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ABSTRACT: Ambient-pressure X-ray photoelectron spec-
troscopy (APXPS) and high-pressure scanning tunneling
microscopy (HPSTM) were used to study the structure and
chemistry of model Cu(100) and Cu(111) catalyst surfaces in
the adsorption and dissociation of CO,. It was found that the
(100) face is more active in dissociating CO, than the (111)
face. Atomic oxygen formed after the dissociation of CO,
poisons the surface by blocking further adsorption of CO,.
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This “self-poisoning” mechanism explains the need to mix CO into the industrial feed for methanol production from CO,, as it
scavenges the chemisorbed O. The HPSTM images show that the (100) surface breaks up into nanoclusters in the presence of
CO, at 20 Torr and above, producing active kink and step sites. If the surface is precovered with atomic oxygen, no such

nanocluster 1ng occurs.

1. INTRODUCTION

Dissociative CO, adsorption on Cu surfaces is a key reaction
step in heterogeneous catalysis of the reverse water gas shift
(RWGS), ie, CO, + H, 2 CO + H,0, and in methanol
synthesis."” Recycling of CO, into methanol and other fuels is
a possible way to address the persisting problem of i 1ncreas1ng
CO, emission that contributes to climate change When
combined with other renewable sources (solar, wind, tidal, etc.)
that can provide input energy, this reaction offers an attractive
route for achieving independence from fossil fuels.” Although
methanol synthesis involves mixtures of CO, H,, and CO,,
carbon-labeling experiments have shown that C02 is the source
of the carbon incorporated into methanol.”> For all of these
reasons, CO, adsorption on Cu surfaces has been the subject of
many surface science studies. At low pressures, with gas
exposures of a few langmuir (1 langmuir = 107® Torr-s), the
most stable surface of Cu, with (111) orientation, was found to
have no interaction with CO,.° More active stepped and kinked
surfaces, however, were found to dissociate CO, even at
cryogenic temperatures.”® The results in the literature are less
clear regarding the Cu(110) surface, which appears to be less
active than the stepped surfaces but more active than the (111)
surface. For example, refs 8—11 report that no reaction occurs,
whereas refs 12 and 13 claim that CO, dissociates into CO and
O on the Cu(110) surface. At higher pressures and/or
temperatures, CO, was found to dissociate slowly on
Cu(111) but readily on Cu(100) and Cu(110)."*7"°

As suggested by Irvin Langmuir, the general approach in
heterogeneous catalysis of studying “checkerboard surfaces”
(single crystals) as model systems for more complex “porous
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bodies” has provided the core of our current understanding of
surfaces and surface reactions in the second half of the 20th
century.”’~"” Many techniques based on electron and ion
probes have been developed because of their high surface
sensitivity. The main limitation of these techniques is that they
require very low pressures and often cryogenic temperatures.
Under these conditions, however, the surfaces of the materials
may differ substantially from those at ambient pressures and
temperatures because a high gas pressure can overcome the
problem of low binding energies of many reactants and remove
the limitation of slow kinetics imposed by low-temperature
operation. Over the last decades, along with other groups, we
have developed high-pressure scanning tunneling microscopy
(HPSTM)**™** and ambient-pressure X-ray photoelectron
spectroscopy (APXPS)**7?° to access structural and chemical
information on surfaces up to atmospheric and Torr pressure
ranges, respectively. With these techniques we have shown that
under ambient conditions many surfaces undergo large
restructuring upon reactant adsorption,”’ >’ with Cu being
an especially important examgle because its low cohesive
energy facilitates restructuring,

In this study, we show that the dissociative adsorption of
CO, on Cu(100) results in the formation of Cu clusters
stabilized by the species formed upon exposure to pressures of
20 Torr and above at room temperature (RT). This indicates
that the energy gained upon the dissociative adsorption of CO,
is higher than the formation energy of the clusters, which
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requires the breaking of Cu—Cu bonds. This finding is of
fundamental importance for understanding the role of the
catalyst surface under realistic conditions because, as we show
here, even the initially flat surface, where the terrace atoms are
highly coordinated, restructures at ambient pressures by
forming numerous steps, kinks, and clusters, which are active
sites for catalytic reactions. Moreover, the atomic oxygen
produced by CO, dissociation poisons the surface and inhibits
further CO, adsorption. This is underestimated in the
literature, especially in microkinetics calculations, which assume
an oxygen-free metallic surface throughout the reaction.*’™
An exception is a recent study with APXPS, which also
underlines the necessity of CO to remove atomic oxygen on
nickel.”> We also show that a surface reconstructed with oxygen
does not break up into clusters because of its already low
surface energy. This finding highlights the importance of CO in
the industrial gas mixture for methanol synthesis because it
reacts away the chemisorbed O responsible for deactivating the
catalyst.

2. METHODS

2.1. Preparation. Clean Cu surfaces were prepared by several
cycles of Ar sputtering (1 keV, 15 min) and annealing (793—823 K, 10
min). The clean Cu(100) surface was exposed to 1000 langmuir of O,
at 520 K to obtain a Cu(100)-(1/2 X 2\/2)R45°—O surface
reconstruction.”** The large exposure likely results in some amount
of oxygen being dissolved in the near-surface region of the crystal.’®
Research-grade (99.998% purity) CO, gas was leaked into the
measurement chambers, while the pressure was measured with an
MKS 722A Baratron capacitance pressure gauge.

2.2. HPSTM. HPSTM measurements were performed at RT with a
home-built scanning tunneling microscope*> using Pt/Ir tips. The
microscope was operated in constant-current mode with the bias
voltage applied to the sample. The imaging parameters are indicated in
the figure captions. Images were taken at ultrahigh vacaum (UHV) (1
X 107" Torr) or 1 or 20 Torr CO, approximately 15 min after gas
dosing.

2.3. APXPS. APXPS experiments were performed at beamline (BL)
11.02 of the Advanced Light Source (ALS), the Berkeley Lab
Synchrotron Facility, at a base pressure of 4 X 107'° Torr. Photon
energies were adjusted to yield photoelectrons with kinetic energies of
around 200 eV in the O 1s, C 1s, and Cu 2p regions. O 1s and C 1s
spectra were acquired ~3 and ~4 min after CO, dosing, respectively.
The peak positions were referenced to the Fermi level, measured in
the same spectrum. Peak areas and widths were measured from
Doniach—Sunji¢ fits to the spectra. Spectra were collected at RT at
0.05, 0.3, and 1 Torr CO, and at 0.3 Torr CO, after the sample was
kept at 10 Torr for 5 min. To minimize the effects of beam-induced
CO, dissociation, we defocused the X-ray beam. After acquisition of
each spectrum (in less than half a minute), the position of the beam
spot on the sample was changed to minimize beam effects. Further
measurements performed at BL 9.3.2 of the ALS (at a base pressure of
1 x 107 Torr) are shown in the Supporting Information.

3. RESULTS AND DISCUSSION

3.1. Adsorbed Species and Coverage on Different Cu
Faces. Bond breaking upon chemisorption is probably one of
the most important roles of a catalyst surface.'” In order to
investigate the role of surface structure, we conducted
experiments on the two lowest-index Cu surfaces. On the
(111) surface, CO, adsorbs as CO,’", which produces XPS
peaks at 531.4 and 288.4 eV.**"*° The two lower panels of
Figure 1 show the O 1s and C 1s regions of XPS spectra
acquired in the presence of 0.05 and 0.3 Torr CO, at RT. The
peak around 529.7—529.8 €V is due to atomic oxygen,”” which
can have two origins: CO, dissociation and residual O, gas in
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Figure 1. (a) O 1s and (b) C 1s regions of the APXPS spectra in the
presence of CO, at RT on the Cu(111) surface (lower two panels)
and on the Cu(100) surface (upper four panels): (i, iii) 0.05 Torr
COy; (ii, iv) 0.3 Torr CO,; (v) 1 Torr CO,; (vi) 0.3 Torr CO, after
the sample was kept for S min in 10 Torr CO,. The peaks above 536
and 292 eV (different in each spectrum due to the different work
functions) are from gas-phase CO, CO, adsorbs as CO,’” and
produces the peaks at 531.4 and 288.4 eV. The atomic oxygen peak
appears at ~529.8 eV. However, at low coverage (e.g, in the presence
of 0.05 Torr CO,) we observe both the CO,>” and atomic oxygen
peaks at around 0.4 eV lower binding energies in the O Is region,
which we attribute to stronger interactions with the metal surface. CH,
and water contamination produce the peaks at 284.2—284.7 and
532.5—533.0 eV, respectively. The former typically appears in the
absence of atomic oxygen, and the latter typically appears in the
presence of atomic oxygen on the surface. The background-corrected
(Shirley for adsorbed species, linear for gas-phase species) and fitted
Doniach—éunjié curves (red) are displaced vertically downward for
clarity. The black lines through the experimental data (dots) are the
sums of the fitting curves.

the background. Even though the amount of O, is of the order
of parts per million in CO,, its high reactivity compared with
that of CO, may be enough to produce a small coverage on the
surface.”™* At low coverage (e.g,, 0.05 Torr), both the CO,’~
and atomic oxygen peaks shift 0.4 eV toward lower binding
energy, which we attribute to stronger interactions with the
underlying metal. Besides the peaks due to CO,’~ and atomic
oxygen, small contamination peaks at around 532.5—533 and
284.2—284.7 eV from water and hydrocarbons, respectively,
were also sometimes observed as a result of residual gases in the
chamber and gas cylinder.*’

The O 1s and C 1s regions of the XPS spectra obtained on
Cu(100) in the presence of CO, at RT are shown in the upper
four panels in Figure 1. While CO,’~ was observed at 0.05
Torr, indicating molecular adsorption, remarkably no CO,’"
was detected on the Cu(100) surface at 0.3 Torr and above,
while the atomic oxygen coverage increased with CO, pressure.
Table 1 summarizes the CO,’~ and atomic oxygen coverages
reached 3 min after dosing of gas at different pressures.
Literature values of the activation energy for CO, dissociation
are 1.33—1.36 eV on Cu(lll),“’42 0.96 eV on Cu(lOO),43 and
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Table 1. Coverages of CO,’~ and Atomic Oxygen on the
Cu(111) and Cu(100) Surfaces at RT as Functions of the
CO, Pressure Obtained ~3 min after Gas Dosing”

P (Torr) Hcoz (ML) 6o (ML)
Cu(111) 0.05 0.03 0
0.3 0.085 0.04
Cu(100) 0.05 0.085 0.08
0.3 0 0.34
1 0 0.42
10° 0 0.61

“The results do not represent steady-state coverage, but changes
(increases in O,y intensity) occur very gradually because of the slow
kinetics at RT. Coverage estimation was done using the O 1s to Cu 2p
XPS intensity ratio and the known 0.5 ML coverage of the Cu(100)-
(\/ 2 X 2\/ 2)R45°-O structure as a reference after removal of the
subsurface component in the O 1s spectra (Figure S3). “Measurement
at 0.3 Torr after the Cu(100) surface was kept for S min at 10 Torr
with the X-ray beam blanked and then the pressure was decreased to
0.3 Torr. This was due to limitations of the APXPS setup used that
make acquisition of XPS spectra above 1 Torr challenging.

0.67 eV on Cu(110)."® At stepped and kinked surfaces, CO,
dissociation occurs even at cryogenic temperatures.g’7 Our
results in Figure 1 (and in Figure S1 for Cu(110)) confirm the
strong dependence of the dissociative activation energy on the
coordination number of the Cu atoms. The results also show
that no CO, can adsorb on a Cu surface after it is covered with
atomic oxygen through CO, dissociation. This “self-poisoning”
explains the need for CO in the industrial feed for methanol
synthesis, because it removes oxygen from the surface. Another
interesting observation is that the atomic oxygen coverage can
exceed 0.5 monolayer (ML) (Table 1), which we associate with
the breakup of the surface into nanoclusters, as shown by STM
(see the next section).

Since Cu(100) is more active than Cu(111) for CO,
dissociation, we selected this surface for further APXPS and
HPSTM studies. The amount of chemisorbed O is determined
by the CO,(g) & O,4 + CO(g) equilibrium reaction. Using
the O 1s to Cu 2p XPS intensity ratio in the well-established
Cu(lOO)-(\/ 2 X 2\/ 2)R45°-O surface reconstruction as a
reference, we calculated the atomic oxygen coverage at 1 Torr

CO, to be 042 ML (coverages at other pressures are
summarized in Table 1). Since the base pressure in the
APXPS chamber was 4 times higher than that in the HPSTM
chamber and there was always some X-ray-beam-induced
dissociation, the coverage of 0.42 ML at 1 Torr is expected to
be a slight overestimation. We note that if present, both
carbonate formation (peaks at $31.9 and 289.3 eV)*® and CO
as a reaction intermediate remained below the XPS detection
limit.

3.2. Structural Changes on the Cu(100) Surface. Figure
2 shows STM images of the Cu(100) surface in the presence of
1 Torr CO,. In the low-magnification image (a), the surface
consists of flat terraces separated by steps, as in UHV. At higher
magnification (b, c), we observe the surface covered with a
fraction of a monolayer of atomic oxygen, which appears as
dark spots (depressions in STM contrast). This type of
“disordered” atomic oxygen does not induce reconstruction of
the Cu surface, and it is easy to remove with CO,*" which is
desirable for methanol synthesis as it allows the metallic catalyst
surface to be easily regenerated.

When the CO, pressure is increased by a factor of 20, the
surface is significantly altered (Figure 3). The initially large and

Cu(100) / Py = 20 Torr

Figure 3. HPSTM images of the Cu(100) surface in the presence of
20 Torr CO, at RT. The surface breaks up into clusters, roughly half of
them with edges oriented along (011) directions. Imaging conditions:
() ,=1nA, Vy=015V; (b) [, =0.5nA, V;, =04 V.

Cu(100) / Pco, =1 Torr

Figure 2. HPSTM images of the Cu(100) surface in the presence of 1 Torr CO, at RT. (a) Large-scale image showing the surface consisting of flat
terraces separated by steps, as found in UHV (I, = 1 nA, V;, = 0.15 V). Unlike in UHV however, the surface is covered with dark spots due to O
atoms (depressions in tunneling contrast). (b) Higher-magnification image showing more clearly the dark spots due to O atoms (I, = 1 nA, V;, =

—0.25 V). (c) Further magnification of the framed area in (b).
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flat terraces are now covered with one-atom-high clusters.
Roughly half of the cluster edges are oriented along (011)
directions (i.e., equivalent [011] and [011] directions) while
the other half show no preferential orientation. The clusters are
formed by Cu atoms detached from the steps. In recent studies
we showed that the Cu(100) surface breaks up in the presence
of pure CO gas as a result of the lowering of Cu—Cu cohesion
caused by adsorbed CO and the energy gain of CO adsorption
on low-coordination sites.*> However, in the case of pure CO,
all of the cluster and step edges align along (001) directions
(i.e, equivalent [001] and [010] directions).* The formation
of nanoclusters in the present study can be explained as a result
of the energy gain from binding of the oxygen atoms from
dissociated CO,, which offsets the energy to detach Cu atoms
from the step edges. However, CO is not bound to the clusters
at RT because of its low adsorption energy, so only atomic
oxygen remains on the surface. Because of the increased surface
area, the nominal coverage of oxygen can exceed 0.5 ML. We
also note that an ordered surface structure such as the
Cu(lOO)-(\/ 2 X 2\/ 2)R45° structure is not observed here. We
attribute this to kinetic limitations at RT (i.e., RT is probably
insufficient to displace one of every four Cu atoms to form the
aforementioned reconstruction) as well as some parts of the
surface (most likely the cluster edges) being oxidized to Cu,O
(Figure S4).

3.3. Interaction of CO, with the Cu(100)-(/2 x
2\/2)R45°-0 Surface. We used the oxygen-covered
Cu(lOO)-(\/Z X 2\/2)R45° surface as our second model
system. Figure 4a,b shows large-scale and atomically resolved

Cu(100)-(V2x2v2)R45°-0 / P¢o, = 20 Torr
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Figure 4. (a, b) HPSTM images of the Cu(100)-(1/2 X 21/2)R45°-O
surface in UHV. In (a), all the step edges are oriented along the (001)
directions. (b) Expanded image showing the atomically resolved
structure.*™*” (c) Image of the same surface in the presence of 20 Torr
CO,, showing that no changes occur under this CO, pressure. (d) Ball
model of the Cu(100)-(1/2 X 2\/ 2)R45°-O structure. The imaging
parameters are I, = 0.5 nA and V;, = 0.5 V for all of the images.

images of the surface in UHV, and a ball model of the periodic
surface structure is shown in Figure 4d. All of the steps appear
to be oriented along the (001) directions. A few steps appear to
be oriented along (011) directions at low resolution (dark band
near the top of Figure 4a) but actually consist of a sawtooth
structure with {001)-oriented edges (Figure SS5). Since the
surface is already saturated with atomic oxygen there can be no
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further gain in energy through adsorption of atomic oxygen
from CO, dissociation.*®

In the presence of 0.3 Torr CO,, no CO,% was detectable
with APXPS as in the case of the initially bare sample (Figure
S2). Figure 4c shows the same surface under 20 Torr CO,. As
can be seen, the orientation of the steps remains unchanged
and no clusters appear on the surface, from which we conclude
that the oxygen-induced reconstruction remains intact and
completely passivates the surface at least up to 20 Torr CO,.

4. CONCLUSIONS

We have shown that the adsorption of CO, on Cu(100) at RT
is molecular at 0.05 Torr but dissociative at 0.3 Torr and above,
likely as a result of slow kinetics. On the less active Cu(111)
surface, the CO, adsorption is still molecular at 0.3 Torr.
Atomic oxygen produced by CO, dissociation poisons the
surface when it reaches a coverage of >'/; ML. This “self-
poisoning” mechanism explains the need for CO in the
industrial feed used for the synthesis of methanol from CO, as
a means of removing atomic oxygen. At 1 Torr CO,, atomic
oxygen from dissociative adsorption produces dark spots
(depressions in tunneling contrast) in HPSTM images. In the
presence of 20 Torr CO,, the Cu(100) surface breaks up into
clusters, whereas on an oxygen-saturated surface no such nano
clustering occurs because of the aforementioned poisoning and
the resulting lack of CO, adsorption. These observations
provide new insights at the molecular level into the “self-
poisoning” and the abundance and role of step and kink sites in
RWGS and methanol synthesis reactions catalyzed by Cu-based
materials.
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