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Abstract

We studied the structure of the copper-cobalt (CuCo) surface alloy, formed by Co deposition on
Cu(110), in dynamic equilibrium with CO. Using scanning tunneling microscopy (STM), we
found that in vacuum at room temperature and at low Co coverage, clusters of a few Co atoms
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substituting Cu atoms form at the surface. At CO pressures in the Torr range, we found that up to
2.5 CO molecules can bind on a single Co atom, in carbonyl-like configurations. Based on high-
resolution STM images, together with density function theory calculations, we determined the
most stable CuCo cluster structures formed with bound CO. Such carbonyl-like formation
manifests in shifts in the binding energy of the Co core-level peaks in x-ray photoelectron
spectra, as well as shifts in the vibrational modes of adsorbed CO in infrared reflection
absorption spectra. The multiple CO adsorption on a Co site weakens the Co-CO bond and thus
reduces the C-O bond scission probability. Our results may explain the different product
distribution, including higher selectivity towards alcohol formation, when bimetallic CuCo

catalysts are used compared to pure Co.
1. INTRODUCTION

Our present fundamental understanding of catalyst surfaces has benefited from the use of
model single crystals and surface sensitive techniques that work under conditions of ultra-high
vacuum (UHV), often performed at cryogenic temperatures.?> To approach conditions closer to
those in practical catalysis research the field has evolved into new directions: One is the use of
complex surfaces, such as oxide supports and bimetallic catalysts; another is to operate under
gaseous or liquid environments. The latter has been made possible by the development of new
microscopy tools such as high pressure scanning tunneling microscopy (HPSTM),®
environmental transmission electron microscopy, X-ray based spectroscopies like ambient
pressure x-ray photoelectron spectroscopy (APXPS),”® x-ray absorption spectroscopy (XAS),
and optical techniques such as infrared reflection absorption spectroscopy (IRRAS).101!

Using combinations of such characterization techniques it was found that even the most
compact and stable surfaces could go through substantial structural and chemical changes when
in equilibrium with reactant gases. For instance, using HPSTM and APXPS, it was observed that
the (111), (100), and (110) faces of Cu break up into nanoclusters at room temperature (RT ~
298 K) in the presence of CO gas at pressures above 0.1 Torr.1?* Density functional theory
(DFT), on the other hand, has been a key computational tool for understanding the atomic
structures observed by STM and for understanding the energetics of densely covered surfaces at
RT and above.!?13



Many bimetallic or multi-component alloys have shown very different, and sometimes
promising, catalytic activity and selectivity compared to elemental metal catalysts. The tunability
of the catalyst composition allows us to further optimize the selectivity towards high value
products.’>1® For example, copper-cobalt (CuCo) alloys are reported to enhance the selectivity
towards oxygenated products in Fischer-Tropsch synthesis from syngas (CO + H2),""% while
pure Co produces mostly olefins and paraffins.?* Bimetallic CuCo systems in the form of single
crystals or core-shell nanoparticles have been studied in the past, and the effect of reactant gases
in modifying their structure has been demonstrated to a certain extent.?>2® However, their atomic
structure and chemical state in the presence of gases in the Torr pressure range remains largely
unexplored. For that reason we used a model Cu(110) single crystal onto which we evaporated
Co to produce a well-defined surface alloy. Here, using HPSTM, APXPS, IRRAS, and DFT we
determined the atomic and chemical structure of the bimetallic CuCo surface in the presence of

CO in the Torr pressure range.
2. EXPERIMENTAL

The experiments were carried in three different experimental systems, each with a UHV
preparation chamber containing tools such as Ar ion sputtering for cleaning, metal evaporators,
quartz crystal microbalance (QCM) for thickness monitoring, mass spectrometer, and Auger
electron spectrometer (AES). The preparation chamber connects through a gate valve to an
analysis/reaction environmental chamber containing either microscopy or a spectroscopy
technique. In the first system, the reaction chamber contained a custom-made STM instrument
operating both in UHV and in gases at pressures in the Torr to atmospheric range. The second
system was devoted to APXPS, at beam line 11.0.2 of the Advanced Light Source, the Berkeley
Synchrotron Facility. The third system, located at the Brookhaven National Laboratory was
equipped with IRRAS to determine the vibrational structure of adsorbed CO. The same Cu(110)
single crystal was used in each system. For each experiment, the CO gas was passed through a
Ni-carbonyl trap at 513 K prior to introduction to the chamber, where the initial base pressure
was in the low 102° Torr range. In the HPSTM and IRRAS chambers, AES was used to monitor
the chemical composition before the experiments and to monitor the Co content of the surface,

and again after the experiment to make sure that no Ni contamination had built up on the surface.



The pressure, in the Torr range, was measured with a MKS 722A Baratron capacitance pressure

gauge. All measurements were performed at RT unless otherwise indicated.

HPSTM imaging was performed using Pt-Ir tips with the bias voltage applied to the
sample.* For APXPS experiments photon energies of 1150 eV for Cu 2p, 1000 eV for Co 2p, 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 peak energies were referred to the Fermi level, measured in the
same spectrum at the corresponding photon energy. The IRRA spectra were collected with a
resolution of 4 cm™! at grazing incidence with a commercial Fourier transform infrared (FTIR)
spectrometer (Bruker, IFS 66v/S).2°

The CuCo surface alloy was prepared as follows: first the Cu(110) surface was cleaned by
several cycles of Ar ion sputtering (1x10° Torr, 1 kV, 15 min) and annealing to 823 K for 10
min. Following the recipe in Ref.®, prior to Co deposition a chemisorbed oxygen layer was
created on Cu(110) by exposure to 10 Langmuir of Oz at 600 K, followed by 5 min annealing at
the same temperature. The role of oxygen is to lower the surface energy for the subsequent
growth of Co layers, since the oxygen always resides on the top layer during growth. It also
prevents contamination from the background gases. During Co deposition, a CuCo surface alloy
is formed as Co displaces Cu atoms while alternating metal-oxygen-metal chains of the (2x1)
structure are maintained. Consequently, the surface splits into two levels, the second level made
of the aggregated two-dimensional Cu islands with additional Co (Figure S6 in the
Supplementary Information (SI)). The capping oxygen could later be removed by exposure to 0.1
Torr CO at RT. Except where indicated, in most of the experiments reported here the surface

population of Co was kept at approximately 20% of the surface atoms.
3. THEORY

To support the interpretation of the CuCo and adsorbed CO structures we performed first-
principles calculations within the framework of DFT, using the grid-based projector-augmented
wave code GPAW,! with a grid spacing of 0.18 A. The projected augmented wave (PAW)
method was employed to describe the effect of the inner cores of the atoms on the valence
electrons.3>% The exchange-correlation energy and potential are described using the generalized
gradient approach for the exchange-correlation functional within the Perdew-Wang (PW91)

implementation.®** The metal substrate was modeled by a (4x2) periodic slab consisting of four
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(110) atomic planes. This model was selected in order to represent the experimental Co coverage
on the (110) face. An experimental lattice parameter of 3.61 A was employed for the Cu matrix
in all calculations, while the atoms in three outermost atomic layers were allowed to relax in
order to account for the relaxation due to Co. In all the calculations periodic boundary conditions
in the X and Y directions were employed. Equilibrium nuclear positions were determined by
minimization of the acting force in a quasi-Newton scheme until the maximum force was smaller
than 0.01 eV.A ™. The Brillouin zone was sampled using a 2x2x1 Monkhorst-Pack grid. Electron
occupations were smeared in order to help convergence by a Fermi temperature of 0.1 eV.
Convergence tests are provided in the SI. The alloy composition was fixed at 6.25% Co,

equivalent to 0.25 monolayers (ML) of surface Co atoms.
4. RESULTS and DISCUSSION
4.1. STM and XPS characterization

Figure 1a shows an STM image of the initial clean surface in UHV, showing the expected
atomic spacing of ~2.6 A and ~3.6 A in the [1-10] and [001] crystallographic directions. A
Cu(110)-(2x1)-0 surface structure was obtained after oxygen adsorption, which consists of Cu-O
chains along the [001] direction (Figure 1b). Figure 1c shows an image after deposition of 0.2
ML of Co on this surface, where the Co atoms are randomly positioned substituting Cu atoms in
the metal-oxygen (M-O) chains. The expanded area marked with a box, in derivative form,
reveals M-O (M = Cu or Co) chains similar to those in the initial Cu(110)-(2x1)-O surface, with
varying contrast along the chains due to the higher contrast (i.e., 0.1-0.2 A brighter in the image)
of the Co atoms. The islands on top of the terraces contain about 20% of all surface atoms, and
are composed of Co atoms, and Cu atoms displaced from the surface. At higher Co coverage

other two- and three-dimensional Co and CuCo clusters are produced (not shown here).

The removal of O from this surface by reaction with CO at RT was followed by APXPS as a
function of the CO gas pressure, from 10™° Torr to 0.5 Torr. As shown in Figure 2, no
appreciable change in composition is apparent until 0.01 Torr, after which a rapid removal of
chemisorbed O, from 0.5 ML to ~0.05 ML occurred (red dots in Figure 2c). This was
accompanied by an increase in CO coverage, from 0 to 0.5 ML (black dots in Figure 2c). For

comparison the coverage of CO on the clean Cu(110) is also shown (cross symbols in Figure 2c).
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After evacuation of the CO gas phase, the coverage of chemisorbed CO remained unchanged,

although a small increase in atomic O occurred, likely due background contamination.

Cu(110)  (2x1)0/Cu(110)  (2x1)O/Co-Cu(110)
-~ : y .-

Fig. 1 STM images acquired at each step of the sample preparation process: (a) (1x1) Cu(110) surface. (b)
Cu(110)-(2x1)-0O surface. (c) After 0.2 ML of Co deposition. Co atoms and Cu atoms displaced from the
initial surface form 2D islands. The Co atoms, which have a slightly higher apparent STM contrast than
Cu atoms produce a varying contrast along the M-O chains. (d) Expanded derivate image of area marked
by the box. Derivative imaging enhances the contrast variations along the M-O chains. In the ball model
insets Cu, Co, and O atoms are shown in orange, blue, and red, respectively.

(a) O 1s (b) C 1s
LI S B N B S S B P S B T Tt T T T T T T S
_I'_’co 3 cofad)y f\OGd) 3 F o COfad) 3 (I)r S ! Vac |
(Torr)- t\_a00k] [ O 3 _ = o I
Vac f===== 1 4 E - L. | |
2 P\ ] . L ¥
2 L\ 1=F : - I
vac E \— . I = z __*" : u e CO/CUCO X I I T
0.5F ! 1z F 3 [ [mo/cuco | ]
107 | 42 L [X co/cu X | m
- ! 18 F 400K
C ¥ JEE r L} |. '™
102 I 1 3 - ~ . I .I-
o : ] | 400
101 v E - [T [T T TN NI Y
TR TN T I N TN TN TN AN Y TN MO it T T T TN T N TR N NN 10" 10° 107 1

540 535 530 525 295 290 285 280 Pressure (Torr)
Binding Energy (eV)

Fig. 2 (a) O 1s, and (b) C 1s, regions of the XPS spectrum of the CuCo surface alloy (20% Co0-80% Cu)
under various CO pressures. The attenuated peak intensities at higher gas pressure are due to increased
scattering of photoelectrons by gas phase molecules. The surface is initially covered with oxygen, which
produces the peak at 529.9 eV. The C and O peaks from CO(ad) appear at 531.9 eV and 285.7 eV, similar
to those of CO(ad) on Co (Figure S1). The gas phase CO peaks are shown enclosed by a dashed box, their
exact position depanding on the surface work function. The graphs in (c) show the coverage of CO (e)
and O (m) vs CO presssure. The CO reacts and removes O from the surface at appreciable rates above
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0.01 Torr. The CO coverage on pure Cu(110) in equilibirum with the CO pressure is shown for reference
(%). The box on the right shows the coverage after evacuation (Vac), and after heating to 400 K. Coverage
of different species as a function of pressure in (c) was determined from the O 1s peak intensities with
respect to the Cu 2p + Co 2p peak intensities measured at the same kinetic energy, and using the well-
known 0.5 ML coverage of the Cu(110)-(2x1)-O oxide structure as reference.

Since the XPS peaks of CO/CuCo (Figures 2a and b) are similar to those on CO/Co (Figure
S1), we conclude that the majority of the CO molecules are bound to Co, or to Cu atoms
modified by binding to Co. DFT calculations and other experimental techniques discussed below
show that the former case is correct. Since the Co coverage is ~0.2 ML, this implies that more
than one CO molecule is bound per Co atom on average. This interesting and unexpected result
is in line with a 3-decades old result of CO adsorption on Co clusters deposited on Cu(100),
obtained with AES and thermal desorption spectroscopy.3®

The changes in the chemical state of Co due to CO adsorption were followed by the shifts in
binding energy (BE) of its 2ps, core levels and by the changing intensities of the Co® and Co?*
components, as shown in Figure 3. The intensities of the Co® and Co?* peaks and their satellites
were measured by fitting them according to the procedure suggested in Ref.3” (examples shown
by the red and blue curves for the UHV spectra). We find that initially about half of the Co
appears as Co?*, located on the top M-O rows, whilst the other half, corresponding to Co?, is
located in the second layer. This ratio remained unchanged under CO gas up to 0.01 Torr where it
started to decrease (Figure 3b) due to reduction of the Co?*. At 0.5 Torr reduction to the metallic
state proceeds rapidly, and only small amounts of Co?* remain (Figure 3b). The Cu atoms on the
other hand are fully reduced at this pressure.®® Particularly interesting is the shift in the Ca® 2pa
BE observed in these experiments, where the Co coverage is 0.2 ML (Figure 3c black dots). At
Co coverages above 0.5 ML (red dots), where Co and CoO form larger islands, no shift was
observed. The shift of the Co 2ps» peak to a higher BE indicates an increasing donation of
electrons from Co to COs, which we ascribe to binding of multiple CO molecules per Co atom,
similar to the structure of Co-carbonyl species. This is only possible if Co is in the form of
isolated atoms or few atom clusters where the bound CO molecules can fan out to accommodate
their steric repulsion. As we show below DFT calculations indicate that the Co atoms in the

second layer are pulled out to the top layer by CO chemisorption, where it forms small clusters.
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Fig. 3 (a) Co 2ps; XP spectra acquired at RT as a function of increasing CO pressure, from UHV (bottom
black spectrum) to 0.5 Torr (brown). The two spectra at the top were collected after CO evacuation (pink)
and after heating the sample to 400 K (top, dark yellow). Co 2ps, has satellite peaks from Co° and Co?*,
were fitted with the red (Co° and blue (Co?") curves, shown only for the initial spectrum in UHV
(bottom). The amount of Co?* decreases above 0.01 Torr (b), while CO coverage increases (c). The Co
XPS peaks shift to higher binding energy (black curve in (c)), following the increasing number of CO
molecules per Co atom at low Co coverage. No XPS shifts were observed when the Co coverage was
>0.5 ML (red dots in (c)) due to steric contraints preventing multiple CO binding per Co atom (except
possibly at island edge atoms).

In agreement with XPS, the STM images confirmed the removal of the oxide structure on
the surface as the CO pressure increased (Figures S7-S8). After the (2x1) oxide structure is
removed the surface is covered with 2D nanoclusters of irregular shape (Figure S7). Figure 4
shows an atomically resolved image, where the clusters appear as dimer rows at pressures above
0.5 Torr. The dimers appear as pairs of bright spots along the [110] direction separated by 3.5 A,
substantially larger than the atomic lattice spacing of 2.55 A. We explain this by assigning the
maxima to CO molecules that are adsorbed on the top sites and tilted away from each other due
to steric repulsion. On the [001] direction the periodicity is 3 A, which is less that the atomic
periodicity 3.61 A in that direction. We attribute this adsorption geometry to the formation of
locally dense CO structures with more than one molecule per Co atom, as shown schematically
in Figure 4c. From IRRAS (see below) we know that CO adsorbs both on top and on bridge Co

sites, so that the observed STM contrast can originate from combinations of 3 CO (2 top sites, 1
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bridge site) and 5 CO (4 top sites, 1 bridge site) molecules. According to our model in Figure 4c,
CO molecules at the bridge sites do not have an apparent STM contrast, because in mixed top
and bridge or hollow CO sites, the STM contrast is large only for the top sites.'2%41 With only
STM imaging this is not possible to prove in the present case, but both IR spectra and DFT
calculations (shown later) support CO molecules to occupy both atop and bridge sites
simultaneously. In fact, DFT calculations support this model by showing that isolated 2-Co-atom

clusters accommodating 5 CO molecules are energetically favored.

It should also be pointed out that the surface has a considerable number of steps with two
height levels. An alternative structure is one where CO adsorbs only on top sites on the terraces
(same as in Figure 4c, but with the bridge CO molecules missing), with CO adsorption on the
bridge sites occurring only at step edges. This alternative model, however, is not supported by
the DFT calculations, which show that additional CO molecules adsorb on the bridge sites before

two CO molecules start occupying a single Co site.



Fig. 4 (a) STM image of the CuCo surface under 3 Torr CO. The maxima are assigned to CO molecules
bound to top Co sites forming dimers in short rows along the [100] direction, as indicated in the expanded
area below (b). (c) is the surface structure of a proposed model. According to this model, we can crudely
estimate 1.75 CO molecules per Co site, equivalent to 0.35 ML nominal coverage. The rest of the CO
(0.15 ML nominal coverage) should be on the Cu sites which constitutes 80% of the surface, hence
roughly 0.19 CO per Cu site.

4.2 IRRAS studies

In addition to XPS and STM, we studied the CO adsorption after oxide removal with
IRRAS. The high structural sensitivity of the technique makes it ideal to study fine details of the
adsorption of CO, thus providing a complementary identification of the adsorption sites. As
suggested by Toomes and King,*> CO adsorbed on top metallic sites has C-O stretching
frequencies in the 2000-2130 cm™* range, whereas on bridge sites the frequency range is 1860-
2000 cm™. On clean Cu surfaces, at pressures below 1 Torr, CO adsorbs only on top sites with
frequencies in the 2070-2106 cm* range.*?

Weakening of the CO-metal bond decreases back bonding donation to the antibonding ="
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orbitals thus strengthening the C-O bond and shifting the C-O stretch frequency to higher values.
The CO-metal bonding strength depends also on the type of metal, e.g., Cu, Co, site coordination
(top, bridge, hollow), and is expected to decrease also by repulsion between CO molecules
adsorbed on a single Co site. Figure 5 shows IRRAS data of the 0.2 ML of CuCo surface in the
presence of CO at various pressures. No adsorbed CO peak is visible at pressures below 10 Torr
(red curve), where the surface is still oxidized (0.5 ML of O). At 0.1 Torr CO, when most of the
oxide is reduced to metal, a CO peak is observed at a frequency corresponding to bridge sites at
1983 cm™. The peak shifts to higher frequencies at 0.5 Torr (peaks 4', 3', 2" and 1'), between 2000
cm? to 2100 cm™. Peak 1' matches the frequency for top Cu sites, 2' to that of multiple
molecules per Co atom in small clusters or at edges, and 3’ to top Co sites.** The shifts in CO
stretch frequencies due to multiple CO binding in Co-carbonyl molecules were reported in Ref.
4546 Carbonyl-like CO adsorption was also observed in surface science studies*’, which show
that two CO molecules can adsorb to isolated Rh atoms and or on few atom clusters, with a blue

shift in the CO symmetric stretch frequency compared to CO adsorbed on larger Rh islands.

The high frequency peaks disappear upon evacuation of the gas phase, leaving only the 5'
peak from the bridge sites (cyan curve). A new peak (6°), observed after evacuation could be due
to the CO bound to unreduced Co?* residuals.*® Although CO might not be stable at RT on Co?*
sites on bulk Co oxides, it may be different here where the Co?" may be affected by the Cu
substrate, as seen previously for CO adsorption on Cu* being stronger when it is linked to Ti.*®
This 6' feature is likely to be there in the presence of CO as well, but coincides with the gas

phase features.
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Fig. 5 IRRAS spectra of CO on the CuCo surface in the presence of CO gas at different pressures. Gas
phase peaks are visible above 0.01 Torr, by the broad bands between 2100-2200 cm™. Adsorbed species
are indicated with the prime symbol ('), and are explained in the main text.
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The above assignments are supported by the additional spectra acquired from CO on pure
Cu(110), on Cu(110)-(2x1)-O and on CuCo at cryogenic temperatures, shown in the SI (Figures
S3 and S4). Similarly, Figure S5 shows the spectra of CO adsorbed on 10 ML of Co.

Although the shifts in Co 2p spectra to higher binding energies and the shifts to higher
wavenumbers of the CO stretching frequencies as the CO pressure increases appear at first
contradictory, this is not the case. The IR blue shift suggests less back donation to a single CO,

whilst the XPS shift is due to more electron donation from Co to multiple CO molecules.

Finally, we would like to remark on the 1' peak in Figure 5 (CuCo surface at 0.5 Torr) being
significantly less intense than the 1' peak in Figure S3 in Sl (bare Cu(110) surface at 0.5 Torr).
This might potentially be due to a similar effect observed on the deposition of Fe on Cu surfaces,
i.e.,, CO attached to Cu atoms that are intermixed with Fe atoms with a specific surface lattice
structure.®® However, in line with our APXPS spectra and the DFT calculations shown below, we
think that this is simply a steric effect of CO covering the Co sites and preventing CO from
attaching to the neighboring Cu sites. In other words, the local CO coverage on the Cu sites is

significantly less than local CO coverage on the Co sites.

4.3 DFT calculations

To determine the equilibrium structure of the CO/CuCo system formed on Cu(110) by deposition
of 0.2 ML of Co, we calculated the surface Gibbs free energy AG(6,y) at fixed T-p conditions (1
Torr CO at RT, see SI).%! Figure 6 shows a 3D plot of AG (in color) as a function of CO coverage
(0), and fraction of Co atoms in the top layer (). At zero CO coverage the calculations predict
that Co atoms are preferentially located in the second layer in the Cu(110) matrix (point 1 in the
diagram, top structure 1). This agrees with the surface segregation trends found in the
literature,>?>* where adsorption of CO causes Co atoms to segregate to the top layer where it
bounds to CO (point 2 in the diagram, top structure 2). As the CO coverage reached
approximately 0.75 ML (red area in the diagram), all Co atoms are in the top layer bound to CO
molecules. The most energetically stable structure, point 4 in the diagram, has an average

occupancy of 2.5 CO molecules per Co atom, as shown as the structure 4 in the top schematic.
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Fig. 6 Gibbs free energy AG in the parameter space of y (Co surface population, Y-axis) and 6 (CO
coverage, X-axis), in equilibrium with 1 Torr of CO at RT. The percentage of Co atoms is fixed at 25% in
the surface alloy formed on the surface of Cu(110), with the Co atoms occupying sites in the first or
second layer. The color scale in the right hand side indicates the values of AG quantifying the stability of
the different CO/CuCo phases. Selected atomic structures at points 1, 2, 3 and 4 are shown at the top. Cu
atoms are shown in ocher color and the Co atoms in pink. Structure 4 is the most stable configuration.

We next address the impact of temperature and CO pressure. In Figure 7, we display the
T-p phase diagrams for a CuCo(110) surface in equilibrium with a surrounding CO gas phase
environment. The most stable CuCo phase at high temperatures and low CO pressures (Figure 7;
bottom right) corresponds to the bare CuCo substrate, with the Co atoms located in the second
layer. Figure 7 also shows the relevant phases in the whole range of experimentally accessible
pressure conditions, 10" to 10° Torr, indicating the stability of CO/CuCo phases with 0.50 and
0.75 ML CO coverage (Figure 7; structures 3 and 4, respectively). Importantly, in this T-p range

the CO molecules adsorb predominantly on the Co sites.
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Fig. 7 T-p plot showing the CO/CuCo phase diagram in a wide range of T-p conditions. The solid black
lines indicate the stability range of CO/CuCo phases, for three different CO coverages, in ML indicated in
white. Some of the most stable CO/CuCo structures in ambient pressure conditions are pictured in the
insets.

5. CONCLUSION

Using STM, we followed the atomic structure of a CuCo alloy surface formed by evaporation of
Co onto a Cu(110) single crystal. At low Co coverage (~0.2 ML) Co atoms substitute Cu atoms
in the surface and subsurface forming small clusters of one or few Co atoms. Using XPS and
IRRAS spectroscopies, together with DFT calculations, we determined the equilibrium structures
formed by adsorption of CO on the bimetallic CuCo surface alloy. In the absence of CO, the Co
atoms occupy preferentially second layer sites. In the presence of CO at pressures above 0.1
Torr CO pulls Co to the top surface layer and binds to it forming structures where multiple CO
molecules attach to one Co atom. The multiple binding of CO molecules gives rise to shifts in
the binding energy of the Co 2p core level peaks due to increased donation of electrons to CO, a
process akin to the formation of carbonyls. This means that the CuCo surface might have
different catalytic properties than that of Cu or Co because such multiple CO adsorption on a
single Co site weakens the M-CO bond and can thereby reduce the C-O bond scission
probability. In addition to new fundamental information on the chemisorption of CO on alloy
surfaces, this study might help explain the higher selectivity towards oxygenated products when
CuCo is used instead of Co during the Fischer-Tropsch synthesis. Future design of bimetallic

catalysts should take the peculiar behavior of the alloy constituents into account, and it is clear
15




that further work on other bimetallic systems is necessary with the newly developed surface

science techniques applicable in the presence of gases.

SUPPORTING INFORMATION

Reference APXPS and IRRAS spectra, HPSTM images at lower pressures, explanation of Gibbs
free energy of the system, more details of our DFT calculations.
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