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Abstract

To gain an initial understanding of the copper-based catalysts in commercially important chemical reactions such as the oxygen-
assisted water–gas shift reaction, we performed density-functional theory calculations, investigating the interaction of oxygen and cop-
per, focusing on the relative stability of surface oxides and oxide surfaces of the O/Cu system. By employing the technique of ‘‘ab initio

atomistic thermodynamics’’, we show that surface oxides are only metastable at relevant pressures and temperatures of technical catal-
ysis, with no stable chemisorption phase observed even at very low coverage. Although exhibiting only metastability, these surface oxides
resemble the bulk oxide material both geometrically and electronically, and may serve as a precursor phase before onset of the bulk oxide
phase. Having identified the bulk oxide as the most stable phase under realistic catalytic conditions, we show that a Cu2O(111) surface
with Cu vacancies has a lower free energy than the stoichiometric surface for the considered range of oxygen chemical potential and
could be catalytically relevant.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The basic interaction between oxygen and metal surfaces
is crucial to the fundamental understanding of the role of
oxygen in a number of important technological processes,
such as oxidation, corrosion and heterogeneous catalysis
[1,2]. Many recent studies have shown that oxygen/transi-
tion metal (O/TM) systems exhibit a rich and complex sur-
face phase space depending upon, e.g., pressure,
temperature, and stoichiometry [1–16]. Clearly, having a
precise knowledge of the detailed atomic structure is cen-
tral in improving the performance of existing catalysts as
well as developing new ones.

Increased awareness of clean energy technology in re-
cent years has brought about a renewed interest in the
water–gas shift (WGS) reaction in relation to fuel-cell tech-
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nologies, where hydrogen is produced via partial oxidation
and steam reforming of hydrocarbons and methanol [17].
Copper-based catalysts are known to be catalytically active
for methanol synthesis, partial oxidation of methanol and
the WGS reaction. The active site, the role of support oxi-
des, and each detailed reaction mechanism are still however
not well known or understood.

As a first step towards gaining insight into the micro-
scopic mechanisms involved in these technologically
important reactions, it is helpful to investigate the interac-
tion of O with Cu and the formation of oxide structures [3].
In the present work, we focus on the (111) surface of Cu
and report results of first-principles calculations for the rel-
ative stability of surface oxides, and oxide surfaces, with
the former being thin oxidic structures formed on the cop-
per metal surface and the latter cleaved crystallographic
surfaces of the bulk oxide material. The O/Cu(111) system
has been investigated both theoretically [3,18] and experi-
mentally [19–29]. Recent ultra-high vacuum scanning
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tunneling microscopy experiments [19] have shown that
oxidation of the Cu(111) surface is extremely complex. Ob-
served surface geometries are described as a
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(also known as the ‘‘29’’-structure). These phases are
thought to resemble the primary structure of one layer of
Cu2O(111), consisting of a tri-layer repeat unit with each
copper layer packed in between two layers of oxygen
atoms. The surface unit cell of Cu2O(111) is approximately
four times the surface unit area of Cu(11 1) and bears a
hexagonal symmetry. These factors suggest that the bulk
oxide formation could be achieved via a surface oxide
phase.

Recently, we investigated surface oxide formation on
Cu(11 1) using state-of-the-art density-functional theory
(DFT) calculations where we used (4 · 4) surface unit cells
to model the above-mentioned experimentally observed
structures [3]. Using the approach of ‘‘ab initio atomistic
thermodynamics’’ [7,8], we identify three low-energy oxidic
structures, which are energetically preferred compared to
chemisorption on the surface, even at very low coverages,
yet are metastable compared to the bulk cuprous oxide at
relevant pressures and temperatures of technical catalysis.
These surface oxides are similar to those identified from
density-functional theory (DFT) calculations of the
(4 · 4) O/Ag(111) system [9]. However, for the latter sys-
tem, such structures are stable with respect to the bulk sil-
ver oxide. Recently, a new (4 · 4) reconstruction of the
Ag(11 1) surface has been proposed, which shows consider-
ably better agreement with experimental results than all
previously considered models [4,5]. Being in the same base
metal group in the periodic table, we investigate in the pres-
ent paper the relative stability of this structure for the O/
Cu(11 1) system.

As mentioned above, the bulk cuprous oxide phase is
thermodynamically stable at relevant catalytic conditions.
From the experimental literature, it is often reported that
a ‘‘Cu2O(111)’’-like oxidic structure forms on an oxidized
Cu(11 1) surface [19,27,29], hence as a first step, we inves-
tigate the relative stability of various terminations of bulk
Cu2O(111) under relevant pressure and temperature condi-
tions. Our results show a preference for non-stoichiometric
(Cu-lean) defected surface.

2. Methodology

All the DFT calculations are performed using the gener-
alized gradient approximation of Perdew, Burke and Ern-
zerhof [30] for the exchange–correlation potential as
implemented in the DMol3 code. The DMol3 method is
an all-electron code, which employs fast converging three-
dimensional numerical integration to calculate the matrix
elements occurring in the Ritz variational method. More de-
tails of the DMol3 code can be found elsewhere [31].

All surface structures are modeled in a supercell geome-
try, employing a symmetric slab consisting of five (111) Cu
layers, with the oxidic structures constructed on both sides.
A vacuum region of 25 Å ensures the decoupling of re-
peated slabs. The surface oxide layer and two outermost
Cu layers are fully relaxed. The wave-functions are ex-
panded in terms of a double-numerical quality localized
basis set with a real space cutoff of 9 Bohr. Brillouin-zone
integrations are performed using a (12 · 12 · 1) Monk-
horst–Pack grid with 19 k points in the irreducible Brillou-
in-zone (IBZ) of a (1 · 1) cell and a thermal broadening of
0.1 eV. To obtain the same sampling of the reciprocal space
for larger surface cells, this number is reduced accordingly.
To model the Cu2O(111) surfaces, we employ a (1 · 1) sur-
face unit cell and use a (8 · 8 · 1) Monkhorst–Pack grid
with 10 k points in the IBZ. We use a 15-atomic layer slab,
separated by a vacuum region of 33.5 Å, and fully relax the
12 outermost layers. The high accuracy of the basis set is
described in Ref. [3].

To take into consideration realistic experimental condi-
tions, the effect of temperature and pressure is included by
taking into account the surrounding gas phase in terms of
‘‘ab initio atomistic thermodynamics’’ [7,8]. This approach
allows the determination of the lowest-energy surface
structure, for given conditions of a surrounding gas phase.
More details of the methodology can be found elsewhere
[2,3].

3. Results and discussion

3.1. Surface oxides

In our earlier publication [3], we carried out detailed
DFT calculations to investigate on-surface and sub-surface
adsorption of O on Cu(111), as well as the stability of sur-
face oxide structures. To replicate the so-called ‘‘44’’- and
‘‘29’’-structures, we used a (4 · 4) supercell to model vari-
ous possible configurations of different oxygen content.
As the surface area of a (1 · 1) unit cell of Cu2O(1 11) is
approximately four times that of Cu(111), the (4 · 4)
supercell is deemed a good starting point to mimic these
superoxide structures seen experimentally. Our findings
may be summarized as follows: For conditions typical of
technical catalysis (e.g., p = 1 atm, T = 600 K), the bulk
oxide is thermodynamically most stable; however, if forma-
tion of the fully oxidized surface is prevented due to kinetic
hindering, thin surface oxides are found to be energetically
preferred compared to chemisorption on the surface, even
at very low coverage. The main results are displayed in
Fig. 1A, which shows the Gibbs free energy of the low-
est-energy structures versus the oxygen chemical potential
[8]. By including the effects of pressure and temperature
through the dependence of the oxygen molecule, we corre-
late the oxygen chemical potential with a pressure scale for
selected temperatures. For reference, we have included the
result for chemisorption of O on Cu(111) at coverage
0.25 ML, as calculated using a (2 · 2) surface unit cell. It
can be seen that for values of the oxygen chemical potential
(DlO) of less than �1.65 eV, the clean Cu(11 1) surface is



Fig. 1. (A) Calculated Gibbs free energy of adsorption (relative to the clean Cu(111) surface) of low-energy oxidic surface structures with varying oxygen
chemical potential DlO (given with respect to half the total energy of the O2 molecule). (B) Optimized surface oxide structures of the O/Cu(111) system.
The surface unit cell is indicated. The underlying Cu substrate layer is shown as pale grey spheres, with the Cu atoms in the oxide layer, medium grey
(orange). Oxygen atoms are denoted by small grey (red) spheres. (For interpretation of the references to color in Figs. 1, 2 and 3 legend, the reader is
referred to the web version of this article.)
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thermodynamically most stable. For higher values of DlO,
from �1.65 to �1.24 eV, the so-called ‘‘p4-OCu3’’, ‘‘p4’’
and ‘‘p4 + OF’’ structures are the most favorable. The
atomic geometry of these configurations is shown in
Fig. 1B and closely resemble the (111) surface of bulk cu-
prous oxide, Cu2O (see Fig. 2B). At certain temperatures
and pressures, these surface oxides are predicted to be sta-
ble before the onset of the bulk oxide phase at
Fig. 2. The calculated surface free energy for the various Cu2O(111) surface ter
half the total energy of O2) is shown in (A). (B) and (C) show the top and sid
shows the top view of the low-energy Cu2O(111)–CuCUS structure. The upper C
atoms denoted by small grey (red) spheres. The labels ‘‘CSA’’ and ‘‘CUS’’ stand
DlO = �1.24 eV (i.e., for pressures and temperatures of
e.g., T = 600 K for p < 10�10 atm, or T = 900 K for
p < 10�3 atm etc). Hence, one can speculate that the forma-
tion of the bulk Cu2O phase could possibly be achieved via
a precursor surface oxide phase(s).

We now consider the relative stability of the recently
reported ‘‘new’’ (4 · 4)-O/Ag(111) structure [4,5] in rela-
tion to the other O/Cu surface oxide structures we have
minations as a function of oxygen chemical potential (given with respect to
e view of the optimized atomic structure of Cu2O(111), respectively. (D)
u atoms are shown as large medium grey (orange) spheres, with the oxygen
for coordinatively saturated, and coordinatively unsaturated, respectively.
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investigated. The atomic structure of this new phase is
shown in Fig. 1B and labeled ‘‘p4:Cu6’’, reflecting the fact
that it has six additional Cu atoms in the surface unit cell as
compared to the p4 structure. We find that the average oxy-
gen binding energy is 1.50 eV, which is 0.14 eV less favor-
able that the p4 structure, which has the same oxygen
coverage. Hence this new ‘‘oxide’’ is unlikely to be consid-
ered as a precursor oxide phase for the O/Cu(111) system.
Table 1 lists the average oxygen binding energies of our
previously reported surface oxide structures for
comparison.

3.2. Cu2O(111) oxide surfaces

We now turn to investigate the surface free energies for
different (111) surface terminations of bulk Cu2O. The
stoichiometric surface atomic geometry is shown in Figs.
2B and 2C. We investigate many possible surface structures
by generating vacancies, anti-sites, interstials and adsorp-
tion of O or Cu atoms. The Cu-terminated and O-termi-
nated Cu2O(1 11) surfaces are also considered. By
removing OCUS from the stoichiometric surface, the Cu-
terminated surface is generated (labeled as Cu2O(111):Cu)
and adding an O atom on top of the CuCUS of the stoichi-
ometric surface, one obtains the O-terminated Cu2O(111)
(labeled as Cu2O(111):O), making it fully-coordinated in
this case.

To determine the relative stability of the various oxide
terminations, we calculate the surface free energy,

cðp; T Þ ¼ 1

A
ðG� NCulCu � NOlOÞ; ð1Þ

where NCu and NO are the number of oxygen and copper
atoms, and A is the surface area. The p and T dependence
is given by lO, the oxygen chemical potential, i.e., by the O2

gas phase. We refer to Ref. [7,8] for details. G is the free en-
ergy of the stoichiometric Cu2O slab, and lCu, the copper
atom chemical potential, is taken as 1

2
ðgCu2O � lOÞ, where

gCu2O is the free energy per Cu2O unit in the bulk phase.
Both G and g are approximated as the respective calculated
total energy. The ‘‘oxygen-rich’’ limit corresponds to
lO ¼ 1

2
EO2

, where EO2
is the total energy of the oxygen mol-

ecule. For more details, we refer to Ref. [6].
Table 1
Average binding energies, Eb (per O atom), of surface oxide structures
(with respect to half the calculated binding energy of O2) at corresponding
oxygen coverages. The O:Cu ratio is the ratio of the number of oxygen
atoms to that of copper atoms in the surface oxide layer and the oxide
surfaces

Structures Coverage (ML) O:Cu ratio Eb (eV)

Chemisorbed O/Cu 0.250 – 1.65
p4-OCu3 0.313 0.833 1.65
p4 0.375 0.667 1.64
p4:Cu6 0.375 0.500 1.50
p4 + OF 0.438 0.778 1.60

Cu2O(111) – 0.500 –
Cu2O(111)–CuCUS – 0.667 –
The calculated surface free energies of all considered
configurations are shown in Fig. 2A. It can be seen that
most of the structures are unfavorable (pale grey lines)
when compared to the stoichiometric surface. However,
importantly, for one case, ‘‘Cu2O(11 1)–CuCUS’’ in which
the coordinatively unsaturated copper atom, CuCUS, is re-
moved from the surface unit cell of the stoichiometric
structure, the energy is notably lower (see Fig. 2D). This
structure becomes greatly stabilized at high oxygen chemi-
Fig. 3. Projected density-of-states (PDOS) for selected surface structures
(A) p4:Cu6, (B) p4 + OF, (C) Cu2O(111)–CuCUS and (D) bulk Cu2O. The
Fermi energy is indicated by the vertical dashed line.
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cal potential and could possibly play a key role in certain
catalytic reactions.

Full details of the nature of all surface terminations con-
sidered are described in Ref. [32].

3.3. Density of states

Having discussed the energetics and geometric struc-
tures of the surface oxides and (11 1) oxide surfaces, we
now consider the electronic structure by calculating the
projected density-of-states (PDOS). Fig. 3 shows the PDOS
for the structures, p4:Cu6, p4 + OF, Cu2O(111)–CuCUS

and bulk Cu2O. It can be seen that there is a significant
narrowing of the 3d band of Cu in the p4 + OF oxide layer,
closely resembling that of the bulk oxide. In contrast, the
Cu 3d band of p4:Cu6 shows a smaller narrowing, largely
retaining bulk (or surface) Cu-like character. The O 2p

bands of p4 + OF exhibit more similar features to that of
the bulk oxide as compared to p4:Cu6. This can be under-
stood by consideration of the atomic structure of both sur-
face oxides: The p4 + OF has a more open structure, hence
the Cu atoms in the oxide layer have a lower coordination
when compared to bulk Cu. On the other hand, the p4:Cu6

oxide layer still retains a monolayer Cu(111)-like arrange-
ment and this leads to a higher coordination as compared
to p4 + OF.

Turning to the lowest-energy oxide surface, Cu2O(1 11)–
CuCUS, its PDOS retains similar generic features to that of
the bulk oxide. However, the centre of its CuCSA 3d band
has shifted closer to the Fermi energy and the O 2p bands
have also broadened, which has narrowed the gap between
the Cu 3d and O 2p bands when compared to the bulk
bands. This is mainly due to the O 2p states of the OCUS

atom, and is similar to the PDOS of the OU atom (i.e.,
the uppermost oxygen atom) of the p4 + OF structure, both
being coordinatively unsaturated. An obvious difference to
the bulk PDOS is that electronic states can be seen at the
Fermi energy, inducing a ‘‘metallic’’ character.

4. Summary and conclusion

We have investigated the atomic structure, energetics
and electronic properties of surface oxides of the O/
Cu(1 11) system, as well as various Cu2O(1 11) oxide sur-
faces. We identify a plausible precursor phase to bulk oxide
formation to be p4 + OF, which resembles rather closely
the (111) oxide surface. The newly proposed surface oxide
structure for (4 · 4) O/Ag(111) is found for the O/Cu(111)
system to be thermodynamically unfavorable and distinctly
different from its native oxide, both geometrically and elec-
tronically. The bulk oxide phase is identified as the most
stable phase under realistic catalytic conditions. We have
found that a defected Cu2O(11 1) surface, ‘‘Cu2O(111)–
CuCUS’’, involving surface copper vacancies, exhibits a
lowest surface free energy for the considered range of oxy-
gen chemical potential, and we propose it could play an
important role in heterogeneous catalytic reactions.
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