Catalytic Activities of Subnanometer
Gold Clusters (Au;—Au;g, Aung, and
Auy,-—Auss) for CO Oxidation

Yi Gao," Nan Shao,* Yong Pei,’ Zhongfang Chen, and Xiao Cheng Zeng"*

*Department of Chemistry, University of Nebraska—Lincoln, Lincoln, Nebraska 68588, United States, “Chemical Sciences Division, Oak Ridge National Laboratory,
0ak Ridge, Tennessee 37831, United States, *Department of Chemistry, Xiangtan University, Hunan Province, China 411105, and “Department of Chemistry,

University of Puerto Rico, San Juan, Puerto Rico 00931

ince the discovery of extraordinary cat-

alytic activities of gold nanoparticles

(AuNPs),' > considerable efforts have
been devoted to the investigation of im-
portant factors that contribute to their
high catalytic activities.> > These factors in-
clude the dimensionality and morphology of
AuNPs,'872° the fluxionality and electronic
state of the gold clusters,’>~ 72472 the spe-
cific active sites on the gold clusters,®” and the
type and structure of oxide supports?? %
Nevertheless, the dominant factors are still
not fully resolved due in part to the lack of
experimental measurements of exact atomic
structures of AuNPs,” ' particularly for the
supported AuNPs.?”28 On the other hand, with
joint efforts by experimental and theoretical
scientists, precise atomic structures of small
gold clusters in the range of 3—20 gold atoms
have been fully determined and confirmed
over the past decade® *° The acquired
knowledge of precise structures of small-sized
gold clusters has inspired numerous studies of
their catalytic activities, either in the gas phase
or on different oxide support.2*~2*1>2 | and-
man and co-workers carried out combined
experimental and theoretical studies of the CO
oxidation on size-selected small gold clusters
supported by magnesia. Their study revealed
that the supported Aug cluster is highly active
for CO oxidation.**** Nerskov and co-workers
used Au,o cluster as a model system and
predicted that Au;o can be highly active for
the CO oxidation both in the gas phase®® and
on the rutile TiO, support.*® Molina and Ham-
mer performed a quantum-chemical study of
the CO oxidation on three different gold
clusters, Auys, Auy;, and Aus,, supported by
MgO and TiO,, respectively.**~** They found
that Auy not only is a good catalyst for CO
oxidation but also can become even more
active if doped with a Na atom.** Bernhardt
and co-workers revealed the full reaction cycle
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ABSTRACT Using the CO oxidation as a chemical probe, we perform a comprehensive ab initio
study of catalytic activities of subnanometer gold clusters. Particular attention is placed on 12
different clusters in the size range of Au;s—Auss, whose atomic structures in the anionic state have
been resolved from previous experiments. Adsorption energies of a single CO or 0, molecule as well
as coadsorption energies of both CO and 0, molecules on various distinctive surface sites of each
anionic cluster and their neutral counterpart are computed. In general, the anionic clusters can
adsorb CO and 0, more strongly than their neutral counterparts. The coadsorption energies of both
€0 and 0, molecules decrease as the size of gold clusters increases with the exception of Aus, (an
electronic “magic-number” cluster). Besides the known factor of low coordination site, we find that a
relatively small cone angle (<110°) associated with each surface site is another key geometric factor
that can enhance the binding strength of CO and 0,. For the subnanometer clusters, although the
size effect can be important to the strength of CO adsorption, it is less important to the activation
energy. Using Aus, as a prototype model, we show that strong CO and 0, adsorption sites tend to
yield a lower reaction barrier for the CO oxidation, but they have little effect on the stability of the
reaction intermediate. Our calculations support the notion that C0 and 0, adsorption energies on the
gold clusters can be an effective indicator to assess catalytic activities of subnanometer gold clusters.
This systematic study of the site- and size-dependent adsorption energies and reaction pathways
enables a quantitative assessment of the site-size-activity relationship for the CO oxidation on

subnanometer gold clusters.

KEYWORDS: subnanometer gold clusters - CO oxidation - site-dependent catalytic
activities - site-by-site adsorption energies - density functional theory

of CO oxidation on Au, and Aus by combining
reaction kinetics measurements with ab initio
calculations.**~®

Although impressive progress has been
achieved on understanding catalytic activ-
ities of small-sized gold clusters, both in
the gas phase and on the oxide support,
theoretical studies of medium-sized to large-
sized gold clusters are scarce due largely to
limited information about precise atomic
structures of gold clusters Auy beyond the
size N = 20. Without this information, the
structure-activity-selectivity relationship for
gold-cluster-catalyzed reactions, either on the
oxide support or in the gas phase, cannot be
quantitatively characterized. Recently, atomic
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Figure 1. Schematic illustration of adsorption energies of CO and O, on anionic and neutral clusters Au;¢—Au;g, and Au,,.

Adsorption energy color code: dark green, <—0.9 eV; green,

—0.5to —0.9 eV; orange,

—0.2to —0.5 eV; gold yellow, 0.0 to —0.2 eV;

blue, no binding. Negative sign represents exothermic process in adsorption.

&

:
)
&,
&
Y
Y
&t
S
KIS
K X
K X
K X
Y

Scheme 1. Definition of the cone angle 6 for a surface site (red), which is constructed based on the central surface site (red)
and one of nearest-neighbor sites, and a midpoint on the opposing bond (connected by green dashed line). Although this
angle is dependent on the chosen nearest-neighbor site, its variance is typically less than 5° from the average value.

structures of several subnanometer to 1 nm anionic
gold clusters Auy™ in the size range of N = 27—-35
(excluding N = 29 and 31 due to presence of multiple
nearly isoenergetic isomers for these two sizes) and N =
55—64 have been determined through joint experi-
mental measurements and quantum-chemical cal-
culations.>*™>® In this article, we report a systematic
study of site-dependent adsorption energies, reaction
pathway, and reaction barriers for the CO oxidation on
anionic gold clusters of Au;g—Auyg, 22363840 Auyg, 3337
AU>7,°® Auyg,”® Auso,*® Aus,—Auss>® (see Figures 1—3),
and their neutral counterparts. The atomic structures of
these clusters in the anionic state have been de-
termined through joint anion photoelectron spec-
troscopy experiment and density functional theory
calculation.®® To our knowledge, this is the first
comprehensive quantum-chemical study, in a site-
by-site and atom-by-atom fashion, of catalytic ac-
tivities of subnanometer gold clusters. This study
can provide additional insights, at the atomic
level, into the site-size-activity relationship for the
subnanometer gold clusters. Note that in this paper
our focus is placed on the free-standing gold
clusters in the gas phase. Even with the same
structures, their catalytic activities are likely differ-
ent from the gas phase when placed on an oxide
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support. The support effect will be investigated in
the future.

RESULTS AND DISCUSSION

(0 and 0, Adsorption Energies. We first examine every
distinctive site of anionic gold clusters and their neutral
counterparts for CO and O, adsorption. As a result, we
have generated a large database of CO and O, adsorption
energies associated with every surface site of the 12 gold
clusters: Au;g—AuU,g, AUy, AUsg, Ausg, and Aus,—Auss.

Au;6—Auyo (Hollow Cages to Pyramids). The calcu-
lated adsorption energies of CO and O, on anionic and
neutral Au;6—Au;g and Auyg clusters are schematically
illustrated in Figure 1, where different colors are used
to describe the binding capability of every surface site
on these clusters. Dark green represents relatively
strong exothermic adsorption (adsorption energies
<—0.9 eV); green represents moderate exothermic
adsorption (adsorption energies are between —0.5
and —0.9 eV); orange represents relatively weak
exothermic adsorption (adsorption energies are be-
tween —0.2 and —0.5 eV); golden yellow represents
very weak exothermic adsorption (adsorption energies
are between 0 and —0.2 eV); and blue represents no
exothermic adsorption at all. As shown in Figure 1,

VOL.5 = NO.10 = 7818-7829 =

2011 ACS

A N /7;\‘
NANO

WWww.acsnano.org

7819



CO adsorption

anion neutral
-8 8
-8 @
& &

0, adsorption

neutral

Figure 2. Schematicillustration of adsorption energies of CO and O, on anionic and neutral clusters Au,7, Au,g, and Ausz,. The
single atom in the core is highlighted by a red sphere. Adsorption energy color code: dark green, <—0.9 eV; green ,—0.5 to
—0.9 eV; orange, —0.2 to —0.5 eV; gold yellow, 0.0 to —0.2 eV; blue, no binding. Negative sign represents exothermic process

in adsorption.

the CO adsorption is much stronger than the O, adsorption
on both anionic and neutral clusters. In addition, we
find that (1) although CO could be adsorbed on these
gold clusters, the CO adsorption is stronger on the
neutral Au,;¢ and Au;g than on the anionic Au;¢~ and
Au,g~, whereas the CO adsorption is stronger on the
anion Au,y~ than the neutral Auy,. For Au,; the
anionic and neutral clusters give nearly the same CO
adsorption energies. (2) Neutral Auye, Au;7, Auqg,, and
Auyo cannot adsorb O, (as illustrated by blue color in
Figure 1), but several corner sites of neutral Au,g, can
weakly and exothermically adsorb O, (with adsorption
energy between 0 and —0.20 eV). (3) All anionic
clusters adsorb O, more strongly than their neutral
counterparts. On Au,¢ -, only a few sites can adsorb O,
albeit weakly; Au;;~ can adsorb O, on a few sites with
adsorption energy up to —0.22 eV. O, adsorptions on
Au;g,~ and Auqg,  are stronger than those on Auqe™
and Au,;, with the adsorption energy of —0.50 and
—0.38 eV, respectively. Finally, the O, adsorption on
the corner sites of pyramidal Auy,~ is the strongest
among Au;~ to Auyg . In summary, from Au, g to Auy,
CO adsorption becomes weaker for both anionic and
neutral species, while the O, adsorption becomes
stronger for the anionic species.

To understand the correlation between local sur-
face structure (and “active site”) and the corresponding
CO or O, adsorption energies for the gold clusters, we
view that any Au atom on the surface of a cluster is
surrounded by several nearest-neighbor Au atoms to
form a cone-like structure, as depicted in Scheme 1,
where the cone angle 6 is defined by the angle
between one bond and the midpoint of the opposing
bond. Although there can be slight changes when
different bonds stemming from the vertex point are
chosen, the variation of 6 is less than 5°, which is much
smaller than the typical value of 6 considered here.
A reason we choose 6 as another geometric indicator
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to determine each Au site's reactivity is that, in certain
gold clusters, the Au—Au bond length can be within a
range from 2.8 to 3.3 A (for bulk gold or gold surface,
the Au—Au bond length is within a very narrow range).
So for gold clusters, the coordination number may be
sensitive to the cutoff bond length defined. In certain
cases, the sites with same coordination number can
give different adsorption energy and activation energy
barrier (see below). Thus, 6 appears to be an additional
indicator to identify site reactivity.

First, we consider the hollow cage Au;s~ whose
surface sites are all strong CO binding sites. As shown in
Figure 1, there are four surface sites that adsorb CO less
strongly than other surface sites. A careful inspection of
the four sites indicates that (1) each of the four surface
sites is six-coordinated, while other sites that can adsorb
CO more strongly are all five-coordinated. (2) The cone
angle 6 of all six-coordinated sites is about 150°
(symmetric structure), while 6 of those five-coordinated
sites is much smaller, ranging from 90 to 100°.

Second, on the Auy;~ cage, there are six sites that
adsorb CO weakly, while the remaining 11 sites
adsorb CO more strongly. The former six sites are
either five- or six-coordinated, while the remaining
11 sites are either four- or five-coordinated (Figure 1).
Moreover, all the cone angles of the six sites are
between 130 and 145°, while those of the 11 sites are
between 90 and 100°, which accounts for these 11
relatively strong CO binding sites. In fact, four rela-
tively weak CO binding sites cannot even adsorb the
0O, molecule, while those relatively strong CO bind-
ing sites can adsorb O, molecules, albeit weakly (see
Figure 1).

Third, it is known that Au;g~ possesses two stable
isomers with nearly degenerate energies.>® One,
Auqg,, exhibits a cage-like structure, and another,
Ausgp, exhibits a truncated pyramidal structure. Both
isomers can adsorb CO, albeit more weakly compared
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Figure 3. Schematic illustration of adsorption energies of CO and O, on anionic and neutral clusters Aus,—Auss. Atoms in the
core are highlighted by red spheres. Adsorption energy color code: dark green, <—0.9 eV; green, —0.5 to —0.9 eV; orange, —0.2
to —0.5 eV; gold yellow, 0.0 to —0.2 eV; blue, no binding. Negative sign represents exothermic process in adsorption. Adsorption
energies of CO and O, on neutral icosahedral cage isomer of Aus, are illustrated in Supporting Information Figure S1.

to Au;e and Au,y in either anionic or neutral form. On
the other hand, Au,g,  is quite favorable for O, ad-
sorption with the exothermic energy amounting to
—0.50 eV, while Au;g,~ can also adsorb O, with the
exothermic energy amounting to —0.38 eV. Both iso-
mers can bind with O, much more strongly than with
Au,e and Au,, especially for the anionic species. The
relatively strong CO binding sites of Auqg,™ are either
five- or six-coordinated with the cone angle 6 ~
98—100°, while those relatively weak CO binding sites
of Au,g,  are all six-coordinated with 6 ~ 130—160°.

Lastly, Auyg is a special case as the anionic Auyo ™~ can
adsorb CO more strongly than the neutral Au,,. This
unusual case may be attributed to the ultrahigh stabi-
lity of the “magic-number” cluster Au,, with a very
large HOMO—LUMO gap of 1.77 eV.>’ The extra elec-
tron of Au,,~ can be more easily donated to the 27*
orbital of CO, thereby enhancing the binding between
Auye~ and CO. On the basis of the Hirshfeld charge
analysis, Au,o~ donates 0.088e to CO, larger than the
charge donated by Au;6~ (0.057e), Au;;~ (0.063e), and
Au,g,~ (0.071e). Also, Au,g~ can donate as much as
0.39e to O,, slightly larger than that by Au;s~ (0.28e),
Au,; (0.37e), Ausg, (0.38e),and Au,g, (0.34€), which
may explain its relatively strong binding with O,
compared to other gold clusters. In addition, the corner
sites of the pyramidal Au,,~ possess not only a low
coordination number but also a relatively small cone
angle 0, which render Au,,~ a unique cluster for CO
and O, adsorption. The CO adsorption energy amounts
to —1.0 eV, and O, adsorption energy amounts to
—0.66 eV.

Au,,—Ausg (Core—shell Clusters with a Single-Atom
Core). The gold clusters in the size range of N =21-26
undergo a series of major structural transformations
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from pyramidal, to tubular-like, and to core—shell
structures.>>>”* Hence, in this size range, isomers with
very different structures can be nearly degenerate in
energy and thus can coexist with each other in the
cluster beam of photoelectron spectroscopy (PES)
experiments. Beyond N = 26, the core—shell structures
become the dominant structural form, as demon-
strated from a previous PES experiment>® and theore-
tical studies.>®*>® In particular, Auy, , Auyg, and
Auzy have a common feature that the core is a single
Au atom, a prevailing structural feature for low-energy
isomers in this size range.

Figure 2 illustrates the computed CO and O, ad-
sorption energies associated with various surface sites
of Aus7, Au,g, and Ausg. Similar to Au;g—Au;g, CO binds
stronger with neutral clusters than their anionic coun-
terparts, while O, binds stronger with anionic clusters
than the neutral counterparts. Furthermore, as the size
of clusters increases, no notable change in the CO
adsorption energies is found. On the other hand, O,
cannot bind with neutral gold clusters in this size range
and bind very weakly with the anionic gold clusters.

Specifically, for Au,, the strong CO binding sites are
located at the two ends of the tubular-like shell while
the weak binding sites are located in the middle region,
especially for the anionic Au,;  (Figure 2). The CO
adsorption energy amounts to —1.03 eV for the anion
and —1.09 eV for the neutral. Likewise, the relatively
strong O, binding sites are located at the two ends of
the tubular-like shell. Calculated adsorption energy of
0O, amounts to —0.28 eV for the anion and —0.14 eV for
the neutral. In the middle region, however, some sur-
face sites with the coordination number six are favor-
able binding sites while others are unfavorable binding
sites for either CO or O,. Further examination shows
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that the six-coordinated sites with relatively small cone
angles (80—100°) are the favorable binding sites, while
others with relatively large cone angles (110—160°)
are unfavorable binding sites. We conclude that the
cone angle 0 of a surface site is an alternative impor-
tant factor for the CO and O, adsorption strength in
addition to the low coordination number.

Au,g possesses several four- and five-coordinated
vertices which are considerably more favorable for the
CO and O, adsorption than the six-coordinated sites on
the surface. Obviously, the four- and five-coordinated
vertices all entail relatively smaller cone angles than
the six-coordinated vertices, consistent with our pre-
vious conclusion that the smaller cone angle plays an
important role for enhancing the CO and O, adsorp-
tion. Auzg possesses a few more strong CO binding
sites than Au,; and Auyg (Figure 2). Especially, CO
adsorption energy for the neutral Ausg amounts to
—1.28 eV, much higher in magnitude than that on Au,,
and Auys. Also, for O, adsorption, there is a corner site
with O, adsorption energy amounting to —0.30 eV.
Again, consistent with the previous conclusion, these
stronger CO or O, binding sites on Aus, all entail
relatively smaller cone angle, ranging from 60 to 120°.

Ausz,—Auss (Core—Shell Clusters with 3—4 Atom
Core). All Aus,—Auszs possess the core—shell structure
with either three or four atoms in the core® As
illustrated in Figure 3, the neutral species bind CO
slightly stronger than the anionic counterparts, while
they bind O, slightly weaker than their anionic coun-
terparts. Overall, CO adsorption energies for anionic
and neutral Aus,, Auss, and Auss are more or less the
same but notably lower than smaller gold clusters.
However, Aus, is an exception as it binds with CO and
0O, much more strongly than many other gold clusters.

For Aus,, most three- to five-coordinated sites are
relatively strong CO binding sites. These sites may be
viewed as corner sites with notably smaller cone angle
6 compared to other surface sites or edge sites. For
both anionic and neutral Aus,, CO adsorption energies
range from —0.41 to —0.96 eV, whose magnitudes are
less than those for Au,g—Auso. Note that the neutral
Aus, cannot adsorb O, due to the endothermic ad-
sorption of O, on all surface sites. The anionic Aus,
possesses only a single O, binding site with adsorption
energy of —0.30 eV. Note also that an icosahedral
hollow cage structure has been predicted to be the
global minimum of neutral Aus,.>® Site-dependent
adsorption energy scheme of this isomer is shown in
Supporting Information Figure S1. The CO adsorption
energy is —0.88 eV on five-coordinated sites and —0.44 eV
on six-coordinated sites. However, none of these sites
favors O, adsorption.

Auszs is a core—shell cluster with a smoother surface
compared to Aus; (Figure 3), hence it has less corner
sites. Like other clusters, the surface sites with larger
cone angles (6 > 150°) are relatively weak CO and O,
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binding sites, while those with smaller cone angles (6 <
130°) are relatively strong binding sites. The magni-
tude of CO adsorption energies for anionic and neutral
Auss is less than that for Aus,, but the magnitude of O,
adsorption energy is greater than that for Aus, .

Like Auyo, Aus4 is an electronic magic-number
cluster (due to shell-closing) with a relatively large
HOMO—-LUMO gap compared to neighboring gold
clusters.>*® Remarkably, DFT calculations show that
this cluster is also very special due to its relatively
strong CO and O, adsorption capability than neighbor-
ing gold clusters. About a half total number of surface
sites of Aus, are very favorable for the CO adsorption
with adsorption energies amounting to —0.9 eV. More-
over, neutral Ausz, has a single favorable O, binding site
with exothermic adsorption energy of —0.32 eV. How-
ever, for Auz, ™, there exist four endothermic O, bind-
ing sites, indicating that a majority of surface sites of
Aus,~ are favorable to adsorb O, compared to smaller
clusters Auy;, Auyg™, Ausp, Ausy , and Ausz™ . This
relatively strong O, adsorption capability on a majority
of surface sites is crucial for higher catalytic activities
(see below).

Auss~ has a strong CO binding site with exothermic
adsorption energy of —0.96 eV and many relatively
weak CO binding sites with exothermic adsorption
energies ranging from —0.46 to —0.89 eV. On neutral
Auzs, CO can bind strongly with the tip site (see
Figure 3) and a few corner sites, with adsorption energy
being <—0.90 eV. Like Auy;—Auss, the neutral Auss is
not a good adsorbent for O,. We also find that the tip
site of Auzs is the only surface site that can adsorb O,
with adsorption energy of —0.22 eV. Hence, this site is
likely the only active site for the CO oxidation.

Catalytic Activities in Gas Phase. Previous studies have
shown that coadsorption of CO and O, on a gold cluster is
the crucial initial step for CO oxidation.?>*%*'~>2 How-
ever, few systematic studies have been reported on the
site-size-activity relationship, particularly the correlation,
on a surface-site-by-surface-site base, between the CO
and O, adsorption capabilities and activation energies.
Having obtained CO and O, adsorption energies on every
distinctive surface site for all anionic and neutral clusters
considered, we have attempted to identify all active sites
on the gold clusters, thereby gaining deeper insights into
the site-size-activity relationship for the CO oxidation in
the gas phase. Note that we have also tested different
adsorption sites for O,, including the top, bridge, and
hollow sites, while CO is located on a neighbor top site.
We find that, after geometric optimization, coadsorbed
CO and O, both end up the top configuration of neighbor
sites (see Figure S2).

Clusters Size versus Catalytic Activities. The reaction
mechanism for the CO oxidation on bare or doped gold
clusters has been studied previously.'* 176976 |n
Figures 4 and 5, we display catalytic reaction pathways
for the CO oxidation on the strongest CO and O, bind
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Figure 4. Computed reaction pathways of CO + O, — CO, + O associated with various anionic gold clusters in the size range
of Au,s —Auss . Here, * denotes the adsorbed species on a gold cluster. Corresponding numerical values are given in Table 1.
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CO+0, CO*+0, CO*+0,* TS1 O0O-C-0-0* TS2  CO,+O*

Figure 5. Reaction pathways of CO + O, — CO, + O associated with various neutral gold clusters in the size range of Au;s to
Auss. Here, * denotes the adsorbed species on a gold cluster. Corresponding numerical values are given in Table 2. The
reaction pathway associated with neutral icosahedral cage isomer of Aus, is plotted in Figure S3.

sites of anionic and neutral gold clusters in the size
range of Au;s—Auss. As the initial step, CO and O, are
coadsorbed on the gold clusters (known as the Lang-
muir—Hinshelwood mechanism). Consistent with our
recent theoretical results for gold nanotube and crown
gold cluster,®%® we confirm that preadsorption of a CO
molecule on gold clusters can indeed enhance O,
adsorption, especially for the smaller gold clusters
(N = 20). For example, the calculated CO and O,
adsorption energies on Au;¢ are —0.90 and —0.02
eV, respectively, while the coadsorption energy of both
CO and O, molecules is —1.01 eV, which differs by
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—0.09 eV from the sum of —0.90 and —0.02 eV. The
gain in adsorption energy could be attributed to the
effect of charge transfer; for example, for Au,s~, CO
preadsorbed gold cluster donates 0.30e to O,, larger
than the charge donated by bare Au;s~ (0.26€). More-
over, although the CO adsorption is more favorable on
neutral clusters than on anionic clusters, the coadsorp-
tion of CO and O, on anionic clusters is stronger than
that on neutral counterparts. Our results suggest that
the catalytic reaction is more favorable on anionic
clusters than on neutral counterparts. We also note
that the effect of coadsorption becomes weaker with
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Figure 6. (a) Coadsorption energy (eV) versus energy level of the first transition state (eV). (b) Coadsorption energy (eV) versus
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Figure 7. Calculated reaction pathways corresponding to five surface sites (A—E) on Aus, . The five sites are highlighted on

the cluster (inset).

increasing the size of gold clusters, suggesting that the
smaller gold clusters generally entail higher catalytic
capabilities, although exception may occur with ma-
gic-number clusters (see below).

In the second step, CO and O, move closer to each
other, followed by crossing of the first energy barrier
(TS1 shown in Figures 4 and 5) to form the intermediate
complex O—C—0O—0* with a C—O single bond (bond
length ~1.37 A) and a peroxide 0O—0O bond (bond
length ~1.44 A). Comparing Figures 4 with 5, one can
see that the reaction barriers associated with anionic
clusters are indeed lower than those associated with the
neutral counterparts. In particular, both anionic and
neutral Au;g and Auyg give rise to very low reaction
barriers. For Auyg ™, the first step is actually barrier-less,
and for Auy¢~, the computed reaction barrier is merely
0.05 eV. For neutral Au;¢ and Au,, the barriers are also
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very low (0.10 and 0.12 eV, respectively). The reaction
barriers for larger anionic clusters range from 0.14 to
0.27eV.Au;; " isan exception, which exhibits a relatively
high reaction barrier of 0.42 eV. The reaction barriers for
other neutral clusters range from 0.20 to 040 eV. It
appears that beyond Au,, the reaction barriers for the
second step do not change much, suggesting that the
size of subnanometer gold clusters is not a crucial
parameter to affect the second reaction barrier. Note
also by comparing Figures 4 with 5 that the intermedi-
ate complexes associated with anionic clusters appear
to be lower in energy than those associated with the
neutral counterparts. This result supports again that the
CO oxidation is more favorable on the anionic gold
clusters than on the neutral counterparts.

Subsequent to formation of the intermediate com-
plex O—C—0—0*, the labile peroxide O—0O bond will

voL.5 = No.10 = 7818-7829 = 2011 ACNJANIC

WWww.acsnano.org

7824



eV

Aug,

-3

mooOo o>

co+0,

CO*+0, CO*+0,* TS1 O0O-C-0-0* TS2

CO,+0*

Figure 8. Calculated reaction pathways corresponding to five surface sites (A—E) on Aus,. The five sites are highlighted on the

cluster (inset).

TABLE 1. Computed Relative Energies (eV), with Respect
to the Reactant in the Gas Phase, of Initial CO Adsorption
States, Coadsorption States, First Transition States (TS1),
Intermediate States (IS), Second Transition States (TS2),
and the Final States for the CO Oxidation on Various

Anionic Gold Clusters in the Size Range of Au,¢ —Auss

« [CO +0,] IS ,+0
adsorption  adsorption TS1 (0—C—0—0%) TS2  adsorption

Auig —0.90 —1.01 —09% —172 —1.25 -3
Auy;m —1.03 —-1.20 —078 —154 —138 —338
Aug,  —0.89 —135 —121 =205 —134 384
Auyg, —0.98 —-123 —09% 201 —141 —436
Auy~  —1.00 —1.09 —178 —134  —3.66
Auy~  —1.02 —1.30 —-1.09 177 -122 3.0
Auyg  —1.05 —0.93 —071 —148 —079 —3.63
Auzg~ =118 —1.19 —-101 =171 —133 —4.01
Auz,~  —091 —0.93 —077 —143 —090 —3.44
Auzz~  —0.88 —0.85 —060 —117 —069 357
Auz,  —1.05 —1.22 —-1.02 —-192 —-168 348
Auzs—  —0.95 —0.86 —067 —136 —08  —3.69

dissociate via crossing the second energy barrier (TS2
in Figures 4 and 5), resulting in a free CO, molecule and
an atomic O on the cluster surface. Our calculation
indicates that the second reaction barrier ranges from
0.16 eV (Auq7 ) t0 0.71 eV (Auqg, ) for anionic clusters
and from 0.19 eV (Au,;) to 0.72 eV (Au,g,) for neutral
clusters. These reaction barriers are comparable to
those associated with smaller-sized gold clusters
(~0.40 eV)**2541-52 byt higher than those on endo-
hedral doped gold clusters (0.05—0.27 eV for W@Au,»
and Na@Au;,).*>*° Remarkably, the second reaction
barriers associated with the magic-number cluster
Auzg (Auzs—, 0.24 eV; Ausy, 0.23 eV) are notably lower
than those of neighboring clusters (0.38—0.69 eV for
anionic and 0.27—0.68 eV for neutral clusters).
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TABLE 2. Computed Relative Energies (eV), with Respect
to the Reactant in the Gas Phase, of Initial Coadsorption
States, First Transition States (TS1), Intermediate States
(IS), Second Transition States (TS2), and the Final States
for the CO Oxidation on Various Neutral Gold Clusters in
the Size Range of Au,6—Auss

()] [C0 + 0,] IS ,+0
adsorption  adsorption TS1 (0—C—0—0%) TS2  adsorption

Auyg —1.08 —1.07 —097 —146 —103 —3.80
Auy; —1.13 —1.02 —062 —128 —109 —3.23
Auqg-isol  —1.07 —0.98 —-070 —-129 —057 322
Auyg-is2  —1.16 —138 —-1.03 —-152 —09% —4.10
Auyy —0.87 —0.60 —048 —0838 —045 —290
Auy; —1.09 —1.12 —084 —138 —08 —3.29
Auyg —1.05 —0.82 —056 —1.09 —069 —3.39
Ausy —-1.19 —0.82 —057 —134 —066 —342
Ausy —0.95 —0.82 —062 —116 —067 —3.68
Ausz —0.95 —0.75 —045 —103 —060 —3.36
Ausy —0.98 —0.90 —064 —139 —116 —3.16
Auss —0.96 —0.72 —043 —121 —094 346

Finally, to complete the catalytic cycle, the ad-
sorbed atomic oxygen should be removed. In fact,
the atomic O can interact with the CO molecule directly
to form second CO, (Eley—Rideal mechanism). The
calculated activation energy barriers of this final step
are givenin Table 3. The reactions, in general, entail low
activation barrier reactions (some are even barrier-
less), consistent with previous conclusions that this
last step is not a rate-limiting step,***** and the
reactions on anionic clusters have lower barriers than
those on neutral clusters.

In Figure 6a,b, we plot coadsorption energies of CO
and O, versus energy levels of the first transition state
and the activation barrier of TS1, respectively. It ap-
pears that coadsorption energies do not correlate with
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TABLE 3. Calculated Activation Energy Barriers (eV) and
Geometric Parameters at the Transition State for
CO + O* — CO, on Anionic and Neutral Au Clusters®

anion neutral

AE,(eV) Au—0*(R) C—0*(R) AE, (eV) Au—0*(R) C—0*(h)

Auyg 0.15 2483 1.866 030 2393 1.809
Auy; 0.01 2088 1877
Aug,  0.05 2436 1.957 0.1 2251 2.044
Aug,  0.07 2210 1787 0.58 2338 1.865
Auyo

Auy; 0.14 2284 1922
Auyg 031 2.403 1.886 0.23 2223 1.952
Aus, 0.08 2.168 1.964
Aus, 0.28 2413 1.484
Aus; 0.04 2288 1.824 0.11 2240 1.856
Aus, 033 2.164 1.895 032 2.169 2.052
Auss 0.16 2223 1.839 031 2192 1.949

“0* represents the 0 atom adsorbed on the surface of Au dusters. Empty line
denotes no barrier for the reaction.

the activation barriers, but the energy levels of the first
transition state show some correlation. However, it is
the activation barrier associated with the first transition
state that determines the catalytic efficiency, as shown
in the kinetic analysis in the Supporting Information.
Site-Specific Adsorption Energies versus Catalytic
Activities for Magic-Number Cluster Aus, Correlation
between the site-specific adsorption energy and the
cluster's catalytic activity has not been systematically
explored for medium-sized gold clusters. Here, we
select five distinctive surface sites (with different CO
and O, adsorption energies) on a magic-number clus-
ter Auz, to investigate whether there is a strong
correlation between adsorption energy and catalytic
activity. Computed reaction pathways for the CO oxi-
dation on the anionic Aus; and neutral Aus, are
shown in Figures 7 and 8, respectively. In Figure 7,
one can see that the weaker CO binding site can adsorb
O, more strongly. As an example, site A is a relatively
strong CO binding site (with adsorption energy —1.05
eV), while its neighbor site yields the O, adsorption
energy of —0.20 eV. The coadsorption energy of CO
and O, molecules on the same two sites is —1.22 eV,
very close to the sum of —1.05 and —0.20 eV. In
contrast, site C is a relatively weak CO binding site
(with adsorption energy —0.42 eV), while its neighbor
site yields O, adsorption energy of —0.03 eV. The
coadsorption energy of CO and O, on the same two
sites is —0.94 eV, much greater in magnitude than the
sum of —0.42 and —0.03 eV. However, this larger
difference between the coadsorption energy and the
sum of individual adsorption energies for the weak CO
binding site cannot fully offset the difference in CO
adsorption energies between the weak and strong CO
binding sites. Hence, the coadsorption state associated
with the site A still entails a lower energy level than
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those associated with other four sites (B—E). On the
other hand, the coadsorption of CO and O, is much
more weakly on the neutral Aus, than the anionic
Aus,~ due to stronger endothermic O, adsorption on
Ausg4. More specifically, computed coadsorption ener-
giesonsite Aof Aus, and Auzgare —1.22and —0.90eV,
respectively, while those on site Care —0.94 and —0.63
eV, respectively (see Tables 1 and 2).

The second step involves the formation of the
intermediate O—C—0—0* complex via crossing the
first reaction barrier. On Aus,, both site A and site E
are relatively strong sites for coadsorption of CO and O,
molecules (site A, —1.22 eV; site E, —1.04 eV), and the
corresponding reaction barrier at the TS1 state (see
Figure 7)is 0.21 and 0.27 eV, respectively. As a compar-
ison, site C and site D on Auz,™ are relatively weaker
site for coadsorption of CO and O, (site C, —0.93 eV; site
D, —0.98 eV), and both sites yield a lower reaction
barrier at the TS1 state (0.16 and 0.01 eV, respectively).
However, since the energy level of the transition state
(TS1) associated with the site A is still the lowest among
the five sites considered, the site A, with the strongest
coadsorption with CO and O,, is likely the most active
site in this oxidation step (see Supporting Information
for a simple kinetics analysis), even though the energy
level of the intermediate state associated with site C
(the weakest CO bind site) is lower than that associated
with site A (the strongest CO binding site) on Aus,
and Auzg4. This result suggests that the adsorption
strength can play an important role in the oxidation
rate, even though they are not correlated with the
stability of the intermediate complex.

In the second barrier-crossing step, the intermedi-
ate O—C—0—0* complex forms a free CO, molecule
and an atomic O. Among the five surface sites consid-
ered, site A gives rise to the lowest reaction barrier
(Auzs—, 0.24 eV; Ausy 0.23 eV) and site C gives the
second lowest barrier (Auz,—, 0.34 eV; Ausz,, 0.32 €V) in
the final step. The other three sites give relatively higher
but similar reaction barriers (Aus, , ~0.55 €V, Aus,,
~0.50 eV). These results suggest that reactant adsorption
strengths are not directly correlated with the second
reaction barrier. Hence, the limiting step of the reaction is
likely attributed to preadsorption of CO in the oxidation
step, consistent with the previous theoretical studies.”

CONCLUSIONS

The CO oxidation on subnanometer anionic gold
clusters and their neutral counterparts has been sys-
tematically studied by using ab initio calculations.
Several conclusions drawn from these calculations
include the following: (1) Compared to the neutral
clusters, the extra negative charge on the anionic
clusters can enhance not only O, adsorption but also
the strength of coadsorption of CO and O,, which leads
to a lower reaction barrier in the oxidation step. Recent
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experimental studies revealed that negatively charged
gold clusters on TiO,”'~7* and MgO®* surfaces can
enhance catalytic activity, which support our theore-
tical results. (2) The strength of coadsorption of CO and
O, molecules becomes weaker as the size of gold
clusters increases, except the magic-number cluster
Ausg, Which possesses exceptional binding capability
with CO and O, compared to its neighboring clusters.
(3) In addition to the low coordination number, rela-
tively small cone angle (<110°) associated with each
surface site is another important geometric indicator of
relatively strong adsorption strength of CO or O, (see
Figure S4 in the Supporting Information). (4) Computa-
tion of reaction pathways on various distinctive sites of
gold clusters with the core—shell structure indicates
that the reaction barriers are not very sensitive to the
size of clusters (except the magic-number cluster Aus,).
However, for hollow cage and pyramidal gold clusters,

COMPUTATIONAL METHODS

Geometric structures of all of the gold clusters considered in
this study, with adsorbed CO and/or O, are optimized using an
unrestricted density functional theory (DFT) method within the
general gradient approximation in the form of Perdew—
Burke—Ernzerhof (PBE) functional.”* Semicore pseudopotential
is opted together with the double numerical plus polarization
(DNP) basis set for the geometric optimization.”>”® The adsorp-
tion energies of CO and O, on the gold clusters are calculated
according to the formula AE,4 = E(Au-CO/O,) —E(Au) — E(CO/0,).
The reaction pathways for the CO oxidation are computed using
the combination of LST/QST algorithm with subsequent conju-
gated gradient method, and all transition states are further
confirmed by the nudged elastic band (NEB) method.”””% All
computations are performed using the DMol® 4.3 software
package.”>”®

In the calculation of reaction pathways, the spin states of a
free-standing O, and O, preadsorbed Au clusters with totally
even number of valence electrons are set as triplet, while O,
preadsorbed Au clusters with totally odd number of valence
electrons are set as doublet. In all subsequent states, including
all transition states, intermediate states, and final states, the spin
states of the system are set as the lowest spin states. During
geometrical optimization, the energy convergence is 2.0 x 10>
Hartree, the gradient convergence is 4.0 x 1072 A, and the
displacement convergence is 5.0 x 10~ A. In the NEB transition
state search process, the threshold for SCF convergence is 10>
Hartree, charge mixing is 0.1, spin mixing is 0.2, and rms
convergence is 0.01. The smearing is set as 0.005 Hartree to
accelerate the convergence. The triplet—singlet crossover is not
considered when searching for the transition states, but the
relative stabilities between triplet and singlet spin states of the
transition states are examined.

Once the transition state structure is attained through NEB
search, vibrational frequency analysis is performed to ensure
that the transition state has only one significant imaginary
vibrational frequency. Minor imaginary vibrational frequencies
whose magnitude is less than 40 cm " are ignored. In Tables S1
and S2, geometries of the computed transition states and
intermediate states are presented for the purpose of cross
examination. We note that these geometries are very close to
those previously reported with either gold cluster or gold
surface systems,*>*449798% \which provides independent con-
firmation on the computed reaction pathways presented in this
paper.

GAO ET AL.

the reaction barriers can be very sensitive to the size of
clusters. (5) For the magic-number cluster Aus,, our
calculations show that preadsorption of CO can further
enhance adsorption strength of O,, but only at rela-
tively weak CO binding sites (not at relatively strong CO
binding sites). In addition, we find no apparent correla-
tion between the local adsorption strength of O, and
the Hirshfeld charge at the same atomic site (see
Figures S5 and S6). (6) Lastly, strong coadsorption of
CO and O, lowers the barrier corresponding to the first
transition state (in the oxidation step) but has little
effect on the stability of the intermediate and the
barrier of the second transition state. These conclu-
sions provide additional insights into the site-size-
activity relationships for the subnanometer gold clus-
ters. Also, our calculation supports the notion that
relatively strong adsorption of reactants on a catalyst
is a key factor for the efficiency of the CO oxidation.
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