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The oxidation of carbon monoxide on oxygen-modified Au(111) surfaces is studied using a combination of
reflection-absorption infrared spectroscopy (RAIRS) and temperature-programmed desorption (TPD). TPD re-
veals that CO desorbs in two states with the low-temperature state have a peak temperature between ~130
and 150K, and the higher-temperature state having a peak temperature that varies from~175 to ~220 Kdepend-
ing on the initial oxygen and CO coverages. Infrared spectroscopy indicates that the low-temperature CO desorp-
tion state is predominantly associated with CO adsorbed on Auδ+ sites, while the higher-temperature states are
due to CO on Au0 sites. No additional vibrational features are detected indicating that CO reacts directly with
adsorbed atomic oxygen on gold to form CO2. Estimates of the activation energy for CO2 formation suggest
that they are in the same range and found for supported gold catalysts at reaction temperature below ~300 K.
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1. Introduction

The Somorjai group pioneered the idea that the flexibility and
restructuring of metal surfaces was crucial to its catalytic activity and
proposed the notion that adsorption on the surface caused structural
changes in the metal surface that caused it to become more active
[1–6]. In particular, gold surfaces have been found to undergo very sig-
nificant adsorbate-induced structural changes [7–10]. Consequently,
while bulk gold is a noble metal and is considered to be unreactive,
oxide-supported gold nanoparticles have been found to have quite re-
markable catalytic activity for a number of reactions [11–14]. In partic-
ular, it forms the basis for active CO oxidation catalysts [11,15–24].
Water has been suggested to play a role in accelerating the rate of CO
oxidation [24–27] and has been studied primarily using molecular
beammethods on Au(111) [28,29]. Previous work has also been carried
out to explore carbon monoxide oxidation on gold surfaces in the
absence of water [30,31].

It has been suggested that oxygen is activated by dissociating either
directly on low-coordination sites on the gold [32–34] or on the oxide
support and spilling over to the metal to then oxidize CO [34,35]. In
addition, it has been proposed that CO2 can form via an intermediate
Au2CO3

− carbonate complex rather than by a simple addition of
adsorbed atomic oxygen to adsorbed carbon monoxide [36–38].

Since carbon monoxide adsorbs very weakly on low Miller index
gold surfaces [39–42], but more strongly on step sites [39], reaction on
Au(111) might not be expected to occur in temperature-programmed
desorption (TPD) so that experiments have been performed primarily
1 414 229 5036.
using molecular beams of carbon monoxide incident on a gold-
covered surface [28,29,31]. However, as shown below, the adsorption
of carbon monoxide on Au(111), in particular in the presence of co-
adsorbed oxygen, is sufficiently strong that both TPD and reflection-
absorption infrared spectroscopy (RAIRS) can be used to explore the re-
action pathway.

Controlled atomic oxygen coverages are obtained by exposing the
surface to ozone [43], containingmolecular oxygen, which does not ad-
sorb at room temperature. TPD experiments show the direct oxidation
of carbon monoxide on the gold surface, thereby allowing desorption
and reaction activation energies to be estimated [44]. This also enables
the surface to be interrogated using RAIRS over the same temperature
range as that at which the oxidation chemistry occurs to search for
any reaction intermediates such as carbonates since their vibrational
frequencies [45] are distinct from those for CO on gold [46].

2. Experimental methods

The apparatus used to collect RAIRS and TPDdata has been described
in detail elsewhere [47]. Infrared spectra were collected using a Bruker
Equinox spectrometer, typically for 1000 scans at a resolution of
4 cm−1. TPD data were collected using a Dichor quadrupole mass spec-
trometer interfaced to a computer that allowed up to five masses to be
monitored sequentially in a single experiment. The sample could be
cooled to 80 K by thermal contact to a liquid nitrogen-filled reservoir
and resistively heated to ~1200 K.

A Au(111) single crystal (Princeton Scientific) was cleaned with cy-
cles of ion bombardment using 1 keV argon ions for 30min (1 μA/cm2),
annealing to 900 K for 5 min and then to 600 K for 30 min. Ozone was
produced by an A2Z Ozone Inc., 5GLAB ozone generator where the
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output of the generator was connected via a Teflon tube directly to a
high-precision variable leak valve through a 1-mm-diameter glass
tube that was directed at the inlet of the leak valve to minimize ozone
decomposition. The ozonewas returned through an external concentric
glass tube and led though a Teflon tube to a fume hood. The proportion
of ozone in the gas mixture was maximized by monitoring the 32 (O2

+)
and 48 (O3

+) signals in themass spectrometer located inside the vacuum
chamber and it is estimated that the ozone concentration in the gas
mixture is ~4%.
3. Results and discussion

3.1. Oxygen adsorption from ozone on Au(111)

TPD data were collected for atomic oxygen adsorbed from ozone on
Au(111) as a function of exposure. Oxygen (32 amu) desorbs in a sharp
peak centered at ~540 K at low coverages and shifts to higher coverages
with exposure so that at the highest coverage desorbs at ~560 K (data
not shown). These desorption profiles and peak temperatures are in
good agreement with previous measurements on Au(111) [43].
Measuring the oxygen coverage from the integrated area under the
desorption peak compared with previous results allows the oxygen
coverage to be calibrated as a function of exposure to the mixture of
O2+O3, and the results described belowuse oxygen coverages calibrat-
ed in this way.
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Fig. 1. TPD profiles [(A) 28 (CO), (B) 44 and (C) 32 amu] of CO adsorbed at 80 K on a surface pre
CO exposure.
3.2. Carbon monoxide oxidation on Au(111)

The oxidation of CO was explored using TPD on oxygen-covered
Au(111) by adsorbing atomic oxygen using ozone [43]. A series of TPD
spectra for a Au(111) sample initially containing 0.2 ML of atomic oxy-
gen are shown in Fig. 1 as a function of CO exposure. CO (28 amu) is
found to desorb in two distinct states from oxygen-covered Au(111)
at ~132 and 174 K (Fig. 1A), that grow approximately equally as a func-
tion of CO exposure. This results in low-temperature CO2 (44 amu) for-
mation (Fig. 2B), initially in a single peak centered at ~168 K that grows
with increasing CO exposure, followed by the growth of an additional
CO2 state at ~142 K. Clearly, the high-temperature CO2 state must be
associated with oxidation of the more stable CO that desorbs at ~174 K
(Fig. 1A). The reaction of carbon monoxide with surface atomic oxygen
is confirmed by the decrease in intensity of the remaining oxygen
(32 amu) feature with increasing CO exposure (Fig. 2C).

The corresponding results for a higher oxygen coverage of 0.75 ML
are shown in Fig. 2. Now the lower-temperature CO desorption state
(28 amu), centered at ~153 K, is less intense than the higher-
temperature CO desorption state that shifts in temperature from ~190
to ~222 K (Fig. 2A). Intense CO2 desorption states (44 amu) are
measured with a peak initially appearing at ~173 K, shifting to higher
temperatures up to ~212 K as the CO exposure increases (Fig. 2B).

The effect of varying the oxygen coverage is shown in Fig. 3 for a CO
exposure of 10 L, resulting in saturation of the surface with CO. Again,
two CO (28 amu) desorption states are observed; a low-temperature
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Fig. 2. TPD profiles [(A) 28 (CO) and (B) 44 amu] of CO adsorbed at 80 K on a surface precovered by 0.75ML of atomic oxygen collected using a heating rate of 3.4 K/s as a function of CO
exposure.
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state centered at ~141 K that initially grows in parallel with the higher-
temperature state, and then decreases in intensity for oxygen coverages
above ~0.9 ML, while both states decrease in intensity at higher oxygen
coverages (Fig. 3A). Carbon dioxide (44 amu) desorbs in a broad feature
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Fig. 3. TPD profiles [(A) 28 (CO), (B) 44 and (C) 32 amu] of 10 L CO adsorbed at 80 K on a surf
function of CO exposure.
between ~130 and 210 K, with an intensity that grows up to an oxygen
coverage of ~0.9 ML, and then decreases (Fig. 3B). The corresponding
oxygen desorption profiles (32 amu) are shown in Fig. 3C, which are
identical in shape to those found on clean Au(111) [43]. The resulting
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stoichiometric reaction between adsorbed CO and oxygen is illustrated
by the data in Fig. 4. This plots the coverage of CO2 that is produced
(●) and the adsorbed oxygen that is consumed (■) as a function of ox-
ygen coverage. Here, the coverage of oxygen consumed is measured
from the area of the 32 amu profile in the presence of carbonmonoxide
(Fig. 3C) compared to the area for an identical oxygen dose without CO.
There is good agreement between the two sets of data indicating a
quantitative reaction between adsorbed oxygen and CO (Fig. 4). The
carbon dioxide that is initially formed is limited by the inventory of
oxygen on the surface, which is completely consumed by reaction
with CO. At higher oxygen coverages, some oxygen remains on the
surface so that the CO2 yield becomes limited by the amount of carbon
monoxide. However, in this case, not all of the carbon monoxide is con-
sumed and a portion desorbs when there is still oxygen on the surface.
At coverages above ~0.8 ML of oxygen, the carbon dioxide yield
decreases due to the blocking of CO adsorption by atomic oxygen.

The corresponding infrared spectra for CO on clean Au(111) follow-
ing adsorption at 87 K are shown in Fig. 5A. The spectrum at 87 K ex-
hibits a peak at ~2110 cm−1, close to the value of 2118 cm−1 found
previously for low-temperature CO adsorption on Au(111) [48]. Addi-
tional spectra show the effect of heating the surface to various temper-
atures for 10 s and then allowing the sample to cool once again to ~87 K
following which the spectrum was collected. This shows a decrease in
the intensity of the infrared peaks and the inset plots the integrated ab-
sorbance of the infrared features as a function of annealing temperature.
An additional shift in peak position is noted as the CO coverage changes
due to a combination of dipolar coupling and chemical shifts [49,50].
The CO vibrational frequency of 2110 cm−1 is in good agreement with
results for high pressures of CO on Au(110) [51] and for CO adsorption
at low temperatures on Au(211) [39] and Au(332) surfaces [42]. How-
ever, CO adsorption on Au(111) at high pressures (up to 100 Torr)
showed a single infrared mode at 2060 cm−1 that did not change posi-
tion with coverage [41]. In this case, considerable surface restructuring
was noted at those higher CO pressures [52]. It has been shown that
the CO stretching frequency, while being relatively insensitive to gold
coordination number, is a reasonably sensitive probe of the gold charge
state [46], where Au0-CO has a CO stretching mode between 2130 and
2090 cm−1 in agreement with a frequency of ~2110 cm−1 found in
Fig. 5A.

Fig. 5B shows the CO stretching region of CO adsorbed on a surface
containing 0.2 ML of oxygen as a function of CO exposure. Two infrared
peaks at 2135 and 2110 cm−1 grow simultaneously with increasing CO
exposure, corresponding to the growth of two desorption states found
in TPD (Fig. 1). Comparison with the infrared spectrum on clean
Au(111) (Fig. 5A) suggests that the 2135 cm−1 state is induced by
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Fig. 4. Plot of the equivalent coverage of carbon dioxide produced versus the coverage of
oxygen consumed due to a reaction between atomic oxygen and CO adsorbed at 80 K
on oxygen-covered Au(111) as a function of oxygen coverage.
co-adsorbed atomic oxygen while the 2110 cm−1 state is due to CO
on unaffected sites. The appearance of the feature at ~2135 cm−1 is
consistent with CO adsorption on Auδ+ sites [46], which appear at
higher frequencies than CO on Au0 sites, generally between 2150 and
2190 cm−1.

The evolution in the infrared spectra as a function of annealing
temperature is shown in Fig. 5C for a saturation CO exposure of ~10 L.
The results were obtained by heating to the indicated temperature
and then allowing the sample to cool once again, following which the
infrared spectra were collected. The higher CO coverages in this case re-
sult in additional spectral shifts compared to the data with lower CO
coverages (Fig. 5B). In particular, the peak for CO on oxygen-modified
sites shifts to ~2141 cm−1. The variation in integrated peak area as a
function of annealing temperature is shown plotted as an inset to Fig.
5C, where the peak desorption temperatures found for the same surface
(Fig. 1A) are indicated. This reveals that that the low-temperature
(~132 K) desorption feature in Fig. 1 is associated with CO bound to
Auδ+ sites, while the higher temperature, ~174 K state is due to CO
adsorbed on Au0 sites.

No other vibrational modes were detected during this experiment,
indicating that CO reacts directly with adsorbed atomic oxygen to
form carbon dioxide without forming any stable surface intermediates.

4. Discussion

Addition of oxygen to the surface produced two distinct CO desorp-
tion states comprising a low-temperature state with a peak centered
between ~130 and 150 K, and a higher-temperature state with a peak
temperature that varies from ~175 to ~220 K depending on the initial
oxygen and CO coverages. An analysis by Redhead [44] using an
experimental heating rate and assuming a pre-exponential factor of
1 × 1013 s−1 yield CO desorption activation energies of 32 to 37 kJ/
mol for the low-temperature state and from 44 to 56 kJ/mol for the
high-temperature state. The infrared data suggest that the low-
temperature states are associated with CO adsorbed on Auδ+ sites and
the higher-temperature desorption features are due to adsorption on
gold sites.

The CO 4σ, 1π and 5σ orbitals are located below the bottom of the
gold d-band while the 2π* orbitals located are close to the Fermi level
[53] corresponding to the conventional Blyholder model for CO adsorp-
tion on transition-metal surfaces [54]. However, the low density of
states of gold near the Fermi level leads to only relatively weak back do-
nation into the 2π* level, with CO acting as a weak π-acceptor, resulting
in low binding energies. Thus, removing electron density from the gold
by co-adsorbing atomic oxygen increases the energy difference be-
tween the Fermi energy and the CO 2π* orbitals, thereby weakening
the bonding as found experimentally. A similar shift to higher frequen-
cies (in this case to ~2146 cm−1) has been seen for CO co-adsorbedwith
hydroxyl species on Au(111) [48] consistent with this bonding model.

However, creating low-coordination sites on a roughened surface
can increase the binding strength of CO [55]. In fact, the desorption
peak temperatures for the two CO desorption states found on oxygen-
modified Au(111) are very similar to those found for gold nanoparticles
on FeO [56] and on surfaces roughened by oxygen or argon ion bom-
bardment [57] indicating that surface roughening has some influence
on CO binding. It is interesting to note that the infrared spectrum of
CO adsorbed on gold nanoparticles on FeO exhibits a single vibrational
feature centered at ~2108 cm−1, similar to the low-frequency feature
found on the oxygen-covered surface (Fig. 5B and 5C). However, the
CO stretching frequency on gold is notoriously insensitive to surface
structure, as evidenced by the similarity between the vibrational
frequency on Au(111) (Fig. 5A) and on oxygen-covered surfaces,
which have been roughed by oxygen adsorption. Heating CO-covered
gold nanoparticles on FeO resulted in a reduction in the intensity of
the 2108 cm−1 peak over a temperature range that was coincident
the high-temperature (~200 K) CO desorption state, while no intensity
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decreasewas notedwhen CO desorbed at lower temperatures. This was
ascribed to the weakly bound CO that desorbs at ~130 K, but which lies
parallel to the surface, and is thus infrared forbidden [56,58].

In the case of oxygen-modified Au(111), the ~2141 cm−1 vibration-
almode, assigned to CO adsorption on Auδ+ sites, decreases in intensity
coincident with the low-temperature CO desorption peak but does not
exclude the possibility of there also being some infrared-invisible CO
also being present on the surface.

Adsorbed CO reacts quantitatively with adsorbed atomic oxygen to
form carbon dioxide (Fig. 4)where the amount of carbon dioxide initial-
ly increases with oxygen coverage but decreases at higher coverages
due to site blocking similar to the behavior found previously for CO
oxidation on Au(111) using molecular beams of CO [31]. No intermedi-
ate surface species are detected following CO adsorption on
oxygen-covered Au(111), indicating that CO2 is formed by a direct
coupling between CO and adsorbed oxygen to immediately desorb
CO2 [59]. The carbon dioxide that is formed desorbs over the same
range as CO suggesting that the activation energies for CO2 formation
also lie approximately in the range of ~32 to 56 kJ/mol and is in the
same range as the activation energies for CO oxidation on gold
nanoparticle catalysts for reaction carried out below ~300 K [23]. In
particular, the CO2 formation temperatures in TPD are much lower
than those found on main group transition metals where it forms
between 300 and 500 K on Rh(111) [60], between 400 and 500 K on
Ni(111) [61], from 200 to 500 K on Pd(111) [62] and at ~350 K on
Pt(111) [63].
5. Conclusions

Combined infrared and TPD experiments reveal that Au(111) single
crystals exposed to ozone to form adsorbed atomic oxygen can oxidize
CO to CO2 at temperatures as low as ~140 K. CO desorbs in two states
where the low-temperature state is assigned to CO adsorbed on Auδ+

sites and the higher-temperature desorption features are due to
adsorption on gold sites. This observation is consistent with the
Blyholdermodel. However, the low-temperature statemay also include
contributions from infrared-invisible CO bound with its axis parallel to
the surface.

Carbon dioxide forms over the same temperature range as that at
which CO desorbs suggesting that the formation activation energy is be-
tween ~32 and 56 kJ/mol, in the range for CO oxidation by supported
catalysts. Infrared spectroscopy reveals only features due tomolecularly
adsorbed carbon monoxide suggesting that the CO2 forms directly
without the intervention of any other intermediate species such as
carbonates.
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