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To understand the initial steps of the oxidation of Cu(110), we applied density functional theory (DFT) calcula-
tions to study oxygen subsurface adsorption at the Cu(110)-c(6 x 2) reconstructed surface by increasing oxygen
coverage. A transition from oxygen octahedral occupancy to tetrahedral preference occurs when the coverage
reaches 1 monolayer, which may signal the onset of bulk oxidation that initially forms highly distorted Cu—0
tetrahedrons by comparing the bond lengths and angles of the resulting Cu—0O tetrahedron with the bulk
Cu,0 structure. These results suggest that a critical oxygen coverage is required for such a crossover from the
oxygen chemisorption to bulk oxide formation. A comparison with the oxygen subsurface adsorption at
Cu(100) suggests that the Cu(110) surface has a larger tendency to form Cu- O tetrahedrons.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The interaction of oxygen with metals plays a critical role for a
wide set of technological applications including chemical catalysis
[1-3], corrosion [4,5], high temperature oxidation [6,7], gas sensing
[8-10] and thin film processing [11-13]. Oxygen has been studied
on many metal surfaces and in many cases and it has been shown
that oxygen adsorption takes place with a significant surface
restructuring which precedes the formation of a passivating oxide
film. However, while many questions of the structure and kinetics
of oxygen chemisorption are now answered, there is still a lack of a
fundamental understanding of the crossover between oxygen surface
chemisorption and bulk oxide formation. While it is widely assumed
that the oxygen atoms are embedded into subsurface regions when
the surface reconstruction is terminated at a high oxygen coverage
whereby initializing the oxide formation [14-20], the atomic details
of oxygen-adsorption induced transformation of the metal crystal
lattice into its oxide are not elucidated.

Oxygen on copper has provided a model chemisorption system which
has been subjected to a large number of studies. Particularly, the oxygen
chemisorption on Cu(110), the most open of the low-index surfaces, is
among the best studied systems, involving oxygen adsorption, interdiffu-
sion of Cu and O, and various restructuring phases [21-32]. A consensus
has been established that the Cu(110)-(2 x 1)-O phase induced by oxy-
gen exposure appears to be “added rows” of Cu—0-Cu chains growing
preferentially along the [001] direction, with the saturation oxygen cov-
erage 6 = 0.5 [23,24]. Continuous oxygen adsorption causes further sur-
face reconstruction into a Cu(110)-c(6 x 2) structure [21,22]. By using
scanning tunneling microscopy (STM) and surface X-ray-diffraction
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investigations, Feidenhans'l et al. first derived the structural model for
the ¢(6 x 2) reconstruction with a saturated oxygen coverage 6 = 2/3
[26]. In addition to the experimental observations, significant theoretical
studies have also been performed, particularly on the Cu(110)-(2 x 1)-O
reconstruction. Using density functional theory (DFT) calculations,
Frechard et al. studied different atomic oxygen adsorption scenarios on
the Cu(110) surface at low oxygen coverage. They found that the
added-row configuration is the most stable phase among various struc-
tures because the missing surface Cu atoms can effectively release the
surface tension [28]. Their results are supported by Liem et al., who also
concluded that the added-row (2 x 1)-O reconstruction yields the low-
est system energy at half oxygen coverage [29]. However, the study on
the Cu(110)-c(6 x 2) reconstruction has been significantly fewer, and it
remains unclear that how this structure evolves under further increased
oxygen coverages.

In FCC (face-centered cubic) Cu lattice, two types of interstitial
sites, i.e., octahedral and tetrahedral sites, are available for possible
subsurface oxygen occupancy. It has been shown that octahedral
sites are energetically more favorable than tetrahedral sites for oxygen
subsurface adsorption at Cu(100) surface [14-17] though no similar
studies have been yet performed on the Cu(110)-c(6 x 2) surface.
However, for bulk Cu,O structure oxygen atoms reside the tetrahedral
sites in the Cu lattice. Therefore, transformation from the octahedral
preference to the tetrahedral preference represents a crucial step in
the onset of the bulk oxide formation. Yet, the atomic mechanism for
such a transformation has not been established due largely to the lack
of experimental approaches with the sufficient detectability to resolve
the oxygen adsorption at the two subsurface sites. The goal of this
work is to employ DFT calculations to investigate the structural evolution
of the Cu(110)-c(6 x 2) reconstructed surface under high oxygen cover-
ages and explore energetically favorable sites for oxygen subsurface ad-
sorption, which will provide insight into the underlying mechanisms of
the transition from the c(6 x 2) chemisorption to bulk Cu,0 formation.
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2. Computational methodology

The DFT calculations are performed using the Vienna ab-initio simu-
lation package (VASP) [33-36] with the PW91 generalized gradient
approximation (GGA) [37] and projector augmented wave (PAW)
potentials [38,39]. Our test calculation confirmed that a cutoff energy
of 380 eV is sufficient to give a well converged adsorption energy [40].
The Cu surface is modeled by a periodically repeated slab consisting of
five layers with the bottom layer fixed while the other layers are free
to relax. Successive slabs are separated by a vacuum region of 11 A.
The Brillouin zone sampling is based on the Monkhorst-Pack technique
[41]. We carried out a convergence test of the K-points mesh by
comparing the total energy difference of a pure c(6 x 2) reconstructed
slabusing4 x 2 x 1and 8 x 4 x 1 meshes. Atestwith8 x 4 x 1 mesh
gives a total energy difference of 0.025 eV, suggesting that sufficient
convergence is reached using a 4 x 2 x 1 mesh for the Cu(110)
¢(6 x 2) unit cell. Electron smearing is carried out following the
Methfessel-Paxton technique [42] with N = 1 and o = 0.2. The relax-
ation of the ionic positions into the ground state geometry is performed
either with a conjugate gradient algorithm or a quasi-Newton scheme.
To ensure the convergence, we also relax the clean five-layer Cu(110)
slab and compare the interlayer spacings of the top few layers with
the previously reported computational values. The height of each

Table 1

The adsorption energies of the subsurface oxygen atom at the oxygen cover-
age 6 = 3/4 (8 on-surface and 1 subsurface oxygen atoms). The abbreviations
for the adsorption sites are defined in Fig. 1.

Adsorption site Adsorption energy E,qs/eV

opl —0.90
o1 —061
03 —0.71
T1 —0.59
T2 —0.50

layer is defined as the average height of all atoms in that layer, and
the interlayer separation is measured by the percent changes relative
to the bulk value. Our results show that after structural relaxation, the
spacing change between the first and second Cu layers is —10.3% and
the second and third layers is 3.0%, which are in good agreement with
the previously reported values of —10.0% and 3.0% by Duan et al. [31].

In this study, the oxygen adsorption energies and surface morphol-
ogy changes under different oxygen coverages are investigated in a
sequential manner. That is the most stable configuration identified
from the low oxygen coverage is subsequently used as the reference
system to determine the most stable configuration resulting from a

(b)

[001]

[110] [170]

o700 (e it
000000
[110]

[001) [170]

Fig. 1. Structural model of the Cu(110)-c(6 x 2) unit cell and the approximate locations of the subsurface sites for possible oxygen occupancy, left: top view along the [110] projection,
right: side view along the [OOT] projection (note that a five-layer slab is used). (a) 4 open (Op) sites (in the side view, the visualization of Op1 and Op3 is blocked by Op2 and Op4,
respectively). Details of the Cu atoms labeled by 1, 2 and 3 in the top view can be found in the text. (b) 12 octahedral (O) sites (the view of O1. 03, 05, 07, and 011 is blocked in the
side view). (c) 16 tetrahedral (T) sites (similarly, the visualization of the remaining tetrahedral sites is invisible in the side view).
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higher oxygen coverage. The oxygen adsorption energy Egs is calculated
using the equation

1 tot N
Eads = N (E(g/Cu Eref_70E02>v

where E§)q, is the total energy of the Cu— O system, and E.is the energy
of the structure that we use as a reference to compare the relative sta-
bility, and more specifically, it is the total energy of the most stable con-
figuration with one less subsurface oxygen atom compared with the
system under study. Eo, is the energy of an isolated oxygen molecule
and Ny is the number of oxygen atoms newly adsorbed into the system,
which is equal to 1 throughout this work for sequentially increasing the
oxygen coverage. The atomic structures are all visualized using the
XCrySDen package [43]. The calculations of molecular and atomic oxy-
gen are spin-polarized, and the binding energy of an oxygen molecule
is calculated as 6.30 eV while the experimental value is 5.10 eV [44].
The GGA/PW91 error for the binding energy for O, is large as note
before, and our value agrees with previous results [29,45,46].

3. Computational results

Shown in Fig. 1(a) is a structural model of the Cu(110)-c(6 x 2)
reconstructed surface with the saturated oxygen coverage of 6 = 2/3.
The coverage is defined as the ratio of the number of oxygen atoms
over the number of Cu atoms in the corresponding clean surface.
For the Cu(110)-c(6 x 2) reconstruction, there are two adjacent
[001]-oriented Cu—0O-Cu rows in every three [110]-(1 x 1) lattice
spacings. On every third [001] rows that do not contain Cu—0-Cu
chains, every two [001] (1 x 1) lattice spacings are filled with alternate
Cu atoms and vacancies, and these Cu atoms are bonded with the O
atoms in the vicinal Cu—O- Cu chains [26]. Such a reconstruction has
a large unit cell which gives rise to a number of distinct subsurface
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Table 2
The adsorption energies of the subsurface oxygen atoms at the oxygen coverage 6 = 5/6
(8 on-surface and two subsurface oxygen atoms with the Op1 configuration).

Adsorption site Adsorption Stabilized site
energy E,qs/eV

op2 —0.49

op3 —084

Op4 —0.79

01 —0.58

02 —0.57

03 —0.61

04 —0.49

05 —0.59 T6
06 —0.61

T1 —047

T2 —0.44

T3 —0.34

T4 —0.50

T5 —0.61 03
T6 —0.59

T7 —0.36

T8 —0.61 06

adsorption sites for oxygen atoms: four open sites (Op) which are locat-
ed along the open [001] Cu rows (Fig. 1.(a)), 12 octahedral sites
(Fig. 1.(b)), and 16 tetrahedral sites (Fig. 1.(c)). In this work, the oxygen
coverage is increased gradually from 6 = 2/3 to 6 = 1, and the most
energetically stable configuration is determined for each oxygen
coverage.

We first check if oxygen atoms can still be embedded into the
system via on-surface adsorption for the Cu(110)-c(6 x 2) recon-
struction. Oxygen adsorption may occur on top of on-surface Cu
atoms or short-bridge sites between Cu atoms along the [110] direc-
tion (note that the short-bridge sites between O atoms are obviously
not favorable sites for O occupancy due to strong repulsion from the

Fig. 2. Relaxed structures of the c(6 x 2) cell at an oxygen coverage of 6 = 3/4 with oxygen atoms adsorbed at various subsurface sites: (a) Op1, (b) 01, (c) 03, (d) T1, and (e) T2.
Cu atoms are depicted by blue balls, on-surface oxygen atoms by yellow balls. Red balls represent the newly adsorbed subsurface oxygen atoms.
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adjacent O atoms, see Fig. 1(a)). For the oxygen adsorption atop
on-surface Cu atoms, the first layer of the supercell contains 10 Cu
atoms, but there are only two nonequivalent sites (labeled 1 and 2
in Fig. 1(a)) due to the symmetries of the supercell. After structural
relaxation, the oxygen atom initially placed above Cu atom 1 is
stabilized at the short bridge site between the Cu atoms labeled 1
and 3, resulting in the adsorption energy of 0.47 eV, the adsorption
energy for the oxygen atom atop Cu atom 2 is 1.52 eV. Their positive
adsorption energies suggest that the extra oxygen atoms cannot be
stabilized at the on-surface sites including the short-bridge sites
between Cu atoms. This indicates a transition to subsurface oxygen
adsorption when the oxygen coverage is greater than 2/3. As shown
below, this is indeed the case: the subsurface oxygen adsorption
results in a negative value of the adsorption energy.

3.1. Oxygen coverage of 6 = 3/4

The oxygen coverage of 3/4 is achieved by placing one additional
oxygen atom into the subsurface region of the Cu(110)-c(6 x 2)
reconstructed surface. The number of possible adsorption sites
examined is greatly reduced by considering the mirror and rotational
symmetries of the system. Throughout this study, considerable
attention has been paid to ensure that the oxygen adsorption
energetics for all non-equivalent subsurface sites are compared. The
adsorption energies computed for all the distinct sites are listed in
Table 1, and the relaxed structures are shown in Fig. 2. The Op1 con-
figuration gives the most stable structure with the adsorption energy
of —0.90 eV. It is interesting to note that after the structural relaxa-
tion the Opl subsurface oxygen atom is bonded with three Cu
atoms, two on the second layer and the other Cu atom on the third
layer. The bond lengths to the three coordinating Cu atoms are
1.97 A, 197 A and 1.95 A, and the Cu-0-Cu bond angles are
82.73°,85.17° and 85.17°, respectively, suggesting that when the sub-
surface adsorption initiates, the oxygen atom prefers to stay at a
pseudo threefold position above the second layer, which is similar
to the on-surface oxygen adsorption on a clean Cu(110) surface,
where the oxygen atom stays at a pseudo threefold position above
the surface by involving two on-surface Cu atoms and one Cu atom
from the second Cu layer [29,31]. The introduction of Op1 oxygen
makes no structural change on the top layer, which can be seen in
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Fig. 3. Relaxed structures of c(6 x 2) cell at an oxygen coverage of 6 =

Table 3
The oxygen adsorption energies for distinct subsurface sites at the oxygen coverage 6 =
11/12 (8 on-surface and 3 subsurface oxygen atoms with the Op1 + Op3 configuration).

Adsorption site Adsorption Stabilized site
energy E,qs/eV

op2 —0.55

01 —0.50 T1
03 —0.53

04 —0.28

06 —0.58

T1 —0.50

T2 —0.53 03
T3 —0.58 02
T4 —0.28

Fig. 2(a), and the top surface has negligible upward relaxation (only
~0.11%) as measured from the average height change between the
on-surface oxygen atoms and the first-layer Cu atoms. The most sta-
ble octahedral site is found to be 03 (identically, 04, 09 and 010),
with the adsorption energy of —0.71 eV, compared with —0.61 eV
for O1 site. The preference of O3 over O1 can be attributed to the
increased coordinating Cu atoms at O3 site, which is bonded with 6
Cu atoms (two Cu atoms at each of the first three layers), whereas
the oxygen at O1 is bonded with five Cu atoms. The formation of
Cu-0 bonds has been shown effective in bringing down the system
energy [31]. The tetrahedral sites yield the highest adsorption energies,
indicating that they are the least favorable sites for oxygen subsurface
occupancy.

3.2. Oxygen coverage of 6 = 5/6

We then add another oxygen atom into various subsurface positions
of the most stable Op1 configuration and achieve an oxygen coverage of
5/6 with a total of two subsurface oxygen atoms. The adsorption ener-
gies for the nonequivalent positions are listed in Table 2. The open site
Op3 is the most stable adsorption position under such an oxygen cover-
age (note that Op1 is already pre-occupied by oxygen, but it still has
freedom to relax its position during the subsequent oxygen adsorption).
The preference of Op3 (Fig. 3(b)) site over Op2 (Fig. 3(a)) can be attrib-
uted to the fact that the distance between Op1 and Op2 sites is much
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(d)

5/6, with oxygen atoms adsorbed at various subsurface sites: (a) Op2, (b) Op3, (c) the oxygen atom initially

placed at 05 moves to T6 and (d) the oxygen atom initially placed at T5 moves to 03. Cu atoms are depicted by blue balls, on-surface oxygen atoms by yellow balls. Red balls
represent the newly adsorbed subsurface oxygen atoms, while purple balls represent the old ones (note that only some representative structures are presented while other

configurations of less importance are not shown).
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smaller than that between Op1 and Op3, resulting in larger repulsion
between the oxygen atoms at Op1 and Op2 sites and thus making
0p2 less favorable for oxygen to occupy. Our calculation shows that
the introduction of Op3 subsurface oxygen leads to minor expansion
of the top surface by 0.39% (which is translated into an average height
increase of 0.02 A) compared with the c(6 x 2) surface with no subsur-
face oxygen.

Several structural changes are observed after the relaxations. The
oxygen atom originally placed at O5 moves to T6 after relaxation
(Fig. 3(c)), while the oxygen atoms put at T5 and T8 are finally stabi-
lized at 03 (Fig. 3(d)) and 06, respectively, suggesting that the presence
of open-site oxygen atom makes its adjacent octahedral/tetrahedral
sites unfavorable for further oxygen adsorption due to repulsive inter-
action. Although the tetrahedral sites are still not favorable for oxygen
adsorption, the most stable tetrahedral site gives an adsorption energy
(—0.59 eV at T6) very close to that of the more stable octahedral sites
(—0.61 eV at O3 and 06) at this oxygen coverage.

3.3. Oxygen coverage of 6 = 11/12

We then add another oxygen atom into the various subsurface
positions of the most stable Op1 + Op3 configuration (i.e., these two
sites are pre-occupied by oxygen) and achieve the oxygen coverage of
6 = 11/12 with the total of three subsurface oxygen atoms. The oxygen
adsorption energies for the non-equivalent subsurface sites are listed in
Table 3. At this oxygen coverage, the open sites (Fig. 4(a)) no longer yield
the lowest system energy, and the adsorption energy of 04 (Fig. 4(c)) is
significantly higher than other octahedral sites (i.e., Fig. 4(b) and (d)). 06
turns to be the most stable site for oxygen adsorption, with the adsorp-
tion energy of —0.58 eV and a top surface height elevation of 2.35%
(Fig. 4(d)) compared with that of the pure c(6 x 2) surface. Interestingly,
the oxygen atom initially placed at the O1 site is stabilized at T1 after
structural relaxation, similar as the oxygen atom that is initially placed

&#&#&#&#&s
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at 05 but stabilized at T6 at the coverage of 5/6 ML. T1 (Fig. 4(e)) and
T4 (Fig. 4(f)) maintain their tetrahedral feature after relaxation, while
the oxygen atoms initially placed at T2 and T3 sites move to their adjacent
octahedral sites.

3.4. Oxygen coverage of 0 = 1

We then add another oxygen atom into the various subsurface posi-
tions of the most stable configuration of the Op1 + Op3 + 06. With
four subsurface oxygen atoms, the total oxygen coverage reaches
1 ML. The system symmetry is broken by the pre-occupancy of oxygen
atoms at Op1, Op3 and O6 sites (note these atoms are still allowed to
relax their positions during the subsequent oxygen adsorption), thus
the number of nonequivalent subsurface sites increases significantly
and we consider oxygen adsorption at all these subsurface sites. The
adsorption energies obtained are given in Table 4, and representative
relaxed structures are shown in Fig. 5. It can be seen that with the intro-
duction of the fourth subsurface oxygen atom, the previously adsorbed
oxygen may move to some other adjacent higher-symmetry sites. For
instance, the oxygen atom stabilized at O6 at the oxygen coverage
6 = 11/12 now moves to T7 after the fourth oxygen atom is placed at
Op2 (Fig. 5(a)), and the oxygen atom that initially resides Op1 moves
to O5 after O7 is occupied by a new oxygen atom (Fig. 5(b)). As it
happens for the lower coverages, if an open site is already occupied, it
becomes energetically unfavorable for other oxygen atoms to take its
adjacent octahedral sites: the oxygen atoms initially placed at O1, 05,
08 and 011 are finally stabilized at T1, T6, T11 and T13, respectively
(Fig. 5(c-e)). More importantly, oxygen atom that initially resides at
05 moves to T6 after relaxation, resulting in the most stable configura-
tion at 1 ML coverage and ~4.67% of the top surface height elevation.
However, it is noted that many of the tetrahedral sites are still not stable
oxygen residence sites, and oxygen atoms originally put into these
positions are finally found at the nearby octahedral sites, as listed in
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Fig. 4. Relaxed structures of c(6 x 2) cell at an oxygen coverage of 6 = 11/12, with oxygen atoms adsorbed at various subsurface sites: (a) Op2, (b) 03, (c) 04, (d) 06, (e) T1 and (f) T4.Cu
atoms are depicted by blue balls, on-surface oxygen atoms by yellow balls. Red balls represent the newly adsorbed subsurface oxygen atoms, and purple balls are for old ones.
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Table 4
The adsorption energies of the subsurface oxygen atoms at the oxygen coverage 6 = 1
(8 on-surface and 4 subsurface oxygen atoms with the Op1 + Op3 + 06 configuration).

Adsorption site Adsorption Stabilized site
energy E,qs/eV

Op2 —0.69 06 moves to T7

Op4 —0.56

01 —0.41 T1

02 —0.68

03 —0.59

04 —0.63

05 —0.71 T6

o7 —0.20 Op1 moves to 05

08 —0.53 T11

09 —0.55

010 —043

011 —0.59 T13

012 —0.60

T1 —0.41

T2 —0.59 03

T3 —0.66

T4 —0.63

T5 —0.58 03

T6 —0.71

T7 —0.49

T8 —0.15

T9 —0.55 09

T10 —0.39

T11 —0.53

T12 —043 010

T13 —0.59

T14 —0.55 09

T15 —0.60 012

T16 —0.46
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Table 4. Fig. 5(f) shows the relaxed configuration for which the oxygen
atom is initially placed at T2 but finally stabilized at 03. It is worth to
point out that the second most stable configuration, which is obtained
by initially positioning one oxygen atom into the Op2 site, is also a
tetrahedral-site oxygen atom stabilized at the T7 site.

4. Discussion

By looking at the adsorption energies at distinct subsurface sites
for the different oxygen coverages, we find that there is an increasing
tendency for the newly adsorbed oxygen atom to stabilize at the
tetrahedral site with increasing the oxygen coverage. Such a transition
to the oxygen tetrahedral preference can be attributed to the upward
relaxation of the top surface layer with the increased oxygen coverage,
which makes room available for oxygen tetrahedral occupancy. The
top surface layer relaxes upward as the subsurface oxygen coverage
increases and thus induces larger interplanar space between the first
and second layer for tetrahedral oxygen occupancy. From Figs. 2(a)
and 3(b), it can be seen that the embedment of subsurface oxygen
atoms at Op1 and Op3 sites causes negligible surface elevation, and
the top surface morphology remains unchanged compared with that
of the pure ¢(6 x 2) structure. However, further oxygen adsorption
induces pronounced upward surface relaxation, which makes it possi-
ble for oxygen atoms to reside tetrahedral sites. On the other hand,
it can be also noted that at the oxygen coverages less than 1 ML the
oxygen adsorption energies increase as more subsurface oxygen
atoms are adsorbed into the open or octahedral sites. However,
once the oxygen coverage 6 = 1 is reached, oxygen atom begins to
reside tetrahedral sites and the adsorption energy for the most stable
configuration decreases pronouncedly (from —0.58 eV to —0.71 eV
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Fig. 5. Relaxed structures of c(6 x 2) cell at an oxygen coverage of = 1, with oxygen atoms adsorbed at various subsurface sites: (a) Op2, making the pre-adsorbed oxygen at 06 move
to T7, (b) O7, making the pre-adsorbed oxygen at Op1 move to 05, (c) the oxygen atom placed at 01 moves to T1, (d) the oxygen atom initially placed at 05 moves to T6, (e) the oxygen
atom initially placed at 08 moves to T11 and (f) the oxygen atom initially placed at T2 moves to 03. Cu atoms are depicted by blue balls, on-surface oxygen atoms by yellow balls. Red balls

represent the newly adsorbed subsurface oxygen atoms, and purple balls are for old ones.
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Fig. 6. Equilibrium structure of the tetrahedron formed from the oxygen subsurface
adsorption at T6 for the oxygen coverage 6 = 1. The resulting Cu,0-like tetrahedron
is highlighted, in which Cu atoms are depicted by blue balls and O atoms by red balls.

by comparing the energies listed in Tables 3 and 4), revealing that the
tetrahedral adsorption contributes to the system stability.

We now examine the atomic structure of the tetrahedron resulted
from the most stable configuration at the 1 ML oxygen coverage since
the oxygen tetrahedral adsorption may indicate the onset of the bulk
oxide (Cu,0) formation. Fig. 6 shows the resulting tetrahedron at T6
for the 1 ML oxygen coverage. Our measurement shows that the
Cu-0 bond lengths of the tetrahedron ranges from 1.89 A to 2.09 A,
and the Cu-O-Cu bond angles fall into the range of 87.23° to
139.62°. According to our DFT calculation, the corresponding bond
length and bond angle in bulk Cu,0 are 1.86 A and 109.47°, respectively.
It is clear that the tetrahedral structure formed at T6 shows some
distortion compared with a perfect Cu,0O tetrahedron.

Our results demonstrate that the tetrahedral preference occurs at
the ¢(6 x 2) reconstructed Cu(110) surface with 1 ML oxygen cover-
age. This is in contrast to the Cu(100) surface, for which the oxygen
tetrahedral preference was observed only under some special conditions.
The oxygen tetrahedral preference over octahedral sites occurs when the
oxygen coverage reaches 0.75 ML by assuming a nonreconstructed
Cu(100) surface [14,47]. Realistically, a missing-row surface reconstruc-
tion has already taken place that has a saturated oxygen coverage of
0.5 ML [48-52]. For the missing-row reconstructed Cu(100) surface,
Lee et al. noted that the oxygen tetrahedral adsorption can occur at the
oxygen coverage of 1 ML with the presence of an oxygen molecule
adsorbed on the reconstructed Cu(100) surface; if the oxygen molecule
is absent, no tetrahedral adsorption occurs even under a higher oxygen
coverage [17]. More recently, we found that the oxygen tetrahedral
adsorption at a lower oxygen coverage of 0.53 ML can also occur only
along the defect area (i.e., domain boundaries) formed by merging
missing-row domains [19]. However, for the c(6 x 2) reconstructed
Cu(110) surface, we monitor the oxygen adsorption process with
increasing the oxygen coverage and obtain the oxygen tetrahedral
preference at the oxygen coverage of 1 ML without involving any
defect areas or molecular oxygen adsorbed on the surface. These

differences suggest that the Cu(110) surface has a stronger tendency to
form Cu,O-like tetrahedrons than Cu(100) with increasing the atomic
oxygen coverage. This corroborates with a previous in situ electron
microscopy study that showed that the Cu(110) surface has a faster
initial oxidation kinetics (i.e., the nucleation and growth rates of Cu,0
nanoislands) than Cu(100) [53].

The differences between Cu(100) and Cu(110) in the transition from
oxygen octahedral adsorption to tetrahedral adsorption may be related
to the numbers of octahedral and tetrahedral sites available for oxygen
subsurface adsorption. Fig. 7 shows the missing-row reconstructed
Cu(100) unit cell from which we can determine the number of subsur-
face octahedral and tetrahedral adsorption sites (note that both fully
and under-coordinated octahedral and tetrahedral sites are accounted).
The positions of the octahedral/tetrahedral sites at the Cu(110)-
c(6 x 2) reconstructed surface can be seen in Fig. 1(b) and (c), respec-
tively. Both the (100) and (110) surface reconstructions shown in
Figs. 7 and 1 correspond to the highest oxygen coverages before oxygen
subsurface adsorption takes place. For the missing-row reconstructed
Cu(100) surface, the densities of subsurface octahedral and tetrahedral
adsorption sites are 0.15/A% and 0.30/A2, respectively, while for the
(6 x 2) reconstruction, their densities are 0.11/A2 and 0.14/A?, respec-
tively. Apparently, the Cu(110)-c(6 x 2) surface has less octahedral
sites, which may drive the transition to the oxygen tetrahedron occu-
pancy at a lower oxygen coverage compared to the Cu(100) surface.
Such a crossover may be linked with the onset of the bulk oxide
formation.

5. Conclusion

Using DFT method, we extensively studied the stability and structur-
al change of Cu(110)-c(6 x 2) surface under the increased the oxygen
coverage. As the surface oxygen coverage goes up, oxygen subsurface
adsorption occurs, which induces the elevation of the top surface
layer. It is found that the oxygen can be stabilized at the tetrahedral
site when the coverage reaches 1 ML, which demonstrates that a critical
oxygen coverage exists for the occurrence of tetrahedral preference. The
crossover from oxygen octahedral adsorption to tetrahedral adsorption
may signal the onset of bulk oxide formation. The bond lengths and
bond angles of the resulting Cu—O tetrahedron formed at the 1 ML
oxygen coverage show some distortion compared with that of the
bulk Cu,0 phase. A comparison with the oxygen adsorption at Cu(100)
suggest that the Cu(110) surface has a larger tendency to form Cu-0
tetrahedrons.
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