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Silver—copper alloys have been proposed as catalysts for ethylene epoxidation due to their superior
selectivity compared to pure silver, the predominant catalyst for this reaction. Under reaction
conditions it has been previously shown that, rather than a two-dimensional (2D) Ag—Cu alloy, a thin
copper oxide-like layer forms on top of silver, and several possible surface structures were identified
(Phys. Rev. Lett., 2010, 104, 035503). By means of density-functional theory calculations, we study the
mechanism of ethylene epoxidation catalyzed by the thin oxide-like surface structures. We identify
different reaction pathways that will compete and/or synergetically interplay in the catalysis. In general,
the reaction mechanism is structure-dependent and the reaction does not always proceed through the
formation of (meta)stable intermediates, in contrast to clean Ag and the 2D alloy. Analyzing the
competing reactions, we discuss how the addition of Cu improves the selectivity and stress the overall

importance of accounting for the effect of ambient conditions.

I. Introduction

Transition metal particles of nanometer-scale dimensions are the
active material in many industrial catalysts.! Obviously, the
surface composition and structure of the catalysts plays a critical
role, strongly influencing the catalyst performance.' It has been
recognized that the conditions (temperature and partial pressures
of the reactants) under which catalysts operate crucially influence
their nanocrystalline shape, surface structure and the catalyst
activity.*® For instance, several metal catalysts, when operating
in high temperature and high pressure regimes, i.e. in conditions
typically encountered in industrial applications, can develop
a thin oxide-like film at the surface.®” The structure of these thin
films can be significantly different from the stable surface struc-
tures typically found under ultra-high vacuum (UHV) condi-
tions, where most surface science experiments are held.

In this work we consider a catalytic process, ethylene epoxi-
dation, that has attracted considerable interest due to its large
scale application in the chemical industry sector.® Oxidation of
ethylene can lead to the formation of the desired product,
ethylene oxide (EO), used for the synthesis of ethylene glycol,
polyester fabrics, surfactants and detergents, or to total
combustion, which proceeds through the formation of acetal-
dehyde (Ac). The common catalyst for this process is Ag sup-
ported on «a-Al,Os, which, in the presence of suitable promoters
such as Cs and Cl, can achieve a selectivity toward EO as high as
80%, while pure Ag leads to a selectivity of 40-50%.° Recent
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experiments and first-principles calculations by Linic er al
suggest that the formation of both EO and Ac on pure Ag
proceeds through a common intermediate, an oxametallacycle
(OMC) adsorbed on the Ag surface.”'® Moreover, the same
authors suggested that alloying Ag with Cu increases the selec-
tivity toward the formation of EO compared to pure Ag.''?
While the rationalization of the improved selectivity is to date
based on the assumption of the formation of a two dimensional
Ag-Cu surface alloy,”'*'* we have shown, through first-princi-
ples density functional theory (DFT) investigations*” and
through in situ X-ray photoelectron spectroscopy experiments,'’
that such a structure is not predicted to be stable in an oxygen—
ethylene environment at temperatures and pressures relevant for
industrial applications. Copper, on the other hand, segregates to
the surface and forms stable thin oxide-like films.

Here, by means of DFT calculations, we study the reaction
mechanism of ethylene epoxidation catalyzed by the thin oxide
layers we predicted and found to be present at the surface of the
Ag—Cu alloy under reaction conditions. We find that the mech-
anism of ethylene epoxidation is structure-dependent, and that
the usual assumption of the formation of a common intermediate
for both the selective and unselective path, while true for several
surface structures, does not hold in general. These findings, in
addition to providing new insights into this heterogeneous
catalytic reaction, stress how the effects of temperature and
pressure significantly impact the properties of catalysts and the
reaction mechanisms they promote.

II. Methodology

We perform DFT calculations with the generalized gradient
approximation (GGA-PBE) for the exchange and correlation
potential,’® using a planewave pseudopotential approach. To
model the alloy catalyst we use a periodically repeated slab
geometry with adsorbates on one side of the slab. A 12 A vacuum
layer is used, which is found to be sufficient to ensure negligible
coupling between periodic replicas of the slab. All the slabs we
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consider are 4 layers thick (3 Ag layers and 1 layer for the Cu/O
adsorbates) and the bottom two layers of the slab are kept fixed
in their bulk positions. While these slabs are admittedly thin, in
the least favorable case, the very open (110) surface, increasing
the thickness of the slab from 3 to 8 layers leads to changes in the
adsorption energy of our test system (a full monolayer of oxygen
on an Ag slab) of about 16 meV per O atom. Identical or thinner
slabs have also been adopted in several other DFT studies of Ag
structures.'®*!*2° The largest surface unit cell we consider is (4 x
4) on the (111) surface, while most of the structures investigated
have a (2 x 2) unit cell. For all structures the k-point sampling is
equivalent (or close) to a regular (12 x 12) uniform grid on the
(1 x 1) unit cell of the (111) surface, and we use a smearing
parameter of 0.03 Ry (0.41 eV). This choice gives adsorption
energies of our test system converged within 1 meV. The kinetic
energy cutoff for the planewave expansion is 27 Ry (200 Ry for
the charge density), which gives adsorption energies for our test
system converged within 8 meV. This computational setup has
already been tested and employed in our previous publica-
tions.'>'6

For the calculation of the reaction pathways we adopt the
nudged elastic band (NEB) technique.?! The transition state
along the minimum energy path is located using the climbing
image method.?" In these calculations, to reduce the computa-
tional cost, we sample the Brillouin zone using a coarser k-point
mesh, equivalent to a 6 x 6 x 1 mesh in the (1 x 1) surface unit
cell of the (111) facet. All the atoms except the bottom two layers
of the silver slab are allowed to relax during the NEB minimi-
zation, until the forces are less than 0.02 eV/A. Keeping the
geometry of the transition state fixed, its energy is then refined
using the finer 12 x 12 x 1 k-point mesh. We have checked that
this procedure results in errors in the transition state energy of
less than 20 meV when compared to a NEB minimization carried
out with the finer k-point mesh. All the calculations are per-
formed using the PWscf code contained in the Quantum-
ESPRESSO package.*®

The NEB calculations reported in this work are performed on
a set of surface structures that, in a series of publications by some
of us,'>'7 were identified to yield the lowest surface free energy
under conditions of temperature and oxygen partial pressure
close to those found in industrial applications. Here we simply
recall the theoretical approach used in those studies, namely the
ab initio thermodynamics approach.”*> The structures are
considered to be in thermodynamic equilibrium with an oxygen
gas reservoir, described by its chemical potential. For each
surface orientation, the most stable structures are the ones that
minimize the surface free energy of adsorption:

'\/(:u'Cur MO) = (Etot - Evs/izéb - NAg,“Ag - NCu,uCu - NO:“O)/A (1)

where E, is the total energy of the system, EX is the total
energy of the 3 layer Ag slab, N, is the number of Ag atoms in
addition to the ones contained in the slab, No, and Ng are
number of Cu and O atoms, tag, pcu, and po are the chemical
potential of Ag, Cu and O, respectively. Except for the oxygen
reservoir, we neglect the vibrational and configurational entropy
contributions, which allows us to identify the free energies with
the total energies. The chemical potential of Ag is fixed at the
value of bulk Ag, while we use the chemical potential of Cu as

a parameter that controls the amount of Cu present in the
particles. In the following we will measure the chemical potential
of Cu with respect to its bulk value (Aucy = pcy — E2¥) and the
chemical potential of O with the respect to half the energy of the
oxygen molecule (Auo = puo — 1/2E*',). The chemical potential
of oxygen can be directly linked to the temperature (7) and
oxygen partial pressure (po,).”* At values of interest for practical
applications (7 ~ 600 K, po, ~ 1 atm) we have Aup = —0.61 V.
Given the uncertainty connected to the precise determination of
the O chemical potential due to the well known tendency of the
PBE and similar functionals to overbind the oxygen molecule, we
note that there is a significant error bar associated with the
temperature and pressures determined through DFT calcula-
tions. In the case of the Ag—O system, Li e al.?® estimated these
error bars to be ~110 K for the determination of 7 and about
three orders of magnitude for the oxygen partial pressure.

In Ref. 17 we also considered the stability of the surface oxide-
like structures identified here when the reducing agent (ethylene,
C,H,) is present in the gas atmosphere. To this end, we per-
formed an analysis analogous to the one presented for the Ru-O
system in Ref. 24, employing a “constrained thermodynamic
equilibrium” approach. In the presence of a pure oxygen envi-
ronment, the condition for the stability of the thin oxide layer
structure (indicated here as Ag,Cu,0.) is:

gAg,chyOz < XUAg T yucu T Zpo (2)

which leads to:

1 z
Apo >~ (gAg,\»CuyO; = Xfag = VHcu — EEOZ)
(3)

Here H/(T = 0 K) is the zero temperature formation energy of the
Ag,Cu,O. structure, and the approximation introduced is to
neglect the temperature variation of this quantity, in line with the
previous approximations where we neglected entropic contribu-
tions in solids.

If we now consider our system to be in thermodynamic equi-
librium with an atmosphere containing only the reducing reac-
tant, the condition of stability is:

gAag,cuO: + Zpcn, < Xpag t Vicu T ZHcH,0E0,A0) “4)

where the (EO,Ac) caption indicates that the condition of
stability depends on which of the two products of the oxidation
we consider. If we grossly approximate the chemical potential of
the products of the oxidation with their internal energy in the gas
phase, the condition of stability simplifies to:

1
Mitcy, < = ZH (T = 0 K) + AE™, 5)

where AE™ = Ec y,0E0.a¢) — Ec,u, — 1/2Eo, is the difference in
total energy between the three gas phase molecules. We compute
this value to be —1.18 eV in the case of EO and —2.18 eV in the
case of Ac.

If both oxygen and ethylene are present in the gas atmosphere,
under “constrained equilibrium” conditions with the surface, the
stability condition is obtained combining eqn (3) and (5):
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2
Apcy, — Dpo < — ;H,(T =0K)+AE™ (6)

while eqn (3) still applies for low C,H,4 concentrations.

Using this approach we have shown that the most stable
surface structures identified in an oxygen atmosphere are also
stable in the presence of ethylene.!” The range of stability of these
surface structures is such that, under conditions of temperature
and partial pressures of oxygen and ethylene, ethylene is not
capable of reducing the oxide to form either EO or Ac. These
findings are confirmed by the experimental evidence that XPS
fingerprints of the formation of the thin surface oxides in an
oxygen atmosphere are present also under reaction conditions,
where ethylene is present.”

In Ref. 17 we also studied the equilibrium shape of the Ag-Cu
particle in an oxygen environment. To this end we fixed the value
of oxygen chemical potential at a value corresponding to 7'= 600
K and po, = 1 atm) and used the Wulff construction to deter-
mine the shape of the particle that minimizes its surface free
energy as a function of the Cu chemical potential. We found that
the relative areas of the low index facets can change substantially
in a narrow range of uc,, and that the (111) surface, at variance
with the case of pure Ag, is not always the dominant facet.

III. Composition, surface structure and shape of the
catalyst nanoparticles

In our previous publications we have already investigated the
surface phase diagram of the Ag—Cu system in an oxygen
atmosphere for the three low-index surface orientations as
a function of oxygen chemical potential (ie. T and po ).'>"’
There we showed how, in the presence of oxygen in the atmo-
sphere, the strength of the Cu-O interaction relative to that of
Ag-0O drives Cu to the surface. On the surface, Cu tends to form
thin oxide-like layers, while surface alloys are not found to be
stable.'

In Ref. 17 we studied the surface free energy of several
candidate surface structures as a function of the Cu chemical
potential, fixing the oxygen chemical potential corresponding to
values of temperature and oxygen partial pressure typically used
in experiments (7' = 600 K and po, = 1 atm). Given that X-ray
photoemission spectroscopy (XPS) studies suggest that Cu is
present on the surface in the (0.1-0.75) ML range,'? we find that
the values of the Cu chemical potential compatible with that
coverage are those just around the formation of bulk copper
oxide. We found that around the region of interest, both the
(100) and (110) surfaces are covered with a one layer thin oxide-
like structure with a 1 : 1 stoichiometry between Cu and O. We
denote these thin-layer structures with the CuO label, even
though they bear little to no resemblance to bulk CuO oxide. In
the case of the (100) surface, Cu and O are arranged in a square
lattice, with both elements 4-fold coordinated and a Cu-O
distance of 2.08 A. For the (110) surface, on the other hand, Cu
and O are 2-fold coordinated, with Cu occupying “added row”
positions on the underlying Ag surface. The Cu—O distance is, in
this case, 1.81 A. The (111) surface can be covered with either the
p4-OCu; or the one layer thin CuO structure. The first is a (4 x
4) structure with ring-like O—Cu patterns and one OCus unit
removed. O atoms are coordinated to three Cu atoms and Cu

atoms are coordinated to two O atoms, except around the
missing unit, where the O coordination is reduced to two. In this
case the Cu—O distance is around 1.84 A. In the second structure
O is coordinated to three Cu atoms and Cu is coordinated to
either two or four oxygen atoms, and the Cu-O distances are
between 1.82 and 1.95 A. We also found that on the (111) surface
there is a third surface structure with a surface free energy only
slightly higher than the CuO and p4-OCu; structures. We label
this structure p2, since it has a (2 x 2) periodicity. In this case
each Cu atom is bonded with two O atoms and each O is coor-
dinated to three Cu atoms, in a ring-like pattern. The relaxed
geometries of the above mentioned structures are shown in
Fig. 1.

An outcome of these calculations is that the two-dimensional
Ag—Cu surface alloy is not stable in these conditions on any of
the low-index facets. This is particularly relevant in view of the
fact that the rationalization of the enhanced selectivity of the
Ag—Cu alloy toward the formation of ethylene oxide compared
to pure Ag was based on the assumption of the formation of
a surface Ag—Cu alloy. Our theoretical and experimental study,'”
on the other hand, shows the formation of a thin copper oxide
layer on the surface of the catalyst, suggesting that the formation
of this material is the key to understand the superior perfor-
mance of the Ag—Cu catalyst.

We stress here that catalytic systems are thermodynamic open
systems, where reactants and products are continuously supplied
and transported away. Under steady-state conditions, a variety
of interdependent atomistic processes take place simultaneously
at the surface of the catalyst. Recent experiments of the oxidation
of CO on Pt(110) and Pd(100) performed in high temperature
and high pressure conditions®® have shown how, under steady-
state conditions, thin oxides form at the surface and they
continuously evolve in time. These considerations highlight the
non-equilibrium nature of catalysis: the surface of a catalyst, due
to the interplay of various atomistic processes, continuously
evolves and fluctuates, implying that the structure and compo-
sition of the active material is likely to be different from the
surface structures found in thermal equilibrium conditions. The
theoretical analysis performed in this work under the assumption
of thermal equilibrium clearly cannot capture the dynamical
nature of heterogeneous catalysis, but gives a guideline to
establish the relative stability of a set of candidate surface
structures that could be relevant under catalytic conditions.

IV. Epoxidation reactions: mechanism and
activation energies

Having determined the lowest free surface energy structures of
the Ag—Cu catalyst in an oxygen atmosphere at temperatures and
pressures of practical interest, we now consider the adsorption of
ethylene and the two competing chemical reactions leading to the
formation of Ac and EO. Ethylene is known to bind very weakly
on clean Ag surfaces as well as on thin Ag oxide-like layers.?**’
Here, as well, we find that the adsorption energy of ethylene
never exceeds 0.15 eV on any of the surface structures consid-
ered. The location of the transition state (TS) is determined
through the climbing-image NEB method using as the initial
state the most stable configuration for ethylene adsorption and
as the final state the product molecules in gas phase (i.e. far
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Fig.1 Top and side view of the six low energy structures considered in this work. The small red atoms represent oxygen, the large blue ones represent

copper and the grey represent silver.

enough from the surface so that they do not interact significantly
with the surface).

On the Ag-O®*?(111) and Ag-O© > ?(100) surface with pre-
adsorbed oxygen both reactions are known to proceed through
a common oxametallacycle (OMC) intermediate,®'*!*!* where
ethylene is bonded with one C atom to a surface metal atom and
with the other C atom to oxygen. The formation of Ac has
a slightly (0.01 eV® to 0.07 eV'®) smaller activation barrier in both
cases, in agreement with experimental measurements.® Similar
conclusions have been reached also for the thin Ag oxides.?® We
find, on the other hand, that on the thin copper-oxide layers the
picture is different. We find that while the formation of Ac
always proceeds from the formation of an intermediate (OMC
occurs in all cases except for the p2 structures, where ethyl-
enedioxy forms), the formation of EO can proceed through
different paths, depending on the surface structure of the cata-
lyst.

The formation of EO on the p2/Ag(111) and p4-OCus/Ag(111)
structures does not involve the formation of an intermediate. In
the case of CuO/Ag(111) we find that there are two competing
reaction paths for the formation of EO. For the lowest energy
one, EO is formed directly from the physisorbed ethylene
molecule, without the formation of any intermediate. In the
second path, whose transition state is only slightly (0.02 eV)
higher in energy than the direct path, the reaction goes through
the formation of an OMC.

We find that the OMC is a common intermediate for both the
formation of Ac and EO in the case of Ag-O©@ > ?/Ag(111), CuO/
Ag(100) and CuO/Ag(110). These findings clearly stress how the
reaction mechanism is structure-dependent.

The activation energies for the formation of Ac (Ex.) and EO
(Eto) are shown in Table 1, together with their difference (AE" =
En. — Ero). A positive value of AE" suggests a selective formation
of EO. In Fig. 2 we show the energy profile of the two competing
reactions on some of the most relevant surface structures. The
energies of the initial and final states correspond to the reagents
and products physisorbed on the surface. There is a range of
possible values for the activation barriers, due to the different
mechanisms underlying the epoxidation reactions on different
surface structures. In addition to the activation barriers reported
in Table 1, we note that, using analogous methodologies to the

ones employed here, the value of AE" for the Ag-O© *2(100)
surface has been found to be just 0.01 eV smaller that the one on
the Ag-O®*?2(111) structure.’*? We can see that all the Cu-
containing structures provide a better selectivity toward EO
compared to pure Ag structures, in agreement with the superior
selectivity of Ag—Cu alloys compared to pure Ag seen in exper-
iments.® The p2/Ag(111) structure, in particular, is very selective,
although it involves activation energies larger that any other
surface structure considered here. The structures on the (100) and
(110) surfaces, on the other hand, provide only a marginally
higher selectivity then the Cu-free structures.

For the case of the CuO/Ag(111) structure, since, in the lowest
energy path, the formation of Ac proceeds through the formation
of a metastable OMC while the formation of EO does not,
determining an effective activation energy for the first process in
order to directly compare the two reactions is difficult, since the
population of the intermediate state under steady-state reaction
conditions is not known. To this end we adopt the so-called
“Sabatier analysis” proposed by Nerskov et al.,**3! which gives
an estimate of the rate of a chemical process if all coverages are
optimum for each elementary reaction step. Here we use the same
notation and closely follow the analysis proposed in Ref. 31.

The elementary steps for our system, in the case of the CuO/
Ag(111) structure, are the following:

CH, + " = C,H, (R1)

O+ = 0y (R2)

Table 1 Cu surface content (@), activation barriers for the formation
of acetaldehyde (E}.) and ethylene oxide (E%o) and the difference between
the two (AE") for selected surface structures

Structure BOcu (ML) AE(eV) E\(eV) E'go(eV)
0@ x 2)/Ag(111)  0.00 ~0.08 0.64 0.72
p4-OCus(111) 0.56 -0.04 1.04 1.08
p2(111) 0.75 0.45 1.94 1.49
CuO/Ag(111) 1.00 >0.02 >1.12 1.10
CuO/Ag(100) 1.00 0.02 0.94 0.92
CuO/Ag(110) 1.00 -0.06 0.90 0.96
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Fig. 2 Energy profiles for ethylene epoxidation over selected surface structures. At the initial state (IN) ethylene is physisorbed on the surface, the
intermediate state is the oxametallacycle, while at the final state (FIN) the reaction has either produced acetaldehyde (Ac, black solid line) or ethylene
oxide (EO, red dashed line). The energies of the final states correspond to the products physisorbed on the surface. The reaction can proceed through the
formation of intermediates such as the oxametallacycle (OMC) or ethylenedioxy (EDO). The zero of energy is set at the initial state.

0,+2 =20 (R3)
CH, + 0" = OMC” (R4)
OMC" = Ac+" (R5)
OMC" = EO +° (R6)

where * indicates an empty site, while the same symbol next to
a molecule indicates that the molecule is adsorbed on the surface.
The forward and reverse rate constants of the reactions
(R3)~(R6) are given by k; = vexp[—AG;kT] = vexp[—(E; —
TAS)/kT], where v; is a prefactor, E'; is the activation energy
and k is the Boltzmann constant. AS;" is the entropy difference
between the transition state and the initial state. The entropy of
adsorbed species is assumed to be zero, and the gas-phase
entropies are taken from Ref. 32. To maximize the rate for
reactions (R3)—(R6) we neglect the reverse reactions:

r}' = k;®02®* (7)
rf = ki®C,H,00 (®)
1t = kt:®@0OMC )

ré = k§®C,H4O+ (10)
where, ®g,, @o, @C,H, and @oy e are the coverage of adsorbed
oxygen molecules, atomic oxygen, C,H4 and ®opc, respectively.
®- is the coverage of empty sites on the surface. To find the
optimum coverages, we first neglect the coverage of atomic
oxygen and assume (R1) and (R2) to be in equilibrium:

1
o =

= 11
1+ Kipc,n, + Kopo, (b

where K; and K are the equilibrium constants for (R1) and (R2).
The optimum coverages of CoH4 and O, have similar expres-
sions, namely @ ¢y, = K\pc,u,®+ and OF* = Kopo,@+. The
optimum coverage of OMC can be found from @opmc =
K40Oc,1,00, considering a full monolayer of adsorbed atomic
oxygen and the maximum coverage for C,H,4. The Sabatier rates
are found by using the forward rates and the optimum coverages:

e = kOps e (12)

= KGO O = KO, (13)
R = KO (14)

P = k@ g, O (15)

The Sabatier rate for the formation of EO is given by the
lowest of the Sabatier rates of reactions (R3) and (R6), while in
the case of the formation of Ac we have to consider the slowest
reaction among (R3), (R4) and (RY):

Smax)

(16)

I'SEO = min(2r3S"’”“, re

rSAC — min(zr?’Smax’ r4Smux’ rsSnmx). (17)

To extract the difference in the effective activation energy of
the two competing processes, we take all the prefactors v; to be
identical and assume an Arrhenius type law for both processes.
We therefore have:

Ito = vexp(—Epo/kT) (18)
rie = vexp(—EndkT) 19
AE" = Ex. — Exo = kTIn(rio/r3.) (20)

Not surprisingly, since we have assumed that reactions (R1)
and (R2) are in equilibrium, the difference in the effective acti-
vation energy of the two competing processes is 0.02 eV, exactly
the difference between the highest points in the energy profiles of
the two processes, as can be seen in Fig. 2. This, however, is
a lower bound for this difference, since the high activation energy
for the formation of OMC will likely prevent this intermediate
from having the optimal coverage. An upper bound can be
obtained by considering reaction (R5) to be in equilibrium.
Repeating the same reasoning outlined above we obtain a much
larger 1.01 eV difference in the effective activation energies.
Therefore, depending on the details of the kinetics of the two
competing processes, this surface structure can be slightly to very
selective toward the formation of EO.
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Fig. 3 Broensted—Evans—Polanyi relation between the reaction energy
and the activation energy. The black circles correspond to the formation
of acetaldehyde, while the red diamonds correspond to the formation of
ethylene oxide. The solid line and the red dashed line are linear fits for the
formation of acetaldehyde and ethylene oxide, respectively.

In agreement with previous investigations,'* we find that the
activation energy and the reaction enthalpy are approximately
related by a Brensted—Evans—Polanyi (BEP) relation.®*** As we
can see from Fig. 3, the two reactions, though, display a different
dependence of the activation energy on the reaction enthalpy.
This is at variance with the universal relation proposed for the
dissociation reaction of simple molecules on different metal

O(2x2)/Ag(111)

CuO/Ag(111)

surfaces. 3¢ Here the two reactions involve different mechanisms
(hydrogen shift between the two C atoms and formation of
a C=0 double bond in the Ac case, closure of the epoxy ring in
the case of EO) and thus display a different BEP law. Interest-
ingly, we find that the geometry of the two transition states is
only weakly influenced by the underlying surface structure. As
shown in Fig. 4, the reactions on all the surfaces considered share
very similar TS’s. Based on the assumption of the presence of the
OMC intermediate, Kokalj et al.** described the formation of the
TS for Ac as a partial break of both the bond between O and
the surface and the one between C and the surface, whereas in the
formation of EO at the TS the bond between C and the surface is
completely cleaved. This interpretation suggests that the differ-
ence between the C- and O-surface binding energy is the
appropriate descriptor to explain the enhanced selectivity of Cu-
containing structure, such as the surface alloy.'* Here we have
shown, though, that the OMC is not always an intermediate and
that an enhancement in selectivity of some surface structures can
be attributed to a structure-dependent mechanism that has no
resemblance to the clean Ag or 2D surface alloy case.

The results presented in this work suggest, therefore, that there
is not a unique surface structure that is solely responsible for the
catalytic activity of the Ag—Cu alloy. We have shown that in an
oxidizing atmosphere a variety of surface structures can be
present, and that there is not a unique mechanism for ethylene
oxidation that applies to all stable structures. Several of these
structures present similar activation barriers toward the forma-
tion of the oxidation products and are therefore likely to play

CuO/Ag(100)  CuO/Ag(110)

Ac

EO

TOP

TR
(DT
Fig. 4 Sketch of the transition state geometries for the formation of acetaldehyde (top panels) and ethylene oxide (central panels) and top view of the

surface for four structures. The large gray light spheres represent Ag atoms, the large blue dark ones Cu, the medium red ones O and the small gray ones
H. Note how the geometry of the transition state is, to a large degree, independent of the surface structure.
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a role in the catalytic process. In this picture, the synergetic
interplay of different reaction pathways and of different surface
structures is crucial for describing and understanding the effi-
ciency and long time-scale catalysis of the steady state. The
temporal fluctuations of the local structure and composition
among the ones identified in this work, and the resulting change
in the mechanism of reaction, determine what we refer to as the
“system chemistry” of the Ag—Cu alloy, which extends the “one-
structure, one-mechanism” picture often assumed in heteroge-
neous catalysis.

V. Conclusions

In summary, we have investigated the mechanism of ethylene
epoxidation catalyzed by the Ag—Cu alloy. This material, in an
oxygen atmosphere, forms thin copper oxide layers on top of
silver. These structures are stable against reduction by ethylene
under reaction conditions, as predicted theoretically and
confirmed experimentally.'”” Depending on the facet and the
conditions of temperature and oxygen partial pressure, several
surface structures can form. Here we studied how the reactions
that convert ethylene to ethylene oxide and acetaldehyde proceed
on each of the stable surface structures. We find that the reaction
mechanism of ethylene epoxidation is influenced by the under-
lying surface structures, and that the reactions now always
proceed through the formation of an oxametallacycle interme-
diate. We also find that the geometry of the transition states is
not very sensitive to the surface structure and that activation
barriers and enthalpies of reaction are approximately related by
the linear Bronsted—Evans—Polanyi relation. The DFT estimates
of the activation barriers for the competing processes suggest
that these thin Cu-O layers can enhance the selectivity toward
the formation of EO, even though our calculations suggest that
the improvement in the selectivity is small.
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