
CO Oxidation Catalyzed by Single Gold Atoms Supported on
Aluminum Oxide Clusters
Zi-Yu Li,†,‡ Zhen Yuan,†,‡ Xiao-Na Li,*,† Yan-Xia Zhao,† and Sheng-Gui He*,†

†Beijing National Laboratory for Molecular Sciences, State Key Laboratory for Structural Chemistry of Unstable and Stable Species,
Institute of Chemistry, Chinese Academy of Sciences, Beijing 100190, People’s Republic of China
‡University of Chinese Academy of Sciences, Beijing 100049, People’s Republic of China

*S Supporting Information

ABSTRACT: The single gold atom doped aluminum oxide clusters
AuAl3O3

+, AuAl3O4
+, and AuAl3O5

+ have been prepared and mass-selected
to react with CO, O2, and mixtures of CO and O2 in an ion trap reactor
under thermal collision conditions. The reactions have been characterized
by mass spectrometry with isotopic substitution (16O2 →

18O2) and density
functional theory calculations. The AuAl3O5

+ cluster can oxidize two CO
molecules consecutively to form AuAl3O4

+ and then AuAl3O3
+, the latter of

which can react with one O2 molecule to regenerate AuAl3O5
+. The

AuAl3
16O3

+ ions interact with a mixture of C16O and 18O2 to produce the
fully substituted 18O species AuAl3

18O3−5
+, which firmly identifies a

catalytic cycle for CO oxidation by O2. The oxidation catalysis is driven by
electron cycling primarily through making and breaking a gold−aluminum
chemical bond. To the best of our knowledge, this is the first identification
of catalytic CO oxidation by O2 mediated with gas-phase cluster catalysts
with single-noble-metal atoms, which serves as an important step to understand single-atom catalysis at strictly a molecular level.

1. INTRODUCTION

Recently, there has been an increasing interest in developing
single-atom catalysts with isolated noble metal (NM) atoms
dispersed on solid supports in order to maximize the effective
use of the precious metals and offer great potential for
achieving high chemical activity and selectivity.1 Many
supported NM atoms, including Au, Pt, Ir, Rh, and Pd, have
been demonstrated to catalyze important reactions such as the
oxidation of carbon monoxide (2CO + O2 → 2CO2),

2 water-
gas shift (CO + H2O → CO2 + H2),

3 hydrogenation of
unsaturated compounds (e.g., C4H6 + H2 → C4H8),

4 and so
on.1 It is of great importance to understand the mechanisms of
single-atom catalysis at a molecular level for the rational design
of better-performing catalysts. However, it is technically very
difficult to characterize the chemical bonding and reactivity
involved with individually supported metal atoms in con-
densed-phase systems. For example, scanning transmission
electron microscopy (STEM) with subangstrom spatial
resolution identified five different Pt atom adsorption sites on
a clean TiO2 (110) surface, while the experimental character-
ization of the catalytic activity for each Pt site can be extremely
challenging.5 Therefore, it is very important to adopt an
alternative method to study the detailed structure−property
relationships in single-atom catalysis.
It has long been proposed that gas-phase atomic clusters that

can be well characterized by both experimental and computa-
tional methods are the ultimate single-site catalysts.6 Herein, we
demonstrate that, by doping single gold atoms into aluminum

oxide clusters, it is possible to understand a rather detailed
mechanism of single gold atom catalysis in the oxidation of
carbon monoxide by molecular oxygen. The oxidation of CO
into CO2 serves as an important process in air purification and
a prototypical reaction for heterogeneous catalysis. Supported
gold nanoparticles and clusters are well-known to catalyze CO
oxidation.7 Well-controlled experiments indicated that Au8 on
MgO (001) is the smallest active gold cluster8 and Au1,2 on
TiO2 species are almost inert in catalytic CO oxidation.9

Studies of gas-phase cluster systems identified that the gold
dimer (Au2

−) rather than the monomer is the smallest naked
gold species catalyzing CO oxidation.10 These gold cluster
investigations are in sharp contrast to very recent experiments
with the imaging of aberration-corrected STEM that atomically
dispersed gold in a zeolite is active for catalytic CO oxidation.11

It is interesting to study how and why a single gold atom can be
catalytic, which is also very important for the rational design of
single-Au catalysts.

2. METHODS
2.1. Experimental Methods. The AuAlxOy

+ clusters were
generated by laser ablation of a mixed-metal disk compressed with
Au and Al powders (molar ratio Au/Al = 10/1) in the presence of
0.15% O2 seeded in a He carrier gas with a backing pressure of 6.5
standard atmospheres. The AgAlxOy

+ clusters were also generated in a
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similar way (molar ratio Ag/Al = 1/2) for comparative studies. The
cluster ions of interest were mass-selected by a quadrupole mass filter
(QMF) and then entered into a linear ion trap (LIT) reactor, where
they were thermalized by collisions with a pulse of He gas and then
interacted with a pulse of CO, O2, or a mixture of CO/O2 for around
1.0 ms. The instantaneous gas pressure of He in the reactor was
around 2−4 Pa, and the partial pressures of the reactant molecules
ranged from about 1 mPa to more than 100 mPa, depending on the
reaction systems. The assessment of thermalization for the cluster ions
before the interactions with reactant gas molecules in the LIT reactor
can be found in previous studies.12 The temperature of the cooling gas
(He), the reactant gases (CO, O2, and a mixture of CO and O2), and
the LIT reactor was around 298 K. The cluster ions ejected from the
LIT were detected by a reflectron time-of-flight mass spectrometer
(TOF-MS). The details of running the TOF-MS,13 the QMF,14 and
the LIT12a can be found in our previous works.
Assuming a pseudo-first-order reaction mechanism, the ion intensity

(Ii) of the ith cluster at time t in the reactor generally follows the
equation array (i = 1, 2, 3, ..., N and N ≥ 2)
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(1)

in which nj is the density of the jth gas molecules that can react with
the jth cluster with the pseudo-first-order rate constant of kj→i to
convert the jth cluster to the ith cluster (cluster j + gas j with density nj

⎯ →⎯⎯
→kj i

cluster i) and mk is the density of the kth gas molecules that can
react with the ith cluster with the pseudo-first-order rate constant of
ki→k to convert the ith cluster to the kth cluster (cluster i + gas k with

density mk ⎯ →⎯⎯
→kj i

cluster k). To determine the rate constants kj→i and
ki→k, the ion intensities (Ii) at a fixed reaction time t = tR and variable
reactant gas pressures (or densities, nj and mj) were recorded. It is
noteworthy that in our experiments with the pulsed cooling (He) and
reactant gases, the instantaneous gas pressures during the short
reaction time (tR ≈ 1.0 ms) can be almost constant; thus, the reaction
time was fixed and the reactant gas pressures were varied.12a A Fortran
code was developed to solve the equation array (1) numerically so that
the ion intensities Ii at t = tR could be calculated under given values of
reactant gas pressures and rate constants. The calculated Ii values were
least-squares fitted to the experimental ion intensities in order to
determine the experimental rate constants (Figures S2−S6 in the
Supporting Information). To calculate reaction efficiencies (the
possibilities of reaction upon each collision), the collision rate
constants were calculated on the basis of the surface charge capture
model developed in literature.15

2.2. Theoretical Methods. Density functional theory (DFT)
calculations using Gaussian 09 program16 were carried out to
investigate the structures of the Au−Al−O and Ag−Al−O clusters
as well as the mechanisms of the Au−Al−O cluster reactions with CO
and O2 molecules. In order to find an appropriate functional, the bond
dissociation energies of Au−Al, Au−O, Ag−Al, Ag−O, Al−O, C−O,
and O−O were computed by various functionals and compared with
available experimental data (Table S1 in the Supporting Information).
It turns out that with the TZVP basis sets17 for Al, C, and O atoms and
a D95V basis set18 combined with the Stuttgart/Dresden relativistic
effective core potential (denoted as SDD in Gaussian software) for Au
and Ag atoms, the TPSS functional,19 was the best overall; thus, the
results by TPSS are given throughout this work. A Fortran code based
on genetic algorithm was used to generate initial guess structures of
the clusters.20 The reaction mechanisms were studied for AuAl3O4,5

+ +
CO and AuAl3O3,4

+ + O2 systems. This involved geometry
optimizations of reaction intermediates (IMs) and transition states
(TSs) through which the IMs transfer to each other. The initial guess
structures of the TS species were obtained through relaxed potential
energy surface scans using single or multiple internal coordinates.21

Vibrational frequency calculations were performed to check that the
IMs or TSs have zero and only one imaginary frequency, respectively.
Intrinsic reaction coordinate calculations were performed so that a
transition state connects two appropriate local minima. The zero-point

vibration corrected energies (ΔH0) in units of eV are reported in this
work. Natural bond orbital (NBO) analysis was performed with NBO
3.1.22

3. RESULTS
3.1. Experimental Results. Each of the AuAl3O3

+,
AuAl3O4

+, and AuAl3O5
+ clusters was mass-selected and

interacted with CO and O2 molecules in the ion trap reactor
separately. The AuAl3O3

+ cluster (Figure 1a) is inert with CO

(Figure 1d) but can pick up an O2 molecule to generate
AuAl3O5

+ (Figure 1g). The opposite reactivity was observed for
AuAl3O5

+ (Figure 1c), which is inert with O2 (Figure 1i) but
can react with CO to generate the product clusters AuAl3O3,4

+

and AuAl3O4,5CO
+ (Figure 1f). The AuAl3O4

+ cluster (Figure
1b) is reactive with both CO (Figure 1e) and 18O2 (Figure 1h)
to generate AuAl3O3

+ and AuAl3
16O3

18O+, respectively.
Pressure-dependent experiments indicated that the formations
of AuAl3O3

+ and AuAl3O4CO
+ shown in Figure 1f are due to

secondary reactions. The primary reactions observed are

+ → ++ +AuAl O CO AuAl O CO3 5 3 4 2 (2a)

+ →+ +AuAl O CO AuAl O CO3 5 3 5 (2b)

Figure 1. Elementary and catalytic reactions of the atomic cluster ions.
Mass spectra for elementary reactions of mass-selected AuAl3

16O3−5
+

(a−c) with C16O and 18O2 are shown in panels d−f and g−i,
respectively. The CO partial pressures were 7 mPa (d), 6 mPa (e), and
6 mPa (f). The 18O2 partial pressures were 7 mPa (g), 8 mPa (h), and
20 mPa (i). Panel j shows the mass spectrum for reactions of
AuAl3

16O3
+ with a gas mixture of 66 mPa of C16O and 33 mPa of 18O2.

The time periods for all of the reactions were 1.0 ms. The AuxAly
16Oz

+

and AuxAly
16OzCO

+ species are labeled as x,y,z and x,y,z,CO,
respectively. Similarly, AuxAly

16Oz−n
18On

+ (n ≠ 0) is labeled as x,y,z-
n,n, and AuxAly

16Oz‑n
18OnCO

+ is labeled as x,y,z-n,n,CO. Peaks marked
with asterisks are due to water impurities. See also Figures S1 and S8
in the Supporting Information for more information.
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+ → ++ +AuAl O CO AuAl O CO3 4 3 3 2 (3a)

+ → ++ +AuAl O O AuAl O O O O3 4
16 18

2 3
16

3
18 16 18

(3b)

+ →+ +AuAl O O AuAl O3 3 2 3 5 (4)

The pseudo-first-order rate constants for the above reactions
can be well fitted (Figures S2−S5 in the Supporting
Information), and some of the results are given in the second
column of Table 1. The reaction efficiencies are 11%, 83%, and
42% for reactions 2a, 3a, and 4, respectively.

The elementary reactions (2a), (3a), and (4) comprise a
catalytic cycle for CO oxidation by O2 mediated with the
AuAl3O3−5

+ clusters (Figure 2a and eq 5):

+ ⎯ →⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯−
+

2CO O 2CO2
AuAl O catalysts

2
3 3 5

(5)

To confirm that the catalytic cycling is really happening, for
example, the AuAl3O5

+ cluster produced from reaction 4 can
oxidize a CO molecule to generate AuAl3O4

+ (reaction 2a),
such formed AuAl3O4

+ can oxidize a second CO (reaction 3a),
and so forth, each of the AuAl3

16O3−5
+ clusters was mass-

selected and interacted with mixtures of C16O and 18O2. This
indicated that the cycling really takes place starting from any of
the species AuAl3

16O3
+ (Figure 1j and Figures S7 and S8 in the

Supporting Information), AuAl3
16O4

+ (Figure S9 in the
Supporting Information), and AuAl3

16O5
+ (Figure S10 in the

Supporting Information). Figure 1j indicates that, starting from
AuAl3

16O3
+, the 16O atoms in this cluster can be substituted by

isotopic 18O to generate AuAl3
16O2

18O+, AuAl3
16O18O2

+, and
AuAl3

18O3
+. These 18O species must be generated from the

catalytic cycle (Figure 2a) because the 16O/18O exchange
reaction does not take place in the reaction of AuAl3

16O3
+ with

18O2 (Figure 1g). Similarly, generations of AuAl3
16O5−n

18On
+ (n

= 2−5) and AuAl3
16O4−n

18On
+ (n = 1−4) further confirm the

catalysis. Minor reaction channels due to the adsorptions of
H2O impurity and CO reactant molecules were also observed,
particularly under the conditions of relatively high CO partial
pressures (Figures S7 and S8). These processes correspond to
catalyst deactivation such as catalyst poisoning by CO23 usually
presented in model and practical catalysis.
The reaction kinetics for the identified catalysis in Figure 2a

was investigated, and the result is shown in Figure 2b. In the
reactions of AuAl3O3

+ cluster ions with the gas mixture of CO
and O2, as the partial pressures of reactant molecules increased,
the relative ion intensity of AuAl3O3

+ decreased and those of
AuAl3O4,5

+ increased gradually. Note that the formations of
product ions that correspond to catalyst deactivation can be
negligible (<4%) at low CO partial pressures (<10 mPa, Figure
2b). It turns out that the relative ion intensities of AuAl3O3−5

+

can be well fitted by assuming a pseudo-first-order reaction
mechanism in each of the elementary steps. The rate constants
determined from the catalytic reactions (the last column of
Table 1) match those from the elementary reactions (the
second column of Table 1) within a factor of 2. In the catalytic
reactions, the heat of formation of the net reaction (CO
burning, reaction 5) can excite the intracluster vibrations. As a
result, the effective temperature of the clusters24 during the
catalysis is higher than that before the catalysis, which can be
used to interpret the differences in the rate constants from
elementary and catalytic reactions (Figure S6 in the Supporting
Information).

3.2. Computational Results. Quantum chemistry calcu-
lations with density functional theory have been employed to
study the mechanism of CO oxidation catalyzed by the
AuAl3O3−5

+ clusters. The lowest energy structure of the
AuAl3O5

+ cluster (Figure S22 in the Supporting Information)
has a doublet spin multiplicity, and the spin density is
distributed on Au and two adjacent O atoms (Figure 3a). In
the reaction of AuAl3O5

+ with CO, the CO molecule can be
adsorbed on both Au and Al atoms (Figures S12 and S13 in the
Supporting Information). The Al-site adsorption results in
formation of the association product AuAl3O5CO

+ (reaction
2b), while the Au-site adsorption proceeds to CO oxidation
(reaction 2a), during which all of the transition states (TS1−
TS3 in Figure 3b) are much lower in energy than the separated
reactants (AuAl3O5

+ + CO). After oxidation of CO by the
AuAl3O5

+ cluster, in which the Au atom is bonded with two
oxygen atoms, the Au is bonded with one Al atom in AuAl3O4

+.
The conversion of gold−oxygen to gold−metal bonds during
the chemical reactions has been recently reported for a few
elementary cluster reactions,25 and this study serves as a first
example to demonstrate that such a conversion is involved in
catalytic cluster reactions.

Table 1. Pseudo-First-Order Rate Constants Determined
from Elementary and Catalytic Reactionsa

elementary catalytic

AuAl3O5
+ + CO → AuAl3O4

+ + CO2 1.5 2.8
AuAl3O4

+ + CO → AuAl3O3
+ + CO2 11 7.3

AuAl3O3
+ + O2 → AuAl3O5

+ 4.6 3.3
aThe values are in unit of 10−10 cm3 molecule−1 s−1. The uncertainties
of the absolute and relative rate constants are within ±40% and ±20%,
respectively.

Figure 2. Catalytic cycle (a) and the reaction kinetics (b). The
variation of ion intensities with respect to the partial pressures of CO
in the reactions of AuAl3O3

+ with gas mixture of CO and O2 is shown
in panel b. The ratio of partial pressure of CO to O2 was 1:1, and the
reaction time was 1.0 ms. The data points were experimentally
measured, and the solid lines were calculated on the basis of rate
constants determined from least-squares fitting.
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After delivering one O atom to CO, the AuAl3O5
+ cluster is

converted to AuAl3O4
+ (Figure 3a and Figure S21 in the

Supporting Information), in which the spin density of about
100% is distributed on a single O atom. Such an O atom is
termed as an oxygen-centered radical or atomic oxygen radical
anion (O•−). The previous investigations have demonstrated
that the O•− radical is very oxidative in the reactions with many
small molecules including CO.6d,10c,26 Due to the presence of
the O•− center in AuAl3O4

+, reaction 3a is highly exothermic
and facile (Figure S14 in the Supporting Information). This is
also in agreement with the experimental observation of a very
fast oxidation of CO by AuAl3O4

+ (Table 1). It is noteworthy
that the 16O/18O exchange process observed for AuAl3O4

+

(Figure 1h) rather than for AuAl3O3
+ (Figure 1g) and

AuAl3O5
+ (Figure 1i) is also due to the presence of the O•−

radical in this particular cluster (Figure S19 in the Supporting
Information).
After the consecutive oxidation of two CO molecules, the

AuAl3O5
+ cluster is converted to AuAl3O3

+ (Figure 3a and
Figure S20 in the Supporting Information), the spin density of
which is mainly distributed on an Al atom that can adsorb an
O2 molecule (see I5 in Figure 3c) with a binding energy greater
than 2 eV. The O2 in the intermediate I5 is significantly
activated to superoxide radical O2

•− (O−O bond length of 140
pm versus 122 pm for free O2; Figure S16 in the Supporting
Information). Further reduction of O2

•− (I5 → TS4 → I6 →
TS5 → I7) can be achieved by releasing two paired electrons
stored in the Au−Al chemical bond. The most stable structure
of AuAl3O5

+ is lower in energy than I5 by 0.63 eV, and the
energy of the crucial transition state (TS5) for O−O bond

breaking is lower than that of the separated reactants
(AuAl3O3

+ and O2) by 0.71 eV; thus, regeneration of
AuAl3O5

+ with the lowest energy structure from the gas-
phase reaction (4) is both thermodynamically and kinetically
favorable. Further computational studies indicate that, in the
reaction of AuAl3

16O3
+ with 18O2, the 16O/18O isotopic

scrambling can take place for any of the three 16O atoms
(Figure S16). This gives a good interpretation of the generation
of the fully 18O substituted clusters AuAl3

18O3
+, AuAl3

18O4
+,

and AuAl3
18O5

+ in Figure 1j. It can be seen that the quantum
chemistry calculations support and interpret the experimental
observations very well.

4. DISCUSSION
4.1. Comparison with Reported Gas-Phase Cluster

Catalysis. The catalytic CO oxidation mediated with gas-phase
species has been extensively studied.6c,d,10,27 None of the
reported NM-free species are able to catalyze CO oxidation by
O2, while many of them can catalyze CO oxidation by N2O, an
oxidant that tends to supply an oxygen atom (bond enthalpies
of N2−O = 1.73 eV and O−O = 5.16 eV). For example, the
Al2O2

+/Al2O3
+, VO2/VO3, AlVO3

+/AlVO4
+, and AlYO2

+/
AlYO3

+ cluster couples28 have been reported to be able to
catalyze the reaction CO + N2O → CO2 + N2 rather than 2CO
+ O2 → 2CO2. The oxidation of CO by O2 can be catalyzed by
NM species, but each of the reported catalytic systems has at
least two NM atoms, such as Au2,6

−, Ag7,9,11
−, Au3(CO)2−5,

Pt3−6
−, and Pd6O4

+.10a,29

In order to understand the catalytic importance of single NM
atoms in the CO oxidation, bimetallic oxide clusters, including
AuTixOy

± and AuFexOy
−, have been recently generated and

interacted with CO.25b,c,30 The promotion effect of gold in the
elementary CO oxidation has been demonstrated.25b,c How-
ever, attempts to identify the catalytic CO oxidation by O2 were
not successful25b because the investigated cluster products
generated in the elementary CO oxidation cannot further react
with O2 to close a catalytic cycle. For the first time, this study
reports that the single NM atoms (Au) supported on
appropriate NM-free clusters (Al3O3−5) can really be catalytic
in the CO oxidation by O2. The identified gas-phase catalysis
(Figure 2a) not only parallels similar behaviors of bulk oxide
supported gold catalysts but also interprets how and why a
supported NM atom can be catalytic at strictly a molecular level
(see the discussion below).

4.2. Comparison with Condensed-Phase Catalysis.
The mechanisms of CO oxidation catalyzed by oxide-supported
gold catalysts such as Au/TiO2, Au/Al2O3, and so on have been
extensively studied.7,8,31 The catalytic importance of the
perimeter of Au particles as well as the oxide supports has
been recognized. A very recent experiment identified dual
catalytic sites on the Au/TiO2 catalyst: delivery and oxidation
of CO take place from both oxide (TiO2) and gold sites.7b The
model catalysis of this study (Figure 2a) parallels the above
mechanism well because the first CO molecule is captured and
delivered for oxidation by Au (Figure 3b) while the second one
is captured and oxidized directly by the O•− radical on the
“oxide support”, the Al3O4 cluster moiety (Figure S14 in the
Supporting Information). It is interesting that the first oxidation
and the second oxidation of CO on the small atomic clusters
AuAl3O4,5

+ have different mechanisms. The conversion of the
AuAl3

16O3
+ cluster catalyst into AuAl3

18O3
+ in the 18O2

experiment (Figure 1j) confirms the direct participation of
“oxide support” in the catalytic CO oxidation, which was

Figure 3. Structures and reaction mechanisms. Panel a shows the
lowest energy structures of AuAl3O3−5

+. The spin density distributions
and percentages on individual atoms are shown. Panels b and c plot
potential energy profiles for reactions 2a and 4, respectively. The
relative energies of intermediates (I1−I7), transition states (TS1−
TS6), and products are in units of eV. The structures of I1−I7 are
shown. See Figures S12−S16 in the Supporting Information for
detailed information on cluster structures and mechanisms of reactions
3a and 4
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proposed in many condensed-phase studies.7b,c,8,31 It is
noteworthy that previous investigations have emphasized the
involvement of the reactive oxygen species (ROS) O2

•−, O2
2−,

and O•− in the catalytic CO oxidation on the oxide-supported
gold catalysts.32 Two of the three ROS, superoxide radical O2

•−

(I5 in Figure 3c) and atomic oxygen radical O•− (AuAl3O4
+ in

Figure 3a), are present in the gas-phase catalysis of this study.
In addition to the catalytic sites and the presence of the ROS,

charge transfer between gold particles and the oxide supports
has also been emphasized in the literature.8,33 Figure 4 indicates

that, in the cluster catalysis, the gold atom accepts a significant
amount of negative charge (−0.87e) during oxidation of the
first CO molecule (reaction 2a) and the negative charge is
released during reduction of oxygen molecule (reaction 4). It
can be concluded that the catalysis of single gold atoms on
oxide clusters (Figure 2a) parallels the catalysis of gold particles
on bulk oxides well, implying that both systems can have the
same physical origin.
4.3. Catalytic Mechanism and Its Physical Origin. The

identified model catalysis of this study follows a typical redox
mechanism, by which CO is oxidized by the oxygen of the
catalyst (AuAl3O4,5

+) and the reduced catalyst (AuAl3O3
+) is

oxidized by gas-phase O2. The fundamental scientific problem
involved with the redox mechanism is the activation of
molecular oxygen: O2 → O2

•− → O2
2− → O2− + O•− →

2O2−.26c,32,34 At least three electrons are required to reduce one
O2 molecule into atomic oxygen species (O2 + 3e → O2− +
O•−). Figure 3b indicates that two electrons that will be used to
reduce O2 are stored in the Au−Al chemical bond of AuAl3O4

+

produced from the oxidation of the first CO molecule (O2− +
CO → CO2 + 2e−). One additional electron is released upon
oxidation of the second CO through the facile radical process
(O•− + CO → CO2 + e− and Figure S14 in the Supporting
Information).
The bonding character of AuAl3O4

+ (Figure 3a) is unique
because this cluster contains both a reductive metal−metal
(Au−Al) bond and highly oxidative O•− radical center. The
strong relativistic effect35 which increases the electron affinity of
Au atom by a factor of about 235c leads to a contracted and
stabilized Au 6s orbital; thus, gold tends to accept an electron36

and make polarized and relatively strong chemical bonds with
metal atoms. The Au−Al bond energy in AuAl3O4

+ amounts to
3.41 eV by the DFT calculations. It is noteworthy that a very

recent photoelectron spectroscopic study of the Au2(AlO)2
cluster reported an average calculated Au−Al bond energy of
3.3 eV.37 In contrast, if the Au atom in the most stable structure
of AuAl3O4

+ is replaced by an Ag atom, the Ag−Al bond energy
is only 2.92 eV and this Ag−Al bond will be oxidized by the
nearby O•− radical to generate a more stable structure of
AgAl3O4

+ with an Ag−O bond (Figure S23 in the Supporting
Information). In the experiment (Figure S11 in the Supporting
Information), the AgAl3O4

+ cluster adsorbs rather than oxidizes
CO. As a result, the catalytic process of Figure 2a does not take
place for the silver counterpart.
The Au−Al bond is strong enough to survive in the

AuAl3O4
+ cluster with four O atoms (Figure 3a and Figure S21

in the Supporting Information). However, when the system
(AuAl3O5

+) has an additional O atom, the Au−Al bond tends
to cleave (I5 → I6 → I7 → 1,3,5 in Figure 3c) to release
valence electrons to reduce oxygen and to break the O−O
bond, so that the CO oxidation can be cycled. It can be
concluded that the gold−metal (Au−Al) bond making and
breaking drives the single Au atom catalysis that has a physical
origin in the relativistic effect.

5. CONCLUSION

The catalytic oxidation of carbon monoxide by molecular
oxygen mediated with atomic cluster supported gold species
AuAl3O3−5

+ has been identified and characterized by mass
spectrometry and quantum chemistry calculations. To the best
of our knowledge, this is the first example of catalytic CO
oxidation by O2 on gas-phase cluster catalysts with single noble-
metal atoms. The electron cycling primarily through making
and breaking a gold−aluminum chemical bond drives the
catalysis. The formation of a reductive gold−aluminum bond in
the presence of a highly oxidative atomic oxygen radical is
essential for the catalysis, and this mechanism has a physical
origin in the relativistic effect. The identified gas-phase catalysis
parallels and provides insights into the heterogeneous gold
catalysis in terms of active sites, support effects (direct
participation and supply of reactive oxygen species), and the
interaction (charge transfer) between the gold and the
supports. This work has also demonstrated that single-atom
catalysis can be interpreted at strictly a molecular level on the
basis of the cluster research. Mechanisms of important single-
atom catalysis with other noble-metal atoms, including Pt, Rh,
and so on, will be studied with the cluster approach in the
future.
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Figure 4. Charge cycling on the gold atoms during the catalytic cycle
of Figure 2a. The charges on Au atoms of AuAl3O5

+, I1−I4 (Figure
3b), AuAl3O4

+, I9′, and I10′ (Figure S14 in the Supporting
Information), AuAl3O3

+, and I5−I7 (Figure 3c) along the reaction
coordinate are given on the basis of natural bond orbital analysis.
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