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ABSTRACT: The elucidation of an accurate atomistic model of surface
structures is crucial for the design and understanding of effective catalysts, a
process requiring a close collaboration between experimental observations and
theoretical models. Any developed surface theoretical model must agree with
experimental results for the surface when both clean and adsorbate covered.
Here, we present a detailed study of the adsorption of CO on the “29” CuxO/
Cu(111) surface, which is important in the understanding of ubiquitous Cu-
based catalysis. This study uses scanning tunneling microscopy, temperature-
programmed desorption, and density functional theory to analyze CO
adsorption on the “29” CuxO/Cu(111) surface. From the experimental scanning
tunneling microscopy images, CO was found to form six different ordered structures on the “29” CuxO/Cu(111) surface
depending on the surface CO coverage. By modeling the adsorption of CO on our atomistic model of the “29” CuxO/Cu(111)
surface at different coverages, we were able to match the experimentally observed CO ordered structures to specific combinations
of sites on the “29” CuxO/Cu(111) surface. The high degree of agreement seen here between experiment and theory for the
adsorption of CO on the “29” CuxO/Cu(111) surface at various CO coverages provides further support that our atomistic model
of the “29” CuxO/Cu(111) surface is experimentally accurate.

1. INTRODUCTION

CuxO catalysts have been shown to be an important class of
catalysts for a number of reactions, including CO oxidation,1−5

methanol synthesis,6−9 partial oxidation of methanol,10−12

methanol reforming,13 and low-temperature water-gas
shift.14,15 The wide applicability of this class of catalyst is likely
due to the ability of Cu to alternate between the Cu0, Cu+, and
Cu2+ oxidation states, as pure metallic Cu cannot survive under
redox conditions.16 The reactivity of Cu is closely linked to its
oxidation state; for example, CO adsorption is stronger on Cu+

than Cu2+, making the CO oxidation reaction more likely to
occur when the CuxO surface is designed to contain a majority
of Cu+.17 The active site for many of the listed industrial
reactions is still debated, as even at low O chemical potentials
Cu can form surface oxides. Additionally, these CuxO surfaces
can be used as catalytic supports for other metal catalysts,
similar to that seen for other metal oxides.18−24 However, in
order to improve the activity and selectivity of such CuxO
catalysts, the catalyst structure and active sites require
identification and characterization. Such insight into the
atomistic structure of catalytic surfaces can only be obtained
through a thorough and combined experimental and theoretical
approach.
One CuxO surface of particular interest is the “29” CuxO/

Cu(111) surface, which forms in ultrahigh vacuum (UHV)
from the exposure of Cu(111) to a surface saturation dose of

O2 at ∼673 K.25−27 This structure has long-range uniformity
and is formed from a single layer of hexagonal Cu2O rings atop
the Cu(111) surface, with the rings distorting in order for the
oxide to match the underlying (111) lattice.28−32 The creation
of an accurate model of the “29” CuxO/Cu(111) surface has
been elusive due to the size and complexity of the “29” CuxO/
Cu(111) unit cell, which has a unit cell 29 times larger than that
of Cu(111), giving rise to its name. Until recently, the “29”
CuxO/Cu(111) surface was modeled using reduced supercells
that did not accurately reproduce the surface O density or
capture the distortion of the Cu2O rings.28−32 In our previous
work, we developed a promising atomistic model of the “29”
CuxO/Cu(111) surface, capturing both the correct surface O
density and surface corrugation.33 The improved accuracy of
our atomistic model of the “29” CuxO/Cu(111) surface was
shown by a comparison of experimental and theoretical
scanning tunneling microscopy (STM) images of the clean
“29” CuxO/Cu(111) surface.

33 To confirm the accuracy of our
proposed model of the “29” CuxO/Cu(111) surface, it is crucial
to show that this theoretical model reproduces the adsorptive
behavior observed experimentally for the “29” CuxO/Cu(111)
surface.
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Here, we examine the adsorption of CO on the “29” CuxO/
Cu(111) surface via temperature-programmed desorption
(TPD), STM, and density functional theory (DFT) simu-
lations. This work fills a knowledge gap in the adsorption of
CO on different CuxO surfaces. Previous studies for CO
adsorption on several CuxO surfaces have shown that under
sufficiently high CO pressures, the oxide surface reduces.4,28 In
order to maintain the ordered structure of the “29” CuxO/
Cu(111) surface and quantitatively compare the experimental
and theoretical results, we examined lower CO pressures here.
The DFT simulations utilized the model “29” CuxO/Cu(111)
surface developed in our previous work.33 By comparing the
experimental TPD and STM images to the DFT results for
varying CO coverages on the “29” CuxO/Cu(111) surface, we
were able to identify combinations of CO adsorption sites on
our model of the “29” CuxO/Cu(111) surface which accurately
reproduced the observed ordered structures. The high degree
of agreement between theoretical and experimental results for
the adsorption of CO on the “29” CuxO/Cu(111) surface
indicates that our proposed atomistic model for this surface is
experimentally accurate.

2. EXPERIMENTAL AND COMPUTATIONAL METHODS

2.1. Temperature-Programmed Desorption. TPD
experiments were carried out in an UHV chamber with a
base pressure of <1 × 10−10 mbar. The chamber was equipped
with a quadrupole mass spectrometer (Hiden) where the
Cu(111) crystal was able to be cooled to 85 K with liquid
nitrogen and resistively heated to 750 K. The Cu(111) crystal
was cleaned by Ar+ sputtering and annealing to 750 K. The “29”
oxide film was formed by exposure to O2 gas (Airgas, USP
grade) at a pressure of 5 × 10−6 mbar for 3 min at a sample
temperature 650 ± 20 K. High precision leak valves allowed for
accurate exposure of CO (Airgas, 99.99%). TPD measurements
of CO were performed with a linear heating ramp of 1 K s−1

while monitoring m/z 28.
2.2. Scanning Tunneling Microscopy. For STM experi-

ments the oxide film was prepared in a preparation chamber (P
= 2 × 10−10 mbar) following the same protocol as in the TPD
experiments. The sample was then transferred in UHV to the
STM chamber (P = 1 × 10−11 mbar) and into the precooled 5
K STM stage. CO was deposited onto the 5 K surface using
line-of-sight molecular dosers installed on the STM chamber.
The sample was then annealed to 60 ± 20 K and cooled back to
5 K before imaging was conducted using a low-temperature
Omicron NanoTechnology STM. Images were acquired using
an etched W tip. Quoted scanning biases are with respect to the
sample.
2.3. Density Functional Theory. The DFT calculations

performed here utilized the Vienna Ab Initio Simulation
Package (VASP) code,34,35 where the core electrons were
treated with the projector augmented wave (PAW) meth-
od.36,37 The valence electrons for all systems were described
using the generalized gradient approximation (GGA) with the
Perdew−Burke−Ernzerhof (PBE) functional.38 After identify-
ing the best fitting CO adsorption configurations on the “29”
CuxO/Cu(111) surface, these configurations were then re-
examined using the vdW-DF functional,39 which has been
shown to reproduce the experimental adsorption energy for
CO on Co(0001),40 and the resulting adsorption energies are
reported for both functionals. The optimized structures for CO
on the “29” CuxO/Cu(111) surface obtained using the vdW-

DF functional were identical to those obtained using the PBE
functional.
All surface calculations were performed using a (1 × 2 × 1)

Monkhorst−Pack41 k-points mesh. The energy cutoff for the
plane wave basis set was set to 500 eV, and the electron
smearing was described by the Methfessel−Paxton42 smearing
method with a width of 0.2 eV. Each calculation was considered
converged when the total energy changed by less than 10−6 eV,
and the forces between atoms were smaller than 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−Hamann approach.43,44

The “29” CuxO/Cu(111) surface (see Figure 1) was
constructed by placing single a CuxO layer atop a four-layer

Cu(111) surface with a supercell size of √13R46.1° × 7R21.8°,
where the bottom two Cu(111) layers were kept fixed in their
bulk positions. The CuxO layer is made from six fused
hexagonal rings, each containing six Cu and six O atoms.
Additionally, O adatoms are placed in either fcc or hcp sites in
the centers of five of the six hexagonal rings. Further details for
the model structure of the “29” CuxO/Cu(111) surface can be
found in our previous publication.33 The vacuum thickness
used for the surface calculations was ∼12 Å, and the optimum
Cu lattice constant was calculated to be 3.635 Å with the PBE
functional and 3.705 Å with the vdW-DF functional.
Here, we describe the nomenclature for the CO adsorption

sites on the “29” CuxO/Cu(111) surface. The 21 possible
adsorption sites for CO on the “29” CuxO/Cu(111) surface are
labeled as 1−21, as shown in Figure 1. These numbers are used
to reference where on the “29” CuxO/Cu(111) surface multiple
CO molecules adsorb. For two, three, and four CO systems, the
tested CO adsorption sites are designated as (a, b), (a, b, c),
and (a, b, c, d), respectively, where a, b, c, and d denote the
different CO adsorption site labeled in Figure 1. As an example,
the adsorption of two CO molecules within the “29” CuxO/
Cu(111) supercell at sites 4 and 18 is denoted by (4, 18). The
adsorption energy for CO on the “29” CuxO/Cu(111) surface
was calculated via

=
− −

E
E E N E

Nads
CO/S S CO CO

CO (1)

where ECO/S, ES, and ECO are the total energies for the adsorbed
CO systems, “29” CuxO/Cu(111) surface, and gas phase CO

Figure 1. Top view of the model “29” CuxO/Cu(111) surface with the
possible CO adsorption sites labeled numerically from 1 to 21. The
pink, silver, red, and black spheres represent Cu in the Cu(111)
surface, Cu in the CuxO layer, O in the CuxO layer, and O adatoms on
the Cu(111) surface, respectively.
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molecule, and NCO is the number of CO molecules adsorbing
onto the “29” CuxO/Cu(111) surface.

3. RESULTS AND DISCUSSION
3.1. Temperature-Programmed Desorption of CO on

the “29” CuxO/Cu(111) Surface. TPD experiments, shown
in Figure 2, provide information regarding the binding energies

and the structures of CO on the “29” oxide. The saturation
coverage of CO on the oxide surface can be determined by
comparison to the well-known CO/Cu(111) system. As shown
in Figure 2A, the saturation coverage of CO on Cu(111) is
much greater than the saturation coverage on the “29” oxide by
nearly a factor of 4, determined by the area ratio. CO saturates
on the Cu(111) surface at 0.52 ML with respect to the
Cu(111) surface in which 1 ML is defined as 1.776 × 1015

atoms cm−2, with the multiple peaks in the TPD trace
attributed to the desorption of different CO packing structures
and binding sites.45−47 Thus, the saturation coverage of CO on
the “29” oxide is determined to be 0.138 ML, with respect to
Cu(111), which is equivalent to 4 CO molecules per unit cell of
the “29” CuxO/Cu(111) surface. One noteworthy observation
is that the desorption temperature of CO from the two different
systems is very similar. This generally means that the CO
binding strength to metallic Cu and surface oxides of Cu is
similar.
In Figure 2B, a family of TPD traces are shown leading up to

the saturation coverage. At low coverage, a peak with a
maximum at 154 K emerges and saturates just before the 0.040
ML trace. This corresponds to a preferred site on the oxide
with one CO bound per unit cell of the “29” oxide. By Redhead

analysis, the desorption barrier at this preferred site is 0.48 eV
assuming a pre-exponential factor of 1015 s−1,48 which is a
common pre-exponential factor for adsorbates on oxide
surfaces.49 After this peak saturates, a broad lower temperature
shoulder develops and grows with increased coverage. This low
temperature peak is composed of three smaller peaks which,
combined with the 154 K desorption feature, add up to the 4
CO’s per oxide unit cell at saturation, shown in Figure S1. The
presence of multiple peaks in the TPD spectra strongly
indicates that several ordered structures could be present as one
varies the CO coverage up to saturation.50 To further
investigate the interactions of CO on the oxide surface and
the possible ordered structures at various CO coverages that are
formed on the surface, STM experiments were performed at
various CO exposures which revealed ordered structures that
have been reproduced by DFT, further verifying the accuracy of
the “29” CuxO/Cu(111) model.

33

3.2. Identification of Ordered CO Structures on the
“29” CuxO/Cu(111) Surface. 3.2.1. Low CO Coverage: One
CO per Unit Cell. Very low CO coverages on the “29” CuxO/
Cu(111) surface, at 1% of the saturation exposure, result in
highly disperse features revealed by STM imaging, as shown in
Figure 3a. These isolated protrusions are individual CO

molecules. From the STM images, it is clear that these isolated
CO adsorbates sit on the edge of the bright rows of the oxide.
Furthermore, high-resolution STM imaging (Figure 3b) shows
that the CO adsorbates (protrusions) are adjacent to a
triangular patch of dark pores in the oxide.
In order to identify likely adsorption sites for the isolated CO

adsorbates visualized in the experimental STM images, we
examined the adsorption of one CO on the 21 different
adsorption sites within one unit cell of our model “29” CuxO/

Figure 2. TPD traces monitoring the desorption of CO. (A)
Desorption of saturation CO coverages on Cu(111) and the “29”
oxide. (B) Family of TPD traces of different initial CO coverages on
the “29” oxide, with coverages quoted with respect to the Cu(111)
surface as discussed in the text.

Figure 3. Experimental STM images of isolated CO molecules
adsorbed onto the “29” CuxO/Cu(111) surface at a bias of (a) 0.9 V
and (b) 0.5 V. (c) The DFT model of the “29” CuxO/Cu(111) surface
with CO adsorption site 1 labeled. The yellow circle in (b) and (c)
highlights a repeating dark feature of the oxide surface near which the
isolated CO adsorb.
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Cu(111) surface (Figure 1).33 This corresponds to a CO
coverage of 0.034 ML on the “29” CuxO/Cu(111) surface. The
resulting adsorption energies for each tested site (see Table S1)
show that the order of site preference is 8 > 9 > 1 > 10 > 13 >
18 > 4 > 15 > 17 > 6 > 3 > 16 > 14 > 19. The CO placed at
sites 2, 5, 7, 11, 12, 20, and 21 desorbed from the “29” CuxO/
Cu(111) surface and were therefore not considered in our
following analyses.
Using DFT generated STM images of the clean “29” CuxO/

Cu(111) surface,33 the oxide features noted by the yellow circle
in Figure 3b can be matched to specific rings in the model oxide
structure (Figure 3c). Based on the calculated adsorption
energies for an isolated CO molecule on these rings, this limits
the possible CO adsorption sites observed in the low CO
coverage experimental STM images to sites 1, 3, 4, 6, 8, 14, 17,
and 18. The most stable of these possible, isolated CO
adsorption sites is site 8. However, this site is discounted as the
optimized structure for site 8 (Figure S2) shows that the
adsorbed CO molecule in this site leans outside of the circle
noted in Figure 3c. However, the second strongest binding site
within the marked area for CO is site 1, which is centrally
located in the circle and in the optimized structure CO remains
relatively upright. The difference in the calculated binding
energy between sites 1 and 8 is 0.06 eV, which is within DFT
error, and along with other assumptions built into the DFT
methods still makes for reasonable agreement between theory
and experiment. Therefore, these results suggest that the
isolated CO sites on the “29” CuxO/Cu(111) surface can be
matched to CO molecules adsorbed at site 1.
3.2.2. Medium−Low CO Coverage: Two CO per Unit Cell.

Imaging the CO covered “29” CuxO/Cu(111) surface at
intermediate CO exposures of approximately 50% of saturation
resulted in the appearance of three distinct CO ordered
structures (Figure 4), which we name the “box”, “zigzag”, and
“parallelogram” structures. The repetitive nature of these
ordered structures suggests that these patterns result from the
presence of 2 CO adsorbates per “29” CuxO/Cu(111) surface
unit cell. Using the previously identified stable CO adsorption
sites, 23 possible combinations of 2 CO sites per unit cell were
modeled, all with a CO coverage of 0.069 ML. The resulting
DFT simulated STM images were then compared to the
experimental STM images of each ordered structure to
determine the CO sites that account for the observed ordered
structures. In addition to the visual comparison of the
theoretical and experimental STM images, the distance between
adsorbed CO species were measured by line scans between the
CO protrusions (Table 1). These measurements were then
compared to the CO−CO distances from the optimized DFT
structures (Table 1 and Table S3). The STM images for all
tested 2 CO per unit cell configurations are shown in Figures
S4−S6, and the best fits for each ordered structure are shown in
Figure 4.
The best fitting 2 CO per unit cell structures for each

ordered structure were chosen based on the visual comparison
of the DFT and experimental STM images as well as the DFT
calculated CO−CO distances and angles (Table 1 and Table
S3) matching to the experimentally determined range within
±1.5 Å and ±15°. First, for the box ordered structure, the (18,
10), (18, 8), (16, 8), and (1, 9) adsorption sites had the best
fits. Second, for the zigzag ordered structure, the (4, 18), (16,
1), and (1, 14) had the best fits. Finally, for the parallelogram
ordered structure, the (3, 10), (10, 1), and (9, 18) had the best
fits.

Based on the STM and geometric analysis of the 23 tested 2
CO per unit cell sites on the “29” CuxO/Cu(111) surface for
each individual ordered structure, the possible sites were
reduced to 10. Further analysis of the 2 CO per unit cell sites
was possible using large scale experimental STM images
(Figure 5) which showed that each of the three ordered
structures have sites in common as the ordered structures were
observed to have smooth transitions between the phases. For
example, the dimmer CO site in the zigzag structure matches
directly onto the bright CO site in the box structure. This
additional constraint further limits the possible 2 CO per unit
cell sites, arriving at one possible combination of sites being the
(18, 10), (4, 18), and (3, 10) sites for the box, zigzag, and
parallelogram ordered structures, where site 18 is the dim
zigzag and bright box sites, 4 is the bright zigzag site, 3 is the
bright parallelogram site, and 10 is the dim box and
parallelogram sites. DFT simulated STM images of these
most probable sites are those shown in Figure 4 next to their
corresponding experimental STM images. Another interesting
phenomenon observed in the 2 CO per unit cell structures is
that none of the CO remains at site 1, the preferred adsorption
site at low coverage, which reveals the dynamic nature of the
adsorption process.

Figure 4. Experimental (right) and best fitting theoretical (left) DFT
simulated STM images of CO adsorbed on the “29” CuxO/Cu(111)
for the 2 CO/unit cell (a) box (18, 10), (b) zigzag (4, 18), and (c)
parallelogram (3, 10) ordered structures. The imaging bias is 0.9 V for
both experimental and theoretical STM images. The unit cell size
(white box) is 9.27 Å by 17.99 Å in all images.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.6b07670
J. Phys. Chem. C 2016, 120, 25387−25394

25390

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b07670/suppl_file/jp6b07670_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b07670/suppl_file/jp6b07670_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b07670/suppl_file/jp6b07670_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b07670/suppl_file/jp6b07670_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b07670/suppl_file/jp6b07670_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b07670/suppl_file/jp6b07670_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b07670/suppl_file/jp6b07670_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.6b07670


3.2.3. Medium−High CO Coverage: Three CO per Unit
Cell. On the same surface as prepared experimentally with a
50% CO saturation exposure, some areas of the surface
contained patches of 2 CO structures, while others contained 3
CO structures. An observed 3 CO structure is shown in Figure
6a. This ordered structure, referred to here as the “braid”
structure, appears to be formed from the addition of a third CO
molecule to the 2 CO per unit cell zigzag ordered structure.
Increasing the number of CO molecules adsorbed onto the
model “29” CuxO/Cu(111) surface increases the modeled CO
coverage to 0.103 ML. By matching the best fitting zigzag
ordered structure, site (4, 18), to the 3 CO per unit cell braid
structure, we were able to determine that there were three
possible combinations that could account for the formation of
the experimentally observed braid structure based on geometric
matching: (4, 18, 6), (4, 18, 8), and (4, 18, 9). Additionally, the
second best fitting 2 CO per unit cell zigzag ordered structure,
site (1, 14), was fit to the 3 CO per unit cell braid structure, and
the resulting possible structures were sites (1, 14, 9) and (1, 14,
10).
While the majority of the 3 CO per unit cell structures

observed in the experimental STM images form the braid

structure (Figure 6a), there is a fairly consistent defect to this
structure observed (Figure 6b). This defect is the result of the
third CO of the braid structure moving to an adjacent binding
site on the dark oxide rows where there is no CO, and this
structure is denoted here as the “defect-braid”. The site
candidates for the defect-braid structure were, as before,
determined by location matching the best and second best
fitting 2 CO per unit cell zigzag sites. For the (4, 18) 2 CO per
unit cell zigzag site, the possible defect-braid sites are (4, 18, 8),
(4, 18, 10), (4, 18, 13), and (4, 18, 14). For the (1, 14) 2 CO
per unit cell zigzag site, the possible defect-braid sites are (1, 14,
8) and (1, 14, 10).
The six possible candidates for each of the 3 CO per unit cell

braid and defect-braid sites were compared to both the

Table 1. Distances and Angles between Adsorbed CO Molecules on the “29” CuxO/Cu(111) Surface for the 2 CO/Unit Cell
and 3 CO/Unit Cell Ordered Structures Measured Both Experimentally and Theoretically (The Labels Reference Figures 4 and
6)

aAngles for the box, zigzag, parallelogram, and braid structures are defined as θ1 = ∠AB, θ2 = ∠BD, and θ3 = ∠AD. Angles for the defect-braid
structure are defined as θ1 = ∠AD and θ2 = ∠DE (see Figures 4 and 6). bAll angles are in units of degrees. cThe definition for θ4 is shown in Figure
6a.

Figure 5. Experimental STM image of CO adsorbed on the “29”
CuxO/Cu(111) at intermediate CO exposure at a scanning bias of 0.9
V. The STM image shows how the three types of 2 CO/unit cell
ordered structures merge: box (blue), zigzag (yellow), and parallelo-
gram (red).

Figure 6. Experimental (right) and best fitting theoretical (left) DFT
simulated STM images of CO adsorbed on the “29” CuxO/Cu(111)
for the 3 CO/unit cell. (a) The braid ordered structure (4, 18, 9),
along with (b) the defect-braid structure (4, 18, 10) imaged at a
sample bias of 0.9 V for both experimental and theoretical images. The
unit cell size (white box) is 9.27 Å by 17.99 Å in all images. The red
dots show the (4, 18) zigzag backbone structure.
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experimental STM images and the line scan results (Table 1
and Table S4) for the CO−CO distances and CO−CO−CO
angles in order to determine the best fit for both structures.
STM images for all tested sites for the 3 CO per unit cell
structures are shown in Figures S7 and S8. The best fitting 3
CO per unit cell site for the braid ordered structure was
determined to be the (4, 18, 9) site, while the best fitting
defect-braid structure was determined to be the (4, 18, 10) site.
This matching is also consistent with the experimental STM
evidence that 2 sites are fixed, 4 and 18 which make up the
zigzag structure, and only the location of the third CO is moved
to make the two different braid and defect-braid structures. The
DFT generated simulated STM images for these 3 CO
structures are shown in Figure 6.
3.2.4. High CO Coverage: Four CO per Unit Cell. Saturation

of the “29” CuxO/Cu(111) surface with CO was achieved by
exposure to excess CO, resulting in a CO coverage of ∼0.138
ML along with the appearance of a new ordered structure
(Figure 7). This structure originates from the braid

configuration observed for lower CO exposures (Figure 6a)
by the addition of a fourth CO between the bright braid
structure rows (theoretical CO coverage was 0.138 ML).
Starting from the best fitting 3 CO per unit cell braid structure,
site (4, 18, 9), the possible sites for this high coverage, 4 CO
per unit cell structure were determined to be (4, 18, 9, 13), (4,
18, 9, 14), and (4, 18, 9, 17). STM images for all tested sites for
the 4 CO per unit cell structures are shown in Figure S9. By
comparing the DFT generated STM images for the possible 4
CO per unit cell sites with the experimental STM images, the
optimal structure was determined to be the (4, 18, 9, 13) site
(Figure 7).
3.3. CO Adsorption Energy Analysis. By comparing

between DFT models and experimental STM images of CO
adsorbed on the “29” CuxO/Cu(111) surface, we were able to
match the experimentally observed CO ordered structures at
varying CO coverages to specific combinations of the 12 stable
CO adsorption sites on our model of the “29” CuxO/Cu(111)
surface. The resulting adsorption energies for each of the
structures matched to the experimental STM images were
calculated and are shown in Table 2, along with the adsorption
energies predicted from the Redhead analysis of the CO TPD
on the “29” CuxO/Cu(111) surface. The DFT calculated CO

adsorption energies are significantly larger than the value
predicted by the Redhead analysis of the experimental CO
TPD on the “29” CuxO/Cu(111) surface. This is consistent
with the known overbinding errors of standard DFT
methods.51 Because of the overbinding, our comparisons of
DFT and experimental adsorption energies will focus on the
relative differences in the average adsorption energies with
increasing CO coverage.
From both the Redhead and DFT analyses, it is clear that the

average CO adsorption energy decreases as the number of CO
per “29” CuxO/Cu(111) unit cell increases. This decrease is
∼0.03 eV/CO from TPD and ∼0.06 eV/CO or ∼0.02 eV/CO
from DFT using the PBE or vdW-DF functionals, respectively.
Additionally, the 2, 3, and 4 CO structures per unit cell are all
calculated to be very close in average CO binding strength from
DFT. The flexibility of the underlying surface oxide structure
plays an important role in such similar adsorption energies.
Indeed, if one does not allow the surface oxide structure to
relax as CO adsorbs, one finds that the CO molecule does not
bind to the surface (Figure S10). As such, allowing the surface
oxide to relax mitigates to a certain degree the repulsive lateral
interactions between the CO molecules. Such interplay
between the strain components of the adsorbate−adsorbate
interactions and the electronic components of the lateral
interactions were investigated to a certain degree for O52,53 and
CO54 on single crystal metal surfaces, but seem to play a larger
role for thin oxide films similar to those investigated here. As a
result, the predicted desorption rates of the various structures
are quite similar, which is consistent with the development of a
broad low temperature shoulder in the CO uptake TPDs, as
opposed to the evolution of well-separated desorption features
for each of the structures that one would expect if large
differences between the adsorption energies would be present.
This high degree of agreement between theory and experiment
concerning the adsorption of CO on the “29” CuxO/Cu(111)
surface, based on both the CO adsorption energy change with
coverage and the evolution of ordered structures observed by
STM, provides further evidence that we have developed an
experimentally accurate, atomistic model of the “29” CuxO/
Cu(111) surface.

4. CONCLUSIONS
The adsorption of CO on the “29” CuxO/Cu(111) surface was
examined using a combination of experimental and theoretical

Figure 7. Experimental (right) and best fitting theoretical (left) DFT
simulated STM images of CO adsorbed on the “29” CuxO/Cu(111)
for the 4 CO/unit cell ordered structure (4, 18, 9, 13). The STM bias
is 0.9 V for both experimental and theoretical images. The unit cell size
(white box) is 9.27 Å by 17.99 Å. The red dots show the (4, 18) zigzag
backbone structure.

Table 2. Average CO Adsorption Energies for the Four
Different CO Coverages on the “29” CuxO/Cu(111) Surface

DFT Eads (eV/CO)

NCO/
unit cell

TPD Eads
(eV/CO)a PBE vdW-DF

1 −0.48 −0.89b −0.68b

2 −0.45 −0.74/−0.77/−0.80c −0.63/−0.64/−0.65c

3 −0.42 −0.76/−0.76d −0.62/−0.66d

4 −0.39 −0.71e −0.63e
aThe adsorption energies from TPD are assumed to be the negative of
the desorption barrier, as common for unactivated first-order
desorption processes, which was calculated using the peak fits
[Supporting Information] by a Redhead analysis assuming a pre-
exponential factor of 1015 s−1. bEads value corresponds to site 1. cEads
values correspond to sites (4, 18)/(3, 10)/(18, 10), respectively. dEads
values correspond to sites (4, 18, 10)/(4, 18, 9), respectively. eEads
value corresponds to site (4, 18, 9, 13).
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techniques. Comparing Cu(111) to the “29” surface oxide, it is
clear that the CO binding strength to these surfaces is very
similar, but the molecular density of CO at saturation is ∼4
times lower on the oxide. The lower CO density on the surface
can be directly attributed to fewer favorable CO binding sites
on the “29” CuxO/Cu(111) surface. By extrapolation from this
model study, a lower steady state coverage of CO under
catalytic conditions on a CuxO catalysts would be expected
relative to metallic Cu, which may be beneficial or detrimental
to the catalytic conversion depending on the reaction.
Furthermore, our model of the “29” CuxO/Cu(111) surface
is validated by the agreement between experiment and theory.
When exposed to different amounts of CO, six different
ordered structures for CO on the “29” CuxO/Cu(111) surface
were observed via experimental STM images, with surface
coverages corresponding to 1, 2, 3, and 4 CO’s per “29” CuxO/
Cu(111) surface unit cell. By identifying the possible individual
CO adsorption sites on our model of the “29” CuxO/Cu(111)
surface, we were able to match each of the experimentally
observed CO ordered structures to specific combinations of
CO adsorption sites within the “29” CuxO/Cu(111) surface
unit cell. Excellent agreement was found between experiment
and theory when comparing STM and DFT simulated images,
measured CO−CO distances and CO−CO−CO angles, and
CO adsorption energies for each of the ordered structures. This
high degree of agreement between the experimental and
theoretical results for CO adsorbing on the “29” CuxO/
Cu(111) surface provides further support that our atomistic
model of the “29” CuxO/Cu(111) surface is experimentally
accurate.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.jpcc.6b07670.

Peak fits to the CO saturation TPD on the “29” oxide,
optimized structures of single CO sites on the “29”
CuxO/Cu(111) surface; STM image comparisons
between theory and experiment for all tested 2, 3, and
4 CO/unit cell sites; adsorption energies and structural
parameters for all tested 2, 3, and 4 CO/unit cell sites
(PDF)

■ AUTHOR INFORMATION
Corresponding Authors
*(J.-S.M.) Ph 509-335-8580, Fax 509-335-4806, e-mail js.
mcewen@wsu.edu
*(E. C. H. S.) Ph 617-627-3773, Fax 617-627-3443, e-mail
charles.sykes@tufts.edu.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
Financial support was provided by the National Science
Foundation EAGER program under Contract CBET-
1552320. The work at Tufts was supported by the Department
of Energy BES under Grant DE-FG02-05ER15730. M.M.
thanks Tufts Chemistry for an Illumina Fellowship. It was also
partially funded by USDA/NIFA through Hatch Project
#WNP00807 titled: “Fundamental and Applied Chemical and
Biological Catalysts to Minimize Climate Change, Create a
Sustainable Energy Future, and Provide a Safer Food Supply”.

A portion of the computer time for the computational work was
performed using EMSL, a national scientific user facility
sponsored by the Department of Energy’s Office of Biological
and Environmental Research and located at PNNL. PNNL is a
multiprogram national laboratory operated for the U.S. DOE by
Battelle.

■ REFERENCES
(1) Eren, B.; Lichtenstein, L.; Wu, C. H.; Bluhm, H.; Somorjai, G. A.;
Salmeron, M. Reaction of CO with Preadsorbed Oxygen on Low-
Index Copper Surfaces: An Ambient Pressure X-ray Photoelectron
Spectroscopy and Scanning Tunneling Microscopy Study. J. Phys.
Chem. C 2015, 119, 14669−14674.
(2) Domagala, M. E.; Campbell, C. T. The Mechanism of CO
Oxidation over Cu(110): Effect of CO Gas Energy. Catal. Lett. 1991,
9, 65−70.
(3) Szanyi, J.; Goodman, D. W. CO Oxidation on a Cu(100)
Catalyst. Catal. Lett. 1993, 21, 165−174.
(4) Yang, F.; Choi, Y.; Liu, P.; Hrbek, J.; Rodriguez, J. A.
Autocatalytic Reduction of a Cu2O/Cu(111) Surface by CO: STM,
XPS, and DFT Studies. J. Phys. Chem. C 2010, 114, 17042−17050.
(5) Baber, A. E.; Xu, F.; Dvorak, F.; Mudiyanselage, K.; Soldemo, M.;
Weissenrieder, J.; Senanayake, S. D.; Sadowski, J. T.; Rodriguez, J. A.;
Matolín, V.; et al. In Situ Imaging of Cu2O under Reducing
Conditions: Formation of Metallic Fronts by Mass Transfer. J. Am.
Chem. Soc. 2013, 135, 16781−16784.
(6) Klier, K. Methanol Synthesis. Adv. Catal. 1982, 31, 243−313.
(7) Chinchen, G. C.; Waugh, K. C.; Whan, D. A. The Activity and
State of the Copper Surface in Methanol Synthesis Catalysts. Appl.
Catal. 1986, 25, 101−107.
(8) Szanyi, J.; Goodman, D. W. Methanol Synthesis on a Cu(100)
Catalyst. Catal. Lett. 1991, 10, 383−390.
(9) Behrens, M.; Studt, F.; Kasatkin, I.; Kühl, S.; Hav̈ecker, M.; Abild-
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