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ABSTRACT: The chemical structure of a Cu(111) model
catalyst during the CO oxidation reaction in the CO+0O, pressure
range of 10—300 mTorr at 298—413 K was studied in situ using
surface sensitive X-ray photoelectron and adsorption spectroscopy
techniques [X-ray photoelectron spectroscopy (XPS) and near
edge X-ray adsorption fine structure spectroscopy (NEXAFS)].
For O,:CO partial pressure ratios below 1:3, the surface is covered
by chemisorbed O and by a thin (~1 nm) Cu,O layer, which
covers completely the surface for ratios above 1:3 between 333
and 413 K. The Cu,O film increases in thickness and exceeds the
escape depth (~3—4 nm) of the XPS and NEXAFS photo-
electrons used for analysis at 413 K. No CuO formation was
detected under the reaction conditions used in this work. The
main reaction intermediate was found to be CO,’”, with a
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coverage that correlates with the amount of Cu,0O, suggesting that this phase is the most active for CO oxidation.

1. INTRODUCTION

CO oxidation is a prototypical reaction for fundamental studies
and provides insights into more complicated reactions such as

the water—gas shift or methanol oxidation." Therefore, the CO
oxidation reaction on model Cu catalysts (single-crystal Cu
surfaces, thin Cu films, and Cu powders) has been investigated
in various laboratories over recent decades.””” Although Cu-
based materials are common heterogeneous catalysts used in
industry for water—§as shift, methanol oxidation, and methanol
synthesis reactions,” '* they suffer from a swift deactivation
during CO oxidation."> A major roadblock in understanding the
reaction is the unknown chemical state of the catalyst during
reaction, although it has been assumed to be a mixture of Cu,
Cu,0, and CuO, the latter assumed to deactivate the surface.'
The unknown nature of the most active catalyst state, Cu or
Cu,O, remains an open question as reflected in the
disagreements persisting in the literature to this day.*”*'> A
surface science study on a well-defined surface and under well-
defined reaction conditions is therefore of utmost importance
to clarify some of the uncertainties.

Direct access to the nature and coverage of adsorbed species
(both reactants and reaction intermediates) as well as to the
chemical state of the catalyst surface and subsurface during
reaction has become possible in the past decade thanks to the
development of ambient-pressure (AP) X-ray spectroscopy
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techniques, especially X-ray photoelectron spectroscopy (XPS)
and near edge X-ray adsorption fine structure spectroscopy
(NEXAFS).'>"” In the study presented here, both the chemical
state of the catalyst and the relative coverage of adsorbed
species (CO, O, and CO,") are identified at reactant pressures
of a few tenths of Torr between 298 and 413 K using these
techniques. Copper single-crystal surfaces are chosen to
eliminate the effects of grain boundaries, which are known to
facilitate the formation of subsurface oxygen.'®'” Recent
scanning tunneling microscopy (STM) studies have shown
that the presence of gas phase CO in the pressure range of 0.2—
1 Torr results in the breakup of the (111) surface into two-
dimensional clusters.”” Similarly, in the presence of a few
millitorr of oxygen, a rough oxide is formed on the surface.’
Here we show that while Cu easily oxidizes to Cu,O, further
oxidation to CuO does not take place under our reaction
conditions. The main reaction intermediate is found to be
CO,’, present with a coverage that correlates with the amount
of Cu,0, suggesting that this phase is the most active for CO
oxidation.
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2. EXPERIMENTAL SECTION

The single-crystal preparation and characterization experiments were
performed at a base pressure in the low 107'° Torr range, at beamline
11.0.2 of the Advanced Light Source, the Berkeley synchrotron facility.
The Cu(111) surface was cleaned by sputtering (S min at 1 X 107°
Torr of Ar, 1 keV) and annealing (15 min at 823 K) cycles, until no
peaks other than those of Cu were detected by XPS. After preparation,
CO gas was leaked into the chamber after being passed through a
carbonyl trap at 513 K. The total pressure was measured with a MKS
722A Baratron capacitance pressure gauge. During each experiment,
the temperature was fixed (298, 333, 373, or 413 K), and AP-XPS and
AP-NEXAFS data were collected, first in ultrahigh vacuum (UHV),
then in 0.3 Torr of CO and 0—0.15 Torr of O,, and again in 0.3 Torr
of CO after the O, had been pumped out. Finally, additional spectra
were obtained in UHV after CO had been pumped out. The O,:CO
partial pressure ratios were selected as 3:97, 1:10, 1:3, and 1:2.

Photon energies (E,) of 1150 eV for Cu 2p, 490 eV for C 1s, and
735 eV for O 1s were used to produce photoelectrons with kinetic
energies (Ey,) of ~200 eV for the APXPS measurements. The peak
positions were referred to the Fermi level, measured in the same
spectrum at the corresponding photon energy. Peak areas and widths
were measured from Doniac—Sunjic fits of the spectra. Furthermore,
O 1s spectra with an E;, of 1150 eV and C 1s spectra with an E;, of
900 eV were also measured to obtain information from greater
sampling depths.

The NEXAFS measurements in the O K and Cu L,; edges were
performed in the Auger-Meitner Electron Yield (AMEY) mode. With
an analyzer pass energy of S0 eV, the retarding field was chosen to
collect electrons with an E,y, of 300 eV to suppress contributions from
the gas phase, as reported in ref 21. The photon energy was varied
with a step size of 0.2 eV, between 520 and 560 eV for the O K edge,
and between 920 and 960 eV for the Cu L, edges. The differences
between the measured position of the 7* resonance of CO (533.9 eV)
and O, (530.8 €V) and the literature values (534.1 eV for CO and
530.8 eV for O,)** are within the experimental error. In the case of the
Cu L, ; edge, reference spectra of pure Cu and Cu,0O were measured,
both showing a strong resonance at 933.2 eV. Literature values for
these resonances were reported to be 933.7 eV, indicating that the
error in the absolute value is ~0.5 eV.

All of the collected APXPS and AP-NEXAFS spectra are presented
in the Supporting Information.

3. ANALYSIS AND INTERPRETATION OF XPS AND
NEXAFS SPECTRA

Because determination of the catalyst structure and composi-
tion and that of the adsorbed species is crucially dependent on
the interpretation of XPS and NEXAFS data, we proceed here
to analyze these spectra and the origin and assignment of the
various peaks.

Apart from oxygen bound in molecules in the gas phase (CO,
0,, and CO,) or adsorbed on the surface (CO and CO,%),
which produce XPS peaks at higher binding energies, we
distinguish different types of O bound to Cu atoms, which are
the ones that characterize the catalyst chemical state. They all
produce XPS peaks at lower binding energies. The first is
chemisorbed oxygen, usually in the form of ordered mono- or
submonolayers. Other types of oxygen are in oxide structures
such as Cu,O and CuO. These oxides should have a minimal
thickness equal to one unit cell of the corresponding crystal.
Finally, we can also have dissolved O atoms, occupying
tetrahedral or octahedral sites deeper in the subsurface region.

3.1. XPS. Figure 1 shows O 1Is and C 1s XPS as well
NEXAFS O K edge and Cu L; edge spectra measured at various
gas phase O,:CO ratios.

The peak at 529.4 eV corresponds to O chemisorbed on the
Cu(111) surface, as shown in previous studies.”*>** In addition
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Figure 1. (a and b) Examples of APXPS O 1s and C 1s spectra from a
Cu(111) sample at 298 K: in UHV, under 0.3 Torr of CO, under 0.03
Torr of O, and 0.3 Torr of CO, under 0.15 Torr of O, and 0.3 Torr of
CO, and after pumping the O, (from bottom to top, respectively). The
gas phase CO, O,, and CO, peaks appear at binding energies higher
than 536 eV in the O Is region and higher than 290 eV at the C 1s
region. Peaks arising from molecularly adsorbed CO are observed at
531.5 and 286.1 eV on metallic Cu and around 534.2, 287.9, and 289
€V (satellite) on the CuO,-covered region. The chemisorbed O peak
produced a peak at 529.4 eV both on the metallic Cu and on Cu,O.
The lattice O from Cu,O appears at 530.2 €V. Adsorbed CO,™,
intermediate of the CO oxidation reaction, occurs at 531.5 and 289 eV.
Small amounts of CH,, (284.4 €V) and carbon (M-C, 283.1 eV) are
observed sometimes when O, is absent from the gas phase, because of
beam-induced dissociation of CO. (c and d) AP-NEXAFS spectra at
the O K and Cu L; edges. The O K edge has five different resonance
peaks (1'—S’) originating from Cu,O. (d) Reference Cu and Cu,O
spectra (bottom curves) and example of a spectrum from a partially
oxidized sample (O). Its spectrum can be fitted by a linear
combination of the pure Cu and Cu,O spectra.

to the chemisorbed layer, a new peak grows with increasing
exposure to O, at 530.2 eV, which we assign to formation of
Cu,0.”*° However, the peak at 529.4 €V still exists even after
a surface oxide layer has fully formed (shown later). Although
O from CuO was also reported to appear at 529.4 eV in the
literature,” we can rule out this possibility here because the full
width at half-maximum and the asymmetry parameter of the
Sonjac—Dunjic functions of the Cu 2p peaks remained
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unchanged (all Cu 2p spectra collected are shown in section
2.1.3 of the Supporting Information). The CuO phase is
typically observed to produce Cu 2p peaks at an energy 1.4 eV
higher than those of Cu and Cu,O, which would have resulted
in a shoulder (or a change in the asymmetry parameter) and
satellite peaks at higher binding energies. Subsurface O is also
unlikely the cause of the 529.4 eV peak because the intensity
ratio between this peak and that at 530.2 eV is significantly
lower at E,, = 1150 eV than at E,;, = 73S eV. The peak at 529.4
eV was always observed in the reference O 1s spectra of pure
Cu,0.”?° Therefore, we attribute this peak to O adsorbed on
defect sites (e.g, step edges and domain boundaries) of the
Cu,O layer. A peak with a similar energy was previously
attributed to O adsorbed on defect sites of Cu(110) during the
methanol oxidation reaction.”” To further confirm our
assignment, 0.1 Torr of oxygen was dosed onto a bulk Cu,O
sample, which resulted in very significant increase in the 529.4
eV peak with no CuO formation (confirmed with Cu 2p
peaks). In summary, the peak at 529.4 eV in the study
presented here can originate from chemisorbed O on metallic
Cu or from O adsorbed on defect sites of Cu,O.

The gas phase peaks of CO, O,, and CO, (the latter as a
reaction product) appear above 536 eV in the O 1s region and
above 289 eV in the C 1s region. The peaks at around S31.5
and 286.1 €V arise from CO adsorbed on metallic Cu(111).”
The reaction intermediate (CO,’”) was reported in the
literature to produce O and C peaks at 531.4 and 288.4 eV
on metallic Cu;***® however, there is a lack of data about the
CO,> and CO peak energies on Cu,O. Here we assign the
peaks at around 531.5 and 289.0 eV to CO,’~ on Cu,O and the
peaks at around 534.2 and 287.9 eV to CO on Cu,O. We did
not observe any carbonate peaks at 531.9 or 289.3 eV.”” To
confirm our peak assignments, a reference bulk Cu,O sample
was prepared and CO and CO, adsorption experiments were
performed at room temperature (under 0.1 Torr of CO and
under 0.4 Torr of CO,). The peaks arising from CO and CO,’"
were indeed found at the aforementioned positions. However,
CO adsorption on Cu,O also resulted in an intense satellite
peak at 289 eV similar to intense satellites in CO adsorbed on
metallic Cu.”*” During our reaction studies, the peaks at 531.5
and 534.2 eV had intensities lower than that of the oxide peak
(5302 eV) at E,, = 1150 eV than at E,;, = 73S eV, confirming
that these are indeed surface species. The same is also true for
the C 1s spectra. All the O Is spectra collected at E;, = 735 eV
and E;, = 1150 eV are shown in sections 2.1.1 and 2.2.1 of the
Supporting Information. Similarly, all the C 1s spectra collected
at B, = 490 eV and E,;, = 900 eV are shown in sections 2.1.2
and 2.2.2 of the Supporting Information.

Finally, the possible effect of water impurities in the chamber
was assessed by dosing 0.05 Torr of H,O on Cu,O, which
produced a peak at 531.3 eV due to formation of OH. This
peak has a position very similar to that of the peak arising from
CO,’" adsorption.

3.2. NEXAFS. Figure lc shows the O K edge NEXAFS
spectra collected at 413 K at various O,/CO gas pressures. The
spectra contain the characteristic five resonances of Cu,0:”"**
17 at 532.4 eV and 2’ from 535.7 eV both arising from the O 2p
Cu 3p hybridization, 3’ at 538.7 eV arising from the O 2p Cu
4sp hybridization, 4’ at 544.5 eV arising from the O 2p Cu
4sp4d hybridization, and 5" at 548.1 eV arising from the O
2p3d Cu 4p4d hybridization. The energies of these resonances
match recent theoretical calculations of the spectra.”® The ratio
between the intensities of the resonances depends on the

stoichiometry, as discussed in section 5 of the Supporting
Information. Chemisorbed oxygen on Cu was shown to
produce a 7* resonance peak at around 530 eV and a broad
peak at 533.6 eV.”” Therefore, we attribute the small peak at
530.1 eV, which is prominent at 298 and 333 K, to the O 2p Cu
3p hybridization involving chemisorbed oxygen. This was
confirmed with a reference oxygen adsorption experiment with
Cu,O. The existence of the peak at 530.1 eV at the O K edge is
in line with the presence of the XPS peak at 529.4 eV from
surface oxygen, even after the surface is fully oxidized to Cu,O.
We did not observe a clear peak from CO or CO,’” in the O K
edge spectra during CO and CO, adsorption experiments on
Cu,O at room temperature. This is because of low CO and
CO,°" coverage, low photon flux at E,, = 530 eV, and the fact
that only around 18% of the total intensity originates from the
first layer for E,y, = 530 eV, whereas around 30% originates
from surface species for Ey;, = 200 eV.

Figure 1d shows the Cu L; edge NEXAFS spectra of pure Cu
and Cu,O phases, which were used as references to determine
the ratio of metallic copper and Cu,O concentrations, within
the inelastic mean free path (IMFP ~ 1.5—1.7 nm) of the 930
eV electrons used in the AMEY measurements. A linear fit of
the pre-edge region between 920 and 928 eV was used for
background subtraction. After this, the Cu L; edge was
normalized with respect to the area (920—949 eV). The top
curve is an example of a spectrum collected under reaction
conditions. The spectrum can be explained as a superposition
of the two reference spectra, with the components indicating
the atomic ratio between the Cu and Cu,O phases. All Cu L,
edge spectra are shown in section 3.1 of the Supporting
Information.

4. EVOLUTION OF THE CATALYST SURFACE AND
SUBSURFACE DURING REACTION

In the following, the ratio of the XPS O 1s peak at 530.2 eV
(oxide peak) to the Cu 2p peak (shown in section 2.1.3 of the
Supporting Information) calibrated from a reference bulk Cu,O
sample, and the NEXAFS Cu L; edge, were used to calculate
the chemical composition of the catalyst surface and near-
surface region during the CO oxidation reaction. The O 1s
peak is sensitive to the first one to four layers because the IMPF
of the collected electrons is around 0.87 nm at E,;, = 200 eV,
whereas the Cu L; is sensitive to the first one to eight layers
because the Auger electrons (Ey, = 930 eV) have an IMPF of
1.46 nm for Cu and an IMPF of 1.73 nm for Cu,0.”

The left panel of Figure 2 shows the evolution of the O:Cu
atomic concentration ratio as a function of the O,:CO pressure
ratio. Above 333 K, more than 85% of the surface is oxidized to
Cu,O for a 0,:CO partial pressure ratio of 1:3. An important
result is that after O, is pumped out of the chamber and only
CO is maintained, no significant reduction from Cu,O to Cu
can be observed during our experimental time (>0.5 h), at least
for <413 K

The right panel of Figure 2 shows a similar plot of the
chemical state of the catalyst, this time calculated from
NEXAFS fits such as those shown in Figure 1d. Because the
NEXAFS data were acquired by collecting 930 eV AMEY
electrons, it reflects the average composition of a slab of the
surface ~1.7 nm thick, which includes both the top Cu,O layer
that fills the 0.86 nm depth detected by XPS in the left panel
and an additional subsurface contribution from the remaining
thickness down to 1.7 nm. As we can see for O,:CO partial
pressure ratios above 0.3, more than 70% of the near-surface
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Figure 2. Cu,O percentage (rest is metallic Cu) of the surface
estimated from the intensity ratio between O 1s (530.2 eV) and Cu 2p
XPS peaks (left). Cu,O percentage (rest is metallic Cu) on the near-
surface region estimated from the NEXAFS resonance at the Cu L;
edge (right). Data are shown as a function of O,:CO partial pressure
ratio and temperature. The two data points inside the dashed box
indicate points at which O, is pumped out (first data point, with CO
still remaining in the chamber) and after CO is pumped out (second
data point).

region down to 1.7 nm is oxidized to Cu,O at 413 K, while at
<373 K, only the first 0.86 nm contains Cu,0O, the rest being
mostly metallic Cu. Of course, the transition between Cu,O
and metallic Cu is not likely to be abrupt, but we do not have
enough data to construct an O concentration profile at present.

5. REACTION MECHANISM

The coverages of adsorbed reactants (CO and O) and the
CO,% reaction intermediate were followed from the O 1s and
C 1s XPS intensities, as in the example shown in panels a and b
of Figure 1. Figures 3 and 4 show the coverages of these three
species as a function of O,:CO pressure ratio. The observed
evolution is strongly correlated to Cu,O formation. As can be
seen, when the catalyst is covered by Cu,O layers, at a O,:CO
pressure ratio above 0.3, the coverage of the two reactant
molecules is comparable.

The CO,’ intermediate appears on the surface in amounts
that follow the coverage of Cu,O. This does not originate from
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Figure 4. Relative intensities of the APXPS peaks (a) at 287.9 eV
produced by molecularly adsorbed CO and (b) at 289 eV produced by
both molecularly adsorbed CO and CO,’ (reaction intermediate) as a
function of O,:CO partial pressure ratio and temperature. The two
data points inside the dashed box are taken after O, is pumped out
(with CO still remaining in the chamber; first data point ) and after
CO is pumped down (second data point).

a higher CO,’~ binding energy on Cu,O than on Cu, because
we measured ~1.5 times higher CO,>~ coverage on Cu than on
Cu,O during adsorption experiments in the presence of 0.4
Torr of CO, at 298 K, which implies that while smaller, the
binding energy on Cu,0 is still sufficiently high to maintain the
observed coverage. This leaves a higher rate of CO, production
on Cu,O as the most likely explanation. The fact that nearly no
CO is adsorbed on the surface under oxygen-lean conditions
indicates also that the CO + O — CO, reaction takes place on
Cu,O rather than on metallic Cu. The chemisorbed and/or
lattice oxygen in Cu,O consumed by the reaction is replenished
via dissociative O, adsorption.

It is remarkable that no rapid reduction of the Cu,O to Cu
was observed even at 413 K under 0.3 Torr of CO when the O,
was removed from the chamber, even as the reaction continued
to proceed, as shown by the presence of CO,’". This was

reviously rationalized by replenishment from subsurface
0."'%1% A similar phenomenon was also proposed for Pd
catalysts during CO oxidation reaction, which requires a thin
oxide film for high catalytic activity.”* The results presented
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Figure 3. Coverage (+20%) of adsorbed species with respect to a flat Cu(111) surface as a function of O,:CO partial pressure ratio and temperature
calculated from the corresponding O 1s APXPS peaks: (a) dissociatively adsorbed oxygen, (b) molecularly adsorbed CO, and (c) CO,%" (reaction
intermediate). The peak intensity ratios are calibrated using intensity ratios of samples with known coverages.” The last two data points in the dashed
box are taken after O, is pumped out (with CO remaining in the chamber) and after CO is pumped out, respectively.
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here could indeed be interpreted in this way, because although
no XPS peak due to oxygen dissolved in the Cu matrix could be
detected due to a small photoemission cross section, a small
photon flux, and a low concentration, the rate of diffusion to
the surface could still be high enough to replenish the
vacancies.

At present, our results cannot distinguish between a Mars
van-Krevelen type mechanism involving reaction with lattice O
from a Langmuir—Hinshelwood mechanism involving CO and
O bound to surface Cu® defects on Cu,O.

6. CONCLUSIONS

We have presented an in situ spectroscopic study of the
chemical structure and evolution of a Cu(111) model catalyst
during the CO oxidation reaction in the pressure range of 10—
300 mTorr at 298—413 K. We found that under these
conditions the catalyst surface during reaction was composed of
Cu and/or Cu,O depending on the oxygen partial pressure and
temperature. The main highlights of this work can be
summarized as follows. (1) CuO was not observed under the
conditions of this work. (2) Under oxygen-lean conditions, the
surface is not fully oxidized to Cu,O. However, the surface is
more reactive once a partial surface Cu,O layer forms. (3) The
surface coverage of CO is higher on Cu,O than on metallic Cu,
implying a higher CO adsorption energy on Cu,O than on Cu.
This is a favorable situation because the metallic Cu surface
suffers oxygen poisoning because of the significant difference
between CO and O adsorption energies, i.., Sabatier effect.”
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