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Abstract

Despite the importance of cuprous oxide for in-
dustrial applications, the precise structure of
its most stable reconstructed surface remains
unknown. Here, by a combination of high-
resolution STM measurements and simulations
based on a DFT-HSE approach, we challenge
the previous interpretations of the Cup,O(111)
(\/5 X \/§) R30° surface reconstruction, based on
the removal of 1/3 of the under-coordinated sur-
face oxygen atoms. We show that these mod-
els do not satisfy the shamrock-type features
found by STM, i.e. their position in the Cu-O
ring centers, the orientation towards the surface
Ocus atoms and the topographic height in the
STM images. Moreover, they are thermody-
namically unstable with respect to moving the
vacancy subsurface, a property not recognized
before which seems specific to the CuyO (111)
surface. We propose a nanopyramidal model of
the (\/§ X \/§) R30° surface reconstruction which
is free from all these shortcomings. Here, the
shamrock protrusions seen in STM are formed
by three copper adatoms located at the center
of the Cu-O rings and capped by an oxygen
atom. This structure profoundly differs from
existing models of the Cup,O(111) surface, and
would change common perceptions on its reac-
tivity.

1 Introduction

Cuprous oxide CuyO is a widespread oxide
formed in the first stages of corrosion of cop-
per. It is a p-type semiconductor, with appli-
cations in photovoltaics and photocatalysis. As
a catalyst it is widely used in water-gas shift
reactions, methanol synthesis and partial oxi-
dation. Precise knowledge of its surfaces prop-
erties is thus of paramount importance to fos-
ter its applications. This is why CusO surfaces
have been extensively studied.! !5

CuyO surface structures, mainly along the
(100) and (111) orientations have been studied
by a variety of surface science methods.! Sev-
eral LEED patterns have been recorded at the
(100) surface, featuring (1 x 1), ¢(2 x 2) and
(3,0;1,1) periodicities, and some model struc-
tures based on STM measurements and DFT
simulations have been proposed.?™®

Cuprous oxide CuyO crystallizes in a cubic
structure in which Cu and O atoms are coordi-
natively saturated with two and four first neigh-
bors, respectively (hereafter referred to as Cug,
and O,s,). The oxygen ions form a bcc lattice
and are surrounded by a tetrahedron of copper
ions. Along the (111) orientation, the structure
may be seen as a stacking of neutral and dipole-
free O-4Cu-O trilayer repeat units. The sto-
ichiometric O-terminated surface (referred to
as ST in Figure 1) exposes an equal number
of under-coordinated oxygen O.,s; and copper
Cugys ions, characterized by the loss of one first
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Figure 1: Atomic structure of the stoichiometric (ST) and Cu-deficient (CuD) (1 x 1) CupyO(111)
surface and the two vacancy models of (v/3 x v/3)R30° reconstruction, built by removing 1/3
Ocyus atoms from either the stoichiometric (ST-O;) or Cu-deficient (CuD-Oy) surfaces. (1 x 1) and
(\/3 X \/§)R30° unit cells and color codes for atoms are indicated. The three copper atoms Cu,g.
in the direct vicinity of the oxygen vacancies are represented with a dark blue color.

neighbor compared to the bulk crystal. The
Ocus ions are positioned in the corners of the
CugOg rings, and the Cu,,, ions, bonded to a
sub-surface oxygen ion, are located in the ring
centers. A Cug,s-deficient termination (CuD in
Figure 1) obtained by removing all copper Cuy
ions, also displays a (1 x 1) periodicity.

Both (1 x 1) and (v/3 x v/3)R30° surface pe-
riodicities have been experimentally recorded
along this orientation, which were initially at-
tributed to the stoichiometric and an oxygen-
deficient configuration, respectively.! Later on,
the (1 x 1)-CuyO(111) surface has been ex-
plored by STM on bulk samples® and ultra-thin
metal-supported films.”® Its hexagonal pattern
exhibits symmetry and spacing consistent with
both Cug.,s and O.,, atoms, which does not al-
low to discriminate between the stoichiometric
and the Cu-deficient termination. 0713

The reconstructed (v/3 x v/3)R30° surface,
which is the subject of the present work, arouse
much interest in the community. Relying on
LEED! and STM,%!* it has been interpreted
as a configuration in which one third of the
surface O.,s atoms are missing, whether in the
absence or presence of the unsaturated Cup,s
atoms (configurations CuD-Og or ST-Oy in Fig.
1, respectively). The former was predicted to
be the most stable in the whole range of at-
tainable oxygen chemical potentials in DF'T+U

approach.!?

However, despite the importance of this is-
sue, the actual atomic structure of this surface
reconstruction remains ambiguous, since many
other surface configurations combining added
or removed copper or oxygen atoms on the sur-
face or sub-surface could be compatible with the
(v/3 x v/3)R30° periodicity. Moreover, GGA
approaches (whether pure GGA or GGA+U)
without explicit inclusion of exchange terms
have already been proved to provide wrong pre-
dictions on polar surface stability in Cu,O,"
so that simulations based on more advanced
exchange-correlation functionals are needed to
determine the configurations of lowest energy.

For these reasons, the present work is devised
as a combination of high-resolution STM mea-
surements on the CuyO(111) (/3 x v/3)R30° re-
constructed surface, and simulations based on
a DFT-HSE approach. The experimental re-
sults irrevocably invalidate the vacancy models
by disclosing the location and orientation of the
adatoms responsible for shamrock-shaped STM
contrast. Among an extensive set of surface
configurations, numerical simulations reveal a
new configuration consistent with all the topo-
graphic characteristics derived from our high
resolution STM images and being thermody-
namically the most stable in the whole range
of oxygen chemical potentials. This nanopy-



ramidal model for the (\/§ X \/E)R?)OO surface
reconstruction involves CuyO entities formed
by three copper adatoms located at the cen-
ter of the Cu-O rings on-top a Cu,,s atom and
capped by an oxygen atom. The structural and
electronic characteristics of the nanopyramids —
atom coordination, absence of dangling bonds,
charge state — strongly differ from those present
in the vacancy models, and should have an in-
contestable impact on the surface reactivity.

2 Methods

2.1 Experimental Methods

The experiments have been carried out in an
ultrahigh-vacuum chamber (p &~ 2x1071% mbar)
equipped with a liquid-nitrogen cooled scan-
ning tunneling microscope (STM) and common
surface-science tools for sample preparation and
analysis. The CuyO films were prepared by
depositing ~10 ML of high-purity copper on
an Au(111) single crystal, followed by a high-
pressure oxidation in 50 mbar oxygen and 450
K. An oxidation pressure in the mbar regime
turned out to be crucial to prepare oxide films
thick enough to develop bulk-like properties.
Low-pressure films, on the other hand, exhibit
terminations that are unknown for bulk crys-
tals, as discussed in Refs. %13 To promote long-
range ordering, the samples have been post-
annealed in front of an oxygen nozzle (p ~ 1074
mbar) at about 650 K for 20 min. The stoi-
chiometry of so prepared oxide layers was deter-
mined with X-ray photoelectron spectroscopy
to be compatible with cuprous oxide (CuyO).
Also, the sharp, hexagonal spot pattern seen
in low-energy electron diffraction (LEED) was
found to match the (1 x 1) lattice of CusO(111).
In addition, a (\/§ X \/§)R30° superstructure
became discernable in LEED, pointing to a sur-
face reconstruction (Fig.2, inset). A similar re-
construction was earlier found on the (111) sur-
face of bulk Cu,O crystals. 14

2.2 Computational Methods

Calculations have been performed within the
DFT framework implemented in VASP.16:17

Beyond standard GGA (PW91),'® the hybrid
(HSE06) 192 approximation to the exchange-
correlation functional has been used as to im-
prove the description of the Cuy,O band gap.
The calculated HSE gap width (1.96 e¢V) in-
creases significantly over the GGA one (0.4 eV)
and is close to the experimental value of 2.15
eV.?! Let us note that the HSE gap is also much
larger than those obtained within GGA+U ap-
proximation (0.5-0.8 eV, for U = 2-8 eV, respec-
tively).'® While HSE significantly improves the
calculated electronic structure, it impacts only
little the bulk and surface structural character-
istics. We find bulk Cuy,O lattice parameters
of 431 A and 4.29 A in HSE and GGA, re-
spectively, compared to the experimental value
of 4.27 A. Finally, it is worth reminding that
an isolated O9 molecule does not suffer in HSE
from the overbinding typical for GGA function-
als (calculated Os dissociation energy is equal
to 4.9 and 6.4 eV in HSE and GGA, respec-
tively).

The interaction of valence electrons with ionic
cores is described within the projector aug-
mented wave method.?? Standard copper, and
soft oxygen (energy cutoff of 270 eV) pseudopo-
tentials provided by VASP were used in all bulk
and surface calculations, enabling a complete
structural relaxation at the hybrid level for all
considered systems. GGA results obtained with
the soft and the full (energy cutoff of 400 eV)
oxygen pseudopotential were confronted and
showed very satisfactory agreement (difference
of bulk Cu,O lattice parameter smaller than
0.01 A, difference of (1 x 1) surface energies be-
low 0.002 eV/A?).

The CupO(111) surfaces are modelled with
symmetric slabs composed of four O-4Cu-O tri-
layers, at the calculated in-plane lattice param-
eter of bulk Cu,O (6.10/6.07 A in GGA/ HSE,
respectively). We use asymmetric slabs with
one bare (labeled B in the following) and one
fully hydroxylated termination (labeled H) to
improve the convergence with respect to the
slab thickness. The latter is the stoichiometric
CupO(111) termination with 3 dissociated wa-
ter molecules per (v/3 x v/3)R30° surface unit
cell. Total surface energies of asymmetric slabs
as a function of oxygen chemical potential Apug



Figure 2: (a) Overview (60 x 60 nm?) and (b) close-up (10.5 x 10.5 nm?) STM topographic image
of a high-pressure CuyO film on Au(111) (Up = -1.1 V, I = 50 pA). The insets in (a) and (b)
show a LEED pattern (Fg;, = 37.5 V) and a Fast-Fourier transformation of the oxide surface,
respectively, and depict the fundamental (1 x 1) lattice and (v/3 x v/3)R30° superstructure spots

due to the protruding shamrock units.

are estimated with usual ab-initio thermody-
namics expression: 23

og(to) + ou(po) =

(B psts— Bl —3Bu,0~ANo(3 B2 +Auo))
S

where Eé;;gb is the energy of the asymmet-
ric slab, ANg is the number of excess oxy-
gen atoms with respect to the CuyO stoichiom-
etry, and Ey,o is the total energy of a wa-
ter molecule. S is the surface area of the
(v/3 x v/3)R30° unit cell. Since the evaluation
of o requires the knowledge of oy, the total
energy of a symmetric slab with both termi-
nations equivalently hydroxylated with 3 water
molecules each was also calculated.

In all calculations, slabs are separated by at
least 10 A of vacuum and dipole correction is
applied to slabs with two non-equivalent termi-
nations. For the most relevant configurations,
we have additionally checked that increasing
the vacuum thickness up to 15 A changes the
total slab energy by less than 0.01 eV. Such su-
percells with more vacuum were actually used
in simulations of STM images. The Brillouin
zone of the (\/§ X \/§)R30O surface unit cell is
sampled with a (2 x 2 x 1) Monkhorst-Pack k-
point grid.?* Atomic coordinates of all ions in

the oxide film are relaxed until residual forces
dropped below 0.01 eV/A.

Simulations of STM images rely on the
Tersoff-Hamann approximation. We have de-
termined the computational settings which pro-
vide the best matching of the simulated and
experimental STM images of the Cu-deficient
termination. As shown in the SI Figure S1, the
conventional value of 2.5%10% e/A? for the iso-
density surface provides the most satisfactory
matching for both positive and negative biases
and is systematically used.

3 Experimental Results

STM topographic images of the CupyO(111) sur-
face reveal wide, flat terraces that are entirely
covered by nanometer-sized protrusions of ~1.5
A height (Fig. 2a, b). The protrusions, be-
ing referred to as shamrocks in the following,
are arranged on an incomplete hexagonal lat-
tice with 10.5 A periodicity. This distribution
is readily assigned to the (\/g X \/g)RBOO su-
perstructure seen in LEED (Fig. 2 inset), al-
though only 40-50% of the lattice sites are ac-
tually filled with the shamrock units. In larger
openings of the (\/5 X \/§)R30° reconstruction,
the fundamental (1 x 1) lattice of CusO(111) is
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Figure 3: STM topography of a pristine CusO (1 X 1) region with a few shamrock protrusions at
the edges (3 x 3 nm?). While individual Cu ions are resolved in (a) (Ug = -1.1 V), the O ions
are detected in (b) (Up = +2.0 V). With this insight, a structure model may be derived for CuyO
(1 x 1), in which the shamrock units occupy the centers of Cu-O six rings. (¢) STM appearance of
the shamrock species for characteristic tip states (3 x 3 nm?, Ug = +2.0 V, I = 50 pA).

resolved. Two distinct contrast schemes are dis-
tinguished, both showing the porous nature of
the bulk-cut CupsO(111) surface, as composed of
Cu-O six rings (Fig. 3a,b). In the first scheme,
each surface pore is delimited by three atom-
sized triangles comprising the Cu ions in the
CugOg rings. The respective imaging scheme
has thus been labelled ”copper contrast” and
occurs mostly at negative sample bias. The
oxygen contrast, on the other hand, reveals six
protrusions on the CugOg rings that are readily
assigned to the surface O ions. Hereby, chem-
ically saturated (O.s,) and unsaturated (O.ys)
O ions alternate along the ring, with the Oy
species appearing slightly brighter in the STM.
In both contrast schemes, the center of Cu-
O six rings remains dark, suggesting that the
Cuys ions that would be expected at those po-
sitions are not available in the surface. This
conclusion is consistent with the characteristics
of simulated STM images of the stoichiometric
and Cu-deficient (1 x 1) surfaces (see Support-
ing Information (SI), Figure S1).

By correlating the atomically-resolved STM
images of (1 x 1) patches with a model of bulk-

cut CupO(111), the topographic position of the
shamrock units can be determined. The sham-
rocks exclusively locate in the Cu-O ring cen-
ters, while corner or edge positions are not pop-
ulated. The neighboring rings to a shamrock
site always remain empty, which gives rise to
the characteristic (\/§ X \/§)R30° superstruc-
ture seen in reciprocal space. Typical shamrock
features protrude the Cu,O surface by about
1.5 A with slightly smaller values at positive
compared to negative bias. A bias-independent
shamrock height points to a topographic in-
stead of an electronic contrast regime. The
mean height of 1.5 A hereby matches an extra
layer of atoms sitting on top of the ideal (1 x 1)
plane. The shamrocks typically exhibit a tri-
fold symmetry that can sometimes be resolved
into three discernable maxima (Fig. 3c). The
mean distance between the shamrock’s symme-
try centers has been determined to 3.5 A, al-
though their exact STM appearance is governed
by the tip shape (Fig. 3c). The shamrock units
arrange into small domains containing not more
than 100 individual species. Neighboring do-
mains are separated by boundaries, along which



more than one Cu-O six ring remains unoccu-
pied.

The only other surface irregularities besides
the shamrocks are surface O vacancies, whereby
only the O, ions are affected. The density of
this defect type is very low, typically smaller
than 0.04 nm~2. In contrast to the shamrock
features, the O,  defects exhibit a pronounced
bias-dependent contrast (Fig. 4a). They ap-
pear bright in topographic images taken above
2.0 V, but develop a negative contrast at low
positive and negative bias. Whereas the O,
vacancies are difficult to be identified in topo-
graphic data, they leave a clear fingerprint in
the STM conductance maps (Fig. 4b). Espe-
cially at 2.3 V, they stick out due to their large
conductance values, but merge with the back-
ground signal of the oxide film at lower bias.
The fact that surface O vacancies are resolv-
able in the STM, but are clearly unrelated to
the (\/5 X \/§)R30° reconstruction, invalidates
the existing models of the CuyO(111) surface in
the literature.

... . 4
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Figure 4: STM images (left) and correspond-
ing differential conductance maps (right) of
a CuyO(111) surface with shamrock maxima,
measured with oxygen contrast (6x6 nm?, [ =
50 pA). The two encircled O,,s vacancies in the
lattice undergo a characteristic contrast rever-
sal for bias voltages inside the conduction band
(bright) and the oxide band gap (dark).

4 Theoretical Results

To construct an atomistic model consistent
with these experimental observations, we have
considered a large set of surface configurations
compatible with the (v/3 x v/3)R30° unit cell
by introducing both ad- and missing species in
surface and sub-surface trilayers of the stoichio-
metric and Cu-deficient terminations. The sur-
face energies of the key low energy configura-
tions discussed in the following are plotted as
a function of oxygen chemical potential in Fig.
5, while a complete set is shown in the SI (Fig.
S2).

Before entering into the details of the phase
diagram, let us note the substantially different
sequences of relative stability predicted by HSE
and GGA. Not only is the predicted most sta-
ble configuration not the same, but also the rel-
ative stability of the simple stoichiometric and
Cu-deficient terminations as well as the posi-
tion of the bulk Cu,0O stability limit visibly dif-
fer. As pointed out in Ref.'® hybrid calcula-
tions tend to better reproduce the experimen-
tal value of the bulk CuyO stability limit and,
due to a better account of the CuyO(111) band
gap and surface ionization potential, they avoid
the serious underestimation of surface energy of
the Cu-deficient termination which is otherwise
over-stabilized by GGA.

Figure 5 proves that both the ST-O4 or CuD-
O, vacancy models proposed in the literature
are thermodynamically unstable in both GGA
and HSE approaches, due to the large cost of
oxygen vacancy formation at the CupO(111)
surface. Indeed, filling the surface vacancy with
an oxygen atom transforms them into the (1x1)
stoichiometric (ST) or Cu-deficient (CuD) ter-
minations, respectively, and brings a very sub-
stantial gain in stability. Interestingly, the en-
ergy cost to create surface oxygen vacancies is
systematically about 0.9 eV /vacancy larger in
the HSE approximation than in GGA, in line
with larger HSE oxygen vacancy formation en-
ergy in bulk CuyO. Moreover, the comparison
between X-O, and X-O,, energies in Figure 5
(with X=ST or CuD) shows that moving the
oxygen vacancy from the surface to the subsur-
face site directly below the surface Cu,,s cation
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Figure 5: Calculated HSE (left) and GGA (right) surface energies of various (v/3 x v/3)R30° model
reconstructions of the CuyO(111) surface, plotted as a function of oxygen chemical potential. The
labels 7-O,” and 7-O,s" refer to configurations with surface and subsurface oxygen vacancies, re-

spectively (see text).

is energetically favored by 0.3/0.1 eV /vacancy
(HSE/GGA), although this energy gain is in-
sufficient to allow the resulting configuration to
compete with the most stable ones in the phase
diagram.

Atomistic representation of the

Figure 6:
pyramidal reconstruction (PY) of the (v/3 x
V3)R30° CuyO(111) surface. Left: top view
of the (v/3 x v/3)R30° unit cell. Right: Top
and side views of a nanopyramid at the center
of a CugOg ring. Same color code as in Fig. 1

In contrast, a surface configuration obtained
by adding CusO entities at the center of one-
third of the surface rings at the Cu-deficient
termination (configuration denoted PY in Fig-
ure b) is by far the most stable one in HSE in a
wide range of oxygen conditions. Its atomistic
representation is shown in Fig. 6. It features
CusO nano-pyramids formed by three copper
adatoms located at the center of the CugOg
rings, capped by an oxygen atom and with a
Cueys atom below. The three outermost Cu
adatoms (distant by 2.8 A from each other) pro-
trude above the surface O.,s atomic plane by
about 1 A and point toward the surface O,
atoms. The capping oxygen atom is located 1 A
above these three Cu. This pyramidal model of
the (\/5 X \/§)R30° reconstruction thus agrees
with the experimental location, the topographic
height, and the orientation of shamrock fea-
tures.

According to the HSE results, the stability
enhancement of the PY configuration with re-
spect to the Cu-deficient termination originates
from the reduced number of under-coordinated
Ocys atoms (from three to one per unit cell) and
from the reduced formal surface charge excess
at these polar terminations.?> While we are not



aware of an existing theoretical prediction of
such configuration on the CuyO(111) surface,
it bears a topological similarity to the (3,3;1,0)
reconstruction proposed for the (100) orienta-
tion,® and with the CusO entities seen during
the growth of CuyO on Pt(111).%

5 Discussion

5.1 Comparison Between Exper-
imental and Simulated STM
Images

In order to substantiate the relevance of the
nanopyramid model as the likely structure of
the (\/§ X \/§)R30° reconstruction besides sta-
bility considerations, we now confront simu-
lated STM images of the pyramidal (PY) and
the two vacancy (CuD-Og and ST-Og) models,
Figure 7, with experimental STM images (Fig-
ures 2 and 3).

As expected, the shamrock pattern produced
by the PY model is correctly centered in the
middle of the surface hexagonal rings and, as
in the experimental images, its lobes point to-
ward the neighboring O.,s atoms. The three
Cu adatoms which protrude above the surface
Ocys atomic plane produce three distinct lobes
at negative bias, with a bright spot superim-
posed at their center, which corresponds to the
capping oxygen atom. At positive bias, the
shamrock pattern is less distinct. The simu-
lated STM contrast is dominated by the cap-
ping oxygen atoms and approaches closely the
single-spot image observed experimentally for
some tip shapes and/or bias values (Fig. 3c).
Thus, the PY model of the (v/3 x v/3)R30° re-
construction not only agrees with the experi-
mental observation by its position and orienta-
tion on the surface but also by a weakly bias
dependent STM contrast principally driven by
topographic effects.

Conversely, the vacancy models produce a
STM contrast centered at one corner of the sur-
face rings and strongly dependent on bias. This
is very clear in the ST-O, configuration, where,
similarly to the stoichiometric surface, the pos-
itive bias contrast is dominated by the contri-

Figure 7: From top to bottom, simulated con-
stant current STM images of the pyramidal PY,
vacancy CuD-O, and vacancy ST-Og4 models of
the CuyO(111) (v/3 x v/3)R30° reconstruction,
at negative and positive biases (left and right
of the atomistic representations, respectively).



bution of empty s state of Cu,s (see SI, Figure
S3). The resulting spot distance of 4.7 A is
close to the geometrical distance between the
Cugys ions (4.9 A). Conversely, negative bias
contrast is rather due to the filled d,, states at
the same Cu.,s atoms, which dramatically re-
duces the separation of the three maxima.

Electronic effects are even more striking in the
STM image of the CuD-Oj; configuration, where
the overall weak contrast resembles closely that
of the pristine Cu-deficient surface. Due to the
proximity of Cu.s, atoms around the vacancy
(2.5 A), their empty s states (Figure S3) do
not produce the three clearly separated spots,
characteristic of the observed shamrock recon-
struction (Fig. 3c). The O, vacancy thus
rather appears as a single spot in the simu-
lated STM image. At negative bias, the nearly
in-plane orientation of the Cu-O bonds makes
the occupied Cu d., orbitals of the three termi-
nal Cu atoms point towards the vacancy rather
than out of the surface plane, making the three
atoms hardly visible. The contrast reversal be-
tween positive and negative polarity agrees with
experimental STM images of the few observed
oxygen vacancies (Figure 4).

In summary, the STM signatures of the CuD-
O, and ST-O, vacancy models of the (\/3 X
\/§)R30O reconstruction are in sound disagree-
ment with the experimental results, regarding
the shamrock location, topographic height and
orientation with respect to the surface rings, as
well as their strongly bias-dependent STM con-
trast of mainly electronic origin. Conversely,
the STM signature of the proposed pyramidal
model PY matches very satisfactorily the ex-
periment. Not only is the shamrock structure
correctly located and oriented with respect to
the CuyO(111) lattice but also its STM contrast
is principally driven by topographic effects thus
producing a relatively weak bias dependence.

5.2 Oxygen Vacancies at the

Cuy0(111) Surface

Figure 5 reveals an unexpected peculiarity of
surface oxygen vacancies. Indeed, whether
starting from the pyramidal, the stoichiometric
or the Cu-deficient structures, all configurations

with surface oxygen vacancies are unstable with
respect to moving the vacancy sub-surface. For
example, while the formation of an oxygen va-
cancy on the top of the CuyO entity in the
PY configuration requires a high energy, much
less energy (reduction of 0.6/0.7 eV /vacancy in
HSE/GGA) is needed if the vacancy is instead
created in the subsurface site just below the
Cugys cation.

Such strong preference for sub-surface va-
cancy location at the CuyO(111) surface is
shared by no other sub-surface or bulk site. It
is quite unusual and, to our knowledge, it has
not been previously recognized. Indeed, in a
large variety of materials of very different na-
ture, vacancy formation energies grow with the
number of broken bonds, which gives a strong
bias for vacancies to segregate at surfaces. In
the present case, although four O-Cu bonds
are broken in the sub-surface site compared to
three at the CusO(111) surface, our results re-
veal the existence of an electronic mechanism,
quasi-independent of the HSE/GGA approxi-
mation, which opposes and overrides the usual
coordination effect. It is related to the differ-
ent localization of the two electrons left by the
removed oxygen at the surface and sub-surface
sites. In the former case, they are evenly dis-
tributed over the 3 nearest-neighbor Cu cations,
resulting in their partial metallization and frac-
tional oxidation state. In contrast, in the case
of a sub-surface vacancy below a Cu.,s atom,
this Cu,s cation participates to the electron
accommodation, to the point of becoming prac-
tically neutral, and the charge modification of
the three other neighbors is much smaller. As a
consequence, despite its charge neutrality and
the absence of O-Cu bonds, this Cu,,s atom re-
mains strongly trapped in the center of the sur-
face ring. Indeed, when surface Cu,,s cations
are absent, for example in the CuD-O, configu-
ration, the energy gain of moving the O vacancy
to sub-surface is significantly reduced (Figure
5), which clearly highlights the peculiar role
of surface Cu,,s ions in the unusual behavior
of vacancies at the CuyO(111) surface. Such
electronic stabilization presents some similar-
ity with the electron localization around sub-
surface oxygen vacancies found in defective ce-



ria films.?”

6 Conclusion

By a combination of high-resolution STM mea-
surements and numerical simulations based on
a DFT-HSE approach, we challenge the pre-
vious interpretations of the Cu,O(111) (v/3 x
\/g)RSOO surface reconstruction. We show that
the existing models do not meet the STM ob-
servations, that is shamrock features located
at the Cu-O ring centers, orientation of the
spots towards the surface O.,, atoms and topo-
graphic nature of the STM contrast. Moreover,
they are thermodynamically unstable, due to
the preference, not recognized before, of oxy-
gen vacancies to locate sub-surface rather than
in the surface plane. We propose a new model
of the (v/3 x v/3)R30° surface reconstruction in
which the shamrock protrusions seen in STM
are formed by nanopyramids made of three cop-
per adatoms located at the center of the Cu-O
rings above the Cu.,s atoms and capped by an
oxygen atom.

In a broader perspective, we find that the rel-
ative stability pattern of the various surface ter-
minations may be rationalized by two main ef-
fects: (i) a strong thermodynamic bias for oxy-
gen vacancy filling which might be one cause
for the p-type conductance of CuyO and (ii)
a clear preference for sub-surface rather than
surface oxygen vacancies. While the first ef-
fect is much more pronounced in HSE, in line
with larger HSE bulk oxygen vacancy formation
energy, the second one relies on the enhanced
capacity of the surface Cu.,s atoms to accom-
modate an electron excess and is independent of
the level of approximation. These effects are re-
sponsible for the thermodynamic instability of
the vacancy models and result in an enhanced
stability of the pyramidal (v/3 x v/3)R30° re-
construction, being even more stable than the
known (1 x 1) configurations.

A CuyO(111) surface model that is not
based on low-coordinated Cu,,s ions anymore
will drastically change common interpretation
schemes of the surface reactivity of cuprous ox-

ide.
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