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Abstract The structure and growth process of Au parti-
cles on CeO, were observed by the transmission electron
microscope (TEM) equipped with the high-angle annular
dark-field scanning transmission electron microscopy
(HAADF-STEM) system. The growth of Au particles on
CeO, was shown to be mainly Ostwald ripening under
heating at various temperatures, although it is suppressed in
the hydrogen atmosphere. In the HAADF-STEM observa-
tion of Au/CeQ, interfaces with the orientation relationship
of (111)[1-10]JAuw/(111)[1-10]CeO,, (111)[—110]Au//
(111)[1-10]CeO, and atomic columns of Au and Ce were
successfully resolved, and the interface structure was
analyzed in details for the first time.

Introduction

It is well known that Au nano-particles supported on metal
oxides exhibit high catalytic activity [1]. The catalytic
properties are sensitive to the size of Au particles, the kind
of metal oxide support and the interface structure between
Au particles and metal oxide support. Some experimental
results indicate that the perimeter of Au particles on metal
oxide surfaces plays a key role in the low-temperature CO
oxidation [2, 3]. The understanding of the details of atomic
and electronic structures of Au/oxide interface systems is
crucial to elucidate the mechanism of the catalytic activity,
although this is not yet attained. Recently, Au particles
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supported on CeO, (fluorite structure, space group: Fm3m,
lattice constant a = 0.541134) catalysts are widely studied
because the Au/CeQO, catalysts show high catalytic activity
for low-temperature water—gas shift reaction or CO oxi-
dation [4, 5]. The atomic and electronic structures of Au
particles on CeO, were investigated by various techniques
such as X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS), Fourier transform infrared (FT-IR)
spectroscopy, etc. [6—8]. However, it is important to apply
recent techniques of the electron microscope so as
to clarify the structures of Au particles and Au/CeO,
interfaces in atomic scale.

In this article, transmission electron microscopy (TEM)
and high-angle annular dark-field-scanning transmission
electron microscopy (HAADF-STEM) observations are
applied to the Au/CeO, systems. The HAADF-STEM
observation has the advantage that atomic columns are
directly identified, when the small electron probe and
sufficient collection angle for annular detector [9, 10],
while complicated simulations of images are needed for the
analysis of conventional TEM images, and the HAADF-
STEM has been successfully applied to grain boundaries or
interfaces in various materials [11, 12]. In this article, we
have obtained HAADF-STEM images of the Au/CeO,
interfaces with the atomic resolution for the first time, and
the interface structures are analyzed.

On the other hand, in order to control the size and dis-
tribution of Au particles on CeO, which have significant
effects on the catalytic activity, it is crucial to understand
the growth mechanism of Au particles on CeO,. In our
previous TEM observations of Au/CeO, catalysts, we
found the dynamical and reversible structural changes of
Au particles according to the O-vacancy formation and
recovery in CeO, or the reduction and oxidation of CeO,
[13, 14]. The following in situ high-temperature TEM
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observation on the structural changes of Au particles [14]
has also indicated the importance of the CeO, surface or
bulk states such as the density of O vacancies or the oxi-
dization state. In this article, we also perform ex situ TEM
observations of the changes of Au particles under heating
at various temperatures both in air and in the hydrogen
stream, which should provide additional insights into the
mechanism of the structural changes or growth of Au
particles on CeO,. The interface atomic structure is also
closely involved in this problem.

Experimental

Au nano-particles are deposited on CeO, substrate as
explained in our previous report [13]. Poly-crystalline
CeO, was made from the tablet of CeO, by heating at
1,673-1,873 K for 10 h in air. The poly-crystalline CeO,
was cut in 3-mm disk, and the center part was thinned by a
mechanical polish and Ar ion beam milling for TEM
observation. The CeO, substrate was heated at 873 K for
4 h in air, so as to remove the damages by mechanical
polish and ion beam irradiation. Au particles were depos-
ited by vacuum deposition. An Au wire with 0.2 mm in
diameter attached to the tungsten basket was heated in
vacuum chamber. The amount of Au was controlled by the
length of the Au wire. The vacuum deposition was carried

out under 107® Torr. Carbon contaminants during the
sample preparation process were removed by heating
treatment. The samples were heated in air and in reductive
atmosphere. For the reductive heating, the samples are
heated in the hydrogen stream diluted by Ar (Ar:
H, = 8:2) with a flow rate of 33 mL/min. The TEM and
HAADF-STEM observations were carried out by using
JEOL JEM-3000F transmission electron microscope
(TEM) equipped with digitally processed STEM imaging
system. The TEM observation was done for the same area
after each heating treatment via the transfer from TEM to a
furnace or a glass vessel. The size distribution measure-
ment of Au particles was carried out by using the image
analysis software Image-Pro for the digitally processed
TEM images. The size of Au particle was defined as the
average of maximum diameter and minimum diameter for
the particles, which is not complete spherical shape.

Results and discussion

Figure 1 shows TEM images and size distribution of Au
particles heated in air for 4 h at temperatures, 473, 573,
673, and 873 K, respectively. The TEM images were
obtained sequentially from the same area after each heating
treatment, so as to clarify the growth process of Au parti-
cles. The TEM images were taken with the off-Bragg
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Fig. 1 TEM images of Au particles on CeO, and size distribution of Au particles. The images are taken after deposition (a) and after heating in

air at 473 K (b), 573 K (c), 673 K (d) and 873 K (e)
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condition for the CeO, crystal in order to obtain enough  ultra-high vacuum condition [16] and prevent the diffusion
contrast for small Au particles, which are observed as dark ~ of Au atoms on the CeO, surface in the hydrogen stream
particles. In the sequential TEM images, the Au particles  [8], considering that the reduction of the CeO, surface
grow by heating, and the mean diameter of Au particles  occurs at around 373 K when the noble metal particles are
changes from 1.9 to 6.1 nm. It is noteworthy that the  supported [4, 17]. The growth of Au particles on TiO; is
position of each Au particle is not changing. Small Au  observed for the powder catalysts heated in various con-
particles disappear by heating and large Au particles grow  ditions, and it is also reported that the growth of Au
larger. This growth process means Ostwald ripening, which ~ particles is suppressed in the hydrogen atmosphere [18] by
is characterized by the formation of larger Au particles at  the strong binding energy between an Au atom and the
the expense of smaller Au particles, as observed in situ  surface O vacancy [19]. These points are practically

heating TEM observation of Au particles on CeO, [15]. important to prepare the catalysts with highly dispersed
The Au/CeO, samples were also heated in the hydrogen ~ small Au particles.
stream. Figure 2 shows the TEM images and size distri- A high-resolution TEM (HRTEM) image of an Au

bution of Au particles heated for 4 h in the hydrogen  particle on CeO, heated in air at 573 K is presented in
stream at temperatures from 473 to 673 K. The particle  Fig. 4. Au particles in this sample are fcc single crystals
size of Au is not increasing in contrast to the Au particles  and have polygonal shapes frequently surrounded by low
heated in air. The growth of Au particles is apparently  index facets of (111) and (100). These features of Au
suppressed in the hydrogen atmosphere. The changes of the  particles are common to the samples heated at different
mean diameter of Au particles heated in air and hydrogen  temperatures in spite of the different mean sizes of Au
atmosphere are summarized in Fig. 3. It seems that the  particles. The lattice fringes of both the Au particle and
oxygen vacancies are created on the CeO, surface as  CeO, support are clearly observed because the incident
observed by scanning tunnelling microscopy (STM) in  electron beam is simultaneously aligned along the zone
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Fig. 2 TEM images of Au particles on CeO, and size distribution of Au particles. The images are taken after deposition (a) and after heating in
H, stream at 473 K (b), 573 K (c) and 673 K (d)
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Fig. 3 The mean diameter of Au particles on CeO, for sequential
heating with increasing temperature in air and H, stream
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Fig. 4 Profile-view high resolution TEM image of an Au particle on
CeOZ

axes of Au[l-10] and CeO,[1-10]. This means the pres-
ence of the special orientation relationship of (111)
[1-10]Au//(111)[1-10]CeO,. This preferential orientation
relationship is frequently observed in such profile-view
TEM images, as previously reported for the Au particles
supported on CeO, by the deposition precipitation method
[13]. In Fig. 4, an atomic step of the CeO,(111) surface is
observed at the right side of the Au particle. Au particles
seem to be stabilized at the edge of atomic steps as
observed by STM [8].

No obvious differences in the interface structures are
observed in HRTEM images for the samples heated in air
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Fig. 5 HAADF-STEM image of the same Au particle on CeO, with
Fig. 4

and hydrogen stream. This may be because the samples are
transferred from heating apparatus to electron microscope
through air. CeQ, is easily oxidized by exposure to air. The
structure change of Au particles easily occurs by the
reduction and oxidation of CeO, surfaces [13, 14]. The
detailed differences of the interface structure must be
observed by in-situ TEM observation with controlling the
heating atmosphere in the chamber.

The HAADF-STEM image of the interface between Au
and CeQO, is shown in Fig. 5. This was obtained from the
same Au particle observed in the TEM image of Fig. 4.
The image was recorded with the size of 512 x 512 pixels,
the scan speed of 31.5 ps/pixel, and the total acquisition
time of 8.2 s. The noise in the image was reduced by
smoothing process on the image processing software,
Gatan Digital Micrograph. The simple distortion of the
image caused by sample drift during image acquisition was
corrected manually by using conventional image analysis
software. The whole image was expanded for one direction
to coincide with the CeO, lattice shown in Fig. 4. The
position of atomic columns of Au and Ce are clearly
resolved as bright contrast in Fig. 5. It is obvious that the
atomic positions are easily interpreted by Fig. 5 than by
Fig. 4. It is also clear that the Au particle has fcc structure
and that a flat (111) face is formed at the Au/CeO,(111)
interface in Fig. 5. Here of course, the HRTEM image
(Fig. 4) also contains a lot of information, but the precise
simulations are needed to interpret the atomic configura-
tions [20]. The image of the Au particle is not clear at the
right side of the particle corresponding to the (100) surface
in Fig. 5. This may be explained by the distortion by sur-
face reconstruction of the Au(100) surface. Or this may be
caused by the movement of Au atoms during the acquisi-
tion of the HAADF-STEM image because the shape of an
Au particle changes easily via Au surface diffusion under
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Fig. 6 The intensity profile of
the HAADF-STEM image. The
intensity is integrated on each
plane parallel to the interface in
a white rectangle in the left
figure, and is plotted normal to
the interface

electron beam irradiation [13, 14]. The fluctuation of
arrangement of surface atoms were often observed in the
TEM observations, the stable situation is just obtained in
the TEM image in Fig. 4.

The positions of the Au(111) and Ce(111) atomic layers
are estimated from the HAADF-STEM image. The inten-
sity profile of the image is shown in Fig. 6. The intensity
integrated parallel to the CeO,(111) and Au(111) planes
inside the white rectangle in the HAADF-STEM image of
Fig. 6 is plotted along the normal direction to the interface
from CeO, region to Au region across the interface. The
gradual decrease in the intensity of the CeO, side near the
interface should be caused by the decrease in the thickness.
From the peak positions in the profile, we can determine
the positions of each Au(111) and Ce(111) atomic planes
and the interface or interlayer distances. The Au(111)
interface plane is located on the CeO, surface with 0.27 nm
from the topmost Ce layer, while the lattice spacing of
CeO,(111) and Au(111) is 0.312 and 0.235 nm, respec-
tively. It is interesting that the interface distance of
0.27 nm is only a little smaller than the average of the
interlayer distances of the two crystals. The oxygen col-
umns are not distinguished in the HAADF-STEM images
because the intensity of oxygen atoms proportional to the
Z-number is too weak compared to Au and Ce. No obvious
displacements of the atomic columns within the detection
limit of the STEM image are observed at the Au/CeO,
interface in Fig. 5. However, some Au atoms seem to
displace slightly, and further discussions are necessary with
precise measurements for the HAADF-STEM images,
because the specimen drift and fluctuation of a scanning
electron beam should distort the STEM images.

Figure 7 shows the HAADF-STEM image of another
Au particle. In this case, the orientation relationship of
(11 DH[—110]JAu//(111)[1-10]CeO, is formed at the Au/
CeO, interface. This preferential orientation relationship is
also sometimes observed for Au particles on CeO, [14].
The atomic step of CeO, is also observed in the right side
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Fig. 7 HAADF-STEM image of an Au particle on CeO, with the
orientation relationship of (111)[—110]Au//(111)[1-10]CeO,

of the Au particle. The displacements of atomic columns
are observed at the left three columns of the interface Au
layer as indicated by an arrow. For these three Au columns,
the whole Au atoms of each column seem to be displaced,
because the intensity of the displaced atomic column is
enough. The reason of the displacements of the Au col-
umns is not clear. The first possibility is the disordered
configuration of the CeO, side. The intensity of the Ce
columns is weakened just below the displaced Au columns,
indicating the presence of defects or disordered configu-
ration in that region of CeO,. The second possibility is the
structural fluctuation associated with the movement of
atoms enhanced by the electron beam irradiation [13, 14].
Of course, this point may be combined with the first point.
In any case, the present results indicate the possibility that
disordered configurations tend to be formed near the
perimeter of the Au particle, which is important for the
catalytic activity and the dynamical structural change of
Au/CeO, catalysts.

The atomic columns of Au and Ce at the interface are
successfully observed by the HAADF-STEM. It is
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important to clarify the position of oxygen at the interface
in order to investigate the relation between the interface
electronic structure and the catalytic activity, because the
stoichiometry of oxide surfaces, namely the interface
stoichiometry, strongly affects the adhesion and electronic
structure of metal/oxide interfaces [19, 21]. It is difficult to
observe oxygen columns directly by HAADF-STEM and
also by conventional HRTEM. In order to elucidate rea-
sonable interface configurations, it should be effective to
perform first-principles calculations of various interface
models so as to reproduce the experimentally observed
structure and properties.

Conclusion

The Au/CeO, model catalyst was prepared and TEM and
HAADF-STEM observations were carried out.

1. The growth of Au particles on CeO, is suppressed in
the reductive condition.

2. The Au/CeO, interface was clearly observed by
HAADF-STEM, and the positions of Au and Ce
atomic columns were directly identified from the
image.
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