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Electron tomography has proven to be a powerful tool for the
characterization of heterogeneous catalysts, and particularly
of supported metal catalysts."~! Of all the possible imaging
modes available for electron tomography, those based on
high-angle annular dark-field (HAADF) imaging in the
scanning transmission electron microscope (STEM) are
most suited to revealing the 3D structure of crystalline
nanomaterials.! The compositional sensitivity of HAADF
images, sometimes called Z-contrast images, where Z is the
atomic number,’! make it ideal for the investigation of
heterogeneous materials with components of very different
atomic numbers present. The application of HAADF-STEM
to supported catalysts has focused on materials consisting
predominantly of metal nanoparticles dispersed within or
over light support materials, such as zeolites, alumina, or silica
for which large differences between metal and support
element atomic numbers contribute to a high contrast in the
images.l™**71 However, to our knowledge, the use of this
technique for catalysts based on heavy-element (transition
metal or lanthanoid) supports has not been reported to date.
Herein we focus on gold catalysts supported on a Ce-Tb-Zr
mixed oxide. Currently, noble metals supported on ceria-
based oxides are being studied because of their potential
application as catalysts for different processes related to the
production of hydrogen for fuel cells.[”)

A single HAADF-STEM image of a Au/
Ces50I'bg 12,71y 530,_ catalyst recorded during the acquisition
of the series of images at various tilt angles is given in
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Figure 1. The contrast between the gold particles (Z=79) and
the oxide support (average Z=23) is high enough to
discriminate the presence of small (ca. 1 nm) particles, even
in relatively thick regions of the support.

Figure 1. HAADF-STEM image of the pre-reduced Au/
Cegs50Tbo12Zr0330,- catalyst. The small bright areas are gold particles.

Figure 2 shows surface-rendered representations of the
segmented reconstructed volumes of particles of the catalysts
after pre-reduction (Figure 2a) and pre-oxidation (Fi-
gure 2b). The small volumes, colored in yellow in this
figure, correspond to the high intensity areas of the
HAADF images, that is, to the gold nanoparticles; regions

b)

a)

20 nm

20 nm

Figure 2. Surface-rendered representations of the segmented recon-
structed particles of the pre-reduced (a) and pre-oxidized (b) Au/
Ceys50Tbo 12210330, catalyst. Gold particles: yellow, mixed oxide sup-
port: blue. Dashed lines delineate the vertices of {111} facets.
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in blue correspond to the mixed oxide support. It should be
noted that particles with diameters in the range of 1-3 nm
could be successfully segmented from the reconstructions.
The rounded appearance of these ultra-small particles after
both types of treatment cannot be considered a reliable
representation of their exact morphology because of the
spatial resolution of the tomogram and the limited number of
voxels (volume elements) that define the particle volume.
Under these conditions, measurements such as nanoparticle
volume and location can be extracted with sufficient accuracy
from the reconstructions, but the individual nanoparticle
morphology cannot. Recent in-situ HREM experiments
carried out on Au/TiO, catalysts have revealed the occurrence
of very subtle morphology changes of the particles upon
changing from oxidizing to reducing environments."”! In these
2D HREM images, gold particles had a rounded morphology
under oxidizing conditions, which correlates well with our
experiments herein. Very slight changes to a more facetted
morphology, which are beneath the detection limit of our 3D
analysis, take place under reducing atmospheres. In the same
way, HREM images obtained from our samples, such as the
one shown in Figure 4, also suggest a facetted shape with
rounded truncations for the gold particles after both treat-
ments; this agrees with the results observed by tomography.

A key parameter that can be analyzed from these 3D
reconstructions is the surface crystallography of the sup-
port.'"12l This issue is important to fully understand its
chemical properties!'! and thus the catalytic behavior of the
whole metal/support system. We performed crystallographic
analysis on our samples and found that the surface of the
Ce50Tbg12Z1330,_, mixed oxide support is dominated by
{111} facets (Figure3). The angles between the facets
observed in the reconstructed volume were measured to be
close to 110°, as expected for the angle between {111} planes
in a cubic crystal.[] ' In fact, as the reconstructions show, the
support consists mainly of octahedral crystallites of just a few
nanometers in size joined to one another, possibly by twinning
on {111} facets. Agglomeration of the small octahedra into the
larger crystallites leads to a significant number of nanocrystal,
or twin, boundaries.

Figure 3. Magnified region showing the distribution of gold nano-
particles in the reconstruction of the oxidized catalyst. The measured
angle between the facets (110°) is indicated.
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Another feature which can be traced from the recon-
structions is the location of the gold nanoparticles on the
support. Most of the metal particles are located either at the
nanocrystal boundaries or at sites where a stepped surface is
present (Figure 3). It is clear from the reconstruction that
remarkably few metal nanoparticles are located on the facets
themselves, instead preferring facet vertices and nanocrystal
boundaries. This is observed for both samples, independent of
the nature of the chemical treatment applied, namely
reduction or oxidation.

HREM images, such as that shown in Figure 4, confirm
that after treatment, the nanoparticles present in these
catalysts are metallic gold with an fcc structure. The (111)
planes of the gold nanoparticles grow parallel to the (111)
planes of the mixed oxide. Both parallel-type (Figure 4) and
twin-type orientation relationships can be found, suggesting
an epitaxial relationship with the underlying support,™ as has

(111) Au

by

L
C(111)

¢ Support

Figure 4. HREM image of the oxidized catalyst. Digital diffraction
patterns (right) indicate the alignment of the metal and support 111
reflections, which is consistent with an epitaxial relationship. The
growth of a gold metal particle in simultaneous contact with two {111}
support nanofacets can be seen. The particle at bottom right has
grown onto a stepped surface.

been observed previously for gold!"®! and other noble metals,
such as rhodium, platinum, and palladium/” supported on
ceria-type oxides. This structural interaction between the
metal particles and the support obeys the orientational
interfacial fit between the {111} planes of the metal and
support, and is very likely to be one of the driving forces for
the peculiar distribution of the metal nanoparticles observed
in this system.

The contribution of interface energy to the total energy of
these small particles is expected to be important; therefore,
maximizing this epitaxial interaction could provide some
additional stabilization. By using a simple model, it can be
calculated that for a particle with a given number of atoms,
that is, with a fixed total volume, the increase in the interface
contact area between a situation on a flat {111} surface to
another one in which the particle sits on a {111} twin boundary
amounts to about 40 % . This factor could clearly contribute to
a stabilization of the particle.

In summary, our study shows that quantitative 3D
HAADF-STEM tomographic analysis of nanometer-sized
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noble metal particles supported on oxides of high atomic
number (Ce, Tb, and Zr) is possible. 3D reconstructed and
segmented volumes yield important structural features that
are not possible to determine by 2D electron microscopy. In
particular, tomography reveals quantitative data about the
crystallographic nature of the facets exposed by the supports
and about the distribution of the supported nanoparticles on
the support. In the heterogeneous catalysts we have analyzed
herein, after being activated under reducing or oxidizing
environments, the dispersed gold nanoparticles show a strong
preferential location for nanocrystal boundaries and stepped
sites of the oxide support; an epitaxial relationship between
the metal and the underlying oxide support may be respon-
sible for the predominance of this particular feature.

Experimental Section

The 1.5% Au/Ce5,Tb,1,Z1,350,_, catalyst investigated was prepared
by the deposition—precipitation method using a H[AuCl,] aqueous
solution and urea as precipitating agent.'"s The Ce-Tb-Zr mixed-
oxide support used for the preparation was a low-surface-area sample
(16 m*g™") with crystallite sizes in the range 50-100 nm. The final
metal loading was confirmed by inductively coupled plasma mass
spectrometry (ICP-MS) measurements. Tomography experiments
were performed on a FEI Tecnai F20 field-emission gun transmission
electron microscope operated at 200 kV. Data collection was carried
out by tilting the specimen about a single axis using a Fischione
ultrahigh-tilt tomography holder, ranging from —72° to + 66° for pre-
reduced and —78° to +68° and pre-oxidized samples in steps of 2°.
Image acquisition was undertaken using the FEI software package
Xplore3D. Alignment of the image stack and tomographic recon-
structions were performed with the FEI software package Inspect 3D
using the iterative routine SIRT. Surface rendering after a manual
segmentation process was undertaken using Amira software. Tomo-
graphic series were recorded after submitting circa 100 mg of the
fresh catalysts to two different pre-treatments: a) a 1 hour reduction
treatment in flowing 5% H,/Ar mixture (60 cm® STP) at 473 K,
followed by a mild passivation treatment in 5% O,/He starting at
233 K and being completed at 298 K; and b) an oxidation at 473 K
under flowing 5% O,/He mixture, also for 1 hour. High-resolution
electron microscopy images were recorded in a JEOL 2010F micro-
scope with a point resolution of 0.19 nm.
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