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In 1989, Haruta et al. demonstrated that Au nanoparticles
supported on transition metal oxides such as TiO2 were active for
CO oxidation at 200 K.1 The high reactivity of Au, surprising for
a metal that had long been considered a catalytic dud, was attributed
to sites that are formed along the perimeter of Au particles by
interaction of Au with the transition metal of the support. More
recently, the remarkable transformation of gold’s catalytic activity
was attributed to quantum size effects of Au nanoparticles
or the formal oxidation state of Au atoms bound at oxygen
vacancies.2-5 Here, we demonstrate that an extended Au surface
alloy, Au/Ni(111), catalyzes low-temperature CO oxidation. No
nanoscale-size Au clusters or high oxidation states of Au are present.
Rather, formation of a surface alloy between Au and Ni on a Au/
Ni(111) surface stabilizes adsorption of O2 that is identified
spectroscopically to be the reactant with CO at the lowest
temperature known for this reaction to proceed, 70 K. These results
strongly suggest that an adsorbed O2 species similarly stabilized at
the perimeter of Au nanoparticles is the critical reactant in supported
oxide systems.

Gold is vapor-deposited onto a Ni(111) crystal held at 450 K
and mounted in a ultrahigh vacuum chamber.6 Deposition of up to
0.3 ML of Au does not result in an epitaxial overlayer or islands.
Instead, Au atoms randomly replace Ni atoms,7,8 resulting in a
strongly bound surface alloy and preserving the hexagonal, two-
dimensional structure of the clean Ni surface. High-resolution
electron energy loss spectroscopy (HREELS) verifies the absence
of contaminants such as oxygen, sulfur, and carbon. The Au
coverage, measured by Auger spectroscopy, is calibrated by
comparison to previous results.9

Saturation coverage of O2 is adsorbed on the 0.24-ML Au/Ni
surface alloy at 77 K. The vibrational spectrum, measured by
HREELS, is shown in Figure 1. The dominant feature, at 865 cm-1,
is assigned to the O-O stretch mode of molecular oxygen whose
bond axis is parallel to the surface. Similar frequencies have been
observed for O2 adsorbed on other metals,10-13 which have been
characterized as peroxo or superoxo-like species.14 Shoulders at
790 and 950 cm-1 on the 865 cm-1 feature indicate molecular O2
adsorbed at multiple sites.15 The feature at 460 cm-1 is tentatively
assigned to the O2-Au/Ni stretch mode, while the feature at 320
cm-1, not labeled, is a Ni phonon mode.16 Therefore, O2 adsorption
on this surface alloy is molecular. In contrast, O2 dissociatively
adsorbs on Ni(111) at a temperature as low as 8 K,17 while it adsorbs
neither molecularly nor dissociatively on Au(111) at or above 100
K.18

The spectrum measured at 77 K after this layer is heated at 2
K/s to 280 K is also shown in Figure 1. The feature at 865 cm-1

and its shoulders attributed to molecularly adsorbed O2 are no longer
present, and two new features at 530 and 435 cm-1 appear.
Specifically, the feature at 865 cm-1 begins to decrease in intensity
after heating to 105 K and disappears after heating to 150 K. Given
the absence of O2 desorption, this behavior is interpreted as
dissociation of molecularly adsorbed O2 into adsorbed O atoms.

Two O-Ni stretch modes are observed. The 530 cm-1 feature is
assigned to O atoms bound to Ni adjacent to other Ni atoms, because
this frequency is similar to that for O atoms bound to Ni(111), 580
cm-1.17 The lower frequency feature at 435 cm-1 is attributed to O
atoms bound to Ni adjacent to Au atoms.

A beam of thermal energy CO is then directed at the O2-covered
Au/Ni(111) surface alloy held at 77 K. Production of gas-phase
CO2 coincides exactly with the introduction of CO, as shown in
Figure 2 by a plot of mass 28 and 44 partial pressures as a function
of time. Also shown is the mass 44 partial pressure as a function
of time of CO exposure when the O2-covered alloy surface is rotated
180°, so that the CO beam impinges on the back of the crystal
mount. In this control experiment, no CO2 is produced. This result
provides clear evidence that CO reacts with molecularly adsorbed
O2 at 77 K. Experiments at 70 K indicate similar reactivity.
Collision-induced desorption of O2 by CO is not observed.19,20This
experiment does not distinguish between reaction of gas-phase CO
with adsorbed O2 and that of adsorbed CO with adsorbed O2. No
reaction is observed when an O2 beam is incident on a CO-covered
Au/Ni(111) alloy.

After exposure to CO, a spectrum (Figure 3) is measured. Two
CdO stretch vibrational modes are observed at 2170 and 2100
cm-1, along with the Au/Ni-CO stretch mode at 435 cm-1. The
features at 2170 and 2100 cm-1 represent CO bound to Au21 and
Ni22 atoms, respectively. The O-O mode at 950 cm-1 has
disappeared, while the 865 cm-1 mode is greatly reduced in
intensity. The decrease in intensities of these features is evidence
that the molecularly adsorbed O2 has reacted with CO to form the
CO2 shown in Figure 2. The remaining product is an adsorbed O
atom, as evidenced by the appearance of a new feature at 660 cm-1.

Figure 1. Specular HREEL spectrum (bold) of saturation coverage O2

measured at 77 K on 0.24 ML of Au/Ni(111) and after heating to 280 K.
Incident electron energy is 6.4 eV with 55 cm-1 fwhm.

Figure 2. CO2 (bold) and CO partial pressures, plotted as raw count rate,
measured upon exposure of the O2-covered Au/Ni alloy at 77 K to CO at
2.5 s. The reaction is largely over after 1.5 s of exposure to CO, which is
incident on the O2-covered alloy surface for 8 s. CO2 (bold) partial pressure
measured during a control experiment is also shown.
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The O atom product is believed to be bound to a Au atom because
a frequency of 660 cm-1 has been observed previously for the
O-Au(111) stretch mode.23 The molecularly adsorbed O2 that gives
rise to the feature at 790 cm-1 has not reacted with CO.

The alloy surface represented in Figure 3 and an O2-covered
alloy surface that has been moved out of the direct path of the CO
beam are heated at 2 K/s while mass 44 and 28 partial pressures
are monitored. The difference between these two traces is calculated,
and then the contribution to the mass 28 signal from CO2

dissociative ionization is subtracted from the CO trace. The results
are plotted (Figure 4) as thermal desorption traces. Rapid production
of gas-phase CO2 is observed between 105 and 125 K, along with
CO desorption. Production of CO2 occurs in the same temperature
range at which adsorbed O2 dissociates. This observation suggests
that CO2 formation occurs between CO and a “hot” O atom, as
proposed in cases where the temperature of CO2 production is the
same at which O2 dissociates.24 A “hot” atom is defined as an atom,
produced by bond dissociation, that has not yet equilibrated with
the surface. The CO desorption between 105 and 125 K is not
observed in the absence of adsorbed O2 or O. Therefore, this
desorption is a consequence of weaker CO binding in the presence
of adsorbed oxygen. Desorption of CO above 250 K, with a
maximum desorption rate between 300 and 310 K not shown in
Figure 4, is similar to that observed in the absence of adsorbed
oxygen. The high CO desorption rate relative to CO2 production is
a consequence of the reaction conditions of excess CO.

Above 125 K, CO2 is produced slowly. A vibrational spectrum
measured after raising the temperature to 280 K shows that the O
feature at 660 cm-1 and the CO feature at 2170 cm-1 have
disappeared, suggesting that the CO and adsorbed O atoms that
react above 125 K are bound to Au atoms. The intensity of the CO
feature at 2100 cm-1 remains undiminished after heating to 280
K. Adsorbed O atoms bound to Ni atoms are also present after
heating to 280 K, as indicated by the presence of weak intensity
between 435 and 530 cm-1. The small amount of remaining
adsorbed oxygen is not surprising given that adsorbed oxygen is
the limiting reactant under the conditions of these experiments. No
O2 is observed to desorb. Heating the surface to 900 K results in
no additional CO2 desorption. Exposure of the alloy surface covered
with atomically adsorbed oxygen, represented by the spectrum
labeled 280 K in Figure 1, to CO does not result in reaction at any

temperature. That is, O atoms adsorbed on Ni atoms and identified
by the 435-530 cm-1 features are unreactive with CO. The surface
structure of Au/Ni is not perturbed by CO or O2.25

These results demonstrate that Au/Ni(111) catalyzes CO oxida-
tion at low temperature by at least three distinct mechanisms. At
the lowest temperature, 70 K, O2 is the reactant with CO. Given
an O2 coverage of no more than 0.5 ML, an incident CO flux of
about 0.5 ML/s, and completion of the reaction at 70 or 77 K in
about 1 s, the reaction probability of CO with molecularly adsorbed
O2 is estimated to be between 0.5 and 1. The necessity of a
molecularly adsorbed species, as opposed to gas-phase O2, for
reaction with CO is clear from the absence of reactivity upon
exposure of the CO-covered surface alloy to a beam of O2. Between
105 and 125 K, CO2 production coincides with O2 dissociation,
suggesting a “hot atom” mechanism. Above 125 K, CO bound to
Au atoms reacts with O atoms bound to Au atoms.

Interestingly, density functional calculations of CO oxidation on
Au nanoclusters supported on TiO2

26 and MgO27 reveal that an
adsorbed O2-2 peroxo species is the key reactant in CO oxidation.
It is bound to Ti or Mg atoms adjacent to a Au nanocluster and
provides a low energy pathway for transfer of an oxygen atom to
CO weakly adsorbed on the Au nanocluster. Recently, an experi-
ment suggested that a reactant for CO oxidation on supported Au
clusters might be O2.28
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Figure 3. Specular HREEL spectrum after exposure of O2-covered alloy
at 77 K to CO beam.

Figure 4. CO2 and CO partial pressures versus temperature as crystal is
heated at 2 K/s after exposure of O2-covered alloy at 77 K to CO.
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