ELEVENTH INTERNATIONAL CONFERENCE ON INTERGRANULAR AND INTERPHASE BOUNDARIES 2004

JOURNAL OF MATERIALS SCIENCE 40 (2005) 31013106

TEM observation of gold nanoparticles deposited

on cerium oxide
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The structure of Au nanoparticles supported on CeO, using the deposition precipitation
method was observed using a transmission electron microscope (TEM). The shape of Au
nanoparticles and the fine structure of contact interface between the Au nanoparticles and
CeO, supports were carefully examined. It was found that there was a preferential
orientation relationship between Au nanoparticles and the CeO, support. It was also
observed that small and thin Au nanoparticles disappeared during TEM observation,
shrinking layer by layer down to a mono-atomic layer.
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1. Introduction

It has been reported that Au exhibits remarkably high
catalytic activity when finely dispersed with particle di-
ameters smaller than 10 nm on a selected metal oxide
support [1]. The catalytic properties of Au nanoparti-
cles are sensitive to the interface structure between the
Au and metal oxide support. In particular, the struc-
ture of Au on TiO, was studied by various surface
science techniques and theoretical calculations [2-5].
Other metal oxides can also be used for the support of
Au catalysts, and the various combinations of Au par-
ticles and metal oxide supports are applicable to many
kinds of catalytic reactions.

It was reported that Au/CeQO, catalysts show high
catalytic activity for low temperature water gas shift
reaction and CO oxidation [6-8]. Au/CeO, catalysts
prepared using the deposition precipitation method also
showed high catalytic activity for the oxidative decom-
position of volatile organic compounds [9]. Recently,
it was reported that small clusters of atomically dis-
persed Au positively charged on a CeO, surface were
responsible for low temperature water gas shift reac-
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tion [10]. However, the detailed structure of Au parti-
cles on CeO, was not investigated directly because it is
difficult to observe small Au clusters on CeO, by con-
ventional transmission electron microscopy (TEM) due
to the disturbance of the diffraction and phase contrast
by the CeO,; substrate.

The structure of Au/CeO; catalysts was observed us-
ing an analytical transmission electron microscope in a
previous work [11]. Annular dark field scanning trans-
mission electron microscopy (ADF-STEM) and energy
dispersive X-ray spectroscopy (EDS) revealed that Au
particles smaller than 2 nm in diameter were highly dis-
persed on the CeO, support [11]. However, the CeO,
support, which consisted of small crystals with a size
of approximately 10 to 20 nm, disturbed detailed ob-
servations around the contact interface between Au and
CCOQ.

In this work, TEM observations were performed on a
model catalyst sample that was prepared using a CeO,
support with a lower surface area and low index facets
in order to study the interface structure between metal
particles and CeOs,.
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2. Experimental

Gold nanoparticles were deposited on commercially-
produced, high-purity CeO, powder (Kojundo Chem-
icals Lab. Co., purity 99.99%) using the deposition
precipitation method [12], which is utilized for the
preparation of highly dispersed Au particles on metal
oxide. The CeO, support was dispersed in a suitable
volume of aqueous solution of HAuCly at a fixed pH
of 7. The Au content of the solution was 5.0 wt% with
respect to the weight of the CeO, support. The disper-
sion was aged at 343 K for 1 h and washed with distilled
water several times. The solid material was then vac-
uum dried at 0.4 Pa for 15 h at room temperature and
calcined at 673 K in air for 4 h.

The Au/CeO, samples were dispersed directly on a
carbon grid supported by a Cu mesh and no solvent such
as ethanol was applied. A JEOL JEM-3000F transmis-
sion electron microscope was used with an accelerat-
ing voltage of 300 kV to study the Au/CeO,; interface
structure.

3. Results and discussion

Fig. 1 shows a typical TEM image of a Au/CeO; sam-
ple. The CeO, support consists of grains with diameters
of approximately 50 to 100 nm and has low index facets
typically in the {111} and {100} planes. Gold particles
with diameters of 3 to 5 nm are deposited almost uni-
formly over the CeO, surface. Some Au particles are
supported on the flat facets of CeO, as can be seen on
the left side of the TEM image in Fig. 1. This enables us
to investigate the interface structure. The Au particles
in the center of the image are supported in a depression
in the CeO; surface. Moiré fringes generated by the
overlap of lattice fringes of Au particles and the CeO,
support were sometimes observed as can be seen in the
right side of the TEM image in Fig. 1.

Fig. 2a shows a plane view HRTEM image of Auona
CeO, support. An enlarged image of the Au nanoparti-
cle indicated by the white rectangle is shown in Fig. 2b.
The incident electron beam direction was parallel to
the (110) zone axis of the cubic fluorite structure of the
CeO,. Moiré fringes in two directions were observed
in the Au particles. The patterns of moiré fringes ap-
peared in the same direction for each Au particle, in-
dicating that the Au particles were deposited on the
CeO, support with a preferred orientation relationship.
The schematic drawing of a crystal model projected in
Au(110) and CeO,(110) directions is shown in Fig. 2c.
The Auf111} plane is parallel to the CeO,{111} plane
and the (110) direction of Au and CeOs is also parallel.
The lattice spacing is 0.235 and 0.312 nm for Au{111}

Figure 1 A typical TEM image of Au nanoparticles on a CeO; support.
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and CeO,{111}, respectively. The lattice mismatch is
approximately 28%, which is too large for an epitaxial
growth. However, the Au{111} spacing multiplied by
four coincides with the CeO,{111} spacing multiplied
by three and is approximately 0.94 nm as indicated in
Fig. 2c.

Fig. 3 shows HRTEM images of Au nanoparticles
deposited on CeO,. The CeO, support has low index
flat facets typically in the {111} and {100} planes. Au
nanoparticles with diameters of approximately 3 nm
are dispersed over the CeO,{111} surface as can be
seen in Fig. 3a and b. The orientation relationship
between Au nanoparticles and the CeO, support is
(111)[110]au//(111)[110]cen,, Which is the same as
observed in Fig. 2. The orientation relationship of
(111)[110]au//(111)[110]ceo, is also the same as that
observed in Fig. 2b. The shape of the Au particles is a
hemisphere, which means that the contact angle is small
indicating a strong bonding between Au and CeQO,. It
is noteworthy that the surface of the CeO, support is
clean and flat, being free from the amorphous layer that
is often observed on metal oxide surfaces such as TiO,
[13]. Thus, it is likely that CeO, crystals are in direct
contact with Au particles without any transition layers
that have an obvious different crystal structure, such as
corundum Ce,0O3; with a different oxidation state. As
previously mentioned, the hemispherical Au particle
indicates that the Au strongly connected to the CeO,
surface. Au atoms are most likely bonded to Ce atoms.
It was reported that with Au on a TiO, surface, oxy-
gen defects cause strong contact between the Au and
TiO; surface and also effect a change in the electronic
structure [5]. The local electronic structure is impor-
tant as it affects catalytic properties. Further investi-
gation is needed to determine the stoichiometry of the
top layer of the CeO; support around the contact inter-
face, because oxygen vacancies are easily created on a
CeOgsurface [14]. The mean diameter of Au particles
was approximately 4 nm and particles smaller than 2 nm
diameter were seldom observed. In contrast, such small
Au particles were observed on a CeO, support with a
high specific surface area (>100 m?/g) and that con-
sisted of small CeO, crystal grains of approximately
10 to 30 nm diameter and many grain boundaries [11].
Such defects suppress the growth of Au particles, so
the size distribution of Au is dependant on the surface
morphology of the support. Disordered atoms can be
seen on the right side of the Au particles in Fig. 3a and
b. The atoms might be reconstructed surface Au atoms,
or Ce atoms coming from the substrate as reported of
Rh/CeO, or Pt/CeO, catalysts [15]. The composition
of the disordered layer was not analyzed in the present
study. A lattice fringe different from the bulk region ap-
pears on the surface of the CeO, around Au particles.
Because the lattice space is same as the lattice space
of the bulk region of CeO,, this contrast may be due
to difference in the thickness of CeO, support, such as
an atomic-layer island of CeO,. It is feasible that Au
particles tend to be supported on such defect sites.

Fig. 4 shows a series of HRTEM images of Au parti-
cles on a CeO,(111) surface obtained during TEM ob-
servation. Each successive HRTEM image was taken
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Figure 2 (a) TEM images of Au particles on a CeO, support, (b) enlarged image of the region marked by the white rectangle, and (c) schematic
drawing of the crystalline orientation between Au and CeO,.

o)

Figure 3 HRTEM image of Au particles supported on CeOy(111)
facets.

after a further few minutes of illumination by the elec-
tron beam. A large Au particle can be seen on the left
side of these images supported at the step edge of the
CeO5(111) surface. A smaller Au particle can be seen
in the right side of some images, also supported at the
edge of an atomic step. The orientation relationship is
(111)[110]au//(111)[110]cen, as was also observed in
Figs 2 and 3a. The smaller Au particle disappeared dur-
ing observation while the larger Au particle remained.
This change is similar to Ostwald ripening and the trans-
port of atoms may occur by surface diffusion along the
CeO; surface. No apparent volume change could be de-
tected in the larger Au particle. Even if all the atoms in
the small particle were added to the large particle, the
increment in diameter of the large particle would only
be 0.06 nm, which is smaller than one atomic layer. It
is difficult to determine such a small change in particle
size in three dimensions from a TEM image.

The height of the smaller Au particle decreased layer
by layer, while the length of contact interface (indicated
by the white line) remained unchanged until the thick-
ness was reduced to one atomic layer. This means that
the Au atoms at the contact interface are strongly con-
nected to the CeO, surface. It seems that equilibrium
Au clusters of two-shell Au55 or one-shell Aul3 clus-
ters [16] cannot be formed on the CeO; surface, because
Au particles grow on the CeO, surface by atomic layer
at the initial stage, as was proposed for Au on a TiO,
surface [17]. It seems that the interface energy between
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Figure 5 A series of HRTEM images showing the diffusion process of Au particles on CeO,.

Au and CeO; is so small that Au atoms tend to form a
film structure rather than spherical clusters.

Fig. 5 shows a series of TEM images of Au particles
on a CeO; support during TEM observation. Both (111)
and (100) facets were observed on the CeO, support.
As can be seen in Fig. 5a, only one Au particle was ob-
served on CeO,(111) at the initial stage of observation.
The Au particle became smaller during observation as
can be seen in Fig. 5b. A second Au particle appeared
on the Ce0,(100) facet after leaving the sample for 5
to 10 min without electron beam irradiation. The ori-
entation relationship between the Au particle and the
CeO; support is Au(111)//CeO,(100). The appearance
and disappearance of the Au particle was reversible.
During observation, the Au particle on the (100) sur-
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face gradually became smaller as did the Au particle
on the (111) surface, as can be seen in Fig. 5b, d and f.
After each observation, the electron beam was turned
off and the sample was left for 5 to 10 min in this con-
dition before turning the electron beam on again. The
Au particle observed on the (100) surface can be seen
in Fig. 5c and e.

The crystal structure of the CeO, support was stable
during observation over 10 to 20 min, whereas other
metal oxides such as TiO; crystal are easily destroyed
by electron beam irradiation. It can be confirmed by
electron energy loss spectroscopy (EELS) measure-
ment that the CeO, support is also reduced by electron
irradiation, even though structural change in the crystal
was not observed in TEM images.
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Figure 6 A series of HRTEM images revealing the diffusion process
that leads to the growth of an Au particle on CeO;(100).

Fig. 6 shows enlargements of the HRTEM images in
Fig. 5 centered around the CeO,(100) surface. The Au
particle also shrunk layer by layer. When the Au particle
was shrinking, an atomic layer was observed around the
(001) face as shown by white arrow heads in Fig. 6a,
c and e. It is probable that Au atoms diffused onto the
CeO; surface during the shrinking process of the Au
particle. Although it has been determined that Au or
Pt atoms can diffuse into bulk CeO, crystal depending
on the temperature and atmosphere [18, 19], it was not
confirmed in this HRTEM observation whether the Au
atoms did diffuse into the bulk.

Fig. 7 shows a schematic drawing of the diffusion
process of Au particles on the CeO, surface. Many Au
atoms are diffused onto the CeO, surface by the irra-
diation of the electron beam. When the electron beam
is turned off, Au nuclei are formed on the CeO,(100)
surface and the Au particles grow. The volume of Au

D

before TEM observation

during TEM observation

was approximately estimated from the TEM images
assuming that the Au particles have a hemispherical
shape. The initial volume of the Au particle indicated
in Fig. 5a was 22 nm?, and that of the Au on CeO,(111)
and Au on CeO,(100) in Fig. 5¢ was 7 nm?® and 4 nm?,
respectively. This means that many Au atoms are still
diffusing onto the CeO; surface in Fig Sc and e. It seems
that the temperature rise caused by electron beam irra-
diationis the driving force for the diffusion of Au atoms.
However, it is difficult to estimate the precise temper-
ature of an Au particle. It seems that the temperature
of Au nanoparticles under TEM observation is signif-
icantly lower than the melting point of bulk Au (1336
K), considering that the temperature of the Au particles
on MgO under TEM observation is estimated at below
373 K [20]. However, the melting point of metals de-
pends on particle size, and the melting point of a Au
particle with a size of approximately 2 nm diameter is
estimated to be below 573 K [21]. Thus, the electron
beam irradiation may cause sufficient driving force for
atomic transfer in the small Au particles. Another pos-
sibility is that a change in the surface structure of CeO,,
such as oxygen defects created by the electron irradia-
tion, promotes the diffusion of Au atoms. It was proved
in an earlier study that the diffusion of Au on metal
oxides is strongly affected by oxygen surface defects
[22]. Further investigation will reveal the details of the
diffusion process of Au on CeQO,.

4, Conclusions

The following conclusions were drawn following a
TEM study of Au particles supported on CeO, using
the deposition precipitation method.

(1) Gold particles are supported on CeO, as hemi-
spherical nanoparticles with the preferential orien-
tation relationship: (111)[110]au//(111)[110]ceo, and
(11D[110]au// (11D)[110]ce0, -

(2) The hemispherical Au particles are strongly sup-
ported by the CeO, support having sufficiently long
perimeter interfaces between Au and CeO;.

(3) Smaller Au particles easily diffuse onto the CeO,
surface by atomic transport.
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electron beam is turned off.

(electron beam is turned on.)

Figure 7 Schematic drawing of the possible diffusion process of Au onto the CeO, surface.
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