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ABSTRACT: While density functional theory (DFT) is perhaps the most used electronic
structure theory in chemistry, many of its practical aspects remain poorly understood. For
instance, DFT at the generalized gradient approximation (GGA) tends to fail miserably at
describing gas-phase reaction barriers, while it performs surprisingly well for many
molecule−metal surface reactions. GGA-DFT also fails for many systems in the latter
category, and up to now it has not been clear when one may expect it to work. We show that
GGA-DFT tends to work if the difference between the work function of the metal and the
molecule’s electron affinity is greater than ∼7 eV and to fail if this difference is smaller, with
sticking of O2 on Al(111) being a spectacular example. Using dynamics calculations we show that, for this system, the DFT problem
may be solved as done for gas-phase reactions, i.e., by resorting to hybrid functionals, but using screening at long-range to obtain a
correct description of the metal. Our results suggest the GGA error in the O2 + Al(111) barrier height to be functional driven. Our
results also suggest the possibility to compute potential energy surfaces for the difficult-to-treat systems with computationally cheap
nonself-consistent calculations in which a hybrid functional is applied to a GGA density.

Kohn−Sham DFT has become very popular and is now
being used in more than 30 000 papers per year.

Nevertheless, much of the theory remains not yet well
understood, even concerning much of its practical aspects.
One surprising practical aspect is that density functionals
(DFs) at the generalized gradient approximation (GGA) are
quite accurate for barriers for dissociative chemisorption (DC)
reactions on metal surfaces. In contrast, semilocal functionals
tend to systematically underestimate reaction barrier heights of
gas-phase reactions,1,2 and it has been assumed that this
overestimation should carry over to surface reactions in
general.3 Nonetheless, a semiempirical version of DFT, the
specific reaction parameter (SRP) approach to DFT, has
achieved chemically accurate descriptions of sticking in many
molecule−metal surface systems by using functionals in which
the exchange part is a weighted average of GGA exchange
functionals.4−12 Here, often (the exchange part of) the PBE13

(or PW9114) and the RPBE15 DFs are used, with PBE and
PW91 yielding too low, and RPBE too high barriers.4,6

Dynamics studies using nonempirical GGA DFs have semi-
quantitatively described many experiments on DC on
metals.16−20 Perhaps even more surprisingly, a recent
comparison of DFT results for a database of molecule−metal
surface reactions based on experiments and SRP-DFT
(SBH10) suggested a better performance for a GGA-
exchange-based DF (i.e., BEEF-vdW21) than for the meta-
GGA and screened hybrid representative examples that were
tested.22

In spite of the above, also many molecule−metal surface
systems exist for which SRP-DFs based on GGA exchange DFs
do not work because even the most repulsive GGA exchange
DFs still obeying the uniform electron gas limit (such as RPBE,
a nonempirical functional which describes adsorption on
metals with quite high accuracy, but already performs rather
poorly at describing solid state properties21,23) are too reactive
compared to experiment, even when simulating the effect of
energy dissipation to electron−hole pairs and surface
phonons.24−29 As a result, the barrier height cannot be
“tweaked” to a good value by mixing exchange DFs yielding
too high barriers (such as RPBE) and too low barriers (as often
the case with PBE or PW91). That is a pity, as a DC transition
state (TS) on a metal surface is often the rate-controlling state
in industrially important heterogeneously catalyzed pro-
cesses30−32 like ammonia production33 and steam reforming.34

A further problem is that it is not clear which property of the
system determines whether GGA-DFT may yield a reliable
barrier height. Reasons to explain the GGA-DFT failure for
individual systems have, however, been cited, with an often
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cited reason being that electron transfer occurs from the metal
surface to the molecule.35,36

In this connection, often reference is made to the following
explanation for why GGA-DFT fails at describing gas-phase
reactions: the GGA’s tendency to underestimate gas-phase
barrier heights is caused by the electrons delocalizing over
additional atoms at the TS, artificially lowering the GGA
energy of the TS relative to that of the reactants.2,37,38 The
delocalization error finds its origin in what has been called “the
lack of derivative discontinuities of semi-local functionals” or
alternatively the violation of the Perdew−Parr−Levy−Balduz
condition39 by these functionals. According to Yang and co-
workers40 the delocalization error is similar but not equal to
the self-interaction error (SIE),41 which is also often invoked
to explain the underestimation of gas-phase reaction barrier
heights. However, the above does not yet explain why GGA-
DFT does work for many molecule−metal surface reactions.
Also, a property of the system on the basis of which one could
straightforwardly predict whether GGA-DFT should, at least in
principle, work is still missing. Fortunately, the “charge
transfer” explanation does suggest such a criterion, as we will
now show.
Here, we will show that a single property of molecule−metal

surface systems exists on the basis of which one can decide
whether it should be possible to find a GGA functional with
which one can describe the barrier to dissociative chem-
isorption with chemical accuracy. This allows one to define a
single corresponding criterion stating whether GGA func-
tionals should be able to deliver chemical accuracy for the
corresponding “easy-to-handle” reactions. We also show that
the solution applicable to the problem that gas-phase reaction
barriers are not well-described with GGA functionals (i.e.,
resorting to hybrid functionals) also works for a prominent
example of “difficult” surface reactions, i.e., that of O2 +
Al(111). Our findings suggest the possibility of extending SRP-
DFT to the full range of dissociative chemisorption reactions
on metals. Such an extension should enable the development
of databases for such reactions42 without bias to specific rungs
of functionals, similar to databases that already exist for gas-
phase reactions.1,2

Obviously, one would expect the tendency of a system to
display charge transfer to correlate with the difference (W −
Eea) between the work function W of the metal and the
electron affinity Eea of the molecule. Systematic evidence is

collected in Figure 1, where we show how the ability to
accurately describe the measured reactivity of molecule−metal
surface systems with DFs containing GGA exchange correlates
with W − Eea. Figure 1 shows that it has been possible to
achieve chemical accuracy in descriptions of sticking experi-
ments with GGA-exchange-based SRP-DFs4,5,7−9 (in blue) and
candidate SRP-DFs6,10−12 (in green) if W − Eea exceeds 7 eV.
(Candidate SRP-DFs describe a sticking experiment on a
specific system with chemical accuracy, but their validity has
not (yet) been confirmed through comparison with another
experiment on the same system.) However, for systems with W
− Eea < 7 eV DFs with repulsive RPBE exchange either
overestimate sticking notoriously24,25,28,43−45 (red), or they
show a suspect performance26,27,29,46 (orange). In Figure 1 we
also observe a trend that when the difference between W and
Eea decreases, so that one might also expect the amount of
electron transfer to increase, the SRP or GGA DF needs to be
made increasingly repulsive to describe the system’s reactivity
with chemical accuracy. For example, CH4 + Ni(111)47 and
Pt(111)48 are quite well-described with the attractive PBE
functional,13 and this is also true for H2 + Pt(111)49 (here the
PW9114 functional was used, which may be considered the
predecessor to PBE, which was designed to replace it13) and
Ru(0001)6. On the other hand, the SRP DF for H2 +
Cu(111)4 and Cu(100)5 needs to contain about 50% RPBE
exchange, and a good description of N2 + Ru(0001) was
recently obtained with the RPBE DF.10

A caveat with the above comparison between dynamics
based on DFT and experiment is that the difference (W − Eea)
has also been correlated with the extent to which (reactive)
scattering in a system may be affected by energy dissipation
through electron−hole pair excitation.50 Here, the reasoning
used could be that (electronically adiabatic) dynamics
simulations using repulsive RPBE exchange might overestimate
the DC probability because the dissipation of the molecule’s
incident kinetic energy to electron−hole pairs is not modeled.
However, in this type of analysis evidence for strongly
nonadiabatic molecule−metal surface scattering comes mostly
from experiments on vibrationally inelastic scattering51,52 and
scattering of H atoms from metal surfaces,53 whereas dynamics
calculations only suggested small effects of electron−hole pair
excitation in some of the hard to model systems in Figure 1,
i.e., D2O + Ni(111)54 and HCl + Au(111).28 More definite
evidence that electronically nonadiabatic effects are most likely

Figure 1. Correlation between the difference of the work function of the metal surface and the electron affinity of the molecule (eV) with the ability
of GGA exchange-based DFs to accurately describe barrier heights to DC in the systems described. Red, orange, green, and blue indicate whether
efforts to develop an SRP DF based on GGA exchange for a molecule−metal surface reaction have failed, proven difficult, yielded a candidate SRP
DF, or yielded an SRP DF, respectively. The values of the work functions (Table S1) and electron affinities (Table S2) are obtained as described in
Section S1.5 of the Supporting Information.
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not the explanation for the trend observed in Figure 1 comes
from a direct comparison between barrier heights obtained
with first-principles and RPBE calculations. Barrier heights
obtained with diffusion Monte Carlo (DMC)55 and DFT using
the RPBE and PBE DFs are compared for three H2 + metal
surface systems in Table 1. For H2 + Cu(111)56 and Al(110)57

GGA DFT is able to reproduce the DMC barrier height, and
W − Eea > 7 eV. In contrast, the RPBE DF underestimates the
DMC barrier height for H2 + Mg(0001)58 (W − Eea < 7 eV).
Note that for H2 + Cu(111) DMC was shown56 to be able to
reproduce the best estimate of the barrier height to within 6.7
± 4.2 kJ/mol. Below we will attempt an explanation of the
success of exchange-correlation functionals containing semi-
local exchange at describing reaction barrier heights for
molecule−metal surface systems with W − Eea > 7 eV and of
their failure for systems withW − Eea < 7 eV. However, first we
will investigate whether and how the problem can be fixed for
one of the “difficult” systems described above.
The standard way of dealing with errors in barriers for gas-

phase reactions is to ascend the DFT ladder to higher
functionals, i.e., to use meta-GGA or hybrid DFs. We will now
show that this route can also be successful when dealing with
molecule−metal surface reactions. One clear example where
DFT tends to overestimate the reactivity is for useful
benchmark systems42 of activated dissociation of O2 on
metal surfaces24,26 (see also the Supporting Information),
with O2 + Al(111) being an infamous example.24 Molecular
dynamics (MD) simulations employing GGA DFs predict a
nonactivated reaction,24,43 whereas experiments show that the
reaction is activated62,64 (see Figure 2a). To date, of the MD
simulations that use a GGA DF (or a semiempirical potential
energy surface (PES) based on a GGA DF),24,43,65 only
calculations that treat the O2−metal system nonadiabatically
have been shown to yield sticking probabilities in semi-
quantitative agreement with experiment. On the other hand,
electronically adiabatic simulations that use embedded
correlated wave function (ECW) theory for the PES have
also yielded quite good agreement with experiment63 (see
Figure 2a). The latter results led Carter and co-workers to
suggest that modeling electronically nonadiabatic effects
should not be necessary for O2 + Al(111).36 Specifically,
electronic structure calculations based not only on ECW
theory but also on hybrid DFT yield adiabatic barriers,36,66−71

suggesting that an electronically adiabatic approach could well
be valid, but that the way the electronic structure is treated is
crucial. However, drawbacks of the ECW method are that it is
expensive to use and that it is hard to converge the molecule−

surface interaction energy with respect to the size of the
embedded cluster.36 Consequently, Yin et al.63 had to base
their PES on a limited amount of points, which forced them to
adopt a fitting method that is of only medium accuracy (i.e., a
flexible periodic London−Eyring−Polanyi−Sato (FPLEPS)
function72) to represent their ECW data. Additionally, it is
not so clear how the ECW method could be used in an SRP
approach, whereas this is rather obvious for DFT.
We have investigated the dissociative chemisorption of O2

on a static Al(111) surface with the quasi-classical trajectory
(QCT)73 method using PESs based on DFs that go beyond
the standard GGA. Like Carter and co-workers, we make the
static surface approximation and the Born−Oppenheimer
approximation, thereby neglecting nonadiabatic effects related
to the spin- and charge-states of O2 and to electron−hole pair
excitation. For our calculations, we have developed 6D PESs
with the meta-GGA MS-RPBEl DF74 and the screened hybrid
HSE03-1/3X DF.75,76 The MS-RPBEl DF74 is able to describe
both covalent and metallic interactions accurately by relying on
a switching function dependent on the kinetic energy
density.77 With this DF the SIE is reduced by ensuring that
the exact energy of the free hydrogen atom is reproduced. For
the metallic density regime the low-order gradient expansion of
the exchange energy of the homogeneous electron gas is
reproduced, which ensures a good description of the metal.
The HSE03-1/3X DF is based on the HSE03 DF,75,76 with the

Table 1. Barrier Heights (kJ/mol) Computed with DMC
Compared with Values Calculated with the RPBE and PBE
(or PW91‡) DFs of DFT for Three Different H2 + Metal
Surface Systemsa

molecule−metal
surface Eb

QMC Eb
RPBE Eb

PBE W − Eea

H2 + Cu(111) 54.4 ± 4.256 79.14 46.9‡4 8.06
H2 + Al(110) 105.0 ± 0.8 100.4 79.9 7.39
H2 + Mg(0001) 113.8 ± 2.958 103.358 84.958 6.92b, 6.82c

aAlso shown are the differences W − Eea (eV) between the work
function of the metal and the electron affinity of H2 as computed at
the semi-empirical composite G4 level of theory.59 bCalculated for
Mg(0001) with PBE-DFT.60 cMeasured for a thin layer of Mg.61

Figure 2. (a) Sticking probability of O2 on Al(111) as a function of
translational energy for normal incidence. The green line indicates
results obtained with the (R)PBE DF,24,43 whereas the blue and red
circles indicate QCT results obtained here with the MS-RPBEl and
HSE03-1/3X DFs, respectively. The black diamonds and orange
squares indicate experimental results62 and QCT results obtained with
an ECW PES,63 respectively. (b) Sticking probability of O2 (ν = 0, J =
2, K = 1) on Al(111) for the helicopter (red downward pointing
triangle), random (black circle), and perpendicular (blue upward
pointing triangle) orientations. The solid and open symbols indicate
the computed (HSE03-1/3X) and experimental64 results, respectively.
The lines merely guide the eye.
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only difference being the maximum fraction of exact exchange
α, which may be viewed as a semiempirical parameter.
Specifically, we use α = 1/3 instead of α = 1/4, because
Cortona and co-workers78,79 have shown that increasing α to
1/3 is also valid according to the standard DFT adiabatic
connection,78 and that the increase from 1/4 as in PBE0 to 1/3
improves the description of gas-phase reaction barriers.79 More
generally, it is known that hybrid functionals with high
fractions of exact exchange tend to perform better at describing
reaction barrier heights.2 Importantly, the HSE03 DF uses
screened exact exchange so that a correct description of the
long-range Coulomb interaction is recovered for the metal, and
screened hybrid DFT is an order of magnitude cheaper than
global hybrid DFT for metals.80−85 Both PESs have been
constructed by interpolating the DFT data with the
corrugation reducing procedure (CRP),86,87 of which we
summarize the computational details in Sections S1.2 and S1.3.
Two-dimensional cuts through the computed PESs are shown
for the minimum barrier geometry found in Figures S1 and S2.
For the MD, the QCT method73,88 is employed, which is also
summarized in Section S1.4. The sticking probabilities are
computed as described in the Supporting Information of ref
63.
Table 2 compares several barrier heights and locations (i.e.,

the distance to the surface ZO2
) obtained with ECW theory,63

the MS-RPBEl DF, and the HSE03-1/3X DF. The DFs yield
similar trends as ECW theory, except for the geometries with
parallel orientations at the fcc site. Generally, both the barrier
heights and the anisotropy are lower with the DFs than with
ECW theory, and the discrepancies between MS-RPBEl and
ECW theory are greater than between HSE03-1/3X and ECW
theory. More specifically, among the barrier heights listed the
minimum barriers are 3.4, 11.4, and 18 kJ/mol for the meta-
GGA DF, the hybrid GGA DF, and ECW theory, respectively.
Furthermore, the difference between the smallest and largest
barrier heights listed, which measures how the barrier height
varies with impact site (energetic corrugation) and molecular
orientation (anisotropy) increases in the same order as 10.9,
17.1, and 46 kJ/mol, respectively. Qualitative predictions
regarding the dependence of the sticking (or dissociative
chemisorption) probability (S0) on incidence energy (Ei) can
then be made with the hole model.89 This model holds that
S0(Ei) is proportional to the fraction of impact sites and
orientations for which Ei exceeds the barrier height. The hole
model then predicts that the meta-GGA DF yields the lowest
energy threshold in the S0 curve, while the highest threshold
should be found for the ECW results, with the HSE03-1/3X

threshold being intermediate. Additionally, based on the
barrier height variation the model predicts the steepest S0
curve for the meta-GGA DF and the slowest rising curve for
the ECW method.
The computed S0(Ei) curves shown in Figure 2a display the

behavior predicted by the hole model on the basis of the
barrier heights shown in Table 2. We focus on the overall
sticking of O2 on Al(111) even though this includes
contributions from both dissociative chemisorption and
abstraction.90 The MS-RPBEl DF yields a qualitative improve-
ment over the (R)PBE GGA DF by describing the reaction as
activated, but with its low-energy threshold and steep rise with
Ei it still overestimates the reactivity considerably. The HSE03-
1/3X DF yields considerably better agreement with experi-
ment. The comparison suggests that the minimum barrier
height is well-described with the HSE03-1/3X DF, although
the slope of the sticking curve is still too steep. In line with the
above the latter observation suggests that the anisotropy of the
barrier height in θ and ϕ is underestimated and that the
energetic corrugation of the barrier height may be too low. The
too low anisotropy of the HSE03-1/3X PES also explains why
the rotational alignment dependence of the sticking probability
is underestimated, even though the calculations qualitatively
reproduce the dependence found experimentally (see Figure
2b and Section S2.5 for further discussion). ECW theory yields
the best overall agreement with experiment, especially
regarding the slope. However, the reaction threshold appears
to be better described with the tested hybrid functional,
suggesting that the HSE03-1/3X minimum barrier height is
more accurate than the ECW value. We also note that the
ECW results are based on an approximately fitted FPLEPS
PES whereas our dynamics results are based on PESs
accurately interpolating the DFT data with the CRP.
Furthermore, the agreement of the ECW results with
experiment at low incidence energies may have been improved
artificially by simulating the reaction of nonrotating O2 instead
of using the appropriate rotational distribution63 (see Figure
S4 and Section S2.4).
The above conclusions are valid provided that the sticking is

not much affected by electron−hole pair (ehp) excitation and
surface atom motion, the effects of which could lower the
energy threshold and the steepness of S0(Ei). We believe these
possible effects to be unimportant for the following reasons:
First, experimental results indicate that the surface temperature
does not influence S0.

62 Second, according to the local density
friction approximation, the probability to excite ehps will be
high only if the dynamics sample high electron densities.

Table 2. Barrier Location (ZO2
, Å) and Height (Eb, kJ/mol) of O2 on Al(111) Obtained from Raw ECW Data63 and the MS-

RPBEl and HSE03-1/3X CRP PESs Generated in This Worka

ZO2
(Å) Eb (kJ/mol)

site orientation ECW MS-RPBEl HSE03-1/3X ECW MS-RPBEl HSE03−1/3X
fcc //1 1.9 3.0 2.6 60 3.7 (3.7) 12.3 (12.9)

//2 2.2 3.0 2.7 43 3.4 (2.0) 11.4 (10.7)
//3 2.4 3.0 2.6 18 3.7 (1.0) 12.3 (10.0)
⊥ 1.9 3.0 2.8 41 8.8 (7.4) 26.9 (26.7)

top // 2.6 2.8 2.6 64 9.3 (7.8) 22.2 (21.3)
⊥ 2.8 3.1 2.8 64 12.0 (10.6) 26.8 (26.8)

bridge // 2.4 2.7 2.5 54 14.3 (12.9) 29.4 (28.8)
⊥ 2.7 3.2 2.9 43 7.3 (5.9) 19.4 (15.7)

aThe nomenclature of the different orientations is taken from ref 63. The zero-point energy corrected barriers are provided in the brackets.
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However, for O2 + Al(111), the barrier is early (far away from
the surface), so that the electron density sampled by O2 before
it encounters a barrier is low. Third, the location of the barrier
far from the surface also suggests small electronic and
mechanical couplings91,92 with surface atom motion, i.e., the
barrier height and location should not vary much with the
motion of the nearest surface atom. According to the lattice
relaxation sudden model,91,92 surface atom motion should then
not much affect S0.
We suggest that the reasonably good description of the

minimum barrier obtained with the HSE03-1/3X DF is due to
the reduction of the delocalization error (or the SIE) as a
fraction of exact exchange energy is included.38,93−96

Furthermore, the HSE03-1/3X DF also qualitatively repro-
duces experimental alignment and incidence angle-dependent
sticking probabilities (see Sections S2.5 and S2.6, respectively).
We conclude that the HSE03-1/3X DF already gives a
reasonable description of the reaction of O2 on Al(111),
suggesting that an accurate SRP-DF for this system can be
developed on the basis of screened hybrid DFs. As further
discussed in Section S3.2, we expect that a functional better
describing the sticking in O2 + Al(111) would contain a
correlation function approximately describing the van der
Waals dispersion interaction,97−99 while α should then
probably be increased in the hybrid functional.
We now come to a tentative explanation of why semilocal

DFT may be quite accurate for barriers to dissociative
chemisorption on metals if (W − Eea) > 7 eV. One of us
along with others has recently suggested7 a possible reason for
this success in terms of the delocalization error of Yang and co-
workers.37,38,40 The explanation is necessarily of a hand waving
nature, as delocalization errors, like self-interaction errors,95,100

are usually hard to quantify for most systems of practical
interest. The explanation takes its cue from the explanation of
the GGA’s tendency to underestimate gas-phase barrier heights
given in the introductory paragraphs of our Letter. The
explanation of the GGA’s success in describing molecule−
metal surface reactions that may be applied if (W − Eea) > 7 eV
runs as follows: The electrons coming from the molecule to
form new bonds are too delocalized at the TS, and this leads to
a delocalization error;40 but the electrons coming from the
metal were already quite delocalized in the metal, and they
become more localized at the TS, leading to a localization
error. If electron transfer does not occur too easily (i.e., W −
Eea > 7 eV), then apparently a cancellation of errors occurs,
allowing one to tweak the barrier by mixing GGA-exchange-
based DFs. Presumably, the cancellation effect disappears once
(W − Eea) < 7 eV and the electrons coming from the metal
start to spill over to the molecule because of charge transfer.
The diffuse charge distribution on the negatively charged
molecule upsets the balance leading to too much electron
delocalization and therefore an underestimation of the TS
energy. The explanation finds quantitative support in the high
Bader charges found on the molecules in the TSs of the
difficult systems (see Table S8 and Section S2.3).
A remaining question concerns the origin of the

delocalization error that plagues the accuracy of GGA barrier
heights for systems with (W − Eea) < 7 eV, which we address
here for O2 + Al(111). There are two possibilities. First, it is
possible that the change from reactants to the TS (at which the
true electron density will usually be more delocalized) by itself
drives the underestimation of the barrier height, i.e., that the
error in the barrier height is functional driven.101,102 Second,

the error may also come about, or be further increased, because
semilocal functionals yield self-consistent electron densities at
the TS that differ from the true densities to the extent that
density driven errors, which may result from over-delocaliza-
tion, result.101,102 The question is relevant: even for stretched
H2

+ , which is a prototypical case for delocalization error,38 the
error of GGAs is still predominantly functional-driven.103 In
other words, the self-consistent results are not much improved
when GGAs are evaluated on the exact density of stretched
H2

+.103

To estimate the RPBE’s density-driven error (DDE) for the
barrier height of O2 + Al(111), we evaluate RPBE on the
presumably more accurate HSE03-1/3X DF electron density,
i.e., RPBE@HSE03-1/3X. Interestingly, this yields almost the
same barrier height as the self-consistent RPBE (see Figure 3).

This shows, at least for the early barrier system investigated
here, that the error of RPBE is functional-driven and not
density-driven. At the same time, to a good approximation, the
HSE03-1/3X@RPBE energy equals the HSE03-1/3X energy
in the entrance and barrier region of the O2 + Al(111) PES
(see Figure 3 and Table S6). Our results therefore show that
the RPBE error in the barrier height is not due to “spuriously
easy charge transfer” as suggested in ref 36 because this should
be reflected in the RPBE density to which the HSE03-1/3X is
applied in HSE03-1/3X@RPBE. Our result that HSE03-1/
3X@RPBE yields similar energies as HSE03-1/3X in the
entrance and barrier regions of the O2 + Al(111) PES suggests
that the HSE03-1/3X@RPBE approach might accurately
describe the sticking probability for this and other DC on
metal systems. This is a potentially useful finding because using
the HSE03-1/3X@RPBE approach to compute energies is
roughly an order of magnitude less expensive than using the
HSE03-1/3X DF,104 with obvious implications for dynamics
studies based on hybrid density functionals. While the DDE
has a small contribution to the total RPBE error around the
TS, its DDE becomes large when the molecule gets closer to
the surface (see Figure 3 and Section S2.2). This finding is
consistent with the results of Perdew and co-workers for
molecular adsorption of CO on Pt(111), who also find that the
DDE of semilocal DFT is large when the molecule is close to
the surface.105

Figure 3. Potential energy of O2 + Al(111) as a function of ZO2
for r

= 1.25 Å and the fcc //3 configuration computed self-consistently and
nonself-consistently with the RPBE and HSE03-1/3X functionals
applied to self-consistent RPBE and HSE03-1/3X electron densities.
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In conclusion, comparison of experiment and DFT-based
theory, and of DMC and RPBE DFT calculations for sticking
of molecules on metal surfaces suggests that GGA-DFT starts
to fail for molecule−metal surface reaction barriers when W −
Eea < 7 eV. Our results obtained for O2 + Al(111) with the MS-
RPBEl DF suggest that meta-GGA DFs of the “made simple
(MS)” kind can slightly remedy the SIE problem, but not
sufficiently for this system. Screened hybrid DFs like HSE03-
1/3X, and its much cheaper HSE03-1/3X@RPBE alternative,
offer a considerably improved description of O2 + Al(111) in
that they yield sticking probabilities in semiquantitative
agreement with experiment, thus offering more promise, as
also implied by single-point calculations performed at reaction
barrier geometries of two other difficult systems (see Table S7
and Section S2.2). The HSE03-1/3X DF gives a good
description of the reaction threshold but still overestimates
the slope of the sticking probability curve for O2 + Al(111).
Our results suggest that SRP-DFs can be built on the basis of
screened hybrid exchange DFs for DC systems in which (W −
Eea) < 7 eV, i.e., when electron transfer is facile. Such
calculations have the potential to widen the scope of existing
databases (now only SBH1022) of barriers for molecule−
metal-surface systems. Indeed, it is likely that the choice of
systems in this database (SBH10 contains only H2−metal,
CH4−metal, and N2−metal systems that are all in the green-
blue part of the spectrum made up by Figure 1) has led to
systematic bias: The inadvertent choice of systems for which
GGA-based exchange works well may actually be responsible
for the outcome22 that the GGA-exchange-based DF
performed better than the also tested meta-GGA and hybrid
functionals. Even more importantly, the calculations referred to
might also increase the range of heterogeneously catalyzed
processes that may be simulated reliably based on accurate
DFT calculations on the constituent elementary molecule−
metal surface reactions.

■ COMPUTATIONAL METHODS
For the MS-RPBEl (HSE03-1/3X) DF a 2 × 2 Al supercell
with 4 layers and 15 (10) Å vacuum distance is used.
Furthermore, a plane wave kinetic energy cutoff of 600 (400)
eV and an 8 × 8 × 1 Γ-centered k-point grid are used. All DFT
calculations are performed with the Vienna Ab-initio
Simulation Package (VASP version 5.4.4),106−110 with a user
modification to allow the use of the MS-RPBEl DF, using spin
polarization when necessary. The core electrons have been
represented with the projector augmented wave (PAW)
method.110,111 In order to speed up convergence, first-order
Methfessel−Paxton smearing112 with a width parameter of 0.2
eV has been employed. Additional information is provided in
the Supporting Information.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c02452.

Description of the DFs used (Section S1.1), the DFT
calculations (Section S1.2), how the CRP is applied
(Section S1.3), the QCT calculations (Section S1.4),
and how work function and electron affinity values are
obtained (Section S1.5); discussion of several static DFT
calculations (Section S2.1), nonself-consistent DFT
calculations (Section S2.2), the correlation between

(W − Eea) and charge transfer at the TS (Section S2.3),
the dependence of S0 on the molecular beam conditions
(Section S2.4), the alignment of O2 relative to the
surface (Section S2.5), and incidence angle (Section
S2.6), on O2 + metal systems as benchmarks (Section
S3.1), and the development of an SRP functional for O2
+ Al(111) (Section S3.2); elbow plot of the MS-RPBEl
and HSE03-1/3X PESs at its minimum barrier geometry
(Figures S1 and S2, respectively); total magnetic
moment of the fcc //3 reaction coordinate (Figure
S3); S0 computed for (ν = 0, J = 0) and for Tvib = 300 K,
Trot = 9 K (Figure S4), and for its dependence on the
angle of incidence (Figure S5); work function and
electron affinity values (Tables S1 and S2, respectively);
effect of varying the screening length parameter and
exact exchange fraction (Table S3); vibrational energies
(Tables S4 and S5); HSE03-1/3X@RPBE(-vdW-DF1)
barrier heights (Tables S6 and S7); excess charge at the
TS for several molecule−metal surface systems (Table
S8) (PDF)
Software to obtain energies and forces from the MS-
RPBEl and HSE03-1/3X PESs developed here (ZIP)
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(38) Cohen, A. J.; Mori-Sańchez, P.; Yang, W. Insights into Current
Limitations of Density Functional Theory. Science 2008, 321, 792−
794.
(39) Perdew, J. P.; Parr, R. G.; Levy, M.; Balduz, J. L. Density-
Functional Theory for Fractional Particle Number: Derivative
Discontinuities of the Energy. Phys. Rev. Lett. 1982, 49, 1691−1694.
(40) Li, C.; Zheng, X.; Su, N. Q.; Yang, W. Localized Orbital Scaling
Correction for Systematic Elimination of Delocalization Error in
Density Functional Approximations. Natl. Sci. Rev. 2018, 5, 203−215.

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://dx.doi.org/10.1021/acs.jpclett.0c02452
J. Phys. Chem. Lett. 2020, 11, 10552−10560

10558

https://dx.doi.org/10.1098/rsta.2012.0476
https://dx.doi.org/10.1080/00268976.2017.1333644
https://dx.doi.org/10.1080/00268976.2017.1333644
https://dx.doi.org/10.1080/00268976.2017.1333644
https://dx.doi.org/10.1126/science.1178722
https://dx.doi.org/10.1126/science.1178722
https://dx.doi.org/10.1063/1.4776224
https://dx.doi.org/10.1063/1.4776224
https://dx.doi.org/10.1063/1.4776224
https://dx.doi.org/10.1063/1.4865946
https://dx.doi.org/10.1063/1.4865946
https://dx.doi.org/10.1021/acs.jpclett.6b01022
https://dx.doi.org/10.1021/acs.jpclett.6b01022
https://dx.doi.org/10.1021/acs.jpclett.7b01905
https://dx.doi.org/10.1021/acs.jpclett.7b01905
https://dx.doi.org/10.1016/j.cplett.2016.12.059
https://dx.doi.org/10.1016/j.cplett.2016.12.059
https://dx.doi.org/10.1021/acs.jpclett.9b00523
https://dx.doi.org/10.1021/acs.jpclett.9b00523
https://dx.doi.org/10.1021/acs.jpcc.8b11018
https://dx.doi.org/10.1021/acs.jpcc.8b11018
https://dx.doi.org/10.1021/acs.jpcc.8b11018
https://dx.doi.org/10.1021/acs.jpcc.9b05928
https://dx.doi.org/10.1021/acs.jpcc.9b05928
https://dx.doi.org/10.1021/acs.jpcc.9b05928
https://dx.doi.org/10.1103/PhysRevLett.77.3865
https://dx.doi.org/10.1103/PhysRevLett.77.3865
https://dx.doi.org/10.1103/PhysRevB.46.6671
https://dx.doi.org/10.1103/PhysRevB.46.6671
https://dx.doi.org/10.1103/PhysRevB.46.6671
https://dx.doi.org/10.1103/PhysRevB.59.7413
https://dx.doi.org/10.1103/PhysRevB.59.7413
https://dx.doi.org/10.1103/PhysRevB.59.7413
https://dx.doi.org/10.1063/1.3634073
https://dx.doi.org/10.1063/1.3634073
https://dx.doi.org/10.1063/1.3634073
https://dx.doi.org/10.1039/c3sc51040a
https://dx.doi.org/10.1039/c3sc51040a
https://dx.doi.org/10.1063/1.4943128
https://dx.doi.org/10.1063/1.4943128
https://dx.doi.org/10.1063/1.4943128
https://dx.doi.org/10.1063/1.4948941
https://dx.doi.org/10.1063/1.4948941
https://dx.doi.org/10.1021/acs.jpclett.0c00260
https://dx.doi.org/10.1021/acs.jpclett.0c00260
https://dx.doi.org/10.1103/PhysRevB.85.235149
https://dx.doi.org/10.1103/PhysRevB.85.235149
https://dx.doi.org/10.1103/PhysRevB.85.235149
https://dx.doi.org/10.1021/acs.jpcc.7b05677
https://dx.doi.org/10.1021/acs.jpcc.7b05677
https://dx.doi.org/10.1038/nmat2806
https://dx.doi.org/10.1038/nmat2806
https://dx.doi.org/10.1103/PhysRevLett.94.036104
https://dx.doi.org/10.1021/acs.jpcc.6b07453
https://dx.doi.org/10.1021/acs.jpcc.6b07453
https://dx.doi.org/10.1039/C7CP00753A
https://dx.doi.org/10.1039/C7CP00753A
https://dx.doi.org/10.1063/1.5043517
https://dx.doi.org/10.1063/1.5043517
https://dx.doi.org/10.1021/acs.jpcc.8b10686
https://dx.doi.org/10.1021/acs.jpcc.8b10686
https://dx.doi.org/10.1021/acs.jpcc.9b09121
https://dx.doi.org/10.1021/acs.jpcc.9b09121
https://dx.doi.org/10.1002/anie.199012191
https://dx.doi.org/10.1039/c2cy20261a
https://dx.doi.org/10.1039/c2cy20261a
https://dx.doi.org/10.1039/c2cy20261a
https://dx.doi.org/10.1016/j.jcat.2015.07.015
https://dx.doi.org/10.1016/j.jcat.2015.07.015
https://dx.doi.org/10.1116/1.572299
https://dx.doi.org/10.1021/ct800531s
https://dx.doi.org/10.1021/ct800531s
https://dx.doi.org/10.1103/PhysRevLett.109.198303
https://dx.doi.org/10.1103/PhysRevLett.109.198303
https://dx.doi.org/10.1063/1.476859
https://dx.doi.org/10.1063/1.476859
https://dx.doi.org/10.1063/1.476859
https://dx.doi.org/10.1126/science.1158722
https://dx.doi.org/10.1126/science.1158722
https://dx.doi.org/10.1103/PhysRevLett.49.1691
https://dx.doi.org/10.1103/PhysRevLett.49.1691
https://dx.doi.org/10.1103/PhysRevLett.49.1691
https://dx.doi.org/10.1093/nsr/nwx111
https://dx.doi.org/10.1093/nsr/nwx111
https://dx.doi.org/10.1093/nsr/nwx111
pubs.acs.org/JPCL?ref=pdf
https://dx.doi.org/10.1021/acs.jpclett.0c02452?ref=pdf


(41) Perdew, J. P.; Zunger, A. Self-Interaction Correction to
Density-Functional Approximations for Many-Electron Systems. Phys.
Rev. B: Condens. Matter Mater. Phys. 1981, 23, 5048−5079.
(42) Kroes, G.-J. Toward a Database of Chemically Accurate Barrier
Heights for Reactions of Molecules with Metal Surfaces. J. Phys. Chem.
Lett. 2015, 6, 4106−4114.
(43) Behler, J.; Reuter, K.; Scheffler, M. Nonadiabatic Effects in the
Dissociation of Oxygen Molecules at the Al(111) Surface. Phys. Rev.
B: Condens. Matter Mater. Phys. 2008, 77, 115421.
(44) Liu, T.; Fu, B.; Zhang, D. H. HCl Dissociating on a Rigid
Au(111) Surface: A Six-Dimensional Quantum Mechanical Study on
a New Potential Energy Surface Based on the RPBE Functional. J.
Chem. Phys. 2017, 146, 164706.
(45) Liu, Q.; Zhou, X.; Zhou, L.; Zhang, Y.; Luo, X.; Guo, H.; Jiang,
B. Constructing High-Dimensional Neural Network Potential Energy
Surfaces for Gas−Surface Scattering and Reactions. J. Phys. Chem. C
2018, 122, 1761−1769.
(46) Jiang, B.; Guo, H. Towards an Accurate Specific Reaction
Parameter Density Functional for Water Dissociation on Ni(111):
RPBE versus PW91. Phys. Chem. Chem. Phys. 2016, 18, 21817−
21824.
(47) Campbell, V. L.; Chen, N.; Guo, H.; Jackson, B.; Utz, A. L.
Substrate Vibrations as Promoters of Chemical Reactivity on Metal
Surfaces. J. Phys. Chem. A 2015, 119, 12434−12441.
(48) Chadwick, H.; Migliorini, D.; Kroes, G. J. CHD3 Dissociation
on Pt(111): A Comparison of the Reaction Dynamics Based on the
PBE Functional and on a Specific Reaction Parameter Functional. J.
Chem. Phys. 2018, 149, 044701.
(49) Ludwig, J.; Vlachos, D. G. Ab Initio Molecular Dynamics of
Hydrogen Dissociation on Metal Surfaces Using Neural Networks
and Novelty Sampling. J. Chem. Phys. 2007, 127, 154716.
(50) Golibrzuch, K.; Bartels, N.; Auerbach, D. J.; Wodtke, A. M. The
Dynamics of Molecular Interactions and Chemical Reactions at Metal
Surfaces: Testing the Foundations of Theory. Annu. Rev. Phys. Chem.
2015, 66, 399−425.
(51) White, J. D.; Chen, J.; Matsiev, D.; Auerbach, D. J.; Wodtke, A.
M. Conversion of Large-Amplitude Vibration to Electron Excitation
at a Metal Surface. Nature 2005, 433, 503−505.
(52) Nahler, N. H.; White, J. D.; LaRue, J.; Auerbach, D. J.; Wodtke,
A. M. Inverse Velocity Dependence of Vibrationally Promoted
Electron Emission from a Metal Surface. Science 2008, 321, 1191−
1194.
(53) Bünermann, O.; Jiang, H.; Dorenkamp, Y.; Kandratsenka, A.;
Janke, S.; Auerbach, D. J.; Wodtke, A. M. Electron-Hole Pair
Excitation Determines the Mechanism of Hydrogen Atom Adsorp-
tion. Science 2015, 350, 1346−1349.
(54) Jiang, B.; Alducin, M.; Guo, H. Electron−Hole Pair Effects in
Polyatomic Dissociative Chemisorption: Water on Ni(111). J. Phys.
Chem. Lett. 2016, 7, 327−331.
(55) Foulkes, W. M. C.; Mitas, L.; Needs, R. J.; Rajagopal, G.
Quantum Monte Carlo Simulations of Solids. Rev. Mod. Phys. 2001,
73, 33−83.
(56) Doblhoff-Dier, K.; Meyer, J.; Hoggan, P. E.; Kroes, G.-J.
Quantum Monte Carlo Calculations on a Benchmark Molecule−
Metal Surface Reaction: H2 + Cu(111). J. Chem. Theory Comput.
2017, 13, 3208−3219.
(57) Powell, A. D.; Kroes, G. J.; Doblhoff-Dier, K. Quantum Monte
Carlo Calculations on Dissociative Chemisorption of H2 on Al(110):
Minimum Barrier Heights and Their Comparison to DFT Values. J.
Chem. Phys. 2020, DOI: 10.1063/5.0022919.
(58) Pozzo, M.; Alfe,̀ D. Hydrogen Dissociation on Mg(0001)
Studied via Quantum Monte Carlo Calculations. Phys. Rev. B:
Condens. Matter Mater. Phys. 2008, 78, 245313.
(59) Johnson, R. D., III Computational Chemistry Comparison and
Benchmark Database; NIST Standard Reference Database 101. 2020.
(60) Ji, D.-P.; Zhu, Q.; Wang, S.-Q. Detailed First-Principles Studies
on Surface Energy and Work Function of Hexagonal Metals. Surf. Sci.
2016, 651, 137−146.

(61) Garron, R. Photoelectricite ́ - Rendement Photoelectriques Des
Couches Minces de Magnesium. C.R. Hebd. Seances Acad. Sci. 1964,
258, 1458.
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