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Dissociation of molecular oxygen on unpromoted and
cesium-promoted Ag(111) surfaces
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Density functional calculations for the dissociation of molecular oxygen on a Agsp cluster model (seven surface and three subsurface
atoms) of the [111] surface of silver are presented. The calculations show that the reaction pathway for the dissociation of molecular
oxygen depends on the amount of cesium present on the surface. For the unpromoted surface, dissociation should have a low rate
as the process is activated. As a single Cs atom is added to the cluster, O, should readily dissociate since the process is kineticaly
and thermochemically favored. However, as a second Cs atom is added, the dissociation of O, is quenched as the process is highly

activated.
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The interplay between the chemisorption and dissocia-
tion of O, on silver-based catalysts is of considerable im-
portance in understanding the mechanism of olefin epox-
idation and in suggesting possible methods of improving
the catalytic properties of this important class of industrial
catalysts. Because olefins are often the starting point for
making commodity products, it is desirable to make the
processes to oxidize olefins fast, efficient, and highly se-
lective. A commercially important avenue for accomplish-
ing these goals is the partial oxidation of olefins on silver-
based catalysts. In particular, the oxidation of ethylene on
Ag catalysts has received much experimental and theoret-
ical study [1-23]. In spite of this attention, there are a
number of differing opinions regarding the oxygen species
on Ag [1,2,6,7,10,11] and this ambiguity is further com-
plicated when electron-donating and electron-withdrawing
atoms are added to the Ag surface. These electron-donating
and electron-withdrawing atoms are referred to as promot-
ers. It has been shown experimentally that these promoters
can have a large effect on the catalytic properties of the Ag
surface [13-23]. If one could elucidate the role of these
promoters, then it is possible to suggest optimum promoter
types and coverages, so that the Ag catalyst gives the best
possible selectivity and activity toward olefin epoxidation.

The interaction of oxygen with Ag surfaces has been the
subject of other theoretical investigations [24-31]. Most of
thiswork has focused on the [110] face of Ag, whileleaving
the [111] face relatively unstudied. There have also been
scattering experiments [32—34], temperature desorption ex-
periments [7], and spectroscopic experiments [35] aimed at
elucidating the potential energy diagram for various states
of oxygen on Ag.
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We have investigated, with density functional theory,
energetic pathways for the dissociation of O, on a ten-
atom cluster representative of the (111) surface of silver.
Thisten-atom cluster model, illustrated in figure 1, contains
seven surface Ag atoms and three second-layer Ag atoms.
The surface binding sites are also illustrated in figure 1.
The three-fold binding sites have a second-layer Ag atom
directly beneath them (sites A, C, and E in figure 1), while
the three-fold hollow binding sites are without a second-
layer Ag atom directly beneath them (sites B, D, and F in

Figure 1. Agso cluster and the surface binding sites.
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figure 1). In al the calculations, the Ag cluster was held
fixed, using the bulk Ag—-Ag distance [36] of 2.89 A, and
not allowed to relax when species adsorbed. In addition to
adding molecular oxygen to the surface, we have added one
and two Cs atoms to the surface of the cluster and repeated
the search for dissociation pathways. In this letter we re-
port those pathways that form the lowest energy dissociated
products on the unpromoted, singly, and doubly promoted
Ag cluster models.

Electronic structure calculations were carried out using
density functional theory, with the gradient-corrected Becke
exchange [37] and the Lee-Yang—Parr correlation function-
als[38] (B3LYP). The Gaussian '98 suite of programs was
used for all calculations [39]. The core electrons of silver
and cesium were replaced by effective core potentials. For
Cs we used the LANL2 effective core potential [40]. This
potential replaces the 46 inner shell electrons of cesium
and treats the 9 outer shell (58°5p®6s!) electrons explicitly.
A corresponding double-zeta (DZ) basis set, containing 12
basis functions, was used for these outer shell electrons.
For the Ag atom, the LANL 1 [41] effective core potential,
along with a9 basis function minimum basis (MB) set, was
used. The LANL1 effective core potentials replace the 36
inner shell electrons and treat the 11 outer shell (4d'°5sh)
electrons explicitly. For oxygen, a 6-31 + G* basis set was
used, which consists of a double-zeta valence basis set with
polarization and diffuse functions [39]. For all calculations
reported herein, we investigated many different spin states.
The values reported are for the lowest energy spin states.

Shown in figure 2 are the reaction pathways that form
the lowest energy dissociative products. The hexagonal
structure shown in this figure is a wire-frame diagram of
the Agyo cluster model. The seven Ag surface atoms are
located at the apices and center of the hexagon and the three
second-layer atoms are illustrated by the dots inside the
hexagonal structure. Reactions (A), (B), and (C) in figure 2
show the pathways to form the lowest energy dissociative
products on the unpromoted, singly, and doubly promoted
cluster models, respectively.

Starting at the right-hand side (RHS) of reaction (A) in
figure 2, the adsorption of O, onto the Ag cluster is bound
by 20.4 kcal/mol. Both the singlet and triplet spin states
were investigated. We found that the triplet state was the
lowest energy state, but the singlet sate was 12.6 kcal/mol
higher in energy. The O, prefers to bind to the three-fold
hollow site, but O, binding to the three-fold site (not shown
in figure 2(A)) is only dlightly less stable by ~2 kcal/mol
relative to the three-fold hollow site. Once molecular oxy-
gen is bound to the three-fold hollow site, it may disso-
ciate to form oxygen atoms on the surface. The lowest
energy configuration, for two O atoms on a single cluster,
is when both oxygen atoms reside in separate three-fold
hollow sites. This configuration lies 6.8 kcal/mol higher
than the adsorbed state. The barrier for this pathway is
~24 kcal/mol, which is ~4 kcal/mol higher than the de-
sorbed O, asymptote. The O-O distance for the transi-
tion state is 1.78 A (compared to 1.21 A in gas-phase O,)
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and both oxygen atoms are at approximately the same dis-
tance (1.68 A) from the surface. Continuing along the re-
action coordinate in figure 2(A), we find that two O atoms
on the Agi cluster repel each other (by 39.8 kcal/mol)
compared to twice the energy of a single O atom bind-
ing to a three-fold hollow site on the Agyo cluster. This
state is 33.0 kcal/mol below the adsorbed O, state and
53.4 kcal/mol below the desorbed asymptote. Both O atoms
reside in three-fold hollow sites and are at a distance of
1.41 A from the surface.

Although our cluster calculations do not include sub-
surface oxygen, we compare in table 1 our calculated en-
ergies for species along the dissociative pathway of the
unpromoted cluster model with the experimental results of
Campbell [7] and Raukemaet a. [33]. Asseeninthistable,
the calculated values are in fair agreement with the exper-
imental results. We did not attempt to calculate the weak
barrier to chemisorption because we judged the uncertainty
to be higher, relative to the other cal culationsreported in the
table. Our calculated binding energy for molecular oxygen
is larger than the experimental values by ~7-11 kcal/mol,
a difference that may be partly ascribable to the lack of
subsurface oxygen and the finite size of our clusters. This
trend is consistent with other calculations we have carried
out where the minimum basis set of silver is used in con-
junction with the 6-31+ G* basis for oxygen. We will
report elsewhere comparisons between silver minimum and
double-zeta basis sets that show this trend [42]. The third
row of table 1 shows excellent agreement between our cal-
culated activation barrier for dissociation of O, and the
experimental values. Shown in the fourth row is the bind-
ing energy of atomic O adsorption. Our calculated value
agrees well with one experiment and is within 14 kcal/mol
of the other. Again the minimum basis set on silver tends
to overbind oxygen (53.4 kcal/mol) compared to a bind-
ing energy of 25.7 kcal/mol obtained when the double-zeta
basis set is used on the silver atoms.

The reactive pathway for the dissociation of O, on a
cluster model containing one Csisillustrated in reaction (B)
of figure 2. This model represents a “low” coverage of ce-
sium. Starting at the RHS of this figure, the binding energy
of O, is 28.8 kca/mol when the Cs and O, molecule each
occupy three-fold sites. Both the doublet and quartet spin
states were investigated for this promoted cluster. We found
that the doublet state was the lowest energy spin state (the
guartet was ~6 kcal/mol above the doublet). The lowest
energy product formed by the dissociation of O, via the
motion of a single oxygen atom to another site, is the Cs
(three-fold)/O (three-fold)/O (three-fold hollow) configura-
tion. This product state is 14.3 kcal/mol lower in energy
than the adsorbed O, initial state. The barrier between the
adsorbed O, initial configuration and this dissociation prod-
uct is ~17 kcal/mol above the adsorbed state; however,
this transition state is ~11 kcal/mol below the desorbed
O, asymptote. The O-O distance for this transition state is
2.25 A. The dissociated product state may lower the energy
of the system by an additional 6.1 kcal/mol by moving the
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Figure 2. Energy diagrams for the dissociation of O, on the unpromoted, singly, and doubly promoted Ag;o clusters. The dots inside the hexagonal
Ag cluster indicate where the bottom layer of Ag atoms reside.
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Table 1
Comparison of the calculated and experimentally determined energetic
values for the species aong the O, dissociation pathway.2
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Table 2
Comparison of reaction thermochemistry and barrier heights for the
LANL1IMB and LANL1DZ basis sets (each with LANL1MB geometries).

Species Campbell® Raukema et a.° Present results?
Chemisorption barrier 32 58 -

O, chemisorption —-9.2 —-1294+0.9 —20.4
Activation barrier -0.9 39+09 38
O/O adsorption —40.8 —540+10.4 —534

2 All energies relative to the desorbed O, asymptote.

b7).

c[33].

dLANLIMB effective core potential/minimum basis set is used on the
Ag atoms.

three-fold oxygen to the three-fold hollow site next to the
Cs atom. The barrier to accomplish this is ~3 kcal/mol
higher than the origina dissociated product state.

We next added, besides oxygen, two Cs atoms to the
Agio cluster and sought dissociative pathways. We found
that when two Cs atoms were added to the Agio cluster,
without any oxygen, that this complex was unstable and
one of the Cs atoms desorbed. However, when oxygen (in
the form of O, or adsorbed O atoms) was on the cluster,
both Cs atoms were bound to the surface. These calcula-
tions are in agreement with experiment: that the presence
of oxygen on a promoted silver catalyst alows for higher
coverages of cesium by forming oxides of Cs[17,18]. This
suggeststhat when athermally stable, cesium-promoted cat-
alyst is exposed to O,, Cs atoms will migrate along the
silver surface to positions near the oxygen, thus opening
up additional binding sites for more cesium.

In reaction (C) of figure 2, the dissociative pathway for
the Ag cluster with two adsorbed Cs atoms is illustrated.
This model represents a “high” coverage of cesium. Start-
ing at the RHS of this reactive pathway, the desorbed O,
asymptote hastwo Ag clusters with each containing asingle
Csatom. This asymptote is used because two Cs atoms ad-
sorbed on a single Agyg cluster are unstable with respect to
the desorption of one of the Cs atoms. When the O, mole-
cule and both Cs atoms adsorb to one of the Agyo clusters,
we obtain a bound state whose energy is 20.4 kcal/mol
higher than the desorbed O, asymptote. For the doubly
promoted cluster, the adsorbed O, lowest energy configu-
ration occurs when the Cs atoms occupy opposing three-
fold and three-fold hollow sites, while the oxygen occupies
a three-fold hollow site. We investigated both the singlet
and triplet spin states for this doubly promoted cluster. We
found that the singlet spin state was the lowest energy state
— the triplet was ~2 kcal/mol higher. This initial config-
uration of O, may dissociate to form the lowest energy
dissociated product state by moving a single oxygen atom.
This state is obtained when the oxygen atom that is farthest
above the Ag surface moves to the three-fold hollow site
neighboring the three-fold Cs atom. This product state is
33.4 and 13.0 kcal/mol lower in energy than the adsorbed
O, configuration and the desorbed O, asymptote, respec-
tively. The transition state connecting the initial adsorbed
O, state with the dissociated product state has a barrier

Reaction Barrier heights Product energies
(kcal/mol) (kcal/moal)
LANLIMB LANL1DZ LANLIMB LANL1DZ
Unpromoted 242 30.0 —33.0 —182
Singly promoted 17.4 21.6 —14.3 —-11.9
Doubly promoted 15.0 14.4 —-334 —28.6

that is ~15 kecal/mol higher than the initial state. The O-O
distance is 1.94 A at the transition state.

To check the dependence of the thermochemical quan-
tities on the quality of the basis sets we have recomputed
all the reactant and product energies as well as the barrier
heights using the larger double-zeta (DZ) basis set for sil-
ver a the minimum basis (MB) set geometries. Shown
in table 2 are the MB and DZ energies of the barrier
heights (columns 2 and 3) and product energies (columns 4
and 5), relative to the Agyo cluster with adsorbed cesium
and O,. For the unpromoted cluster, the barrier heights for
the double-zeta basis are increased by ~6 kcal/mol with
respect to those calculated with the minimum basis s,
while the product energies are increased by ~14 kcal/mol.
The singly promoted cluster has barrier heights and product
energiesthat are increased by ~5 and 3—6 kcal/mol, respec-
tively, in going from the MB to the DZ basis. The doubly
promoted cluster has the smallest differences in the MB
and DZ energies as the barrier heights and product ener-
gies differed by ~1 and ~0.5 to ~5 kcal/mol, respectively.
The examination of the energetics of table 2 reveals that
increasing the size of the Ag basis set tended to increase
the barrier heights and product energies. The conclusions
drawn from the MB energetics are not affected, because
the barrier heights and product energies remained with the
same relative orderings and differences in going from the
minimum basis set to the double-zeta basis set. Also seen
in table 2 is that the differences between the MB and DZ
basis set get smaller as one adds cesium atoms. This de-
creasing difference in the energies may be understood as
the basis sets on the cesium atoms help compensate for the
lack of flexibility present in the silver minimum basis set.

In addition to examining the effect of the basis set on
the results, we aso investigated the effect of larger cluster
models[42]. For example, the binding of Cs is changed by
less than ~2 kcal/mol with alarger Agss cluster model, rel-
ative to the present Ag;o cluster model. The chemisorption
of molecular oxygen shows the largest change in binding
energy with cluster size. We compute a decrease in the
binding energy of ~10 kcal/mol, relative to the results of
the Agyo cluster. However, the energy difference between
the atomic and molecular chemisorbed states in the Agio
and Agss clustersis ~3 kcal/mol. It is these energy differ-
ences between the two cluster models that is most important
for predicting the properties of oxygen on Ag.

Figure 2 illustrates the reaction pathways to form the
lowest energy product states for the unpromoted, singly, and
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doubly promoted Agsg cluster. O, dissociation on the un-
promoted cluster (reaction (A)) is kinetically unfavored but
thermochemically favored, in agreement with experiment
(seetable 1). Theseresults suggest alow rate of O, dissoci-
ation on the clean unoxidized (111) surface. With the addi-
tion of asingle Cs atom to the cluster (reaction (B)), avery
different outcome is predicted by our calculations. For the
singly promoted cluster, the dissociation of O, iskinetically
and thermochemically favored; thus, for low coverages of
Cs on bulk unoxidized Ag(111) surfaces, these calculations
suggest that molecular oxygen will readily dissociate. The
calculations on the doubly promoted cluster model (reac-
tion (C)) demonstrate that dissociation is kineticaly unfa-
vored, but thermochemically favored. The calculated bar-
rier for dissociation is sufficiently large (~35 kcal/mol from
desorbed O, to the transition state) that we would not ex-
pect much O to dissociate under typical catalytic tempera-
tures (~250°C). Thus, according to these calculations, the
dissociation of O, on bulk Ag(111) is expected to exhibit
the following pattern: for the unpromoted surface, disso-
ciation should have a low rate as the process is activated.
However, as Cs is added to the catalyst, O, should readily
dissociate; but, as even more Csis added (resulting in high
Cs coverages), the dissociation of O, will be slowly dimin-
ished. These results show a large Cs coverage dependence
on the dissociation of O,. A similar effect has been shown
for the dissociation of N, on Ru with Cs promotion [43].
Although more work remains to be done before a definitive
answer can be given regarding how low coverages of Cs
promote the dissociation of O, preliminary results suggest
that it is due to the donation of the Cs valence electron into
the 7* orbital of O,, thus increasing the negative charge on
the O, and decreasing the bond order.

When our results on O, dissociation as a function of
cesium coverage are compared with the experimentally ob-
served selectivity of ethylene oxide, a complementary pat-
tern is observed. Experimentally it has been observed that
the selectivity of forming ethylene oxidefallsas Csis added
to an unpromoted Ag surface, but, as more Cs is added,
the selectivity rises again until it surpasses the selectivity
for the unpromoted surface [17]. This may suggest a cor-
relation between the presence of undissociated molecular
oxygen and the selectivity to ethylene oxide formation.
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