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Activated dissociation of O, on Pb(111) surfaces by Pb adatoms
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We investigate the dissociation of O, on Pb(111) surface using first-principles calculations. It is found that
in a practical high-vacuum environment, the adsorption of molecular O, takes place on clean Pb surfaces only
at low temperatures such as 100 K, but the O, easily desorbs at (elevated) room temperatures. It is further
found that the Pb adatoms enhance the molecular adsorption and activate the adsorbed O, to dissociate during
subsequent room-temperature annealing. Our theory explains the observation of a two-step oxidation process

on the Pb surfaces by the unique role of Pb adatoms.
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It is of fundamental importance to understand the adsorp-
tion, dissociation, and the corresponding kinetic processes of
diatomic molecules on materials surfaces.! As a prototypical
example, the adsorption and dissociation of O, gas on metal
surfaces have attracted considerable attention because the re-
sulting metal oxides have been widely used as catalysts, sen-
sors, dielectrics, and corrosion inhibitors.2 In this regard,
lead (Pb) (111) surface is a good model system, because
atomically flat Pb(111) terraces have been fabricated on
both metal and semiconductor substrates such as Ru (0001)3
and Si(111).* Rich experimental and theoretical literatures
are now available for such surfaces.’ It was found that O,
molecules adsorb on Pb(111) at temperatures as low as
100 K. Subsequent room-temperature annealing will not
result in the desorption of O, but the oxidization of the Pb
surface.® In contrast, the Pb(111) surface is remarkably resis-
tant to oxidation at room temperature in the experimental
environment.®’” From simple energetic argument, it is very
difficult to reconcile these experimental observations,
namely, how can the molecularly adsorbed O, at low tem-
perature does not desorb at (elevated) room-temperature an-
nealing, while the same O, molecules would hardly adsorb
on to the same surface at the same temperature.

In this Brief Report, we explore the mechanisms for the
puzzling adsorption and dissociation of O, on Pb(111) sur-
faces, based on first-principles total-energy calculations and
thermodynamic analysis. We show that one cannot determine
the state of O, at different temperatures solely from the cal-
culated adsorption energy but rather one has to rely on the
Gibbs free energy that explicitly includes the contributions
from gas-phase oxygen in terms of its atomic chemical po-
tential. Furthermore, we show that Pb adatoms, a common
surface defect on epitaxial Pb terraces,® play a key role in
retaining the O, adsorbed at low temperatures and assisting
its dissociation once the temperature is increased. Our results
are in good agreement with experiments. Importantly, such
dissociation of O, molecules activated by highly mobile Pb
adatoms occurs through a history-dependent process within
certain thermodynamic environments. In contrast, the activa-
tion of O, dissociation by immobile defects (such as carbon
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vacancy in graphite,’ Pt steps on the Pt(111) surface,'® and
impurities on the Pb(111) surface’) are always history inde-
pendent and irrelevant with thermodynamical environments
such as temperature.

Our calculations are based on the density-functional
theory as implemented in the Vienna ab initio simulation
package (VASP).!! The Perdew-Wang-91 (PW91)!? general-
ized gradient approximation and the projector-augmented
wave potential'® are used to describe the exchange-
correlation energy and the electron-ion interaction, respec-
tively. The nudged elastic-band method'* is used to find the
minimum-energy path and the transition state for O, disso-
ciation. Since the adsorption states for both molecular and
atomic oxygen are nonmagnetic on the Pb(111) surface,!'>1¢
our calculations for the dissociation path of adsorbed O, are
nonspin polarized. We confirm that the transition states have
only one imaginary frequency. The Pb(111) surface is mod-
eled by a 2X2 surface slab with four atomic layers and a
vacuum layer of 15 A thickness. The integration over the
Brillouin zone is carried out by using the Monkhorst-Pack
scheme!” with a 7X7X 1 grid. The cut-off energy for the
plane-wave expansion is 400 eV. All the atoms, except for
those at the bottom layer, are relaxed until the forces are less
than 0.01 eV/A. The calculated lattice constant for bulk Pb
and the bond length for isolated O, are 5.03 and 1.24 A,
respectively, in good agreement with the experimental values
of 4.95 (Ref. 18) and 1.21 A.! To calculate the adsorption
energy, we use the revised Perdew-Burke-Ernzerhof func-
tional for the exchange-correlation energy at the already op-
timized geometries and the self-consistent electron densities
given by PW91. This scheme is known to yield better results
when compared with experiments.>

We have previously studied'’ in depth the molecular O,
adsorption on Pb(111), which establishes the necessary initial
state for the O, dissociation. Figure 1 shows the calculated
dissociation path where the initial state is the molecular ad-
sorption (MA) state and the final state is the atomic adsorp-
tion (AA) state. The MA state has no energy barrier for
adsorption,15 whereas the AA state is 2.29 eV lower in en-
ergy than the MA state. In the AA state, the oxygen atoms
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FIG. 1. (Color online). O, energies on clean Pb (111) surface.
Here, MA and AA stand for molecular and atomic adsorptions, re-
spectively, and TS1 stands for transition state between the two. The
corresponding atomic structures are given in the top panel of the
figure in which gray balls are Pb and red balls are O. The lower
inset shows the calculated Gibbs free energies for a free O, at T
=0 (red dotted line), 100 (blue dotted line), and 300 K (green dotted
line), respectively. The oxygen partial pressure in the calculation is
2x 1077 Torr.

reside at surface hollow sites, consistent with a recent
calculation.'® The calculated energy barrier going from MA
to AA is 0.32 eV. At the transition state (TS1), the two oxy-
gen atoms reside on two adjacent surface bridge sites sepa-
rated by 1.80 A.

Based on the van’t Hoff-Arrhenius law in the harmonic
approximation,?! the rate coefficient k for the dissociation
can be expressed as??

3N MA
k= 2y
= [73N-1_ TSI
2y

X ¢~ AEKgT = ) 5 p=AEIkgT (1)

where M and viTs' are the frequencies of the eigenmodes at

molecular adsorption and transition states, respectively, v is
the attempt frequency (for O,, the calculated v»=1.33
X 10" s71), AE is the energy difference between the initial
and transition states, and kg, T, and N are the Boltzmann
constant, temperature, and number of atoms, respectively.
Using the barrier in Fig. 1 (AE=0.32 eV), we obtain the rate
coefficients for O, dissociation: namely, ~107 s~! at 300 K
and ~107* s7! at 100 K. Hence, molecular adsorption is
stable at 100 K but the adsorbed O, easily dissociates at 300
K. This conclusion, however, contradicts with experiments
showing that Pb(111) surfaces are resistant to oxidation at
room temperature.ﬁ’7

The origin of this discrepancy is the crucial role of ther-
modynamic effect in real experiments at high vacuum and
variable temperature: the Gibbs free energy G(T,p), instead
of the total energy, should be used to determine the stability
of the adsorption structures. In other words, we need to in-
clude the atomic chemical potential of oxygen, wo. Within
the ideal-gas law, uq can be calculated by?>*
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1
1o(T.p) = uo(T.po) + EkBT In(p/py), (2)

where p is the pressure and py=1 atm. One can find
mo(T,py) as a function of temperature in Ref. 23: at 100 K,
mo(T,pe)=-0.08 eV and at 300 K, u(T,py)=-0.27 eV.
For the experimental pressure of p~ 10~7 Torr,%7 the calcu-
lated wq at 300 K is approximately —0.55 eV. When taking
into account the effect of the wq, the energy of the gas-phase
0,15 1.11-0.38=0.73 eV lower than that of MA, according
to Fig. 1 and its inset. In other words, molecular adsorption
will not take place at room temperature. The rate coefficient
at 300 K for a gas-phase O, to dissociate with an estimated
energy barrier of 1.05 eV is quite small (about 107 s7!). So
neither molecular nor atomic adsorption of oxygen is likely
to occur at this temperature. These results explain the obser-
vations that Pb(111) surfaces resist oxidation at room
temperature.®’

From the thermodynamic viewpoint the discrepancy at
room temperature is resolved, but a new problem arises at
low temperatures. According to the free energy calculation,
at 7=100 K and p~10‘7 Torr, the molecular adsorption
state of —0.38 eV is only 0.02 eV lower than that of a free
O, (as shown in the inset of Fig. 1). Therefore, at this tem-
perature the adsorbed O, will desorb easily. With AE
=0.32 eV in Fig. 1, the rate coefficient at 100 K of
~107* 57! is very small. Thus the adsorbed O, has practi-
cally no chance to dissociate to stay on the surface before it
desorbs. This result, however, contradicts with the observa-
tion that O, adsorbs on the Pb surfaces at around 100 K and
oxidizes the surface upon subsequent room-temperature
annealing.®

To explain the experiment, we note that surface impurities
can act as nucleation centers for PbO grains from which the
grains grow rapidly and autocatalytically.” Pb adatoms are
commonly seen on epitaxial Pb surfaces® and readily diffuse
at temperatures as low as 100 K.2> Moreover, in the oxida-
tion experiment by Ma et al..% the top surfaces of all clean
Pb(111) mesas are identified to be atomically flat (i.e., all
mesas have flat-top geometry, but their bottom extends later-
ally over several atomic steps on the Si substrates), where no
steps, edges, kinks, or other extended defects were observed
in the oxidation region. Therefore, Pb adatoms could prob-
ably be the missing link between theory and experiment. For
the adatoms to affect the oxidation, two scenarios should be
considered: (i) a diffusing Pb adatom gets to the vicinity of
an adsorbed O, and the two then interact or (ii) an O, di-
rectly adsorbs near a Pb adatom. Because the Pb adatoms are
fast diffusers that very effectively transport Pb atoms from
step edges to other parts of the terraces, we feel that the first
scenario could be more relevant to the experiment. It is well
known that the low-coordinated atoms of a metal surface
have a higher activity and will speed up the reactions,?®?’ but
such a catalytic mechanism by itself cannot explain why the
oxidation on Pb surface is history dependent. However, as
will be revealed below, when the effect of highly mobile
defects is combined with a two-step process, the experimen-
tal puzzle can be well resolved.

To study the Pb-O, interaction, we place a Pb adatom at a
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FIG. 2. (Color online). (a) O, energies on Pb (111) surface in the
presence of a Pb adatom. MA stands for the molecular O, adsorp-
tion far away from any Pb adatom, NDA and DA stand for nondis-
sociative and dissociative adsorptions, respectively, around the Pb
adatom, and TS2 is the transition state between the two. Inset has
the same meaning as the inset in Fig. 1, but for configurations
shown in Fig. 2. (b) and (c) contour plots of the electron-
localization function (see text) for NDA and DA, respectively, in a
plane containing the Pb adatom and two oxygen atoms. Gray, blue,
and red balls stand for surface Pb, Pb adatom, and O atom,
respectively.

distance reasonably away from the O, yet close enough for
the two to attract each other, for example, at the second-
nearest-neighbor bridge sites around the O,. Our previous
study showed that an O, on Pb(111) has two nearly degen-
erate states,’” and correspondingly, six different local Pb
configurations. As a result of the atomic relaxation, they all
converge to one of the two final states with shorter Pb-O,
separations. Figure 2(a) shows the lower-energy configura-
tion, denoted as the nondissociative adsorption (NDA) state.
In the NDA state, the O-O bond length increases from
1.24 A for isolated O, to 1.50 A. This suggests that the O-O
bond, although not broken, is significantly weakened with a
21% elongation. The calculated O-O bond length of 1.50 A
is close to the bond length of peroxide.?® Moreover, the
Bader topological analysis®® of the charge density shows that
the two O atoms in the NDA state gain 1.85 electrons in
total, also implying a peroxide state. The calculated Pb-O,
binding energy is 0.70 eV, indicating that the adatoms can
substantially increase the O, adsorption.
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To determine the final state of O, dissociation in the pres-
ence of Pb adatom, we started from the NDA state and in-
creased the distance between the two O atoms within a plane
parallel to the Pb surface plane until there is no restoring
force between them, and then performed structural optimiza-
tion. Figure 2(a) (far right) shows the lowest-energy final
state, denoted as the dissociative adsorption (DA) state. In
the DA state, the distance between two O atoms is 2.94 A,
which is 137% longer than the normal O-O bond length of
1.24 A. Electron-localization function (ELF) (Ref. 30) cal-
culation confirms the dissociation. Figures 2(b) and 2(c)
show the ELFs for the NDA and DA states. One can see
clearly (weak) covalent bonding in Fig. 2(b), but not at all in
Fig. 2(c). Bader topological analysis? further reveals that the
two O atoms in the DA state gain 1.99 and 1.80 electrons,
respectively, from the neighboring Pb atoms. The interac-
tions between the O’s and Pb in the DA state are thus ionic.
A slight asymmetry in the charge transfer is because the two
oxygen atoms are on inequivalent surface sites.

Figure 2(a) shows the dissociation path for O, in the pres-
ence of Pb adatom. It can be seen that in this case, the dis-
sociation barrier of 0.28 eV is much lower than the energy
difference of 0.70 eV between the NDA and MA states. Note
that at 300 K, the MA state will evolve to the desorption state
(discussed earlier). Hence, an adsorbed O, is more likely to
dissociate than to desorb from the surface in this case. The
calculated attempt frequency for Fig. 2 is »=2.97
% 1013 s7! and the corresponding rate coefficient at 300 K
from NDA to the transition state TS2 is ~10% s~!). There-
fore, activated by the Pb adatoms, the adsorbed O, can easily
dissociate during a room-temperature annealing. These re-
sults bring our theory into complete qualitative agreement
with experiments.®’

In summary, we have developed a comprehensive first-
principles theory for the dissociation of O, on Pb(111) sur-
face. It is found that one needs to include oxygen atomic
chemical potential given by the experimental conditions (i.e.,
partial pressure and ambient temperature) to qualitatively ac-
count for the observation that O, can adsorb on clean Pb
surfaces at 100 K but cannot at room temperature. In addi-
tion, Pb adatoms, commonly seen on Pb surfaces, can result
in a substantial enhancement of the O, adsorption. As a re-
sult, O, adsorbed at low temperatures such as at 100 K is
more likely to dissociate than desorbing upon subsequent
room-temperature annealing. These results explain the recent
puzzling experimental observations as well as demonstrating
the unique role of mobile defect in activating the oxidation
of lead surfaces.
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