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A B S T R A C T

We report on an unusual hydrogen adsorption mode on native ultrathin aluminum-oxide films. Based on
systematic density-functional theory (DFT) calculations on a model oxide film of varying thickness — i.e.,
𝛼–Al2O3(001) supported on Al(111) — we show that on ultrathin films, H preferentially adsorbs on surface Al
ions instead of O ions, as one would expect from chemical intuition. The so-adsorbed H is in hydride form,
and for ultrathin films, it gets the electron charge from Al atoms at the oxide/metal interface. In contrast, for
thicker films, this electron transfer ceases, and the charge instead predominantly comes from the surface O ions,
making H adsorbed at Al sites inferior to H adsorbed at O sites. We further show that H adsorbed at Al sites can
lead to H2 formation, which we propose to be connected to the experimentally observed hydrogen evolution
in pits formed during the pitting corrosion of aluminum, where the protective oxide film has considerably
degraded and is very thin.
1. Introduction

Aluminum plays a prominent role in many industries, mainly due
to its light weight and excellent corrosion resistance. The latter is a
consequence of a spontaneously formed passive oxide film on its surface
that provides excellent protection in the pH range from 4 to 8. The
thickness of the native oxide film typically ranges from 2 to 3 nm under
ambient conditions [1,2]. However, in the case of localized corrosion,
its thickness can be considerably reduced. It is known that supported
ultrathin films can sometimes exhibit remarkably different properties
than their bulk counterparts [3]. A prototypical example is the case
of Au adatoms on MgO(100) supported on Mo(100) [4] where the
gold adatoms are negatively charged and adsorb more strongly and
at a different surface site than on the bulk counterpart [4]. However,
electron transfer across ultrathin oxide films is not limited to Au and
has been observed for other adsorbates, such as O3, Cl2, NO2, H2O2,
and O2 deposited on supported ultrathin films [1,5–8].

Such charge transfer was originally attributed to direct tunneling
of electrons from the metal to the empty states of the electronegative
adsorbate, the only provision being that these states are located below
the Fermi level of the metal [4,9]. However, it was later shown that
the charge originates from the oxide/metal interface, resulting in a
long-range chemical bond mechanism that can affect the adsorption
site preference and enhance the bond strength in comparison to the
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surfaces of bulk oxides [10–12]. This effect was attributed to the con-
sorted action of several contributions, the relative importance of each
depending on the system composition, but the long-range nature of the
phenomenon was ascribed to electrostatic polarization. Additionally,
charge transfer from the adsorbate to the oxide/metal interface has
also been reported [13,14]. This charge transfer was found to change
the H2 dissociation mechanism from heterolytic to homolytic on Au
supported ultrathin MgO(001) films [13]. On the other hand, for the
adsorption of water on Ag(100) supported ultrathin MgO, the metal
support enhanced the adsorption energies of isolated OH and H, due to
the charge transfer from the metal/oxide interface to OH and from H
to the interface [14].

In this article, we show that contrary to chemical intuition, H prefers
to bond to Al cation sites instead of O anion sites on native ultrathin
aluminum-oxide films. By systematically varying the thickness of a
model oxide film — i.e., 𝛼–Al2O3(001) supported on Al(111) — we
show that this behavior is specific to ultrathin oxide films and does
not occur on bulk oxide surfaces and films thicker than about 2 nm.
We demonstrate that for ultrathin films, H is in hydride form, with
its charge originating from the oxide/metal interface. We propose that
this bonding mode can lead to the hydrogen evolution reaction, which
has been observed in pits during localized corrosion of aluminum [15].
This reaction is known as the negative difference effect (NDE) because
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Fig. 1. Topviews of Al(111) and 𝛼–Al2O3(001); the structures are visualized with
atomic radii in order to enhance the readability, although for the oxide film, the use of
ionic radii would be physically more appropriate. The (1 × 1) cells for each surface are
indicated. The (

√

3 × √

3)𝑅30◦ supercell of Al(111), with a lattice parameter of 4.95 Å,
has the same shape and a similar size to the (1 × 1) cell of 𝛼–Al2O3(001), which has a
lattice parameter of 4.79 Å. The lattice mismatch is 3.3%. The two H adsorption sites
(designated Al and Osur f ) on the oxide surface are indicated.

its rate counterintuitively increases with increasing anodic polarization
on metals, such as Al, Mg, and their alloys [16–22].

2. Technical details

2.1. Computational details

DFT calculations were performed with the PWscf code from the
Quantum ESPRESSO distribution [23,24] using the generalized-
gradient approximation (GGA) of Perdew–Burke–Ernzerhof (PBE) [25].
We used the pseudo-potential method with ultra-soft pseudo-potentials
[26,27]. Kohn–Sham orbitals were expanded in a plane wave basis set
up to a kinetic energy cutoff of 35 Ry (280 Ry for the charge-density
cutoff). A Methfessel–Paxton smearing [28] of 0.03 Ry was used,
whereas the Brillouin zone (BZ) integrations were performed with the
special-point technique [29]. The Bader charge analysis was performed
by generating charge densities with single point self-consistent-field
calculations of US-PP optimized structures using the PAW (projector-
augmented-wave) potentials [30,31] and a 1000 Ry kinetic energy
cutoff for the charge density and then computing the Bader charges
using the bader program [32,33]. Molecular graphics were produced
by the XCRYSDEN graphical package [34].

2.2. The model of the supported oxide thin film

We chose a model of the aluminum-oxide film based on the (001)
slab of 𝛼–Al2O3 supported on Al(111), for which the thickness can be
systematically varied. A similar model was used by Baran et al. for the
study of limiting oxide thickness on aluminum [7].

On the vacuum side of the pristine oxide film, there are three pos-
sible terminations of 𝛼–Al2O3(001), which we designate as 𝛼–Al2O

Alt
3 ,

𝛼–Al2Ost oich
3 , and 𝛼–Al2O

Ot
3 , depending on where the crystal structure

is cleaved. The hexagonal unit cell of the 𝛼–Al2O3(001) slab displays
a repeating pattern of –O–Al1–Al2– in the [001] direction, where O
represents a layer of oxygen ions, whereas Al1 and Al2 designate layers
of aluminum ions. If the slab is cut between Al2–O, then the slab is
Al-terminated and it is designated as 𝛼–Al2O

Alt
3 . If it is cut between

Al1–Al2, the resulting slab is stoichiometric (labeled as 𝛼–Al2Ost oich
3 ).

Instead, if it is cut between O–Al1, then the slab is O-terminated and it
is designated as 𝛼–Al2O

Ot
3 . The topview of the 𝛼–Al2Ost oich

3 (001) surface
model is shown in Fig. 1b, whereas the sideview for the four oxygen
layer thick 𝛼–Al2Ost oich

3 (001) slab is presented in Fig. 2a. When the (hy-
droxyl free) oxide surface is in contact with an oxygen atmosphere, the
𝛼–Al2Ost oich

3 (001) termination displays the lowest surface free energy
for all accessible values of oxygen chemical potential. Its calculated
surface energy of 130 meV/Å2 agrees with calculations from Ref. [35].
2 
This termination was used to model the vacuum/oxide interface. The
topmost layer of the pristine oxide film contains a layer of aluminum
ions, designated Al, and a layer of oxygen ions, designated Osur f (cf.
Figs. 1b and 2.) The oxygen ions of the first subsurface layer are
designated as Osub (cf. Fig. 2).

On the side of the oxide/metal interface, we note that the
(
√

3 ×
√

3)𝑅30◦ supercell of Al(111) has the same shape and a
similar lattice parameter (4.95 Å) as the (1 × 1) cell of 𝛼–Al2O3(001)
(4.79 Å); the lattice mismatch is thus 3.3%. Hence, the slabs were
merged commensurately, such that the lattice parameter of Al(111)
was imposed with a five layer thick Al(111) slab acting as the metallic
support. The thickness of the vacuum region was set to at least 15 Å
and the dipole correction of Bengtsson [36] was applied.

The BZ integrations were performed with a 6 × 6 × 1 uniformly
shifted k-mesh for the (1 × 1)–𝛼–Al2O3(001)/Al(111) model, and
6 × 3 × 1 and 3 × 3 × 1 k-meshes for the corresponding (1 ×

√

3)
and (2 × 2) supercells. In matrix notation, the (1 ×

√

3) supercell is
described as ( 11

0
2 ); the lengths of the two supercell vectors are 𝐴 = 1𝑎

and 𝐵 =
√

3𝑎, where 𝑎 is the length of the unit-cell vectors; hence, the
label (1 ×

√

3). Additionally, the bottom two layers of the Al(111) slab
were kept fixed during structural relaxations.

The structure of the oxide/metal interface was determined by fol-
lowing the approach outlined by Finnis [37] for two component sys-
tems in which the stoichiometry of the oxide is accounted for and excess
aluminum ions are treated as part of the bulk metal. The interfacial
surface free energy (𝛾int f ) was calculated as:

𝛾int f = 1
2𝐴

(𝐺ox∕met −𝑁ox𝜇ox −𝑁met𝜇met ) − 𝛾Al(111), (1)

where 𝐺ox∕met was approximated by the total energy of the
metal/oxide/metal system with the oxide film placed between the two
metallic slabs in such a way that the interface between metal and oxide
was equivalent on both sides, while the metallic slabs were separated
by a vacuum. 𝑁ox is the number of Al2O3 units in the oxide film and 𝜇ox
is approximated by the total energy of an Al2O3 unit in bulk 𝛼–Al2O3.
𝑁met is the total number of metallic atoms per supercell and 𝜇met is
approximated by the total energy of aluminum atom in the bulk metal.
𝐴 is the area of the supercell and the factor 1

2 stems from the fact that
the oxide slab is in contact with the metal on both sides. Note that
the additional 𝛾Al(111) term is the surface energy of the Al(111) slab
with a value of 40 meV/Å2. It is needed because each metallic slab is
terminated by vacuum.

Evaluating the stability of the interface with Eq. (1), we find that the
lowest interfacial energy, 99 meV/Å2, is found for 𝛼–Al2O

Alt
3 (001) with

the terminating Al atoms bound at the hcp site of Al(111). It is followed
by 𝛼–Al2Ost oich

3 (001), with a value of 129 meV/Å2, and the highest
value is obtained for the 𝛼–Al2O

Ot
3 (001) case, with 151 meV/Å2. Thus,

we chose the 𝛼–Al2O
Alt
3 (001) termination to construct the oxide/metal

interface. This interface consists of two aluminum atoms, designated as
Alup and Aldown (Fig. 2b). Aldown is bound to the hcp site of Al(111) and
is closer to the metal support, whereas Alup is closer to the oxide film.
Additionally, the Al atoms of the topmost metal layer, closest to the
two interface atoms are designated as Almet .

2.3. Reaction energies and reaction Gibbs energies

The reaction energy (Δ𝐸) is defined as the difference between the
sum of the total energies of products and reactants:

Δ𝐸 =
pr oduct s
∑

𝑖
𝐸𝑖 −

r eact ant s
∑

𝑗
𝐸𝑗 . (2)

For a limited subset of calculations reported in this work, we also
calculated the reaction Gibbs energies (Δ𝐺) at 𝑇 = 298.15 K and
a partial pressure of 𝑝 = 1 atm for gaseous species, where Δ𝐺 is
defined analogously to Δ𝐸 in Eq. (2). For these calculations, the k-point
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Fig. 2. Sideview of a four oxygen layer thick (a) standalone 𝛼–Al2Ost oich
3 (001) slab and (b) 𝛼–Al2O3(001) slab supported on Al(111). Note that the terminations correspond to

𝛼–Al2Ost oich
3 at the vacuum/oxide interface and to 𝛼–Al2O

Alt
3 at the oxide/metal interface. Atom designations used throughout the text are stated.
sampling was reduced to a 4 × 4 × 1 k-mesh for the (1 × 1)–
𝛼–Al2O3(001)/Al(111) model, and all degrees of freedom were relaxed.
The vibrational frequencies were evaluated with the PHonon code at
the Γ q-point [38]. Vibrational contributions to thermal energy and
entropy were calculated using the quasi-harmonic approximation of
Cramer–Thrular [39], with the vibrational frequencies below 100 cm−1

raised to 100 cm−1 to remedy the breakdown of the harmonic oscillator
model for low-frequency vibrational modes.

For gaseous species (hydrogen gas), the contributions from trans-
lational and rotational modes were considered using the ideal-gas
approximation and the rigid-rotor model, respectively, whereas for the
surfaces and adsorbates thereon, only the vibrational contribution to
thermal energy and entropy was taken into account, and the 𝑝𝑉 term
was neglected.

3. Results and discussion

3.1. The binding of H on the supported thin film

Using the model of the supported oxide described in Section 2.2,
we investigated the adsorption of hydrogen on oxide films of different
thicknesses by the following reaction:
1
2
H2 + ∗ → H∗, (3)

where ∗ indicates a free adsorption site, and H∗ stands for a
chemisorbed H atom. Two sites, designated as Al and Osur f
(see Fig. 1b), were considered on the supported and non-supported
oxide films. How the reaction energy changes with oxide thickness for
the highest considered coverage, corresponding to (1 × 1) overlayers
on 𝛼–Al2O3(001), is summarized in Fig. 3b. Notice that adsorption at
Osur f sites is similar for both the supported and non-supported films
and it remains constant for all considered oxide thicknesses, with an
endothermic value of approximately 1.6 eV per H atom. In contrast,
adsorption at Al sites displays remarkably different behavior on the
two films. On the supported oxide films, the adsorption energy for
H at the Al site depends considerably on the oxide thickness, about
−0.8 eV for film thicknesses below 7 Å (corresponding to 4 oxygen
layers) and endothermic for thicker films, reaching the value of the
Osur f site at a film thickness of approximately 30 Å. On the non-
supported film, its value at the Al site is almost independent on the film
thickness, having an endothermic value of about 2 eV. Additionally, we
considered heterolytic adsorption of H , where both sites are occupied
2

3 
simultaneously (labeled as HAl+HOsur f ), resulting in two adsorbed H
atoms per (1 × 1) supercell (see Fig. 3a). This adsorption mode is
nearly athermic, with a Δ𝐸 value of about −0.1 eV/H-atom. It is similar
for both the supported and non-supported model of the oxide film and
remains approximately constant for all considered film thicknesses.
This adsorption mode is therefore thermodynamically preferred on
non-supported and thicker supported oxide films.

Further, we investigated how the reaction energy for hydrogen
adsorption depends on coverage. The results shown in Fig. 3c reveal
that the binding is even more exothermic at lover coverage (−1.1 eV
per H atom for the (2 × 2) overlayer of the thinnest film considered
herein). As the oxide-film thickness increases, the binding becomes less
exothermic, but the change is considerably more gradual than that at
full coverage. Specifically, the binding becomes less favorable than the
most stable identified HAl+HOsur f –(1 ×

√

3) structure in Fig. 3c for
oxide films thicker than about 10 Å for the (1 ×

√

3) overlayer and
about 20 Å for the less dense (2 × 2) overlayer. These observations
thus indicate that both factors, oxide thickness and adatom coverage
are to be considered for the binding of H on Al sites. Furthermore, our
analysis indicates that the change in adsorption energy as a function
of the oxide-film thickness is more gradual for lower coverages due
to lower surface charge density. This effect is reminiscent of the work
required for charging a parallel plate capacitor, which is proportional to
𝑞2𝑑∕𝐴, where 𝑞 is the charge per supercell, 𝑑 is the interplate distance,
and 𝐴 is the supercell area. In particular, by linear fitting the Δ𝐸 values
for thin films of the three considered coverages, one obtains slopes that
are inversely proportional to the cell area (Fig. S1 in the Supplementary
material).

It is worth mentioning that H prefers to bind to Al sites also on other
models of native ultrathin aluminum-oxide films, provided that Al ions
are present on the surface, such as stoichiometric 𝛼–Al2Ost oich

3 /Al(111)
and the one employed in our previous study [40] that is based on
Ref. [41].

Since H binds to aluminum cations on thin supported oxide films,
it should be negatively charged (in hydride form). To verify this as-
sumption and to establish from where its charge originates, we used
Bader charge analysis before and after hydrogen adsorption on the
supported oxide films, and the results are summarized in Fig. 4. The
analysis shows that H is indeed negatively charged, with a charge
of about −0.9 for ultrathin films and about −0.7 for thicker films.
To establish from where this charge originates, we first examine the
aluminum ions at the oxide/metal interface, designated Al and Al
up down
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Fig. 3. (a) Topviews of considered H overlayers. (b) Δ𝐸 for H adsorption (per H atom), reaction (3), for different sites on the supported and non-supported oxide films. (c) Δ𝐸
for different coverages of H at the Al site against oxide thickness (beware that the ordinate axes in (b) and (c) differ). Note that for very thin films, the adsorption of H at the Al
site is exothermic, and the degree of exothermicity decreases with increasing oxide thickness, with the thickness at which it becomes endothermic depending on the coverage.
in Fig. 2. From Fig. 4a, it is evident that for ultrathin films, the two
interface Al ions become considerably more positively charged after
adsorption of H, while for thicker films, their charge is similar to that
before adsorption. To demonstrate this observation more clearly, we
calculated the adsorption induced change in charge (Δ𝑞) for the ions
that are specifically indicated in Fig. 2b, i.e.:

Δ𝑞 = 𝑞(af t er ) − 𝑞(bef or e). (4)

These values are plotted in Fig. 4b. For thicker films, the summed
difference for the two interface Al ions:

Δ𝑞int f = Δ𝑞Alup + Δ𝑞Aldown , (5)

becomes close to zero, while Δ𝑞Osur f becomes substantial. This indicates
that for thin films, the majority of charge stems from the oxide/metal
interface, while for thicker films, it comes from the surface oxygen ions.
This is schematically depicted in Fig. 4d. Our analysis also reveals that
the metal slab underneath the oxide films, i.e., Almet atoms beneath
the two interface Al ions hardly participate in charge transfer. Further,
by taking the sum of charge differences of the considered subset of
substrate ions (Δ𝑞sel), the charge on H is reproduced remarkably well,
indicating that (almost) all sources of H charge are accounted for.

It is therefore evident that the majority of charge on H for ul-
trathin films is transferred from the oxide/metal interface Al atoms.
Consequently, the amount of charge transferred from the oxide/metal
interface depends on the oxide-film thickness and ceases for thick films.
However, H adsorbed at the Al site is negatively charged irrespective
of the film thickness (Fig. 4a), implying that the charge originates from
elsewhere for thick films. Our analysis reveals that it comes mainly
from the O and O ions.
sur f sub

4 
3.2. Implications and connection to hydrogen evolution

Let us explore the possible implications of H binding to Al ions
on ultrathin films for the hydrogen evolution reaction. To this end,
we consider the non-dissociative and dissociative adsorption of water
on the (supported) oxide films. Non-dissociative adsorption can be
described by the following reaction:

H2O + ∗ → H2O∗. (6)

Our calculations show that the reaction energy for the
non-dissociative adsorption of water does not depend on oxide thick-
ness and remains constant at about −1 eV for all investigated thick-
nesses. This value is in line with that obtained by other groups on the
𝛼–Al2O3(001) surface [42,43].

The second possibility is the dissociative adsorption of water, de-
scribed by the following reaction:

H2O + 2∗ → OH∗ + H∗, (7)

where the dissociated H can bind to either the Osur f or the Al site, i.e.:

H2O + 2∗ → OH∗ + HOsur f ∗ (8)

and

H2O + 2∗ → OH∗ + HAl∗. (9)

We investigated how the reaction energy for dissociative adsorption
of water depends on the oxide-film thickness and adsorbate coverage
(Fig. 5). Our results indicate that the reaction energy for H adsorbed to
Osur f , reaction (8), does not depend on the oxide thickness and displays
a Δ𝐸 value of about −1.4 eV. This value is similar to that obtained
by other groups for non-supported 𝛼–Al2O3(001) [44,45] and is more
exothermic than the non-dissociative adsorption energy and therefore
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Fig. 4. (a) Bader charge (𝑞) of the adsorbed H adatom and Al ions at the oxide/metal interface before and after H adsorption as a function of oxide-film thickness. The adsorption
induced change in charge, Δ𝑞 = 𝑞(af t er ) − 𝑞(bef or e), is indicated by arrows for the two interface Al ions. (b) Δ𝑞 for characteristic substrate ions versus oxide thickness; Δ𝑞int f
corresponds to the sum of the interface aluminum ions and Δ𝑞sel to the sum of considered substrate ions, as indicated on the plot. (c) Sideview of a four oxygen layer thick
𝛼–Al2O3/Al(111) slab with atom labels. (d) A scheme depicting the main result of Bader charge analysis, i.e., for thin films, the excess H charge stems mainly from the interface
Al ions, while for thicker films, it predominantly comes from the Osur f ions and to lesser extend from the Osub ions.
Fig. 5. Top: the topviews of the different adsorption modes of water in a (1 × √

3)
supercell. Bottom: dependence of Δ𝐸 for the three possible H2O adsorption modes
on the thickness of the oxide film on Al(111). The coverage corresponds to one H2O
molecule per (1 × √

3) or (2 × 2) supercell.
5 
thermodynamically favored.
In contrast to above considered reactions (6) and (8), where the

Δ𝐸 values are insensitive to oxide-film thickness, the reaction energies
for reaction (9) with H at Al sites, depends strongly on the oxide
thickness (Fig. 5). For ultrathin films this adsorption mode is the
most exothermic, with a value of −2.6 eV per H2O molecule for both
considered coverages. However, the exothermicity of this mode rapidly
decreases with increasing oxide-film thickness and it becomes inferior
to the other two modes for thicknesses above about 7 and 10 Å for the
coverages corresponding to (1 ×

√

3) and (2 × 2) supercells, respectively.
Next, we also examined the possibility of the adsorption of an

additional water molecule per supercell displacing the adsorbed H,
according to the following reaction:

H2O + HAl∗ ←←←←←←←←←←←←←←←←←→ OH∗ + H2. (10)

Because the H adsorbed at Al sites becomes increasingly unfavorable
as the thickness of the oxide film increases (cf. Fig. 5), it is more
instructive to consider the cumulative reaction, which can be written
as:

H2O + 2 ∗ ←←←←←←←←←←←←←←←←←→ OH∗ + HAl∗
+H2O
←←←←←←←←←←←←←←←←←←←←←←←→ 2 OH∗ + H2. (11)

How the reaction Gibbs energy (Δ𝐺 at 𝑝 = 1 atm and 𝑇 = 298 K)
changes for the first step and the overall reaction (11) with respect to
oxide-film thickness is plotted in Fig. 6; note that only the (1 ×

√

3)
supercell is considered. The second step of reaction (11) is always
exergonic by about 1.0 eV indicating that it is favorable for water to
displace H adsorbed on Al sites, forming H2. However, above oxide-
film thickness of about 7 Å, the reaction (11) becomes inferior to the
following reaction:
2H2O + 4∗ → 2OH∗ + 2HOsur f ∗, (12)
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Fig. 6. The dependence of Gibbs reaction energies (Δ𝐺 at 𝑝 = 1 atm and 𝑇 = 298 K) for the first step of reaction (11), the cumulative reaction (11), and reaction (12) on oxide-film
thickness. The reactions schemes are shown on the right, and the coverage corresponds to the (1 × √

3) supercell. Note that at this coverage, reaction (11) is the most exergonic
only for oxide thicknesses below about 7 Å, indicating that hydrogen evolution will only take place on ultrathin films, while on thicker films, binding to Osur f ions is preferred.
indicating that H2 evolution would not take place (cf. Fig. 6). Based
on Figs. 3c and 5, we can argue that at lower adsorbate coverages,
the limiting oxide-film thicknesses where the H2 evolution would cease
are thicker. Despite this consideration, for H2 evolution to occur, suffi-
ciently thin supported oxide films are required. Such a conclusion aligns
with the trend emerging from experimental studies supporting the
partial passive film breakdown mechanism for the hydrogen evolution
reaction [17,19,20].

4. Conclusions

We performed a DFT based investigation of the unusual hydrogen
adsorption on ultrathin aluminum-oxide films supported on aluminum.
In particular, we found that H prefers to bond to surface Al ions in
hydride form. The Bader charge analysis revealed that the charge on
H is transferred from the oxide/metal interface. Consequently, this
charge transfer depends on the thickness of oxide film and ceases for
thicker films. We further demonstrated that due to this anomalous
adsorption-site preference, hydrogen evolution during water dissocia-
tion is thermodynamically favorable for ultrathin films; in contrast, for
thicker oxide films, water dissociation results in surface hydroxylation.
Our calculations thus corroborate the experimentally proposed passive
film breakdown mechanism for the observed hydrogen evolution in the
pits formed during the pitting corrosion of aluminum and provide an
atomic-level insight on how such a reaction can occur.
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