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ABSTRACT: The activated dissociative chemisorption (DC) of
O2 on Al(111) is a thoroughly studied benchmark system for
oxygen−metal interactions. However, research based on density
functional theory (DFT) has not yet been able to accurately
determine the electronic structure, and theory as a whole has so far
been unable to reproduce measured sticking probabilities with
chemical accuracy. Previous work has argued that this is likely due
to the inability of DFT at the generalized gradient approximation
(GGA) level to describe the barriers to DC of O2 on Al(111)
correctly. The argument is that the most commonly applied
electronic structure approach in surface science, which involves the
use of GGA-DFT, yields too low reaction barriers for the DC of O2
on Al(111). Moreover, it seems that GGAs will generally fail to accurately predict barriers for systems with low charge transfer
energy, i.e., systems for which charge transfer from metal to molecule at the transition state is likely. Subsequent work on both O2 +
Al(111) and O2 + Cu(111) has suggested that screened hybrid density functionals (DF) yield more accurate barrier heights for DC
on metal surfaces. However, so far the use of only a screened hybrid DF was not enough to ensure a highly accurate description for
O2 + Al(111). Even though the onset of the sticking probability (S0) curve was correctly described, the slope, or width, of the curve
was not. The use of a nonlocal correlation DF combined with an increased fraction of exact exchange in the screened hybrid
exchange DF was believed to further improve the description of the electronic structure by increasing the energetic corrugation of
the barrier. This approach was assumed to increase the width of the sticking curve without lowering the incidence energy for the
reaction onset, thus reducing the slope of the sticking curve. To test this, we present quasi-classical trajectory (QCT) calculations on
the O2 + Al(111) system based on a potential energy surface (PES) computed with the HSE06-1/2x-VdWDF2 screened hybrid van
der Waals DF, using the Born−Oppenheimer static surface (BOSS) model. The resulting PES shows the presence of shallow van der
Waals wells in the entrance channel. Furthermore, the barriers to DC show a slightly higher energetic corrugation than the previously
used HSE03-1/3x screened hybrid DF, although most differences are smaller than 1 kcal/mol. These minor alterations in the PES
with respect to previous work mean that the S0 computed for O2 + Al(111) using the HSE06-1/2x-VdWDF2 DF are somewhat
improved over the previous results. Specifically, the onset of the S0 curve is now somewhat better described and the curve is
broadened a little compared to the HSE03-1/3x description. These results, in combination with previous studies, imply that future
electronic structure methods would need to provide larger changes in the PES, or a different dynamical model would need to be used
to bring theory in better agreement with the experiment. Moreover, future higher-level theory also needs to address the currently
very demanding computational costs of screened hybrid plane-wave-DFT for molecule-metal interactions.

1. INTRODUCTION
The rate of heterogeneously catalyzed processes is often
controlled by the dissociative chemisorption (DC) of a molecule
on the active center of the catalyst.1−3 Furthermore, for
oxidative catalysis or oxide formation, the DC of O2 is often
the first and most critical step.4−7 The key interactions that are at
play in the DC of O2 on metals are not yet fully understood8−10

and are therefore of substantial scientific interest.11−14 The O2 +
Al(111) system has over the years become a benchmark for the
DC of O2 on metal systems.4,15−20 However, unlike the perhaps
better-known H2 + Cu(111) benchmark system,13,21,22

theoretical models are not yet able to describe the DC of O2
on Al within chemical accuracy,10 nor is there a clear scientific

consensus on the origins of the barrier to DC for this
system.8,9,23−28

Both the failure of theoretical models to describe the DC of
O2 on Al(111) and the ongoing discussion on the origin of the
barrier to reaction can be related to the inability of the most
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commonly applied density functional theory (DFT) method in
surface science to compute the DC barrier.8−10,23,24,27−32 The
generalized gradient approximation (GGA) approach to the
density functional (DF) remains the most commonly used
approach to compute reaction barriers14 within surface science
because it represents a good compromise between accuracy and
computational costs. However, recent work10 strongly suggests
that the GGA approach will fail to compute accurate reaction
barriers if the charge transfer energy (ECT) is below 7 eV, where
ECT is defined as

E EACT = (1)

Here ϕ is the work function of the metal surface, and EA is the
electron affinity of the molecule reacting on that surface.10 If ECT
is below 7 eV even one of the most “repulsive” (i.e., a “more
repulsive DF” is a DF generally predicting higher DC barriers)
GGA DFs (i.e., RPBE33) tends to underestimate the barrier
height to DC.13,14,34,35 This means that, when constructing a
chemically accurate semiempirical DF using the specific reaction
parameter approach, i.e., an SRP DF, basing this DF on GGA
DFs will probably not be possible.10,34 For O2 + Al(111) ECT =
3.8 eV10, and all GGA DFs fail to compute any relevant barrier.
This in turn results in computed reaction probabilities that are
always equal or close to one and thereby in disagreement with
the experiment, which shows activated dissociation for O2 on
Al(111).10,30−32 Likewise, meta-GGA DFs, which are on the
next rung up on Jacob’s ladder,36 show only a minor
improvement over GGA results for O2 + Al(111).10

At this time it is not fully understood why ECT < 7 eV results in
a failure of DFs containing semilocal exchange for DC on metals.
The failure of GGA DFs to accurately predict barriers for
molecule-metal reactions may be related to the more general
failure of GGA DFs to predict barriers for gas-phase reactions, as
also previously discussed by Gerrits et al.10 The commonly
applied reasoning is that GGA DFs favor the delocalized nature
of a transition state (TS) and thus result in TS-energies that are
too low compared to the reactants, resulting in too low or even
eliminating the barriers. For gas-phase reactions such a “density-
driven” error could then be and has been resolved by using
semilocal DFs in a nonself-consistent-field (NSCF) manner by
applying a GGA-DF once to a converged density obtained with a
hybrid DF, i.e., a “HF-based density”, where HF stands for
Hartree−Fock.37−40 However, the explanation that this
approach yields more accurate barriers due to correcting for
density-driven errors has come under scrutiny as recent work
indicates that the improved agreement is due to a cancellation
between both density-driven and “functional-driven” errors.41,42

Moreover, the explanation in terms of only density-driven errors
is also at odds with previous results for O2 + Al(111), which
showed that good sticking probabilities can be computed with
both SCF- and NSCF-screened hybrid approaches, where in the
latter a screened hybrid DF is applied just once to a converged
GGA density. This implies that the greater part of the GGA-
DFT error for O2 + Al(111) should be functional-driven.37,38,43

Regardless of the origin of the error of the semilocal exchange
DF, previous work suggests that the failure of these types of DFs
for O2 + Al(111) should be avoided by employing a screened
hybrid DF instead.10,43 The use of the screened hybrid HSE03-
1/3x DF resulted in reaction probabilities that were in
semiquantitative agreement with the experiments. Especially
the reaction probabilities at lower normal incidence energy
(EI

⊥) closely reproduce experimental results.10,43,44 However, at
higher EI

⊥ the computed sticking probabilities still overestimate

the experimentally determined sticking probabilities. This
resulted in a reaction probability curve that is too steep, or too
narrow.10,43 To find a DF that can reproduce experiments with
chemical accuracy for systems like O2 + Al(111), this problem
still needs to be fixed.

Several alternative possibilities could contribute to a too−
narrow reaction probability curve. The first few are due to the
use of the Born−Oppenheimer static surface (BOSS) model. In
the Born−Oppenheimer approximation, the electronic energy is
decoupled from nuclear motion, and in the static surface
approximation, the surface atoms of the metal are kept fixed in
their ideal surface lattice positions. Because experiments indicate
a limited influence of surface temperature on the reaction
probability of O2 on Al(111),17 it is not immediately expected
that the inclusion of surface phonon motion will substantially
influence the reactivity.10,17,43 Furthermore, if the barrier
location as described by the HSE03-1/3x DF is to be taken as
accurate, which is likely according to previous work,34 then the
O2 + Al(111) system will generally have “early” barriers, i.e., the
barriers will be located at large molecule−surface distan-
ces.9,10,23,24,43,44 Such early barriers tend to limit the effects of
energy dissipation from the motion of the molecule to surface
atom motion.10,45,46 Furthermore, the early barrier and the high
mass of O2 also suggest that the effects of electron−hole pair
(ehp) excitation, which can be described with electronic friction
approaches, should be small.47−49 This likely also eliminates the
effects of ehp excitation as a possible important cause for the
disagreement between theory and experiments for O2 +
Al(111).

If we assume that the BOSS model is not to blame for the
currently deficient theoretical description of the DC of O2 on
Al(111), only the electronic structure description remains a
likely cause of error, as also previously argued in refs 10 and 43
As stated above it was expected that the inclusion of long-range
van der Waals (VdW) correlation in the exchange−correlation
functional could result in a broadening of the reaction
probability curve, but this has so far not yet been corroborated.
This hypothesis is supported by the argument that the
introduction of a VdW well will increase both the energetic
and geometric corrugation of the barrier.50 The energetic
corrugation is the extent to which the barrier height varies with
the impact point of the surface and the orientation of the
molecule and this strongly influences the width of the reaction
probability curve.35,51 Additionally, a VdW well could alter the
dynamics of O2 impeding on the surface by accelerating the
molecule toward the metal surface before dissociation.52

In this work, we aim to investigate the simultaneous effects of
the inclusion of VdW correlation and of admixing a larger
amount of exact exchange on the potential energy surface (PES)
as well as the dynamics of the DC of O2 on Al(111), by
computing and analyzing a PES based on the HSE06-1/2x-
VdWDF2 DF and comparing quasi-classical trajectory (QCT)
dynamics results based on this PES to experiments and previous
theoretical studies. The aim of applying this DF is to hopefully
resolve the current shortcomings in the description of the DC of
O2 + Al(111). This paper is set up as follows: Section 2.1 will
discuss the details of the DF used to compute the electronic
structure, Section 2.2 the computational details of the DFT
calculations, Section 2.3 the Al(111) lattice details, Section 2.4
the PES fitting technique, and Section 2.5 the QCT calculations.
Thereafter, the DFT results are shown in Section 3.1, and in
Section 3.2 the QCT dynamics results are shown. Section 3.3
then discusses the results in the context of previous work and
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presents an outlook for future work. Finally, the paper is
summarized and conclusions are provided in Section 4.

2. METHODS
In this work, the Born−Oppenheimer static surface (BOSS)
model is employed.14 In short, this signifies that the motion of
the nuclei is decoupled from the motion of the electron via the
Born−Oppenheimer approximation, and that the Al surface
atoms are kept static in their ideal (111) surface lattice positions.
As a result, the dynamics of the O2 on the Al(111) system only
requires a description of the motion in the remaining six
molecular degrees of freedom. These six degrees of freedom in
addition to a description of the high symmetry sites on the
Al(111) surface are shown in Figure 1 and discussed in greater
detail in other work.10,13,43

2.1. Electronic Structure. For this paper, a combination of
two different types of DFs is used to improve the description of
the electronic structure. Specifically, the nonlocal van der Waals-
DF2 (VdWDF2)53,54 correlation functional and the screened
exact exchange DF of the HSE0655,56 DF are combined. Below
we will briefly discuss these DFs, first as standalone DFs and
then quickly as their combination.

Local or semilocal DFs will inherently not be able to describe
the longer-range electronic correlation necessary to accurately
describe effects like VdW forces. Several different approaches
have been developed to correct the long-range correlation of the
exchange−correlation functional for such shortcomings. For

instance, approaches that use a pairwise potential based on time-
dependent DFT to include VdW interaction have been
developed by Grimme and co-workers.57,58 Initial work of
Lundqvist et al.,59 forms the basis for multiple different VdW
methods better suited for metal-molecule interactions, like the
VV10,60 rVV10,61 VdWDF1,53 and VdWDF254 DFs. Of these
DFs VdWDF1 represents a truly nonempirical DF., i.e., this
method is not based on fitted adjustable parameters.

In this work we use the VdWDF254 approach, in which a
nonlocal (NL) longer-range correlation energy is added to a
local (LDA) correlation energy, resulting in the following
expression for the correlation functional

E E EC
VdWDF2

C
LDA

C
NL,VdWDF2= + (2)

Note that an exchange DF (Ex) can be added to this DF that
can be local, semilocal or even a nonlocal DF including exact
exchange. The van der Waals correction to the correlation
energy can be written as

E r r n r r r nd d ( ) ( , ) (r )C
NL,VdWDF2 = (3)

Here r ⃗ is the position vector of the electrons, n r( ) the
electronic density, and r r( , ) the van der Waals kernel
describing the electron density−density interactions. A full
discussion of this kernel is out of scope for this work and the
reader is referred to refs 53 and 54 for more details.

The effects of the VdWDF2 correlation on the PES are not
known a priori, although its addition will generally improve the
description of longer-range interactions and improves over PBE
in describing the adsorption of molecules on metals.14,62 The
presumption is that a longer-range attraction, i.e., a van der
Waals well will form in the PES,63 although it is not uncommon
for the middle−range interaction to become slightly more
repulsive.52 As the barriers for O2 on Al(111) are far away from
the surface, it is expected that the use of VdW correlation will
tend to reduce the barrier height.10

Moving on to the screened hybrid exchange functional, we use
the HSE0656 DF. This DF is very similar to the HSE03 DF56, the
expression of which was later revised to obtain the HSE06 DF.57

The HSE06 DF is a hybrid DF because a fraction (α) of exact
(Hartree−Fock) exchange is admixed with the semilocal PBE64

exchange−correlation functional according to

E E E E(1 )XC
PBE0

X
HF

X
PBE

C
PBE= + + (4)

This makes the HSE06 DF similar to the better-known
PBE065 DF. However, unlike the PBE0 DF, the HSE06 DF also
screens the exact exchange at longer electron−electron
distances. As a result, at short distances, the DF behaves like
PBE0 but at longer distances like PBE. This screening is done
with a continuous and quick switching function between a long-
range (LR) and short-range(SR) part in the Hartree−Fock
(HF) exchange potential, such that the coulomb operator splits
into

r

r

r

r

r
1 1 erf( , ) erf( , )

ij

ij

ij

ij

ij

SR LR

= +
Ö́ÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖ ÆÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖ Ö́ÖÖÖÖÖÖÖÖÖ ÆÖÖÖÖÖÖÖÖÖÖ

(5)

where rij is the distance between electrons i and j, erf(ω, rij) is the
Gaussian error function, and ω is the screening length
parameter.55,56 The result of this adaptation of the HF exchange
potential is that the HSE06 exchange−correlation functional can
also be partitioned into a short and long-range part, such that

Figure 1. Coordinate system and its relation to the Al(111) unit cell;
(A): six-dimensional center-of-mass coordinate system for the O2
molecule; (B): (111) surface unit cell for an FCC metal (Al) with all
high symmetry sites indicated. A darker shade represents an atom that is
in a deeper layer in the slab.
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E E E

E E

( ) (1 ) ( )

( )
XC
HSE06

X
HF,SR

X
PBE,SR

x
PBE,LR

C
PBE

= +
+ + (6)

The screening of the HF exchange for longer distances is
needed to reduce computational costs,55 and the screening is
required to obtain a good description of the metal surface itself.
Without it, the density of states of the electrons at the Fermi level
would be artificially reduced.66

The implementation of the screened hybrid exchange
functional in this work has an important difference from that
of the original HSE06 DF:57 In this work, we use a larger fraction
of exact exchange. Originally, the HSE06 DF comes with a
maximum exact exchange fraction α of 1/4. Previous work with
an HSE03-like DF used α = 1/310 but still resulted in
overestimated sticking probabilities, suggesting that α should
be increased further. In this work, we therefore opted to use an
exact exchange fraction α of 1/2. Increasing the fraction of exact
exchange is a common approach to improve the performance of
the DF for gas-phase barriers by increasing the barrier
height.67−69 An exact exchange fraction of 1/2 could also result
in an overestimation of the barrier height,69 as it did in similar
work on O2 + Cu(111).70 However, at the outset, we realized
that we might need to compensate for a barrier-lowering effect
by replacing the PBE correlation with the van der Waals
correlation,10,63 as also discussed above, and for this, an
increased fraction of exact exchange over the previously used
value of 1/3 was deemed necessary.

The combination of both the screened hybrid exchange and
the van der Waals correlation DF results in the HSE06-1/2x-
VdWDF2 DF

E E E

E E

1
2

( )
1
2

( )

( )

XC
HSE06 VdWDF2

X
HF,SR

X
PBE,SR

x
PBE,LR

C
VdWDF2

= +

+ + (7)

It is expected that the HSE06-1/2x-VdWDF2 DF will
adequately describe longer-range interactions and thereby result
in the presence of a VdW well in the entrance channel, while
hopefully also still correctly describing the barrier height. In
previous work, the DF defined by eq 7 was tested as the first
hybrid-VdW DF to yield dynamics results for the DC of O2 on
Cu(111). For that system the DF tended to underestimate the
reaction probability, i.e., it overestimated the barrier heights.70

Although for O2 + Cu(111) this was the first DFT result to ever
underestimate sticking, we do not expect that the HSE06-1/2x-
VdWDF2 would also result in an underestimated sticking
probability for the O2 + Al(111) system based on the previous
results obtained with α = 1/3,10,43 and on O2 + Al(111) having
only a single barrier to reaction in the entrance channel, unlike
the O2 + Cu(111) system which also has a second barrier in the
exit channel.

Lastly, it is important to differentiate the HSE06-1/2x-
VdWDF2 DF from screened hybrid VdW DFs where the
exchange part of the DF is not tailored to or made consistent
with the van der Waals correlation functional, e.g., VdW-DF2-
ahbr.71 The HSE06-1/2x-VdWDF2 DF does not represent a

completely new screened hybrid VdW DF, as provided by the
recent work of Hyldgaard and co-workers.71,72 Instead, our DF is
simply a combination of two established exchange and
correlation DFs, as described above.
2.2. Computational Details. Als DFT calculations are

done with the Vienna Ab Initio Simulation Package (VASP)
version 6.3.273−78 using the van der Waals DFT implementation
of Klimes ̌ et al.79,80 In this work, all energies from the HSE06-1/
2x-VdWDF2 DF are based on three distinct successive self-
consistent-field (SCF) single-point calculations. The computa-
tional costs of converging the electronic structure energy with
the HSE06-12/x-VdWDF2 DF from scratch are high. There-
fore, two precalculations, or “primers”, have been performed to
set up initial guesses for the electronic density and Kohn−Sham
(KS) wave function. The first SCF primer uses the PBE-
VdWDF2 DF, the second SCF calculation the HSE06-1/2x-
VdWDF2 DF with a sparse HF integration grid, and the third
and final SCF single point calculation uses a normal HF
integration grid to improve accuracy.

All three SCF calculations, that is the two primers and the final
SCF calculation, are spin-polarized calculations and use a 2 × 2
4-layer Al supercell (see the next section for the lattice details)
with 15.0 Å vacuum above the slab. All three use a 10 × 10 × 1 Γ-
centered k-point grid and a cutoff energy of 400 eV. The core
electrons of both Al and O are described by the projector
augmented wave (PAW)81 method, as developed for the PBE
DF. Methfessel-Paxton smearing with a width of 0.2 eV is used
to improve convergence. The PBE-VdWDF2 primer uses the
“conjugate” algorithm82,83 with a convergence tolerance of 1.0 ×
10−9 eV, as done in previous work.43,70 After this primer is
finished, its electron density and KS-wave function are used for
the next primer with the HSE06-1/2x-VdWDF2 DF, using the
damped algorithm, as without this algorithm numeric stability is
limited, and a convergence criteria of 1.0 × 10−5 eV, or a limit of
240 SCF steps is used. Furthermore, the “Fast”, i.e., sparse HF
integration grid is employed.84 This final primer single-point
calculation will, if all goes well, usually consume the bulk of the
computational time. After this, another HSE06-1/2x-VdWDF2
single-point calculation is started using the previous KS-wave
function with a normal HF integration grid to improve the
accuracy of the final result. This final SCF single point is then
converged to 1.0 × 10−5 eV again. Converged results were
obtained for all but one data point (U = 0, V = 0, θ = 90°, φ =
30°, Z = 4.0 Å, r = 1.175 Å), the energy of which was interpolated
based on surrounding data points. Despite the use of these tricks,
the computational demands for this project are still large: we
have consumed upward of 30 million CPU hours for this PES,
where a single point typically takes a minimum of 1 week but can
easily take 2 weeks or longer on a modern dual socket AMD
EPYC 7351 32 core node, depending on the difficulty of the
convergence.
2.3. Lattice Details. The Al bulk lattice has been relaxed

using the HSE06-1/2x-VdWDF2 DF, using a 1 × 1 × 1 bulk
supercell with 11 × 11 × 11 Γ-centered k-points, while
maintaining the other computational settings as described
above. The lattice constant is relaxed at 4.041 Å. This is in good

Table 1. Comparing Al(111) Surface Layer Expansion and Contractions of This Work with Experiments and Other Theories

LEED experiments on 160 K86 HSE03-1/3x10 LDA87 HSE06-1/2x-VdWDF2 (this work)

d12 1.7% ± 0.3% 1.4% 1.18% 1.83%
d23 0.5% ± 0.7% −0.40% −1.16%
d34 0.22%
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agreement with the experimental lattice constant of 4.032 Å.85

The surface lattice structure was then further relaxed using a 1 ×
1, 4-layer supercell with the bottom 2 layers frozen and 15 Å of
vacuum using a 20 × 20 × 1 Γ-centered k-point grid. This
resulted in interlayer distances of d12 = 2.376, d23 = 2.306, with
d34 = 2.333. Table 1 presents comparisons of this lattice
expansion/contraction to other works, which shows that the top
layer expansion is in good agreement with experimental and
other theoretical work. To maintain consistency with the 2 × 2
unit cell the number of k-points parallel to the Al surface is
halved for the PES production, see the computational details
above.
2.4. Fitting the PES. The interaction of O2 + A(111) is

described with a continuous six-dimensional (6D) PES that is
interpolated from the electronic structure calculations per-
formed with the above-described HSE06-1/2x-VdWDF2
density functional. To obtain a good interpolation quality the
corrugation reduction procedure (CRP)88,89 is used. In this
procedure, two three-dimensional (3D), or atomic, PESs are
subtracted from the 6D diatomic PES. This is done to obtain a
residual PES with reduced corrugation, which is easier to
interpolate accurately. After this, the 3D PESs are added back to
the full interpolated result. The resulting error of the CRP for
predicting energies of points not part of the interpolation grid
used to obtain the PES should be minor:43,89−91 previous work
using the same (U, V, θ, φ) geometries and comparably fine grids
in r and Z has shown an RMSE of 0.8 kJ/mol (0.2 kcal/mol) as
long as interaction energies of the molecule with the metal are
smaller than 4 eV91, with outlier usually below 3 kJ/mol.43,89,91

The CRP as implemented in this work is similar to that of refs 10,
43 and 92 However, a few distinctions will be highlighted below.

First, the atomic PES is not based on the HSE06-1/2x-
VdWDF2 DF but on the PBE-VdWDF2 DF. This is done to
mitigate the computational cost. Additionally, the atomic PES is
based on spin unpolarised DFT, unlike the 6D molecular PES.
This avoids convergence issues as the open-shell nature of an O
atom results in significant noise in the DFT energies far away
from the Al surface. Computing the 3D atomic PES with spin-
unpolarised DFT does not affect the accuracy of the full 6D PES
as subtracting the 3D atomic PESs from the full 6D PES merely
serves to yield a 6D residual term with decreased corrugation
and anisotropy. Adding the 3D atomic correction terms back on
to the residual PES then yields the spin-polarized 6D DFT data
at the points used for interpolation. Furthermore, the
convergence criteria are slightly lighter than in the primer
calculations, as discussed in Section 2.2, and are set to 1.0 × 10−8

eV. These nuances are possible because the atomic PES does not
need to be very accurate as long as it is physically reasonable, as
also discussed in refs 10, 43 and 70 For instance, by using the
cheaper to evaluate PBE-VdWDF2 DF we ensure that the long-
range interactions are described. As a result, one or 2 orders of
magnitude in computational costs can be saved for the atomic
potential. The U, V grid for this 3D atomic PES is similar to that
used in earlier CRP work,10,43,92 and the Z-Grid is an equidistant
grid between -1.20 and 8.50 Å with a 0.05 Å spacing, leading to a
total of 194 grid points for each of the 10 different surface sites.

Second, the 6D PES grid is not equidistant as in ref 92 Instead
a similar grid structure as in refs 10 and 43 is used but extended
to allow for longer-range interactions captured by the addition of
the VdW-DF2 DF. Thus, this results in the grid: Z = [1.00, 1.50,
2.00, 2.25, 2.50, 2.75, 3.00, 3.25, 3.50, 3.75, 4.00, 4.25, 4.50, 4.75,
5.00] Å, and r = [1.000, 1.100, 1.150, 1.175, 1.190, 1.200, 1.225,
1.250, 1.300, 1.400, 1.500, 1.600] Å. To clarify this point further,

these Z and r grids are used for each U, V, θ, and φ geometry
employed, and the values of the coordinates of the relevant
geometries are shown in Table 2. The PES in the gas phase is

extrapolated beyond 5.00 Å up to 7.50 Å via a switching function
to a 2D potential, similar to previous work.92 This grid spacing
limits the total number of required single points while
maintaining enough details near the transition state and in the
gas-phase to properly describe both the dissociative chem-
isorption and the van der Waals interaction. All in all, this makes
for a total of 5260 different single points used to interpolate the
PES.
2.5. Quasi-Classical Trajectory Dynamics. The continu-

ous 6D CRP-PES can be used to compute the reaction
probabilities of O2 on Al(111) with dynamics calculation
using the quasi-classical trajectory (QCT) method.93,94 QCT
calculations include the zero-point energy of the molecule
through the initial conditions imposed, after which the
equations of motion are propagated classically in time.93,94

The molecule is initially placed at 7.00 Å above the surface with a
given incidence energy, with its velocity vector pointing along
the surface normal. The trajectory is counted as reacted if the O2
bond length exceeds 1.59 Å, or it is considered scattered if the
molecule−surface distance exceeds 7.00 Å and the velocity of
the molecule points away from the Al surface. The reaction
probability is then calculated as

P
N
Nr

r

T
=

(8)

where NT is the total number of trajectories, and Nr the number
of trajectories that reacted. See refs 10, 90 and 95 for further
details on the implementation of the QCT dynamics.

To assess the quality of the DF, computed sticking
probabilities need to be compared to King and Wells
experiments.13,14,96 In this work, we compare with the
supersonic molecular beam experiments of Österlund et al.17

The experimentalist varied the nozzle temperature (TN) and
used seeding in He and antiseeding in Xe to vary the EI

⊥. For the
sticking curve that we aim to reproduce the authors stated that
all O2 molecules were in the vibrational ground state. However,
no time-of-flight measurements are available for this study.17

Moreover, previous theoretical studies used a TN = 300 K,10,43

thus, to fairly compare the effect of the incidence energy on the
DC of O2 we computed the reaction probabilities as a function of
single EI

⊥ values with the vibrational temperature of O2 taken to
be the same as in previous work, i.e., 300 K.10,43 To describe the
effect of the high rotational cooling of O2 the rotational

Table 2. Different Combinations of the U, V, θ, and φ
Coordinates That are Used in the Grid to Interpolate the
PESa

site
name U V [θ, φ]

top 0 0 [0, 0], [90, 0], [90, 30]
bridge 1/2 0 [0, 0], [90, 0], [90, 60], [90, 90]
HCP 1/3 1/3 [0, 0], [45, 30], [45, 210], [90, 0], [90, 30]
TtH 1/6 1/6 [0, 0], [45, 30], [45, 120], [45, 210], [90, 30], [90,

120]
TtF 1/3 −1/6 [0, 0], [45, 150], [45, 240], [45, 330], [90, 240],

[90, 330]
FCC 2/3 −1/3 [0, 0], [45, 150], [45, 330], [90, 0], [90, 330]

aThe U and V coordinates are shown in Figure 1.
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temperature is simply taken as having a single value of 9 K;97 this
represents an approximation. In the QCT of this work, we have
allowed the states v = 0−3 and j = 1−49 to get occupied. This
results in an 80% occupation of the rovibrational ground state: v
= 0, j = 1, see refs 90 and 98 for more information. Note that even
j states are forbidden via nuclear spin statistics for O2 in the
electronic ground state. The Supporting Information of ref 43
provides a breakdown of all the occupied initial states. To
compute the reaction probabilities (Pr) with converged statistics
we ran at least 105 trajectories per EI

⊥.

3. RESULTS AND DISCUSSION
Below the results will be discussed in three distinct sections. In
the first section, the effects of the DF on the electronic structure
description and potential energy surface are discussed. The
second section discusses the QCT results and compares them to
previous work. Lastly, the impact of the new HSE06-1/2x-
VdWDF2 DF is discussed in the context of the literature and
what these results mean for future descriptions of this system.
3.1. Potential Energy Surface and Barrier Analysis.

Before discussing the new QCT dynamics results, it may be
insightful to discuss the effects of the VdW correlation and the
increased exact exchange fraction of the HSE06-1/2x-VdWDF2
DF on the electronic structure of the O2 + Al(111) system, and
the resulting changes of the PES compared to previous
electronic structure calculations with α = 1/3 and using PBE
correlation.10,43,44

The most immediate and important change is the consistent
presence of a VdW well. This well appears in the entrance
channel, i.e., at larger molecule−surface distances than where
the barrier to dissociation is found, at about 3.5 Å above the
Al(111) surface. In Figure 2 a selection of potential curves

including VdW wells are plotted as a function of the molecule−
surface distance (Z) for O2 at a constant bond length r = 1.19 Å.
The PES cuts shown in Figure 2 differ in the surface site (U, V)
and O2 orientation given by θ and φ. Figure 2 shows that the
VdW well appears to be almost completely independent of the
O2 adsorption site and φ. However, the depth and location in Z
of the well do depend on θ: The well-depth depends on whether
the molecule is orientated parallel or normal to the surface. The

well tends to be shallowest and furthest away from the surface for
O2 orientated normal to the surface, and deepest and closest to
the surface for the planar orientation. These results are
reminiscent of the VdW wells that are computed for O2 +
Cu(111) with the same HSE06-1/2x-VdW DF as used here.70

Unlike the surface site independence of the VdW well, Figure
2 also shows a glimpse of a different dependence effect, i.e., a
strong dependence of the barrier height on the impact site of the
molecule. Although the bond length is kept constant in Figure 2
the results obtained at lower Z values strongly suggest that the
barriers vary greatly depending on the O2 geometries. The actual
barriers to dissociation occur at slightly elongated bond lengths
as also found earlier.43 The actual barrier heights are presented
in Table 3. This table also compares the barrier heights obtained
with the HSE03-1/3x DF10 and the nonself-consistent field
(NSCF) approach implemented through the HSE03-1/3x@
RPBE DF, which amounts to obtaining the electronic energy
through a single application of the HSE03-1/3x DF to a
converged RPBE density.43 Furthermore, the left column of the
table is bold or italics depending on the relative difference of
barrier heights between the results of the HSE06-1/2x-
VdWDF2 DF and the HSE03-1/3x DF to aid the reader in
judging the shifts in barrier heights.

The results presented in Table 3 are also shown in the form of
a bar plot in Figure S1 of the Supporting Information. Both
Table 3 and Figure S1 show that the barrier heights to DC
computed with the HSE06-1/2x-VdWDF2 are not very different
from the values computed with the HSE03-1/3x DF: the
majority of the barrier heights are within ± 1 kcal/mol (≈ 4.2 kJ/
mol), of one another. This is true except for three configurations
in which O2 is oriented normal to the surface and impinges on an
HCP, FCC, or TtH site. The barrier heights at these geometries
differ by more than 1 kcal/mol. Another noteworthy element is
that the difference in barriers does not seem to follow any clear
trend, i.e., some barriers are lower when computed with the
HSE06-1/2x-VdWDF2 DF but most are slightly higher in
energy. The overall effect is that the energy range over which the
barriers are spread is increased slightly when employing the
HSE06-1/2x-VdWDF2 DF, or, put differently, the energetic
corrugation of the barrier is increased meaning that the barrier
height varies more strongly with impact site and orientation of
the molecule.

The increased energetic corrugation may result in a slight
broadening of the sticking probability curve. This is what was
both desired and expected from the use of the screened hybrid
van der Waals DF. However, we should note that the effect on
the barriers by switching DFs is small. As discussed above, most
barriers are within 1 kcal/mol of the old results and thus the
effectiveness of this increased energetic corrugation may be
limited. Furthermore, Table 3 also shows the barrier heights as
computed with the NSCF HSE03-1/3x@RPBE DF.43 Switch-
ing to the NSCF approach only results in higher barriers than
obtained with the SCF HSE03-1/3x DF, but generally seems to
increase the energetic corrugation of the barrier more than
switching to the HSE06-1/2x-VdWDF2 DF does. The differ-
ences between the sticking curves computed based on the NSCF
and SCF HSE03-1/3x DFs were minor43 and thus, the
effectiveness of increasing the barrier corrugation and
anisotropy by the use of the HSE06-1/2x-VdWDF2 may be
expected to be limited. This concern was also raised in previous
work.43 Thus, the effectiveness of changing to the HSE06-1/2x-
VdWDF2 DF might be smaller than we had hoped for unless,

Figure 2. Electronic potential energy (in kJ/mol) as a function of the
molecule surface-distance Z for a fixed O2 bond length of 1.19 Å at
different U, V impact sites and for different molecular orientations (see
also Figure 1).
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e.g., the presence of the VdW well would substantially alter the
nature of the dynamics.
3.2. Quasi-Classical Trajectory Results. The QCT

dynamics calculations were performed for 491 different normal
incidence energies varying from 0.020 to 1.000 eV with steps of
0.002 eV. For every incidence energy, a total of 105 trajectories
were simulated using a maximum propagation time of 1 ns. The
resulting sticking probabilities (S0) are presented in purple in
Figure 3. The experimental S0 and the S0 computed by other
theories are also presented as a comparison.

The onset of S0 for the HSE06-1/2x-VdWDF2 DF is best seen
in the log plot of Figure 3B and shows that some reaction already
occurs at EI

⊥ = 2 kJ/mol. The reactivity then quickly increases to

1 over the range of 2−32 kJ/mol, as seen in both Figure 3A,B.
For higher EI

⊥ the S0 remains constant around 1, although a
maximum of 0.996 is found at EI

⊥ ≈57 kJ/mol after which S0
seems to consistently drop slowly, with a tiny amount, to 0.992
for EI

⊥ = 100 kJ/mol.
The low energy threshold to the reactivity is not unexpected

as the corresponding normal incidence energy of 2 kJ/mol is
similar to the smallest barrier height found in Table 3 (see the
singly underlined minimum barrier). As discussed earlier,43 the
shape of the PES and the lack of accessible rovibrational energy
for the DC of O2 means that most of the dissociation will be
driven by the normal incidence energy of the molecule.
Furthermore, the maximum barrier height found in Table 3 is
only a few kJ/mol higher than the value of EI

⊥ at which the
computed sticking probability appears saturated. Unlike found
for the dissociation of O2 on Cu(111),70 the overwhelmingly
greater part (by more than 1 order of magnitude) of the DC of
O2 on Al(111) occurs via a direct mechanism (Section S2 and
Figure S2 of the Supporting InformationI). The minor drop in
reactivity for very high EI

⊥ is most likely caused by an effect

Table 3. Barrier Heights (in kJ/mol) Computed for Specific
U,V, θ, φ Geometries for O2 + Al(111) with the HSE06-1/2x-
VdWDF2 DF, the HSE03-1/3x DF,10 and the NSCF HSE03-
1/3x@RPBE DF43

locationa

HSE06-1/2x-
VdWDF2 (kJ/

mol)
HSE03-1/3x

(kJ/mol)
HSE03-1/3x@
RPBE (kJ/mol)

TtF θ: 0° 26.7 22.9 29.1
TtF θ: 45 φ: 150° 25.4 26.1 38.0
TtF θ: 45 φ: 240° 13.4 12.5 16.7
TtF θ: 45 φ: 330° 15.9 14.4 16.6
TtF θ: 90 φ: 240° 26.4 23.6 28.7
TtF θ: 90 φ: 330° 9.9 10.7 12.8

TtH θ: 0° 26.1 21.9 27.7
TtH θ: 45 φ: 120° 14.1 12.8 16.9
TtH θ: 45 φ: 210° 24.9 25.3 36.3
TtH θ: 45 φ: 30° 15.9 14.4 16.8
TtH θ: 90 φ: 120° 25.8 23.7 37.9
TtH θ: 90 φ: 30° 9.3 10.1 12.3

FCC θ: 0° 34.4 26.9 38.5
FCC θ: 45 φ: 150° 25.0 24.6 32.5
FCC θ: 45 φ: 330° 39.1 39.9** 60.0**
FCC θ: 90 φ: 0° 11.0 11.5 13.5
FCC θ: 90 φ: 330° 12.4 12.4 14.6

bridge θ: 0° 23.0 19.5 25.5
bridge θ: 90 φ: 0° 2.0* 4.7* 6.6*
bridge θ: 90 φ: 60° 21.0 19.6 29.7
bridge θ: 90 φ: 90° 30.7 29.5 51.4

HCP θ: 0° 28.6 22.8 34.6
HCP θ: 45 φ: 210° 23.9 23.3 31.0
HCP θ: 45 φ: 30° 39.2** 39.9** 56.2
HCP θ: 90 φ: 0° 9.8 10.4 12.7
HCP θ: 90 φ: 30° 11.2 11.4 13.7

top θ: 0° 30.9 26.8 29.8
top θ: 90 φ: 0° 25.4 22.7 24.4
top θ: 90 φ: 30° 25.2 22.5 24.4

aThe format of the barrier location cell indicates the difference in the
barrier height computed with the HSE06-1/2x-VDWDF2 DF and the
HSE03-1/3x DF. Bold indicates a higher barrier energy for the
HSE06-1/2x-VdWDF2 DF and italics lower energy. An asterisk (*)
indicates a larger effect. Distinctions are made, i.e., binned per 1/2
kcal/mol (≈ 2 kJ/mol). For each DF the lowest and highest values of
the barrier height computed with the DF are indicated with * and **,
respectively.

Figure 3. Sticking probabilities as a function of normal incidence
energy; (A): normal y-axis; (B): Log y-axis, and shorter range of the x-
axis, for clarity. Plotted are the sticking probabilities of the experiments
(black diamonds) by Österlund et al.,17 ECW results of Yin et al.24 (gray
dashed line), results using the RPBE DF (green solid line), MS-RPBEl
DF(blue solid line), and the HSE03-1/3x DF (red solid line) of Gerrits
et al.,10 the NSCF HSE03−1/3@RPBE DF (orange dotted line) of van
Bree et al.,43 and the HSE06-1/2x-VdWDF2 DF (this work, purple
solid line)
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similar to the bobsled effect99−101 where the fast O2 molecules
barrel beyond the early barrier to hit a potential wall behind it
and are forced to scatter back before the O2 bond length
becomes large enough for dissociation. However, it is clear that
this effect is very small, and therefore not worthy of much
discussion.

The QCT results based on the HSE06-1/2x-VdWDF2 DF are
close to the HSE03-1/3x results of Gerrits et al.10 The onset of
sticking obtained with the HSE06-1/2x-VdWDF2 DF occurs at
somewhat lower EI

⊥ and the saturation of the sticking occurs at a
somewhat higher energy. That is, the sticking curve undergoes a
slight broadening, which is expected when looking at the
increased energetic corrugation of the barriers seen in Table 3
and Figure S1. Like the previous HSE03-1/3x result, the
HSE06-1/2x-VdWDF2 curve represents a substantial improve-
ment over previous GGA or mGGA-based results. The newly
computed curve captures the onset of the experimentally
determined S0 very well, although it is still not able to describe
the S0 accurately for larger EI

⊥.
3.3. Discussion and Future Prospects. The comparison

of the quality of the different DFs is further aided by Figure 4. In

this figure, the estimated energy shift of the S0 curve obtained for
a specific DF from the experimental curve is plotted as a function
of the EI

⊥ of the experimental reference. This means that for any
EI

⊥ shown on the x-axis in Figure 4, the energy shift shown on
the y-axis needs to be applied to the experimental result for that
EI

⊥ to match the S0 values computed with the specific DF.
Figure 4 shows very clearly that the onset of the S0 curve is

described very accurately by the HSE06-1/2x-VdWDF2 DF.
Even though the description of the HSE03-1/3x DF was already
within chemical accuracy for the onset, the HSE06-1/2x-
VdWDF2 is a better match to the experimental onset, as can also
be seen in Figure 3. However, the results depicted in Figure 4 are
very sobering for the impact of the combined effect of using

VdW correlation and increasing the fraction of exact exchange
on the 6D dynamics. The overall improvement over the HSE03-
1/3x DF is limited as both DFs quickly deviate from the
experimental S0 once the incidence energy in the experiments
exceeds 22 kJ/mol. It is clear that the minor broadening of the
sticking curve that resulted from the implementation of the VdW
correlation, although present, is not enough to lead to agreement
with experiments within chemical accuracy over the entire
energy range shown.

In the end, these results raise a major question for the O2 +
Al(111) system: what does this mean for the ability of DFT
combined with the BOSS model to accurately describe O2 +
Al(111)? For this paper, we have employed one of the least
reactive forms of a screened hybrid VdW DF that can be
constructed based on the generic HSE06 expression. Any
reduction of the fraction of exact exchange will result in more
GGA-like results, thus increasing the reactivity. Using even
higher mixing ratios seems doubtful as there are formal reasons
for limiting the fraction of exact exchange to values equal to 1/n
with n a whole number,102 and the use of n = 1 would be
completely replacing the semilocal exchange with exact
exchange. Furthermore, the VdW-DF2 description of electron
correlation remains one of the better methods to describe long-
range molecule-metal interactions.34,63 Yet, the composite DF
tested here with α = 1/2 yields only marginal improvements over
the previously used screened hybrid DF with α = 1/3. Lastly, the
NSCF HSE03-1/3x@RPBE approach43 yielded a larger
energetic corrugation of the barrier than either SCF approach,
yet still resulted in only small changes in the computed S0 curve
relative to the SCF curve. Thus, an improvement of the
computed S0 for O2 on Al(111), by any new DF, would need to
come from a larger increase of the energetic corrugation of the
barrier, or another large change of an aspect of the PES of which
the importance is not foreseen at present. However, the
similarities between the HSE06-1/2x-VdWDF2 and HSE03-
1/3x barriers cast doubt on the possibility of any other screened
hybrid-based DF to achieve such radical changes. Therefore, we
argue that it is unlikely that the combination of screened HF
exchange with VdW correlation DFs shall result in an accurate
description of the O2 + Al(111) system if one also sticks to the
use of the BOSS model for the dynamics.

To improve the accuracy of the theoretical description we
could try to go beyond the hybrid level of DFT. However, we
emphasize the already high computational demands of plane-
wave screened hybrid DFT for this system and for O2 +
Cu(111).70 These high costs make the brute-force use of any
higher level of theory impractical at this time. This means that
DFT methods like the random phase approximation (RPA) or
other types of theory like Quantum Monte Carlo remain
unfeasible to be used for more than the calculation of a few
barrier heights. Although these types of calculations can be
insightful to benchmark a select few barrier heights,91,103−105

such calculations will not allow for QCT dynamics to compute
sticking curves. Another option to possibly improve the quality
of the screened hybrid DF is to mix mGGA exchange instead of
GGA exchange with exact exchange.106,107 This type of mGGA-
hybrid DF is still untested for molecule-metal systems. One
could also try the recent DFs in which screened exchange DFs
that are tailored to and are consistent with VdW-DFs combined
with them.71,72 However, before mapping out a completely new
PES with a new DF and then testing it with dynamics
calculations one might also attempt the QMC-DF approach,
in which one would try to reproduce the barrier height

Figure 4. Estimated normal incidence energy shift (in kJ/mol) of the
computed sticking probabilities relative to the experimental results of
Österlund et al.17 as a function of the normal incidence energy of the
same experimental reference. The 1 kcal/mol boundary is indicated by
dashed lines. Shown are results based on the MS-RPBEl DF (blue) of
Gerrits et al.,10 HSE03-1/3x DF (red) of Gerrtis et al.,10 the NSCF
HSE03-1/3x@RPBE DF (orange dotted) of van Bree et al.,43 and the
HSE06-1/2x-VdWDF2 used here (purple). The x-axis is cut off at 60
kJ/mol and energy shifts smaller than −20 kJ/mol are not plotted for
clarity of the plot.
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computed with diffusion Monte Carlo by fitting a parameter in
the generic, well-chosen, combination of a screened hybrid DF
with a VdW correlation DF. For a proper description of the
energetic barrier corrugation one might need to verify
beforehand whether the energetic corrugation is well described
with this approach of at least a few different barrier geometries.

If the construction of a PES at the screened hybrid or higher
level of theory will remain as computationally expensive as in this
work, then choosing a more advanced electronic structure
method cannot be done lightly, as already explained. Thus,
before trying yet another new DF or electronic structure
approach to improve the description of DC of O2 + Al(111) it
may be more fruitful to briefly explore the effects and limitations
of the approximations made in the BOSS model. Eliminating
unfounded approximation in the BOSS model may, at this point,
prove computationally less demanding than any further
advancements in electronic structure calculations.

Surface temperature (TS) effects, whether associated with
surface phonons or electronic excitations in the metal, remain an
unlikely cause for the disagreement with experiment, as the
experiments of Österlund et al.17 have shown no discernible
influence of TS on the reactivity over a TS range of 90−650 K17.
Thus, only a minor effect of surface atom displacements arising
from the nonzero surface temperature in the experiments would
be expected on S0. Furthermore, the barriers to DC are generally
located early in the entrance channel, i.e., at molecule-metal
distances commonly larger than 2.5 Å, which also means that the
perturbation of surface atom motion due to the incoming
molecule may be limited.45,46 This suggests a limited effect of
any energy loss of the impinging molecule to surface atom
motion that might occur before overcoming the barrier. As an
additional test, the expected upper bound of the effect surface
atom motion can be calculated using the simple, Baule model108

and we show the effect in Figure S3 of the Supporting
Information. The Baule method treats the molecule and the
surface atoms as hard spheres, and will likely result in an
overestimated effect of surface atom motion. Nevertheless,
Figure S3 does indicate that including surface atom motion may
result in better agreement of the computed S0 with experiments
for low incidence energies, i.e., EI

⊥ < 26 kJ/mol. For larger EI
⊥

the influence of surface atom motion will likely remain too small
to result in an improved agreement with experiments. Therefore,
the effect of the static surface approximation, i.e., of using an
ideal and static surface in the dynamical model, may be relatively
small.

If using the static surface approximation would not have a
large impact, could making the Born−Oppenheimer approx-
imation still be a cause of concern? systems with low charge
transfer energies may be more susceptible to, e.g., ehp
excitation.47,48,109 Ehp excitation is commonly modeled by the
use of electronic friction techniques,110 but the effect of
electronic friction has not yet been modeled for the O2 +
Al(111) system in conjunction with a PES obtained using a DF
featuring screened exact exchange. One reason for this may be
that there are two strong arguments against electronic friction
having a substantial effect. First, the barrier is early, so the O2 will
likely not sample higher electronic densities of the metal, thus
limiting the effectiveness of electronic friction. Second,
electronically adiabatic calculations on DC of O2 on
Ag(111),49 in which reaction occurs at much higher energies
than on Al(111),17,49 and calculations employing the local
density friction approximation (LDFA) on DC of N2 on a metal
surface111,112 suggest that the DC of these “heavier molecule”,

i.e. heavier than H2, is not much affected by ehp excitation, likely
due to the lower velocities exhibited by molecules heavier than
H2

112. This might seem to suggest that ehp-excitation may also
have only a small influence on reducing reactivity. There are two
reasons why this preliminary conclusion might not hold. First,
calculations using a different electron friction model, e.g., orbital
dependent friction (ODF), suggest a much larger influence of
ehp excitation on DC of N2 + Ru(0001) than calculations using
the LDFA model.112 Currently, it is not yet known which of the
two electronic friction methods is best, or whether either of the
two methods is accurate for modeling the effect of ehp excitation
on DC on metals.35 Second, for low ECT systems, a strong
electronically nonadiabatic effect can also occur through jumps
of electrons between electronic states in which either the neutral
molecule or the molecular anion interacts with the surface.113

The nonadiabatic couplings between such states are quite
strong, and modeling of the associated nonadiabaticity requires a
method that is suited to deal with the associated “strong-
coupling case”, like the independent electron-surface hopping
(IESH) method of Tully and co-workers.114,115

An argument in favor of the BOSS model is the semi-
quantitative agreement achieved with experiment of sticking
probabilities computed with the BOSS model using a PES
calculated with the embedded correlated wave function (ECW)
approach by Yin et al., who used CASPT2 for the embedded
cluster24 (see also Figure 3). This would seem to suggest that an
accurate sticking probability curve can be computed within the
BOSS dynamical model, but leaves open the questions of
whether this can be done with DFT, and how accurate the ECW
method employing CASPT2 for the active site actually is.

In summary, the low ECT of O2 + Al(111) may still imply the
presence of nonadiabatic effects in the DC of O2 on Al(111) that
can, per definition, not be captured by the currently employed
BOSS model. Moreover, O2 incidence energy loss, whether
through ehp excitation or dissipation to surface atom motion,
would be expected to have its largest effect on the reactivity in
the higher incidence energy range, i.e., the energy range
currently most poorly described by our current BOSS-DFT
approach. For future work, it should therefore be insightful to
test the effect of allowing surface-atom motion, and of ehp
excitation, if only for the purpose of elimination, before looking
into further alterations of the DF used.

A computationally cheap method to model the effects of
surface atom motion may be the dynamic corrugation method,
previously successfully implemented for H2 + Cu(111).116 For
this method, we would only need a few hundred additional DFT
single-point calculations to construct the coupling potential.116

Alternatively one could use a high-dimensional neural network
(HDNN) approach to fit the PES.117,118 The cheapest method
to treat electronically nonadiabatic effects is the LDFA
method,47 but one should also test the ODF approach,112 and
possibly a recently suggested electronic friction approach called
scattering potential friction.35 Lastly, any future work with
screened hybrid DFs will have to deal with the high
computational demands. Future work could try to further
reduce the amount of DFT data needed for the CRP method
when building the PES, as the direct product and rigid grid now
used require multiple geometries that are of limited use for
fitting the dynamically relevant parts of the PES. The
possibilities of a Δ-machine learning neural network approach,
for example, as previously implemented for liquid water,119

come to mind to further decrease the amount of computation-
ally demanding calculations using a screened hybrid DF. In such
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an approach one might first fit a GGA-VdW potential energy
surface to a large amount of points and then upgrade to a
screened hybrid-VdW quality PES by fitting and using the
difference of energies computed for far lesser points. To our
knowledge, such an approach has not yet been tested on the DC
of molecules on metal surfaces.

Finally, one may look for errors in the procedure used by the
experimentalists to estimate the sticking probabilities for O2 at
fixed energies. The experimentalists calculated what they called
the “beam energy” from the known heat capacities of He, O2,
and Xe, which is an approximate procedure.17 According to the
experimentalists17 the spread in the incidence energy of the
beams employed, and the rotational temperature used in an
experiment were estimated from earlier work.120 These
approximate procedures to which we compare here may all
have led to errors. Given the important role of O2 + Al(111) as a
benchmark system it might be useful if the experiments were
repeated, with time-of-flight measurements to more accurately
determine the energy distributions of He-seeded or Xe
antiseeded beams and more accurate determination of their
rotational and vibrational temperature than was possible before.

4. CONCLUSIONS
The combination of a DFT approach for the electronic structure
of the PES and the use of the BOSS dynamical model has thus far
not been able to accurately describe the DC of O2 on Al(111).
Past work has strongly suggested that this is due to the inability
of the workhorse electronic structure approach in surface
science, i.e., GGA-DFT, to accurately describe systems for which
the charge transfer energy is below 7 eV. Although the cause of
the failure of GGA-DFT is still debated, several prior works
suggest that the use of hybrid DFT leads to substantial
improvement in the description of systems characterized by a
low charge transfer energy. Previous work on O2 + Al(111)
additionally suggested that the description of this system could
be improved further by increasing the energetic corrugation of
the barrier. It was believed that this could be achieved by
including improved long-range, VdW-, electronic correlation
while simultaneously increasing the fraction of exact exchange in
the exchange−correlation DF.

To test this assumption, this paper used the HSE06-1/2x-
VdWDF2 DF. This DF is a screened hybrid DF that includes a
maximum admixing of α = 1/2 of exact exchange and relies on
the VdWDF2 electronic correlation description. To test this DF
a 6D static surface PES was fitted to DFT energies for over five
thousand different O2 + Al(111) configurations, using the CRP.
This PES was used to perform QCT dynamics calculations for
different initial O2 conditions to simulate the S0 of O2 on
Al(111) as a function of Ei⊥, using the BOSS dynamical model.

The use of VdWDF2 correlation and the increase of the
fraction of exact exchange results in two changes in the PES
respective to the previous HSE03-1/3x screened hybrid PES.
First, a VdW well now appears in the entrance channel of the
PES. This well is generally only dependent on the angle of the O2
molecule with the surface normal. Second, the reaction barriers
also change. The barriers of HSE06-1/2x-VdWDF2 in some
cases shift to lower but in most cases to higher energies. This
results in a slight increase of the energetic corrugation of the
barrier, although the changes remain small and are smaller than
the changes seen in the barriers when applying the HSE03-1/3x
DF in the NSCF approach to an RPBE density, as has been done
previously.

The small changes in the PES from the use of the HSE06-1/
2x-VdWDF2 DF do result in some changes in the S0. The onset
of the sticking curve moves to a somewhat lower energy and the
sticking curve has undergone a slight broadening, due to the
increase in the energetic corrugation of the barrier. However, the
changes are not very large, and the distinction between the SCF
and NSCF application of a hybrid DF is more substantial. As
such, even though the changes in the PES and S0 are as expected,
the small magnitude of these changes means that the use of the
HSE06-1/2x-VdWDF2 DF has not yet resulted in the desired
degree of improvement of the description of sticking of O2 on
Al(111).

Furthermore, based on the comparison of the three different
DF-approaches, i.e., SCF HSE03-1/3x, NSCF HSE03-1/3x@
RPBE, and HSE06-1/2x-VdWDF2, we argue that much larger
changes in the PES will be required to more closely reproduce
the experimental S0 with the use of the BOSS-model. The results
obtained here at high computational cost signal that it is unlikely
that the combined BOSS and DFT approach, as currently
implemented, can be made accurate enough for the DC of O2 +
Al(111).

Given the above, we suggest that future work on O2 + Al(111)
would first aim at eliminating the possible influences and errors
associated with the dynamical approximations inherent in the
BOSS model. Addressing the effects of surface atom motion can
be cost-effectively done by applying the dynamical corrugation
method, while one might also use the HDNN method to obtain
a PES incorporating the effect of surface atom motion. The
influence of electronically nonadiabatic effects like ehp
excitation can be modeled with different electron friction
approaches or with a method more appropriate for strong
nonadiabatic electron coupling, like the IESH method, in
combination with the QCT method. Future work would also do
best to try and address the mounting computational costs
associated with screened hybrid DFT or other higher-level
electronic structure approaches. Finally, given the important
role of the O2 + Al(111) as a benchmark system, it would be
good if the experiments were to be repeated to investigate the
quality of the approximate procedure used by the experimen-
talist to arrive at initial-rovibrational-state-selective sticking
probabilities for specific single incidence energies.
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The first section presenits a visual aid for Table 3, by
plotting the barrier heights dsplayed in the table as a bar
plot. The second section is a brief overview of the
deconvolution of the indirect and direct reaction
mechanism as simulated in the QCT calculations and
shows that an indirect mechanism has a minor and
negligible contribution to the total sticking probability.
The third section briefly discusses the Baule model to
molecule-metal surface energy transfer and presents a
figure showing an expected lower bound for the reactivity
of the O2 + Al(111) system if energy transfer to the Al
surface phonons were to be included (PDF)

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.5c00327
J. Phys. Chem. C 2025, 129, 5408−5421

5417

https://pubs.acs.org/doi/10.1021/acs.jpcc.5c00327?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5c00327/suppl_file/jp5c00327_si_001.pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.5c00327?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


■ AUTHOR INFORMATION
Corresponding Authors

R. A. B. van Bree − Leiden Institute of Chemisty, Leiden
University, Leiden 2300 RA, The Netherlands; orcid.org/
0000-0003-1393-9650; Email: r.a.b.van.bree@
lic.leidenuniv.nl

G. J. Kroes − Leiden Institute of Chemisty, Leiden University,
Leiden 2300 RA, The Netherlands; orcid.org/0000-0002-
4913-4689; Email: g.j.kroes@chem.leidenuniv.nl

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpcc.5c00327

Author Contributions
Conceptualization: R.A.B. van Bree, G.J. Kroes; Data curation:
R.A.B. van Bree; Formal Analysis: R.A.B. van Bree; Funding
acquisition: G.J. Kroes; Investigation: R.A.B. van Bree; Method-
ology: R.A.B. van Bree; Project administration: G.J. Kroes;
Resources: G.J. Kroes; Sof tware: R.A.B. van Bree; Supervision:
G.J. Kroes; Validation: R.A.B. van Bree, G.J. Kroes; Visual-
ization: R.A.B. van Bree; Writing−original draft: R.A.B. van
Bree; Writing−review and editing: R.A.B. van Bree, G.J. Kroes.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We acknowledge the Leiden Institute of Chemistry for the
project funding and acknowledge the NWO-EW 2021.12
supercomputer grant for the supercomputer time. We thank
Nick Gerrits for the discussions on DF choice and O2 + Al(111).
We also thank Jonathon Cottom for useful discussions. We
thank Floris Löffler for his exploratory investigation of the
barrier heights produced by the HSE06-1/2x-VdWDF2 DF for
O2 + Al(111). Lastly, we thank Mark Somers for managing the
high-performance computing infrastructure of the group.

■ REFERENCES
(1) Ertl, G. Elementary Steps in Heterogeneous Catalysis. Angew.

Chem., Int. Ed. Engl. 1990, 29 (11), 1219−1227.
(2) Sabbe, M. K.; Reyniers, M.-F.; Reuter, K. First-Principles Kinetic

Modeling in Heterogeneous Catalysis: An Industrial Perspective on
Best-Practice, Gaps and Needs. Catal. Sci. Technol. 2012, 2 (10), 2010−
2024.

(3) Wolcott, C. A.; Medford, A. J.; Studt, F.; Campbell, C. T. Degree of
Rate Control Approach to Computational Catalyst Screening. J. Catal.
2015, 330, 197−207.

(4) Gartland, P. O. Adsorption of Oxygen on Clean Single Crystal
Faces of Aluminium. Surf. Sci. 1977, 62 (1), 183−196.

(5) Roberts, M. W. Chemisorption and Reaction Pathways at Metal
Surfaces: The Role of Surface Oxygen. Chem. Soc. Rev. 1989, 18, 451−
475.

(6) Lundgren, E.; Mikkelsen, A.; Andersen, J. N.; Kresse, G.; Schmid,
M.; Varga, P. Surface Oxides on Close-Packed Surfaces of Late
Transition Metals. J. Phys.: Condens. Matter 2006, 18 (30), R481−
R499.

(7) Montemore, M. M.; van Spronsen, M. A.; Madix, R. J.; Friend, C.
M. O 2 Activation by Metal Surfaces: Implications for Bonding and
Reactivity on Heterogeneous Catalysts. Chem. Rev. 2018, 118 (5),
2816−2862.

(8) Behler, J.; Delley, B.; Lorenz, S.; Reuter, K.; Scheffler, M.
Dissociation of O2 at Al(111): The Role of Spin Selection Rules. Phys.
Rev. Lett. 2005, 94 (3), 036104.

(9) Cheng, J.; Libisch, F.; Carter, E. A. Dissociative Adsorption of O 2
on Al(111): The Role of Orientational Degrees of Freedom. J. Phys.
Chem. Lett. 2015, 6 (9), 1661−1665.

(10) Gerrits, N.; Smeets, E. W. F.; Vuckovic, S.; Powell, A. D.;
Doblhoff-Dier, K.; Kroes, G.-J. Density Functional Theory for
Molecule−Metal Surface Reactions: When Does the Generalized
Gradient Approximation Get It Right, and What to Do If It Does Not. J.
Phys. Chem. Lett. 2020, 11 (24), 10552−10560.

(11) Ertl, G. Reactions at Surfaces: From Atoms to Complexity
(Nobel Lecture). Angew. Chemie Int. Ed. 2008, 47 (19), 3524−3535.

(12) Jacobsen, J.; Hammer, B.; Jacobsen, K. W.; No/rskov, J. K.
Electronic Structure, Total Energies, and STM Images of Clean and
Oxygen-Covered Al(111). Phys. Rev. B 1995, 52 (20), 14954−14962.

(13) Kroes, G.-J.; Díaz, C. Quantum and Classical Dynamics of
Reactive Scattering of H 2 from Metal Surfaces. Chem. Soc. Rev. 2016, 45
(13), 3658−3700.

(14) Kroes, G.-J. Computational Approaches to Dissociative
Chemisorption on Metals: Towards Chemical Accuracy. Phys. Chem.
Chem. Phys. 2021, 23 (15), 8962−9048.

(15) Batra, I. P.; Kleinman, L. Chemisorption of Oxygen on
Aluminum Surfaces. J. Electron Spectrosc. Relat. Phenom. 1984, 33 (3),
175−241.

(16) Kerkar, M.; Fisher, D.; Woodruff, D. P.; Cowie, B. Adsorption
Site Determination for Oxygen on Al(111) Using Normal Incidence
Standing X-Ray Wavefield Absorption. Surf. Sci. 1992, 271 (1−2), 45−
56.
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