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A model of O-adsorption at liquid metal surfaces has been constructed, using liquid Cu as an example. The
modeling approach used is similar to the regular solution scheme previously used successfully for modeling
the adsorption/segregation behavior of metal alloys, in that the internal energy of the system is evaluated by
nearest neighbor bond energies. In the model, the adsorption of oxygen in the near-surface region is allowed
to occur at both surface and sub-surface sites. The model predicts a variety of possible adsorption
characteristics, including the possibility of first order adsorption transitions which involve the formation of a
2-dimensional surface oxide, and different sequences for the occupancy of surface and sub-surface
adsorption sites. In particular, by fitting the model to the experimental dependence of Cu surface energy on
O-partial pressure, it is possible to conclude that O-adsorption in that case most likely occurs by the
occupancy of sub-surface sites.
33 491418916.
latt),
.univ-mrs.fr (D. Chatain).

l rights reserved.
© 2010 Elsevier B.V. All rights reserved.
1. Introduction

Metals generally interact strongly with oxygen. The nature of the
interaction depends on the partial pressure of oxygen (pO2) in the
atmosphere to which the metal is exposed. When the oxygen partial
pressure corresponding to the limit of solubility of oxygen in the
metal is exceeded, a bulk oxide becomes thermodynamically stable,
whereas below that pressure, oxygen is generally adsorbed at the
metal surface. In some cases, it is also possible for a two-dimensional
(2-d) “surface oxide” to form within the adsorption regime, i.e. at an
oxygen partial pressure lower than that corresponding to bulk oxide
formation [1–4].

One important consequence of adsorption is that it decreases
surface energy, thereby affecting all capillarity-related behavior [5,6].
Other types of behavior may also be modified. For example, it has
recently been suggested that the formation of 2-d surface oxides may
improve the catalytic performance of copper when it is used to
catalyze the oxidation of gas phase species [4].

There has been considerable interest in modeling adsorption/
segregation phenomena at metal surfaces. Previous work has
generally used one of three approaches: computer simulations
which make use of semi-empirical interaction potentials [7,8], first
principles calculations [9], and analytical thermodynamic models
[10–13]. The first two approaches have tended to address adsorption
energies, and the manner in which surface structure changes with
adsorption. On the other hand, the thermodynamic approach has been
based on a simplified description of the surface structure and has
focused on estimates of the dependence of adsorption on the chemical
potential of the adsorbing species, and on the resulting changes in
surface energy.

In this paper, we make use of the thermodynamic approach to
investigate oxygen adsorption at the surface of liquid copper. In metal
alloy systems, this type of modeling uses the heat of mixing to
quantify the interaction between the alloy components, and the
surface energy of the pure components to quantify the surface energy
of the (segregated) alloy [12,14,15]. In the present case of adsorption
from the gas phase, several technical difficulties need to be resolved.
(i) The sites occupied by oxygen in copper need to be defined; (ii) the
best method to formulate realistic copper–oxygen interactions is not
obvious; and (iii) a means must be found to define the contribution to
the surface energy of an adsorbed “oxygen entity”.

A great deal of work has been performed on the location of adsorbed
oxygen on copper surfaces of different orientations, using ultra-high
vacuum (UHV) experimental approaches such as low energy electron
diffraction, scanning tunnelingmicrocopy, Auger electron spectroscopy,
etc. As will be described inmore detail below, the density and degree of
close packing of a liquid surface is quite similar to that of the (111)
surface of a face centered cubic (FCC) metal [16–19]. Thus, some
indications on the behavior of adsorbed oxygen on a liquid copper
surface could in principle beobtained fromstudies of oxygen adsorption
on Cu(111). However, in UHV work, oxygen is adsorbed on the surface
byexposing samples to a knownfluxof oxygen, until thedesired oxygen
coverage is obtained. Thus, no relation is obtained between oxygen
adsorption and oxygen chemical potential.

In contrast to the surface science methodology, measurements
aimed at the determination of surface energy of liquid copper have
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Fig. 1. Crystal structure of Cu2O. Small and large circles represent the Cu and O-atoms,
respectively. The first four near-surface copper planes, Cu(i) (i=1 to 4), of a (111)-oriented
surface are shown together with their associated O-atoms. Only O–Cu bonds are indicated.
The black O-atom (blue on line) is used to illustrate the O–O coordination, by shading its
O-neighbors in dark grey (medium blue on line).
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been performed under a well-defined oxygen chemical potential. In
these experiments the liquid copper surface is exposed to a mixture of
gases that produce a given pO2 [20–23], and the surface energy is
measured by the sessile drop technique. However, these measure-
ments suffer from the disadvantage that O-adsorption is not
measured directly.

Several previous attempts have beenmade at modeling O-adsorption
at liquidmetal surfaces by the thermodynamic approach, [6,24,25]. These
studies have made use of the Gibbs adsorption isotherm, which may be
expressed as follows:

γM = γ0
M−ΓMμM−ΓOμO

where γM is the surface energy, γM
0 is the surface energy of the pure

metal M, Γj is the adsorption of the species j (O and M), and μj, the
chemical potential of the jth species. Ricci et al. [24] and Eustatho-
poulos et al. [25] have used a concept developed by Wagner [26] in
which oxygen is described as an oxide cluster dissolved in a sea of
metal. This so-called “coordination cluster theory” provides a good
description of the bulk thermodynamics of oxygen dissolved in metals
and alloys [27–29]. Saiz et al. [6] have followed the approach of Belton
[30], in which the Langmuir adsorption isotherm is combinedwith the
Gibbs adsorption isotherm. That approach uses experimental data on
the relationship between surface energy and oxygen potential to
evaluate adsorption, and cannot therefore be used to predict
adsorption behavior independently of adsorption-related experimen-
tal information.

The model presented in this paper aims to link the macroscopic
approach of previous authors [6,24,25] to a mean-field atomic
description of the surface thermodynamics of oxygen at the surface
of liquid copper. It is similar to the Belton approach in that we
combine Gibbsian adsorption with a Langmuir-like model. However,
unlike the classical Langmuir approach, our model does not limit
adsorption to a single type of adsorption site, andwe have avoided the
assumption that the adsorption coefficient is independent of
coverage. In addition, while the data used as input to the model is
derived from experimental measurements of surface energies of the
relevant pure components, none of the input data is either directly or
indirectly related to O-adsorption.

2. Model

2.1. General structure

The approach used here is similar to the regular solution scheme
previously used successfully for modeling the adsorption (or interfa-
cial segregation) behavior ofmetal alloys [10–12,14]. In that approach,
the energy due to interactions between the two species (Cu and O) is
approximated by nearest neighbor bond energies and the entropy is
taken to be that of an ideal solution. Such a method is reasonable for
the description of systems such as Cu–O, where the interactions are
predominantly covalent, butwould not be appropriate, for example, in
Mg–O, where the interactions are predominantly ionic, especially if
there is a possibility for the formation of 2-d oxides at the surface.

We will consider O-adsorption to the surface of a Cu liquid. For
convenience, wewill assume that the atoms of the liquid occupy a FCC
lattice. This type of approximation for liquids has often been adopted
in the past [11,13] and has yielded favorable comparisons with
experimental results of adsorption at liquid surfaces. In addition, such
an assumption is not unreasonable, because the coordination in liquid
metals that are close-packed in the solid state is ∼11 [31], and
therefore not very different from that in their crystalline form.
Furthermore, the arrangement of Cu-atoms at the pure liquid surface
will be taken to correspond to the structure of a FCC (111) surface, as
it has been shown both experimentally [18,19] and by computer
modeling [16,17] that liquid metal surfaces are more ordered than the
bulk liquid over regions a few atom diameters in thickness, and that
these ordered regions are also more densely packed than the adjacent
bulk liquid. In general, this surface ordering is expected to prevail only
in the vicinity of the melting point. However, measurements of liquid
surface ordering in Ga [19] have shown that detectable ordering can
persist to temperatures of up to 150 K above themelting temperature.
In the present study we will confine application of the model to a
temperature of 1365 K, where most of the relevant surface energy
measurements have been made. This temperature is only 7 K above
the melting point of Cu.

As the oxygen potential in equilibrium with bulk liquid Cu is
increased, the concentration of oxygen dissolved in Cu also increases.
When the oxygen potential reaches the value corresponding to the
oxygen solubility limit, the Cu2O phase forms. Depending on
temperature, Cu2O can be either liquid or solid. We shall focus here
on the temperature domain where bulk Cu2O is solid. In solid Cu2O,
Cu-atoms occupy the sites of a FCC lattice, and the O-atoms occupy 2
of the 8 tetrahedral holes of the Cu structure, as shown schematically
in Fig. 1 (space group: Pn3m, lattice constant: 0.4267 nm [32]). The O-
sites in Cu2O have also been found to be the preferred O-adsorption
sites at the Cu(111) surface by first principles calculations [4]. For the
purposes of the current model, we assume that O-atoms dissolved in
Cu also occupy the same type of O-sites as in Cu2O.

We use the structure of the Cu2O(111) surface as a guide for the
structure of the Cu surface containing adsorbed O. The Cu2O(111)
surface can be viewed as consisting of a FCC stacking of (111) Cu-planes
with O-sites lying both above and below these planes. The two types of
O-sites will be referred to as upper and lower sites, as illustrated
schematically in Figs. 1 and 2. It is also useful to number the Cu layers
with a superscript i, Cu(i), where i=1 refers to the surface Cu layer. The
upper O-sites associatedwith Cu(1) will be labeled O1. These lack one of
their four Cu-neighbors and four of their eight nearest O-neighbors. The
lower O-sites associated with Cu(1) are labeled O2. These have their full
complement of Cu-neighbors but only seven of their eight O-neighbors.
We consider that segregation of oxygen at the Cu surface occurs by
populating O1 and O2 sites adjacent to Cu(1). O-sites associated with
planes Cu(i), having iN1, are taken to have the bulk O-site fraction. Since
O-atoms dissolved in Cu as well as O-atoms in Cu2O are assumed to
occupy their own sublattice, O-segregation occurs by populating the
near-surface O-sublattice and does not require any redistribution of Cu-
atoms on the Cu-sublattice.



Fig. 2. Cu2O structure viewed along [111] axis. Small and large circles represent the Cu
and O-atoms, respectively. The surface unit cell is indicated by the lozenge.
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The internal energyof the segregated system is calculatedbymeansof
a nearest neighbor bond model. We consider the following types of
bonds. The Cu-neighbors of an O-atom are considered “special” in the
sense that there may be some electronic interaction between them and
the adjacent O-atom. Thus, these Cu-atoms are labeled Cu′, and the
energy of Cu′–O bonds is labeled εCu′O. Similarly, the energy of bonds
connecting two special Cu′-atomsare labeled εCu′Cu′, and those between a
Cu′-atomand an “ordinary”Cu-atomare labeled εCu′Cu. Finally, the bonds
betweennearest neighborO-atoms are labeled εOO, and those between a
pair of ordinary Cu-atoms are labeled εCuCu. Note that a Cu-atom in the
segregated layer can have up to two O-neighbors. However, Cu-atoms
have been labeled Cu′, whether they have one or two O-neighbors. This
simplification has been made in order to avoid proliferation of bond
energy types (such as εCu″Cu, εCu″Cu′, etc.) because, as will be seen later,
there is only limited data available to define the bond energies.

Entropy contributions associated with the distribution of O-atoms
on O-sites, is computed in the ideal solution approximation, and the
internal energy due to bonds is computed assuming a random
distribution of O-atoms on O-sublattice sites.

The equilibrium surface composition is obtained by minimizing
the surface energy w.r.t. the fractions of occupied O1 and O2 sites. The
advantage of this approach is that it naturally yields the surface
energy of the system as a function of O-adsorption.

2.2. Equilibrium surface composition

The number of O-sites in each set of upper and lower O-sites associated
with a givenCuplane is definedasNO inunits ofmoles per unit surface area.
The number of Cu-sites/area in each Cu plane is defined as NCu in the same
units. Thus, from the structure of Fig. 1, we have:

4NO = NCu ð1Þ

The fractions of occupied O1 and O2 sites (associated with Cu(1)) are
XO1 and XO2, respectively, and the fraction of occupied O-sites associated
with all other Cu-planes isXOb, corresponding to the fractional occupancy
of O in a bulk layer. As noted above, Cu speciesmay be identified as Cu or
Cu′. It is convenient to define the fractions of Cu–Cu, Cu′–Cu and Cu′–Cu′
bonds in eachCu layer as f(i)CuCu, f (i)Cu′Cu and f(i)Cu′Cu′, respectively,where
the superscript i indicates the plane Cu(i). O-atoms occupying O2 sites of
theCu(1) plane haveCu-neighbors in the Cu(2) plane, and thusmodify the
fractions of Cu and Cu′ atoms in that plane. As a result, the interactions
between Cu-atoms occupying the Cu(1) and Cu(2) planes, as well as the
Cu(2) and Cu(3) planes, are also modified. To address this issue, we also
define the fractions of the three types of bonds that connect Cu-atoms in
adjacent Cu(i) and Cu(j) planes as f(i− j)

hk (h,k= Cu,Cu′). Finally, it should
bementioned that O-atoms have first neighbor O-siteswhich lie as far as
threeO-layers away, as shown in Fig. 1. Thus, for example, O-atoms in the
O2 layer have O-neighbors which lie in the upper O-sites of both Cu(2)

and Cu(3) planes.
We express the surface energy as the surface excess grand potential:

γ = eS−TsS−∑
j
Γjμj ð2Þ

where γ is the surface energy, eS and sS are the surface excess internal
energy and entropy per unit area, respectively, and Γj and μj are the
adsorption and chemical potential of the jth component (j=Cu, O).
Since there is no surface excess of Cu in the present problem, i.e. the
number of Cu-atoms per unit area remains the same in the near-
surface layers as in the bulk layers, ΓCu vanishes, and the sum of Eq. (2)
reduces to ΓOμO.

Let us now consider a system consisting of 3 Cu surface planes (Cu(i),
i=1, 2, 3) attached toMbulk-like Cu layers.Wewrite the surface excess
terms of Eq. (2) by subtracting the free energy of (M+3) bulk layers
from that of the system under consideration. This leads to identical
cancellation of the free energies of theM bulk layers, leaving the energy
of the three surface layers, less the free energy of three bulk layers. Thus,
γ may be expressed as:

γ = NO½3XO1εCu0O + 4XO2εCu0O + 3XO1XO2εOO + 0:5XO1XObεOO

+ 2XO2XObεOO�
+ 3NCu f ð1ÞCuCuεCuCu + f ð1ÞCu0CuεCu0Cu + f ð1ÞCu0Cu0εCu0Cu0

h i
+ 3NCu f ð1−2Þ

CuCuεCuCu + f ð1−2Þ
Cu0CuεCu0Cu + f ð1−2Þ

Cu0Cu0εCu0Cu0

h i
+ NORT½XO1ln XO1ð Þ + 1−XO1ð Þln 1−XO1ð Þ + XO2ln XO2ð Þ

+ 1−XO2ð Þ ln 1−XO2ð Þ�

+ NO 8XObεCu0O +1:5XObXO2εOO + 0:5XObXO1εOO + 5:5X2
ObεOO

h i
+ 3NCu f ð2ÞCuCuεCuCu + f ð2ÞCu0CuεCu0Cu + f ð2ÞCu0Cu0εCu0Cu0

h i
+ 3NCu f ð2−3Þ

CuCuεCuCu + f ð2−3Þ
Cu0CuεCu0Cu + f ð2−3Þ

Cu0Cu0εCu0Cu0

h i
+ 2NORT XObln XObð Þ + 1−XObð Þln 1−XObð Þ½ �

+ NO 8XObεCu0O + 0:5XObXO2εOO + 7:5X2
ObεOO

h i
+ 3NCu f ðbÞCuCuεCuCu + f ðbÞCu0CuεCu0Cu + f ðbÞCu0Cu0εCu0Cu0

h i
+ 1:5NCu f ðbÞCuCuεCuCu + f ðbÞCu0CuεCu0Cu + f ðbÞCu0Cu0εCu0Cu0

h i
+ 2NORT XObln XObð Þ + 1−XObð Þln 1−XObð Þ½ �

−3f2NOXOb 4XObεOO + 4εCu0O½ �

+ 6NCu f ðbÞCuCuεCuCu + f ðbÞCu0CuεCu0Cu + f ðbÞCu0Cu0εCu0Cu0

h i
+ 2NORT XObln XObð Þ + 1−XObð Þ ln 1−XObð Þ½ �g

−ΓOμO ð3Þ

Here, f (b)hk is the fraction of bonds of the various types in a bulk-
like layer. Note that there is no difference between in-layer bond
fractions f (b)hk and interlayer bond fractions f (b−b)

hk. The first term
in Eq. (3) accounts for the bond energies of the interactions between
O-atoms in O1 and O2 sites with other O-atoms and with Cu-atoms
(as an example, an explanation of how these values are obtained is
given in Appendix I), the second term represents the bond energies
within plane Cu(1), and the third term gives the energies of the bonds
between the Cu(1) and Cu(2) planes. The fourth term gives the entropy
of mixing of the O1 and O2 atoms on the O-sublattice. There is no
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entropy associated with mixing of Cu and Cu′ on Cu-sublattice sites,
because that distribution is determined by the distribution of the
adjacent O-atoms, and is not independent. The next four terms
represent the equivalent quantities for the Cu(2) plane. The following
four terms give the same quantities for the Cu(3) plane, except that
only half of its interactionwith layer Cu(4) is included, as the other half
was subtracted with the free energy of the M bulk layers to obtain the
surface excess free energy. The next three terms of Eq. (3) represent
the free energy of the 3 bulk layers that are subtracted to yield the
surface excess free energy. The last term subtracts the adsorption and
chemical potential term.

The various terms f (i)hk and f (i–j)hk, are not always easy to calculate,
because of the awkward geometry of the Cu2O structure. In many
cases they had to be evaluated by averaging over many simulations in
which O-atoms were distributed at random among the various sites.
The standard deviations of the values obtained by the simulations
were typically about 10% of the mean values. However, the mean
values are robust, and are the only significant values needed in such a
mean-field model. The values obtained are summarized in Table 1,
where all the bond fractions are expressed as functions of the
principal composition variables: XO1, XO2 and XOb.

One minor inconsistency in Eq. (3) should be noted. O-atoms
occupying upper O-sites of the Cu(2) layer have one dangling O–O
bond (due to the presence of the surface), and the O-concentration of
that layer should therefore strictly be considered to be variable. This has
been ignored in the present model, and the fraction of occupied O-sites
in that layer has been set to XOb.

Wenow turn to anevaluationof the last terms inEq. (3), namely: the
O-adsorption, and theO-chemical potential. TheO-adsorption is just the
surface excess number of moles of O per unit area, and may be written:

ΓO = NO XO1 + XO2−2XObð Þ ð4Þ

The chemical potential is somewhat more involved, and requires
the definition of some additional terms. Thus far, we have described
the bulk composition in terms of XOb, the fraction of occupied O-sites
in the O-sublattice associated with planes Cu(i) (iN1). It is convenient
to redefine the bulk composition of the Cu–O alloy in terms of the
conventional atom fraction of oxygen, which we shall denote as XO

C

(the superscript C standing for “conventional”). The relationships
between XOb and XO

C are:

XC
O =

XOb

2 + XOb
; or XOb =

2XC
O

1−XC
O

ð5Þ

We also need to write an expression for the bulk free energy of the
Cu–O alloy. This can be extracted from Eq. (3) where we included
Table 1
Bond fractions for near-surface Cu-planes, and for bulk Cu-planes, in terms of the fractions

Bond fractions Values

f (1)CuCu 1−0.5XOb−1.25XO1−1.25XO2+0.25XO1
2+0.25X

f (1)Cu′Cu 0.5XOb+XO1+XO2−0.5XO1
2−0.5XO2

2−XObXO1−
f (1)Cu′Cu′ 0.25XO1+0.25XO2+0.25XO1

2+0.25XO2
2+0.5XObX

f (1–2)CuCu 1−1.75XOb−0.75XO1−0.75XO2+1.25XObXO1+1
f (1–2)Cu′Cu 1.5XOb+0.75XO1−2.5XObXO1+0.5XO2−2.25XObX
f (1–2)Cu′Cu′ 0.25XOb+0.25XO2+XObXO2+1.25XObXO1−1.25XO

f (2)CuCu 1−2.75XOb−0.5XO2+1.25XObXO2

f (2)Cu′Cu 2.25XOb+0.5XO2−0.5XOb
2−2.25XObXO2

f (2)Cu′Cu′ 0.5XOb+XObXO2+0.5XOb
2

f (2–3)CuCu 1−3.25XOb−0.25XO2+3.75XOb
2+0.5XObXO2

f (2–3)Cu′Cu 2.75XOb+0.25XO2−5.75XOb
2−0.75XObXO2

f (2–3)Cu′Cu′ 0.5XOb+2XOb
2+0.25XObXO2

f (b)CuCu 1−3.5XOb+4.5XOb
2−2.5XOb

3+0.5XOb
4

f (b)Cu′Cu 3XOb−7XOb
2+5XOb

3−XOb
4

f (b)Cu′Cu′ 0.5XOb+2.5XOb
2−2.5XOb

3+0.5XOb
4

terms for the free energy of three bulk Cu layers with their associated
O-atoms. The free energy of a single bulk layer is defined as Fb(XOb):

Fb XObð Þ = 2NOXOb 4XObεOO + 4εCu0O½ �

+ 24NO f ðbÞCuCuεCuCu + f ðbÞCu0CuεCu0Cu + f ðbÞCu0Cu0εCu0Cu0

h i
+ 2NORT XObln XObð Þ + 1−XObð Þln 1−XObð Þ½ �

ð6Þ

where Eq. (1) has been used to eliminate NCu. For an alloy of bulk
composition XO

C, the free energy of 1 mol of bulk solution, Fm, is given
by XO

C times the bulk free energy per mole of O (i.e. Fb(XOb) divided by
2NOXOb):

Fm = XC
O
Fb XObð Þ
2NOXOb

=
Fb XObð Þ

2NO 2 + XObð Þ ð7Þ

This expression is used in Appendix II to demonstrate that the
O-chemical potential can be expressed as:

μO = 8XObεOO + 4εCu0O½ � + 12
∂f bð Þ

CuCu

∂XOb
εCuCu +

∂f bð Þ
Cu0Cu

∂XOb
εCu0Cu +

∂f bð Þ
Cu0Cu0

∂XOb
εCu0Cu0

" #

+ RT ln XOb = 1−XObð Þð Þ½ � ð8Þ

The equilibrium values of XO1 and XO2, corresponding to O-adsorption
at the Cu surface, are obtained by minimizing Eq. (3), together with the
definitions of ΓO and μO of Eqs. (4) and (8). This yields:

RT ln XO1 = 1−XO1ð Þð Þ½ � + 3XO2εOO + 3εCu′O + XObεOO½ �

+ 12
∂f 1ð Þ

CuCu

∂XO1
εCuCu +

∂f 1ð Þ
Cu0Cu

∂XO1
εCu0Cu +

∂f 1ð Þ
Cu0Cu0

∂XO1
εCu0Cu0

" #

+ 12
∂f 1ð Þ 2ð Þ

CuCu

∂XO1
εCuCu +

∂f 1ð Þð2Þ
Cu0Cu

∂XO1
εCu0Cu +

∂f 1ð Þ 2ð Þ
Cu0Cu0

∂XO1
εCu0Cu0

" #

+ 12
∂f 2ð Þ

CuCu

∂XO1
εCuCu +

∂f 2ð Þ
Cu0Cu

∂XO1
εCu0Cu +

∂f 2ð Þ
Cu0Cu0

∂XO1
εCu0Cu0

" #

−RT ln XOb = 1−XObð Þð Þ½ �− 8XObεOO + 4εCu′O½ �

−12
∂f bð Þ

CuCu

∂XOb
εCuCu +

∂f bð Þ
Cu0Cu

∂XOb
εCu0Cu +

∂f bð Þ
Cu0Cu0

∂XOb
εCu0Cu0

" #
= 0

ð9aÞ
of occupied O-sites.

O2
2+0.5XObXO1+0.5XObXO2+1.5XO1XO2−0.25XO2XO1

2−0.25XO1XO2
2−0.5XObXO1XO2

XObXO2−1.5XO1XO2+0.5XO1XO2
2+0.5XO2XO1

2+XObXO1XO2

O1+0.5XObXO2−0.25XO1XO2
2−0.25XO2XO1

2−0.5XObXO1XO2

.25XObXO2+0.75XO1XO2−1.25XObXO1XO2

O2−0.75XO1XO2+2.5XObXO1XO2

bXO1XO2
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and

RT ln XO2 = ð1−XO2Þð Þ½ � + 3XO1εOO + 4εCu′O + 4XObεOO½ �

+ 12
∂f ð1ÞCuCu

∂XO2
εCuCu +

∂f ð1Þ
Cu′Cu

∂XO2
εCu′Cu +

∂f ð1Þ
Cu′Cu′

∂XO2
εCu′Cu′

" #

+ 12
∂f ð1Þð2ÞCuCu

∂XO2
εCuCu +

∂f ð1Þð2Þ
Cu′Cu

∂XO2
εCu′Cu +

∂f ð1Þð2Þ
Cu′Cu′

∂XO2
εCu′Cu′

" #

+ 12
∂f ð2ÞCuCu

∂XO2
εCuCu +

∂f ð2Þ
Cu′Cu

∂XO2
εCu′Cu +

∂f ð2Þ
Cu′Cu′

∂XO2
εCu′Cu′

" #

+ 12
∂f ð2Þð3ÞCuCu

∂XO2
εCuCu +

∂f ð2Þð3Þ
Cu′Cu

∂XO2
εCu′Cu +

∂f ð2Þð3Þ
Cu′Cu′

∂XO2
εCu′Cu′

" #

−RT ln XOb = ð1−XObÞð Þ½ �− 8XObεOO + 4εCu′O½ �

−12
∂f ðbÞCuCu

∂XOb
εCuCu +

∂f ðbÞ
Cu′Cu

∂XOb
εCu′Cu +

∂f ðbÞ
Cu′Cu′

∂XOb
εCu′Cu′

" #
= 0

ð9bÞ

The equilibrium surface compositions are obtained by solving Eqs.
(9a) and (9b) simultaneously for XO1 and XO2.

2.3. Evaluation of bond energies

We evaluate the bond energies from the surface energies of Cu and
Cu2O. Although bond energies could in principle also be evaluated
from chemical reactions, such as:

1= 2O2 gð Þ + 2Cu lð Þ = Cu2O sð Þ ;

it is preferable to perform the assessment of bond energies from
surface energies, when the purpose is to evaluate surface properties.

We obtain the Cu–Cu bond energy from the surface energy of
liquid Cu, under the assumption that the liquid surface has the same
structure as the (111) surface of the solid. Close to its melting point,
the surface energy of liquid Cu is 1.37 J/m2 which is an average of the
experimental values reported later in Fig. 5. Taking into account that 3
bonds per atom are broken to create 2 Cu surfaces, that the lattice
constant of Cu is aCu=0.3615 nm [32], and that the area occupied by a
Cu atom at the (111) surface is (aCu)2√3/4, one obtains

εCuCu = 1:37 J=m2
h i

aCuð Þ2 = 2√3
� �

m2
= atom

h i
6:02 × 1023 atom=mol½ �
� �

= −31kJ=mol:

The work required to create a (111) surface of solid Cu2O may be
expressed as:

−NCu2O
O 2:5εOO + 0:5εCu0O + 6εCu0Cu0½ �;

where NO
Cu2O is the number of oxygen moles per unit area at the Cu2O

(111) surface in each of the two oxygen planes associated with the
outermost Cu plane. The surface unit cell of Cu2O(111) shown in Fig. 2
contains one surface O-atom, and has an area of a2Cu2O

ffiffiffi
3

p
, where

aCu2O=0.4267 nm [32]. Thus the number of moles of oxygen per unit
area is 1/(6.02×1023 [atoms/mol] a2Cu2O

ffiffiffi
3

p
[m2/atom]). No values of

the surface energy of solid Cu2O are available. However, the surface
energy of the liquid is reported as 0.48 J/m2 [33]. We estimate the
surface energy of the solid to be 15% higher than that of the liquid
(typical of the relative values in pure metals) and employ the method
used above to evaluate εCuCu to obtain:

2:5εOO + 0:5εCu0O + 6εCu0Cu0½ � = −104:5kJ =mol

As can be seen, there is not sufficient data to define all five of the
bond energies in the present scheme, so that some additional
conditions need to be imposed. Thus, we assume that the solution
of Cu′ in Cu is ideal, i.e. that:

εCu0Cu = 0:5 εCu0Cu0 + εCuCuð Þ:

We also assume that εOO is positive and that εCu′O is negative, both
of which are plausible since there is likely to be some charge transfer
between O and Cu, as has been suggested by first principles
calculations [4]. Finally, we impose one further condition, namely
that the solubility of O in liquid Cu in equilibriumwith Cu2O at 1365 K
(just above the melting point of Cu) is close to the experimental value
of 2at.% [34]. This limits the possible values of the bond energies to the
free choice of one bond energy, as will be discussed after the scheme
to calculate the O-solubility is described.

2.4. Calculation of the solubility of O in Cu

We determine the O-solubility in Cu by applying the common
tangent construction to a free energy diagram of the bulk O-solution
and of the coexisting Cu2O phase. The free energy of the bulk
O-solution can be extracted from the expression for the free energy
per mole of solution given in Eq. (7). By substituting for Fb(XOb)
from Eq. (6), we have:

Fm =
1

2 + XObð Þ f4XOb XObεOO + εCu′O½ � + 12½ f bð Þ
CuCuεCuCu + f bð Þ

Cu0CuεCu0Cu

+ f bð Þ
Cu0Cu′εCu0Cu0 � + RT XOb ln XObð Þ + 1−XObð Þ ln 1−XObð Þ½ �g ð10Þ

In the limit XOb→1 (or XC
O→

1=3), i.e. when all O-sites are filled, the
bulk solution becomes identical with the compound Cu2O. Thus, over
the range 0≤XOb≤1 (or 0≤XC

O≤
1
3
), Fm represents the molar free

energy of the Cu–O system ranging from pure Cu to Cu0.67O0.33, and
can therefore be used to evaluate the solubility of the Cu–O-solution
in equilibrium with Cu2O by the common tangent construction.

The constraint of fixing the O-solubility at XO
C≈0.02 gives rise to a

linear relationship between εCu′Cu′ and εOO:

εOO = 83 + 3εCu0Cu0 kJ =molð Þ

Values of εCu′Cu′ more negative than about −23 kJ/mol lead to
complete mutual solubility of Cu2O and Cu, and are therefore
incompatible with the desired solubility limit. Thus, the possible
bond energies are completely defined by the choice of a single bond
energy. From now on we will describe the bond energies used in any
examples by specifying εCu′Cu′.

2.5. Oxygen partial pressure

It is useful to compute the oxygen partial pressure, pO2, in
equilibrium with a given state of the Cu–O-solution, since most of
themeasurements on changes in the surface energy of Cu as a result of
O-adsorption have been reported as a function of that variable.

The activity of O, aO, in the solution is evaluated from the known
O-chemical potential (Eq. (8)) as follows:

μO−μ0
O = RT ln aO = a

0
O

� �
ð11Þ

where μO0 and aO
0 are the O-chemical potential and O-activity in the

standard state, respectively. For convenience, the standard state is
defined as the O-solution in equilibrium with Cu2O, i.e. μO0 is just μO
evaluated at XO

C=0.02 for a temperature of 1365 K, and for which
aO
0 =1 by definition. Since the O2 is diatomic in the gas phase, but

dissolves in Cu as an atomic species:

aO = pO2 =pO
0
2

� �1=2 ð12Þ
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where pO2
0 is the partial pressure of oxygen in the standard state, i.e.

the partial pressure of oxygen in equilibrium with Cu2O. Combining
Eqs. (11) and (12):

pO2 = pO0
2 exp

2 μO−μ0
O

� �
RT

2
4

3
5 ð13Þ

At 1365 K (the temperature at which evaluations are performed)
pO2

0=5×10−6 atm [34].

3. Results and discussion

The equilibrium O-adsorption can be calculated by means of
Eqs. (9a) and (9b). In Fig. 3 we show the effect on adsorption of
changing the bond energies over the range −23 kJ/molbεCu′Cu′b0 kJ/
mol at 1365 K. Four examples are given for the bond energy choices
listed in Table 2. Fig. 3 are plots of the variation of the fractions of
occupied O1 and O2-sites with increasing bulk oxygen concentration,
Fig. 3. Plots of near-surface O-site fractions vs. bulk composition for various value
extending all the way to the solubility limit. Fig. 3a and b display first
order adsorption transitions, from a state of low adsorption to a state
of high adsorption, as the bulk concentration of oxygen is increased.
Such transitions have been predicted previously by segregation
models in a number of different contexts [13,35–37] and have been
observed experimentally in solid metallic alloys [38–40]. The
transitions do not occur for the bond energy choices of Fig. 3c and
d. In addition, as the bond energies change from Fig. 3a to d, (i.e. to less
negative values of εCu′Cu′) they produce a reversal in the relative
adsorptions in the two O-layers associated with the Cu(1) plane. In
Fig. 3a, adsorption is stronger in the O1-sites, whereas it is stronger in
the O2-sites in Fig. 3b. It is worth noting that O1 and O2-sites have
often been referred to in the literature as “on-top” and “sub-surface”
sites, respectively. In Fig. 3c and d, the continuing change to less
negative εCu′Cu′ progressively decreases the adsorption in the O1-sites,
until it essentially vanishes in Fig. 3d, whereas the O2-sites continue
to reach O-saturation, as the limit of O-solubility is approached.

It is also useful to consider the corresponding changes in surface
energy that result from O-adsorption. The surface energy can be
s of εCu′Cu′: (a) −23 kJ/mol, (b) −19 kJ/mol, (c) −13 kJ/mol, (d) −5 kJ/mol.



Table 2
Bond energies used in examples (kJ/mol).

εCu′Cu′ εCu′Cu εCu′O εOO εCuCu

−23 −27 −3 14 −31
−19 −25 −111 26 −31
−13 −22 −273 44 −31
−5 −18 −489 68 −31
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computed by means of Eq. (3), together with the expressions for
adsorption and chemical potential of Eqs. (4) and (8), and the
equilibrium values of XO1 and XO2 from Eqs. (9a) and (9b). The results
are displayed in Fig. 4, as a plot of surface energy versus oxygen partial
pressure, the latter being calculated by means of Eq. (13). The sets of
bond energies used for illustration in Fig. 4 are identified in the legend,
and correspond to those used in Fig. 3. The curves of Fig. 4 are also
labeled “a” through “d” for reference to Fig. 3a to d.

As expected from the Gibbs adsorption isotherm, the slopes of the
variation in surface energy with log(pO2) in Fig. 4 are proportional to
the adsorption. In general, at low pO2 (or correspondingly low XO

C in
Fig. 3) the adsorption is negligible, and the slopes of the curves in Fig. 4
are essentially zero. As pO2 increases towards its maximum value at
the limit of solubility, the slopes of the curves increase in absolute
value. In cases such as those of Fig. 3a, b and d, where O-adsorption
reaches a constant value at high XO

C, the slopes of the corresponding
curves in Fig. 4 also approach a constant value at higher pO2,
proportional to themaximumO-adsorption. Thus, the slopes of curves
“a”, and “b” in Fig. 4 reach a higher absolute value, corresponding to a
maximum O-adsorption where both O1 and O2-sites are fully
occupied, whereas curve “d” reaches a slope about half as steep
because the O2-sites are filled but the O1-sites remain vacant. Curve
“c” of Fig. 4 displays an intermediate slope, as the O1-sites in that case
are only partly occupied at the O-solubility limit.

One other issue is worth noting, for example in the case of curve
“a” of Fig. 4. The first order adsorption transition that occurs in that
case (Fig. 3a) produces a sharp break in slope in curve “a” which
separates the low adsorption from the high adsorption regime.

We now proceed to a comparison of the predictions of the model
with experimental data on the changes in surface energy of liquid Cu
Fig. 4. Plots of calculated surface energy vs. oxygen partial pressure for various values of
εCu′Cu′, as indicated in the legend. Curves are also labeled “a” to “d” for reference to
Fig. 3a to d.
associated with O-adsorption. All of the data obtained at temperatures
between 1365 and 1375 K [20–23] are summarized in Fig. 5. The best fit
to the data occurs for curve “d” of Fig. 4, corresponding to the fourth set
of bond energies displayed in Table 2 (εCu′Cu′=−5 kJ/mol). It should be
mentioned here that the value of the surface energy of pure liquid Cu
used in the determination of model bond energies was obtained by
averaging all of the experimentalmeasurements displayed in Fig. 5 over
the range 10−22bpO2b10−14 atm. One important conclusion that
emerges from the good fit with experiment of the slope predicted
by the model at relatively high pO2, is that the maximum experimental
O-adsorption also corresponds to filling only half of the O-adsorption
sites, specifically all of the O2 sites. By applying the Gibbs adsorption
isotherm to the maximum (negative) slope predicted by the model in
Fig. 5, it is possible to compute an O-adsorption of ∼7.1×10−6 mol/m2.
This corresponds to about one adsorbed O-atom per four Cu surface
atoms, consistent with filling all of the O2-adsorption sites. However,
the experimental results do not provide any information onwhether the
upper or lower oxygen sites are occupied. Some insights into this issue
may be gained by considering other modeling results.

As mentioned in the introduction, there has been significant
activity using first principles methods that has focused on the
interaction of oxygen with Cu surfaces. That work has addressed
oxygen adsorption on various surface orientations of solid Cu, and
may not reflect the behavior of oxygen at the surface of liquid Cu.
Nevertheless, some of the issues studied may provide indications of
trends, especially the work performed on the solid Cu(111) surface.

Calculations by Soon et al. [4] have investigated the relative stability
of various O-adsorption sites on Cu(111). At low oxygen coverage, they
find that the most stable site is the “on-top” site, which corresponds to
our O1-site, whereas at higher coverage the on-top and sub-surface site
(our O2-site) become comparable in stability. However, at solid Cu
surfaces, there are elastic strain energy effects that are absent in
adsorption at the liquid surface. For example, indiscussingO-adsorption
atAg(111) surfaces, Li et al. [41] point out that the lower stability of sub-
surface sites is due primarily to distortion of the Ag lattice. The results
we have shown in Fig. 3 clearly indicate that the relative stability of O1
andO2-sites depends on the choice of bond energies, and that some sets
of bond energies favor O1-sites, while others favor O2-sites, as can be
seen for example by comparison of Fig. 3a and d.
Fig. 5. Surface energy of liquid Cu as a function of O-partial pressure. Points represent
measurements [20–23] and the line is the one labeled “d” in Fig. 4, corresponding to a
bond energy choice of εCu′Cu′=-5 kJ/mol in the model.
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Another issue addressed by previous calculations is the possible
formation of 2-d oxide layers for values of pO2 below those where bulk
Cu2O is stable. For Cu(111), Soon et al. [4] have found that as the O-
chemical potential is increased there is essentially no O-adsorption at the
Cu surface prior to formation of a sequence of 2-d oxides (each having a
somewhat different p4-type structure). This situation is not very different
from that displayed in Fig. 3b, where the fraction of occupied O1+O2-
sites on the low side of the adsorption transition is only about 5%, and
where the state of the systemon the high side of the adsorption transition
amounts essentially to a 2-d oxide of composition Cu2O.

Finally, it should be noted that sufficient data to define all of the
model parameters (bond energies) are unavailable, thereby leading to
one adjustable parameter. As a result, the model cannot currently be
used in a completely predictive manner. Nevertheless, by fitting the
model to the measured pO2 dependence surface energy of liquid Cu,
one can conclude that O-adsorption to Cu surface is likely to be
confined to O2-type, i.e. sub-surface, sites. Furthermore, the predic-
tions of the model over the range of adjustable parameters seem to be
consistent with several possible configurations of adsorbed oxygen
that have been predicted by first principles calculations.

4. Conclusions

A model of O-adsorption to the liquid Cu surface has been
constructed. This differs from previousmodels of O-adsorption, in that
it specifies adsorption sites in a realistic manner. The model contains
one adjustable parameter. As this parameter is varied, it produces a
variety of possible adsorption characteristics, including the possibility
of first order transitions which lead to the formation of 2-d surface
oxide layers, and different sequences for the occupancy of adsorption
sites.

Fitting the model to the experimental variation of the surface
energy of liquid Cu with O-partial pressure fixes the adjustable
parameter. The adsorption behavior that corresponds to this choice of
parameters, indicates that O-adsorption to the surface of liquid Cu
most likely occurs in sub-surface sites.
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Appendix I

We provide here an explanation of the first term of Eq. (3):

3XO1εCu0O + 4XO2εCu0O + 3XO1XO2εOO + 0:5XO1XObεOO + 2XO2XObεOO

With the help of Figs. 1 and 2, it can be seen that 3 Cu′–O bonds are
formed for each occupiedO1-site, accounting for an energy of 3XO1εCu′O;
for each occupied O2-site 4 Cu′–O bonds are formed, which amount to
an energy of 4XO2εCu′O; each occupied O2-site also makes 3 bonds with
the upper O-atoms, O1 (the energy is thus 3XO1XO2εOO); each occupied
O1-site is also connected to a lower O-site of Cu(2) with an occupancy
probability of XOb, for an energy of 0.5XO1XObεOO (here the factor of 0.5
corrects for double counting when that bond is counted again from the
second site); finally the term 2XO2XObεOO accounts for O–O interactions
of anoccupiedO2-sitewith its 4 remainingO-neighbors (dividedby two
for double counting).
Appendix II

The chemical potential of component B in a binary A–B solution may
be expressed in terms of the molar free energy of the solution (Fm) as:

μB = Fm + 1−XBð ÞdFm = dXB

In the case of interest here, this may be rewritten as:

μO = Fm + 1−XC
O

� �
dFm = dXC

O

To evaluate this expression, we transform the quantities defined in
terms of XO

C into ones defined as functions of XOb, using the relation-
ships of Eqs. (5) and (7). Together with the chain rule, this yields:

μO =
Fb XObð Þ

2NO 2 + XObð Þ +
2

2 + XObð Þ
d

dXOb

Fb XObð Þ
2NO 2 + XObð Þ

 !
dXOb

dXC
O

which simplifies to:

μO =
1

2NO

dFb XObð Þ
dXOb

= 8XObεOO + 4εCu′O½ � + 12
∂f bð Þ

CuCu

∂XOb
εCuCu +

∂f bð Þ
Cu′Cu

∂XOb
εCu0Cu +

∂f bð Þ
Cu0Cu0

∂XOb
εCu0Cu0

" #

+ RT ln XOb = 1−XObð Þ½ �
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