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Gold, the most stable metallic element, shows remarkable
catalytic activity for CO oxidation even at room temper-
ature.'! Unlike platinum and palladium,” gold must be
supported in the form of nanoparticles on crystalline metal
oxides such as TiO,'! and CeO,.”! Despite extensive stud-
ies*1 the mechanism of catalysis by gold nanoparticles
(GNPs) is still unclear, in particular in relation to CO
oxidation at room temperature. In the present study we
observed a real Au/CeO, catalyst in CO/air mixtures by
means of in situ environmental transmission electron micros-
copy (ETEM)."?Y The catalyst was also characterized by
catalytic chemical analyses. In real GNP catalysts, the
structures of the GNPs are not identical at the atomic scale.
Hence, we examined a large number of GNPs in the Au/CeO,
catalyst using ETEM, and found that the majority of the
GNPs behaved systematically, depending on the partial
pressures of CO and O, at room temperature. GNPs
remained faceted during CO oxidation in CO/air and
became rounded, or fluctuating multifaceted with decrease
of the partial pressure of CO relative to air. We also examined
GNPs supported on a non-oxide crystal (TiC) with ETEM. In
contrast to GNPs supported on CeO,, switching the gases did
not induce any morphology change of GNPs supported on
TiC. These experimental results have provided a clue toward
elucidation of the peculiar catalytic mechanism of supported
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GNPs. The interface between GNPs and CeO, support most
likely plays an important role in the catalytic activity,
especially the dissociation of O, molecules at room temper-
ature. This work thus contributes to improving and develop-
ing real catalysts.

The Au/CeO, catalyst was prepared by the deposition
precipitation method.!! The conversion of CO to CO, reached
100% at room temperature, and the turnover frequency
(TOF) of the  catalyst was  measured as
0.24 molcg (Mol ) 's7! at 303 K. The catalyst sample was
examined in vacuum by conventional transmission electron
microscopy before and after the oxidation of CO at atmos-
pheric pressure and at 303 K for 5 h. As shown in Figure S1, it
was confirmed that the average size and morphology of the
GNPs remained unchanged after the oxidation of CO at
atmospheric pressure. A detailed description of the catalyst is
given in the Supporting Information.

First, we summarize the typical morphology of a GNP
supported on CeQ, in various environments at room temper-
ature. During CO oxidation in 1 vol % CO/air gas mixture (1
vol% CO, 21 vol% O,, 78 vol% N,) at 1 mbar pressure, the
GNP appeared to be faceted in the form of a stable
polyhedron enclosed by the major {111} and {100} facets, as
shown by Figure 1a. Unexpectedly, the GNP behaved differ-
ently, and became rounded in pure O, gas. The GNP exhibited
major facets in both inactive N, gas at 1 mbar and in vacuum
(Figure 1a). In N, gas, N, molecules collided with the surface
of the GNP at a rate of 3 x 10°s~'nm ™2 By comparison of the
GNP in N, gas and in vacuum (Figure 1a), we consider that
the impacts of inactive N, molecules caused no significant

Figure 1. Typical morphology of a GNP in various environments.

a) A GNP supported on CeO, during CO oxidation (1 vol% CO/air at
1 mbar), in pure O, gas (1 mbar), in pure N, gas (1 mbar), and in
vacuum. b) A GNP supported on TiC during CO oxidation (1 vol%
CO/air at 1 mbar), in pure O, gas (1 mbar), and in pure N, gas

(1 mbar). The electron flux was estimated to be 4 Acm™2.
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effect on the GNP surface. A similar change in morphology of
other GNPs in vacuum, air at 3.4 mbar, and 1 vol % CO/air at
3.4 mbar is shown in Figure S2 in both cross-sectional view
(Figure S2a) and plan view (Figure S2b). The GNP morphol-
ogy change was found to be reversible between the different
gases and in vacuum (Figure S3).

GNPs supported on crystalline TiC remained polyhedral
in all of the gas environments including pure O, gas, as shown
in Figure 1b, and high catalytic activity of Au/TiC has never
been reported.” Hence, the morphology change of GNPs in
the Au/CeQ, catalyst is associated with the catalytic activity
of that catalyst.

We pursued the morphology change of GNPs in the Au/
CeO, catalyst by systematically changing the partial pressures
of CO and O, gases. The morphology of the GNPs in the
presence of gas mixtures was characterized numerically by the
relative morphology index, M (Supporting Information), that
we introduced to determine quantitatively whether the
morphology was faceted or rounded. We determined the
morphology of several (five to 15) GNPs in a given gas. When
more than 70 % of the GNPs were classified with the same
morphology, we concluded that the morphology of the GNPs
in that gas environment was statistically determined. When
the morphology of GNPs in a gas was disperse, or the
percentage of the GNPs belonging to the major morphology
was smaller than 70%, we concluded that the morphology
was statistically mixed. In this way we established a morphol-
ogy diagram for the Au/CeO, catalyst (Figure 2) that repre-
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Figure 2. Morphology of GNPs supported on CeO,, as a function of
the partial pressures of CO (P(CO)) and O, (P(O,)) in CO/air gaseous
mixtures. The squares, triangles and circles represent faceted, statisti-
cally mixed, and rounded (dynamic multi-faceted) morphologies,
respectively. Black, red, orange triangles, light blue and green circles
represent the observation conditions in Figure 3b, ¢, d, e, and f,
respectively. A morphology diagram as a function of the total pressure
of the gases (CO and O,), P(CO) + P(O,) and the ratio of partial
pressures, P(CO)/P(O,), or reducing potential is also given in Figure
S4 to simplify the physical meanings of the diagram.

sents the dependence of the morphology of the GNPs on the
partial pressures of CO (P(CO)) and O, (P(O,)). To our
knowledge, these systematic microstructural data for an
operating GNP catalyst were obtained for the first time.
The morphology diagram in Figure 2 shows that faceted
GNPs were stable at higher CO partial pressures; with
decrease of the partial pressure of CO, the faceted GNPs
became rounded. When the partial pressure of O, was
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sufficiently low, GNPs partly returned to the faceted form,
even at low CO partial pressures.

Figure 3 shows insitu observations of the change in
morphology of a GNP on decreasing the partial pressure of

P(CO)/P(O,)=0

P(CO)/P(0,)=3.3x10

Figure 3. Morphology change of a GNP with decrease of the partial
pressure of CO in CO/air mixtures with total pressure 3 mbar.

a) Vacuum (reference); b) 3x10~* mbar CO; c) 1x10™* mbar CO;

d) 1x107° mbar CO; e) 2x10°° mbar CO; f) 0 mbar CO (air). The
ratio of partial pressures of CO to O, (P(CO)/P(O,)) is shown in each

image. The electron flux was estimated to be 4.7 Acm™2.

CO at constant total pressure (3 mbar) of CO/air mixtures.
The GNP was faceted in 0.01 vol% COfair (P(CO)=3x
10~* mbar, P(O,) = 6.3 x 10" mbar; Figure 3b). It should be
noted that the partial pressure of O, was three orders of
magnitude higher than that of CO. On decreasing the partial
pressure of the minor CO gas, the GNP became partly
rounded (Figure 3c—e). On completely removing CO, the
GNP appeared to be fully rounded (Figure 3 f). Clearly, this
in situ observation proves that CO molecules stabilize the
major {111} and {100} facets of GNPs. Theoretical analy-
ses!2227 guggest that CO molecules are adsorbed on the
surface of GNPs, that is, on terraces and/or edges, during CO
oxidation. According to Molina and Hammer,”! faceted
GNPs become stable when the terraces and edges are covered
by CO molecules rather than other kinds of molecules such as
0,, O, and N,. In the situation shown in Figure 3b (0.01 vol %
CO), we estimate that the collision rate of CO molecules with
the surface of the GNP was 10° s 'nm % Though a consid-
erable number of adsorbed CO molecules may be expelled by
electron irradiation as discussed later, we conclude that
predominantly CO molecules populate the surface of the
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GNPs. Thus both experimental and theoretical studies® have
now shown that adsorption of CO molecules stabilizes the
faceted GNPs.

The rounded GNP morphology in O, gas (Figure 1a) and
air (Figure 3 f, Figure S2) originates from fluctuating multi-
faceted surfaces. Examination of each frame in in situ ETEM
observation showed that the minority {110} facet emerged
frequently in addition to the major {111} and {100} facets
(Figure 4b), while in CO-rich gas, the major facets were much

a) CO/air 1 mbar

Figure 4. Frames from in situ ETEM observations of a GNP, during
CO oxidation in a) 1 vol % CO/air (1 mbar), and b) O, (1 mbar). In O,
gas, the GNP exhibited {111}, {100}, and {110} facets dynamically,
while in CO/air the major {111} and {100} facets were stable. The

electron flux was estimated to be 4.6 Acm ™2

more stable (Figure 4a). In movies S1-S4, frames that exhibit
the fluctuating multifaceted morphology in O, gas and the
stable major facets in other gases and in vacuum can be seen.
Because of the fluctuation between {111}, {100}, and {110}
facets with time, GNP appears to be rounded. A theoretical
study suggested that once oxygen atoms are formed, they can
be adsorbed on both flat and defective surfaces of a free-
standing GNP.'*!*l More interestingly, recent ab initio com-
putations™ showed that oxygen atoms can be adsorbed on
not only the major {111} and {100} facets but also the minority
{110} facet of GNPs. These results best correspond to the
rounded morphology in O, gas (Figure 4b). Given that GNPs
in Au/TiC never appear by ETEM observation to be rounded
in O, gas (Figure 1b), the rounded morphology in Au/CeO,
can be correlated with the catalytic activity. Oxygen atoms
from dissociation of O, molecules by the Au/CeO, catalyst
cause the rounded morphology, though it is likely that the
dissociation process is promoted partially by electron irradi-
ation. During CO oxidation in the COf/air mixture, CO
molecules on the surface of GNPs are oxidized by the oxygen
atoms at room temperature. The dissociation sites of oxygen
molecules may not be on the surface of GNPs; they are more
likely to be at the perimeter interface between GNPs and
CeO, support and/or the surface of the CeO, support. It is
noteworthy that residual gases, including moisture, inevitably
exist even “in vacuum” in ETEM, as described in the
Experimental Section. It is also possible, therefore, that
active oxygen-related species rather than oxygen atoms may
be formed in the ETEM environment.”*”!

The environments around catalysts in ETEM are different
from those in usual catalytic reactions because of electron
irradiation and the relatively low pressures of gases. Never-
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theless, we conclude that the catalytic reactions were occur-
ring during the ETEM observations. This conclusion is based
on estimates of the rates of oxidation, adsorption, and
desorption of CO molecules on the GNPs. Firstly, the rate
of CO oxidation per surface Au atom of the real catalyst was
experimentally estimated as 0.24s™' (TOF) by means of
catalytic activity measurements in CO 1 vol %/air at room
temperature (see the Supporting Information). Secondly, the
maximum possible adsorption rate of CO molecules per
surface Au atom was estimated to be 7x10%s™! in the
environment (CO 1 vol%/air at 1 mbar at room temper-
ature). This rate was obtained as the product of the collision
rate of CO molecules per surface Au atom (1.8 x10*s™') and
the initial adsorption probability (0.40).° Thirdly, the
desorption of CO molecules from the surface of the GNPs
is caused by electron irradiation. Thermal desorption is
probably enhanced because of a temperature rise in the GNPs
under electron irradiation. The increase in temperature of the
GNPs by electron irradiation under our experimental con-
ditions was roughly estimated to be about 40 K (see the
Supporting Information). According to literature,?*? the
thermal desorption rate of CO from the surface of GNPs at
340 K was estimated to be 3.4 x 1072 s .52 As a reference, the
thermal desorption rate at higher temperatures such as 360
and 380 K was also estimated to be 1.4x107's™! and 5.1 x
10~'s7!, respectively. Therefore, even considering the elec-
tron-irradiation enhanced thermal desorption, we conclude
that CO remained adsorbed in our experiment. More
precisely, the thermal desorption rate of CO depends on the
adsorption sites on the surface of the GNPs through the
adsorption/desorption energy and the vibration frequency of
CO molecules.”*?331 The adsorption sites were not iden-
tified in our experiment although it has been suggested that
CO molecules are mostly adsorbed at preferential adsorption
sites such as at edges and corners”*?%37 In addition,
electron irradiation probably leads to electron-stimulated
desorption and knock-on sputtering (see the Supporting
Information). Considering all the possible desorption pro-
cesses, the total desorption rate is estimated to be about
10's™! (see the Supporting Information). Hence, the max-
imum possible adsorption rate of CO molecules (7 x 10> s7!) is
much higher than the total rate of desorption (107's™') and
consumption by oxidation, that is, TOF (0.24 s’l). Conse-
quently, adsorbed CO molecules continue to cover the surface
of GNPs, thereby stabilizing the major {111} and {100} facets
(Figure 4a). It is interesting to note that atomic steps rarely
appear on the surface of GNPs even in vacuum. These
random events are simply attributed to the knock damage of
gold atoms on the surface (Figure 4 and Movies S1-S4). As
mentioned earlier, electron irradiation may partially promote
dissociation of oxygen molecules. Finally, the GNPs exhibit
the same morphology in vacuum after exposure to environ-
ments at different gas pressures (Figure S1 and S3). There-
fore, the observations obtained under relatively low gas
pressures in this study are useful to understand the morphol-
ogy of active GNPs under realistic catalytic conditions.

In summary, we have systematically studied Au/CeO,
catalysts using ETEM. By establishing the morphology
diagram and considering electron irradiation effects, we
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conclude that the morphology change correlates well with the
catalytic activity of supported GNPs on CeO,. During CO
oxidation in CO/air mixtures, 1) CO molecules are adsorbed
on the surface of GNPs, and stabilize GNPs with polyhedral
shape enclosed by the major {111} and {100} facets, and 2) O,
molecules are dissociated into oxygen atoms or active oxygen-
related species by the catalysts, partly with the aid of electron
irradiation, thus inducing the formation of rounded or
fluctuating multifaceted surfaces of GNPs. CO molecules
accordingly oxidize at room temperature. It is probable that
O, molecules are preferentially dissociated at the perimeter
interface between GNPs and the CeO, support and/or the
surface of the CeO, support.

Experimental Section

Au/CeO, catalyst samples were supported on a carbon-coated
microgrid backed by a Cu mesh 3 mm in diameter. A mesh with
samples was fixed on a specimen holder and transferred to an ETEM
(FEI Tecnai F20 equipped with an environmental cell)??**! operated
at 200 kV. The samples were observed in various gases in sequence;
the time required to switch gases in the ETEM was 1200-1800 s. The
morphology of GNPs in a gas did not depend on the sequence of
gases. The nominal impurity levels of all gases were less than 0.0005
vol %. Residual gas in the ETEM was measured with a quadrupole
mass spectrometer. The total pressure of residual gas was about 6.5 x
10~* mbar, of which the partial pressures of constituent gases were
H,0: 5.9x10~* mbar, N,: 0.3x10"* mbar, O,: 0.2x 10~ mbar, and
CO,: 0.1 x 10~* mbar. Using a CCD camera, ETEM images of 512 x
512 pixels were recorded at 1 frame per 0.65 or 0.73 s. CeO, supports
are known to be much more stable under electron irradiation than
other metal oxide supports such as TiO,.*® To minimize electron-
irradiation damage, samples were irradiated with electron fluxes
smaller than 5.3 Acm~2 (3.3 x 10° electronss ' nm?) only for observ-
ing and recording ETEM images. Electron energy loss spectroscopy
revealed no detectable changes in the oxygen K edge and Ce M edge
of CeO, supports after ETEM observation in vacuum, thus indicating
that loss of oxygen in CeO, supports induced by electron irradiation
was negligibly small or possibly recovered from the residual oxygen in
the ETEM.
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