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ABSTRACT: Copper is a common catalyst for many important
chemical reactions including low-temperature water gas shift,
selective catalytic reduction of NOx, methanol synthesis, methanol
steam reforming, and partial oxidation of methanol. The degree of
surface oxidation, or the oxidation state of the active site, during
these reactions has been debated and is known to have a large
influence on the reaction rates. Therefore, elucidating the atomic-
scale structure of copper surface oxides is an important step toward
a fuller understanding of reaction mechanisms in heterogeneous
catalysis. The so-called “29” monolayer oxide film is a common
intermediate in the oxidation of Cu(111). The large size of its unit
cell has thus far prevented the development of a definitive model for its structure. Using high-resolution scanning tunneling
microscopy (STM) and density functional theory (DFT) calculations, we arrive at a model for the “29” CuxO film on Cu(111).
There is very good agreement between experimental and computational STM images over a range of biases. Through the
construction of a phase diagram from first-principles, we further find that the “29” structure derived from the DFT calculations is
indeed the most stable structure under the experimental conditions considered. This work yields an accurate picture of the
atomic scale structure of the “29” oxide film and therefore a basis for beginning to understand adsorption sites and reaction
mechanisms on this catalytically relevant surface.

■ INTRODUCTION

Copper-based catalysts are used in many heterogeneous
catalytic processes such as low-temperature water gas shift,1,2

CO oxidation,3−7 methanol synthesis,8−11 methanol steam
reforming,12 the partial oxidation of methanol to form-
aldehyde,13−15 and the epoxidation of hydrocarbons.16,17 Cu
can also be exchanged within a zeolite with a chabazite
structure, which is the current state-of-the-art catalyst in the
selective catalytic reduction of NOx to ammonia.18 The
oxidation state of Cu plays a crucial role in these reactions
and has been the subject of much debate.19 Partially oxidized
Cu has been shown to be a very good catalyst for many of these
processes,8,19−23 as pure metallic Cu cannot survive under
redox conditions,24 making the details of such surface structures
important to understand. There is also a large amount of
evidence that the oxidation state of the Cu can cycle between
Cu1+ and Cu2+ throughout the catalytic cycle for the selective
catalytic reduction of NOx with ammonia when a Cu-
exchanged zeolite is used as the catalyst.25 Furthermore,
Cu2O has been extensively studied due to its photovoltaic and
photocatalytic properties.26−29

The oxidation of Cu has been thoroughly investigated to
understand these catalytically relevant surfaces and gain a
fundamental understanding of the bulk oxidation process.30,31

At low temperatures (∼100 K) a molecularly bound peroxo
species forms on the Cu surface, but at room temperature O2

readily dissociates.32 At low O surface coverages on Cu(111), O
adatoms preferentially sit in fcc 3-fold hollow sites.33,34 As the
O coverage is increased disordered oxide structures are formed,
which grow from step edges and have been shown to refacet to
expose [100] type steps.34−37 At higher substrate temperatures
ordered Cu2O-like films form on Cu(111). Rodriguez and
coworkers have reported the formation of honeycomb oxide
phases, which can also exhibit 5−7 defects and O
vacancies.6,7,38,39 When the surface layer is saturated with O2

at ∼423 or ∼673 K, the “44” or “29” oxide structures are
formed, respectively, and are referred to as such because their
unit cell areas are 44 and 29 times larger than the underlying
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Cu(111) unit cell.37,40−42 The “29” oxide has a slightly higher
O coverage than the “44” oxide. Finally, a Cu2O(100)-like
oxide phase has been discovered using a hyperthermal
molecular beam,43−45 which relaxes to the “29” structure after
annealing to 620 K.46 These structures are precursors to bulk
Cu2O growth, which begins to take place at high oxygen
exposures, typically >106 Langmuirs (1 Langmuir = 1 × 10−6

Torr s).47

Of these known copper oxide reconstructions, structural
models for only the honeycomb and corresponding defective
oxides6,38,48,49 and the Cu2O(100)-like structure50 have been
theoretically calculated and experimentally verified. In regard to
the heavily studied “44” and “29” oxides, a variety of surface
science techniques have been used to show that these structures
are Cu2O(111)-like films that have been distorted to be
commensurate with the underlying Cu(111) substrate.30,31

Bowker and coworkers proposed structural models based on
scanning tunneling microscopy (STM) studies,37 but the
models have yet to be verified; hence there are no well-
accepted models for these oxides. The perfect Cu2O(111)
surface is made up of fused hexagonal rings with a periodicity of
0.6 nm and occupying a 0.316 nm2 area.40 The rings are made
up of linear O−Cu−O bonds, which buckle, resulting in raised
and depressed O atoms;40,51,52 however, when grown on
Cu(111) this oxide film must distort to be commensurate with
the Cu(111) substrate and take on the symmetry of the “44” or
“29” oxide. The most stable conformations of the “44” and “29”
structures are thought to involve eight and six of these
hexagonal rings per oxide unit cell, respectively.37 In other
density functional theory (DFT) studies, simpler models with
similar O coverages have been used in place of the “44” and
“29” structures,48,53−56 as the “44” and “29” oxides are very
computationally expensive to model due to their large size and
complexity. This simpler model is constructed by building a
Cu2O-like layer on top Cu(111) with a p(4 × 4) supercell
containing nine Cu ions and seven O ions.48,53,55 The
calculated area per hexagonal ring in this model is 0.315 nm2,
whereas the area per ring in the “44” and “29” oxides is 0.314
and 0.276 nm2, respectively. Therefore, it is somewhat
reasonable to use this structure to simulate the “44” oxide
due to their similar hexagonal ring densities; however, this
model ignores the distortion of CuxO layer in the “29”structure
and has a very different oxide ring density, making a better
model for the “29” structure needed. In this study we propose a
full structural model for the “29” oxide model using
experimental data from high-resolution STM, DFT calculations,
and simulated STM images.

■ EXPERIMENTAL AND COMPUTATIONAL
METHODS

Scanning Tunneling Microscopy. The oxide film was
prepared in a ultrahigh vacuum chamber (P = 2 × 10−10 mbar)
where the Cu(111) surface was cleaned by Ar+ sputtering and
annealing to 1000 K. As illustrated in Figure 1, the “29” oxide
film was formed by holding the Cu(111) crystal at 650 ± 20 K
and exposure to O2 gas (Airgas, USP grade) at a pressure of 5 ×
10−6 mbar for 3 min. The sample was then transferred to the
STM chamber (P = 1 × 10−11 mbar) into the precooled STM
stage. Imaging was conducted using a Low-Temperature
Omicron NanoTechnology STM at 80 K.
Density Functional Theory. DFT calculations were

performed with the Vienna Ab initio Simulation Package
(VASP) code.57,58 The projector-augmented wave (PAW)59,60

method and the generalized-gradient approximation (GGA),
using the PBE61 functional, were employed for the treatment of
the electron−ion interactions and the exchange-correlation
effects, respectively. With its PAW potentials, VASP combines
the accuracy of all-electron methods with the computational
efficiency of plane-wave approaches. For the ionic relaxation,
the conjugate-gradient algorithm was applied. The electronic
wave functions were expanded in a basis set of plane waves with
kinetic-energy cutoffs of 500 eV. The “29” CuxO/Cu(111)
surfaces were modeled by putting one layer of CuxO on the
Cu(111) surface with a ° × °R R13 46.1 7 21.8 supercell that
was four layers thick. The bottom two layers of the slab were
kept fixed in their bulk positions at a lattice constant of 3.635 Å,
which is consistent with the reported computational value of
3.634 Å6 and the experimental value of 3.62 Å.62 Detailed
information on the “29” structure of Cu(111) surface can be
found in Figures S1 and S2 of the Supporting Information. The
CuxO layer is made from fused hexagonal rings, each with six
Cu atoms and six O atoms. There are six of these hexagonal
rings per “29” oxide unit cell, which has 18 Cu atoms and 12 O
atoms in the CuxO layer. There are also O adatoms in the
center of the rings, which adsorb at either fcc or hcp hollow
sites of the Cu(111) surface (see Figure S2 of the Supporting
Information), where they are bound most strongly.33 Table 1
lists the possible total number of O adatoms and the
corresponding O coverage of the “29” CuxO/Cu(111)
structure. The vacuum thickness was ∼12 Å. The unit cells
were sampled with (1 × 2 × 1) Monkhorst−Pack k-point grids.
A Methfessel−Paxton smearing of 0.2 eV was used to improve
the convergence, and the total energy was extrapolated to zero

Figure 1. Schematic depicting the sample preparation for the “29”
oxide. A representative STM image reveals an ordered domain that
runs for many hundreds of nanometers; scanning conditions 0.9 V, 0.1
nA.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.6b01284
J. Phys. Chem. C 2016, 120, 10879−10886

10880

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b01284/suppl_file/jp6b01284_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b01284/suppl_file/jp6b01284_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b01284/suppl_file/jp6b01284_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.6b01284


Kelvin. The total energy convergence threshold was set to 10−6

eV and the geometries were considered to be fully relaxed when
the forces were <0.02 eV/Å. The computational STM images
were generated by using the constant current model, which is
implemented in the p4vasp program using the Tersoff−Ha-
mann approach.63,64 In addition, the calculated lattice constant
of bulk Cu2O is 4.312 Å. The Cu2O(111) surface is modeled by
using a p(2 × 2) supercell, which has size of 12.196 × 12.196 Å.

■ RESULTS AND DISCUSSION
As shown in Figure 1, the “29” CuxO oxide film was prepared
by exposing a clean Cu(111) crystal held at 650 ± 20 K to
∼1000 L of O2. The wide-scale STM image at the bottom of
Figure 1 shows the characteristic row-like structure of the oxide
overlayer. Because of the fact that these rows are rotated from
the high-symmetry directions of the underlying Cu(111) lattice,
there are six possible orientations of the “29” structure, as
previously shown by low-energy electron diffraction (LEED);37

however, in the area shown in Figure 1, only one domain of the
“29” oxide is present, evidencing its long-range order. Atomic
size defects, currently of unknown identity, can be seen as
bright and dark spots in the image; however, these defects are
present at very low concentrations, with a surface coverage of
only ∼0.02% of a monolayer, with respect to Cu(111), counted
over a total area >70 000 nm2.

As previously mentioned, it has been shown by a number of
techniques that the “29” oxide is similar to the Cu2O(111)
surface structure.30 The most stable conformation is thought to
involve six of these hexagonal rings per “29” oxide unit cell,
which is also true of the structural model proposed by Bowker
and coworkers.37 The outstanding questions are the exact
geometry of these rings and if there are additional O adatoms in
the structure. Using nuclear reaction analysis (NRA),
Besenbacher and coworkers experimentally measured the O
coverage of the “29” oxide to be 0.52 ± 0.05 ML (1 ML is
defined as the Cu(111) packing density of 1.776 × 1015 atoms
cm−2).41 This measurement also showed that the “29” oxide has
saturated the surface layer of Cu with O but does not form bulk
Cu2O. Presented in Table 1 is the corresponding O coverage
for each possible number of added O atoms per “29” oxide unit
cell. From this point forward, N will be used to represent the
number of O adatoms in a given “29” oxide model.
The average formation energy, Ef, per oxygen atom of each

“29” CuxO/Cu(111) candidate is also presented in Table 1. Ef

can be calculated by

= − − −⎜ ⎟
⎛
⎝

⎞
⎠E

y
E E xE

y
E

1
2f total clean bulk

Cu
O2 (1)

where Etotal is the total energy of the “29” oxide candidate and
Eclean is the total energy of a clean Cu(111) slab. Variables x and
y are the number of Cu and O atoms in the CuxO layer,
including the O adatoms, respectively. Finally, Ebulk

Cu and EO2
are

the total energies of a bulk Cu atom and an O2 molecule in the
gas phase, respectively. Table 1 lists the average formation
energy per oxygen atom of the N = 0−6 structures. In general,
O adsorption is exothermic, resulting in the negative values for
Ef. It is found that Ef of the CuxO layers change only slightly for
N = 0−6 and are all near −1.9 eV. Therefore, the average
stability of each O atom of the CuxO layer is almost
independent of the total number of O adatoms. The average
formation energy of the Cu2O(111) surface is also listed in
Table 1 for comparison. It is found that the average formation
energy per oxygen atom is less favorable in the case of
Cu2O(111) than for any of the “29” CuxO/Cu(111)
candidates, indicating that it is harder and requires a higher
O chemical potential to form bulk Cu2O than the “29”

Table 1. Possible Number of O Adatoms per “29” Oxide
Unit Cell and the Corresponding Surface Coverage with
Respect to Cu(111)a

surface structure O coverage (ML) Ef (eV)

Cu(111) 0 0.00
N = 0 0.414 −1.99
N = 1 0.448 −1.96
N = 2 0.483 −1.92
N = 3 0.517 −1.91
N = 4 0.552 −1.88
N = 5 0.586 −1.91
N = 6 0.621 −1.84
Cu2O(111) 0.535 −1.43

aIn the right-hand column, the average formation energy per O atom,
Ef , is reported.

Figure 2. Top and side views of the candidates of the “29” oxide structure. The lowest energy DFT calculated “29” oxide structural models for N = 2,
3, 4, and 5 O adatoms per unit cell are presented. The red balls and gray balls represent the O anion and Cu cation in the CuxO layer, respectively.
The black and cupreous spheres represent O adatoms and Cu atoms in Cu(111) substrate, respectively.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.6b01284
J. Phys. Chem. C 2016, 120, 10879−10886

10881

http://dx.doi.org/10.1021/acs.jpcc.6b01284


structure, which is consistent with the experimental observation
that the “29” oxide preludes bulk Cu2O formation.
Some structural candidates for the “29” structure can be

discarded by comparing the surface O coverages listed in Table
1 to the experimentally determined O coverage of 0.52 ± 0.05
ML. For N = 6 the corresponding O coverage is significantly
greater than that of the experimentally determined value.
Likewise, N = 0 and 1 have O coverages much lower than 0.52
± 0.05 ML; therefore, both can be discarded as a candidates for
the “29” oxide structure.41 Shown in Figure 2 are the structures
of the remaining candidates for the “29” oxide, namely, N = 2−
5. In each case there are many possible permutations, or
configurations, of the placement of O adatoms in the hexagonal
rings. Each permutation of O adatoms was calculated, with the
restriction of one O adatom per ring and maintaining the
integrity of each hexagonal ring, and the most stable structures
are presented in Figure 2. Some of the less favorable
configurations can be found in the Supporting Information.
With the most stable configurations representing each possible
number of O adatoms, N, a general trend becomes evident that
as the surface becomes more oxidized the overall structure of
the film becomes flatter. In the cases of N = 2 and 3, a large
protrusion is formed in oxide overlayer. The height of
corrugation can be clearly seen from the side views displayed
in Figure 2. The resulting height variations of the N = 2 and 3
CuxO layers are 2.963 and 2.848 Å, respectively, measured from
the vertical position of lowest to the highest point in the oxide
layer. In the cases of N = 4 and 5, the height variations are
2.431 and 1.705 Å, respectively; significantly less that the height
variations of N = 2 and 3.
In Figure 3 the simulated STM image at a sample bias of

−0.5 V is displayed for each of the “29” oxide candidates, and

the image on the far right is an experimental STM image of the
“29” oxide film. STM images are a convolution of topographic
and electronic information, in which relative height and
conductance are represented by the brightness of a feature.
As seen for the N = 2 and 3 structures, the formation of the
large protrusion in the CuxO layer results in a large bright
feature in the simulated STM image. Although, to a lesser
extent, the N = 4 structure also generates an appreciably large
bright feature. The N = 5 structure, on the contrary, is relatively
flat with the pores of the hexagonal rings appearing as the
lowest points in the simulated STM image and the buckling of
the rings responsible for the corrugation. With regard to the
experimental STM image, there is no feature with such a
dramatic height difference from the rest of the surface as seen in
the simulated N = 2, 3, and 4 structures. This leaves the N = 5
structure as the most consistent model with the experimental
STM data.
As evident in Figure 3, the simulated STM images are much

sharper than the experimental STM images. This is due to the
fact that the resolution of experimental STM is limited by
experimental noise and the shape of the STM tip; however,
simulated STM does not have such limitations and the resulting
image is a representation of the calculated spatial electron
density integrated from the Fermi level to the scanning bias, but
most importantly, the agreement between the N = 5 simulated
STM image and the experimental STM image in Figure 3 is in
the symmetry and the location of surface features. This is easily
identified by referencing the unit cell highlighted by the red
parallelogram; the positions of the local maxima and minima
within the unit cells match incredibly well.
To further verify that the N = 5 structure is an accurate

model for the “29” oxide, simulated STM images at different

Figure 3. Simulated STM images at −0.5 V sample bias of the structural models presented in Figure 2 alongside an experimental STM image at the
same scanning bias. The contrast in the images is a convolution of the relative changes in topography and conductance. The “29” oxide unit cell is
highlighted by the red parallelogram. All images are 4 × 4 nm2.

Figure 4. Experimental STM images of the “29” oxide (top row) and simulated STM images of the N = 5 structure (bottom row). At different
scanning biases the surface appears very different by STM, which is also captured by the simulated STM images, showing excellent agreement
between experiment and theory. All images are 3.5 × 3.5 nm2.
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voltages were compared with experimental STM images, which
can be seen in Figure 4. It can be seen experimentally that the
appearance of the oxide changes significantly as the imaging
bias is adjusted, which is due to changes in the local density of
states available for tunneling into or out of. These changes are
captured very well by the simulated STM images. The images
are displayed in a way that each image is superimposable with
any other image in Figure 4. This is made clear by certain
features that can be recognized between a number of
experimental images. Most easily identifiable are the brightest
features in the 0.9 V experimental image, in which bright
circular units are arranged in-line diagonally from the bottom
left to the top right of the image. These discrete bright features
can be found in the same position in the other STM images. To
compare the experimental to the simulated STM images, let us
begin with the −3.4 and −1.25 V experimental images. In both
cases, bright rows can be seen running diagonally across the
surface with dark circular depressions filling the space between
the bright rows. The simulated STM images also show this,
with the bright rows and dark depressions appearing in the
same relative locations. Moving to the −0.5 and 0.2 V STM
images, there is no longer the appearance of these bright rows
and the surface appears to be much more porous, which is
echoed in the simulated STM images. Finally, in the 0.9 V
experimental STM image, the area above of the discrete bright
features previously mentioned is bright, while below the bright
features it is darker. This is very well echoed in the simulated
STM image in which there are bright features decorating the
upper side of the discrete bright protrusions and dark
depressions on the lower side. The agreement between the
simulated and experimental STM images through all the
complex changes induced by adjusting the scanning bias is very
compelling, further supporting the fact that the N = 5 structure
is in fact an atomically accurate model for the complex “29”
oxide film.
Another piece of evidence in support of the accuracy of the N

= 5 model for the “29” oxide structure is shown in Figure 5, in
which a simulated STM image, the N = 5 atomic model, and an
experimental STM image at −0.5 V are shown together. In the
simulated STM image it is shown how the atomic model
overlays with the image. In this way, it is clear how the model
overlays with the experimental STM image. The dark features
in the image are the pores of the hexagonal rings which is

consistent with the pores of the rings being topographically
lower than the rest of the surface. Interestingly, the hexagonal
ring without an O adatom does not appear significantly
different from any of the other rings that include an O adatom.
Our structure appears to be more corrugated and buckled than
the previous model for the “29” oxide proposed by Bowker and
coworkers.37

Another difference between the models is that the bright
features in the reported STM image by Bowker and coworkers
were assumed to result from an increase in conductance due to
O vacancies, or a lack of O adatoms.37 This was a reasonable
conclusion, as the opposite is true in which isolated O adatoms
on Cu(111) are known to appear as depressions due to a
depletion of the density of states around the Fermi level.34 O
vacancies resulting in bright features by STM have been
reported in more reduced CuxO/Cu(111) films, specifically the
“O-deficient” phase;6 however, in this highly oxidized and
tightly packed “29” structure, the hexagonal ring without an O
adatom appears in STM images very similarly to those rings
with an O adatom at the tested scanning biases.
Finally, it is worthwhile to study the stability of the “29”

CuxO/Cu(111) under different oxidation conditions. The
surface energy of formation for Cu oxide species can be
calculated by

γ μ μ= − − −
A

E E x y
1

( )f total clean Cu O (2)

where Etotal is the total energy of Cu oxide species and Eclean is
the total energy of a clean Cu(111) slab. Variables x and y are
the number of Cu and O atoms in the CuxO layer, respectively.
A is the area of the oxide surface. The oxygen chemical
potential μO can be related to the total energy of an isolated O2

molecule as reference zero, where μ μ= Δ + EO O
1
2 O2

. The Cu

chemical potential can be approximated by using the total
energy of bulk Cu, Ebulk

Cu .55 Therefore, eq 2 can be written as

γ μ= − − − − Δ⎜ ⎟
⎛
⎝

⎞
⎠A

E E xE
y

E y
1

2f total clean bulk
Cu

O O2 (3)

The oxygen chemical potential can be related to the
temperature, T, and the O2 partial pressure, p

O2, via the ideal
gas formulas. Detailed information can be found in the
Supporting Information. We remark that the oxygen chemical
potential could also be related to the pressure of other
molecules at a certain temperature, such as CO and CO2. In
addition, we estimated the error in the GGA approximation by
increasing the cutoff energy from 500 to 600 eV. The error is
found to be ∼0.02 eV. For a particular oxygen chemical
potential, the error of 0.02 eV can be translated to an O2
pressure error of ∼0.06pO2, or 6% error, in the temperature
range of 650 ± 20 K that was studied.
Shown in Figure 6a is a phase diagram of a handful of

experimentally observed oxide phases of Cu. These are, in
increasing degree of oxidation, clean Cu(111), O/Cu(111) at a
coverage of 1/16 ML, the honeycomb oxide,6 the “29”structure
with N = 5, and Cu2O(111). The detailed information on the
O/Cu(111), honeycomb oxide, and Cu2O(111) can be found
in the Supporting Information. Most importantly, the phase
diagram reveals that under very low O chemical potentials
isolated O adatoms on Cu(111) at a coverage of 1/16 ML are
the most favorable structure. As the O chemical potential is
increased, the honeycomb oxide becomes favorable over a small
range of O chemical potentials until eventually the “29”

Figure 5. From left to right, a simulated STM image at −0.5 V of the
N = 5 structure, the atomic model for N = 5, and an experimental
STM image at −0.5 V. It can be clearly seen how the structural model
of the “29” oxide overlays very well with the experimental STM image.
Images are 3.5 × 3.5 nm2.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.6b01284
J. Phys. Chem. C 2016, 120, 10879−10886

10883

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b01284/suppl_file/jp6b01284_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b01284/suppl_file/jp6b01284_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.6b01284


structure presented above (N = 5) becomes the most favorable.
It is reasonable that the honeycomb oxide and the “29” oxide
are very similar energetically, as both are surface Cu2O(111)-
like structures; only the “29” is more compressed, resulting in a
greater surface O density. Finally, when the O chemical
potential is high enough, bulk oxidation takes place and
Cu2O(111) is the preferred species. Shown above the phase
diagrams in Figure 6 are the corresponding O2 partial pressures,
pO2, at different temperatures. The phase diagram is also in
excellent agreement with previous experimental studies in
regard to the O2 exposure required to obtain isolated O
adatoms, the honeycomb oxide, the “29” structure, and bulk
Cu2O.

6,30,31,37 If the “29” structure, or a similar surface oxide, is
present under catalytic reaction conditions, it will interact
strongly with CO and CO2, therefore making them potential
active sites for reactions involving such molecules. Figure 6b
shows the phase diagram of the other previously discussed “29”
structure candidates, namely, N = 2, 3, 4, and 6. The colored
regions displayed in Figure 6b represent the conditions in
which other structures from Figure 6a are the most stable. In
the light-blue region, the isolated O adatoms are favored, in the
green region the honeycomb oxide, in the red region the N = 5
structure, and in the purple region Cu2O(111) is favored. As
further evidence that N = 5 is the accurate “29” structure,
Figure 6b shows that under no conditions are the N = 2, 3, 4, or
6 structures the preferred species.
The “29” oxide acts as a precursor to bulk oxidation, as it is

the surface-saturated O/Cu(111) phase. The “29” structure is
highly strained, evidenced by a greater surface O concentration
than bulk Cu2O(111), as shown in Table 1. This strain is
displayed by the compression of the Cu2O(111) surface unit
cell by 16%, giving rise to the buckling of the hexagonal rings in
the “29” model. Upon additional oxidation, further strain is
avoided by O dissolution into the bulk resulting in Cu2O
formation.41 Importantly, Figure 6 shows that the “29”
structure is stable over a range of O pressures in which neither
pure metallic Cu nor bulk Cu2O is stable, making this structure
catalytically relevant for many processes.

■ CONCLUSIONS

There are numerous industrially important processes that use
Cu-based catalysts, many of which are believed to occur on
partially oxidized Cu surfaces, meaning the oxidation state of
Cu is neither purely metallic nor purely cuprous. Of the known
handful of Cu2O-like surface oxides, the surface O-saturated
structure, referred to as the “29” structure, has gone unsolved
due to its large size and complexity. In this study an atomically
accurate model for the “29” structure is proposed that shows
excellent agreement between DFT-simulated STM images and
experimental STM images over a range of scanning biases. This
structure is composed of six hexagonal rings per unit cell, five of
which host an O adatom. The “29” oxide has a higher surface O
concentration than bulk Cu2O(111) and is shown to be the
preferred structure under moderate oxidation conditions,
preluding bulk Cu2O formation. With this atomically precise
model of the “29” structure, adsorption sites and reaction
mechanisms on this catalytically relevant surface can now be
probed in greater detail.
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