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Density functional theory (DFT) with semilocal functionals such as the local-density and generalized gradients
approximations predicts that the dissociative adsorption of oxygen on Al (111) goes through without a barrier
in stark contradiction to experimental findings. This problem motivated our study of the reaction of oxygen
colliding with a small aluminum cluster Als. We found semilocal functionals predict a minute barrier to
sticking, associated with smeared long-range charge transfer from the metal to the oxygen. Hybrid B3LYP
predicts a larger barrier while the range-separated the Baer—Neuhauser—Livshits (BNL, Phys. Chem. Chem.
Phys. 2007, 9, 2932.) functional finds a more prominent barrier. BNL predicts short-ranged and more abrupt
charge transfer from the surface to the oxygen. We conclude that spurious self-repulsion inherent in semilocal
functionals causes early electron-transfer, long-range attraction toward the surface and low reaction barriers
for these systems. The results indicate that the missing DFT barrier for O, sticking on Al (111) may be due

to spurious self-repulsion.

I. Introduction

Formation of a metal—oxide layer from an initially clean
metal surface and gas phase oxygen molecules is a complex
multistep process that differs from metal to metal.! Oxidation
of metals has been a subject of extensive experimental and
theoretical efforts.>”® The primary process, common to most
metals, is the dissociative adsorption of the oxygen molecule.
At a large distance from the surface oxygen is attracted to the
metal by weak dispersion forces. For a perfect metal, the
attraction is due to of the polarizability of the oxygen molecule.
Upon closer approach, a metal electron can attach itself to the
approaching oxygen molecule, creating a superoxide, O,
adduct. This electron jump causes an increased attraction due
to the Coulomb force between the negative charge on the oxygen
and its image in the metal. In the gas phase, such an event is
known as harpooning.” The distance at which harpooning occurs
determines the barrier shape and height if any. This distance is
affected by the values of the metal work-function and the
electron affinity of oxygen. For low work-function metals such
as Cs thin films on ruthenium, charge transfer can occur at large
distances. For higher work-function metals such as silver and
aluminum it is expected to occur later (i,e, at shorter distances).
In experiments this is reflected in elevated incident kinetic
energy of the oxygen molecule required for sticking.®

A considerable amount of information has accumulated on
the basis of experimental studies of the oxygen sticking on silver
and aluminum surfaces. The importance of charged entities in
oxygen sticking (on silver, for example) is seen in spectroscopic
studies that have identified molecular ion intermediates in cases
where the ionic adducts can be stabilized.> Gas phase products
such as O™ '° or atomic oxygen!! have also been identified.
Scanning tunneling microscopy (STM) has been employed to
identify adsorbed oxygen atoms. In the O,/Al system the
distribution of separation distances between adsorbed oxygen
atoms was measured. The surprise is that very large separation
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distances have been found ranging up to 80 A.>!-12 Additional
insight was obtained when the incident energy of the oxygen
molecule was varied in a molecular beam experiment. Shorter
distances between adatoms were observed for the more energetic
oxygen molecules than for the low incident energy oxygen
molecules. The low energy oxygen beams showed larger
probability for ejection of oxygen atoms into the gas phase.'"!?

A sound theoretical method is needed for understand and
unifying the vast body of experimental observations. If an
adiabatic approach is viable here, then density functional theory
(DFT) can be employed for obtaining the ground-state potential
surface.®'* Indeed, the electronic model in DFT is believed to
be extremely well-adopted for describing adsorbates on metals. '
For many oxygen—metal systems there is no activation barrier
in accordance with DFT predictions. As pointed out above,
experiments indicate that oxygen sticking on aluminum is likely
an activated process with a barrier of ~0.3—0.5 eV.* Yet, all
extensive high quality DFT calculation for this system'® fail to
identify such an activation barrier.

This sharp discrepancy between DFT predictions and experi-
ment motivated a reassessment of the theory. Behler et al.!”
introduced the concept of local spin-triplet constraint to prevent
the electron-transfer process (the latter reduces the spin density
on the oxygen molecule). This spin-restricted approach was
hailed for its success at treating the O, + Al(111) conundrum.'®
However, this method actually raises more questions than it
really answers.' The concept of local spin restriction has only
vague justification in DFT even though it is an effective solution
to the problem.

In this paper we demonstrate that the source of error in
previous DFT calculations concerning this conundrum is in their
use of semilocal functionals, such as the local density and
generalized gradients approximation. These functionals suffer
from unbalanced treatment of self-repulsion.?’~>> We show that
self-repulsion induces a partial transfer of electronic charge from
the metal to the oxygen at relatively large distances. The source
of self-repulsion is the Hartree energy in the DFT energy that
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is not properly canceled by the local and semilocal exchange—
correlation functionals. As we show below, the problem of the
barrier for the O, + Al system is resolved in a generic way
when a functional not suffering from long-range self-repulsion
is used. In particular, there is no need for specialized treatments
such as local spin restriction.

We demonstrate out case on the O, + Als system. Mosch et
al.® have recently shown that such clusters can be used as
reasonable models for the aluminum surface. They also showed
that rigorous wave function methods such as CAS-SCF and
MRCI predict a barrier for the O, + Al, system. Carbogno et
al.** employed these ideas in a dynamical nonadiabatic model.
We compare here the PES and character of the charge transfer
as predicted by three functionals: the semilocal Perdew—Burke—
Ernzerhof (PBE) functional® predicts a very small barrier, the
hybrid Becke—Lee—Yang—Parr functional (B3LYP),? which
has a small part of self-repulsion removed, predicts a larger
barrier, and the Baer—Neuhauser—Livshits (BNL) range-
separated hybrid functional,?*?”?® which is long-range self-
repulsion free,”>* predicts an even larger barrier. A brief review
of the BNL approach is given in section II. The calculation
results are presented in section III and finally, a discussion of
these results is presented in the last section.

II. BNL Range Separated Hybrid

For completeness, we describe briefly the BNL functional.
In DFT the correlation energy is defined as®!

Ec=T-Ty+ U— U @2.1)

where all quantities are functionals of the ground-state density
n(r) in the following way. The density uniquely defines the
ground-state wave function 1y of a system of electrons,
henceforth called the “interacting system”. It also determines
unambiguously the ground-state wave function g of a system
of noninteracting fermions having the electron mass, henceforth
called the “noninteracting system”. In eq 2.1 T 'is the expectation
value of kinetic energy in the interacting system. U is the
expectation value of the electron repulsion energy

v 1 _ _1
0= D ur,-r,)  ur) = , (2.2)

n=m
in the interacting system. Finally, Ts and Uy are the expectation
values of these operators in the noninteracting system. The
correlation energy can also be written as a difference between
the expectation values of an interaction. One can write:??

Ec= <1/}|Yy|1/)> - <wS|Yy|¢S> (2.3)
where
7, = % ; ¥, (2.4)

and y(r) an interaction function, for example:

y,(r) = e’ ("Yukawa”)
_erlyl e @
y(r) = p ("Erf”)

and other possibilities exist as well.>? The right-hand side of eq
2.3 is equal to zero when y — oo and to U — Us when y = 0.
Since U — Us < Ec < 0,3 there exists a value of y > 0 for
which eq 2.3 holds. This value will in general depend on the
density; i.e., it is a density functional. The correct selection of
the parameter y is an open issue, and some progress has been
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Figure 1. Optimized geometry of the planar Al, and Als clusters used
in the present study. The dot in the center indicates the Z axis along
which the oxygen atom or the perpendicular dioxygen molecule
approaches.

TABLE 1: Ionization Energies for the Al Clusters in the
Different Functionals (LANL2DZ Basis Set)

ionization potential (eV)

cluster functional ASCF —&HOMO
Aly PBE 6.6 4.3
B3LYP 6.6 4.8
BNL 6.6 6.6
Als PBE 6.7 4.7
B3LYP 6.7 5.1
BNL 6.4 6.7

made recently.?’?83* A practical approach is to select it as a
empirical constant.’>3%3 The correlation energy of eq 2.3 can
be written as

Ec = [(WIY,lp) — Ej4] — Kk (2.6)

where

E, = % J/n(e) () y, (e &r & o)
K = _% JIPrx)y,(r — ) dr & '

are the Hartree and exchange energies with respect to the
interaction y,(r) and P[n](r,r’) is the density matrix of nonin-
teracting particles with density n(r). The term in parentheses
in eq 2.6 is in not known precisely and is approximated by the
BNL correlation functional:*’

(1Y, 1) — Ejl = B¢ + (1 — w)ek (2.8)

with y,(r) taken as “erf” and &% is given elsewhere,*® and w =
0.1, y = 0.5a," are empirical parameters.?’

III. Results

In this section we study the interaction of oxygen (atom/
diatom) with a Al clusters. We focus on the cluster to oxygen
electron transfer and on the potential barrier for the reaction,
determining their sensitivity to the level of long-range self-
repulsion correction in the functional. We present results using
the functionals PBE, suffering from self-repulsion, B3LYP
which incorporates partial self-repulsion correction and BNL
which has a full long-range correction. The calculations were
performed using a modified version of the Q-CHEM software.’
The geometry of the clusters (which is kept fixed on during
oxygen approach) is obtained by optimization at the B3LYP/
6-311G(2d) level. In the calculation of the cluster-oxygen system
the LANL2DZ basis set was used. Our results show that Al
and Als clusters prefer a planar structure, as shown in Figure 1,
with Aly forming a rhombus while Als a distorted trapezoid.
These results are in accord with previous works done for the
Al, clusters.’® The ground electronic state of Al a spin-triplet,
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Figure 2. Potential curves (upper panel) and oxygen Mulliken-charge (lower panel) for different spin states of the Al; + O system as a function
of the coordinate Z using the PBE, B3LYP, and BNL functionals.
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Figure 3. Potential curves (upper panel) and oxygen Mulliken-charge (lower panel) for different spin states of the Als + O system as a function

of the coordinate Z using the PBE, B3LYP, and BNL functionals.

which is almost degenerate with the spin singlet, while that of
Als is a spin-doublet.

The significant difference between the functionals, dominating
the chemistry of the reaction is the metallic “Fermi level”. In a
metal surface the work function should equal to — &g, Where
Erermi 1S the Fermi level (relative to the vacuum).?” In a cluster
the cost of pulling out an electron from the metal is the
ionization energy (IP) which should equal —&pomo Where exomo
is the energy of the highest occupied DFT molecular orbital
(HOMO).*® When approximate functionals are used, this rule
is not observed, as seen in Table 1. Indeed, the semilocal PBE
functional predicts a ASCF IP of 6.6—6.7 eV as the other
functionals do while its —eyowmo is lower by about 2 eV. B3LYP
exhibits a similar problem but to a smaller extent; the difference
is ~1.6 eV. In BNL, where long-range self-repulsion is removed
the two quantities are very similar: less than 0.3 eV. The fact
that the location of the Fermi level in PBE is 2 eV too high is
consequential for the reaction barrier as will be explained in
the discussion section below.

A. The O + Al, system. Both atomic as well as molecular
oxygen are electronegative and are thus exposed to electron
transfer as they approach the cluster. Since atomic O + Al, is
simpler we start with it. We consider an oxygen atom approach-
ing perpendicular to the plane of the cluster along the Z axis
(this axis passes through the dark point at the hollow site in the
plane of the cluster shown in Figure 1). Consider first the Aly
cluster. In the asymptotic channel (Z — o) the Al4 + O reaction
has four possible spin configurations. An O(1t) + Al,(!) quintet,
o) + ALN) triplet and two singlets: O(1t) + Aly(W) and O(N)

Z(A)

Figure 4. Configuration of an oxygen molecule (red) approaching the
planar Als cluster, in perpendicular orientation along the z direction
toward the hollow site.

+ Aly(N). Assuming the approaching atom is in its ground state
(triplet) only the first three of these spin configurations are of
interest. In Figure 2 we show the potential curves for the
approaching oxygen calculated using the PBE, B3LYP and BNL
functionals in the singlet, triplet and quintet states.

Let us first discuss the singlet potential curve. We find that
the BNL curve is sturdier and the attraction of O to the surface
starts much later (when the oxygen atom is closer to the surface)
than for B3LYP and even more so for PBE. This behavior is
related to the way the electron is transferred to the oxygen atom
as it approaches the surface, shown in the lower panel of Figure
2. According to PBE the oxygen atom gets noticeable charge
at large distances (beyond 6 A).** According to BNL the
electron-transfer process starts only when oxygen is considerably
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Figure 5. Top panels: isopotential contours (energy difference between contour lines is 0.35 eV) for the for O, + Als reaction at the quartet state.
Middle panels: charge on the oxygen molecule as a function of O—O distance R and O-cluster distance Z. The functionals used for the calculation
are (left to right): PBE, B3LYP, and BNL. Bottom panel: cut through the potential surface at R = 1.2A.

closer, at Z = 4 A. B3LYP is in between: the transfer is still
long-range but less so than PBE. The smearing of the electron-
transfer process by PBE is typical of functionals that have self-
repulsion.*! Since charged particles are attracted to metals from
a distance (due to polarization of the metal surface) the potential
curve according to PBE shows attraction already at 6 A.
Accordingly, the BNL curve shows attraction only at 4 A.

In the triplet state the situation is similar but charge transfers
less readily in the PBE calculation. In the quintet state the BNL
functional shows a large sharp jump in the charge of oxygen
occurring at 2.8 A. This late electron transfer causes the BNL
potential to exhibit a barrier. Such a barrier rises because in the
quintet state the high energy electrons in the metal are both
“up” spin states just like the two “up”-spin p electrons in the
oxygen. Thus the Pauli principle prevents the transfer from the
metallic HOMO and the affinity level of the oxygen must further
decrease (O must come closer to the metal) so as to allow the
transfer from the HOMO—1 metallic level.

A complementary picture is obtained by looking at the amount
of charge transferred to the oxygen as a function of Z also shown
in Figure 2. In both the singlet and triplet states the charge
transfer to oxygen grows gradually as it approaches the surface.
At a distance of 1.8—2 A, where a covalent bond is formed, a
sharp increase in the transferred charge is seen. Comparing the
charge transfer between the three functionals, we see differences
in the asymptotic behavior. Seems like the PBE ground state is

already partially charged, although severe SCF convergence
problems give an erratic curve at large distances. The B3LYP
curve seems better; it starts from zero charge transfer at long
distances (SCF also converges reliably for B3LYP than for
PBE). According to BNL, charge transfer starts at 4 A. The
long-range smearing of charge, even if on a small scale, shows
that PBE results are objectionable. This observed behavior is
actually typical of self-repulsion: charge is much “too mobile”
in DFT calculations suffering from self-repulsion.? Finally, let
us consider the charge transfer in the quintet state. Here we
observe a huge jump at a sharp point in the BNL functional
that is not seen in B3LYP and PBE. This jump is indicative of
a diabatic crossing between ionic and covalent diabatic curves,
as indeed seen in the upper panel.

In Figure 3, we present the potentials and charge-transfer
profiles of the O + Als system. Here there are two spin states
corresponding to triplet oxygen: the doublet O(1) + Als(}) and
the quartet O(*t) 4 Als(?). This system is more involved because
the differences between the functionals is not only quantitative
but also qualitative. The first issue is the relative energetics of
the spin states. At the asymptote the spin-doublet and quartet
are degenerate. However, at the bonding well minimum they
differ. PBE and B3LYP predict that the energies of the two
spin states are very similar, with the doublet being slightly lower,
by about 0.3 eV. BNL on the other hand they predict that the
quartet state is lower in energy, by 0.5 eV. The different spin
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Figure 6. Top panels: isopotential contours (energy difference between contour lines is 0.35 eV) for the for O, + Als reaction at the quartet state.
Middle panels: charge on the oxygen molecule as a function of O—O distance R and O-cluster distance Z. The functionals used for the calculation
are (left to right): PBE, B3LYP, and BNL. Bottom panel: cut through the potential surface at R = 1.2A.

states notwithstanding, the bonding energies for all three
functionals are similar: 4.7 eV. This is much smaller than the
previous result for Aly, probably a result of the choice of axis
of approach, which is a symmetry axis but most likely is not
optimal with respect to A1—O bond formation. In general, the
same qualitative features for the mechanism of reaction as
observed for the O + Al, are seen here as well. Here too, charge
is transferred much too early in PBE than in B3LYP. In B3LYP
charge transfer is smeared and starts beyond 6 A. On the other
hand, in BNL the transfer starts when O is closer, at 3.5 A.

B. O, + Als; System. We now turn to investigate the
molecular oxygen interaction with the Als cluster. Figure 4
shows the perpendicular O, molecule as it approaches the central
hollow site of the frozen planar Al cluster. R is the distance
between the two oxygen nuclei and Z is the distance of the
closest oxygen atom to the cluster plane. The PBE, B3LYP,
and BNL calculations were performed for 5 values of R and 49
values of Z. We considered the spin doublet correlated with
0,1 + Als(}) and the quartet correlated with Oy(*) + Als(1).
All three functionals predict that at the bonding well the doublet
state is lower in energy than the quartet state near bonding (the
two are degenerate when the Z — oo).

Let us first discuss the quartet state (Figure 5). BNL exhibits
a potential well at (Z, R) = ~(1.5, 1.4) A. This well is lower
by 1 eV from the bottom of the broad entrance valley, from
which it is separated by a barrier. The saddle point at the barrier
is situated at (Z, R) = ~(2.2,1.3) A and is 0.5 eV above the

incoming potential valley minimum. The low energy release
(1 eV) in this reaction is due perpendicular position approach
constraint; only one O—Al bond is formed. PBE and B3LYP
methods display similar trends, with PBE predicting a somewhat
longer O—O bond length while the molecule is bonded to the
surface. PBE and B3LYP predict a smaller barrier of 0.2 eV.

The electron-transfer profile is shown in the middle panel of
Figure 5 determining the energetics of the reaction. According
to PBE a partial transfer occurs early (as far as Z ~ 4.5 A),
evidenced in a long-range attraction of O, toward the surface
(Figure 5 low panel). In BNL the charge transfer is delayed to
smaller Z and occurs abruptly at Z = 2.2 A. We find the top of
the barrier located almost exactly at the charge-transfer point.
In B3LYP and BNL there is no evidence for the long-range
attraction.

We now discuss the results for the doublet state, which are
qualitatively similar to those of the quartet, as shown in Figure
6. The differences are in lower barriers (by about 0.1 eV).

To ensure convergence with respect to basis set, especially
since anions are sensitive to this issue, we have repeated some
of the calculations using a aug-cc-pVTZ basis set on the oxygen
atoms that includes diffuse wave functions. We found that BNL
results presented here are essentially unchanged; i.e., the barrier
position and height is very close to those presented here.
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IV. Summary and Discussion

We have studied the adiabatic potential curves and surfaces
(PES) for the O + Al, (n = 4, 5) and O, + Al;s reactions using
three density functional approaches. The details of the electron-
transfer process showed that in both systems the semilocal
functionals tend to smear the process of charge transfer over
relatively large distances while BNL localizes it. In O + Al,
(Figure 2 and Figure 3) this effect is seen as well but to a lesser
extent. The PES derived from the semilocal functional, PBE,
showed a small reaction barrier for the O, + Als reaction while
the hybrid functional B3LYP exhibited a larger barrier and the
barrier was predicted to be more significant still by the range-
separated hybrid BNL.

In Table 1 we showed that the three different functionals
predict very different Fermi levels (HOMO energies). This is
in spite of the fact that they all give almost the same ionization
potential as calculated by the ASCF method. The discrepancy
between Fermi level and IP is due to the lack of derivative
discontinuity,”® which is associated with self-repulsion.*> The
fact that in PBE and B3LYP the Fermi level is too high by
1.6—2 eV is the main reason for their tendency to predict that
charge transfer starts at relatively large distances. The self-
repulsion in semilocal functionals is also the cause for the
smearing of the electron-transfer process over a large distance
interval. One may argue that self-repulsion can work both ways
and destabilize the anion as well. This is true but the affinity
level of O, is only ~0.4 eV below the vacuum* and thus there
is not much to be gained by the self-repulsion on O,. For the O
+ Al, reaction, however, the situation is different. The affinity
level of O is ~1.5 eV below the vacuum,* and thus there is an
effective partial cancelation of self-repulsion errors. This most
likely explains the fact that the potential surfaces predicted by
the three functionals for the O + Al, reaction are similar.

DFT has become the primary method for calculating adiabatic
potential energy surfaces for molecule—surface encounters. As
a consequence, DFT is also defining the qualitative language
for describing surface—molecule encounters. It is crucial that
DFT be applied with functionals that can treat electron transfer
quantitatively, since this is an essential ingredient in any
molecule—metal surface interaction. While self-repulsion was
identified as the principal cause for the deleterious description
of the electron-transfer process by semilocal functionals, it is
not self-evident that any method that corrects for self-interaction
is automatically applicable. It was recently shown that methods
like the Perdew—Zunger self-interaction-correction®> do not in
fact give satisfactory potential surfaces when more than 1 or 2
electrons are present. A typical example given was the Ne,"
system where an extra electron (or hole) is shared by distant
many-electron systems.*® The BNL functional does not suffer
from this many electron self-interaction problem if the range
parameter y is tuned correctly as recently demonstrated.?
Despite the success of BNL for molecules and small clusters,
its adequacy for bulk metal surfaces is not established especially
in view of the presence of long-range exchange. It is therefore
a matter for future research, and new ideas, see for example ref
47, to determine how to remove self-interaction in bulk metal
surfaces.

The oxygen—aluminum system was chosen here because it
has become a challenge to semilocal DFT theory: the prediction
of a barrierless reaction was confronted with an apparent
significant activation barrier in experiment. We showed that
spurious self-repulsion causes small barriers and smearing of
electron transfer in semilocal DFT description of these processes
on clusters. The functional we used for removing self-repulsion
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was BNL and it predicted higher barriers and abrupt electron
transfer. Since BNL was never tested for bulk metal surfaces it
is not possible to make definite predictions for these systems.
It is likely, however, that our findings concerning the deleterious
effect of self-repulsion on the metal-molecule electron-transfer
process hold for bulk surfaces.
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