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Abstract Sequential high-angle annular dark-field scan-
ning transmission electron microscopy (HAADF-STEM)
was used to clarify the detailed process of structural
changes in Au/CeQO, catalysts found in our previous TEM
observations. The layer-by-layer shrinkage of a Au nano-
particle on CeO, during electron beam irradiation and
recovery at the same position after switching off the beam
were observed with clear resolution of Ce and Au atomic
columns. Displaced Au atomic columns at the perimeter of
the Au/CeO, interface during the electron beam irradiation
have been analyzed using first-principles calculations,
which indicate that such Au atoms at the perimeter edge
are located above oxygen vacancies or Ce-terminated sur-
face regions. The present behavior of Au atoms and
nanoparticles provides valuable insights into the mecha-
nisms of both structural changes and catalytic activity of
Au/CeO, catalysts.

Introduction

The catalytic performance of Au nanoparticles supported
on metal oxides has been widely investigated for various
reactions, including selective low-temperature CO oxida-
tion [1], water gas shift reaction [2, 3], and liquid phase
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oxidation of alcohols [4, 5]. It is well known that the cat-
alytic activity and selectivity are sensitive to the size of the
Au nanoparticles, the kind of metal oxide supports used,
and the Au/metal-oxide junction structure [6]. Although
several models proposed so far regard Au particles as
active sites, several experimental studies indicate that the
perimeter around Au nanoparticles that is in contact with
the metal-oxide supports plays a key role in the catalytic
activity [3, 6-8]. Thus, it is crucial to investigate the
detailed structures of the perimeter and the interface of
Au/metal-oxide systems using electron microscopy. In
particular, high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM) is a valu-
able tool to observe local atomic structures, as has been
successfully reported for various material interfaces [9,
10]. If a small electron probe and sufficient collection angle
for the annular detector are used, nearly direct images of
atomic columns can be obtained without requiring great
effort for interpretation via image simulations [9, 11, 12].

Among various Au/oxide support catalysts, Au/CeO,
systems are interesting because of their high catalytic
activity for the low-temperature water gas shift reaction
[13-15], and the atomic and electronic structures of these
systems have been investigated by various techniques [16—
18]. It is well known that CeO, can rapidly release and
store oxygen in response to a reductive and oxidative
atmosphere, respectively, associated with the Ce**/Ce®"
redox process [19]. Recently, we carried out typical TEM
observations of the fine structure of Au/CeO, systems and
found novel dynamic structural changes in Au nanoparti-
cles on CeO, surfaces [20-22]. During the TEM observa-
tions, relatively small Au nanoparticles were found to
shrink layer-by-layer and eventually disappear, whereas a
monolayer tends to remain. After the electron beam was
turned off and the sample remained in the chamber, Au
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nanoparticles were found to recover at the same positions.
This was found when the TEM observations were re-star-
ted. Then, the shrinkage and disappearance of the Au
particles occurred again, and the recovery occurred after
the beam was turned off again. The shrinkage of Au
nanoparticles on CeO, itself was first observed by Coch-
rane et al. [23], whereas the cyclic disappearance and
recovery were observed for the first time in our earlier
study. Recently, Majimel et al. [24] have observed a sim-
ilar cyclic phenomenon using conventional TEM. How-
ever, the detailed mechanism has not yet been resolved.

The present phenomenon is likely associated with the
formation and annihilation of oxygen vacancies in CeO,
for the switching on and off of the electron beam. The
formation of a high density of oxygen vacancies in CeO,
induced by the electron beam was confirmed by electron
energy-loss spectroscopy (EELS) of the O K-edge, where
an unoccupied Ce4f~O2p hybridization peak decreased
remarkably during TEM observation, due to the Ce**/Ce®"
redox process [22]. In contrast, recovery of this EELS peak
was observed after the beam was turned off, corresponding
to annihilation of oxygen vacancies due to absorption of
residual oxygen gas in the chamber [22]. Oxygen vacancies
on CeO, surfaces and Au surface diffusion seem to be
involved in the present phenomenon, because the behavior
of Au nanoparticles is greatly affected by a hydrogen
atmosphere [21]. Note that no such structural changes in
Au nanoparticles have been observed on other metal oxides
where such a high density of oxygen vacancies cannot be
introduced. The present structural changes in Au/CeO,
systems should be closely related to the catalytic activity,
because the shape of the Au nanoparticles, the structure of
the perimeter edge, and the behavior of oxygen should be
involved in the catalytic reactions.

In this study, we carried out sequential HAADF-STEM
observations of the Au/CeO, system for the first time to
investigate the mechanism of the cyclic structural change
according to the switching on and off of the electron beam.
In our earlier work, we obtained profile-view HAADF-
STEM images of Au/CeO, interfaces clear resolving Au
and Ce atomic columns [21]. The sequential HAADF-
STEM observations can directly detect the atomic process
of the structural change as well as detailed behavior of Au
atoms at the perimeter edge. The observed results com-
bined with first-principles calculations were very valuable
to elucidate the mechanisms of both the structural changes
and catalytic activity of the Au/CeO, system.

Experimental and theoretical methods

A polycrystalline CeO, substrate was prepared as thin
crystalline samples for TEM observations by mechanical

polishing and ion milling. Gold nanoparticles were
deposited on a CeO, substrate by vacuum deposition under
107° Torr by heating a Au wire in a tungsten basket heater
[22]. The Au/CeO, sample was then heated in air at 573 K
for 4 h. The Au particle size could be controlled to some
extent by changing the heating temperature. The Au/CeO,
sample was placed in the double tilt specimen holder of the
TEM. The TEM and HAADF-STEM observations were
carried out using a JEOL JEM-3000F transmission electron
microscope (coefficient of spherical aberration, Cs =
0.6 mm) equipped with a digitally processed STEM
imaging system. The collection angle of the annular dark-
field detector was set to 65-250 mrad. The HAADF-STEM
images were obtained with 8.2 s for an image of 512 x
512 pixels. The electron probe current was about 10-20 pA
at 300 keV. Noise in the HAADF-STEM images was
reduced using a low-pass filter with the image processing
software, Gatan Digital Micrograph. By image simulations
using WinHREM (HREM Research Inc), we confirmed
that the HAADF-STEM image can represent correct
atomic column positions of Au and Ce as maximum
intensity positions without any artifact in our observation
condition.

To obtain structural and energetic insights into Au-atom
or Au-layer deposition on stoichiometric (O-terminated)
and reduced (Ce-terminated) CeO, (111) surfaces, density-
functional theory (DFT) calculations of Au/CeO,(111)
systems were carried out. The electron—ion interactions
were dealt with using the projector augmented wave
(PAW) method [25, 26], and the valence wave functions
were expressed by the plane-wave basis with a cut-off
energy of 40 Ry. Generalized gradient approximation
(GGA) [27] was used for the exchange—correlation energy
functional, and the DFT + U scheme [28, 29] was used to
deal properly with on-site Coulomb and exchange inter-
actions among Ce-4f electrons. A value of U = 5 eV was
selected so as to reproduce the atomic and electronic
structures and cohesive energies of both the CeO, and
Ce,0O5 crystals obtained in previous studies [30, 31]. The
original code for the PAW scheme, QMAS (Quantum
Materials Simulator) [32], was used. More details of the
computational scheme and results for CeO,, Ce,0O3, and
Au/CeO, systems will be provided in an upcoming paper
[33].

Results and discussion
HRTEM observations
In the sample of the current work, small Au particles of

about 3-5-nm diameter are supported on a CeO, substrate
with sufficiently high density. Figure 1 shows a typical
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profile-view high-resolution TEM (HRTEM) image of a
Au nanoparticle on a CeO, substrate. The CeO, substrate
has wide and flat low-index (111) facets. A faint Fresnel
fringe appears around the Au particle, due to spherical
aberration, whereas a lower Cs value and a sufficient focus
condition could yield good quality images of the edge of
the Au particles. For the Au/CeO, interface, however, it is
difficult to clarify interface atomic sites from the TEM
image, because the appropriate focus condition is different
for the Au particle and the CeO, substrate. For this pur-
pose, we need to simulate the TEM image iteratively for
various model structures, which is a complicated task, due
to the difficulty in determining the relative position of the
Au particle along the electron beam on the CeO, substrate.
Thus, HAADF-STEM observations were performed in this
study which could estimate the position of atomic columns
directly [21].

Gold particles tend to be supported on the CeO, sur-
face with preferential orientational relationships of
(11DH[1-10]JAw/(111)[1-10] CeO, or (111)[-110]Au//
(111)[1-10]CeO,. The latter can be formed by the inver-
sion of the Au crystal of the former. The Au particle in
Fig. 1 has the latter relationship. Although the orientation
relationships between a metal particle and a metal oxide
substrate should be studied in controlled experimental
conditions under thermal equilibrium and be statistically
estimated [34, 35], the estimation was not conducted using
such detailed conditions in this experiment. However, these
orientational relationships are the same as in our previous
observations [20-22] for samples prepared by vacuum
deposition and heating in air and for those prepared by the
deposition precipitation method as practical Au catalysts.
Gold particles tend to be supported on the edges of atomic
steps on the CeO, surfaces, as observed in Fig. 1. This
implies that the Au nanoparticles should initially interact
weakly with clean and flat CeO,(111) surfaces and that

FhoFaaan

Fig. 1 Typical HRTEM image of a Au nanoparticle on CeO,
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morphological defects should act as stable deposition sites
for Au nanoparticles [18].

Sequential HAADF-STEM observations

Figure 2 shows sequential HAADF-STEM images of a Au
particle on CeO, recording the structural change as a
function of time under electron beam irradiation. The
HAADF-STEM images in Fig. 2a—d were obtained as
snapshots during TEM and HAADF-STEM observations.
The interval for recording each image was 10-30 min for
the images in Fig. 2a—d. Figure 2e~h was taken sequen-
tially within 10 min. The incident electron beam was kept
parallel to the CeO,[110] zone axis. Atomic columns of Ce
and Au are observed as bright contrast, whereas oxygen
columns are not detected because of the smaller atomic
number. The interface has an incoherent configuration with
a nearly 4:3 coincidence relation, due to the relation of fcc
lattice parameters as approximately 4aa, = 3acco,. The Au
nanoparticle is also supported on the step edge of the
CeO,(111) surface as indicated by the white arrow in
Fig. 2a. The Au nanoparticle initially had a height of seven
atomic layers, as seen in Fig. 2a. The lattice fringe of the
Au particle appears in one direction, which means the Au
particle does not have an orientation relationship of
(11DH[1-10]JAu//(111)[1-10]CeO, or (111)[-110]Au//(111)
[1-10]CeO,. The crystal orientation and size of the Au
nanoparticle changed during TEM and HAADF-STEM
observations. In Fig. 2c, the lattice fringe of the Au particle
is observed in two directions, due to the formation of the
relationship (111)[-110]Au//(111)[1-10]CeO,.

The height of the Au nanoparticle becomes smaller,
from 7 (Fig. 2a) to 4 layers (Fig. 2d). The width of the Au
nanoparticle becomes smaller from Fig. 2d—e, although the
height of four layers is not changed. During the sequential
observations shown in Fig. 2e-h, the Au nanoparticle
becomes smaller layer-by-layer. The height of the Au
nanoparticle changes from 4 (Fig. 2e and f) to 3 layers
(Fig. 2g) to 2 layers (Fig. 2h). Surface diffusion of Au
atoms from the Au nanoparticle should be activated by
momentum transfer and local heating caused by electron
beam irradiation, and this should be of prime importance
for the shrinking of the Au nanoparticle. However, an
essential point to note is that the diffused Au atoms do not
seem to come back to the original Au particle or go to other
Au particles, which should result in the shrinkage. This can
be interpreted as occurring because of the trapping of dif-
fusing Au atoms by a high density of oxygen vacancies on
the surface or in the bulk of CeO,. Note that no similar
shrinkage was observed under similar irradiation condi-
tions for Au nanoparticles deposited on other metal oxides
where such a high density of oxygen vacancies is not
generated.
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Fig. 2 Sequential HAADF-STEM images of the structural change of
a Au nanoparticle on CeO, under electron beam irradiation.
a—d Snapshots during TEM and HAADF-STEM observations

In Fig. 2h, the Au nanoparticle has a flat raft-like shape.
The area of the contact interface becomes larger than that
in Fig. 2e. The Au nanoparticle with a 2-layer height has a
crystalline structure with well-ordered atomic columns,
although the 2-layer Au particles revealed quite different
structures on a TiO,(110) surface [36]. The flat Au nano-
particle was previously observed when the resolution was
not sufficient [20, 22]. The flat shape indicates strong
interfacial adhesion, and the increase in the contact area
indicates enhanced interfacial adhesion during the obser-
vation. As will be discussed later, first-principles calcula-
tions show that oxygen vacancies or Ce-terminated
surfaces have stronger adhesion with the Au atoms than a
stoichiometric CeQO, surface. Thus, it can be stated that the
density of oxygen vacancies accumulated at the interface or
surface increased gradually during the observation. This is
also supported by our first-principles calculation results of
lower vacancy formation energies at the CeO, surface and
Au/CeQ, interface compared to the bulk value [33].

After the HAADF-STEM observation shown in Fig. 2h,
the sample was kept in the electron microscope without
electron beam irradiation for 15 min. HAADF-STEM
observation was then restarted revealing that a crystalline
Au nanoparticle was recovered at the same position as in
Fig. 2i. This nanoparticle with a five atomic layer height
and a hemispherical shape was confirmed to be a Au par-
ticle on the basis of the crystal structure and lattice
parameter. As examined in Ref. [22], the density of oxygen
vacancies is greatly decreased by the absorption of residual
oxygen gases in the chamber after switching off of the
electron beam. Au atoms trapped at surface oxygen

obtained with intervals of 10-30 min, e-h sequential snapshots in
10-min intervals, and i a snapshot after 15 min without electron beam
irradiation

vacancies should be released and these diffuse again
because the replacement of a trapped Au atom by oxygen is
an exothermic reaction, as examined later by first-princi-
ples calculations. Au surface diffusion should be activated
by thermal energy from this replacement as well as overall
oxidation of a CeO,_, surface.

Although the present structural changes were previously
observed for samples prepared by the deposition precipi-
tation method or by the vacuum deposition method, the
present sequential HAADF-STEM observations have
revealed detailed behavior of atomic columns during the
process of the structural change. However, HAADF-STEM
cannot observe isolated diffusing Au atoms, due to the
detection limits in time and sensitivity. Thus, we cannot
strictly conclude whether Au atoms diffuse on the CeO,
surface or into the bulk CeO,, or whether the diffused Au
atoms are trapped by surface oxygen vacancies or by bulk
oxygen vacancies. In any case, it is apparent that Au atoms
do not vaporize, and the recovery of Au particles means
that diffused Au atoms should exist near the Au particles.

Au atoms at the perimeter edge

In the present observations, we also observed for the first
time the peculiar behavior of Au atomic columns at the
perimeter, which should be related to the dynamical pro-
cess of Au surface diffusion and structural changes.
Additional Au atomic columns appear at the perimeter of
the Au/CeQO, interface as indicated by an arrow in Fig. 2d,
f, g, and h. The atomic positions of these Au columns are
deviated from the exact crystal positions of the Au

@ Springer
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nanoparticle. The image of each deviated column is not
caused by an isolated Au atom, but by several atoms along
the beam direction, due to the image intensity is strong
enough. Figure 3a and b shows HAADF-STEM images of
the perimeter region of the same Au nanoparticle on CeO,
as in Fig. 2 with a schematic drawing of the atomic column
positions. The deviated Au atomic column at the perimeter
edge is indicated by an arrow in Fig. 3a. The neighboring
Au atomic column is also displaced in Fig. 3a and b. From
25 HAADF-STEM images observed for the same Au
nanoparticle with different shapes in the shrinkage process,
including Figs. 2 and 3a, the projected positions of the
displaced Au columns at the perimeter edge relative to the
neighboring Ce atomic columns are plotted as black dots in
Fig. 3c. All of these positions are similar around the
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Fig. 3 HAADF-STEM image of a Au nanoparticle on CeO,
(the same as in Fig. 2), and analysis of atomic column positions at
the perimeter. a HAADF-STEM image, b enlarged image at the
perimeter and a corresponding structure model, and ¢ projected
positions of the Au atomic column at the perimeter as obtained from
25 observed HAADF-STEM images, relative to the positions of
neighboring Ce atomic columns, with the average position indicated
by a gray circle
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average position indicated by a gray circle. This means that
the displaced Au atoms at the perimeter edge should be
located on some common stable sites. The averaged posi-
tion is 0.24 nm height from the top Ce atomic layer, which
is slightly lower than the mean interfacial Au—Ce interlayer
distance, 0.28 nm [21]. The horizontal position is 0.19 nm
from the lower-left Ce column, a little right of the center
between the two Ce atomic columns.

Figure 4 shows schematic structure models of Au
atomic columns on stoichiometric (O-terminated) and
reduced (Ce-terminated) CeO,(111) surfaces in profile and
plan views. The stoichiometric CeO,(111) surface is
known to be stable under atmospheric pressure, and even in
an ultra-high vacuum (<10~° Pa) [37, 38]. In profile views
from the [-110] direction in Fig. 4, one Au column is
located at the averaged position of the displaced Au col-
umns at the perimeter edge. This averaged position can be
regarded as deposition on a 3-fold hollow site (H3 site,
explained in detail later) for the Ce-terminated CeO,(111)
surface and as deposition on an on-top site or a bridge site
of oxygen atoms for the O-terminated CeO,(111) surface.
Not all Au atoms in this column are located on identical
sites, due to the incoherent arrangement of Au atoms along
the column. The 3-fold hollow site of the Ce-terminated
CeO,(111) surface is the same as the oxygen-vacancy site
of the O-terminated surface.

From the averaged height of the Au atoms at the
perimeter edge, which is lower than the interfacial Au—Ce
distance, such Au atoms are assumed to be located above
oxygen vacancies or on a Ce-terminated surface region.
Oxygen vacancies are formed in bulk CeO, by electron
beam irradiation as confirmed by EELS analysis [22].
Oxygen vacancies and their clusters are more readily cre-
ated on the CeO, surface [38], and vacancies created in the
bulk should diffuse to the surface or interface, due to the
lower oxygen-vacancy formation energy at the surface or
interface [33].

First-principles calculations

To examine the above argument, first-principles calcula-
tions were carried out for Au-monolayer deposition on
O-terminated (stoichiometric) and Ce-terminated (reduced)
CeO,(111) surfaces. We deal with (1 x 1) coherent
deposition models for a CeO,(111) slab, consisting of five
sets of O—Ce—O layers for the O-terminated case. For both
termination cases, three kinds of symmetric adsorption
sites, T1, T4, and H3, were examined, which are respec-
tively the on-top site, the 3-fold site just above the second-
layer atom, and the 3-fold hollow site. The stable Au—Ce
interlayer distances obtained for the T1, T4, and H3
adsorptions on the O-terminated surface are 0.31, 0.32, and
0.28 nm, respectively, and those on the Ce-terminated
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surface are 0.28, 0.22, and 0.21 nm. We also examined a
Au atom trapped at a surface oxygen vacancy by the
(3 x 3) cell, where the distance between the Au atom and
the top Ce layer is similar to that for H3 adsorption on
the Ce-terminated surface. By taking into consideration the
probable incoherent arrangement of Au atoms along the
column due to the 4:3 relation, the calculated results
indicate that the Au—Ce interlayer distance should be
around 0.3 nm, and cannot be less than 0.28 nm, for the
O-terminated case, whereas it can be less than 0.3 nm for
the Ce-terminated case or for the O-terminated case with
rich oxygen vacancies. Thus, Au atoms of the displaced
atomic column at the perimeter edge can be said to be
located above oxygen vacancies or a Ce-terminated surface
region.

In the present calculations, the most stable site for the
O-terminated case is T1 with adhesion energy of 0.11 eV
per Au atom, whereas that for the Ce-terminated case is H3
with adhesion energy of 3.2 eV. Larger adhesion energy
for the Ce-terminated interface does not necessarily mean
stability of the Ce-terminated interface compared to the
O-terminated interface, because the relative stability
depends on the free energy as a function of chemical
potentials. However, the relative stability of the Ce-ter-
minated one should be enhanced under the oxygen-defi-
cient condition by the electron beam irradiation [33]. Since
the Ce-terminated surface reveals stronger adhesion with
Au atoms, the trapping energy for Au atom by a surface
oxygen vacancy should be sufficiently strong to affect Au
surface diffusion. The calculated trapping energy of the
surface oxygen vacancy in the (3 x 3) cell is 2.18 eV
against a free Au atom, and 1.52 eV against a Au atom on
the O-terminated CeO,(111) surface. The flat shape of the
Au nanoparticle and the extension of the interfacial area
observed in Fig. 2h is likely caused by stronger Au-sub-
strate adhesion due to accumulation of oxygen vacancies at
the CeO, surface or interface during the electron beam

®
O-terminated surface

Ce-terminated surface

irradiation. The behavior of displaced Au columns at the
perimeter edge should be caused by a similar origin.

As discussed above, the recovery of Au nanoparticles is
considered to occur via the release of Au atoms trapped at
oxygen vacancies, due to the absorption of residual oxygen
in the chamber. The energy gain in the replacement of a
trapped Au atom by oxygen at the surface vacancy is
1.12 eV from our first-principles results. This gain should
activate Au surface diffusion as well as thermal energies by
the recovery of a surface oxygen vacancy and a bulk
oxygen vacancy, with values of 2.64 and 3.61 eV,
respectively, as our first-principles results of the formation
energies [33].

All the present observations combined with first-prin-
ciples results support the following model of the cyclic
structural change. Diffusing Au atoms from Au nanopar-
ticles activated by the electron beam are trapped by surface
oxygen vacancies of CeO, induced by the electron beam.
This causes shrinkage of the Au nanoparticles, while one or
two layers remain because of the stronger Au-substrate
adhesion by accumulation of oxygen vacancies at the
interface. After the beam is turned off, the trapped Au
atoms are released by the absorption of residual oxygen
exothermically, activating Au surface diffusion again and
resulting in rapid recovery of Au nanoparticles. Note,
experimentally, diffusing and trapped Au atoms have not
yet been detected directly. This will be the subject of a
future study.

Discussion

About the averaged position of the displaced Au atomic
column at the perimeter edge in Fig. 3c, here we discuss
the accuracy of the data. Each black dot in Fig. 3c was
obtained as a maximum intensity point at the displaced
atomic column in each HAADF-STEM image in the
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sequential observation of the shrinkage process of a com-
mon Au particle on a CeO, surface. It should be noted that
the identification of the column position via the maximum
intensity point itself is quite natural in the HAADF-STEM
scheme, due to rare occurrence of artifacts in usual con-
ditions as examined in the image simulations mentioned
above (See the section of Experimental and theoretical
methods). This is quite different from usual HRTEM
images where intensive image simulations are essential to
decide atomic positions due to significant occurrence of
artifacts, especially at surfaces or interfaces. Of course, for
the Au atomic column at the perimeter edge, relatively
short column lengths along the electron beam and random
displacements of each atom by thermal effects or inco-
herency with the CeO, surface result in weak or broadened
images of the atomic column, leading to some errors in
determining the column position. This is in contrast to the
Ce column positions with high accuracy by clear column
images due to thick column lengths and common stable
substrate structure. However, our purpose is to decide the
averaged position of the edge atomic column, or the
averaged position of atoms in the edge atomic column, as
indicated by the gray circle in Fig. 3c. We would like to
say that the final averaged position or the final conclusion
of our argument using the averaged position is not changed,
even if we consider the error problem of each plot point.
The average was obtained by more data, and each maxi-
mum intensity point is some kind of average of atomic
positions in each column. In other words, we can regard the
dispersion of the black dots in Fig. 3c as the extent of
practical errors (standard deviation: 0.03 nm) to decide the
averaged position.

About the possibility of containing Ce atoms in the
displaced atomic column at the perimeter, we can deny the
presence of pure Ce columns or a large percentage of Ce
atoms in such columns by considering the results of first-
principles calculations of a Ce-terminated CeO,(111) sur-
face. The Ce-terminated CeO, surface cannot be stabilized
even in the present reductive atmosphere under electron
beam irradiation, except for the case of Au-layer deposi-
tion, in the analysis of free energies depending on oxygen
chemical potentials [33]. And even in the Au/CeO, sys-
tems, interface Ce atoms have back bonds with oxygen
atoms. Thus, we cannot say that bare Ce atomic columns
on the CeO, surface can be stabilized in the present
experimental condition. In addition, if a high concentration
of Ce atoms were contained, the mobile behavior of the
edge atomic column after turning off the electron beam
should be seriously affected, due to the formation of CeO,
at the perimeter edge via remaining oxygen gasses in the
chamber. However, the edge column rapidly disappears as
shown in Fig. 2i after switching off the beam, which
indicates no inclusion of a high concentration of Ce atoms.

@ Springer

Of course, we cannot completely deny the possibility that a
small amount of Ce atoms might be contained in the Au
atomic column at the perimeter edge. However, this point
has no substantial effects on our argument of the mecha-
nism of the structural change of Au particles on CeO, in
this study.

About the possibility of containing Ce atoms at the
interface Au layer, the inclusion of Ce atoms into deposited
Au particles was observed in the experiments using a much
stronger electron beam with a dose over ten times higher
than the usual one [22]. In such observations, under more
reductive atmosphere, reduced Ce atoms seem to be con-
tained into Au particles, and CeO, layers covering each Au
particle are formed after switching off the beam. This
encapsulation prevents usual cyclic shrinkage and recov-
ery. However, in the present experimental condition to
observe usual cyclic shrinkage and recovery of Au parti-
cles, we can deny the possibility that a high concentration
of Ce atoms are contained in the interface Au layer, from
the features of the HAADF-STEM images. As shown in
Fig. 2, basically the interface Au layers reveal local con-
figurations like fcc Au even in the two-layer structure,
while the columns at the perimeter edge show some dis-
placements. This indicates that the interface layer mainly
consists of Au. We do not observe the encapsulation in the
present observation condition. Of course, we cannot deny
the possibility that a small amount of Ce atoms might be
contained in the interface Au layer, just as the above
argument on the perimeter column. To examine this
problem in detail is beyond the present study, while this
problem has no serious effects on our present conclusion.

Finally, although reduction of the CeO, substrates
occurs under electron beam irradiation in the present
experiments, and the atmosphere is quite different from
that of real catalytic reactions, we would like to emphasize
that the structure of the perimeter of the Au particles in an
oxygen-deficient condition is important to understand the
catalytic activity of Au/CeO, catalysts. A proposed
mechanism of CO oxidation includes the process of
reduction of metal oxide support [7]. The water gas shift
reaction occurs in a hydrogen-rich reductive atmosphere,
and the proposed reaction mechanism also includes the
removal of oxygen at the perimeter region [15].

Conclusions

Cyclic structural changes of Au nanoparticles deposited on
CeO, by the switching on and off of an electron beam were
investigated by sequential HAADF-STEM observations,
which clarified the detailed process of layer-by-layer
shrinkage and recovery of a Au nanoparticle. Atomic-
structure change at the perimeter of the Au/CeO, interface
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was observed for the first time owing to the atomic reso-
lution of the HAADF-STEM instrument used in this study.
Comparison with DFT first-principles calculations indi-
cates that displaced Au atoms at the perimeter edge are
bonded to oxygen vacancies or Ce-terminated surface
regions. The present results support a mechanism domi-
nated by the behavior of oxygen vacancies and diffusing
Au atoms. The present results are also valuable to inves-
tigate the mechanism of catalytic activity of Au/CeO,
catalysts. The perimeter is considered to be catalytic active
sites for oxidation reactions, and oxygen atoms on the
CeO, surface near the perimeter are considered to con-
tribute to the catalytic reactions.
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