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Recent experiments on model catalysts have shown that Ag–Cu alloys have improved selectivity with
respect to pure silver for ethylene epoxidation. In this paper, we review our first-principles investigations
on the (111) surface of this alloy and present new findings on other low index surfaces. We find that, for
every surface orientation, the presence of oxygen leads to copper segregation to the surface. Considering
the alloy to be in equilibrium with an oxygen atmosphere and accounting for the effect of temperature
and pressure, we compute the surface free energy and study the stability of several surface structures.
Investigating the dependence of the surface free energy on the surface composition, we construct the
phase diagram of the alloy for every surface orientation. Around the temperature, pressure and compo-
sition of interest for practical applications, we find that a limited number of structures can be present,
including a thin layer of copper oxide on top of the silver surface and copper-free structures. Different
surface orientations show a very similar behavior and in particular a single layer with CuO stoichiometry,
significantly distorted when compared to a layer of bulk CuO, has a wide range of stability for all orien-
tations. Our results are consistent with, and help explain, recent experimental measurements.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Processes such as heterogeneous catalysis and corrosion are
dominated by chemical reactions that happen on the surfaces of
materials [1]. These processes involve length and time scales that
span several orders of magnitude: on one hand, molecular reac-
tions occur on a sub-nanometer length and picosecond time scale,
while, on the other hand, for surface phase transitions, catalysis,
and corrosion the relevant time scale is of the order of microsec-
onds or even seconds. Clearly this calls for a multiscale approach
if one aims at describing, e.g., the full catalytic cycle or the full cor-
rosion problem [2].

Our present study aims at obtaining a detailed knowledge of the
atomic and molecular processes that underlie such phenomena.
We are therefore interested in providing an atomistic description
of the transformations that take place at surfaces, in particular in
the case of heterogeneous catalysis. The study of the formation
or the breaking of a chemical bond, in any reaction, requires a
quantum-mechanical description of the electrons. This calls for a
first-principles description that does not rely on empirical param-
eters but rather just on the knowledge of the types of atoms pres-
ent in the materials or molecules involved in the processes. It also
requires the consideration of the quantum-mechanical kinetic en-
ergy operator in order to account for the shell structure of atoms,
ll rights reserved.

+61 2 935 17726.
iccinin).
molecular orbitals, and chemical bonds. Among the electronic
structure theories that have been developed to tackle such prob-
lems, density functional theory (DFT) [3,4] has emerged as the
most successful approach, given the very favorable ratio between
accuracy and computational cost that this theory provides.

As a first step toward modeling heterogeneous catalysis, an
atomic description of the structure of the surfaces is required [5].
For decades surface science techniques have been employed to
study surface structures and transformations in ultra high vacuum
(UHV) conditions and the knowledge thus obtained has been ap-
plied to ‘‘real life” catalytic processes that often take place at high
temperature and high pressure regimes. While, in many cases, this
approach has been extremely successful (see, e.g., Ref. [6]), the
pressure gap between surface science experiments and realistic
applications inhibits, in several cases, a direct transfer: this is be-
cause the structure and composition of the surface can drastically
change when going from UHV to realistic conditions [1,2]. A typical
system that undergoes such a transformation is ruthenium: the
catalytic activity toward CO oxidation under reactant pressures
of the order of atmospheres has been in fact attributed to the for-
mation of an RuO2 oxide overlayer on Ru, rather than pure Ru (see
Ref. [7] and references therein). Moreover, in this system the high-
est catalytic activity is reached in regions of the phase diagram cor-
responding to boundaries between different stable surface oxide
structures, and the surface structure and stoichiometry at the stea-
dy state of catalysis is very different to any thermodynamically sta-
ble surface. Experiments on CO oxidation at Pt(110) and Pd(100)
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1 The ultrasoft pseudopotentials for Ag, Cu and O were taken from the PWscf
pseudopotential download page: <http://www.pwscf.org/pseudo/htm> (files: Ag.pbe-
d-rrkjus.UPF, Cu.pbe-d-rrkjus.UPF, O.pbe-rrkjus.UPF).
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conducted in high temperature and high pressure conditions [8]
have also shown how, under steady-state conditions, thin oxides
form at the surface and they continuously evolve with time. These
recent results have therefore highlighted both the importance of
the environment and the non-equilibrium nature of catalysis: the
catalyst surface cannot be viewed as a static object but rather as
a system that, at the atomistic level, continuously evolves and
fluctuates.

It is therefore clear that the effects of temperature and pressure
must be properly accounted for in order to obtain a reliable
description of the surface structure and the processes happening
on it. To this end, first-principles calculations, which combine
accurate electronic structure methods with equilibrium thermody-
namics, have been successfully employed to predict the stability of
surface structures of several systems under high temperature and
high pressure conditions [9]. Moreover, such methods have been
included in a multiscale approach that employs kinetic Monte Car-
lo to simulate the dynamics of the full steady-state catalysis. In
some cases the agreement with experiments can be quantitative,
allowing an unprecedented level of insight into the concerted ac-
tions of a dynamical process such as heterogeneous catalysis
[10]. Hence, combining accurate electronic structure methods
and non-equilibrium statistical mechanics techniques is now
emerging as a possible way to tackle the multiscale nature of such
processes.

Furthermore, research carried out in the last few years on oxi-
dation reactions on transition metal catalysts have shown how
the catalyst surface can present a number of possible structures,
rather than a single low energy one. This suggests a scenario in
which the catalyst dynamically evolves in time, fluctuating be-
tween structures with similar energetics. This picture has emerged,
for example, in recent studies of CO oxidation at RuO2(110) [10]
and Pd(100) [11]: in both cases the highest catalytic activity is
reached in regions of the phase diagram corresponding to bound-
aries between different stable surface oxide structures. Experimen-
tally, it has been found through scanning tunneling microscopy
(STM) measurements conducted under realistic catalytic condi-
tions for CO oxidation at Pt(110) and Pd(100) [8] that, under stea-
dy-state catalysis, the thin oxides present at the surface
continuously evolve with time. These recent results have therefore
stressed how the catalyst surface cannot be viewed as a static ob-
ject but rather as a ‘‘living” system that, at the atomistic level, con-
tinuously evolves due to various processes such as adsorption,
desorption, association, dissociation, diffusion and to the competi-
tion between structures with similar energetics.

The use of bimetallic catalysts has been the focus of much work
in the field of heterogeneous catalysis [12], since the catalytic
activity and selectivity of a metal can be modified substantially
by alloying with another metal. For example, geometrical and elec-
tronic effects obtained by varying the alloy composition may play a
crucial role in determining the properties of the catalyst [13]. One
appealing aspect of bimetallic alloys is the possibility of rationally
designing the catalytic properties of the material by changing the
alloy elements and composition. To this end, first-principles calcu-
lations have been shown to be a potentially useful tool for screen-
ing among pools of possible alloys and for extracting trends and
therefore gaining insights into the functioning of the alloy
[14,15]. In view of the above discussion, though, the effects of high
pressure and temperature and the role of the dynamical evolution
of the catalyst must be carefully accounted for, in order for the the-
oretical simulations to have predictive power.

A catalytic process in which the use of bimetallic catalysts could
provide a significant benefit is ethylene epoxidation, which is one
of the most important processes in the chemical industry. Here, an
ethylene molecule (C2H4) is oxidized to ethylene oxide (C2H4O),
which is used in the synthesis of ethylene glycol, polyester fabrics,
surfactants, and detergents. The catalyst for this reaction must pro-
mote the formation of ethylene oxide and at the same time inhibit
the competing reaction, total oxidation to CO2, which is thermody-
namically more favorable. The selectivity toward the formation of
ethylene oxide is therefore a key factor. In industrial applications,
the catalyst used for this important chemical reaction is silver,
and the reaction is carried out at atmospheric pressure and tem-
peratures T = 500–600 K [16]. Both the selective (formation of eth-
ylene oxide) and unselective (total oxidation to CO2, which occurs
via the formation of acetaldehyde) paths have been found to orig-
inate from a common intermediate, an oxametallacycle, in which
the molecule is bound to both a chemisorbed oxygen atom and a
surface atom [17,18]. This intermediate can react to form either
ethylene oxide or acetaldehyde with similar activation barriers.
On the basis of both first-principles calculations [19] and experi-
ments [20] it has been suggested that if an Ag–Cu alloy, rather than
pure Ag, is used as a catalyst, the selectivity toward ethylene oxide
will be improved.

In several recent works the mechanism behind the enhanced
selectivity due to alloying with copper has been addressed
[19,21,22]. The composition and structure of the catalyst surface,
though, has not been thoroughly investigated. Given the discussion
presented above, it is clear that the mechanism of this catalytic
reaction can be strongly influenced by the atomistic details of
the surface. In particular, given the conditions of operation of the
Ag–Cu catalyst in realistic applications, the formation of surface
oxides cannot be ruled out. It has been established that silver can
form several surface oxide structures [23–25] and from the phase
diagram of the Cu–O system, considering the temperature and oxy-
gen pressure used in practical applications, but neglecting the ef-
fect of ethylene, the formation of CuO is expected, therefore
suggesting that copper might also oxidate.

In this paper, we review our work on the first-principle investi-
gations of the structure of the Ag–Cu(111) surface under varying
oxygen pressure and temperature conditions, and we present
new results on other low-index surfaces. In our calculations we
consider the alloy surface to be in thermodynamic equilibrium
with an atmosphere of pure oxygen. The effect of the presence of
other reactants such as ethylene is not investigated in this work.
Under the conditions of steady-state catalysis it is therefore likely
that the surface of the catalyst might be modified with respect to
the stable structures found in a pure oxygen atmosphere. Hence
our work can be thought of as a first step in gaining insight into
the possible structures of the alloy, an essential prerequisite for
modeling the full catalytic process. The paper is organized as fol-
lows: in Section 2 we briefly review the theoretical background rel-
evant for this work, present the definitions of the quantities that
will be used throughout the paper and discuss the approximations
and assumptions that underpin our methodology. In Section 3 we
report our results and discuss their relevance. Section 4 summa-
rizes the main findings.

2. Calculation method

The density functional theory (DFT) calculations presented in
this work are performed using the generalized gradient approxi-
mation (GGA) of Perdew–Burke–Ernzerhof (PBE) [26] for the ex-
change and correlation functional. The electron–ion interactions
are computed using ultrasoft pseudopotentials [27],1 including sca-
lar relativistic effects, and the energy cutoff for the plane wave
expansion is 27 Ry (200 Ry for the charge density cutoff). The Brill-
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ouin zone is sampled using a Monkhorst–Pack mesh [28], broaden-
ing the Fermi surface according to the Marzari–Vanderbilt cold-
smearing technique [29], using a smearing parameter of 0.03 Ry. A
12 � 12 � 1 k-point mesh is used for the (1 � 1) surface unit cell
of the (111) and (100) surfaces, while a 12 � 9 � 1 mesh is used
for the (1 � 1) surface unit cell of the (110) surface. For larger unit
cells, the k-point mesh is scaled accordingly to give us identical k-
point sampling. All the calculations are performed using the PWscf
code contained in the Quantum-ESPRESSO package [30]. We use a
slab geometry to model the surfaces, using 4 Ag atom layers for
the (111) surface, 6 for the (100) and 6 for the (110), on top of
which the adsorption structures are created, on one side on the slab
only. For large unit cells, in particular for the (4 � 4) structures on
the (111) surface, we reduced the number of Ag layers to three.
The bottom two layers are fixed to the bulk positions, while all other
atoms are allowed to relax until the forces are less than 0.001 Ry/
Bohr (0.025 eV/Å). A 12 Å vacuum layer is used, which is found to
be sufficient to ensure negligible coupling between periodic replicas
of the slab. Further details of the calculations presented in this work
can be found in one of our previous publications [31].

To help the discussion presented in the following section, we
now define several quantities. Considering the adsorption of atom-
ic oxygen on a clean Ag surface, we define the average binding en-
ergy per oxygen atom as

EO=Ag
b ¼ � 1

NO
EO=Ag � Eslab þ NOEO

� �h i
; ð1Þ

where NO is the number of oxygen atoms in the unit cell, EO/Ag, Eslab

and EO are the total energies of the adsorption system, the Ag slab
and half the oxygen molecule, i.e. EO ¼ 1=2Etotal

O2
. With this defini-

tion, a positive binding energy indicates that the adsorption of an
oxygen atom is exothermic with respect to oxygen in molecular
gas phase form. Here we point out that the significant error
(�0.54 eV) in the oxygen molecule binding energy introduced by
the GGA-PBE approximation (1=2EO2

b ¼ 3:10 eV, while the experi-
mental value is 2.56 eV [32]) introduces a large error bar in the
determination of the oxygen chemical potential. This error, how-
ever, is partially be compensated by the analogous GGA-PBE error
in the description of oxygen chemisorbed on the metal surfaces.

To account for the effects of temperature (T) and pressure (p)
we employ ‘‘ab initio atomistic thermodynamics” [5,33–36], which
allows the determination of the lowest energy structures as a func-
tion of T and p. The surface is considered to be in contact with an
oxygen atmosphere that acts as a reservoir, therefore exchanging
oxygen atoms with the surface without changing its temperature
and pressure (i.e. its chemical potential).

The change in Gibbs free energy is calculated as

DGðlOÞ ¼
1
A

GO=Ag � Gslab � DNAglAg � NOlO

� �
; ð2Þ

where GO/Ag is the free energy of the adsorbate/substrate structure,
Gslab is the free energy of the clean Ag slab, DNAg is the difference in
the number of Ag atoms between the adsorption system and the
clean Ag slab, lAg and lO are the atom chemical potentials of Ag
and O. The change in Gibbs free energy is normalized by the surface
area A to allow comparisons between structures with different unit
cells; we will refer to this quantity as the ‘‘change in Gibbs surface
free energy of adsorption”, or simply ‘‘surface free energy”. The
chemical potential of Ag is taken to be that of an Ag atom in bulk
Ag, therefore assuming that the slab is in equilibrium with the bulk,
that acts as the silver reservoir. The oxygen chemical potential de-
pends on temperature and pressure according to [37]

lOðT;pÞ ¼
1
2

Etotal
O2
þ ~lO2 ðT;p0Þ þ kBT ln

pO2

p0

� �� �
: ð3Þ
Here p0 is the standard pressure and ~lO2 ðT;p0Þ is the chemical po-
tential at the standard pressure, which can obtained either from
thermochemical tables [38] (the choice made in this study) or di-
rectly computed.

While the free energy should include terms that depend on the
vibrational modes of the system, as well as configurational disor-
der, in our treatment we neglect such contributions. Especially
when comparing systems with different stoichiometries, such
terms can be non-negligible. For our system, however, through a
simple estimate based on the Einstein model and approximating
the phonon density of states by just one characteristic frequency
for oxygen, we have shown [31] that neglecting the vibrational
contributions to the free energy does not alter the main findings
of our work. Also the configurational entropy has been found,
through a simple estimate, not to contribute significantly to the
free energy [31]. Hence, within this model, the only term that de-
pends on T and p is the oxygen chemical potential. As a conse-
quence, the free energies GO/Ag and Gslab are identified as the
total energies EO/Ag and Eslab.

If we now consider the presence of copper impurities in the sil-
ver surface, we need to modify the definition of surface free energy.
As we will show later in the paper, we deal with structures in
which an overlayer containing O, Ag and Cu is adsorbed on a clean
Ag surface. If we consider Cu to be in equilibrium with a bulk Cu
reservoir, the definition of surface free energy becomes

DGðlOÞ ¼
1
A

GO=Cu=Ag � Gslab � DNAglAg � NCulCu � NOlO

� �
; ð4Þ

where GO/Cu/Ag is the free energy of the adsorption system, NCu is the
number of Cu atoms and lCu is the copper chemical potential. Since
in this work, as we will show in Section 3, we are interested in iden-
tifying the structures belonging to the convex hull of the free energy
vs. copper content curve, which depends on the curvature of such
curve, rather than the absolute surface free energy, the choice of
the Cu chemical potential is arbitrary, since the surface free energy
depends linearly on it (see Eq. (4)). We now define the average oxy-
gen binding energy in the whole structure as

EO=Cu=Ag
b ¼ � 1

NO
EO=Cu=Ag � Eslab þ DNAglAg þ NCulCu þ NOEO

� �h i
:

ð5Þ

Using the above-mentioned approximations, we can express the
change in Gibbs surface free energy in terms of the average oxygen
binding energy

DGðDlOÞ ¼ �
1
A

NOEO=Cu=Ag
b þ NODlO

� �
; ð6Þ

where the oxygen chemical potential is now referenced with re-
spect to half an isolated O2 molecule: DlO ¼ lO � 1

2 Etotal
O2

.
In writing the change in free energy as in Eq. (6) we are negleg-

ting the contribution to the free energy coming from the configu-
rational entropy. It has been shown [31] that indeed this
approximation introduces negligible effects for the range of tem-
peratures we are interested in.

3. Results

3.1. Oxygen-induced segregation of copper to the surface

Due to their significant (13%) lattice mismatch, copper and sil-
ver are known to be almost completely immiscible in the bulk at
temperatures of interest for industrial applications. In several
cases, however, elements which are immiscible in the bulk have
been found to form stable two-dimensional alloys at the surface
[39]. These include Na and K deposited on Al(111) and (001)
[40], Au on Ni(110) [41], Ag on Pt(111) [42] and Sb on Ag(111)
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[43]. Indeed, the presence of such a two-dimensional alloy has
been invoked also for the Ag–Cu system in the work by Linic
et al. [19]

Considering the (111) surfaces of Ag and Cu, due to the fact the
surface energy of silver is considerably lower than the one of cop-
per (experimental values: cAg(111) = 0.078 eV/Å2 [44] and
cCu(111) = 0.114 eV/Å2 [45]), it is unlikely for copper impurities in
silver to be exposed on the surface. We verified this by computing
the total energy of a (111) silver slab in which every fourth Ag sur-
face atom is substituted with a Cu atom. By changing the layer of
substitution, we found that the most favorable position for a Cu
impurity is one layer below the surface. We also found that an in-
crease in the copper content on the surface leads to an increase in
surface energy. This is true for all the three surface orientations
considered here, i.e. (111), (100) and (110). The results are shown
in Fig. 1 as the curves with black dots. The positive slope of the
curves indicate that it is unfavorable for Cu to migrate to the sur-
face. The black curves in Fig. 1 have an almost negligible convexity,
indicating a very small tendency to form a surface alloy. The con-
figurational entropy contribution to the free energy, neglected in
the present approach, would further enhance the stability of an al-
loy at finite temperature. At T = 600 K we estimate this term to
contribute 5 MeV/Å2 to the surface free energy [31]. We therefore
find that for this system, when Cu is confined to the first layer and
in the absence of oxygen, there is a weak tendency to form a two-
dimensional alloy. Similar results have been found for an Ag–Cu al-
loy on the Cu(100) surface [46].

Cu thin-film growth on Ag(111) in ultra high vacuum (UHV) has
been recently studied experimentally [47,48]. It was found that at
room temperature, upon deposition of Cu on Ag(111), Cu forms is-
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Fig. 1. Change in Gibbs surface free energy at T = 0 K (cf. Eq. (6)) as a function of Cu co
indicated in the legend in monolayers (ML). The energy zero corresponds the surface ene
top right to the (100) surface and the bottom one to the (110) surface.
lands that are encapsulated by one monolayer of Ag. These findings
agree with our theoretical results which show that the most favor-
able configuration for Cu is to sit one layer below the Ag surface
layer.

When oxygen is introduced into the system, the picture changes
completely: We find that the presence of oxygen chemisorbed on
the alloy surface has the remarkable effect of reversing the slope
of the (black dots) curves for the surface energy versus Cu surface
composition, shown in Fig. 1. For these calculations we consider an
Ag–Cu alloy in the first layer of the Ag slab, with oxygen adsorbed
in the most favorable adsorption sites. By fully relaxing the struc-
ture, we calculate the change in surface free energy at T = 0 K as a
function of the Cu content in the first layer and the oxygen cover-
age. The results are shown in Fig. 1 for the three surfaces consid-
ered in this work. We can see that for the (111) surface the
presence of at least a quarter of a monolayer (ML) of oxygen in-
duces Cu to segregate to the surface, i.e. it changes the slope of
the curve from positive (for an oxygen coverage relative to the
underlying Ag(111) lattice hO < 0.25 ML) to negative (for
hO P 0.25 ML). The driving mechanism here is the strong affinity
between oxygen and copper, which more than compensates the
unfavorable surface energy of Cu with respect to Ag: The adsorp-
tion energy (cf. Eq. (1)) of oxygen at 0.25 ML coverage on
Ag(111) and Cu(111) is 0.38 eV/atom and 1.57 eV/atom, respec-
tively. We also see that in the absence of copper (i.e. the left end
of the graphs in Fig. 1), the most stable structure is the one with
hO = 0.25 ML, i.e. the lowest O coverage. At higher oxygen cover-
ages the oxygen–oxygen repulsion overcomes the formation of
O–Ag bonds, leading to an increase in surface energy with the oxy-
gen coverage. At the opposite end of the graph, where a full mono-
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layer of copper is present in the first layer of the slab, the surface
energy decreases with the oxygen coverage: This is due to the con-
tribution to the surface energy of the formation of strong O–Cu
bonds. The (100) and (110) surfaces display a behavior qualita-
tively similar to the (111) surface, but the transition to a negative
slope takes place at a higher oxygen coverage, 0.5 ML and 0.75 ML
for the (100) and (110) surface, respectively.

A study similar to the one shown here has been recently pre-
sented for the Ag3Pd alloy [49]. Also in that system the presence
of oxygen has the effect of inverting the segregation profile: While
oxygen poor conditions favour Ag-terminated surfaces, in oxygen
rich conditions Pd is driven to the surface, due to the strength of
the Pd–O bond compared to the Ag–O one. The Pt–Ru alloy displays
analogous properties as well [50], where the more noble Pt is ex-
posed in absence of oxygen, while the strong Ru–O bond leads to
Ru segregation at the surface in oxygen rich conditions. All these
systems therefore display the same trend: In absence of oxygen
the element with the lowest surface energy is exposed, while in
the presence of oxygen the element with the higher affinity with
oxygen segregates at the surface.

3.2. Stable structures on the Ag–Cu alloy surfaces

Having established that in the presence of oxygen, for all the
three surface orientations considered, there is a clear tendency
for Cu to segregate to the surface, in the following we assume that
Cu is confined to the surface and we investigate what are the most
stable surface structures as a function of temperature and pressure.
Given the fact that copper might oxidize under the typical condi-
tions of oxygen pressure and temperature in which the catalyst
is supposed to operate, we also consider surface structures that
are derived from the corresponding bulk copper oxide geometries.
Here we point out that the real catalyst operates in the presence
Fig. 2. Top and side view of some of the low energy structures considered in this work: (a
Ag/O(2 � 2) on the (100) surface, (d) 1 layer of CuO on the (111) surface, (e) 1 layer of Cu
represent oxygen, the blue (dark grey) ones represent copper and the grey (light grey) r
not only of oxygen but also of ethylene, which acts as the reducing
agent. Since in our calculations we do not consider the presence of
ethylene, the stability of the structures we study here could be al-
tered by accounting for the effects all the reagents.

We study, for each of the three surface orientations, three types
of structures: (i) chemisorbed oxygen on the Ag–Cu alloy in the
first layer of the Ag slab (as described in the previous section),
(ii) structures derived from copper(I) oxide Cu2O, whose structure
can be visualized as trilayers of O–Cu–O piled up on top of each
other and (iii) structures derived from copper(II) oxide CuO.

For the first set of structures we employ (2 � 2) unit cells and
label the structures using the notation OxML/CuyML, where x and
y are the content of O and Cu, expressed in monolayers with re-
spect to the underlying Ag surface. In the case of the (100) and
(110) orientations, we also study the missing row and the added
row reconstructions, respectively, allowing for Cu alloying in the
first layer (see Fig. 2a). For the (100) surface, in the absence of
Cu, also the c(4 � 6) reconstruction has been considered, using
the data for the energetics reported in Ref. [51].

For the second set of structures, the geometries are derived
from bulk Cu2O. We use various film thicknesses, from 1 up to 5
layers. For each surface orientation, forcing the Cu2O film to be
commensurate to the underlying Ag surface,results in a 7% com-
pression of the Cu2O film area compared to the bulk value. In the
case of the (111) orientation, we use the label ‘‘p2” or ‘‘p4”
depending on whether the periodicity of the structure is (2 � 2)
or (4 � 4) with respect to the clean Ag surface. Of particular inter-
est are the ‘‘p2” and the ‘‘p4-OCu3” structures. The atomic geome-
try of the ‘‘p2” structure is shown in Fig. 2b. Here each Cu is linearly
bonded with two O atoms and each O atom is bonded to three Cu
atoms, in a ring-like structure similar to the ones proposed for thin
oxide-like layers on Ag(111) [23] and Cu(111) [52]. The ‘‘p4-OCu3”
is a p4 structure in which an OCu3 unit has been removed. For the
) (2 � 1) added row structure on the (110) surface, (b) ‘‘p2” on the (111) surface, (c)
O on the (100) surface, (f) 1 layer of CuO on the (110) surface. The red (black) atoms
epresent silver.
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(100) orientation we use a ð
ffiffiffi
2
p
�

ffiffiffi
2
p
Þ unit cell and for the (110)

surface we use a (2 � 2) cell. None of these structures on the
(100) and (110) surfaces, as we will show later, are found to be
present in the phase diagram.

For the third set of structures, we consider thin layers of CuO-
like configurations, with a thickness up to five layers. In this case
we must bear in mind that bulk CuO is poorly described with
DFT-PBE: CuO is a strongly correlated antiferromagnetic semicon-
ductor, with a monoclinic structure (a = 4.65 Å, b = 3.41 Å,
c = 5.11 Å, b = 99.5�), where Cu is linearly bonded to 2O atoms
and O is bound to 2Cu atoms [53]. DFT-PBE, on the other hand, pre-
dicts CuO to be a metal with an almost orthorhombic structure
(a = 4.34 Å, b = 4.01 Å, c = 5.22 Å, b = 92.2�), in which each O atom
is tetrahedrally coordinated to 4Cu atoms and each Cu atom is
bonded in a square planar geometry to 4O atoms. The predictions
for thick films of CuO must therefore be regarded as qualitative.
The computed formation energy per oxygen atom in bulk CuO is
1.23 eV (experimental value 1.63 eV [54]) and the Cu–O bond
length is about 1.97 Å (experimental value 1.67 Å). Going beyond
the DFT-PBE description is a major task. Calculations for CuO and
Cu2O using GGA + U plus G0W0 [55], as well as other methodology
[56], are in progress. Given the fact that CuO does not have a cubic
structure, forcing the CuO thin layers to be commensurate with the
underlying Ag substrate leads to distortions that depend on the ori-
entation of the surface. In our study we consider (2 � 2) cells for
the (111) and (100) surfaces and (2 � 1) cells for the (110). This
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Fig. 3. Thermodynamic diagrams (i.e. change in surface free energy versus oxygen chem
surface, the top right one to the (100) surface and the bottom one to the (110) surface
leads to a compression of the Cu–O bonds that, for every orienta-
tion, is of the order of 3%, and the relaxed geometries of the struc-
tures strongly depend on the surface orientation (see Fig. 2d–f). We
find that one layer of CuO is particularly stable for every orienta-
tion. For this structure we calculate the formation energy per oxy-
gen atom to be 1.16 eV for the (111) surface and 1.26 eV for both
the (100) and (110) surfaces.

In addition to the structures considered in this work, it is likely
that other structures involving thin oxide-like layers with similar
surface energies exist for this system. Recent works on O/
Ag(111) [23–25] and O/Pd(111) [57] have shown that for these
systems a multitude of structures with similar energetics can be
found.

3.3. Thermodynamic diagrams for the Cu–O/Ag system

In Fig. 3 we report the change in Gibbs surface free energy of the
structures considered as a function of the change in oxygen chem-
ical potential. The three graphs correspond to the three surface ori-
entations considered in this work. We also show at the bottom of
the plot, for three values of temperature (300, 600 and 900 K),
the value of pressure corresponding to the chemical potential
shown in the abscissa of the plot.

As we can see from Eq. (6), the slope of the lines in Fig. 3 is pro-
portional to the oxygen coverage, i.e. the higher the oxygen content
the steeper the line. In all the three graphs, the vertical dashed line
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at DlO = �1.26 eV represents the change in chemical potential
above which Cu oxidizes to Cu2O, which, as one can show, corre-
sponds to the computed heat of formation of Cu2O. The vertical
dashed line at DlO = �1.23 eV, on the other hand, represents the
change in chemical potential above which Cu oxidizes to CuO.

In the case of the (111) surface, we can see that in the range of
values of the oxygen chemical potential considered (�1.6 < DlO <
�0.4 eV) the thermodynamically most stable structures are: pure
Ag for DlO < �1.43 eV, the surface oxides ‘‘p2” and ‘‘p4-OCu3” (al-
most degenerate) between �1.43 < DlO < �1.26 eV, bulk copper(I)
oxide Cu2O for �1.26 < DlO < �1.23 eV and bulk copper(II) oxide
CuO for DlO > �1.23 eV.

For the (100) surface we find that no surface oxides are stable.
For DlO < �1.26 eV pure Ag is the stable structure, while above
that value of oxygen chemical potential, as in the (111) surface,
we find the two bulk copper oxides to be stable.

For the (110) surface, on the other hand, we find that in the
range �1.46 < DlO < �1.26 eV a three layer thick Cu2O surface
oxide is the stable structure, while at lower oxygen chemical po-
tential the stable structure is pure Ag and at higher oxygen chem-
ical potential the bulk copper oxides become stable.

It is interesting to note that none of the alloyed chemisorbed
structures (the structures labelled as OxML/CuyML) are thermody-
namically stable for any of the three surfaces, while there are re-
gions in which two-dimensional surface oxides are stable, both
on the (111) and the (110) surfaces. This situation is similar to
what has been found for the O/Cu(111) system [52], where it
was argued that copper oxidation does not proceed via ordered
chemisorbed structures, at variance with other transition metal
surfaces. We also find that none of the O/Ag structures, i.e. struc-
tures containing no Cu (not shown in Fig. 3), are thermodynami-
cally stable in the range considered here. This is not unexpected,
given the weaker strength of the Ag–O bond with respect to the
Cu–O one.

3.4. Surface phase diagrams

Having identified, among those considered here, the thermody-
namically most stable ordered structures for the infinite (111),
(100) and (110) surfaces, we now consider the situation in which
we have a well defined Cu surface content in each of those surfaces.
For a finite system (e.g. an Ag particle) of known dimensions and
well defined Cu content, if we assume that all the Cu present in a
spherical nanoparticle segregates and homogeneously distributes
on the surfaces of the particle in a site of the Ag fcc lattice, given
the size of particle and the total Cu content, we can estimate the
Cu surface content. For example in a 50 nm spherical particle with
a 1% Cu content (typical values of particle size and copper content
of Ag–Cu alloys used in experiments in which the effect of Cu
impurities was investigated [20]) the (average) surface Cu content
is 0.35 ML, where 1 ML corresponds to the first layer of the particle
being pure copper. Experiments carried out on Ag–Cu alloys with
0.1–1% Cu content at �500 K have shown that in an oxidizing envi-
ronment the Cu surface content is in the range 0.1–0.75 ML [20].

In the following, we will consider the three surfaces investi-
gated in this work and use the results shown in Fig. 3 to predict
which structures will be present on the surfaces as a function of
the copper content and the oxygen chemical potential. We also ex-
ploit the vast literature available for the O/Ag system [23,24] to in-
clude the most stable structures for the system in the absence of
copper.

As an example, we show explicitly the case for DlO = �0.80 eV,
corresponding to an oxygen pressure of 10�3 atm. at the tempera-
ture of 600 K. Fig. 4 shows the change in surface free energy at
DlO = �0.80 eV of all the structures we have considered on the
(111) surface (a total of 55 structures, including the O/Ag ones)
as a function of the Cu surface content. By constructing the convex
hull, i.e. the curve obtained by joining those structures that are
most stable with respect to linear combinations of structures at
other compositions that would yield the same total composition,
we identify the structures (indicated by the red dots in Fig. 4) that
are stable against phase separation into any two other structures.
Although in Fig. 4 we show only the portion of the diagram up to
a Cu content of 1 ML, we have computed structures including up
to five CuO and Cu2O layers in order to be able to extrapolate the
behavior of bulk CuO.

For a specific Cu content, e.g. 0.25 ML, the convex hull plot helps
to predict that a mixture of pure Ag and ‘‘p4-Cu3O” (rather than a
single ordered structure with 0.25 ML Cu content) will be present
on the Ag(111) surface at DlO = �0.80 eV, in a ratio given by the
lever rule, i.e. by the mass conservation law. By repeating this
scheme for all the values of the oxygen chemical potential in the
range considered in this work, we build a phase diagram as a func-
tion of the oxygen chemical potential and the copper surface con-
tent. This is shown in Fig. 5 for the three surface orientations
considered in this work. We find that the convex hull, for high
Cu content, always includes the structure with the largest number
of CuO layers (or Cu2O layers at lower oxygen chemical potential),
i.e. bulk oxide formation is favored beyond a certain Cu surface
content. We therefore cut the plot in Fig. 5 at a Cu composition
of 1.50 ML, where it is understood that the rightmost structure is
‘‘bulk” oxide. However, care must be taken in the meaning given
to such ‘‘bulk” structure in the context of a finite system as the
one we are modeling here. We interpret the numerical evidence
of the presence of the bulk structure in the convex hull as a ten-
dency for the formation of thick patches of either CuO or Cu2O.

In the phase diagram shown in Fig. 5 we have explicitly written
the two structures coexisting in a number of regions around the
values of interest of oxygen chemical potential and copper content.
Around DlO = �0.60 eV, for all three surface orientations, we find
that the stable structures include clean Ag (on the (111) surface)
or Ag–O structures (Ag/O(c4 � 6) on the (100) surface and Ag/Oar

on the (110) surface) at low Cu content, CuO(1L) for intermediate
levels and bulk CuO at high Cu content. The fact that these features
are general and do not depend strongly on the surface orientation
allows us to draw some general conclusions. First of all, a two-
dimensional alloy on the catalyst surface is never stable, for any
of the low index surfaces examined here. The strength of the Cu–
O bond is the factor determining the absence of any surface alloy
and the presence, on the other hand, of thin or thick layers of cop-
per oxide. Secondly, a thin layer of CuO is particularly favorable for
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all orientations, making this structure a possible candidate to ex-
plain the high selectivity of the Ag–Cu alloy for ethylene
epoxidation.

The picture emerging from our results is consistent with recent
experiments performed on the Ag–Cu system under catalytic con-
ditions [58]. In these experiments Ag–Cu nanopowders (�100 nm
in diameter and 2.5% Cu) were used as the catalyst for ethylene
epoxidation at T = 520 K and p = 0.5 mbar, corresponding to
DlO = �0.69 eV. Through a combination of in-situ XPS, and near
edge X-ray absorption fine structure (NEXAFS) measurements, thin
layers of CuO and Cu2O are found be to present on the surface,
while no signs on a surface alloy are detected. Areas of clean Ag
are also present on the surface, in agreement with our theoretical
calculations.

These results also show that the simple two-dimensional alloy
structure adopted in Ref. [19] for the Ag–Cu surface to model the-
oretically the ethylene epoxidation reaction is not stable and is sig-
nificantly different from what we expect to be relevant under high
pressure conditions. The model used in Ref. [19] assumes a (2 � 2)
periodicity for the Ag(111) surface in which one atom out of four is
replaced with copper, and oxygen is chemisorbed on it. Our results
suggest on the other hand that, for this surface, a model that in-
cludes, depending on the Cu surface content, clean Ag(111),
patches of oxide-like thin layers and thick layers of CuO, is a more
appropriate model for the Ag–Cu catalyst (111) surface. Moreover,
we have shown that this picture is valid also for the other low in-
dex surfaces.
4. Conclusions

By means of ab initio atomistic thermodynamics we have inves-
tigated the low index surfaces of the Ag–Cu alloy in equilibrium
with an oxygen atmosphere, accounting for the effects of temper-
ature and pressure. For all the surface orientations considered in
this work, the presence of oxygen on the surface leads to copper
segregation, due to the strength of the O–Cu bond relative to the
O–Ag one. We have studied, for every orientation, surface struc-
tures that include chemisorbed oxygen on a two-dimensional
Ag–Cu alloy as well as Cu2O and CuO layers, both in the single layer
limit and in the bulk limit. Through the construction of the oxygen
chemical potential dependent convex hull, we have predicted, as a
function of the surface copper content, temperature and pressure,
the combinations of structures that are most stable. The phase dia-
grams constructed this way show remarkable similarities for dif-
ferent surface orientations. For the (111) surface, around the
temperature and pressure of interest for practical applications
and depending on the copper surface content, our results indicate
that clean Ag(111) and thin copper oxide-like structures (p4-Cu3O,
p2 and CuO(1L)) can coexist. For the (100) orientation the Ag/
O(2 � 2) and the CuO(1L) structures are predicted to be present
on the surface, while on the (110) surface the Ag/Oar and the
CuO(1L) structures are present in the phase diagram around the re-
gion of interest. Therefore a combination of Ag/O structures and
thin copper oxide layers are predicted for all surface orientations.
A single layer of CuO, in particular, has a wide range of stability
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on all surfaces. The model for the surfaces of the Ag–Cu catalyst
that emerges from our calculations differs substantially from the
one proposed in earlier works aimed at investigating the effect of
copper impurities in silver on the mechanism of ethylene epoxida-
tion. Our results suggest that to gain insight into the full catalytic
cycle one should consider oxygen species such as those in the pro-
posed structures, rather than just oxygen chemisorbed on the clean
alloy surface.

Here we have limited ourselves to the study of the thermody-
namic equilibrium between the Ag–Cu alloy and an oxygen atmo-
sphere. In the steady state conditions of catalysis, however, the
surface of the alloy could be altered by the interplay of various pro-
cesses, such as molecular adsorption and desorption and chemical
reactions happening on the surface. Furthermore, in our thermody-
namic equilibrium we only accounted for the presence of oxygen,
while neglecting the reducing effects of ethylene. Our work can
therefore be considered only as a first, albeit necessary, step to-
ward understanding the full catalytic cycle.
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