figure 5. Group effects for adsorbed oxygen atoms on Al(111). (Top)
Top view of migration pathway investigation through NEB
calculations, with fcc sites represented by squares, and hcp by
diamonds in the case of a five oxygen atoms island. (Bottom) Graph of
both-ways migration barriers occurring at the edge of the island as a
function of the island size.
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1.0, and 1.3 eV for two, three and four oxygen atoms island size,
respectively. For island sizes beyond five oxygen atoms, this
barrier reaches a 1.3 eV energy plateau, as can be seen on the
graph in Figure 5 (black◆). Interestingly, for all coverages, the
hcp to fcc back reaction barrier (green ■, Figure 5) fluctuates
slightly around an average value of 0.3 eV, similar to the barrier
for isolated hcp to fcc migration. Hence, hcp to fcc oxygen
migration is a favorable mechanism, easily taking place at room
temperature and independent of oxygen coverage. Similar to
the case of copper, the total adsorption energy of two
agglomerated oxygen atoms in first neighbor positions increases
by 0.2 eV when compared to second neighbor oxygen atoms. In
contrast to Cu, however, there is no interaction between the
oxygen atoms, that is, the adsorption energy remains
independent of O−O distance.
Adsorption versus Insertion. The high binding energy of

oxygen to aluminum has led to the assumption that oxygen can
easily penetrate into aluminum to form an oxide. Indeed,
several studies57−59 on the subject have suggested and even
concluded that oxygen insertion in aluminum is central to
aluminum oxidation. However, our recent calculations have
shown that oxygen insertion in the aluminum subsurface is not
likely to happen at the initial stage of oxygen exposure because
of both thermodynamic and kinetic considerations.37 In the
following, we demonstrate that the oxidation of aluminum is
not mediated by an initial insertion of oxygen atom into the
aluminum subsurface but rather by Al extraction through
cooperative oxygen effects at the surface.
First, we compare the energy for adsorbing an oxygen atom

on the Al(111) surface to that for inserting it into the first
aluminum subsurface layer, focusing on the neighborhood of
close-packed oxygen islands of sizes varying from 0 oxygen (no
island) up to 15 oxygen atoms. This range for the total oxygen
coverage (i.e., the total number of oxygen atoms from 1 to 16
atoms), represents 0 to 1 full monolayer (1 ML). Figure 6

reports the incremental adsorption and insertion energies as a
function of the total oxygen coverage. It is clear that the
adsorption to form an oxygen (1 × 1) surface pattern is always
energetically more favorable than top insertion of an oxygen
atom by 0.7 to 1.0 eV. To examine the kinetic aspects of the
process, we perform an NEB calculation to find the insertion
pathways in the absence or presence of oxygen islands on the
Al(111) surface. Figure 7 illustrates the resulting reaction path
for the insertion of an isolated oxygen atom, starting from an
fcc site and ending in a subsurface tetrahedral site. This reaction
is endothermic, as shown in Figure 7, with ΔE = +0.72 eV. The
activation energy is too high (E‡ = 1.73 eV) to occur at room
temperature. Furthermore, the calculations show that the

activation energies for insertion of an oxygen atom from a 5 O-
(1 × 1) island up to a full monolayer O-(1 × 1) are even higher
than 2 eV. Therefore, direct insertion of oxygen into the
aluminum subsurface does not play a significant role in
initiating aluminum oxidation at room temperature.
In the following section, we discuss the Al/O mixing

mechanism for oxide nucleation, which, contrary to general
assumptions, occurs through the extraction of aluminum atoms
from the surface layer into the oxygen island thanks to a
cooperative effect of the oxygen-(1 × 1) pattern.

Oxidation Regime, Nucleation Mechanism. It has been
found that the aluminum oxidation process starts with a
nucleation phase at random points of the surface, continues
with the growth of these oxide nuclei, and finally spreads all
over the surface to recover it with a thin oxide layer.51,57,58 The
dependence between the beginning of the nucleation process
and the oxygen coverage has not yet been determined, and
contradictory hypotheses have been proposed.51,57,58 From this
prior work, there is evidence that the oxidation can start as soon
as the oxygen atoms agglomerate on the surface into islands.
Brune’s results suggest that three environments coexist on the
surface during the early stages of deposition: bare Al, oxygen-(1
× 1) islands, and oxide nuclei.49

To examine the mechanistic steps of oxygen adsorption after
low exposure to oxygen atoms or molecules, we add more
oxygen atoms on the substrate by either adsorbing them on a
free Al site (clean area) or on top of an oxygen island. In the
latter case, Figure 8 illustrates the main finding that the addition

of an adatom of oxygen directly leads to the extraction of
aluminum atoms through a barrierless chemical process.37 In
this calculation, an oxygen atom is initially deposited above an
island containing four oxygen atoms. The deposited oxygen
atom then interacts with three surface aluminum atoms, which
are pulled out from their original lattice positions, that is, they
“percolate” through the surface oxygen atoms (island) and
finally stabilize above it. This process, labeled as “extraction

Figure 6. Adsorption to grow (1 × 1) island (black ■) versus
insertion (red ●) formation energies as a function of surface island
size. In the red curve, at each red ●, a single oxygen atom is inserted.

Figure 7. Insertion path for one oxygen atom from an fcc adsorbed
surface site to a tetrahedral subsurface inserted configuration, as
obtained during the NEB calculations. Energy reference is taken in the
starting surface adsorbed fcc configuration. Final state corresponds to
oxygen atom inserted in the subsurface.

Figure 8. Extraction mechanism in three steps, (top) side views and
(bottom) top views. Extracted Al atoms are black.
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mechanism”, leads to the formation of tetrahedrally bonded
aluminum to oxygen, similar to alumina, on top of a
nonoxidized aluminum surface. The top view clearly shows
the upward movement of the three Al atoms, without
disturbing the neighboring atomic arrangement. Figure 8 also
shows the Al atoms bond with the oxygen adatom (with an Al−
O bond length of 1.88 Å) with complete loss of all Al−Al
bonds, underscoring the chemical changes (oxidation). These
three Al atoms lose their metallic coordination in the slab and
become isolated and oxidized. They constitute the first oxide
nucleus.
The calculations show that this extraction mechanism is

barrierless and highly exothermic (e.g., with an energy gain of
−5.6 eV for a four-oxygen atom island). The process starts as
soon as one oxygen atom is deposited on top of an oxygen
island containing at least three oxygen atoms. The oxide
nucleus thus formed is stable, despite the formation of three
holes in the original aluminum layer created by the upward
motion of three Al atoms. At this stage of the process, there is
no global amorphization or complex atomic rearrangement,
although the charge isosurfaces do indicate the presence of a
vacancy in the metallic electronic density (Figure 9). This

process therefore leads to a very symmetrical structure that
constitutes the initial nucleus of oxidation, as indicated by the
Al−O bond lengths and local structural arrangement (Figure
8). No reconstruction is seen around the extracted positions,
leaving well-defined void structures.
Beyond the Monolayer Coverage. The above extraction

mechanism constituting the origin of aluminum oxidation is
investigated more thoroughly by adding oxygen atoms on the
previous surface, up to 2 ML coverage, and the results
summarized in Figure 10 (note that 1 ML = a total number of
16 oxygen atoms). Our method is incremental, equivalent to
the one presented previously in Figure 6. An extra oxygen atom

is added to a pre-existing oxygen island on the surface either on
the side or on top of it; the oxygen adsorption on either clean
or oxygen-covered aluminum surface (Figure 10, black ■) is
examined and the aluminum extraction from surface to the
oxygen layer (Figure 10, orange ◆) mechanisms considered.
Therefore, all calculations are independent from each other; the
initial island shape is chosen to offer a maximized compactness.
After minimizing the total energy of the system, we calculate
the formation energy to bring an oxygen atom from infinity to
the substrate and compare the two mechanisms (oxygen
addition on the side and on top of a cluster). Importantly,
adding an oxygen atom on top of the oxygen cluster is
accompanied by the extraction of three aluminum atoms from
the surface, as described in the previous section. We find that
this second mechanism, associated with aluminum extraction, is
always thermodynamically less favorable than the simple
adsorption of oxygen on the side of an oxygen cluster by
roughly 1 eV. Therefore, while completing the oxygen layer is
energetically favorable, statistically, there will be a fraction of
the oxygen landing on the existing oxygen clusters and then
immediately fostering aluminum extraction because that
process is barrierless.
For oxygen coverages over 1 ML (up to 2 ML), the

incremental extraction energy decreases slightly with increasing
cluster size but always remains higher than the insertion
energy.31 However, kinetics favors the extraction mechanism.
The high energy barriers for the oxygen insertion (>2 eV) make
them highly improbable at room temperature. Results are
reported in Figure 10 for 16−32 oxygen atoms. Consequently,
the oxide nuclei formation is governed by the probability of
oxygen molecules arriving from the gas phase on top of an
existing oxygen island. These findings are in agreement with
more recent MD calculations51 and consistent with earlier
experimental work showing that at low temperatures (i.e.,
limited oxygen migration) island formation obeys percolation
rules and the oxide nuclei forms at roughly 0.5 ML
coverage.43,49 At high temperatures, the oxygen migration was
determined to be fast with rapid island formation. Overall, the
oxide nucleation process itself was observed to occur at low
coverages and to depend on experimental conditions, such as
deposition temperature and oxygen partial pressure, which
control the migration and the deposition processes.
We now consider the structural aspects of the surface after

oxygen adsorption and aluminum extraction. The 16 atom
oxide/Al surfaces used in our static calculations are not
sufficient to represent macroscopic size substrates, and so, a
close examination of the local structures is useful to compare
with state-of-the-art structures published to date in the
literature. While the structure obtained after direct exposure
of 2 ML on the Al(111) surface (final structure shown in Figure
11) appears disordered, a careful examination reveals that the
associated oxidation process leads to a structure close to
gamma-alumina (γ-Al2O3). For instance, the characteristic
alignment of octahedra and tetrahedra are found in the oxygen
atoms surrounded by Al atoms (shown in purple and gray,
respectively, in Figure 11), with a typical alternation of small
and long Al−O bonds, with dAl−O = 1.73 to 1.77 Å and dAl−O =
1.83 to 1.89 Å, close to the known values of 1.76 and 1.83 Å,
respectively.60 This nonperfect, substochiometric structure
points to the formation of a very thin layer of “γ-like-Al2O3”
at the early stage of aluminum oxidation, consistent with
previous experimental studies.61−63 Furthermore, the resulting
oxide/Al layers derived from our calculations are energetically

Figure 9. (Left) Upper part of the slab with an oxide nucleus; (right)
electronic charge density associated with the oxide nucleus (0.15
electron/Å3). (Black) Al atoms, (red) oxygen, and (blue lines) lateral
limits of the simulation box.

Figure 10. Extraction (orange ◆) vs adsorption (black ■) binding
energies on the oxygen surface coverage. Oxygen adsorption curve is
stopped at 16 O atoms because a full monolayer is reached at this
stage.
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more favorable by 0.25 eV per oxygen atom than the oxide
layers proposed by Lundqvist and co-workers, wherein oxygen
atoms were positioned below the top aluminum atoms (i.e.,
inserted into the Al layer rather than extracted).58 At roughly
half extraction of the surface aluminum layer, the well-defined
voids associated with the extracted Al atoms tend to vanish due
to the swelling of the oxide layer that find chemical connections
to the aluminum layer underneath the extracted layer. Finally,
for completeness and to explore potential artifacts due to the
finite unit-cell size, we have also performed room temperature
MD calculations on a repeated 2 × 2 unit cell representation of
the surface and confirmed that there is no change in the atomic
arrangement of the oxide layer.
In summary, oxygen atoms deposited on a bare Al(111)

surface first adsorb exothermically and preferentially on fcc sites
(E⧧ = −7.64 eV). The activation barriers for migration from fcc
and hcp sites are reasonably low (fcc-to-hcp = 0.7 eV, hcp-to-
fcc = 0.3 eV) leading to aggregation into islands. Once
agglomerated into islands, the adsorbed atoms cannot go back
to the isolated oxygen configurations due to attractive
interactions that stabilize the islands. Furthermore, the only
reaction in competition with oxygen adsorption and migration
on the surface is the aluminum extraction mechanism leading to
the formation of an oxide nucleus, because the oxygen insertion
in subsurface is endothermic and associated with a high
activation barrier. This oxide nucleation is exothermic and
barrierless and can begin as soon as oxygen islands exist on the
surface (i.e., an additional oxygen lands on such an oxygen
island). If a newly deposited oxygen atoms arrives on a clean Al
surface patch, it migrates to the side of an island. If it arrives on
top of an island, it extracts three Al atoms from the surface. Up
to a 2 oxygen ML coverage, a thin oxide layer is formed on top
of the aluminum surface, identified as a γ-like-Al2O3 structure,
consistent with all previous experimental studies. However, this
extraction mechanism is only dominant during the very first
stages of aluminum oxidation. Once the thin oxide layer is
formed, other mechanisms will take over, including the
penetration of new oxygen atoms through the oxide layer to
reach the metallic aluminum and to oxidize it deeper. This
regime is beyond the scope of this work.
4. Copper and Oxygen on Al(111). We showed in the

previous sections that copper and oxygen, upon CuO
adsorption, tend to separate on Al(111) surfaces. Oxygen
atoms agglomerate leading to aluminum extraction and
formation of aluminum oxide nuclei. The copper atoms form
islands, preferentially in the subsurface region. This situation
holds at low coverage, where enough space is available for the

formation of separate oxide nuclei and copper islands. With
increasing coverage, the oxide nuclei and copper islands will
eventually coalesce. Prior to coalescence, isolated migrating O
or Cu species can interact with copper or oxygen-rich zones,
respectively. To study these effects, we investigate the co-
deposition of copper and oxygen atoms on Al(111) surfaces,
using two model systems corresponding to copper- and oxygen-
rich substrates that are derived from previous sections on Cu
and O exposures treated separately. First, we concentrate on
the configurations in which Cu atoms are in the neighborhood
of an oxide nucleus. Then, we focus on how oxygen atoms
behave in the vicinity of a copper-rich zone. Specifically, we
investigate whether Al oxidation persists through the extraction
mechanism even in the presence of copper.

Copper Reactivity with Oxide Nuclei. A model-Al surface is
constructed with 16 surface aluminum atoms and 6 oxygen
atoms (5 in the first layer and one additional on top) that form
an oxide nucleus. This moderate oxide nucleus size is sufficient
to represent an oxide yet leave enough bare aluminum to
prevent interaction between different oxide nuclei present in
repeated cells, when applying periodic boundary conditions.
Several initial positions of the added copper atom around the
oxide nucleus are considered in order to map the different
possible copper -to-island interactions (see Figure 12). Four

positions of the Cu on top of the Al surface (labeled 1−4 in
Figure 12) are initially tested. Other positions are also tested on
top of(labeled 5 in Figure 12) and below (labeled 6 in Figure
12) the oxide nucleus (i.e., in the vacancy left by the extracted
aluminum atom in the Al surface layer after oxidation process).
Site 1, with the Cu explicitly bonded to three Al atoms, is the
most energetically favorable among all the sites studied here,
with a binding energy of −3.58 eV (compared to −2.78 eV for
Cu adsorption on perfect Al(111) surface). This bridge
configuration, close to the oxide nucleus, is similar to the
configuration obtained after CuO dissociative adsorption onto
Al(111) (Figure 2). Adsorption site 2 is characterized by an
adsorption energy of −2.92 eV and is again slightly more stable
than adsorption on the pure Al(111) surface. Interestingly, in
both of the above structures, the copper atoms interact with
two nonoxidized Al atoms from the surface (dCu−Al = 2.41 Å)
and one oxidized Al at the edge of the oxide nucleus (dCu−Al =
2.46 Å). A Bader charge analysis of site 1 shows a net charge of
−1 e on the copper atom extracted from the Al atom bonded to

Figure 11. Resulting structure of the oxidation with 2 ML of oxygen.
(Left) Raw representation; (right) highlight of the local order and
symmetry with purple tetrahedra and gray octahedra.

Figure 12. Adsorption and insertion of copper atom in the vicinity of
oxide nucleus. (a) Initial adsorbed copper atom positions tested; (b)
copper atom after insertion. Gray, blue, and red spheres are aluminum,
copper, and oxygen atoms, respectively.
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two oxygen atoms, evidenced by a charge variation from +1.54
to +1.87 e. This indicates that copper behaves like an oxygen
atom (in the sense that it is electrophilic) in the vicinity of an
oxide nucleus, which stabilizes the surface compared to an
isolated copper on a pure Al(111) surface. A charge isosurface
analysis of this configuration clearly shows the nature of copper
behavior (see Figure 13). While the oxygen atoms share their

electron clouds as in a perfect oxide network, the copper atom
does not share its electrons with the oxygen network cloud.
The aluminum atom bonded to the copper atom, and two
oxygen atoms from the oxide nucleus screen this interaction,
which allows the copper atom not to suffer the classical
Coulombic repulsion from the oxygen negative charge. Finally,
the overall stabilization of site 1 (and 2, to a lesser extent)
comes from the oxygen−aluminum−copper arrangement, in
which the charge reduction of the aluminum atom stabilizes the
copper anion while keeping it at an optimal distance from the
oxygen electron cloud. Site 1 is more stable than site 2 because
it is characterized by a better orientation with respect to the
bond orientation of the Al to oxide nucleus atom (tetrahedral
basis).
For a single copper atom adsorbed in a second neighbor

position of the nucleus, on normal hcp and fcc sites (sites 3 and
4, respectively, in Figure 12a), the adsorption energies are of
−2.69 and −2.57 eV, respectively. In these sites, the trend is
reversed and the Cu adsorption becomes less favorable than on
the bare surface. This result may be the consequence of a
modified charge environment in the vicinity of the oxide
nucleus (due to the large electronegativity of oxygen atoms),
causing an electronic depletion and lower adsorption energies.
In addition to positions of a Cu atom around the oxide (1−4 in
Figure 12), the other positions of a Cu atom on top of the
oxide (position 5 in Figure 12), and below the oxide (position 6
in Figure 12) are examined. On top of the oxide (position 5), a
repulsion is observed, compared to the most favorable
configuration, site 1, with an enthalpy of −3.58 eV. Below
the oxide, in site 6, the Cu atom is placed in an Al vacancy site
formed through extraction process, leading to an enthalpy of
−2.42 eV that is therefore energetically less favorable.
Finally, we examine the propensity of a Cu atom to migrate

into the subsurface, focusing on the most favorable site for on
top adsorption, namely site 1 in Figure 12. We find that the
penetration of Cu at this site into the Al layer is energetically
more favorable by 0.1 eV compared to the on top adsorption
(initial surface position), as illustrated in Figure 12b, with a
total enthalpy of −3.68 eV. The activation barrier for this
process is 0.16 eV, according to an NEB calculation, showing

that the penetration energy profile is globally similar to the one
obtained on the pure Al surface. Therefore, the presence of
oxide nuclei will not prevent the penetration of Cu atoms in the
subsurface. In fact, the slight lowering of the energy barrier
suggests that, during co-deposition, the presence of oxide on
the surface will accelerate copper penetration, at least in an
immediate neighborhood of the oxide nuclei.

Oxygen Reactivity on Cu-Rich Zone. In this section, we
consider a Cu/Al model-surface with a large penetration of
copper species in the Al(111) surface by placing an extra Cu
monolayer in the first subsurface layer of the aluminum slab.
There are two possible arrangements with a Cu layer separating
the top Al layer from the bulk aluminum: one leads to a
stacking fault of the top Al layer with respect to the bulk and
the other maintains the top Al layer in registry with the bulk.
We find that the latter is slightly less stable. So, we focus on the
structure associated with stacking fault and call this model-
structure “AlCu alloy”. In general, the insertion of Cu into the
subsurface is consistent with previous theoretical studies that
showed that copper segregation in the Al subsurface occurs at
the early stages of Al−Cu alloying.30

Oxygen adsorption on this modified AlCu alloy surface
shows slightly different features with respect to oxygen
adsorption on pure Al(111) surfaces. The fcc sites are still
preferential with respect to hcp sites, but the energy difference
is reduced to 0.2 eV (Eads(fcc) = −7.80 eV and Eads(hcp) =
−7.60 eV), compared to 0.4 eV in the case of pure Al(111)
surface (see section 3). We also observe a small shift in the
adsorption energy: from −7.64 eV for pure Al to −7.80 eV for
AlCu alloy in the fcc site. This leads to a stronger binding of
oxygen on the AlCu alloy, probably due to the distortions
associated with Cu insertion, facilitating the breakdown of the
Al lattice structure and further interaction toward incoming
oxygen atoms.
In Figure 14, we represent the incremental binding energies

of oxygen atoms deposited on this AlCu alloy, calculated as in

Figure 10 on pure aluminum. By comparing Figures 10 and 14,
we observe similar features, up to 1 ML oxygen coverage, with
the adsorption remaining more favorable than extraction.
Continuing with this comparison, we observe that the
extraction mechanism is also easier in the presence of Cu in
the subsurface, as for the adsorption. Here, the energy
differences are systematically lower on the AlCu alloy substrate
(average 0.14 eV energy gain). However, all these calculations
only concern the adsorption of one single oxygen atom above
the first adsorbed oxygen layer. For an oxygen coverage over 1
ML, the incoming oxygen atoms inevitably form oxygen
clusters in the second oxygen layer. Therefore, oxygen

Figure 13. (Left) Top view of an oxide nucleus interacting with a
copper atom. (Right) Charge density isosurface of the left side atomic
arrangement (1.1 electron/Å3). Gray, blue, and red spheres are
aluminum, copper, and oxygen atoms, respectively.

Figure 14. Extraction (orange ◆) vs adsorption (black ■) binding
energies as a function of the oxygen surface coverage, for the AlCu
alloy. Oxygen adsorption curve is stopped at 16 O atoms because a full
monolayer is reached at this stage.
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clustering effects can no longer be ignored. In our procedure,
we systematically consider close-packed oxygen atoms in the
second layer. At such high coverage, the extraction of aluminum
is affected. While the energy to extract Al decreases with
increasing oxygen coverage on pure Al, this extraction energy
begins to increase with oxygen coverage above 1 ML for the
AlCu alloy. Concomitantly, the binding energy of oxygen on
AlCu alloy decreases slightly with increasing oxygen coverage
(Table 3). The oxidation is still exothermic but is more difficult

with increasing coverage. Figure 14 indicates that the
incremental extraction energy starts increasing after deposition
of two extra oxygen atoms on the first full oxygen layer
(corresponding to 18 oxygen atoms in the unit cell), forming a
small oxide cluster. In effect, the formation of oxygen clusters,
even of small sizes, in the second oxygen layer leads to the
extraction of a number of surface Al atoms with associated
lattice distortion, which allows Cu atoms to be located
immediately below the oxygen atoms.
As discussed in a previous subsection, copper and oxygen

atoms have a tendency to repel each other due to their
electronegativity. We therefore propose that as Cu finds itself
next to oxygen due to Al extraction, there will be a driving force
for migration of these Cu atoms from the first subsurface layer
to the second subsurface layer during the oxidation process.
Although this assumption has not been checked in full detail
(i.e., with kinetic calculations of the activation energy barriers
for this migration mechanism), we have tested the special cases
with Cu in subsurface layers. If Cu is deliberately placed in the
second instead of the first subsurface layer, there is a notable
gain of energy. Associated with this energy gain, the energy for
aluminum extraction is also reduced compared to the extraction
energy for Cu in the first subsurface layer (Table 3). In Figure
15, we show the simulation results of structures obtained after

the deposition of 19 oxygen atoms on both model surfaces (Cu
in first and second subsurface layers). The left side of Figure 15
shows that the overall interfacial layer is distorted; the copper
layer positioned at the first subsurface layer the aluminum layer
underneath are disorganized. In contrast, the right side shows
that the copper layer now in the second subsurface layer is
stable. Importantly, the aluminum layer is now situated just
under the oxide nucleus allowing the formation of an additional
Al−O bond, which increases the total energy of this system
substantially. This stabilization effect is shown in Table 3, in
going from 17 to 20 oxygen atoms. Therefore, the presence of
copper enhances the oxidation of aluminum, as long as the Cu
atoms are not in direct (or too close) contact with oxygen
atoms. Consequently, there is a driving force to push Cu atoms
toward the bulk as oxidation proceeds. This mechanism is likely
not spontaneous but thermally activated, although the details of
this mechanism (e.g., activation barriers) need to be further
investigated.

■ CONCLUSION
In summary, the deposition of CuO on an Al(111) surface has
been investigated by DFT-based calculations, using a six-layer
Al slab model. We first find that copper monoxide is always
dissociated when deposited on an Al(111) surface, thus making
the separate studies of the adsorption of atomic copper and
oxygen relevant. We then observe that Cu atoms are adsorbed
with similar energies on hcp and fcc sites, consistent with
previous studies. We also show that adsorbed Cu atoms are
highly mobile on the surface. As a result of their rapid
migration, Cu atoms tend to form islands on the surface.
Further, we find that Cu atoms can easily penetrate into the Al
subsurface, particularly upon clustering, which lowers the
penetration activation barrier, creating Al adatoms on the
surface. These characteristics explain the experimentally
observed rapid penetration of copper deposited on aluminum,
leading to an intermixing of the two species.46−48

Oxygen adsorption on aluminum is very exothermic,
preferentially occupying the fcc sites, in agreement with
literature. The migration barriers are such that they promote
occupation of fcc rather than hcp sites at room temperature.
We provide evidence for oxygen clustering as the energy barrier
to detach an oxygen atom from a cluster increases with the
cluster size, which explains the experimentally observed cluster
formation.43,49 These findings confirm that, at finite temper-
atures, oxygen atoms can migrate and form clusters that remain
stable over time. Furthermore, we show that oxygen
penetration into the surface is kinetically forbidden, forcing
adsorbed oxygen (1 × 1) islands to remain on the surface. The
presence of these oxygen clusters is the seed for a new
mechanism, called extraction, which leads to aluminum
oxidation. This extraction mechanism is exothermic and
barrierless. It involves an oxygen atom deposited on top of
an existing oxygen (1 × 1) cluster, fostering the extraction of
three Al atoms out of their lattice sites and forming a stable
oxide nucleus standing above the original oxygen (1 × 1)
cluster.37 Further addition of oxygen atoms up to 2 ML
coverage leads to an oxide structure with a local symmetry
similar to γ-Al2O3, consistent with previous experimental
studies.61−63

Finally, the copper and oxygen behavior relative to oxygen-
and copper-rich zones of the aluminum surface, respectively,
have been considered, because it is relevant during CuO
deposition at high surface coverages. Our aim has been to

Table 3. Extraction Energies as a Function of Oxygen
Coverage for Three Model-Systems: Pure Aluminum, AlCu
Alloy, and AlCu Alloy with Copper Layer Located in the
Second Subsurface Layer

number of O atoms

17 18 19 20

on pure Al −7.46 −7.45 −7.21 −7.60
on AlCu alloy −7.97 −7.62 −7.10 −7.35
Cu on the second subsurface layer −8.81 −8.81 −8.94 −9.8

Figure 15. Extraction processes on two different AlCu alloys with 19
oxygen atoms deposited. (Left) The AlCu alloy has its copper layer
situated on the first subsurface layer. (Right) The copper layer is
placed in the second subsurface layer. Gray, blue, and red spheres are
aluminum, copper, and oxygen atoms, respectively.
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understand the formation of mixed layers, together with their
structure and composition, in the final multilayer nano-
thermites. On one hand, we find that the presence of oxide
on the surface facilitates the adsorption and insertion of copper
in its direct neighborhood. On the other hand, the presence of
Cu in the subsurface enhances the oxygen adsorption on
Al(111) surfaces. These two effects enhance Al extraction right
above regions with subsurface Cu, which is found to increase up
to 1 oxygen ML. At higher oxygen coverage, after oxidation has
depleted the Al subsurface layer, the repulsion between oxygen
and copper fosters the migration of Cu deeper into the Al
substrate, preventing full Cu, O, and Al mixing. Instead, there is
aluminum oxide formation and copper condensation. There-
fore, these DFT calculations have shown that there is not a
formation of a classical ternary compound with Al, O, and Cu
intermixed, but initial oxygen and copper clustering and later
segregation into aluminum oxide and copper condensation in
the bulk. The present description of the evolution of this
complex system, under well-defined experimental conditions,
cannot be easily deduced from empirical considerations. While
the present theoretical studies shed light on the essential
elementary processes, there is still a need for the detailed DFT-
based Kinetic Monte Carlo simulations, currently in progress,
to develop an understanding complete enough to control the
full CuO deposition process on aluminum.
Importantly, this work represents the first fundamental study

of elementary processes associated with the widely used Al−Cu
alloy, providing a new paradigm for the initial oxidation
mechanism based on the subtle interplay of cluster formation,
aluminum extraction and copper condensation in subsurface
regions.
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