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Ab initio density functional simulations have been performed to study the adsorption of propene on partially oxidized silver
surfaces and its interaction with surface oxygen. Two different adsorption conformations for propene are studied, with the
molecule either intact or forming an Ag-C3H6-O oxymetallacycle (OMC) intermediate. Then, pathways for propene oxide,
acrolein and propanone formation have been studied in detail, providing insight on the selectivity of the surfaces. We find that
formation of acrolein must necessarily take place from OMC intermediates, requiring at least two neighbouring reactive surface
oxygen anions. This suggests a strong relation between the concentration of surface oxygen and the selectivity of these surfaces.

1 Introduction

Propene oxide (C3H6O) represents a very important precursor
in the production of a broad variety of commodity chemicals1.
Traditionaly, it has been produced by complex, expensive and
environmentaly unfriendly processes, which create many by-
products and waste. For this reason, the search for a more di-
rect and inexpensive synthesis route has received considerable
attention during the last 10 years. In 1998, Haruta and cowork-
ers showed that small gold nanoparticles supported on TiO2
form a promising heterogeneous catalyst for the direct epox-
idation of propene by an H2/O2 gas mixture2. Afterwards, a
lot of effort has been devoted to clarifying the mechanisms
of the reaction (active sites, pathways, etc...) in order to im-
prove their performance. The ultimate goal is to produce more
active catalysts with higher conversion rates and lower hydro-
gen consumption. Among the various aspects of the catalysts’
performance that have been analyzed, two of the main ones
are the influence of particle size and the type of oxide support
on the activity and selectivity3–5. Particles with a size of 2-5
nm seem to provide the best selectivity, although small gold
clusters containing only a few atoms have also been found ac-
tive for this reaction6. Concerning the type of support, the
most active catalysts are found supported on mesoporous ti-
tanosilicates7–10; on these systems, a reaction mechanism has
been proposed based on hydrogen peroxide (H2O2) synthesis
at the gold nanoparticles, followed by oxidation of propene
at Ti sites isolated within the SiO2 network. In the case of
TiO2 substrate, the oxide/gold interfacial region seems to play
a very important role, with propene reacting there with surface
oxygen atoms to form key oxymetallacycle (OMC) intermedi-
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ates11.

Aside from activity and selectivity, another key issue is the
hydrogen consumption. There is an active search for systems
where it is only sparingly used or even not necessary for O2
activation to peroxo species. With this purpose, the alternative
approach of using clusters or nanoparticles of other noble met-
als or alloys is currently being studied14; it is well known that
silver is a very active and widely used catalyst for the epoxi-
dation of ethene15–19. However, when trying to use this metal
for epoxidation of larger alkenes, problems arise because of
the competitive oxidation of terminal -CH3 groups to an alde-
hyde20–22, which makes obtention of a highly selective cata-
lyst problematic. This approach has been the focus of recent
experiments in the group of S. Vajda, where it has been shown
that supported Ag nanoparticles are actually able to directly
epoxidize propene from O2, although the aldehyde by-product
(acrolein) is also produced23. Interestingly, the selectivity was
found to be highly dependent on the size of the nanoparticles.

All of this has motivated us to perform a detailed study of
the reaction pathways for various products that are likely to
be formed upon reaction of propene with oxidized silver sur-
faces. Considering various types of surface reconstructions
which are likely to exist in the temperature and pressure range
at which the reaction takes place, we have evaluated the ad-
sorption energy of propene, both as an intact entity as well
as in the form of oxymetallacycle intermediates, which are
found to play a crucial role during epoxidation of alkenes in a
broad variety of situations11,24,25. Then, we have analyzed in
detail the selectivity of these catalysts by comparing the var-
ious reaction pathways for either propene oxide, acrolein or
propanone production.
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2 Computational setup

The ab initio density functional calculations for the partial
oxidation of propylene were carried out using the DACAPO
code26, which expands the wavefunctions in a plane-waves
basis set27, and uses ultrasoft pseudopotentials28 for treating
the electron-ion interaction. The PW91 functional29 was used
for exchange-correlation, and a 30 Ryd cutoff energy was em-
ployed for the plane waves expansion of the wave functions.
It was tested that such value gives binding energies which are
converged within 0.05 eV. The partially oxidized Ag(111) sur-
face was modeled using a 4-layer metal slab, with the oxide
on the first one. The first two layers are relaxed, while the two
layers at the bottom are kept frozen at their bulk positions.
The unit cells in the x and y directions are large enough (see
discussion below) as to prevent sizable mutual interactions be-
tween adsorbed propene molecules in neighbouring unit cells.
A (2× 2× 1) k-point sampling was found to give converged
total energies for the unit cells employed. The vacuum separa-
tion between slabs was set to 11 Å, ensuring binding energies
converged within 0.01 eV. It was tested that, for this type of
surfaces, dipole corrections were negligible. For each struc-
ture, the electronic degrees of freedom were optimized until
total energies were converged with a precision of 5 ·10−5 eV.
On each reaction stage, the equilibrium structures were found
by a BFGS optimization30, until the maximum force on the
atoms was below 0.03 eV/Å(ensuring a precision in binding
energies better than 0.01 eV).

Energy barriers were calculated by a constrained minimiza-
tion method, involving several simulations where the reaction
coordinate (C-O or C-H bond distance) was restricted at in-
creasingly smaller values, while allowing the rest of the sys-
tem to freely relax31. At distances nearby the transition state,
various possible conformations of the molecule are relaxed
under the mentioned bond distance constraints, until a reliable
transition state (characterized by a local energy maximum) is
found.

3 C3H6 adsorption

Figure 1 shows the relaxed structures for two alternative mod-
els of the silver surface oxide32,33, with either Ag1.83O (top)
or Ag2O (bottom) stoichiometry. The motivation for study-
ing such two different situations arises from their qualitatively
different character. In the first case (Ag1.83O) there are two
different types of Ag atoms, either non-oxidized (the ones in
the center of Ag-O hexagons) or oxidized. Overall, within the
considered unit cell (shown in Fig. 1), the oxidized first layer
contains 11 silver atoms (9 oxidized, and 2 non-oxidized) and
6 oxygen atoms, giving an overall stoichiometry of Ag11O6,
which we label as Ag1.83O. In the other case (Ag2O) all silver
atoms are oxidized, forming strong bonds with surface oxygen

anions. The depicted unit cell contains 12 silver and 6 oxygen
atoms. Choosing such structures for partially oxidized silver
is motivated by recent experimental and theoretical studies of
this surface. Early Scanning Tunneling Microscopy (STM)
studies by the group of D. A. King34,35 proposed a Ag1.83O
conformation for the oxidized Ag(111) surface (later on, this
model of the surface has been used to perform simulations
of ethene epoxidation). More recently, STM experiments by
Schmid et al.36 and by Schnadt et al.37, both supported by
DFT simulations, suggest that the Ag2O model of the surface
reproduces more accurately the observed features.

Fig. 1 Structure of Ag1.83O (upper panel) and Ag2O (bottom panel)
surface oxides. The views in the upper part show a large region of
the surface, with the rombohedral unit cell highlighted. Large and
small circles represent Ag and O atoms, respectively. For clarity, the
silver atoms in the oxidized layer are highlighted in color. The views
at the lower part show the side section of the four-layers slab
employed in the simulations.

First we consider the possible adsorption configurations of
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propene (C3H6) at either of the surface oxides. The relaxed
structures and binding energies for adsorption of one propene
molecule per unit cell are shown in Figure 2. The propene
binding energy BE(C3H6) is defined as:

BE(C3H6) = E(C3H6)+E(AgxOy)−E(C3H6/AgxOy)

that is, the difference between the sum of the energies of the
separate fragments (gas-phase propene and the silver oxide
surface) and the total energy of the propene molecule adsorbed
on the surface. Negative values therefore represent endother-
mic (i.e., unfavourable) binding. We will focus on the two
key reaction stages, namely the initial adsorption of propene
through interaction between the substrate and the intact dou-
ble C=C bond, and the formation of strongly bound oxymet-
allacycle (OMC) intermediate compounds. In the latter case,
the double C=C bond breaks while two covalent bonds (a C-
O bond and a C-Ag bond) are formed with the surface. This
type of reaction intermediates have been identified as crucial
during the process of formation of epoxides, both in the case
of ethene epoxidation on silver catalysts38, as well as in the
case of propene epoxidation on gold nanocatalysts6,11. The
final stage of either ethene oxide or propene oxide produc-
tion then involves the closing of the C-C-O cycle by breaking
the O-surface covalent bond and at the same time forming a
new C-O bond, followed by desorption of the product from
the surface. In the case of propene epoxidation on gold, there
is ample evidence that such process takes place right at the
gold-oxide interface11

The upper panel in Figure 2 shows various adsorption con-
figurations for intact propene and for the oxymetallacycle at
the Ag1.83O surface oxide, which is characterized by the co-
existence of unoxidized and oxidized surface Ag atoms. The
isomer in (a) represents the most stable configuration, with the
C=C bond on top of the unoxidized Ag atom which lies in the
middle of the Ag-O-Ag-O honeycomb structure. The adsorp-
tion energy is moderate, 0.37 eV, and the C-Ag bond distances
are not too short (2.5-2.6 Å), indicating that the chemical in-
teraction between the double C=C bond and the metal atom is
not strong. On the contrary, in configuration (b) the propene
C=C bond interacts strongly with an oxidized Ag atom, and
the C-Ag bond distances are much shorter, about 2.2 Å; how-
ever, the binding energy of propene is smaller (0.15 eV). This
happens because the total binding energy includes the cost of
the surface reconstruction taking place during propene adsorp-
tion, which in this case is quite high; the Ag atom is lifted
up, while one oxygen atom moves down. As a result, despite
of an intrinsically stronger binding of propene with the sur-
face Ag atom, such conformation becomes less stable. It must
be noted that the structural arrangement in (b), as well as the
binding energy, are almost identical to the conformation found
by Bocquet and Loffreda for ethene adsorption on the same
type of surface silver oxide38.

Fig. 2 Some relevant structures and binding energies for C3H6
adsorption at Ag1.83O (upper panel) and Ag2O (lower panel) surface
oxides. See main text for definition of binding energy.

We have also studied the intrinsic stability of OMC inter-
mediates (conformations (c), (d), (e) and (f)) on this surface.
Isomer (c) represents the most stable situation, with one of the
propene carbon atoms covalently bonded to an oxidized Ag
atom. The moderate binding energy, 0.22 eV, indicates a rel-
atively weak character of the C-O and C-Ag covalent bonds,
which barely compensate for the breaking of the double C=C
bond. Isomer (d) represents a situation similar, but not equiv-
alent to (c); in conformer (c) the surface oxygen atom binds
to the middle carbon atom of propene, while in conformer (d)
oxygen binds to the terminal carbon atom. For the relaxed
structures, we find a preference of around 0.15-0.20 eV for the
binding of oxygen to the central carbon atom. Moreover, we
have checked that this is a general feature of the oxymetallacy-
cle intermediates; the stability of the OMC conformer bonded
to oxygen through the middle carbon atom is systematically
0.15-0.20 eV more stable than its terminal-C counterpart (con-
formers (e) and (f), as well as (i) and (j) in Fig. 2 show a
confirmation of this effect). We have also considered OMC
conformations where the OMC is bonded to a non-oxidized
Ag atom (see (e) and (f)); the binding is slightly weaker, and
the binding energies are slightly endothermic with respect to
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gas-phase propene.
The results for propene adsorption at the Ag2O surface ox-

ide are shown in the lower panel of Figure 2. Conformations
(g) and (h) represent adsorption of intact propene on the two
unequivalent types of surface Ag atoms, which are both oxi-
dized for this type of oxide. In both cases the binding is quite
weak (smaller than 0.2 eV), confirming the more reactive char-
acter of non-oxidized metal atoms towards the initial adsorp-
tion of propene. The formation energy of the OMC interme-
diates is, as it also happened for Ag1.83O, rather small, being
thermoneutral or slightly endothermic (conformations i-k).

4 Reactivity and selectivity at Ag1.83O surface
oxide

We now discuss the reaction pathways for either propene
oxide (CH3CHCH2O), propanone (CH3COCH3) or acrolein
(CH2CHCHO) formation at the Ag1.83O surface oxide. To do
this, we will make use of a reasonable assumption: all these
products can be formed starting from a common reaction in-
termediate, namely the adsorbed oxymetallacycle. The path-
way towards propene oxide involves the formation of a cova-
lent O-C bond. We will later see that the simulations show
that this step takes place together with the breaking of the
oxygen-surface bonds. On the other hand, the first step to-
wards acrolein production involves the reaction between one
of the hydrogen atoms in the methyl group of the adsorbed
OMC intermediate and a neighbouring surface oxygen atom.
Finally, the formation of either propanal or propanone in-
volves hydrogen transfer from one of the carbon atoms in the
double C=C bond of propene to the other carbon atom, with
simultaneous formation of a double C=O bond.

We start by considering propene adsorbed on oxidized Ag
atoms. Figure 3 shows the relative energies (with respect to
gas-phase propene) and the corresponding relaxed structures
for several key steps of the reaction. It must be noted that,
in order to find favourable reaction pathways, two different
OMC conformations are considered for either propene oxide
or acrolein production. The reason lies in the requirement of
a close distance between the propene methyl group and sur-
face oxygen atoms. The most stable OMC arrangement in
this surface (conformer (c) in Fig. 2), characterized by a 0.22
eV binding energy, has a methyl group far from any surface
oxygen, making its dehydrogenation very difficult. Therefore,
we have only evaluated, from such conformation, the energy
barrier towards propene oxide formation. If we consider the
slightly less stable alternative conformation with the OMC
bonded to oxygen through the terminal C atom (configuration
(d) in Fig. 2), now the situation changes and it becomes feasi-
ble for one of the H atoms in the propene methyl group to react
with a neighbouring surface oxygen atom. Therefore, we have

Fig. 3 Pathways for either acrolein or propene oxide formation at
the Ag1.83O surface oxide. The energy reference (0.0 eV) is taken as
the energy of the gas-phase propene molecule far from the surface
(that is, energy values reflect binding energies with reversed sign).

evaluated three possible energy barriers, correponding respec-
tively to the propene oxide formation from configurations (c)
and (d), and to the propene dehydrogenation from configura-
tion (d). In all cases, the barriers are moderate (of the order of
0.6-0.8 eV), suggesting that both propene oxide and acrolein
can be produced during the reaction. The relaxed structures as
well as the corresponding potential energies for each transition
state are shown as insets in Figure 3.

In the case of propene oxide formation, it is interesting to
analyze the energy barriers for each of the two OMC confor-
mations studied. The barrier for isomer (c) is 0.2 eV higher
than the one for isomer (d). We have found that this differ-
ence arises solely because of the stability difference between
the initial states; the relative energies of the transition states
in both cases are nearly the same (+0.54 and +0.56 eV). One
can understand this fact by looking at the relaxed transition
state (TS) structures, which are almost identical. The transi-
tion states are both characterized by a bond distance for the
C-O bond being formed of around 2.0 Å. On each case, we
also find a very weak interaction between the forming propene
oxide entity and the surface, with rather large oxygen-surface
bond distances. Given the structural similarities, it is no sur-
prising to find similar binding energies. We will later see that
the weak interaction of the propene oxide transition state with
the surface is a general characteristic of this type of oxide sur-
faces, as it also occurs for the Ag2O surface.

For the formation of acrolein, the energy barrier for the
first reaction step, involving transfer of hydrogen from the
methyl group to the surface, is 0.62 eV, very similar to the
ones for propene oxide formation. This means that, in prin-
ciple, the catalysts will be equally selective for propene oxide
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or acrolein. However, the higher stability of the (c) conforma-
tion, which can lead only to propene oxide formation, suggests
that the catalyst will be more selective towards propene oxide.
As for the structural characteristics of the transition state for
acrolein production, we find an O-H distance of 1.6 Å, and a
C-H distance of 1.18 Å. At this point, the C-H bond is quite
weakened, but still keeps its integrity. For smaller O-H dis-
tances, the C-H bond completely breaks. It must be noted that
the process of formation of the O-H bond also takes place to-
gether with the breaking of the C-Ag bond between the OMC
and the surface; this bond is almost broken for the transition
state.

Fig. 4 Pathway for propanone formation at the Ag1.83O surface
oxide. The OMC is formed at oxidyzed Ag atoms. Same energy
conventions as in Figure 3.

We have also considered the formation of propanone
(CH3COCH3) starting from the OMC conformation shown
in Fig. 2c. It must be noted that formation of propanal
(CH3CH2CHO) is also a feasible process, provided that the
initial OMC conformation has the oxygen atom bonded to the
terminal carbon atom (that is, as in the conformation shown
in Fig. 2d). However, since this conformer is 0.2 eV less
stable than the conformation shown in Fig. 2c, it is clear
that the surface will be more selective towards propanone for-
mation. Therefore, we have only analyzed the production of
propanone. The results for the energy barrier are shown in
Figure 4. We obtain a barrier height of 0.75 eV, almost the
same as the one for propene oxide formation from the same
OMC reaction intermediate. This suggests a comparable se-
lectivity of this oxide surface towards both propene oxide and
propanone. At the transition state, the hydrogen atom being
transferred is located around 1.55 Å away from the terminal
carbon atom. Interestingly, at the TS the molecule is now still
relatively close to the surface, which should result in a sizable
interaction with it.

Next, we have studied the reaction pathways involving ad-

Fig. 5 Pathway for propene oxide formation at the Ag1.83O surface
oxide. The path involves adsorption of propene and formation of
OMC at non-oxidyzed Ag atoms. Same energy conventions as in
Figure 3.

sorption of propene and OMC formation at non-oxidized Ag
atoms. Figure 5 illustrates the pathway for propene oxide pro-
duction when propene initially binds at the unoxidized surface
Ag atoms. Initial propene adsorption at those sites is slightly
stronger than at oxidized Ag atoms. For the formation of
propene oxide, the reaction proceeds in two steps, the first one
being the formation of the OMC intermediate, and the second
the formation of propene oxide. The first step appears to be the
most difficult one, since the OMC intermediate is 0.44 eV less
stable than adsorbed propene. Due to this feature, the energy
barrier necessary to form propene oxide is very low (0.27 eV,
around one half of the corresponding barrier for OMC formed
at oxidized Ag atoms).

The situation for acrolein formation at non-oxidized Ag
atoms is very interesting. The OMC conformation is not fa-
vorable towards acrolein production, since the propene methyl
group is placed far away from any surface oxygen anion.
Therefore, we have analyzed the possibility of hydrogen trans-
fer from the methyl group of intact propene adsorbed at an
unoxidized Ag atom (that is, the configuration shown on Fig-
ure 2a). Such process is not feasible, since the energy rises
steadily (by about 0.6 eV) as the hydrogen atom is detached
from the -CH3 group while forming a surface hydroxyl (-OH)
group. A Transition State is never found, and all along this
pathway the forces are driving the hydrogen atom back to
propene. This means that we can disregard such process, and
therefore conclude that the only possible precursor towards
acrolein formation is the OMC conformation.

The underlying motivation for the problematic hydrogen
transfer from Ag-adsorbed propene is the weak character of
the C-Ag covalent bond which needs to be formed once hy-
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drogen detaches from the methyl group and the C=C double
bond changes its location within propene. In the acrolein path-
way shown in Figure 3, which starts from a OMC conforma-
tion, hydrogen abstraction becomes easy (although it requires
a small activation energy) because a strong C-O covalent bond
is already formed. Then, the propene C=C double bond is
transformed into a C-C single bond, and it becomes much eas-
ier to transfer the hydrogen atom and to form a C=C bond
between the methyl group and the central carbon atom. The fi-
nal conclusion is that, while unoxidized Ag atoms are reactive
towards propene oxide production, the formation of acrolein
seems to require a higher degree of oxidation of the Ag sur-
face.

5 Reactivity and selectivity at Ag2O surface ox-
ide

Finally, we have studied the reactivity and selectivity of the
alternate model for the partially oxidized Ag surface, with
Ag2O stoichiometry. Figure 6 shows the energy diagram for
either propene oxide (upper panel), propanone (middle panel),
or acrolein production (lower panel). Overall, the results are
qualitatively similar to the ones in Figure 3 (that is, reaction
at oxidized Ag atoms). As it was discussed in section III, ad-
sorption of propene is weak, and the relative stability of OMC
intermediates is small as well. As for the reaction barrier, we
find again barriers of 0.5-0.7 eV, indicating the feasibility of
the studied reaction pathways at the typical reaction tempera-
tures (100-200 oC). At this point, it is interesting to compare
the structural features of the propene oxide transition state in
this case with the analogous situations for the Ag1.83O model
surface. In all cases, the structures of the transition state are re-
markably similar, with a C-O bond distance of approximately
2.0 Å, and a rather weak interaction with the surface (the bond
distance between the oxygen atom within the metallacycle and
Ag surface atoms is quite stretched, of about 2.5 Å). The di-
rect consequence of the weak TS-surface interaction is a rel-
atively constant value of the binding energy of the transition
state on a variety of situations (namely, the type of oxide sur-
face). Such binding energy will be determined alone by the en-
ergetic cost (with respect to gas-phase propene oxide, that is,
the final state) of breaking one of the C-O bonds (with an equi-
librium length of 1.46 Å) and expanding it to a bond length of
around 2.0 Å. Therefore, the size of the reaction energy bar-
rier will only depend on the binding energy of the initial state
(the OMC intermediate), which actually varies due to both the
structural features of the oxide surface and the exact metalla-
cycle conformation.

The formation of propanone takes place starting from the
most stable OMC intermediate (the same configuration which
is also able to transform into propene oxide). The barrier for

Fig. 6 Pathways for propene oxide (upper panel), propanone
(middle panel) and acrolein (bottom panel) formation at the Ag2O
surface oxide. Same energy conventions as in Figure 3.

hydrogen transfer from the central to the terminal carbon is
0.77 eV, about 0.1 eV larger than the barrier for propene oxide
formation. Therefore, in this case the surface will be slightly
more selective towards propene oxide formation. Again, the
possible formation of propanal starting from the OMC con-
figuration in Fig. 2j cannot be ruled out, although it is quite
probable that the energy barrier will be higher that the one
found for acrolein formation (the corresponding competitive
process).

The barrier for acrolein formation is around 0.2 eV lower
than the one for propene oxide formation. However, some care
must be taken on comparing both barriers and drawing conclu-
sions about the selectivity, since the initial states for both pro-
cesses are not the same. Again, in order to obtain a reasonable
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starting configuration, with the propene CH3 group close to a
surface oxygen anion, an OMC configuration higher in energy
than the global minimum (precisely by around 0.2 eV) must
be considered. This leads to a decrease of the reaction barrier,
although the relative stability of the transition states for both
propene oxide and acrolein formation are actually the same.
The final conclusion is that both types of products are likely
to form, probably with similar selectivity towards them.

6 Conclusions

In this paper, we have studied the adsorption of propene at
two types of oxidized silver surfaces, as well as the possible
routes for either its epoxidation or acrolein formation, by re-
action with surface oxygen anions. We have also studied for-
mation of propanone. Several important conclusions can be
drawn from the results of the ab initio simulations. First of
all, propene seems to adsorb preferentially at unoxidized Ag
atoms (assuming that they exist on the surface), meaning that
a situation where the catalyst is only partially oxidized will
enhance its reactivity. In all cases, the reaction energy bar-
rier for the rate-limiting step (desorption of OMC metallacycle
into propene oxide by closing of the C-O-C cycle) lies in the
range 0.5-1.0 eV, suggesting that the epoxidation reaction can
take place at moderate temperatures. Formation of acrolein
can also take place with moderate energy barriers, very simi-
lar to the ones calculated for propene oxide production. As for
the reaction mechanisms, we have found that acrolein forma-
tion must necessarily take place from an OMC intermediate.
This means that at least two oxygen adatoms must be close to
each other on the surface during formation of acrolein, one of
them being part of the OMC intermediate, and another one be-
ing able to react with the propene methyl group by transfer of
one hydrogen atom. This again gives support to the idea of a
higher selectivity of partially-oxidized silver surfaces towards
propene oxide production.

Considering the case of a partially oxidized silver nanopar-
ticle, where oxygen is expected to concentrate at the most
reactive sites (normally low-coordination ones, as edges and
corners), the results obtained for extended surfaces suggest
that the selectivity will show sizable changes from one type
of site to the other. Furthermore, as the relative concentra-
tion of highly reactive sites around a nanoparticle depends on
its size, a noticeable change in selectivity can be expected for
silver nanoparticles of varying size.

Finally, let us mention that propanone can also be formed
on this type of system, since the calculated energy barriers are
very similar to the ones for propene oxide formation. Neither
can we rule out a significant production of propanal; however,
a smaller intrinsic stability of the OMC initial state makes
propanone formation more probable.
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