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a b s t r a c t

The activities of Cu2O(001), Ag2O(001), and Au2O(001) surfaces for direct ethylene epoxidation and
alternative paths for EO isomerization are studied. Among these three oxide surfaces, only Ag2O(001)
surface enables direct path without a barrier. Au2O cannot regenerate surface oxygen, and overall reac-
tion on Cu2O is endothermic. Furthermore, ring opening of ethylene oxide (EO) and subsequent acetalde-
hyde (AA) formation on Cu2O is more favorable than EO desorption. Ethylene adsorption on an oxygen
vacancy results in the oxametallacycle (OMC) formation, which causes AA formation and reduces EO
selectivity. Cl adsorption removes these surface vacant sites and hence prevents the formation of the
OMC intermediate.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Silver catalyzed ethylene epoxidation to produce ethylene oxide
(EO) is an industrially applied important heterogeneous catalytic
process. The EO selectivity of the un-promoted metallic silver lays
around 50% [1,2]. However, the industrial catalyst consists of silver
particles supported on low surface alumina, with the addition of
alkali compounds as promoters. During the process, ppm amounts
of chlorine are added to the feed stream as a promoter in the form
of chlorinated hydrocarbons, to enhance the EO selectivity. Today,
the EO selectivity of the industrial catalyst lies in the range of 90%
[3].

Scheme 1 shows the competing parallel (k1 and k2) and consec-
utive (k4) reactions catalyzed by silver [4]. Formation of acetalde-
hyde (AA) acts as an intermediate for total combustion [5]. While
the parallel reactions (k1 and k2) are uniquely catalyzed by Ag,
EO isomerization (k3) predominantly occurs on the alumina sup-
port [5,6]. Earlier studies showed that atomic oxygen is the active
species for the partial oxidation of ethylene [2,7–9]. Thus the cata-
lyst should be able to dissociate the oxygen molecule, which can be
easily achieved on the transition metals as well as by Ag and Cu,
but not on Au. On metals that do not activate CH bonds, the surface
oxygen has been found to act as a Lewis base that promotes C–H
activation [2,10–14]. In the case of ethylene, it has been proposed
that this initiates total combustion. Although there are many fun-
damental studies devoted to understand the Ag epoxidation
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system, questions like why silver is the unique catalyst, what is
the reaction mechanism for high EO selectivity, and what is the
role of the Cl promoter are still in debate.

There is a vast number of experimental [15–17] and theoretical
[18–20] studies focusing mainly on model systems where silver is
essentially metallic under low oxygen pressure regimes. These
studies reported that selective (k1) and non-selective (k2) parallel
reactions proceed through the oxametallacycle (OMC) intermedi-
ate [18–25]. OMC forms on the catalyst surface through a well-
defined Langmuir–Hinshelwood (L–H) mechanism in a reaction
of surface adsorbed atomic oxygen (Os) with C2H4(ads). The product
selectivity depends on the relative barriers of the product forma-
tion (Ea

EO and Ea
AA) through the decomposition of the OMC interme-

diate. Studies on the metallic silver surfaces have reported
activation barriers for EO and AA formation, which are inconsistent
with the high EO selectivity observed in the industrial process.
However, the reported non-distinct values of Ea

EO and Ea
AA would ex-

plain the �50% EO selectivity of the metallic silver.
So far, silver is the only efficient catalyst for ethylene epoxida-

tion. Other transition metal oxidation catalysts give complete
combustion [26,27], because of ease of the CH activation. Unlike
silver, the literature on the potential of the other metals for
ethylene epoxidation is rather scarce. Two computational studies
carried out for Cu(111) [25] and Au(111) [23] surfaces with 25%
O-coverage reported that the epoxidation reaction proceeds
through the OMC intermediate as in the case of metallic silver sur-
faces. For the Au(111) surface, it was concluded that differences of
the activation barriers on Au and Ag are comparable. The main dif-
ference between these metallic surfaces relates to the ease of O2

dissociation. On the other hand, the Cu(111) surface showed a
lower activation barrier toward EO formation than that of AA.
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Scheme 1. Molecular mechanism for ethylene epoxidation.

Table 1
Calculated heats of formation for bulk oxides and
reference values. The energies are in kJ/mol.

Oxide DHf DH0
f

Cu2O �134 �169 [14]
Ag2O �39 �31 [14]
Au2O +21 +22 [13]
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Not withstanding the endothermicity of the reaction of EO forma-
tion with respect to pre-adsorbed oxygen on Cu, it was suggested
that, in theory, Cu would be a potential interesting candidate for
EO catalysis. On the other hand, there is no experimental report
of selective epoxidation catalysis of ethylene catalyzed by copper.

Two different studies using gold clusters produced different re-
sults. Although a theoretical study [28] concluded that the EO
formed through the OMC mechanism with a considerably lower
Ea

EO than Ea
AA, an experimental study [29] showed that Au nanoclus-

ters mainly produced AA.
The concept of subsurface oxygen is not new [2,30–32]. How-

ever, the proposal that the oxide surfaces are the active phase for
the (partial) oxidation reactions finds recent support [27,33,34].
Furthermore, the presence of subsurface oxygen has been reported
to increase catalyst selectivity [35–37] even for the metallic sur-
faces. For the silver–oxygen systems the local formation of AgnO
type oxide phases has been suggested [19,35–40], but there is
not a definitive model for the overlying oxide structures yet.

In our previous studies [41–43], we have shown that the elec-
trophilic nature of bridging oxygen atoms on the Ag2O(001) sur-
face makes them very selective for the epoxidation reaction and
demonstrated the possibility of a direct epoxidation pathway that
proceeds through a low activation energy. This is different from the
OMC mechanism that takes place on 3 or 4 coordinated oxygen
atoms with nucleophilic nature adsorbed on the metallic Ag
surfaces.

Here we will present a comparison of the reactivities of the Cu,
Ag, and Au under high oxygen regimes. Since there is no definite
model for the surfaces under reaction conditions, the surfaces cut
from the well-defined oxide phases Cu2O, Ag2O, and Au2O. Having
the same crystal structure, herein computationally studied (001)
surfaces contain oxygen atoms in bridge positions. The reaction
paths that were previously identified for Ag2O(001) surface are
tested for Cu2O(001) and Ag2O(001) surfaces and compared.

2. Computational details

The periodic DFT computations were performed with the VASP
package [44,45], using PW basis sets with GGA [46,47]. The cut-off
energy used was 500 eV. Necessary dipole corrections due to the
asymmetric usage of slabs were included into the computations.
All the results presented here were obtained by relaxing the struc-
tures until the net force acting on the ions was <0.015 eV/Å. The
reaction paths were generated using the climbing image (CI-NEB)
method [48]. Spin polarized computations were carried out where
necessary and the corresponding energies were reported.

The M2O(001) surfaces (M: Cu, Ag, Au) were constructed from
their respective crystals [13,49] upon optimizing lattice parame-
ters. Each M2O(001) slab consists of eight atomic layers (for exam-
ple four Ag2O layers, 8.5 Å) with a p(2 � 2) square surface. The
supercells were constructed with a minimum vacuum height of
15 Å. In the calculations the bottom layer was kept fixed for all
the slabs, where all the remaining atoms were relaxed. The
k-points sampling was generated by the Monkhorst Pack proce-
dure with a (4 � 4 � 1) mesh for all the slabs. The total energies
of gas phase molecules were calculated using single k-point, where
the periodic molecules are separated with a minimum of 10 Å vac-
uum distances.
The vibrational frequencies of adsorbed surface species and
transition states were calculated by calculating the Hessian matrix
based on a finite difference approach with a step size of 0.02 Å for
the displacements of the individual atoms along each Cartesian
coordinate. During the frequency calculations, symmetry was
excluded explicitly. The frequencies of the surface ions were
excluded basing on the frozen phonon approximation.

Zero-point energy (ZPE) corrections were calculated using the
harmonic approximation and the positive modes of the vibrational
data. ZPE correction was included for both the reactant and the
transition state for the reported values of zero-point energy cor-
rected activation energy barriers.

In Fig. 3, the transition states (TS) reported for the direct epox-
idation paths could not be verified with frequency calculations;
thus, they should be considered as approximate. However, to get
the most precise value, all the images along the reaction path were
relaxed until the convergence criteria (Fnet < 0.015 eV/Å) was
strictly reached. For the geometries corresponding to these peaks,
C2H4 is not completely surface bound. Thus, frequency calculations
do not produce single imaginary frequency as it should be for TS
geometry. In these results, two more imaginary frequencies exist
for translation and rotation.

3. Results and discussion

3.1. Oxide structures

The formation energies of the bulk oxides from their respective
bulk metals are listed in Table 1. The energies are calculated with
respect to the reaction:

2�MðbulkÞ þ 1=2O2ðgasÞ !M2OðbulkÞ ð1Þ

As Table 1 shows, the formation of the oxides gets less favorable
downward the periodic table. Formation of Au2O structure is endo-
thermic. However, since it has the same crystal structure as Ag2O
and Cu2O, the Au2O(001) surface was evaluated for comparison
as well.

A schematic representation of the studied M2O(001) surfaces is
given in Fig. 1. As can be seen, each surface model (i.e., slab) has
four Os in 2-fold bridge positions. Removal of these oxygens creates
oxygen vacancies on the surface where metal atoms are exposed to
vacuum. Because of the subsurface oxygen atoms, these surface
metal atoms are more positively charged (Md+) compared to their
respective metal surfaces. Thus, this oxygen vacancy is a suitable
site for O2 and C2H4 adsorption.

3.2. Oxygen adsorption

Fig. 2 compares the adsorption energies of oxygen on the
respective oxide surface following the complete removal of the
surface oxygen layer (i.e., 4Os). When all Os are removed, the sur-
face shifts to a more metallic state. The adsorption energy of the
oxygen on the oxygen-free surface of Ag2O(001) is very close for
the values reported for the metallic surfaces. At 25% coverage,
the oxygen adsorption energy is the highest and rapidly converges
as the full coverage is achieved. For the metallic surfaces, the



Fig. 1. Schematic representation of the studied M2O(001) surfaces. (a) Top view
and (b) side view of M2O chain. (M: light gray, O: red or dark gray.) (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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Fig. 3. (a) Relative energies of the formation of the OMC intermediate on an oxygen
correspond to oxygen adsorption that shifts the surface coverage to 75%. (M: light gray, O
color in this figure legend, the reader is referred to the web version of this article.)
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adsorption energies decrease downward the periodic table. The
computed oxygen adsorption energies are �150 kJ/mol for Cu
[25], �50 kJ/mol for Ag [25], and �10 kJ/mol for Au [23] (111)
surfaces. The experimental value for oxygen adsorption to Ag sin-
gle crystal metal and powders surfaces is around �50 kJ/mol
[50,51].

As Table 2 shows, this trend can only be seen for the adsorption
energies of the molecular oxygen, however, not for dissociative
adsorption. An interesting result is that, the atomic (single
O-vacant) and dissociative (two O-vacant) oxygen adsorption on
Au2O surface is more exothermic than adsorption on Ag2O surface.
This finding can be considered to be parallel with a previous study
[14], which concluded that the existence of pre-adsorbed atomic
oxygen on Au surface favors O2 dissociation. Furthermore, in case
of Au2O, the larger separation between the metal atoms induces
chemical interactions comparable to that of the isolated atoms more
than for the metal surface. For instance, atomic covalent bonds to a
Au atom tend to be stronger than to Cu or Ag (for e.g., [52]).

The third column of Table 2 lists the adsorption energies of
C2H4 molecule on an oxygen vacancy (see Fig. 3). When a single
O-vacancy is considered, it can be seen that ethylene adsorption
will be favored over molecular O2 adsorption on Ag2O and Au2O
surfaces. Previously we reported that the reaction of adsorbed
ethylene with surface oxygen leads to formation of OMC on the
vacant Ag2O surface and competes with the direct epoxidation.
Decomposition of OMC has then also a lower barrier for AA for-
mation (non-selective path) (Fig. 3). The direct selective epoxida-
tion path on Ag2O has been found to only occur, because OMC
formation is prevented. Thus, the absence of surface oxygen
vacancies is important to have high EO selectivity. Therefore, ra-
pid generation of the surface oxygens or the site blocking effect
of a promoter (i.e., Cl) is essential for the sake of EO selectivity
[41].
3.3. Oxygen vacancy and OMC formation

In the case of an O-vacancy, ethylene interacts with the surface
metal atoms and adsorbs on this O-vacant site. Fig. 3 compares the
elementary reactions that follow ethylene adsorption. Once ad-
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vacancy, and (b) formation of EO and AA from OMC intermediate. Initial points
: red or dark gray, C: black, H: cyan or gray.) (For interpretation of the references to



Table 2
Adsorption energies (kJ/mol) of O2 and C2H4 on O-vacant surface sites.

Molecular O2 adsorption* (–Ag–O–O–Ag–) Dissociative O2 adsorption** 2 � (–Ag–O–Ag–) C2H4 adsorption (–Ag–CH2–CH2–Ag–)

Cu2O �122 �363 �123
Ag2O �20 �32 �86
Au2O �11 �116 �106

The energies are calculated basing on the reactions:
* O2(g) + V�? O2(ads).

** O2(g) + 2V�? 2Os.
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sorbed, the ethylene molecule may interact with a neighboring Os

and form the OMC intermediate. This reaction proceeds through
small barriers on Cu2O and Au2O; and without a barrier on Ag2O.
Once this OMC intermediate is formed, the reaction may proceed
through selective or non-selective channels, as reported for metal-
lic surfaces. However, for all the oxides studied, the formation of
AA through the OMC intermediate has lower barrier compared to
that of EO. Thus, following the ethylene adsorption, the OMC
mechanism predicts preferred formation of AA, which gives a rapid
total combustion.

Table 3 compares the activation energies along the OMC path.
Starting from OMC intermediate, both forward and backward reac-
tions are considered. Forward reactions produce EO and AA
through selective and non-selective channels. In the backward
reactions, OMC decomposes to produce ethylene and surface
oxygen.

Fig. 3 and Table 3 show that only on Ag2O and Au2O, forward
reactions are more feasible than backward reaction. On Cu2O sur-
face, besides being highly stable on the surface, OMC would prob-
ably go back to adsorbed ethylene due to lower activation barrier
in the backward direction. On Ag2O and Au2O, once formed OMC
would either produce EO or AA.
Fig. 4. Relative energies of direct epoxidation paths on M2O(001) surfaces. Initial
points correspond to the oxygen adsorption energies on a vacant surface site that
saturates the surface. (M: light gray, O: red or dark gray, C: black, H: cyan or gray.)
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
3.4. Direct epoxidation

When ethylene is prevented to interact with the surface metal
atoms (Md+) (i.e., no O-vacancy, or site blocker), reaction of the
C2H4(g) and Os results in the direct formation of EO through a Mars
van Krevelen [53] type mechanism as shown in Fig. 4. When
C2H4(g) approaches the surface, it interacts with the Os to form
EO(ads) directly. This is due to the symmetric attack of the electro-
philic Os to the C@C double bond. This reaction channel does not
include an intermediate such as OMC. Among the three oxide sur-
faces considered, only on Ag2O reaction proceeds without a barrier.
Other two surfaces show small barriers for the interaction of
C2H4(g) and Os. The Au2O(001) surface appears to have the highest
reactivity for EO formation. In essence because of the weaker inter-
action energy of EO with the single O-vacant Au2O surface. On the
other hand, formation of EO on Cu2O(001) surface is endothermic.
This finding for Cu is in parallel with a previous report for metallic
Cu surface [25].
Table 3
Computed and zero-point corrected values for the activation barriers. For the
considered forward and backward reactions, OMC is the starting intermediate.
Energies are in kJ/mol.

Ea
OMC Ea

EO Ea
AA

Comp. ZPC Comp. ZPC Comp. ZPC

Cu2O 63 57 206 201 158 146
Ag2O 75* 75* 83 82 53 46
Au2O 140 133 75 68 102 89

* Ea
OMC for Ag2O(001) corresponds to the energy required to desorb ethylene from

the surface. See Fig. 4.
When the OMC mechanism, as reported for metallic surfaces,
and the direct mechanism on Ag2O(001) surface are compared, it
can be seen that the activation energies of the rate controlling
steps in both reaction mechanisms (i.e., OMC vs. direct mecha-
nism) are similar and agree with experimentally reported values
that are around 70 kJ/mol [54,55]. However, the corresponding
reaction steps are different (i.e., OMC activation vs. EO desorption).
The rate controlling step of the direct mechanism is the EO desorp-
tion. The order of EO desorption energies follow the relative stabil-
ity of the oxides (or the strength of oxygen binding). Desorption of
the epoxide to be rate limiting is consistent with the observed low
reaction order in ethylene but a high reaction order in oxygen [56].
Furthermore, the reported [57] increase of the EO selectivity with
the increasing oxygen coverage is also consistent with the prefer-
ence for EO formation on an oxidized Ag surface in this manner.
3.5. EO isomerization

In order to successfully obtain EO as the product, it has to des-
orb from the surface without further reaction. Upon its formation
on the oxide surface, three possible follow-up paths are consid-
ered. These are, (i) desorption, (ii) ring opening, and (iii) isomeriza-
tion to AA. The relative energies of these paths are compared in
Fig. 5.

The horizontal line in Fig. 5 (�117 kJ/mol) shows the energy le-
vel of desorbed EO. The left part of the figure shows the formation
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of ethyleneoxy intermediate through ring opening of adsorbed EO.
Starting from EO(ads), when one of the O–C bonds activate, first eth-
yleneoxy(pll) intermediate forms where the H atoms of the free CH2

group stays parallel to the surface plane, and then they become
perpendicular to the surface with the rotation. This kind of a ring
opening and rotation of CH2 group explains the cis–trans isomeri-
zation observed in experimental studies [58,59]. Ethyleneoxy(perp)

intermediate would go back to EO(ads) following the same path
backward. The similar energies required for EO isomerization and
desorption on Ag2O(001) surface can explain the equal distribu-
tions of cis and trans isomers as observed in experimental studies.

The right part of Fig. 5 shows the EO isomerization to AA start-
ing from EO(ads). On Ag2O and Au2O surfaces, this isomerization
goes through respective activation barriers, which are substantially
higher than the energy required for EO desorption. This indicates
that EO desorption will be the preferred path instead of AA forma-
tion. On Cu2O, however, isomerization of EO to AA is quite exother-
mic and does not have a barrier. The strong Cu–Os interaction
causes an easy activation of the C–O and/or C–H bond of the EO(ads).
Thus, although direct formation of adsorbed EO on Cu2O surface is
more exothermic compared to other surfaces, the overall reaction
is non-selective because of rapid EO isomerization to AA. Also, giv-
ing the most exothermic EO formation, Cu2O surface has the high-
est EO desorption energy.
4. Conclusions

This study aims to computationally analyze the epoxidation
selectivity of ethylene on highly oxygenated surfaces of transition
metals Cu, Ag, and Au. Concerning ethylene epoxidation, highly
oxidized catalyst surface has been suggested to be selective;
however, a conclusive model of the Ag surface at the epoxidation
conditions does not exist. Thus, in this study the reactivities of
well-defined Cu2O(001), Ag2O(001), and Au2O(001) oxide sur-
faces were explored toward ethylene epoxidation. The relative sta-
bilities and the oxygen binding energies of these compounds
decrease downward the periodic table. The Au2O structure is not
a stable oxide structure, but having the same crystal structure with
Ag2O and Cu2O, its reactivity has been used for comparison. For the
three M2O(001) surfaces studied, a direct epoxidation channel has
been found to exist with a low or no barrier.

An interesting point is the different trends observed in the reac-
tivities of the metallic surfaces with monolayer oxygen coverage,
and the studied oxide surfaces. The metallic Cu surface where
atomic oxygen lies in the 3-fold sites has been shown computa-
tionally to be more selective for EO than Ag [25]. On the other
hand, the oxide surface of Ag with oxygen in 2-fold bridge posi-
tions shows a unique high selectivity for EO, as an epoxidation cat-
alyst, whereas we find here that the Cu2O surface has a very low
selectivity toward EO formation. The preferred use of Ag versus
Cu in the catalytic reaction relates to differences in reactivity of
the catalysts in the oxidic state rather than the metallic state.

Non-selective AA formation is found to compete with EO forma-
tion only on the Cu2O surface. This is essentially due to the rela-
tively weak O–C bond interaction and the high desorption energy
of EO.

The OMC intermediate forms exothermically on O-vacant sur-
face sites of all studied oxides. For all three surfaces studied, the
barrier for AA formation through the OMC intermediate was found
to be lower than that of EO formation. The Cu2O(001) surface gave
the most exothermic OMC formation and the highest consequent
EO and AA barriers. The Ag2O(001) and Au2O(001) surfaces show
more moderate energy values along the OMC mechanism.

Au2O is not a stable structure and Cu2O does not favor the EO
formation. The intermediate value of Ag2O’s stability and its oxy-
gen bond strength placed between Au2O and Cu2O relate the
uniqueness of the silver catalyst for ethylene epoxidation. The
interaction of Ag2O(001) surface with molecular oxygen is strong
enough to re-oxidize the Ag surface to the oxide, on the other hand
weak enough to prevent the ring opening of EO as well as to pre-
vent the activation of the CH bonds.

An additional prerequisite for high selectivity is the absence of
O-vacancies, where the non-selective reaction takes places through
OMC intermediate. Most likely this is the moderating role of Cl that
is added to the catalyst as promoter. This is subject to our ongoing
investigations.
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