Activation of Cu(111) surface by decomposition into nanoclusters driven by
CO adsorption
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The (111) surface of copper, its most compact and lowest energy surface, became unstable
when exposed to CO gas. Scanning tunneling microscopy revealed that at room
temperature in the pressure range 0.1 to 100 Torr, the surface decomposed into clusters
decorated by CO molecules attached to edge atoms. Between 0.2 and a few Torr CO, the
clusters became mobile in the scale of minutes. Density functional theory showed that the
energy gain from CO binding to low coordinated Cu atoms and the weakening of binding
of Cu to neighboring atoms help drive this process. Particularly for softer metals, the
optimal balance of these two effects occurs near reaction conditions. Cluster formation
activated the surface for water dissociation, an important step in the water gas shift
reaction.
An extensive array of surface sensitive characterization techniques that provide structural
(electron and x-ray diffraction, scanning probe microscopy, etc.) and spectroscopic (Auger
electron, x-ray photoelectron, infrared, Raman, etc.) information (1-2) have revealed the
structure of many crystal surfaces in their pristine clean state. Most of these studies are carried
out in ultra-high vacuum (UHV), which makes it possible to control sample composition and
cleanliness to better than 0.1% of a monolayer (ML). Under realistic ambient conditions
however, our knowledge is far less extensive because the most sensitive techniques utilizing
electrons cannot operate in the presence of gases at pressures above ~10-6 Torr. Of particular
interest is the structure of surfaces in dynamic equilibrium with gases at near-ambient pressure
and temperature (1). Under these conditions weakly bound adsorbates can be present in
considerable densities, a situation that can also be achieved under vacuum, but only at cryogenic

temperatures. The surface structures obtained in such rarefied conditions often represent
kinetically frozen states, and may not be representative of the structure under practical operating
conditions. Here we overcome this difficulty using high pressure scanning tunneling microscopy
(HPSTM) (3-8), and ambient pressure x-ray photoelectron spectroscopy (APXPS) (9-10), which
make possible the study of surfaces in the presence of gases up or near atmospheric pressures at
room temperature and above.
Copper-based heterogeneous catalysts are used in reactions such as water gas-shift
(WGS), methanol oxidation, methanol synthesis, and others (11-17). The weaker cohesive
energy of Cu compared to other metals such as Pt (3.50 vs 5.84 eV) is an important factor that
influences (18-19), as we will show here, its response to CO adsorption. Because of its high
cohesive energy, Pt(111) is stable under CO at pressures of up to at least one atmosphere (2021), although stepped surfaces restructure under CO due to the increased binding strength of CO
at step edges (22). For Cu(111), the densest and lowest energy surface, the adsorption of CO
(weaker in energy than on Pt approximately by a factor of 1.7) causes a much larger restructuring
in the form of metal clusters formed by detachment of atoms from the steps. These clusters are
mobile and adopt particularly stable sizes and shapes, including 3 and 19 atoms. With the help of
density functional theory (DFT) calculations we explain the findings as resulting from the
increased adsorption energy of CO at low coordinated Cu atoms, together with the lowering of
the binding energy of the metal atoms bound to CO [experimental details of sample preparation,
HPSTM imaging and methodology used in DFT calculations, are explained in detail in the
supporting materials (23)]. The cluster-covered surface is stable at room temperature (in the scale
of hours) after desorption of CO when the gas phase is evacuated, and that this surface is
extremely active in the dissociation of water, an important step in the WGS reaction.
An image of the clean Cu(111) surface under UHV (Fig. 1A) shows micrometer scale
atomic steps and a few screw dislocations. After introduction of 0.1 Torr of CO in the chamber a
new structure was observed along the step edges while the rest of the terrace remained
atomically flat (Fig. 1B). At 0.2 Torr, the terraces became covered with nanoclusters (Fig. 1C),
that increased in density with CO pressure until the clusters filled the surface (Fig. 1D and Fig.
S3 (23)). The CO coverage, evaluated from APXPS measurements in a different chamber under
identical conditions, increased from 0.06 ML at 0.1 Torr to 0.09 ML at 0.2 Torr and to 0.16 ML
at 0.5 Torr of CO (24).
The structure of the clusters formed at 0.2 Torr of CO shown in Fig. 2A. A roughly
bimodal size distribution is apparent, with small clusters ~ 0.5 nm in diameter with poorly
resolved triangular shape, and larger hexagonal shape clusters ~ 1.5 nm in diameter. We
associate the first with three Cu atom clusters with an apparent height about half that of a
monatomic step, similar to the case in UHV studies (25). The larger ones we assign to 19 atom
clusters forming hexagonal closed shell structures (typically with an apparent height
corresponding to a monatomic step). The 19-atom closed shell structures (“magic number”
clusters) are reported to be the building blocks for the homoepitaxial Cu growth on Cu(111) (26).
Sometimes the clusters contain a few more atoms (Fig. S1 (23)) or come in contact with each
other forming aggregates that separate again later as a result of thermal mobility, which causes
the clusters to evolve spatially in the scale of minutes, as illustrated in Fig. S2 (23). Time-lapse
images show the clusters forming by splitting from step edges and growing by coalescence and
accretion of smaller clusters. At 1 Torr, the clusters increased further in size and density (Fig.
S3) (23). These clusters are not aggregates of CO molecules, as their height is close to that of the
steps, while CO produces a contrast of only a fraction of an Ångström (27).

High-resolution images (Fig. 2, B and C) showed that the perimeters of the clusters contain
bright maxima arranged in hexagonal (C6) or trigonal (C3) symmetries, which we attribute to CO
molecules. The presence of CO bound to Cu edge atoms can be rationalized by the energy gain
obtained by CO adsorption on low-coordinated Cu atoms. As discussed below, DFT predicts that
12 CO molecules, one for each atom in the periphery of the 19 atom cluster, are necessary for
energetic stability, and only the molecules bound to corner Cu atoms appear bright. The threeatom clusters require three CO molecules for stability. From the known CO coverage (from
APXPS), and from simple cluster counting in the STM images, we conclude that all the adsorbed
CO molecules are bound to the cluster edges, leaving the rest of the surface with a negligible CO
coverage below 0.01 ML.
At pressures between 10 and 100 Torr, the surface was completely covered with clusters that
were larger and closer to each other, making estimation of their individual sizes difficult because
of finite tip-size effects. Fig. 1D shows an example of the topography of the surface under 10
Torr of CO with clusters densely covering adjacent terraces separated by monatomic steps.
Unlike the case for pressure below a few Torr, the clusters are now completely covered by CO
molecules, imaged as bright spots separated by distances of √3 and 2 times the Cu atomic
periodicity and aligned in directions forming 60° and 90° between them. A similar surface was
also observed at 100 Torr of CO (Fig. S4). We interpret the observed STM-contrast as arising
from atop site CO molecules in local (2×2)-3CO and c(4×2) geometries with coverages of 0.75
and 0.5 ML, respectively. In mixed top and bridge or hollow CO sites, the STM contrast is large
only for the top sites (21, 28). The (4×4) superstructure reported at cryogenic temperatures (29),
was not observed here.
The CO-promoted formation of metal clusters on Cu(111) contrasts with the case of
Pt(111) where no clustering is observed, and with the stepped Pt(332) and Pt(557) surfaces,
where clusters form and occupy entirely the terraces (22). The CO adsorption energy on Pt is > 1
eV, but on Cu(111) this energy is only ~ 0.5 eV. However, Cu has a much lower cohesive energy
of 3.50 eV compared to the 5.84 eV of Pt (18-19). The low cohesive energy of Cu has many
manifestations, such as the frizzled appearance of the steps of the clean surface at room
temperature caused by kink atom diffusion (30), which was not observed on Pt.
On the Cu(111) surface, we calculated the formation energy of a Cu adatom by detachment
from kink sites as 0.83 eV, indicating that on a clean surface the formation of clusters is
energetically unfavorable. However, the adsorption of CO on a kink site reduces the detachment
energy of CO+Cu molecule-adatom couples to 0.63 eV because of the difference in CO
adsorption energy on a kink site and on a Cu adatom, which we calculated as -0.77 eV and -0.96
eV, respectively. The mobility of the Cu adatoms on (111) terraces can be predicted from the
calculated potential energy surface that shows a diffusion barrier of 0.14 eV (Fig. S5) (23). This
barrier decreases to 0.10 eV for the Cu+CO couple. The lowering of the binding energy of metal
atoms by adsorbed CO, leading to their detachment from the steps and their higher mobility on
the terrace, is known as the “harpooning” effect (31). The higher density and diffusion rate of
Cu+CO couples on the surface is the reason for their coalescence into clusters.
A detailed look at the Cu clusters, colored in Fig. 2A, shows that two types of CO decoration
motifs exist, with C6 and C3 symmetry (Fig. 2, B and C). To explain the formation, stability, and
structure of these clusters, we start by placing 6 CO molecules on the 6 corner Cu atoms of a 19
atom hexagon, plus one additional CO on the top site of the center atom. The DFT calculation
for this cluster provides a CO adsorption energy of 0.83 eV on the low-coordinated corner sites,
much greater than the 0.47 eV adsorption energy on the flat terrace. The adsorption energy of

CO in the cluster’s center is 0.47 eV, similar to the flat surface. The total energy gain from the 6
corner CO molecules (2.16 eV) is not enough to overcome the formation energy of a 19-atom
cluster, which we calculated to be 3.61 eV (Table S2) (23). Adsorption of CO molecules to each
Cu periphery atom (i.e., including those in the middle of each side), however, results in an
energy gain averaging 0.82 eV per CO. Hence, the formation of the 19 atom cluster with 13 CO
molecules is -0.59 eV (Fig. 2B), meaning that it is energetically favorable (Table S2) (23). The
edge and corner CO molecules have different adsorption geometries with tilt angles of 0 o, 26o,
and 37o with respect to the surface normal for the central, edge, and corner CO molecules,
respectively.
The observation of only six bright spots at the periphery (plus the central spot) is related to
the electronic structure and tunneling probability of the different CO molecules. We illustrate
this by calculating the tunneling current probability using the standard Bardeen approximation
(equations 2 and 3 in (23)), and the calculated partial density of states (DOS) for CO molecules
on the cluster and on the tip (Fig. S6) (23). The calculation reveals that the CO molecules on the
corners have indeed greater tunneling contributions than the CO molecules on the edges,
qualitatively explaining the experimentally observed contrast of the STM images with the 6
bright spots plus one in the center, as shown in Fig. 2, B and D. We could explain the 3-fold
symmetry of some of the 19 atom clusters by adding 3 Cu atoms at the center of the 19 atoms.
These 3 low-coordinated Cu atoms, producing the bright center of the cluster images, can bind 3
additional CO molecules and distort the tilt angles of the peripheral CO molecules, as shown in
Fig. 2, C and E (details are shown in (23)).
Finally, we investigated the effect of clustering on surface reactivity for the WGS
reaction (i.e. CO+H2O↔CO2+H2), which Cu catalyzes. Water does not adsorb on the Cu(111)
surface at room temperature (Fig 4B and (32)), whereas it dissociatively adsorbs on the more
active Cu(110) surface (32). Once the gas phase CO at 1 Torr was pumped away, the STM
images revealed that the Cu clusters were still present, although atomic resolution could not be
achieved, likely because of the absence of CO molecules adsorbed on the tip in high vacuum
(Fig. 3A). In the presence of 2×10-9 Torr of H2O, the cluster-covered surface was very active in
dissociating water, as shown by the increasing oxygen peak in both the Auger electron spectra
(AES) shown in Fig. 3B, and in the XPS spectra shown in Fig. 3C. The APXPS spectrum
indicates that the O peak is a result of the dissociative adsorption of H2O (Fig. 4A), and that no
such peak appears after experiments at 0.1 Torr of CO because clustering of the Cu did not occur
at lower CO pressures (Fig. 1B and 3B). A similar effect was also observed during exposure to
CO+H2O mixtures, as shown in Fig. 4A. The pristine Cu(111) surface on the other hand, not preexposed to CO, is inactive (Fig. 4B).
Our findings open the possibility that other soft materials (Ag, Au, Zn, etc.) can similarly
undergo large reconstructions at sufficiently high pressures of CO (or other molecules). We have
also demonstrated that the inactive (111) face of Cu for water dissociation, a key step in the
water-gas shift reaction, becomes highly activated as a result of the CO-induced clustering. The
need for this type of studies to extend our understanding of the working of catalysts under
operating conditions is clear.
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Figure 1 STM images of Cu(111) showing clusters filling the terraces as a function of
ambient CO pressure. (A) In UHV [Vb= -2.4 V; It=0.1 nA]; bottom inset: atomically resolved
image [Vb= 0.2 V; It= 1 nA]; (B) under 0.1 Torr of CO clusters form at steps edges [Vb= -2.5 V;
It=0.2 nA]; (C) under 0.2 Torr of CO clusters form on the terraces [Vb= 1.85 V; It= 0.5 nA]. CO
coverages in (B) and (C) are shown in the insets, as determined from the APXPS peak
intensities; (D) under 10 Torr of CO [Vb= 0.15 V; It= 0.8 nA]. A high density of clusters with
adsorbed CO molecules (expanded in the inset) covers completely the surface. The bright spots,
due to CO on top sites, form (2×2)-3CO and c(4×2) unit cells. Scale bar is 25 nm for (A) and
(C), 2 nm (B), 25 nm (C), and 3 nm for (D).

Figure 2 STM images, ball models and simulated contrast images of Cu clusters at 0.2 Torr
with hexagonal and trigonal symmetries. (A) STM image [Vb= -1.5 V; It=0.2 nA]. (B) and (C)
are images of the two types of clusters with C6 or C3 symmetry colored in (A). The bright center
of the cluster in (B) is due to a CO molecule, and to a cluster of 3 Cu atoms decorated by CO in
(C). (D) 19 atom cluster model from DFT calculations and simulated STM image (Vb=-2.7 V) of
the cluster in (B). (E) DFT optimized model and simulated STM image (Vb=-2.7 V) of the
cluster in (C). Images are simulated with a CO-terminated tip and using a higher bias (in
absolute values) than the experimental value, because the +U correction, used to match the
experimental CO-binding energy on the flat surface.

Figure 3 STM images and AES spectra taken after evacuation the CO gas phase. (A) STM
images show that the Cu clusters remain on the surface in the presence of 2×10-9 Torr of water
0.5 hours after evacuation [Vb= 0.5 V; It= 0.5 nA]. Expanded image in inset [Vb= 1.5 V; It= 0.2
nA]. (B) Auger electron spectra after evacuation of the gas phase CO from different initial
pressures. The dissociative adsorption of H2O on the cluster-covered surface is evident from the
increasing intensity of the O peak. (C) Similar observation using XPS in the Synchrotron
chamber.

Figure 4 APXPS experiments of H2O adsorption on Cu(111), with and without preadsorption of CO. (A) H2O adsorption after CO-induced morphological changes. From bottom:
under 0.5 Torr of CO; after pump down to 2×10-9 Torr, mostly containing water (mass spectra
shown in Fig. S8); under 0.05 Torr of water; and (top) under 0.4 Torr of a 3:1 gas mixture of CO
and H2O. Water dissociation is activated by the large increase of low-coordinated sites produced
by the CO-induced nano-cluster formation. In the presence of both water and CO (top), only OH
and H2O species are observed due to the efficient reaction of CO with atomic O (24). (B) APXPS
of a pristine Cu(111) (i.e., not exposed to CO) in the presence of 0.1 Torr of H2O. The weak
adsorption peaks of H2O and OH (compare with top two spectra in (A)), probably arise from
adsorption on the defect sites.

Supplementary Materials:
Experimental Methods: The HPSTM measurements were performed in constant current mode,
with Pt/Ir tips at room temperature with a custom-built STM housed in a high pressure cell.
Tunneling parameters are indicated for each image in the figures, with the bias voltage applied to
the sample. The Cu(111) sample was cleaned by repeated cycles of Ar+ sputtering (20 min, 1
keV) and annealing at 550 °C (10 min). Auger Electron Spectroscopy (AES) was used to
monitor the chemical composition before and after HPSTM experiments.
CO gas was leaked into the chamber from an initial base pressure of 1∙10-10 Torr range, after
passing through a carbonyl trap at 240 oC to prevent nickel contamination (Fig. 3B).
Hydrocarbon contamination was below 0.1 ML, even after measurements at 100 Torr of CO. The
pressure was measured with MKS722A Baratron capacitance and Granville Phillips 275
Convectron Pirani pressure gauges.
In addition to HPSTM, APXPS experiments were performed at the BL 11.0.2 endstation of the
Advanced Light Source, the Berkeley Lab Synchrotron Facility. Photon energies of 275 eV for
Cu 3p, 490 eV for C 1s, and 735 eV for O 1s were used to produce photoelectrons with kinetic
energies around 200 eV in all cases. The area ratio of O 1s to Cu 3p peaks after GaussianLorentzian fitting was used to determine the CO coverage (θCO) in the pressure range of 0.1-0.5
Torr of CO. Detailed information about the APXPS experiments can be found elsewhere (24).
Theory: We computed the energies of various structures suggested by the experimental images.
All geometry optimizations were performed within the frame of DFT using the VASP software
package (33). The projector augmented wave method was utilized to construct the basis set for
the one-electron wave functions with a plane-wave basis set with a cut-off energy of 420 eV
(34). Cu(111) was modeled by slabs of 4 atomic layers separated by a 12 Å of vacuum to
exclude surface-surface interactions. A 3×3×1 Monkhorst-Pack k-point grid is used to model the
nanostructured surface whose linear dimensions are 7×7×4. A 9×9×1 k-point grid was used in a
3×3×4 slab for finding an optimal computational approach for correct CO adsorption. The
energy convergence was established at 10−5 eV, while the force convergence was set at 5×10−3
eV/Å.
Among the various functionals tested and applied to the 3×3×4 slab, the PBE+U approach
with U=6 eV for C and O atoms provided the best agreement with experiment, predicting CO
adsorption on top-sites for Cu(111), and an adsorption energy of -0.47 eV, in agreement with
experiment (29, 35). The PBE+U functional was also used for the nanocluster calculations. The
energy per atom in a Cu extra-layer (3×3×5 slab) was found to be -3.73 eV, slightly smaller than
the atomic energy of -3.96 eV in the Cu bulk, which is in agreement with experimental cohesive
energy of -3.50 eV/atom (18-19). Although PBE+U provide results in agreement with
experiments for the surface-molecule interaction, it lacks the attractive intermolecular van der
Waals interaction that plays a role in the clustering. The formation energies were calculated as:
𝑔𝑎𝑠

𝑒𝑥𝑡𝑟𝑎
𝑎𝑑𝑠
𝑣𝑑𝑊
𝐸𝐹𝑜𝑟𝑚 = 𝐸𝑡𝑜𝑡 − 𝐸𝑠𝑙𝑎𝑏 − 𝑁𝐶𝑢 ∙ 𝐸𝐶𝑢
− 𝑁𝐶𝑂 ∙ (𝐸𝐶𝑂 + 𝐸𝐶𝑂
) + 𝐸𝐶𝑂

(1)

where 𝐸𝑡𝑜𝑡 is the total energy of the system, 𝐸𝑠𝑙𝑎𝑏 the energy of the bare slab, NCO,Cu the number
𝑔𝑎𝑠
𝑎𝑑𝑠
of CO molecules and Cu atoms in the cluster, 𝐸𝐶𝑂 and 𝐸𝐶𝑂
are gas-phase and slab adsorption
𝑣𝑑𝑊
energies of CO, 𝐸𝐶𝑂
is the Van der Waals interaction of the molecules on the slab. We should

note that although we use the adsorption energy at low coverage (-0.47 eV), at higher coverages
the CO binding to Cu becomes weaker (35), making cluster formation even more favorable.
The calculated adsorption energy of CO molecules on the Cu(111) step is -0.72 eV, in
agreement with the reported experimental value of -0.70 eV (36). Van der Waals parameters for
intermolecular interaction were chosen such that they qualitatively reproduce the experimental
coverage dependent activation energy of CO on the Cu(111) steps (35).
Larger Clusters at 0.2 Torr: Fig. S1 shows images of different type of clusters observed at 0.2
Torr. Most of the clusters consist of 19-atoms and 3-atom clusters, sometimes with extra atoms
attached to them as described in the main text.

Figure S1 (b-g) Different clusters observed in (a). In all of the clusters, the edges are decorated
by maxima due to CO molecules. Only the corner molecules have high contrast in the STM
images [Vb= -1.5 V; It=0.2 nA].
STM temporal evolution: As discussed in the main text, under 0.2 Torr of CO, two-dimensional
clusters with a rough bimodal distribution were formed over the Cu(111) surface. The STM
time-lapse images in Fig. S2 show examples of cluster formation and coalescence events. Small
clusters, with dimensions consistent with 3 Cu atom aggregates, show high mobility manifested
also by the presence of dashes in the images. In Fig. S2 (a-c), arrows highlight different small
clusters diffusing and coalescing into larger clusters, a behavior characteristic of Ostwald
ripening (37).
Red circles in Fig. S2 (a-c) highlight the formation of larger clusters: Between (a) and (b), a
small Cu cluster detaches from the step and coalesces into a bigger one. In (c), upon further
attachment of materials, the cluster splits in two parts, enabling higher energy gain through CO
adsorption to the edges.

Figure S2 Evolution of Cu(111) surface under 0.2 Torr of CO at RT. Cluster formation stages
are highlighted with red circles. Arrows show cluster ripening. Time between displayed frames:
∼180 s [Vb= -1.5 V; It= 0.2 nA].
Surface at 1 Torr of CO: When the pressure is increased from 0.2 Torr to 1 Torr, the cluster size
and density increases, as shown in figure S3.

Figure S3 STM image at 1 Torr of CO. The number of 3-atom clusters decreases substantially
while larger clusters form on the surface Imaging parameters: [Vb= 0.9 V; It= 0.2 nA] in (a),
[Vb= -1.15 V; It= 0.2 nA] in (b).
Surface structure under 10 and 100 Torr of CO: At CO pressures of 10 Torr and higher, the
surface is completely filled with clusters. Topographic and corresponding derivative mode
images (to enhance the resolution) are shown.

Figure S4 CO induced cluster formation on Cu(111). STM images of CO covered Cu clusters
under (a) 10 Torr of CO [Vb= 0.15 V; It= 0.8 nA] and (c) 100 Torr of CO [Vb= 0.15 V; It= 1.1
nA]. (b) and (d) are derivative images of (a) and (b), respectively.

DFT calculation details:
The diffusion barrier of a Cu adatom on Cu(111) surface (Fig.S5) decreases from 0.14 eV to 0.10
eV upon formation of a Cu+CO adatom-molecule couple. CO attracts valence electrons of Cu
adatom such that the Cu adatom loses 0.3e- accordingly to Bader charge analysis. This is known
as the “harpooning” effect (31).

Figure S5 Top view of the potential energy surface for the Cu adatom on Cu(111) surface. The
smallest diffusion barrier is 0.14 eV for Cu hopping from fcc to hcp sites. The bar shows the
color-coded relative energies in eV.

Simulation of STM images:
Our calculations show that the clusters should at least contain 12 CO molecules on their lowcoordinated edges for stability. However, STM images show only six bright spots at the
periphery plus one additional central bright spot. We believe that this is related to differences in
the electronic structure and tunneling probability for CO molecules adsorbed on different sites of
the cluster. To verify this we calculated the tunneling probability using the standard Bardeen
formula (38):
𝐼=

4𝜋𝑒
ħ

𝑒𝑉

∫0 𝜌𝑠 (𝐸𝐹 − 𝑒𝑉 + 𝜀)𝜌𝑇 (𝐸𝐹 + 𝜀)|𝑀|2 𝑑𝜀 , (2)

where ρS(E) and ρT(E) are the DOS of the surface and the tip. M is the tunneling matrix element:
ħ

𝜕ѱ

𝑀 = 2𝑚 ∫ (𝜒 ∗ 𝜕𝑧 − ѱ

𝜕𝜒∗
𝜕𝑧

) 𝑑𝑆 , (3)

with ѱ and χ being the wave functions of the surface and the tip.
These formulas show that the tunneling current is proportional to the overlap of wave functions
of the tip and the sample CO molecules, weighted by the DOS. With this assumption, we
calculated the partial DOS for the 13 CO molecules on a 19 atom cluster (Fig. S6). The DOS
shows unoccupied and occupied spectral regions, with the CO molecules on the hexagonal
corners exhibiting two maxima in the unoccupied region that can facilitate larger overlap with
the tip DOS than the CO molecules on the edges.
Due to inevitable tip-surface contacts, and the high CO pressure in the Torr range, we model the
STM-tip as Cu35-pyramid with a single CO termination. The applied sample bias will shift the
Fermi level of the sample relative to the tip and the electron tunneling current is then determined
by the regions with largest DOS-overlap.

Figure S6 Partial DOS for CO on a pyramidal Cu35 tip (upside down, upper curve), and for CO
adsorbed on the corner (bottom blue curve) and edges (bottom red curve) of the C6 hexagonal
cluster with and applied sample bias of left: -2.7 eV and right: +2.1 eV. The arrows show the
largest electron tunneling channels due to the convolution of the sample and tip charge densities.
The integrated charge densities near the two regions (-2.7 eV and +2.1 eV) qualitatively explain
the experimentally observed contrast of the STM images with the 6 bright spots plus one in the
center, as shown in Fig. 2. Note that calculated and experimental biases are different, because we
applied U=+6 eV correction for the CO adsorption on top-sites.
Some clusters show a 3-fold symmetry with a bright triangle in the center (Fig. 2C). The
orientation and dimensions of the triangle show that its corners are on fcc sites relative to the
underlying atomic layers. Since CO molecules preferably adsorb on top of the under-coordinated
Cu atoms, we model this triangle by adding 3 Cu atoms at the center on top of the 19 atoms (Fig.
2E). This central 3Cu-3CO triangle reduces C6 symmetry to C3 symmetry, due to intermolecular
repulsion. The hexagon edges near the triangle corners are longer (6.864 Å) than the edges near
the triangle edges (6.810 Å). The contrast between these two types of hexagon edges can be
more pronounced under applied electric field. The integrated charge density around -2.7 eV and
+2.1 eV (Fig.S7) qualitatively explains the C3 symmetry.

Figure S7 Model for the C3 hexagonal cluster with a favorable formation energy: (a) ball model
(Cu-blue, C-brown atoms, O-red) of a Cu22 cluster with 15 adsorbed CO molecules, (b) and (c)
show the top views of the integrated charge density around -2.7 eV and +2.1 eV, respectively.
We should mention that charge density integration around other energies does not show such a
clear distinction between all CO molecules, in line with the experimental observation that the
highest hexagonal symmetry contrast is observed at certain applied biases, while for other biases
the contrast is reduced and the hexagons become smeared into large bright blobs.

Table S1 Comparative energetics of CO adsorption on hcp (Ehcp) and fcc (Efcc) sites relative to
the top sites (Etop) on Cu(111) surface from different exchange-correlation functionals. Surface
slab dimension is 3×3 with thickness of 4 atomic layers. Negative values correspond to lower
(more favorable) energies. Bridge configuration of CO adsorption is metastable and transforms
to an fcc configuration for all functionals. The PBE+U with U=6 provides the best topconfiguration and adsorption energy in agreement with experiment (29, 35-36, 39-40).
Method
LDA
PW91
PBE
revPBE
PBE+U
PBE-vdW(D2)
PBE-vdW(DF)
revPBE-vdW(DF)
rPW86-vdW(DF2)

Etop-Ehcp, eV
0.35
0.11
0.13
0.04
-0.01
0.19
-0.01
-0.07
-0.14

Etop-Efcc, eV
0.356
0.110
0.130
0.042
-0.02
0.21
0.01
-0.06
-0.13

Eads(top), eV
-1.26
-0.67
-0.64
-0.40
-0.47
0.76
-0.64
-0.36
-0.33

Table S2 Calculated formation energies of various Cux(CO)y clusters on Cu(111)
calculated using the PBE+U approximation, as shown in eq. 1. Eads is the average
adsorption energy per peripheral CO molecule on low-coordinated sites (the central CO
remains close to -0.47 eV). The energy gain from CO adsorption should be compared
to the CO adsorption on the (111) terrace (-0.47 eV).
Cluster
CO on (111)
Cu from kink
Cu(CO)
Cu3
Cu3(CO)3
Cu19
Cu19(CO)7
Cu19(CO)13
Cu19Cu3
Cu19Cu3(CO)9
Cu19Cu3(CO)15

EForm, eV
+0.83
+0.34
+1.64
+0.26
+3.61
+1.45
-0.59
+5.39
+1.97
-0.21

Eads(CO), eV/mol
-0.47
-0.96
-0.93
-0.83
-0.82
-0.85
-0.84

Table S3 Formation energies of: Cu adatoms from the kink sites, relative to
the bulk with and without adsorbed CO; adsorption energies of CO on the flat
(111) surface, kink sites; Cu+CO couples in minimum energy configuration
on the Cu(111) surface.
Cluster
CO on terrace site
CO on kink site
Cu from kink
Cu from surf. vacancy
Cu bulk
Cu+CO from kink
Cu+CO from surf.
vacancy
Cu+CO bulk

Eform, eV

Eads(CO), eV/mol

-0.47
-0.77
+0.83
+1.33
+0.82
+0.64
+0.83

-0.47
-0.77

+0.34

-0.96

-0.96
-0.96

APXPS:
APXPS experiments were performed in order to measure CO coverages, calibrate AES data, and
investigate CO+H2O co-adsorption.
Fig. 3B shows the AES spectra obtained after evacuation of the CO from the ambient pressure
chamber. Similar to the AES observations, no oxygen peaks due to reaction with background
water (p  2×10-9 Torr) are observed if the Cu crystal had been exposed to CO at pressures below
0.2 Torr, where no cluster formation and detachment occurred (Fig. 3C). However, after
exposure of the Cu crystal to pressures above 0.2 Torr, when cluster formation occurs, water
dissociates readily on the highly reactive cluster covered surface (Fig. 3C).
Fig. 4A shows several spectra. As in previous work, chemisorbed CO produces a peak at 531.1
eV (24). Atomically adsorbed oxygen produces peaks around 529.8-529.9 eV (24), and surface
hydroxide-water mixtures produce peaks near 531 eV (32). There is no lattice oxygen in the form
of Cu2O (this peak is at 530.2-530.4 eV (41)). Molecular water peak is observed around 532.5
eV (32). Gas phase CO and H2O peaks are both above 535 eV (the exact positions depend on the
work function of the sample and analyzer). CO and H2O-OH mixture peaks are difficult to
distinguish as they have very close binding energies, but we know that no adsorbed CO stays on
the surface at room temperature in the absence of gas phase CO. As can be seen, after pumping
the CO gas phase, water derived peaks at 531 eV, as well as atomic oxygen peaks appear,
indicative of dissociative adsorption of water. Molecular water is observed when its partial
pressure becomes higher that a few milliTorr. The addition, CO reacts and removes all the
chemisorbed oxygen (top spectrum) due to the efficient CO+O→CO2 reaction (24, 41). As in ref.
(32), on a flat Cu(111) surface H2O and OH adsorption is negligible (Fig. 4B).
Mass spectroscopy:

Figure S8 Mass spectrum acquired in the STM chamber at the base pressure of 1×10-10 Torr, and
reference spectrum under 1×10-8 Torr of CO (black and red curves). After the chamber is
pumped down to 1×10-8 Torr in a few minutes following CO experiments at 1 Torr, residual
gases H2, H2O, CO, and CO2, are observed. After a few minutes more, a pressure of 2×10-9 was

reached (imaging conditions of Fig. 3A and B) but the partial pressure of H2O remained
unchanged.
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