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Density Functional Theory Calculations of Surface Thermochemistry in Al/CuO
Thermite Reaction

Hicham Jabraoui,∗ Mehdi Djafari-Rouhani, Carole Rossi, and Alain Esteve†

LAAS-CNRS, University of Toulouse, CNRS, 7 avenue du Colonel Roche, 31400 Toulouse, France.
(Dated: December 4, 2024)

This paper investigates the thermochemistry of the heterogeneous Al/CuO thermite reaction
through density functional theory calculations. We examine the interactions of atomic Al, Cu, O,
as well as O2, AlO, Al2O, AlO2, Al2O2 molecular species, with Al(111), Cu(111), and Al2O3 (γ and
amorphous) surfaces, all of which being condensed phase products during the thermite reaction.
Al(111) exhibits a very high reactivity, characterized by adsorption energies ranging from 3 to
5.3 eV for atomic Al, Cu, O, and from 4 to 9.5 eV for all molecular species. This reactivity is
attributed to barrierless molecular decomposition, followed by the spatial spreading of adsorbate
species across the surface facilitated by hot adatom migration processes. The Al2O3 surface also
exhibits extremely high reactivity, with adsorption energies of 4.5 and 9.4 eV for atomic Cu and
Al, respectively. Additionally, absorption energies range from 7 to 15 eV for condensation of AlxOy

suboxides. Al-rich suboxides, namely Al2O and Al2O2, show the greatest adsorption energy with
-15.05 eV for Al2O, against 6.52 eV for AlO2. In contrast, O and O2 exhibit no reactivity on
Al2O3 surfaces exhibiting oxidation states being superior or equal to AlIII . Finally, Cu(111) surface
exhibits much lower reactivity compared to Al(111) and Al2O3, with absorption energies ranging
from 2 to 3.5 eV for Al, O and Cu atoms. Although energetic, molecular AlxOy suboxides show non
dissociative adsorption on Cu(111). This findings point to different modes of oxide nucleation on
these surfaces, pleading for planar nucleation and growth onto Al(111), while being more difficult
and localised onto Cu(111). They renew our understanding of the thermite reaction chemistry,
quantitatively differentiating the various type of heterogeneous reactions and their implication on
the overall reaction. They also provide valuable data for higher-level diphasic simulations of the
computational fluid dynamics, aiming to achieve predictive capability.

I. INTRODUCTION

Nanothermites are composed of nano-sized
metal/metal oxide composites that can undergo re-
dox reactions. They are promising energetic materials
due to their high energy density and reactivity for
energetic applications [1–5]. Aluminum (Al) stands
out as the most extensively studied metallic fuel,
owing to its high reaction enthalpy (84 kJ.cm−3, 31
kJ.g−1), widespread availability, cost-effectiveness and
non-toxic nature. A variety of oxidizers have been
studied, including copper oxide (CuO) [6, 7], iron oxide
(Fe2O3)[8], molybdenum oxide (MoO3)[9], tungsten
oxide (WO3)[10] and bismuth oxide (Bi2O3) [11];
the choice depending on the particular application.
Applications of nanothermites include self-destructive
devices [12, 13], semiconductor bridges [14–17] in order
to initiate explosives, pyro-fuze [18, 19], welding repairs
[20, 21]. On the fundamental science side, with the goal
to investigate the complexity of thermite combustion,
research has been conducted at different length scales.
At the nanoscale, density functional theory (DFT)
calculations [22], molecular dynamics (MD) simulations
[23–25] and transmission electron microscopy (TEM)
[26–28] have been used to depict major condensed
phase reaction mechanisms. Results have highlighted
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the correlation between oxygen release (from oxidizer
decomposition) and nanothermite ignition and provided
very useful insights into the key role of reactive interfaces
on the ignition threshold as observed experimentally
[29–31]. On the other hand, micro-scale combustion
behaviors have been actively investigated in the last
decade using high-speed microscopy/thermometry [32].
Research has unravelled reactive sintering mechanisms
[33] in Al-based nanothermite and highighted the key
role of spatial heat transfer mechanisms occurring at the
reaction front, which can be affected by impurities [34]
or porosity [35]. Macroscopically, only a few theoretical
studies [36–38] have attempted to explicitly account for
the vapor-phase aluminum particles combustion in O2

(released by the oxidizer decomposition), with results
suggesting occurrence of the reactions over a broad
pressure range of about 1 - 100 atm. They show that,
as aluminum and alumina decompose, reaching their
vaporization temperature, gaseous sub-oxides (AlxOy,
where x=1,2 and y=1,2) are formed. This results in un-
steady combustion within the gas phase, involving eight
reactions [36–38], as well as heterogeneous reactions
occurring at particle surfaces. For these heterogeneous
reactions, a counting procedure incorporating 10 poten-
tial reactions was implemented instead of employing a
detailed and rigorous chemical kinetics scheme [36–38].

However, in practice, Al combustion shows contrasted
characteristics, notably highlighted by its burn rate de-
pendency with particle diameter : burn rate follows a d0.3

law compared to d2 for micron size Al particle in air, d
representing the Al particle diameter [39]. This raises
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fundamental questions on the influence of heterogeneous
chemical reactions taking place at the fuel, and alumina
(byproduct) surfaces following Al vaporization. Things
become even more complex when Al burns in contact
with a metallic oxidizer such as CuO in nanothermite
materials. Key question are : where and how does alu-
mina preferentially nucleate and grow, on Al or reduced
metallic oxidizer ? Said differently: does the gaseous sub-
oxides condense on both aluminum and reduced metallic
oxidizer particles? Answering this is crucial for compre-
hending nanothermite burning behaviors and for devel-
oping predictive combustion models.

In this study, the interaction between each gaseous
species e.g., Al, Cu, O, O2, Al2O, Al2O2, AlO, AlO2 with
pure Al, Cu, and Al2O3 surfaces are theoretically inves-
tigated by DFT. The condensed phases are restricted to
pure Al, Cu, and Al2O3 as we consider the combustion
at the steady-state regime, thus above 2800 K, for which
CuO is fully decomposed. DFT calculations are system-
atically conducted to determine adsorption energies and
screen all surface sites of interest. This enables the es-
tablishment of a hierarchy of chemical processes on the
various surfaces, thus facilitating the development of po-
tential mechanistic scenarios for the thermite reaction.

II. COMPUTATIONAL AND MODEL DETAILS

DFT calculations were carried out using the Vienna ab
initio Simulation Package (VASP)[40]. The calculations
utilized the PBE density functional and the projector
augmented wave (PAW) method, employing a plane-wave
cutoff energy set at 400 eV. Due to the system’s inher-
ent antiferromagnetic ground state for Cu or CuO, spin-
polarized calculations were conducted. Atomic positions
were relaxed until the forces per atom reached values be-
low 0.02 eV/Å. The self-consistent solution of the Kohn-
Sham (KS) equations persisted until the energy difference
between cycles fell below 10−6 eV [41–44]. Brillouin zone
sampling was confined to the Γ point. To account for van
der Waals interactions, the semiempirical D2 approach
developed by Grimme was applied [45]. This level of the-
ory has demonstrated success in prior studies concerning
the adsorption of oxidizing molecular species, such as O2

on mineral surfaces [22, 44, 46, 47]. All along the paper,
we define the adsorption energy ∆Eads, for the various
species (respectively molecular and atomic) in interaction
with the surfaces as:

∆Eads = E(surface+molecule)−[E(surface)+E(molecule)]
(1)

and

∆Eads = E(surface+atom)−[E(surface)+E(atom)] (2)

Note that for atomic oxygen, the reference E(atom)
becomes 1/2E(O2). E(surface) represents the energy

of the pristine Al(111), Cu(111), Al2O3(100), or alu-
mina (amorphous) surface. Similarly, E(molecule) and
E(atom) represent the energy of isolated molecular and
atomic species under consideration for adsorption, re-
spectively. The adsorption can be either non-dissociative
(an activation energy is necessary for dissociation) or dis-
sociative without any activation. Al adsorption configu-
ration convergence was checked through vibrational anal-
ysis. Note that the spin state for the reference ground
states of the molecular species under consideration was
determined: as a triplet state for molecular oxygen, dou-
blet state for AlO, and singlet states for both Al2O and
Al2O2, while AlO2 was showing partial filling of the two
highest molecular orbitals. In addition, the thermody-
namic stability of all gas phase species, as referred to
as 1/2O2, Cu and Al chemical potential references are
provided in Table I We also considered a separation en-
ergy ∆Esep, which refers to as the difference in energy
between the local adsorbate (disscosiated or not) and a
configuration where all species of the molecular adsor-
bate are separated from each other as isolated adatoms.
This separation energy allows indicating if the molecular
species subunits thermodynamically prefer to be spread
away from each other following local dissociation. Obvi-
ously, this separation is an activated process which might
involve multiple activation barriers. The quantification
of the kinetics of this separation is out of the scope of
this article.
To account for the effect of temperature on the adsorp-

tion energy, the enthalpies ∆Hads are defined as follows:

∆Hads = H(surface + atom)− [H(surface) + E(atom)]
(3)

Each enthalpy term, for each system species, is calcu-
lated by summing the electronic energy with contribu-
tions from vibrational, translational, and rotational par-
tition functions:

Hi = Hi
0 + ZPVE +Hi

vib +Hi
trans +Hi

rot (4)

where:

• Hi
0 is the formation enthalpy at 0 K.

• ZPVE (Zero-Point Vibrational Energy) is given
by:

ZPVE = R
∑
i

(
hνi
2k

)
(5)

• Hvib (Vibrational Enthalpy) accounts for vibra-
tional energy contributions at a given temperature:

Hvib =

(
R

k

)∑
i

(
hνi

exp
(
hνi

kT

)
− 1

)
(6)
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• Htrans (Translational Enthalpy) is:

Htrans =
5

2
RT (7)

• Hrot (Rotational Enthalpy) is:

Hrot =

{
3
2RT for non-linear molecules

RT for linear molecules
(8)

At a given temperature, the total enthalpy change
upon adsorption becomes:

∆Hads(T ) = ∆E (0K) + ∆ZPVE +∆Hvib

+∆Hrot +∆Htrans
(9)

Detailed expressions are as follows:

∆ZPVE = R
∑
i

(
hνi
2k

)
−R

∑
j

(
hνj
2k

)
(10)

∆Hvib =

(
R

k

)∑
i

(
hνi

exp
(
hνi

kT

)
− 1

)

−
(
R

k

)∑
j

 hνj

exp
(

hνj

kT

)
− 1

 (11)

∆Htrans = −5

2
RT (12)

∆Hrot =

{
− 3

2RT for non-linear molecules

−RT for linear molecules
(13)

The summation over i refers to all vibrations of
the surface-adsorbate system, representing the final
state post-adsorption, while the summation over j in-
cludes the vibrational frequencies of the isolated sur-
face and molecule (νi and νj frequencies, respec-
tively). h is the Planck constant, k is the Boltz-
mann constant, and R is the gas constant. The de-
veloped code for this approach is available at this
link: https://github.com/JABRAOUI/Thermodynamic_
corrections_adsorption_energy[48]. Please cite the
publication and code for further use.

We have chosen to calculate adsorption values at 2900
K, which is representative of the combustion process and
is situated around the vaporization temperatures of both
Al and Cu phases. This temperature facilitates the pro-
duction of the considered gas-phase species as well as the
presence of Al and Cu condensed phases. It is important
to note that the melting temperatures of Al and Cu are
932 K and 1356 K, respectively, while their vaporization

temperatures are 2600 K and 2868 K, respectively [49].
To illustrate the effect of temperature on adsorption, we
calculated the adsorption free energy, expressed as:

∆Gads = ∆Hads − T∆Sads (14)

The calculation of free energy involves incorporating
the change in entropy due to adsorption along with the
enthalpy. To simplify the calculation of entropy, we uti-
lized an empirical equation proposed by Campbell and
Sellers [50]. After collecting data from equilibrium ad-
sorption experiments and temperature-programmed des-
orption of alkanes and other small molecules from min-
eral and metal surfaces, they determined that the en-
tropy of a molecule adsorbed on a surface retains most
of its gas-phase entropy. This retention occurs because
the molecule is trapped in a potential well, which is steep
in the direction perpendicular to the surface, thereby re-
stricting motion in that direction. They proposed the
following empirical formula:

Sads(T ) = 0.70Sgas(T )− 3.3R (15)

Where:

• Sads(T ) is the entropy of the molecule in the ad-
sorbed state.

• Sgas(T ) is the entropy of the molecule in the gas
phase.

• R is the universal gas constant.

Using the empirical formula, the change in entropy due
to adsorption can be calculated as follows:

∆Sads(T ) = Sads(T )− Sgas(T ) (16)

Substituting the empirical relation yields:

∆Sads(T ) = −0.30Sgas(T )− 3.3R (17)

Finally, the equation to calculate the adsorption free
energy is as follows:

∆Gads = ∆Hads(T ) + 0.30T × Sgas(T ) + 3.3R× T (18)

This indicates that the molecule loses approximately
30% of its gas-phase entropy upon adsorption, along with
a constant entropic loss of 3.3R. The entropy Sgas is
obtained from the NIST-JANAF Thermochemical Tables
[51].
The charge density difference (∆ρ) and Bader charge

difference (∆Q) [52–54] was determined to enhance our
understanding of the interaction between aluminum sub-
oxide species and pure, Al(111)-, Cu(111)-, or Al2O3

surfaces. To visualize charge density modifications (∆ρ)
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(utilizing VESTA [55]), we combined three charge den-
sities: the density of the surface complex ρsurface-gas, the
density of the clean surface ρsurface, and the density of
the isolated molecule in vacuum ρgas, as depicted in the
equation below [47]:

∆ρ = ρsurface-gas − ρsurface − ρgas (19)

To obtain the difference in Bader charge ∆Q, the fol-
lowing equation was employed:

∆Q = Qsurface-gas −Qsurface&gas (20)

where Qsurface-gas represents the Bader charge of all
atoms upon adsorption, and Qsurface&gas is the Bader
charge of the separated clean surface and the isolated
molecule in the gaseous phase. Crystalline Al(111) and
Cu(111) surfaces were constructed from the face-centered
cubic (fcc) bulk arrangement using a primitive unit cell
of dimensions a = b = c = 4.05 and 3.62 Å , α =
β = γ = 90◦, respectively [56]. It has to be noted that
the (111) surfaces were chosen for their stability and be-
cause they are well-documented model-surfaces both ex-
perimentally and theoretically [56, 57]. Respectively, as-
sociated super-cells of dimensions 9.92 × 8.59 × 35 Å
and 7.60 × 8.77 × 35 Å were generated (Figures 1).
Note that, to create the surfaces, we introduced a vacuum
space in the direction normal to the surface, of roughly
25 Å at the cleavage plane, i.e., the net distance sep-
arating the bottom and surface slab monolayers across
the vacuum. Both super-cells surfaces were composed of
72 atoms, 6 layers of 12 atoms by layer, thus respecting
the ABC stacking symmetry of the fcc lattice in the [111]
direction. The two bottom layers were kept fixed during
minimization in a manner to mimic a real bulk constrain.
These surfaces exhibit three high-symmetry surface sites
for adsorption: fcc, hexagonal close-packed (hcp), and
top sites (top), as well as bridge position (bridge), as
pictured in Figure 1. From our calculations, we here re-
port results at fcc, hcp, and top sites, as the bridge site
was found to be unstable upon relaxation in the adsorp-
tion calculations. We will only consider single molecular
adsorptions within the cell surface. Given the lateral
cell dimension, and counting 12 fcc or hcp sites, we can
consider that a coverage of of nearly 8% is achieved for
atomic species.

FIG. 1: 3D (right side) and top (left side) views of the
fcc, hcp, top, and bridge sites for adsorption on Al(111),
which are also applicable to Cu(111).

A crystalline Al2O3 surface was crafted, adopting a cu-
bic arrangement derived from a primitive unit-cell with
dimensions a = b = c = 8.88 Å and angles α = β = γ =
90◦. This structured surface aligns with the Ia3- space
group [58]. The (100) surface illustrated in Figure 2, was
generated by extending the unit-cell to 17.75× 17.75 (lat-
eral dimensions) × 40 Å (a vacuum space of 31 Å was
added in the direction perpendicular to the cleavage
plane). This super-cell is composed of 128 Al atoms and
192 O atoms. Together with a crystalline aluminum oxide
model surface, presenting a restricted number of adsorp-
tion sites, including AlIV and AlV oxidation states for
aluminum atoms exposed to the gas phase, we also gen-
erated an amorphous surface. Again only single species
are adsorbed on this model surface, which corresponds to
similar coverages as for the metal surfaces, roughly 10%.
The amorphous surface is chemically closer to the real
system being in a liquid state. This allows studying de-
viation from the crystalline surface and brings additional
surface configurations, such as lower oxidation states for
surface aluminum atoms (such as AlIII). As a first
step, a bulk of amorphous Al2O3 was built from classi-
cal MD simulations using the melting-quenching method
by Jabraoui and co-workers [59–63]. Additional details
can be found in the Supplemental Material ([64, 65], See
Supplemental Material ) file. The Al2O3 glassy state
consisting of 92 Al and 138 O from classical MD simula-
tions underwent a DFT relaxation and was subsequently
cleaved in a plane perpendicular to the z direction, form-
ing a new box for the alumina surface with dimensions of
17.75 Å × 17.75 Å × 28.5 Å. To facilitate further relax-
ation, a void of 20 Å was introduced at the cleavage plane,
representing the net distance separating the bottom and
surface slab monolayers across the vacuum. For any con-
sidered surface, to mitigate polar effects, linear dipole
corrections were applied, following their implementation
in VASP. The two bottom monolayers were held frozen
to emulate bulk constraints.
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FIG. 2: (a) γ-Al2O3 and (b) amAl2O3. Steel blue balls
represent Al atoms and red balls represent O atoms. For
adsorption calculations, we considered exposed oxygen
and units of Al, specifically AlIV or AlV for the crys-
talline surface of Al2O3(100), and AlIII , AlIV , or AlV

for the amAl2O3.

We considered 8 gaseous species : Al, Cu, O, O2,
Al2O, Al2O2, AlO and AlO2, which are present during
the Al/CuO reaction. Equilibrium bond lengths and an-
gles of O2 and Al suboxides (AlxOy) molecules considered
isolated are detailed in Table I

III. RESULTS

A. Comparative adsorption of Cu, Al, O atoms and
O2, AlO, Al2O, AlO2, Al2O2 molecules on Cu(111) and

Al(111) surfaces

The adsorption energies (∆Eads) of the different
gaseous species onto Al(111) and Cu(111) are presented
in Table II and Figure 3. When available, data from
the literature are added for comparison purpose. The
interatomic distance between the adsorbed atomic and
molecular species and the surface are given in Table III.
The Bader charge difference (∆Qatomic) upon adsorption
of the different aluminum molecular suboxides are sum-
marized in Table IV. The subscript ’Sp’ refers to as atoms
belonging to the adsorbed species (molecular or atomic),
whereas the subscript ’S’ refers to as the surface atoms.
And finally, Figure 4 gives a visualization of the most
stable adsorbed configurations onto Cu(111) and Al(111)
surfaces.

Starting with O on Cu(111) and Al(111), the fcc con-
figuration emerges as the most stable, with an energy
gain of 2.10 and 5.27 eV upon adsorption, respectively.
The Al(111) surface exhibits a significantly higher affinity
for O compared to the Cu(111) surface, with an energy
difference of approximately 3 eV. The O-Cu and O-Al dis-
tances are in the range of 1.90-1.91 Å and 1.84-1.96 Å ,
respectively.

FIG. 3: Histograms comparing the adsorption energies
(∆Eads in eV) on Cu(111) and Al(111) surfaces for vari-
ous species, namely O, Al, and Cu atoms, O2, AlO, Al2O,
AlO2, and Al2O2 molecules.

Considering Al atoms, both fcc and hcp configurations
are stable on the Cu(111), exhibiting similar energy gain
of roughly ∼ 2 eV. The Al-Cu distance is measured at
2.32-2.37 Å. The Al(111) surface shows higher reactivity
with Al atoms, with an adsorption energy of roughly -3.4
eV for both fcc and hcp sites.

As for Al atoms, fcc and hcp Cu adsorption configura-
tions are the most stable on both surfaces. Onto Cu(111),
the energy gain is of ∼ 3.59 eV. The Cu-Cu distance is
calculated at 2.36-2.38 Å. On Al(111), the hcp configu-
ration is slightly more stable with a gain of 3.38 eV. The
Cu-Al distance is of 2.38-2.40 Å. Interestingly, the ad-
sorption of Cu atoms is rather similar on both Al(111)
and Cu(111) surfaces with a slight energy difference of
approximately 0.11 eV, which contrasts with the preced-
ing case of the hierarchical adsorption of the aluminum
atom.

Considering O2 molecules, Cu(111) is characterized
by a strong and dissociative -4.16 eV adsorption and
an associated Cu-O interatomic distances in the range
1.82–1.90 Å. Al(111) presents an even more favorable
scenario, with a dissociative adsorption energy of -9.51
eV (1.86–1.88 Åbond length range). Interestingly, sur-
face separating of oxygen adatoms allows gaining another
∆Esep = 1 eV for the reaction (2 × -5.27 eV adsorption
to be compared with 9.51 eV local dissociative adsorp-
tion). It is worth noting that, experimentally, Brune et
al.[71] identified systematic oxygen separation following
dissociation at room temperature (via Scanning Tunnel-
ing Microscopy imaging). They argued that the amount
of chemical energy gained upon dissociation would make
it possible to activate further surface migration, spa-
tially separating adatoms; they introduced the notion of
”hot adatom migration”. Along this line, examination of
Bader charge distribution, showing a net charge of -1.7
e on both adsorbed oxygen atoms, is one explanation of
the extra energy loss in clustering surface oxygen atoms
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TABLE I: Geometries and formation energies (in eV)

of adsorbed gaseous O2 and AlxOy molecules on surfaces. ’Sp’ refers to the species atoms, and ’S’ refers to the surface atoms.
The geometrical parameters include bond lengths (AlSp −AlSp, AlSp −OSp, OSp −OSp) (in Å) and bond angles

(θOSp−AlSp−OSp , θAlSp−OSp−AlSp) in degrees (°).

Species AlSp −AlSp (Å) AlSp −OSp (Å) OSp −OSp (Å) θOSp−AlSp−OSp

(°)
θAlSp−OSp−AlSp

(°)
Formation Energy (eV)

Cu – – – – – -0.23
Al – – – – – -0.09
O2 – – 1.24 – – -8.85
AlO – 1.63 – – – -7.67
Al2O 3.31 1.91 – – 120 -13.58
AlO2 – 1.67 3.33 180 – -14.13
Al2O2 2.41 1.76 2.57 94 87 -20.86

TABLE II: Adsorption energies (∆Eads in eV) for the different gaseous species on Cu(111) and Al(111) surfaces. For
the gaseous AlxOy, only the adsorption energies corresponding to the most stable configurations are given.

∆Eads (eV)

Species Config. Cu(111) Al(111)

0 K 300 K 2000 K 2900 K Literature 0 K 300 K 2000 K 2900 K Literature

O atom fcc -2.10 -2.09 -2.18 -2.22 -2.22[66] -5.27 -4.32 -4.12 -3.83 -4.85[67], -4.90[68]
hcp -2.01 -2.00 -2.09 -2.13 -2.17[69] -4.39 -4.37 -4.47 -4.51 -4.41[67]
top -0.54 -0.59 -0.95 -1.14 -2.25 -2.31 -2.83 -3.09

Al atom fcc -2.02 -2.03 -2.10 -2.14 -3.37 -3.37 -3.45 -3.49
hcp -2.00 -2.01 -2.08 -2.12 -3.38 -3.38 -3.46 -3.50
top -1.71 -1.78 -2.13 -2.31 -2.84 -2.90 -3.26 -3.44

Cu atom fcc -3.59 -3.60 -3.67 -3.71 -3.35 -3.37 -3.60 -3.71
hcp -3.58 -3.59 -3.66 -3.70 -3.38 -3.38 -3.46 -3.50
top -3.22 -3.28 -3.64 -3.82 -2.50 -2.56 -2.92 -3.10

O2 -4.16 -4.19 -4.25 -4.29 -4.47[69] -9.51 -9.50 -9.43 -9.39 -8.80[70], -9.53[67], -10.21
AlO -2.24 -2.24 -2.16 -2.12 -4.22 -4.22 -4.30 -4.34
Al2O -2.29 -2.21 -1.79 -1.57 -2.26 -2.18 -1.76 -1.54
AlO2 -3.30 -3.23 -2.80 -2.58 -7.43 -7.35 -6.93 -6.71
Al2O2 -2.71 -2.58 -1.88 -1.50 -3.94 -3.79 -3.10 -2.73

locally. The coulombic repulsion is therefore one addi-
tional contribution in the direction of adsorbate spatial
separation on the surface. Importantly, this coulombic
repulsion contribution in much less operative onto the
Cu(111) surface (-0.9 e charge on the atom), and no en-
ergy gain is calculated when separating both surface oxy-
gen atoms.

Considering now aluminum suboxide species, AlO,
Al2O, AlO2, Al2O2, adsorbed on Cu(111), the hierarchy
of configurational stability is as follows:

1. AlO2 exhibits the most stable configuration, with
an energy of -3.30 eV. Interatomic distances include
AlSp − CuS (2.41-2.70 Å) and OSp − CuS (2.00-

2.11 Å). Bader charge calculation shows contribu-
tions from both aluminum (0.26 e) and oxygen (-
0.17 -0.29 e). In the gas phase, AlO2 exhibits a
configuration characterized by a OSp − AlSp bond

distance of 1.67 Å and θO-Al-S angles of 180° (Ta-
ble I). Upon adsorption, a slight bond stretching
is observed with OSp −AlSp distances in the range

1.76- 1.78 Å and θOSp−AlSp−OSp
angle at approxi-

mately 116°. These structural modifications are not
sufficient to postulate a full dissociative adsorption
process that would require overcoming an activa-
tion energy.

2. Al2O2 follows with an energy of -2.71 eV and in-
teratomic distances: AlSp −CuS of 2.65-2.73 Åand

OSp − CuS of 2.20 Å. Bader charge differences re-
veal that aluminum (-0.30 -0.29 e) contributes more
than oxygen (-0.03 -0.02 e) in the adsorption chem-
istry. In the gas phase, Al2O2 exhibits a configu-
ration with OSp − AlSp bond length of 1.76 Åand
θO-Al-O angles at 94°, its stable state [72]. Upon ad-
sorption, it experiences stretching with OSp − AlO
distances around 1.8 Å and slight modification of
the θOSp−AlSp−OSp

angles, at approximately 90°.
These value, as for the preceding case, plead for
a non-dissociative adsorption process for Al2O2.

3. AlO similarly shows a non dissociative adsorp-
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FIG. 4: Most stable configurations of adsorbed Al2O2, Al2O, AlO2, AlO, O2 on Cu(111) surface (a–e) and Al(111)
surface (f–j). Steel blue balls represent Al atoms, blue balls represent Cu atoms, and red balls represent O atoms.

tion energy of -2.29 eV, with interatomic distances:
AlSp−CuS (ranging from 2.57 to 2.35 Å),OSp−CuS

(2.18 Å), and AlSp − OSp (1.73 Å). Bader charge
analysis indicates contributions from both oxygen
(0.12 e) and aluminum (-0.09 e). In the gas phase,
AlO exhibits a configuration with a OSp − AlSp
bond distance of 1.63 Å. Upon adsorption, it under-
goes stretching with OSp−AlS distances of 1.73 Å.

4. Finally, Al2O presents also a non-dissociative ad-
sorption energy of -2.26 eV, with interatomic dis-
tances: AlSp − CuS (2.65-2.79 Å), OSp − CuS

(1.76 Å), and AlSp−OSp (1.73 Å) (Table III). Bader
charge differences reveal only aluminum (-0.71 -0.73
e) contributes to the adsorption, demonstrating the
poor affinity of copper with oxygen. In the gas
phase, Al2O adopts a configuration with OSp−AlSp
bond distance at 1.91 Å and θAl-O-Al angles at 120°
(Table I). Upon adsorption, it undergoes deforma-
tion, resulting in bond stretching with OSp − AlSp
distances of 1.7 Å and θAlSp−OSp−AlSp

angles at
approximately 116°.

On Cu(111) and for all aluminum suboxide species,
the AlSp − OSp distance upon adsorption remains sim-
ilar to that of the alumina system [73], indicating that
no dissociation is taking place during minimization, upon
adsorption on the Cu(111) surface, as also seen from the

adsorbed configurations shown in Figure 4. Overcom-
ing some activation barrier (not calculated here) allows
gaining a limited amount of energy. Indeed, estimating
∆Esep for all configurations shows that a limited gain per
atom (at around 1 eV) will be operated, that should not
be so different from the gain in locally decomposing the
adsorbed molecules, as for the O2 case discussed earlier.

TABLE IV: Bader charge difference (∆Qatomic in e)
upon adsorption of the different aluminum suboxides on
Al(111) and Cu(111) surfaces. ’Sp’ refers to atoms from
molecular species and ’S’ refers to surface atoms.

∆Qatomic (e) on Cu(111)

Species AlSp OSp CuS

AlO -0.09 0.12 -0.10 − -0.20 & 0.32
Al2O -0.71 & -0.73 -0.08 0.16 − 0.35
AlO2 0.26 0.17 − 0.29 0.31 & -0.14 − -0.25
Al2O2 -0.30 − -0.29 -0.03 − -0.02 0.49(2) & -0.08 − -0.09

∆Qatomic (e) on Al(111)

Species AlSp OSp AlS

AlO -0.09 0.12 0.32 & -0.09 − -0.20
Al2O 0.18 − 0.20 0.12 -0.62
AlO2 1.43 0.63 − 0.93 -0.48 − -0.74
Al2O2 0.41 − 0.43 0.22 -0.19 − -0.67
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TABLE III: Geometries of the adsorbed gaseous species onto Cu(111) and Al(111) surfaces, where ’Sp’ refers to as
Species and ’S’ refers to as the Surface.

Species
Distance Bond Lengths (Å) on Cu(111) Distance Bond Lengths (Å) on Al(111)
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Ofcc −− 1.90-1.91 −− −− −− −− −− 1.84-1.96 −− −− −− −−
Otop −− 1.73 −− −− −− −− −− 1.69 −− −− −− −−
Ohpc −− 1.91 −− −− −− −− −− 1.88 −− −− −− −−
Alfcc 2.32-2.37 −− −− −− −− −− 2.63-2.78 −− −− −− −− −−
Altop 2.19 −− −− −− −− −− 2.52 −− −− −− −− −−
Alhpc 2.30-2.37 −− −− −− −− −− 2.61 −− −− −− −− −−
Cufcc −− −− −− −− −− 2.36-2.38 −− −− −− −− −− 2.38-2.40
Cutop −− −− −− −− −− 2.22 −− −− −− −− −− 2.24
Cuhpc −− −− −− −− −− 2.38 −− −− −− −− −− 2.37
O2 −− 1.82-1.90 −− 3.60 −− −− −− 1.86-1.88 −− 5.90 −− −−
Al2O 2.32-2.53 3.16 1.74 −− 2.68 −− 2.67-2.85 1.87 1.84 −− 3.28 −−
AlO 2.57-2.35 2.18 1.73 −− −− −− 2.65-2.79 1.76 1.73 −− −− −−
Al2O2 2.65-2.73 2.20 1.81 2.56 2.51 −− 2.60-3.08 1.82-4.51 1.87-1.76 2.54 2.54 −−
AlO2 2.41-2.70 2.11-2.00 1.76-1.78 3.00 −− −− 2.85-2.81 2.00-1.87 1.98,3.68 4.92 −− −−

Species
Angles (°) on Cu(111) Angles (°) on Al(111)

θOSp−AlSp−OSp θAlSp−OSp−AlSp θOSp−AlSp−OSp θAlSp−OSp−AlSp

Al2O −− 116 −− 163
AlO2 101 −− 118 −−
Al2O2 97 & 89 88 & 88 89 & 89 86 & 92

The following hierarchy on the adsorption of aluminum
suboxides onto Al(111) is observed:

1. AlO2 exhibits the highest adsorption stability with
an energy of -7.43 eV and specific interatomic dis-
tances: AlSp −AlS (2.85-2.81 Å), OSp −AlS (2.00-

1.87 Å), AlSp − OSp (1.98 Å & 3.68 Å), and

OSp − OSp (4.92 Å). Bader charge analysis con-
firms aluminum (-0.71 and -0.73 e) as the primary
contributor to adsorption. In the gas phase, AlO2

has a configuration with OSp −AlSp bond distance

of 1.67 Å and θO-Al-S angles at 180° (Table I).
Upon adsorption, it undergoes barrierless dissoci-
ation, resulting in OSp − AlSp distances ranging

around 1.98 Å & 3.68 Å and θOSP−AlSp−OSp
an-

gles approximately at 163°. Despite of the observed
molecular dissociation into AlO and O subunits and
its high exothermicity, there is still ∆Esep = -5.48
eV potential energy gain in completing the dissoci-
ation and spatial separation on the substrate.

2. Next is AlO with an energy of -4.22 eV and inter-
atomic distances: AlSp −AlS (2.65-2.79 Å), OSp −
AlS (1.76 Å), AlSp−OSp (1.73 Å). Bader charge dif-

ferences show contributions from both oxygen (0.12
e) and aluminum (-0.09 e), with slightly higher oxy-
gen contribution. In the gas phase, AlO exhibits
a configuration with OSp − AlSp bond distance

of 1.63 Å. Upon adsorption, it undergoes expan-
sion without dissociation, with OSp−AlS distances

around 1.73 Å. Despite the considerable chemisorp-
tion energy showing partial dissociation, as in the
preceding case another ∆Esep = -4.42 eV can be
gained upon further dissociation and surface sepa-
ration,

3. Al2O2 demonstrates an energy of -3.94 eV, with
corresponding interatomic distances: AlSp − AlS
(2.60-3.08 Å), OSp −AlS (1.82-4.51 Å), AlSp −OSp

(1.76-1.87 Å), and OSp − OSp (2.54 Å). Bader
charge differences emphasize aluminum’s contribu-
tion (0.41 & 0.43 e), exceeding that of oxygen (-0.22
e). In the gas phase, the configuration of Al2O2

is characterized by OSp − AlSp bond distance at

1.77 Å , and both θO-Al-S angles at 93.5°, recog-
nized as the most stable configuration[72]. Upon
adsorption, it undergoes deformation without com-
plete dissociation, with OSp − AlSp ranging be-



9

tween 1.76-1.87 Å and θOSp−AlSp−OSp
angles at

70.7 & 71.1°. In this specific case, a huge chemical
energy is stored in this metastable configuration as
∆Esep = -13.34 eV can be gained for fully decom-
posing the adsorbate, demonstrating its role as an
intermediate surface state.

4. Finally, Al2O has an energy of -2.26 eV and in-
teratomic distances: AlSp − AlS (2.67-2.85 Å),

OSp − AlS (1.87 Å), AlSp − OSp (1.84 Å). Bader
charge differences reveal aluminum (1.43 e) con-
tributes more than oxygen (0.63 & 0.93 e). In the
gaseous phase, Al2O adopts a configuration with
OSp − AlSp bond distance measures 1.91 Å, and
both θAl-O-Al angles equal 120°, as outlined in Ta-
ble I, while upon adsorption, it experiences defor-
mation without dissociation, resulting in the stretx-
hing of OSp−AlSp distances, measuring 1.84 Å, and
θAlSp−OSp−AlSp

angles at approximately 163°. The
observation is similar to that of Al2O2, with here
an amount of energy gain of ∆Esep = -0.75 eV in
fully decomposing and separating surface species.

Overviewing these hierarchies, AlO2 exhibits the high-
est stability on both Al(111) and Cu(111) surfaces, due
to the reactivity of the two single-bonded oxygen atoms.
This is particularly evident for the aluminum surface,
where the system converges towards two bridging oxy-
gen configurations. Additionally, the aluminum surface
systematically exhibits higher adsorption energies and a
propensity to distort, if not directly dissociate, the alu-
minum suboxides. In contrast, the consistent AlSp−OSp

distances on Cu(111) indicate the higher stability of the
non-dissociated configuration, emphasizing the robust-
ness of the aluminum-oxygen bond on Cu(111) and the
differing chemistries of these surfaces during the thermite
reaction.

Table II presents the adsorption energies (∆Eads) for
various gaseous species on Cu(111) and Al(111) surfaces
at different temperatures (0 K, 300 K, 2000 K, and 2900
K). Analyzing these data allows us to draw several con-
clusions about the temperature dependence of adsorption
energies for these species.

For the O atom on the Cu(111) surface, the adsorp-
tion energy increases slightly with increasing tempera-
ture, ranging from -2.10 eV at 0 K to -2.22 eV at 2900
K at the fcc site. Similarly, on the Al(111) surface, the
adsorption energy decreases from -5.27 eV at 0 K to -
3.83 eV at 2900 K at the fcc site. This indicates that
the strength of oxygen adsorption weakens as the tem-
perature rises on Al(111), but remains relatively stable
on Cu(111).

For the Al atom, the adsorption energy on the Cu(111)
surface increases slightly from -2.02 eV at 0 K to -2.14
eV at 2900 K at the fcc site. On the Al(111) surface,
the adsorption energy decreases from -3.37 eV at 0 K to
-3.49 eV at 2900 K at the fcc site. This suggests that alu-
minum atoms experience weaker adsorption on Al(111)

with increasing temperature, whereas the adsorption on
Cu(111) remains relatively strong.
The adsorption energy of the Cu atom on the Cu(111)

surface shows a slight increase with temperature, ranging
from -3.59 eV at 0 K to -3.71 eV at 2900 K at the fcc
site. On the Al(111) surface, the adsorption energy also
shows a slight increase from -3.35 eV at 0 K to -3.71 eV
at 2900 K at the fcc site, indicating stable adsorption on
both surfaces across the temperature range.
Furthermore, when comparing different configurations

of O, Al, and Cu on both surfaces, the stability of the
adsorption sites (fcc, hcp, and top) can vary with tem-
perature. For the O atom, the fcc site is generally the
most stable on both surfaces at lower temperatures, char-
acterized by the highest adsorption energies. As tem-
perature increases, the stability of the fcc site slightly
decreases, making the hcp site more competitive, espe-
cially on Al(111). The Al atom shows similar trends,
where the fcc site typically remains the most stable, but
the difference between fcc and hcp sites diminishes with
increasing temperature. On Cu(111), the top site be-
comes significantly less stable as temperature rises, as
indicated by the lower adsorption energies, a trend also
observed for Cu atoms. The high-temperature behav-
ior suggests that at elevated temperatures, the relative
stability of these sites can shift, leading to changes in
adsorption preferences, but overall, the fcc and hcp sites
remain the most stable compared to the top site, con-
sistent with the stronger adsorption interactions at these
sites.
For the oxygen molecule (O2), the adsorption energy

on the Cu(111) surface increases slightly with tempera-
ture, from -4.16 eV at 0 K to -4.29 eV at 2900 K. Con-
versely, on the Al(111) surface, the adsorption energy
decreases from -9.51 eV at 0 K to -9.39 eV at 2900 K.
This indicates a slight increase in adsorption strength on
Cu(111) but a decrease on Al(111) with rising tempera-
ture.
The adsorption energy of AlO on the Cu(111) surface

decreases slightly from -2.24 eV at 0 K to -2.12 eV at
2900 K. On the Al(111) surface, the adsorption energy
increases with temperature, from -4.22 eV at 0 K to -4.34
eV at 2900 K, suggesting stronger adsorption on Al(111)
at higher temperatures.
For Al2O, the adsorption energy on the Cu(111) sur-

face decreases from -2.29 eV at 0 K to -1.57 eV at 2900
K. A similar decrease is observed on the Al(111) surface,
from -2.26 eV at 0 K to -1.54 eV at 2900 K, indicat-
ing weaker adsorption with rising temperature on both
surfaces.
The adsorption energy of AlO2 on the Cu(111) surface

remains relatively stable across the temperature range,
from -3.30 eV at 0 K to -2.58 eV at 2900 K. On the
Al(111) surface, the adsorption energy also remains sta-
ble, from -7.43 eV at 0 K to -6.71 eV at 2900 K, indicat-
ing consistent adsorption behavior with temperature for
AlO2.
The adsorption energy of Al2O2 on the Cu(111) surface
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TABLE V: Adsorption free energies (∆Gads in eV) for different gaseous species on Cu(111) and Al(111) surfaces.
Adsorption energies are given for the most stable configurations of gaseous AlxOy.

Species Config.
Cu(111) Al(111)

0 K 300 K 2000 K 2900 K 0 K 300 K 2000 K 2900 K

O atom fcc -2.10 -1.85 -0.61 0.06 -5.27 -5.02 -3.78 -3.11
hcp -2.01 -1.77 -0.52 0.15 -4.39 -4.14 -2.90 -2.23
top -0.54 -0.35 0.62 1.14 -2.25 -2.07 -1.26 -0.81

Al atom fcc -2.02 -1.80 -0.51 0.17 -3.37 -3.13 -1.86 -1.18
hcp -2.00 -1.78 -0.49 0.19 -3.38 -3.14 -1.87 -1.19
top -1.71 -1.54 -0.53 -0.01 -2.84 -2.66 -1.66 -1.08

Cu atom fcc -3.59 -3.36 -2.07 -1.39 -3.35 -3.13 -1.99 -1.39
hcp -3.58 -3.35 -2.06 -1.38 -3.38 -3.14 -1.86 -1.17
top -3.22 -3.04 -2.03 -1.50 -2.50 -2.32 -1.31 -0.78

O2 -4.16 -3.91 -2.41 -1.61 -9.51 -9.23 -7.59 -6.72
AlO -2.24 -1.95 -0.23 0.67 -4.22 -3.93 -2.38 -1.55
Al2O -2.29 -1.89 0.35 1.53 -2.26 -1.86 0.38 1.56
AlO2 -3.30 -2.91 -0.67 0.52 -7.43 -7.03 -4.80 -3.61
Al2O2 -2.71 -2.23 0.44 1.85 -3.94 -3.44 -0.79 0.63

decreases from -2.71 eV at 0 K to -1.50 eV at 2900 K.
On the Al(111) surface, the adsorption energy decreases
from -3.94 eV at 0 K to -2.73 eV at 2900 K, indicating
weaker adsorption with increasing temperature on both
surfaces.

Taking into account the entropy contributions in the
adsorption of the considered species on both surfaces,
Table V and Figure 5 present the adsorption free ener-
gies (∆Gads) for various gaseous species on Cu(111) and
Al(111) surfaces at different temperatures (0 K, 300 K,
2000 K, and 2900 K). Analyzing these data reveals the
temperature dependence of adsorption energies for these
species.

For the O atom on the Cu(111) surface, the adsorp-
tion free energy is drastically decreased (absolute value)
with temperature, shifting to a slightly positive value,
from -2.10 eV at 0 K to 0.06 eV at 2900 K, indicating
that the adsorption becomes unlikely at the fcc site. On
the Al(111) surface, the adsorption free energy also de-
creases, but still remains significative from -5.27 eV at 0
K to -3.11 eV at 2900 K at the fcc site.

The same behaviour is obtained for the Al atom, the
adsorption free energy on the Cu(111) surface becomes
positive at 2900K (0.17 eV, on the fcc site). while de-
creasing from -3.37 eV at 0 K to -1.18 eV at 2900 K on
the Al(111) fcc site.

The adsorption free energy of the Cu atom on the
Cu(111) surface increases from -3.59 eV at 0 K to -1.39
eV at 2900 K at the fcc site. On the Al(111) surface,
it changes from -3.35 eV at 0 K to -1.39 eV at 2900 K,
indicating relatively stable adsorption across the temper-
ature range on both surfaces.

For the oxygen molecule (O2), the adsorption free en-
ergy decreases from -4.16 eV at 0 K to -1.61 eV at 2900
K on Cu(111). On Al(111), it decreases also, from -9.51
eV at 0 K to -6.72 eV. This shows a reduction in adsorp-

tion strength with temperature on both surfaces, more
pronounced on Al(111).

The adsorption free energy of AlO becomes unlikely
on the Cu(111) surface (0.67 eV) at 2900 K. On Al(111),
adsorption decreases from -4.22 eV at 0 K to -1.55 eV
at 2900 K. On Al(111), it decreases from -4.22 eV at 0
K to -1.55 eV at 2900 K. Similar behaviour is seen with
either Al2O or AlO2 on Cu(111), with positive adsorption
energies, 1.53 eV and 0.52 eV adsorption, respectively, at
2900 K, while on Al(111), it shifts from -2.26 eV at 0 K to
1.56 eV at 2900 K. On either surfaces, Al2O adsorption
becomes unlikely at 2900 K, with respectively 1.53 eV
and 1.56 eV adsorption.

For AlO2, the adsorption free energy is again positive
(0.52 eV) at 2900 K on Cu(111). On Al(111), it de-
creases from -7.43 eV at 0 K to -3.61 eV at 2900 K.
Lastly, Al2O2 shows endothermic budget for adsorption
on either Cu(111) or Al(111) surfaces at 2900 K (1.85 eV
and 0.63 eV, respectively).

When examining the behavior of different categories
of species (oxygenated aluminates, oxygen species, and
metallic species) as a function of temperature, distinct
trends emerge. Oxygenated aluminates such as AlO,
Al2O, AlO2, and Al2O2 tend to exhibit strong adsorp-
tion on Al(111) at lower temperatures, with a notice-
able decrease in adsorption strength as temperature rises.
This suggests that these species have a higher stability on
Al(111) at low temperatures, but their interaction weak-
ens at elevated temperatures. On Cu(111), these species
generally show weaker adsorption energies, with AlO2

being an exception due to its relatively stable adsorption
across the temperature range.

Oxygen species like O and O2 exhibit strong adsorp-
tion on both surfaces, particularly on Al(111), where O
shows the highest adsorption energies at low tempera-
tures. However, the adsorption energy decreases with
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(a) Adsorption Free Energy of O on Cu(111) and
Al(111).

(b) Adsorption Free Energy of Al on Cu(111) and
Al(111).

(c) Adsorption Free Energy of Cu on Cu(111) and
Al(111).

(d) Adsorption Free Energy of Molecular Species on
Cu(111) and Al(111).

FIG. 5: Comparison of adsorption free energies for different atomic and molecular species on Cu(111) and Al(111)
at various temperatures.

increasing temperature, especially on Al(111), indicating
a temperature-dependent weakening of the interaction.
On Cu(111), the adsorption of O2 remains strong even
at higher temperatures, reflecting the reactivity of the
surface towards oxygen molecules.

Metallic species, Al and Cu, display relatively sta-
ble adsorption energies on both surfaces, with a slight
increase in adsorption strength at higher temperatures
on Cu(111). On Al(111), the adsorption energies for
Al decrease slightly with temperature, indicating weaker
interaction at higher temperatures. The Cu(111) sur-
face, being less reactive, shows consistently lower adsorp-
tion energies for these metals compared to Al(111), but
the stability remains relatively unaffected by tempera-
ture changes. Overall, the temperature has a more pro-
nounced effect on the adsorption of oxygenated alumi-
nates and oxygen species, while metallic species exhibit

more stable adsorption behavior.

In summary, combining the adsorption energy and free
and free energy confirm that the Al(111) surface is highly
reactive, leading to the spontaneous and strong adsorp-
tion of all the atoms and molecules considered in this
work. In the case of molecules, this often results in their
spontaneous dissociation and subsequent spatial separa-
tion due to hot adatom migration, aided by Coulombic
repulsion, particularly between oxygen atoms. The ad-
sorption energies on Al(111) generally range from ap-
proximately -4 to -5 eV, indicating strong interaction.
On the other hand, the Cu(111) surface is found to be
less reactive, with adsorption energies for atoms typi-
cally in the range of approximately -2 to -3 eV, roughly
half of those on Al(111). Notably, barrierless dissociation
was not observed on Cu(111) except for O2, which still
demonstrates some degree of reactivity. This behavior
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is illustrated in Figure 3, which compares the adsorp-
tion energies of the eight gaseous species (Al, Cu, O, O2,
Al2O, Al2O2, AlO, and AlO2) on both the Al and Cu
surfaces. Given that aluminum is rarely entirely in its
metallic state when exposed to air, particularly during
thermite combustion, it is important to consider an oxi-
dized aluminum surface, including both crystalline γ and
amorphous Al2O3.

B. Comparative adsorption of Cu, Al, O atoms and
O2, AlO, Al2O, AlO2, Al2O2 molecules on γ and

amorphous Al2O3 surfaces

The adsorption energies (∆Eads) of the different
gaseous species onto γ-Al2O3 and amorphous Al2O3

(amAl2O3) are presented in Table VI. The Bader charge
difference (∆Qatomic) upon adsorption of the different
aluminum molecular suboxides are summarized in Ta-
ble VII. Atomic distances for each stable configurations
are reported in Table VIII. Note that in this subsection,
we only report the most stable adsorbed configurations.

TABLE VI: Adsorption energies (∆Eads in eV) for the
various gaseous species on amorphous and γ-Al2O3 sur-
faces. Only the most stable configuration is given for
each atomic or molecular species.

∆Eads (eV)

Species γAl2O3(100) amAl2O3

O 1.03 0.11
Al -9.38 -4.46
Cu -4.50 -2.81
O2 -0.81 -0.67
AlO -7.39 -7.11
Al2O -11.30 -15.05
AlO2 -6.52 -5.17
Al2O2 -7.08 -5.45

Comparison of the amAl2O3, which provides a more re-
alistic description of the viscous state of alumina at the
high temperatures of thermite combustion (several thou-
sands of K), is contrasted with its γ-Al2O3counterpart,
which facilitates the stabilization of well-defined and cat-
egorized surface sites.

Starting with O, there is no possible adsorption, nei-
ther on γ-Al2O3, nor on the amorphous one. Adsorption
energy is positive. Interestingly, O2 molecule can adsorb
onto both γ and amAl2O3 surfaces, but with a counter-
intuitively low adsorption energy : ∆Eads = ∼ -0.81 eV
and -0.67 eV, respectively. This suggests that, AlIV and
AlV surface sites of the crystalline surface, and AlIII ,
AlIV , and AlV sites of the amorphous surface, cannot be
modified by introducing additional oxygen atoms, unless
pre-exposition to aluminum atoms to reduce the overall
surface oxidation state strictly lower than AlIII .
By contrast, Al does adsorb on both alumina, with a

highly stable configuration on the γ-Al2O3 with an en-

ergy gain of -9.38 eV. This high energy gain is due to the
atomic insertion of the Al atom into the Al2O3 subsur-
face, allowing for the creation of up to five oxygen neigh-
bours. In that configuration, the AlSp−OS and AlSp−AlS
distances are of 1.72-1.84 Å and 2.58 Å, respectively. γ-
Al2O3 features a stronger affinity and reactivity with Al
atoms.
On the amAl2O3, Al2O3, the most energetically favor-

able configuration of Al stabilizes at -4.46 eV surrounded
by 4 oxygen atoms with a cutoff equal to or below 2 Å.
Considering now Cu atoms, again, the most stable con-

figuration is found on the γ-Al2O3 surface with an energy
gain of -4.50 eV. The CuSp−OS and CuSp−AlS distances

are of 1.87-2.11 Å and 2.87 Å, respectively. By contrast,
on amAl2O3 surface, the most stable configuration sta-
bilizes at -2.81 eV surrounded by 4 oxygen atoms with a
cutoff equal to or below 2.2 Å.

TABLE VII: Bader charge difference (∆Qatomic in e)
upon adsorption of different atoms from aluminum sub-
oxide molecular species onto γ-Al2O3 surface. ’Sp’ refers
to as Species and ’S’ refers to as the surface.

Species
∆Qatomic (e)

AlSp OSp AlS OS

AlO -1.23 0.40 -0.17 0.17−0.41
Al2O -1.59 & -1.61 -0.07 0.01−0.02 0.39−0.5
AlO2 -0.29 0.50 & 0.47 -0.16 − -0.21 0.18
Al2O2 -0.04 & -1.48 -0.07 & 0.23 -0.12 0.3−20.49

Considering now the aluminum suboxide molecules,
AlO, Al2O, AlO2, Al2O2, the most stable configurations
and their respective adsorption energies on both surfaces
are classified as follows:

1. Al2O exhibits the most stable configuration with
an adsorption energy of -11.30 eV. Interatomic dis-
tances are : AlSp − OS : 1.76-1.85 Å, AlSp − AlS :

2.67-3.00 Å, AlSp−AlSp : 2.86 Å) and AlSp−OSp :

1.75 & 1.78 Å. Bader charge differences indicate a
significant contribution from aluminum (-1.59 − -
1.61 e) during adsorption, which can also be seen
in the electronic density difference (∆ρ) in Figure
6. This is in total agreement with the high re-
activity of Al surface as more aluminum is incor-
porated into the surface more reactive is the sur-
face. In the gaseous phase, AlO2 adopts a config-
uration where the OSp − AlSp bond distance mea-

sures 1.91 Å and both θAl-O-Al angles are equal to
120°. The OSp−AlSp bond length is stretched upon
adsorption and θAlSp−OSp−AlSp

angles is 149°. Af-
ter minimization, both AlSp are incorporated into
the aluminum oxide network, turning themselves as
AlIII and AlIV surface sites.

2. AlO follows with an adsorption energy of -7.39 eV
and interatomic distances being : AlSp−OS : 1.78-

2.49 Å, OSp − AlS : 1.76 Å, AlSp − AlS : 2.42 Å.
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Again, Bader charge differences reveal a significant
contribution from aluminum (-1.23 e) compared to
oxygen (-0.4 e) as also seen in the electronic den-
sity difference (∆ρ) in Figure 6. In the gas phase,
Al2O2 exhibits a configuration characterized by the
OSp −AlSp bond distance of 1.63 Å. Upon adsorp-
tion, it undergoes stretching without dissociation,
with OSp−AlSp distances of approximately 1.71 Å.
The amount of energy (-7.39 eV) is due to the in-
corporation of the molecule as a coherent aluminum
oxide surface site, increasing the number of Al-O
bonds, as for Al2O. AlSp becoming now a surface
AlIII site.

3. Subsequently, Al2O2 exhibits an adsorption energy
of -7.08 eV, with interatomic distances and Bader
charge differences indicating significant contribu-
tions from both aluminum and oxygen. In the
gas phase, Al2O2 showcases a configuration with
a OSp − AlSp bond distance of 1.77 Å and both
θO-Al-S angles fixed at 93.5°. Upon adsorption,
it undergoes a transformation without complete
dissociation, featuring OSp − AlSp distances and
θOSp−AlSp−SSp

angles spanning 66-127°. In this
particular case while one Al is coherently incorpo-
rated, as for AlO, turning into a AlIII site, the sec-
ond Al remains not fully incorporated, as a bridge
surface site, which might be an explanation for not
gaining as much energy as for AlO, pointing to the
difficult molecular adaptation at 0 K on the alu-
mina surface when bringing bigger molecules.

4. Finally, AlO2 features an adsorption energy of -
6.52 eV, accompanied by interatomic distances and
Bader charge discrepancies indicating the involve-
ment of both aluminum and oxygen during the
adsorption process. In the gaseous phase, AlO2

molecule adopts a configuration where the OSp −
AlSp bond distance measures 1.67 Å, and both
θOSp−AlSp−OSp

angles equal 180°. However, upon
adsorption, it experiences deformation without dis-
sociation, resulting in the stretching of OSp −AlSp
distances and bending of θOSp−AlSp−OSp

angles at
approximately 108°. However, the AlSp becomes
now a surface AlIII site.

Importantly, the hierarchy is closely correlated to the
amount of Al-O bond created upon adsorptions, and
therefore, on the level of Al oxidation state. In this view,
reaching AlIV or AlV states for incorporated AlSp guar-
anties the best adsorption level.

FIG. 6: (a–e) Electronic density (∆ρ) induced by the
adsorption of aluminum suboxides (Al2O2, Al2O, AlO2,
AlO, O2) on γ-Al2O3 surface. The blue (green) zones
indicate density increase (decrease). Steel blue balls rep-
resent Al atoms, and red balls represent O atoms.

Importantly results show that gaseous aluminum sub-
oxides readily adsorb onto γ alumina surfaces with high
energy gains. Instead of decomposing as seen on Al(111)
surface, they insert adopting the Al2O3(100) building
block structures, and contribute the alumina growth. A
parallel can be drawn with an epitaxial kind of growth
process. This process is highly energetic (¿ -5 eV) and
spontaneous. It is to be noted that the growth does not
need any catalytic species nearby the adsorption site as
proposed in earlier mechanistic approaches [38].

C. Discussing the Al2O3 nucleation and growth on
Cu, Al and Al2O3

The thermokinetic models developped to describe
Al/CuO thermite reactions [36–38] consider the conden-
sation of AlxOy suboxides (x=1,2 and y=1,2) indiffer-
ently on the various Cu, Al, and Al2O3 surfaces. And,
they conjecture that the condensation of AlxOy subox-
ides forms spontaneously stoichiometric Al2O3, either as
a covering layer or as a cocluster growing appart from
its pure metal host. Reactions are mostly written as
the reaction of suboxide with gaseous O2 or Al to form
metastable Al2O3 that are subsequently adsorbed. In
their study on Al particle combustion in air, Glorian et
al. [74] introduced a DFT based condensation model of
AlxOy suboxides on Al(111) surface, neglecting the po-
tential nucleation and growth of Al2O3 byproducts, de-
spite its crucial role in the aluminum reaction.
These new DFT results represent a significant advance-

ment, not only complementing the existing kinetic data
framework with quantified adsorption energies and dis-
sociation paths on all condensed phases, including Cu,
Al, and Al2O3, but also refining our understanding of
the heterogeneous reactions involved in Al/CuO thermite
combustion as it is discussed in the following.
Adsorptions of Al, Cu, O atoms and O2, AlO, Al2O,
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TABLE VIII: Geometries (in Å and Deg) upon adsorption of different species onto Al2O3(100) crystalline surface.
’Sp’ refers to Species and ’S’ refers to the surface.

Species
Distance Bond Lengths (Å)

A
l S

p
−
O
S

O
S
p
−
A
l S

A
l S

p
−
A
l S

C
u S

p
−
O
S

C
u S

p
−
A
l S

A
l S

p
−
A
l S

p

A
l S

p
−
O
S
p

O
S
p
−
O
S
p

O −− 1.75 −− −− −− −− −− −−
Al 1.72-1.84 −− 2.58 −− −− −− −− −−
Cu −− −− −− 1.87-2.11 2.87 −− −− −−
O2 −− 1.92 −− −− −− −− −− 1.29
AlO 1.78-2.49 1.76 2.42 −− −− 1.71 −− −−
Al2O 1.76-1.85 −− 2.67-3.00 −− −− 2.86 1.75-1.78 −−
AlO2 1.80-1.81 1.80-1.82 3.00 −− −− −− 1.72-1.75 3.34
Al2O2 1.78-1.86 1.77-1.96 2.88-2.99 −− −− 2.78 1.68-1.74 2.98

Species
Angles (°)

θOSp−AlSp−OSp θAlSp−OSp−AlSp

Al2O −− 149
AlO2 108 −−
Al2O2 65 & 126 108 & 121

AlO2, Al2O2 molecules on Al and Al2O3 are spontaneous
and highly exothermic on all surfaces, Cu, Al and Al2O3.
However, significant differences were observed between
the surfaces highlighting the manner in which alumina
byproduct grows:

• On the Al surface, AlO, Al2O, AlO2, Al2O2 and
O2 molecules spontaneously dissociate and demon-
strate spatial separation on the surface post-
dissociation, facilitated by ”hot adatom migration”
assisted by the coulomb repulsion of oxygen adsor-
bates. We can conjecture a subsequent 2D-type of
Al2O3 growth.

• On the Cu surface, although AlO, Al2O, AlO2,
and Al2O2 molecules adsorb, they do not dissoci-
ate spontaneously. Note that O2 dissociates but
both atoms remain in close proximity on the sur-
face, as opposed to its dissociation onto aluminum.
We can speculate that the formation and growth
of aluminum oxide on Cu will be localized, forming
islands rather than a continuous layer as seen in
byproducts analysed in previous studies [7].

• On the Al2O3 surface (amorphous or γ), Al, AlO,
Al2O, AlO2, and Al2O2 spontaneously adsorb, driv-
ing its growth through direct and non-dissociative
incorporation of the basic suboxide units. In con-
trast, O and O2 exhibit no reactivity on Al2O3

surfaces, when surface Al sites are in the AlIII

or higher oxidation state. However, we anticipate
that both O2 and O, may contribute to the for-
mation and growth of aluminum oxide layer after
aluminum enrichment of the Al2O3 surface through
adsorption of Al and AlxOy suboxides.

Explicit competition among these depicted mecha-
nisms must be studied via molecular dynamics, which
can explore the potential collective behavior and syner-
gies of these processes. This is crucial for modeling how
alumina byproduct grows from the early stage of its nu-
cleation onto Al, Cu, and Al2O3 particles, and refining
the Al vaporization process, which can be influenced by
the growing alumina.
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FIG. 7: Adsorption energies (∆Eads in eV) on Cu(111),
Al(111), and Al2O3(100) surfaces, as well as amAl2O3

surface, for various species, including O, Al, and Cu
atoms, O2, AlO, Al2O, AlO2, and Al2O2 molecules. For
the atomic species on Al(111) and Cu(111), only the most
stable configurations are considered.

IV. CONCLUSION

This paper reports on a systematic investigation of the
heterogeneous chemistry taking place during combustion
of the Al/CuO thermite. The interactions of gas phase
species, e.g., Cu, Al, O atoms and O2, AlO, Al2O, AlO2,
Al2O2 molecules with Cu(111), Al(111), and Al2O3 sur-
faces are calculated using a DFT level of theory. Results
point to the consistently higher reactivity of the Al(111)
surface compared with Cu(111), notably showing barrier-
less dissociation and spatial spreading of the adsorbates
with the help of the energy released by the chemical re-
action and the effect of coulomb repulsion. This is be-
lieved to allow for a homogeneous 2D nucleation of the
alumina upon reaction. In contrast, Cu(111) is roughly
twice lower in reactivity compared with the Al(111) sur-
face, showing non dissociative molecular states for all alu-
minum suboxides. The reduction of coulomb repulsion

following O2 dissociation is expected to allow for more
localized nucleation of the aluminum oxide combustion
product. The aluminum oxide surfaces exhibit strong re-
activity with Al atoms and all Al suboxide species, which
locally adapt their adsorbed configuration to enable the
growth of stoichiometric alumina. Importantly, with sur-
face aluminum atoms being in AlIII or more oxidation
states, the alumina surface is not reactive to either O or
O2. These findings allows for a renewed understanding
of the thermite thermochemistry, providing new mech-
anisms to distinguish Al from Cu condensed phases as
well as for treating the specific alumina/gas phase inter-
actions, which has been neglected to date. Such insights
are pivotal to establishing a comprehensive thermokinetic
database for the modelling of Al/CuO combustion, no-
tably dealing with current effort at the level of fluid me-
chanics.
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VII. SUPPLEMENTAL MATERIAL

This section presents the Classical Molecular Dynam-
ics simulation details for simulating the amorphous state
of Al2O3, which is used in this work as the surface to be
compared with the Al2O3(100) crystalline surface. This
section also includes all POSCAR files for all the stable
configurations presented in this study.
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