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arbon monoxide oxidation catalyzed
be Au nanoparticles on oxide sup-
ports has been extensively investi-

gated since the seminal work by Haruta
et al. two decades ago.'® The significant
feature of nanogold catalysts lies in their
extraordinarily high activity for CO oxida-
tion at mild or even low temperatures
(e.g., —70 °C). The CO oxidation process is
of importance in practical processes, such as
the removal of CO impurity from H, in fuel
cells.” With respect to the fundamental
mechanism of nanogold-catalyzed CO oxi-
dation, despite the tremendous work, the
catalytic mechanism is still under debate.>®
Gold catalysts prepared by conventional
methods such as impregnation of HAuCl,
are apparently not well-defined, manifested
in the presence of residual gold ions, or few-
atom clusters, as well as a broad size dis-
tribution of nanoparticles on the support.
Such catalysts pose major challenges for
basic science studies, especially in revealing
(1) the real species that catalyzes CO oxida-
tion (metallic nanogold or gold ions), (2) the
authentic catalytic active sites (e.g., gold
surface or the gold/support interface), (3) the
nature of the support for the catalyst (e.g.,
the drastic effect of certain supports), and
(4) the effect of water vapor, just to name a few.
To understand the reaction mechanism
of gold-catalyzed CO oxidation, well-defined
gold catalysts are apparently of critical
importance. Toward this goal, a promising
approach is to first prepare well-defined
nanoparticles in solution phase, followed
by deposition of solution phase well-
defined nanoparticles onto the support. This
strategy ensures uniform gold nanoparti-
cles on the support, although such unifor-
mity may be affected if high-temperature
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ABSTRACT In this work, we explore the cata-
lytic application of atomically monodisperse,
thiolate-protected Au,s(SR);g (where R = CH,CH,Ph)

nanoclusters supported on oxides for CO oxidation.

The solution phase nanoclusters were directly (€510, SiLfpze!

deposited onto various oxide supports (including

Ti0,, Ce0,, and Fe,03), and the as-prepared catalysts were evaluated for the CO oxidation
reaction in a fixed bed reactor. The supports exhibited a strong effect, and the Auys(SR);4/Ce0,
catalyst was found to be much more active than the others. Interestingly, 0, pretreatment of the
catalyst at 150 °C for 1.5 h significantly enhanced the catalytic activity. Since this pretreatment
temperature is well below the thiolate desorption temperature (~200 °(), the thiolate ligands
should remain on the Auys cluster surface, indicating that the CO oxidation reaction is catalyzed
by intact Au,5(SR);/Ce0,. We further found that increasing the 0, pretreatment temperature to
250 °C (above the thiolate desorption temperature) did not lead to any further increase in
activity at all reaction temperatures from room temperature to 100 °C. These results are in
striking contrast with the common thought that surface thiolates must be removed—as is often
done in the literature work—before the catalyst can exert high catalytic activity. The 150 °C 0,-
pretreated Au,s(SR);/Ce0, catalyst offers ~94% CO conversion at 80 °C and ~100% conversion
at 100 °C. The effect of water vapor on the catalytic performance is also investigated. Our results
imply that the perimeter sites of the interface of Au,s(SR);s/Ce0, should be the active centers.
The intact structure of the Auys(SR);5 catalyst in the CO oxidation process allows one to gain

mechanistic insight into the catalytic reaction.

KEYWORDS: Au,s(SR),s nanocluster - supported catalyst - CO oxidation - water
vapor - pretreatment temperature
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precise gold nanoclusters protected by thiolate ligands
(referred to as Au,(SR),, where n and m denote
the number of gold atoms and thiolate ligands,
respectively)®® The Aup(SR),, nanoclusters, such as
Au3s(SR)1, Auzg(SR)24, Au44(SR)s0, etc., are particularly
robust as they result from size-focusing under harsh
conditions.® '3 During the harsh size-focusing process,
those unstable sizes in the crude product (with a
properly controlled size distribution) were crashed or
converted, leaving behind the most stable size 2 This
strategy has permitted precise control of Au,(SR),,
nanoclusters at the atomic level, and nanoclusters of
molecular purity have been attained. In some cases,
correlation of the structure of gold nanoclusters
with electronic, optical, magnetic, and catalytic proper-
ties has been achieved."*"%* Herein, our interest is
to explore the catalytic properties of the new class
of Au,(SR),, nanomaterial. The well-defined nature of
these Au,(SR),, nanoclusters should allow one to even-
tually correlate their catalytic performance with struc-
ture by combing theory and experiment. Such studies
will ultimately identify the catalytically active sites on
the particle, which has long been pursued in nano-
catalysis. Apparently, with conventional polydisperse
nanoparticles, the active site structure is difficult
to investigate since the particle surface structure is
unknown, while for Au,5(SR);s, the atomic structure
has been determined by X-ray crystallography,'" and
thus the catalytically active sites and reaction mechan-
ism can be rationalized by combining experiment and
theory.

In this work, we choose the Au,5(SR);g nanocluster
(1 nm metal core) to investigate its catalytic activity
for CO oxidation. The structure of Au,5(SR),5 consists of
a Au,z icosahedral core (which is relatively electron-
rich) encapsulated by a nonclosed shell compris-
ing 12 surface gold atoms (which are electron-
deficient).'"'*?* The low-coordinate Au atoms on the
exterior shell of Au nanoparticles provide a favorable
environment for the adsorption and activation of
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certain reactants;*>2® hence, Au,s nanoclusters could
be useful catalysts for certain reactions. Herein we
demonstrate the high catalytic activity of Au,s5(SR)qg
nanoclusters (in the supported form) for the CO oxida-
tion reaction. Specifically, the Au,5(SR),5/CeO; catalyst
offers high catalytic performance in CO oxidation
under mild conditions (e.g., almost complete CO con-
version at 80—100 °C). The Au,(SR),, nanocluster cat-
alysts hold promise in future real world applications.

RESULTS AND DISCUSSION

The synthesis of atomically precise Aus(SR)qg (R =
CH,CH,Ph) nanoclusters follows a size-focusing method
reported previously,”” and the crystal structures of
anionic and charge-neutral Au,s(SR);g nanoclusters
have been determined by X-ray crystallography.'’**
The oxide-supported catalysts were made by impregna-
tion of metal oxide powder in a solution of Au,s(SR)g
nanoclusters (see Experimental Section for details). After
the clusters were adsorbed onto oxide surfaces, the
cluster solution became clear. Then the supernatant
was decanted, followed by vacuum drying of the Au,s-
(SR)1¢/MO, catalyst at room temperature. The as-pre-
pared catalyst is similar to the conventional supported
catalysts in which the particles are deposited on bulk
crystal substrates. Herein, we focus on the catalytic
properties of Au,s(SR);s/MO, for the CO oxidation reac-
tion, including the effects of the supports, water vapor,
and the pretreatment of catalysts in O, and N,.

Effect of Supports and Pretreatment Conditions. It is well-
known that the supports of Au catalysts have important
influences on the catalytic performance.>>® We chose
TiO,, CeO,, and Fe,05 as supports for Au,s(SR),g. Accord-
ing to our measurements, the plain TiO, and CeO, sup-
ports were essentially inert below 200 °C, while Fe,03
shows some activity for CO oxidation above 120 °C. The
reducibility of metal oxides under CO atmosphere is
generally believed to contribute to the catalytic activity.
Below, we discuss the catalytic properties of Au,s(SR);g
nanoclusters supported on TiO,, CeO,, and Fe,0s.
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Figure 1. (A) Reaction temperature dependence of CO conversion over Au,s(SR),3/MO, catalysts. Pretreatment condition: N,
at room temperature (rt) for 0.5 h. Reaction conditions: GHSV = 7500 mL g~ ' h™", catalyst = 0.1 g. (B) Reaction temperature
dependence of CO conversion over Au,s(SR);s/CeO, catalyst after different pretreatments. GHSV = 7500 mLg~ ' h™".

NIE ET AL.

VOL.6 = NO.7 = 6014-6022 = 2012 K@N&NJK)\

WWwWW.acsnano.org

WL

6015



The various oxide-supported Au,5(SR);g nanoclus-
ter catalysts exhibit drastic effects in CO oxidation
(Figure 1A). Unexpectedly, the Au,s(SR),g/TiO, catalyst
shows almost no catalytic activity, even up to 200 °C,
which is strikingly different from conventional Au/TiO,
catalysts that exhibit extraordinary activity as reported
by many groups.>®?® The Au,s(SR);s/Fe,O5 catalyst
exhibits some activity above 120 °C, but the activity
is actually lower than that of plain Fe,O5 support under
the same reaction conditions. Among the three types
of catalysts, Au,s5(SR),5/CeO, gave rise to the highest
CO oxidation conversion and achieved 50% conversion
of CO at ~150 °C (Figure 1A).

Interestingly, we discovered that thermal pretreat-
ment of Au,5(SR);5/Ce0; in O, can significantly boost
its catalytic activity (Figure 1B). Different temperatures
were tested for the O, pretreatment process. The
catalyst pretreated with O, for 0.5 h at rt exhibited a
slight increase in activity than that pretreated by N, at
rt (Figure 1B, red and black profiles). However, O,
pretreatment at 150 °C for 0.5 h dramatically increased
the catalyst's activity (Figure 1B, green profile). More-
over, as the 150 °C O, pretreatment time increased
from 0.5 to 1.5 h, the CO conversion further dramati-
cally increased from 18.2 to 92.4% at reaction tem-
perature (T,,») = 80 °C. Prolonged pretreatment from
1.5 to 10 h at 150 °C, however, did not lead to further
increase in catalytic activity, indicating that thermal
pretreatment in O, for 1.5 h is sufficient. We also tested
higher pretreatment temperatures (T, 250 °C), but
no further increase in activity was observed as Ty, Was
increased from 150 to 250 °C. On the other hand,
thermal pretreatment of the Au,s(SR),s/CeO, catalyst
in N, seems to be ineffective.

A question arises naturally: Does the thermal O,
pretreatment process remove the surface thiolate
ligands on Auys nanoclusters? To address this, we
performed thermogravimetric analysis (TGA) of Auys-
(SR),g in pure O, atmosphere (~100 mL/min) (Figure 2).
TGA shows that thiolates start to desorb at ~200 °C.
The onset temperature is independent of atmosphere
(i.e., Oy N, and air). Therefore, during the 150 °C O,
pretreatment, the ligands should remain on the Auys
nanoclusters. Moreover, since the CO oxidation reaction
temperature is only up to 160 °C (Figure 1B), the CO
oxidation process should be catalyzed by ligands-on,
intact Au,s5(SR),g nanoclusters. Further evidence is pre-
sented in the mechanistic discussion (vide infra). This is
important for gaining insight into the structure—activity
relationship.

The result of CO oxidation catalyzed by intact Au,s-
(SR),8/Ce0, catalyst is quite remarkable compared to
previous work*?°~3" in which surface thiolate ligands
were completely removed by a high-temperature cal-
cination process (typically at 300—375 °C); note that
the latter temperature is already above the thiolate
ligand desorption temperature of Au,(SR),,, nanoclusters.
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Figure 2. TGA profiles of Au;,5(SR),g hanoclusters in various
atmospheres.
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Figure 3. Effect of water vapor on the CO conversion over
Au,5(SR)18/Ce0; catalyst pretreated by O, at 150 °C for 2 h;
GHSV=15000mLg ' h™".
Our results imply that the ligands do not inhibit the
activity of the catalyst as we thought initially, at least in
the CO oxidation reaction.

Effect of Water Vapor. For nanogold-catalyzed CO
oxidation, another distinct and well-known effect
pertains to moisture (ie., water vapor) in the feed
stock.3>73> The observed effects of water vapor on
the catalyst activity include enhancement*** sup-
pression,®* or no effect.>® To investigate the moisture
effect on the Au,5(SR);5/Ce0, catalyst's performance,
we introduced water vapor into the reaction gas
mixture. The catalyst was first pretreated in O, at
150 °C for 2 h according to the above determined
pretreatment conditions. The CO/O,/He feed gas was
first passed through a water saturator at ambient tem-
perature before being introduced into the fixed bed
reactor. The CO conversion was measured as a function
of reaction temperature (Figure 3); note that, in this
test, the GHSV was increased from 7500 (condition in
Figure 1) to 15000 mL g~ " h™". The CO conversion was
also compared to the case of dry feed gas (without
passing through the water saturator) (Figure 3). This
comparison clearly shows that CO conversion for the
case of wet feed gas is higher than the case of dry feed
gas, especially between the temperature range of 60 to
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Figure 4. Effect of water vapor on CO conversion over various pretreated Au,s(SR),s/CeO, catalysts under different
pretreatment temperatures: (A) feed gases with water vapor and (B) without vapor. Pretreatment conditions: in O, for 2 h
and the T, is as shown in the figure. Reaction: GHSV = 15000 mL g 'h™',0.1 g supported catalyst.

80 °C (Figure 3), which implies a promoting effect of
vapor on CO oxidation over Au,s(SR);5/Ce0.. This effect
is consistent with most work about Au/MO, catalysts
reported previously.

The influence of water vapor on the catalytic activity
was further investigated for Au,s(SR),s/CeO, catalysts
pretreated by O, at different temperatures. According
to the TGA result of Au,s(SR);g nanocluster (Figure 2),
Au,5(SR),g starts to lose weight at ca. 200 °C due to
thermal desorption of thiolate ligands, and the process
finishes at ~250 °C. Therefore, we chose five different
pretreatment temperatures, T, = 75, 100, 150, 200,
and 250 °C, to study the variation of catalytic properties
of Au,s(SR),g before and after ligand loss. In a typical
measurement for a pretreatment temperature, the CO
conversion over Au,s(SR);s/CeO, was first measured in
the reaction temperature range from rt to 100 °C (note
that CO is completely converted at ~100 °C; hence,
higher reaction temperatures were not pursued). Then
the feed gas was passed through a water saturator, and
similar measurements were done. The results for
the presence/absence of water vapor are, shown in
Figure 4A,B, respectively. The results indicate that the
100 and 150 °C pretreatment temperatures exhibit
most drastic effects for the presence/absence of water
vapor; for example, in the case of Ty = 100 °C, the
catalyst offers 50% conversion of CO at reaction tem-
perature of ~88 °C with dry feed gas (Figure 4B, blue)
but 70 °Cin the presence of vapor (Figure 4A, blue). The
results indicate that water vapor promotes the cata-
lyst's activity at relatively low temperatures, while at
higher reaction temperatures (T,,, > 100 °C), no dis-
tinct effect of vapor was observed since CO is already
completely converted regardless the presence of va-
por. Similarly, in the case of Ty = 150 °C, the 50%
conversion temperatures are 77 and 65 °C for the
absence and presence of vapor, respectively, indicat-
ing a distinct promotion effect of water vapor. On
the other hand, for the catalysts pretreated at higher
temperatures (e.g., 200 and 250 °C), the addition of
water vapor to the feed gas did not exert any beneficial

NIE ET AL.

TABLE1. Reaction Temperature for 50% CO Conversion in
the Presence/Absence of Vapor

Txn for 50% Txn for 50%
€O conversion, with H,0 €O conversion, no H,0
catalyst pretreated at 75 °C 89 20
catalyst pretreated at 100 °C 70 88
catalyst pretreated at 150 °C 65 77
catalyst pretreated at 200 °C 63 55
catalyst pretreated at 250 °C 67 53
100
80
9
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Figure 5. CO conversion at T,,,, = 80 °C for the Au,5(SR)g/
CeO, catalyst pretreated at different temperatures
(red, with water vapor; black, without vapor). GHSV =
15000mLg ' h™".

effect on CO oxidation; rather, water vapor slightly
inhibits the catalytic activity, evidenced by the increase
in the reaction temperature for 50% CO conver-
sion (Table 1).

In consideration of the possible state of Au,s5(SR)qg/
CeO, at different pretreatment temperatures, we
conclude that Au,s(SR);5/CeO, is more suitable than
conventional supported nanogold catalysts for CO
oxidation with the wet feed gas. This is also supported
by the results shown in Figure 5, in which one can
clearly see that the 100 °C Oj-pretreated Aus(SR);s/
CeO, catalyst gives rise to ~80% CO conversion at
Txn = 80 °C when water vapor is present in the feed
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gas. Pretreatment of the catalyst at 150 °C also leads to
a quite large increase in CO conversion at 80 °C (note:
comparing the red and black profiles at T, = 150 °C),
while further higher temperatures (e.g., 200 to 250 °C,
above the onset of thiolate desorption) do not show
such a promoting effect of vapor as discussed above.

Insight into the Catalytic Mechanism. The above results
clearly demonstrate the significant effect of thermal O,
pretreatment (e.g., 150 °C for 1.5—2 h) on the activity of
the Au,s(SR);g/Ce0O, catalyst. Interestingly, such a drastic
effect was not observed in the Au,s(SR);5/TiO, system. For
the latter system, we performed thermal pretreatments
even up to 250 °C in O, atmosphere, but only a slight
increase in catalytic activity was observed (i.e., increased
from ~0 (see Figure 1A) to 8.8% CO conversion (without
H,O vapor in the feed gas) or 16.7% (with vapor in the
feed gas) at 120 °C (catalytic reaction temperature)).

As discussed above, the organic ligands on the
catalyst should remain when pretreated at 150 °C in
0, according to the TGA results (Figure 2). The weight
loss amounts under various atmospheres are indeed
the same: weight loss of 37.1 wt % under O,, 37.3 wt %
under air, and 37.2 wt % under N,. Thus, O, does not
burn off organic ligands on the cluster surface during
the 150 °C pretreatment process, albeit burning might
occur at higher temperatures (>200 °C; see the TPO-MS
analysis below). We have also performed N, pretreat-
ment at 150 °C to compare with the O, pretreatment at
the same temperature, but no significant effect in
enhancing catalytic activity was observed. Then, an
interesting question is what O, does to the catalyst
during the 150 °C thermal pretreatment process.

In order to gain insight into the activation mechan-
ism of Au,5(SR),5/CeO, catalyst via O, pretreatment,
we carried out temperature-programmed oxidation in
a O, atmosphere (O,-TPO) experiments, in which the
signals of O, consumption, H,0 and CO, generation
were monitored by mass spectrometry. The pure CeO,
powders and CH,Cl,-impregnated CeO, were also
tested together with the Au,5(SR),5/CeO; catalyst; note
that the CH,Cl,-impregnated CeO, sample dried
before TPO experiments was included because CH,Cl,
was used as the solvent during the deposition process
of Auy5(SR),g onto CeO,. From Figure 6A, it can be seen
that O, consumption for Au,s(SR),g/CeO, started to
appear around 150 °C and a peak centered at ~200 °C
was observed, but no O, consumption was found in
plain CeO, and CH,Cl,-impregnated CeO, (Figure 6A).
The H,0 signals were observed at ~200 °C and above
(Figure 6B), which were ascribed to H,O desorption
from the catalyst surface (for plain CeO, and CH,Cl,-
impregnated CeO,), while the case of Au,5(SR);5/CeO,
may also involve O, burning of desorbed ligands
at >200 °C, evidenced by a much larger CO, peak at
~220 °C than the cases of plain CeO, and CH,Cl,-
impregnated CeO, (Figure 6C). It is worth noting
that in all three samples a low-temperature CO, peak
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Figure 6. MS signals of TPO profiles of Au,s(SR),s/CeO,
catalyst, (A) O, (B) H,O, and (C) CO,. Three samples
(Auys(SR),8/Ce0,, pure CeO,, and CH,Cl,-impregnated
CeO,; support) were tested in TPO-MS experiments.

(centered at ~100 °C) was found (Figure 6C), which is
due to the known fact that CeO, powders capture CO,
in air but not due to burning of the thiolate ligand of
Au,5(SR);g clusters since no corresponding H,O peak
was observed at ~100 °C (Figure 6B). Taken together,
the H,O and CO, generation processes above 200 °C
are not relevant to the 150 °C O, pretreatment of the
catalyst; instead, the pretreatment process should in-
volve adsorption and activation of O, on the catalyst,
and upon the generation of such active oxygen
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Figure 7. TGA-MS analysis of the 150 °C thermal pretreat-
ment of the Au,5(SR),5/CeO, catalyst in air. No desorption of
thiolate ligands or burning of ligands into SO,/SO; was
detected.

species, the CO oxidation reaction can proceed
smoothly with high catalytic conversion.

The above analyses clearly indicate that thermal
activation of Au,s(SR),g/CeO, for high catalytic activity
is not due to ligand desorption (which occurs at
>200 °C). While holding the catalyst temperature at
150 °C, TGA analysis showed no weight loss of the
Au,5(SR)18/Ce0, catalyst during the 2 h isothermal
process in O, thus the desorption of thiolate ligands
is determined by thermodynamics (i.e. the tempera-
ture must be >200 °C to desorb thiolates), rather than
by kinetics. To further confirm that thiolate ligands are
not desorbed in the 150 °C pretreatment process, we
have performed TGA-MS analysis to monitor if any
sulfur-containing compound is emitted. A mass spec-
trometer monitored simultaneously multiple signals,
including m/z 34 for H,S, m/z 64 for SO,, m/z 80 for SO,
m/z 274 for disulfide PhC;H4S-SC,H4Ph, m/z 138 for
HSC,H4Ph, m/z 105 for fragment C,H4Ph, as well as
H,O (m/z 18) and CO, (m/z 44), but no emissions of
thiol, disulfide, or other sulfur-containing compounds
was detected, except a H,0 peak since oxides typically
adsorb moisture (Figure 7). Thus, our conclusion
is further confirmed. One may wonder whether the
thiolate ligand is subjected to some change at 150 °C;
this is also ruled out by a separate study>3® We
previously characterized Au,s(SR);g nanoclusters after
thermal treatment at different temperatures by nuclear
magnetic resonance (NMR) spectroscopy. NMR ana-
lyses demonstrated that the thiolate ligands remain
intact up to 180—190 °C (close to the onset tempera-
ture of thiolate desorption), evidenced by the identical
NMR signals from the surface thiolate ligands before
and after thermal treatment. Therefore, the 150 °C
pretreatment of the Au,s(SR),s/CeO, catalyst in O, or
N, should not lead to any changes to the ligand and
the Auys core. Of note, the charge state of Auys(SR)qs
may be changed from g = —1 to 0 after interaction with
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Scheme 1. Proposed model for CO oxidation at the peri-
meter sites of Au,s(SR);3/CeO, catalyst.

0,, but it is the Auys core, rather than the thiolate
ligands, that donates an electron to 0,.%* X-ray crystal-
lography confirmed that the structure of [Au,s(SR);s]°
is the same as that of [Auys(SR);s]~.2* The Au,s core
charge states were found to cause distinct shifts of
the NMR peaks, thus, the previous NMR studies® were
done in N, (as opposed to O,) to avoid any charge
state change; nevertheless, our conclusion that the
Au,5(SR)1g remains intact should be valid regardless
of the atmosphere (N, or O,) in the pretreatment
conditions. X-ray spectroscopic analysis is underway,
which will provide further insight.

Although further work is still needed to reveal de-
tails of the catalytic mechanism, we attribute the sig-
nificant effect of 100—150 °C O, pretreatment on the
catalyst to the formation of an active surface oxygen
species, while such an oxygen species was not created
during the N, pretreatment under comparable condi-
tions since N, is inert; hence, N, pretreatment is not as
effective as O, pretreatment. This analysis raises an-
other intriguing question: where is the active oxygen
species located? The drastic effect of various oxide
supports (Figure 1A) indicates that the interfacial inter-
action between gold clusters and the support is a
key factor. While the mechanism for the interfacial
interaction of gold with oxide supports needs detailed
analysis by X-ray photoelectron (XPS) and X-ray absorp-
tion spectroscopy (XAS),>” we believe that the inter-
face between Au,5(SR);g and CeO, should constitute
the catalytic active sites (Scheme 1) with reasons as
follows.

Firstly, the interfacial oxidation of CO by some
active oxygen species is consistent with the drastic
effects of supports as reflected in Figure 1A. CeO, is
well-known to be capable of activating O, molecules®®
due to the rich oxygen vacancies in Ce0,.3° If the
external surface of Au,s(SR),g were where CO oxidation
occur, then the drastic support effect would be hard
to explain. Secondly, thermal O, pretreatment of the
catalyst indicates that the 100—150 °C range is most
effective for boosting the catalyst's activity (see
Figure 1B and Figure 5). Should the external surface
of Auys particles be responsible for CO oxidation, then
pretreatment at >200 °C would largely increase cataly-
tic activity since ligands are desorbed at >200 °C, but
no further increase in catalytic activity was observed
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at all the reaction temperatures (20—100 °C) for the
catalyst pretreated at higher temperatures than 200 °C
(Figure 1B). Lastly, the promoting effect of water vapor
also tends to occur more reasonably at the Au,s(SR),s/
CeO, interface, rather than on the external surface of
Au,5(SR),g since the phenylethanethiolate ligand is
hydrophobic.

Overall, our results imply that the interface between
Au,5(SR)1g and the oxide support, more specifically, the
perimeter of the Au,s(SR);5/Ce0, interface, should be
the catalytically active centers for CO oxidation. This
supports the recent view on CO oxidation discussed by
Haruta.* In the Au,s(SR);s/CeO, catalyst, the perimeter
sites are apparently strongly affected by thermal
O, pretreatment, and the active oxygen species
(presumably some peroxyl or hydroperoxyl species)
are adsorbed at such perimeter sites and initiate
the CO oxidation reaction. In the case of supported,
bare gold particles (as opposed to our ligands-on Au
particles), Guzman et al. observed reactive oxygen in
the form of surface superoxide and peroxide species in
CO oxidation.*' Very recently, Kim et al.** discussed
three CO oxidation mechanisms on CeO,-supported Au
nanoparticles on the basis of DFT calculations, includ-
ing (1) CO oxidation by coadsorbed O,, (2) by lattice
oxygen in CeO,, and (3) by O, bound to a Au—Ce*"
anchoring site. While all these works refer to bare Au
particles, in our case, the Auys particles are capped by
thiolate ligands and there are possibly some major
differences between the two systems. For future
work, we hope to probe the Au,5(SR),s/Ce0O, interface,
including the possible charge transfer between
Au,s(SR);g and CeO,, the potential changes in the
coordination environment of surface gold atoms after
150 °C O, pretreatment, and more details about the
activation process of Au,s(SR);s/CeO,. By correlating
with the atomic packing structure of Auys(SR);g, we
believe that future experiment and theory will reveal
the fundamental mechanisms of CO and O, activation
and the detailed surface reactions.

EXPERIMENTAL SECTION

Preparation of Au,(SR),/MO, Catalysts. For the synthesis of
Au,s(SR)1g nanoclusters, a kinetically controlled, size-focusing
approach was used.”” The structure of Auys(SR);s has been
reported in our previous work."" Supported Au,(SR),/MO,
(including TiO,, CeO,, Fe,05) catalysts were prepared as follows:
500 mg of the oxide support (in powder form) was impregnated
by soaking the powders in a solution of 5—10 mg Au,(SR),
nanoclusters in CH,Cl, (ca. 10 mL) in a sealed vial for 24 h,
followed by drying; note that no calcination was performed. The
TiO, support uses commercial Degussa P-25; CeO, is prepared
by coprecipitation of (NH;),Ce(NOs)s and (NH,),COs, followed
by calcination at 500 °C; Fe,Os is obtained by coprecipita-
tion of Fe(NOs); and Na,COs, followed by calcinations at
400 °C. The Au,(SR),,/MO, catalysts used in the activity tests
are 1 wt % Au,s5(SR)18/TiO,, 2% Au,s(SR)1/Ce0,, and 2 wt %
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CONCLUSION

In summary, we have investigated the CO catalytic
oxidation by O, over TiO,-, CeO,-, and Fe,0s-supported
Auys(SR)18/MO, catalysts. The well-defined catalysts
prepared by deposition of solution phase, atomically
precise Au,s(SR);s nanoclusters onto oxide supports
provide some unique opportunities for probing the
fundamental aspects of the catalytic reaction. Among
the three supported catalysts, the Au,s(SR);s/CeO,
system exhibits the highest activity. Adding water
vapor to the feed gas benefits the CO conversion,
especially at mild reaction temperatures (60—80 °C).
A particularly interesting result is the significant in-
crease in catalytic activity of the O,-pretreated Aujs-
(SR),8/Ce0, catalyst at 100—150 °C for 1.5—2 h. The
very low activity of Au,s(SR),/TiO, (even after 250 °C
pretreatment in O, atmosphere) is a surprise and
remains to be elucidated in future work. Our results
imply that the CO oxidation by O, is catalyzed by intact
Au,5(SR)g nanoclusters supported on CeO,. The inter-
face of Au,s5(SR);5/Ce0; is critical for the catalytic
reaction, and O, adsorption and conversion to certain
active species (possibly peroxyl or hydroperoxyl
species) is rationalized to occur at the perimeter
sites of the catalyst during the 150 °C O, pretreat-
ment process. The issue of the perimeter Au sites
versus low-coordinated corner Au sites being the
active sites is particularly intriguing in gold
catalysis.”® Since the atomic packing structure of
Au,5(SR),g is known, future work should allow for
gaining deep insight into the catalytic mechanism,
including identification of the exact form of the
active oxygen species and the mechanism for CO
and O, activation and detailed surface reactions.
We believe that the nanocluster catalysts, as a new
type of well-defined nanocatalyst, hold promise in
fundamental studies of the catalytic mechanisms by
correlating their catalytic performance with atomic
structures.** ¢

Auys(SR)1g/Fe;03 (the weight percentage refers to the ligand-
protected form of the clusters).

Catalytic Activity Test for C0 Oxidation. The supported Au,(SR),,/
MO, catalyst activity was tested in a fixed bed, continuous
flow quartz reactor (8 mm inside diameter) under ambient
pressure and with gas hourly space velocity (GHSV) ranging
from 7500—15000 mL g~" h™". Prior to the reaction, the Au,-
(SR) /MO catalyst was pretreated at given temperatures for 2 h
in a pretreatment atmosphere unless otherwise noted. In a
typical experiment, 50—100 mg of Au,(SR),/MO, catalyst was
heated to the pretreatment temperature at a heating rate of
5 °C/min in an O, flow (30 mL/min). The catalyst was kept at
that temperature for 2 h and then spontaneously cooled to
ambient temperature before switching to the reactant gas
mixture consisting of 1.67% CO, 3.33% O,, and 95% He. The
flows of inlet gases were controlled by mass-flow controllers

VOL.6 = NO.7 = 6014-6022 = 2012 K@LNMLJ\)\

WWwWW.acsnano.org

6020



(MFC). The catalyst was conditioned for 0.5 h in this mixture at
ambient temperature before the products were analyzed by
an online gas chromatograph (Shimadzu, GC-8A), which
was equipped with a carbon molecular sieve column (TDX-
01, Dalian Zhonghuida Scientific Instrument Co. Ltd.) and
a thermal conductivity detector (TCD). Analogous measure-
ments were performed in 20 °C intervals between 20 and
200 °C reaction temperature. The reaction temperature
was controlled by a programmable temperature controller
and detected by a movable thermocouple inside the cata-
lyst bed.

Catalyst Characterization. Thermogravimetric analysis (TGA)
was performed on TGA50 analyzer (Shimadzu) under different
atmosphere (N,, O, and air). The oxygen temperature-
programmed oxidation (O,-TPO) analysis was carried out using
a homemade setup equipped with an online mass analysis
system (Pfeiffer OmniStar mass spectrometer). Typically, 40 mg
of catalyst was initially pretreated in Ar at room temperature
for 30 min, then the oxidizing agent (5 vol % O,/Ar, 30 mL/min)
was introduced, and the sample was tested from 20 to 500 °C
at a ramp rate of 5 °C/min. O, (m/z = 32), H,0 (m/z = 18),
and CO, (m/z = 44) produced were recorded as functions of
temperature. The 150 °C pretreatment process in a O, atmo-
sphere was also monitored by mass spectrometry, including
both the temperature ramp process (for 0.5 h) and the sub-
sequent isothermal process at 150 °C (for 2 h); no ligand
desorption was observed.
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