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Summary

High-angle annular dark-field scanning transmission electron
microscopy tomography is applied to the study of Pt and PtCr
nanoparticles supported on carbon black, which are used as
heterogeneous catalysts in the electrodes of proton exchange
membrane fuel cells. By using electron tomography, the
three-dimensional architecture of the heterogeneous catalyst
system can be determined, providing high-spatial-resolution
information about the shapes, faceting and crystallographies
of 5-20 nm single and multiply twinned catalyst particles,
as well as their positions with respect to the carbon support.
Approaches that can be used to provide improved information
about the distribution and orientation of the particles on their
support are proposed and discussed. Our results show that
electron tomography provides important information that
is complementary to high-resolution lattice imaging. Both
techniques are required to understand fully the nature and
role of the surfaces of faceted catalyst particles.

Introduction

Catalysts mediate chemical reactions, enabling the highly
selective formation of desired products at increased rates
(Bowker, 1998; Bell, 2003; Kolasinski, 2004). The majority
of industrial catalysts are heterogeneous, taking the form of
high-surface-area solids onto which an active component is
dispersed in the form of very small particles. For example,
proton exchange membrane fuel cells typically require high
loadings of platinum and must be able to provide good
electrical conductivity, reactant gas access, water handling
and corrosion resistance. As the support helps to disperse the
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particles evenly and to prevent them from coalescing, it is
important to optimize the three-dimensional distribution of
the particles in the matrix. In addition, the accessibility of the
supported nanoparticles to reactant molecules is determined
by their location with respect to the support, and in particular
whether they are on the surface of the support or embedded
within it. Electrocatalysts with high dispersions are typically
supported on mesoporous high-surface-area (>75 m? g~ !)
carbon blacks. Carbon blacks are low-grade forms of graphite
that are usually composed of spherical crystallites and lack
three-dimensional order. The crystallites in most commercial
carbon blacks average approximately four graphene layer
planes in thickness (Heidenreich et al., 1968; Burden et al.,
1998).

The shapes of the metal nanoparticles are known to play
a highly important role in determining the performance
of supported metal catalysts. In structure-sensitive catalytic
reactions, only certain parts of the surfaces of metal
nanoparticles contain dominant active sites for the desired
products; the other faces are then either inactive or active
for producing undesired side products. The structures and
shapes of metallic nanoparticles have been studied intensively
both theoretically and experimentally (Marks, 1994). The
equilibrium shape of a nanoparticle can be obtained by
minimizing its surface energy. Metallic particles often have
morphologies that are approximately consistent with a Wulff
construction. For asingle crystal with aface-centred cubic (fcc)
structure, such as platinum, the equilibrium crystal shape at
0 K is a truncated octahedron that contains only (111) and
(100) facets, whereas at temperatures above O K other low-
index facets, such as (110) are frequently present. The relative
extension of the planes then depends on the anisotropy ratio
of the surface energies between different planes. This ratio
can change, typically taking a value close to unity near the
melting point of a crystal (Yacaman & Dominguez, 1980;
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Graoui et al., 1998), resulting in rounder particle shapes at
higher temperatures.

There is known to be a strong relationship between the
sizes and the shapes of platinum particles, which results in
the fraction of 100-type surfaces decreasing with increasing
particle size (Wang et al., 198 5; Topsee, 2003). Such changes
can, in turn, affect catalytic activity. In practice, the shapes
of particles may show strong deviations from Wulff shapes as
a result of kinetic growth effects (Marks, 1985). For example,
alternative equilibrium shapes are frequent for gold clusters,
including the formation of multiply twinned particles and
amorphous structures (Ascencio et al., 1998). In addition,
the presence of adsorbates can affect surface energies.

Transmission electron microscopy (TEM) tomography has
become an established technique in the study of materials.
However, bright- and dark-field TEM images, which may be
suitable for biological electron tomography, rarely provide
useful signals for electron tomography of strongly diffracting
crystalline specimens of inorganic materials. Alternatively,
tomography can be performed in a TEM using energy-
filtered images and weak-beam dark-field imaging. Examples
of the application of these techniques include studies of
nanocomposites of FeAl + Y,0s3, carbon nanotubes, Si
particles embedded in SiO,, scanning tunnelling microscopy
probes, polyhedral particles of CeO,, polymers and dislocations
(Mo6bus &Inkson, 2001; Gassetal., 2006; Barnard et al., 2006;
Jinnai et al., 2006; Yurtsever et al., 2006; Xu et al., 2007a).

By contrast to the use of TEM, if an image is obtained
at medium resolution using high-angle annular dark-field
scanning transmission electron microscopy (HAADF STEM),
then the effects of diffraction contrast are much weaker,
and the recorded signal can vary monotonically with both
composition and specimen thickness, providing a better
approximation to the projection requirement for tomography
(Midgley et al., 2006, 2007; Weyland et al., 2006). This
technique is especially suitable for high-atomic number
catalyst nanoparticles supported on low-atomic number
supports, as has been reported previously (Weyland et al.,
2001, Gontard et al., 2005; Uchida et al., 2006, Wikander
etal., 2007).

Here, we use HAADF STEM tomography to study Pt and
PtCr particles supported on carbon black, which are used as
heterogeneous catalysts in proton exchange membrane fuel
cells. The shapes of particles with sizes of between 5 and 20 nm
are determined, and approaches that can be used to measure
the distributions of the particles on their support are assessed.

HAADF STEM tomography: reconstruction artefacts, beam
damage and spatial resolution

Electron tomography has been used in the biological
sciences for more than 30 years to obtain three-
dimensional information from two-dimensional projections of
a structure. The two-dimensional projections that are used for
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reconstruction must meet the ‘projection requirement’, that the
signal collected should be an integral through the structure
of some physical property. The technique involves: (1) the
acquisition of a tilt-series of projections of the specimen;
(2) reconstruction of the three-dimensional volume using
a chosen algorithm and (3) processing and visualization
of the three-dimensional data. Although different specimen
tilting geometries are possible, the most simple of these for
electron microscopy is single-axis tilting. The specimen must
be tilted about the eucentric axis of the specimen holder
rod over a tilt range that is as close to £90° as possible.
The greater the number of images and the tilt range, the
better the fidelity of the final reconstruction of the three-
dimensional volume. In practice, the maximum tilting range
in the experiments described below is limited to £80° by
the microscope goniometer. The maximum tilt range can also
be limited by overlap of the specimen or the grid bars onto the
area of interest when the holder is tilted to high angles.

Tomographic reconstructions can exhibit artefacts
resulting from a combination of: (1) poorly spatially registered
projections; (2) limited tilt angles, leading to a distortion in the
direction of the ‘missing wedge’ (see below) and anisotropic
resolution; (3) obscuring of specimen details by contamination
and (4) the choice of reconstruction algorithm, which may
enhance certain specimen features over others. In Friedrich
etal. (2005), intensity distributions in tomograms determined
from bright-field TEM, ADF STEM and HAADF STEM images
of magnetite nanocrystals were compared to determine the
influence of tilt angle, tilt increment, diffraction contrast, noise
and reconstruction algorithm [weighted backprojection and
simultaneous iterative reconstruction techniques (SIRT)] on
the quality of the reconstruction. Noise was found to play
the most important role in degradation of the reconstruction
if the tilt range was sufficient. Although a carbon support
film can introduce noise, its contribution to the signal can
sometimes be subtracted before reconstruction. However, if
the carbon support is thick, then it can introduce artefacts in
a reconstruction such as the top—bottom effect as described
by Yang et al., 2005. Another consequence of prolonged
exposure to the electron beam may be contamination
from hydrocarbons. The presence of adsorbed hydrocarbon
molecules on the specimen surface can result in the formation
of a carbon-rich polymerized film. The growth rate of this
film is proportional to the current density and the irradiation
time. Figure 1 shows STEM HAADF images of the same area
of a sample of platinum particles on carbon both before and
after the acquisition of a tomographic tilt series. The severe
contamination shown in Fig. 1 greatly affects the noise level
in the HAADF signal, reducing the resolution and the fidelity
of the final tomographic reconstruction.

The spatial resolution d of a tomographic reconstruction is
related to the number of images acquired in the tilt series and
to the diameter of the volume to be reconstructed. For a single
tilt axis, the resolution of the reconstruction is different in each
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Fig. 1. (A) HAADF STEM image of Pt nanoparticles on carbon. (B) The same area after tomographic acquisition of 120 images, showing a thick layer of

contamination.

spatial direction. The resolution parallel to the tilt axis, d,, is
equal to the resolution of the original projections, assuming
perfect tilt series alignment. The resolution in the direction
perpendicular to the tilt axis, d,, is controlled by the number
of projections acquired, N, and the diameter of the volume to
be reconstructed, D. Crowther et al. (1970) stated that
tD
S M)
This expression assumes that N projections cover a tilt range
of £90°. The resolution in the third direction, d, (the depth
direction) is degraded further by an elongation factor which is
related to the maximum tilt angle, @ and varies between 1.9
and 1 for maximum tilt angles of £50° and 90°, respectively.
HAADF STEM tomography requires the use of long exposure
times, and the high current density in the STEM probe should
theoretically result in great damage to specimens. Electron
beam damage is a common problem for many specimens and
can take the form of displacement of atoms from their sites,
strain resulting in local crystal tilt, and a gradual reduction
in image contrast. Elastic ‘knock-on’ damage dominates in
conducting samples, but the threshold voltage for atomic
displacement collisions in metals of high atomic number
(such as Pt) is greater than the 200 kV accelerating voltage
used in the present experiments. Knock-on damage is more
important in the case of carbon, but the carbon support used
in this research is intrinsically amorphous, and the effects of
damage are not obvious experimentally. In specimens that
can be damaged by local heating, STEM can minimize the
damage caused, as the electron dose is much lower than
for conventional TEM imaging, and rastering of the probe
allows dissipation of heat (phonons) into surrounding non-
illuminated areas. Pt particles on carbon supports are in many
ways ideal for STEM HAADF tomography because of the large
difference in atomic number between carbon and platinum,
and also because they are relatively resistant to beam damage.
By contrast, other samples, such as mesoporous catalysts,
can be beam sensitive, and successful acquisitions are then

dy =

only possible when exposure to the beam is minimized, at the
expense of increased noise.

Experimental details

Carbon-supported (Vulcan XC-72R) platinum (19.1 wt%)
was prepared using established techniques that are described
elsewhere (Ralph & Hogarth, 2002; Ozkaya et al., 2003). The
samples were further reduced in a N-rich atmosphere at
900°C. In part to reduce the overall cost of the catalyst, alloys
of Pt with metals are also used frequently. Significantly, some
of these alloys have been found to enhance catalytic activity
when compared with that of pure Pt for oxygen reduction at
the cathodes of fuel cells. It is thought that the addition of base
metals may prevent restructuring of atoms on the surface of
the particles during oxygen reduction. Here, in addition to
particles of pure Pt, two alloys comprising 40 wt% of PtCr
particles on carbon black with a Pt : Cr atomic ratio of 50:50,
were examined using HAADF STEM tomography.

The specimens studied here were prepared as dry
powders and examined on holey carbon copper TEM grids.
Experimental data were acquired on a Tecnai F20 Super
Twin field-emission gun TEM operated in scanning mode
at 200 kV using camera lengths of between 100 and
490 mm (corresponding to inner HAADF detector semi-angles
of between 50 and 10 mrad). The following parameters were
used: extraction voltage 3.8 kV; gun lens 6; spot size 7; 70
um condenser aperture. These settings correspond to a probe
diameter for STEM imaging of approximately 0.20-0.25 nm
and a current density of 0.6 pA/AZ2. The dwell time was 10
us/pixel (40s/1024 x 1024 pixel image), corresponding to an
electron dose of 70 e~ /A? at each tilt angle. The images were
acquired using a Fischione Instruments (Export, PA, USA)
2020 ssingle-tilt tomography holder with amaximum tiltrange
of +80° limited by the microscope goniometer. Alignment
of the images and tomographic reconstruction using SIRT
(15-20 iterations proved to be sufficient to achieve
convergence) were performed using the software Inspect3D.
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Fig. 2. (A) Conventional HRTEM image of overlapping Pt nanoparticles on carbon. A diffractogram showing the orientation of the larger particle is shown
in the inset. (B) Schematic diagrams illustrating the fact that three particles can have the same outlines but different three-dimensional morphologies
(C-E). Three views of an isosurface reconstruction of a 15 nm Pt particle obtained using HAADF STEM tomography, with an inner detector semi-angle
of 50 mrad, a tilt range of £75° and a tilt increment of 1°. The white arrows in (D) and (E) indicate artefacts from the reconstruction.

Visualization of the final three-dimensional datasets was
performed using Amira V2.3. software. Isosurface rendering
was used to display Pt particles, whereas the carbon
support was processed separately by performing manual
segmentation. Although the latter procedure is subjective,
it generally provides better results than using an isosurface.
In addition, in contrast to using a voxel projection, it allows
quantification of parameters such as the area and volume of
the resulting three-dimensional structure.

The use of a Fischione Instruments plasma cleaner (model
1020) before acquisition, typically for 10-30 s, was used to
minimize the build-up of contamination. Care was taken to
ensure that variations in intensity could not be attributed
to an appreciable increase in the presence of hydrocarbons.
Apart from occasional problems with contamination, changes
to the areas of interest were not observed during acquisition
of tomographic tilt series.

Results and discussion

Shapes of platinum particles

HAADF STEM tomography has been applied previously to
the determination of the shapes of individual nanoparticles,
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including magnetite crystals (Buseck et al., 2001), CeO,
particles (Xu et al., 2007b) and quantum dots (Arslan et al.,
2005). Here, in order to use HAADF STEM tomography to
measure the shapes of Pt catalyst nanoparticles with sufficient
spatial resolution, magnifications of between 910 kx and
1.8 Mx were used. In order to minimize diffraction contrast,
the camera length was set to 100—150 mm, corresponding
to inner detector semi-angles of 50-45 mrad. Figure 2(A)
shows a conventional high-resolution TEM (HRTEM) image
of overlapping Pt particles with sizes of below 10 nm, acquired
at 400 kV using a JEOL 4000EX TEM. Such images contain
important information about crystalline structure, but they
contain limited information about the particle volume and
shape (Marks & Smith, 1983; Marks, 1984). Although some
depth information can be inferred from HRTEM images of
Pt nanoparticles (Gontard et al., 2007), such experiments
are not conclusive and the particles have to be imaged at
zone-axis orientations. Figure 2(B) illustrates the fact that Pt
particles with highly different morphologies can have identical
outlines (and similar HRTEM image contrast). In striking
contrast to Fig. 2(A), Fig 2(C-E) shows the results of applying
HAADF STEM tomography to recover the three-dimensional
morphology of a 15 nm Pt particle (not the same particle
as in Fig. 2A) from a tilt-series of images acquired using a
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magnification of 1.3 Mx, over a tilt range of £75° and a tilt
increment of 1°. Three views of an isosurface visualization of
the particle are shown in Fig. 2(C-E). The angles between
certain facets could be measured from the reconstructed
volume and were found to be consistent with values such
as the 129.5° angle expected between 111 and 100 planes
in platinum, whereas the overall particle shape was found to
be an irregular truncated octahedron. It should be noted that
the approach used to obtain and visualize the reconstruction
shown in Fig. 2(C-E) provides images that contain almost no
information about the particle support, whose intensity is very
low in the original HAADF images. Possible approaches for
imaging both the particles and their support in tomographic
reconstructions are described below.

Figure 3 shows similarresults obtained from a STEM HAADF
tomographic series acquired over a tilt range of —70° to +66°
with a tilt increment of 1°, at a magnification of 1.8 Mx
using a camera length of 200 mm. We found that when
higher magnification values were used instabilities of the
sample and the electron beam, as well as contamination,
were unavoidable. The spatial resolution in Fig. 3 can be
estimated by substituting the values D = 10 nm (diameter
of the reconstruction volume), and N = 136 (the number of
images acquired within the range of angles: +70° to —66°)
into Eq. 1, resulting in a value of 0.23 nm. The experimental
spatial resolution will be lower because Eq. 1 is strictly valid
for a tilt range of £90°. Although the carbon support in
Fig. 3 is again not visible in the isosurface visualizations,
Fig. 3(C) demonstrates for three 5-7 nm particles that HAADF
STEM tomography can be used successfully to image the
morphologies of sub-10 nm Pt particles, with an apparent
resolution that is better than 1 nm.

However, it is also important to note that the use of a single
isosurface contour for visualization masks the presence of
rounding and artefacts associated with the tomographic point
spread function that result from a limited tilt range and finite
tilt increment. These effects, which may be pronounced in the
direction of the incident electron beam when the specimen
is not tilted, are apparent in line profiles generated from the
reconstructed volume of a particle (Fig. 3D and E) and also
account in part for the difficulty of visualizing the lower
intensity carbon support at the same time as the heavier
particles.

In the examples shown above, the edges between the facets
on the Pt particles appear to be rounded in the reconstructions.
Although some of this rounding is associated with the
tomographic point spread function and with the presence
of the surrounding carbon, the Pt samples examined in this
study were annealed at 900°C. Reduction in different gases
at high temperatures is normally used to make industrial
heterogeneous catalyst particles, and to a degree the rounded
edges seen experimentally may be a true feature and not an
artefact. High-temperature annealing of palladium particles in
oxygen isknown toinduceflattening and an extension of (100)

faces (Graoui et al., 1998). Interestingly, these morphological
variations arereversible after reductionin hydrogen. Platinum
particles that are supported on silica or alumina form
predominantly (100) crystal planes if they are grown in pure
hydrogen. By contrast, when they are grown in air or nitrogen,
they are more rounded or cuboctahedral (Wang et al., 1985).
Molecular dynamics simulations performed as a function of
temperature have been used to demonstrate that the edges of
gold particles tend to become rounder when the temperature
is raised, with the appearance of higher index facets that
include 110 facets, whereas 111 facets remain very stable
even at high temperature (Wang et al., 2004). Additionally,
careful experiments combining HRTEM imaging and exit-
wave restoration have been used to confirm that the edges
of small particles may be stepped, and that surface atoms on
nominally flat surfaces can in fact form islands and terraces
(Gontard et al., 2007). Neither truly flat faces nor atomically
sharp edges are likely to be present on the Pt nanoparticles
examined here. The rounding seen in the results from HAADF
STEM tomography is likely to arise from a combination of
the presence of low-index facets (such as 110 facets) with
low surface area, true steps and terraces, and artefacts of the
reconstruction and visualization process.

Figure 4 illustrates the fact that, with care, the same Pt
particle can be located and observed using two techniques
on two different microscopes. Figure 4(A) shows a high-
resolution lattice image of an 8 nm Pt particle acquired using
a JEM-2200 FS (Tokyo, Japan) TEM close to a [110] zone-
axis orientation. Figure 4(B) shows an isosurface visualization
of the three-dimensional shape of the same particle obtained
using HAADF STEM tomography on a Tecnai F20 TEM.
The two techniques provide complementary crystallographic
and morphological information about the particle, whose
approximate orientation and shape are shown in Fig. 4(C).
The size of the particle in the tomographic reconstruction is
confirmed by counting the 111 lattice fringes of the HRTEM
image, which have a known spacing of 0.2268 nm. By
combining the three-dimensional particle shape obtained
using tomography, and the information from the original
tilt series of HAADF images, it is possible to obtain both
the orientation and the shape of the particle. The particle
shape was estimated by comparing different projections and
measuring the corresponding edges of the different facets of the
particle. The four HAADF images shown in Fig. 4(D), which
were obtained at different tilt angles, illustrate the fact that
the morphology of the particle corresponds approximately
to the Wulff shape of a cuboctahedron. The first and fourth
projections in Fig. 4(D) show hexagonal profiles with sharp
edges close to a [110] zone-axis orientation, bounded by 111-
and 100-type facets. Because of limited spatial resolution, the
rounded edges visible in Fig. 4(B) cannot be unambiguously
attributed toreal features such as stepsorlow-index 110 facets.

Small particles with fcc structures, particularly gold and
silver, can sometimes have shapes that are not truncated
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Fig. 3. (A) HAADF image of Pt particles on carbon. The signal from the carbon support is much lower than that from the particles. (B) Isosurface
visualization of a tomographic reconstruction of the Pt particles shown in (A). (C) and (D) show selected particles from (B), on which faceting is apparent.
(E) Line profiles taken along three orthogonal directions through the tomographic reconstruction of the particle shown in (D). The z-axis corresponds to
the direction of the incident electron beam at a specimen tilt angle of 0°. The threshold used for visualization corresponds approximately to a decrease of

50% of the signal intensity.

single crystals, as a result of the fact that they can be multiply
twinned. Twins are formed when coherence is achieved in
the plane of the interface but the crystallographic axes in
the material on opposite sides of the interface are related
by a symmetry operation. Such particles can sometimes be
composed of five units, yielding a decahedral shape, or twenty

© 2008 The Authors

units, yielding an icosahedral shape. They are typically built
up of inhomogeneously strained single crystal units (Howie &
Marks, 1984), with equilibrium shapes that can be obtained
through the application of a modified form of the Wulff
construction (Marks, 1983; Van de Waal, 1996). It also
common to find fcc particles that are twinned symmetrically

Journal compilation © 2008 The Royal Microscopical Society, Journal of Microscopy, 232, 248-259



254 L. CERVERA GONTARD ET AL.

O

>
is

Fig. 4. (A) Conventional HRTEM image of an 8 nm Pt particle acquired on a JEM-2200FS TEM at 200 kV close to optimum defocus with Cg adjusted to
—20 um. (B) Isosurface visualization of the three-dimensional shape of the same particle obtained on a Tecnai F20 TEM using HAADF STEM tomography.
(C) Schematic diagram showing the approximate crystallographic details of the same Pt particle, obtained by combining the information in (A) and
(B). (D) Selection of four HAADF images of the particle shown in (A) and (B), acquired at different tilt angles (part of a series of 61 images), and the

corresponding Wulff shapes (top).

into two units, by 111 planes. Figure 5 shows HAADF STEM
results obtained from a Pt particle that contains a lammellar
triple twin. Such twins were observed primarily in larger
particles. Higher-order twin boundaries such as that shown in
Fig. 5 can be modelled simply by changing the directions and
magnitudes of twin facets, and the model is then independent
of the exact form of the Wulff construction (Marks, 1983).
Diffraction contrast from the twin is almost absent in the
HAADF image shown in Fig. 5(B). However, the ADF image
shown in Fig. 5(A) contains diffraction contrast associated
with the presence of twinning and strain. The overall shape of
the particle corresponds approximately to a cuboctahedron,
in which the twin planes are parallel to opposite 111 facets
of the particle. The corresponding HAADF STEM tomographic
reconstructions of the particle are shown in Fig. 5(C-F).

Particle distribution on carbon support

The morphologies of many heterogeneous catalyst
supports are complex, with rough surfaces and tortuous,
interconnected pores that increase their exposed surface
area (Sattler & Ross, 1986). When adsorption methods
(in combination with the metal content of the supported
catalyst) are used for measuring particle size distributions, if
an appreciable fraction of the metal surface is inaccessible,
then the particle size derived will be larger than the true
particle size. X-ray diffraction techniques used for particle
size measurement yield information averaged over millions of
particles, and thus in principle provide better statistics than

TEM, but correlation with TEM is still frequently needed. The
application of HAADF STEM tomography to heterogeneous
catalysts can in principle overcome these limitations. The
technique has previously been used to determine the spatial
distributions of Pd-Ru bimetallic nanocatalysts within the
pores of an SiO, matrix (Weyland et al., 2001; Weyland,
2002), the active phase distribution of nafion ionomer-coated
Pt/C used in the electrodes of polymer electrolyte fuel cells
(Uchida et al., 2006), and the incorporation of Pt particles in
ordered mesoporous carbon (Wikander et al., 2007).

When applying HAADF STEM tomography to Pt
nanoparticles supported on carbon, the parameters that are
of primary interest are the shapes and sizes of the particles
and their distribution and interaction with the support.
Unfortunately, it is difficult to obtain all of this information
in a single experiment because the particles have high atomic
number and are crystalline, whereas the support has low
atomic number and is amorphous. On the assumption that
the HAADF signal is approximately proportional to Z?, Pt
(Z = 78) scatters 169 times more strongly than carbon
(Z = 6). Figure 6 shows a comparison of three images of the
same distribution of Pt nanoparticles on a carbon support
acquired using (1) HAADF (with an inner detector cut-off
semi-angle of 50 mrad), (2) ADF and (3) bright-field detectors
inscanning mode. Neither the ADF nor the bright-field image is
suitable for accurate and precise tomographic reconstruction
of the individual particles, as diffraction contrast would result
inlarger artefacts than for HAADF tomography extending into
the matrix if reconstruction of the particles were attempted.
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Fig. 5. (A) ADF STEM image of the Pt particle shown in (B), acquired at higher magnification and using a camera length of 490 mm (corresponding to
an inner collection semi-angle of 20 mrad). Bright contrast in the particle arises from lamellar twinning. (B) HAADF STEM image of Pt particles taken
from a tilt series acquired at 200 kV using a tilt range of =70° and a tilt increment of 2° using a magnification of 1.3 Mx and a camera length of 200 mm
(50 mrad). (C) and (E) Two different views of an isosurface visualization of the three-dimensional shape of the particle shown in (A) determined using
HAADF STEM tomography. (D) and (F) Corresponding views of the inferred modified Wulff construction. The inset between images (C)—(F) shows that a
section taken through the reconstruction at the position of the twin is approximately hexagonal in shape.
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Fig. 6. (A) HAADF (inner detector semi-angle, 50 mrad), (B) ADF (inner detector semi-angle 10 mrad) and (C) bright-field images of a distribution of Pt
particles, acquired at 200 kV. (D) and (E) are profiles of the signals acquired along the lines drawn on images (A) and (B), respectively.

Conversely, the HAADF signal collected may be optimal for
recovering the shapes of the particles, but not the details of
the weakly scattering support. Although changing the inner
cut-off angle by increasing the camera length can be used to
enhance the signal from the support, diffraction contrast can
then be a problem forrecovering the shapes of the particles. The
detector can also be adjusted to enhance the HAADF signal
from the carbon matrix, as shown in Fig. 6(A), but the Pt
particles may then be saturated and artefacts may again result
during the reconstruction of the carbon matrix. A number of
solutions to these issues are possible. For example, HAADF
tomography can be used to reconstruct the three-dimensional
particle shapes and positions, and their relationship to the
support can then be inferred qualitatively by observing either
ADF or bright-field tilt series of images visually. Alternatively,
digital image processing techniques can be used to remove
the Pt particles from each image in an HAADF tilt series, to
interpolate the matrix across the positions of these particles,
and then to reconstruct the shape of the matrix alone, for
visualization together with the particle shapes and positions
determined using conventional HAADF STEM tomography.
In the present study it was found experimentally that a
compromise between these requirements could be achieved by
using a relatively low inner detector semi-angle, approaching
10 mrad, to recover both the positions of the particles (but
not their detailed shapes) and the shape of the support in
the same experiment even if the signal from the particles
was saturated. In Figs 7 and 8, for which inner cut-off
angles of 40 and 10 mrad respectively were used, both

the positions and the approximate shapes of most of the
PtCr particles are reconstructed and visualized together by
combining surface segmentation and isosurface visualization
with different threshold levels. Figures 7 and 8 correspond
to two different samples that had been treated at different
temperatures and in different atmospheres. The fraction and
distribution of particles on the surface of the matrix was found
to be very similar in each case and the reconstructions reveal
that most of the PtCr particles are on the outer surfaces
of the supports. Information of this type is important for
quantifying the fraction of the particles that may be active for
catalysis, i.e. those that are in direct contact with the reactant
gases.

Our experiments show that, when samples of PtCr on
carbon black supports are examined using HAADF STEM
tomography, the positions and approximate shapes of the
particles and the shape of the support can be recovered in three
dimensions simultaneously. Such measurements are more
challenging for Pt than for PtCr particles on the same supports,
and the final reconstructions contained greater numbers
of artefacts. Our results suggest that the ratio of atomic
densities between the active phase and the support plays a
key role in determining the fidelity, precision and accuracy of
tomographic reconstructions of particle shapes and positions
with respect to a low atomic number matrix, especially for
particles that are below 10 nm in size. Combinations of
different tomographic measurements and substantial image
analysis and image processing may be required to improve
such measurements significantly in future studies.

© 2008 The Authors
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Fig. 7. Tomographic reconstruction of PtCr nanoparticles on carbon black. Most of the particles are on the surface of the carbon matrix. Acquisition
parameters: Start tilt: —74.00°; Stop tilt: +75.00°; Tilt step: 2.00°; Exposure time: 15 s; Magnification = 450 kx; Camera length/semi-angle: 200/40
mm/mrad; Reconstruction: SIRT (15 iter.); Visualization: Isosurface + segmentation.

Different treatments of the Pt/C or PtCr/C system affect its
reactivity. For instance, the effect of temperature can lead
to a phase transition of the carbon matrix from amorphous
to graphitic. It is of interest to study the local structure of the
carbon matrix and to correlate its degree of graphitization with
parameters such as the dispersion, size or encapsulation of
the supported metallic particles. Energy-filtered TEM (EFTEM)
electron tomography may be used to provide such information.
Gass et al. (2006) acquired a series of plasmon-loss images at
successive tilt angles and obtained high-contrast tomographic
reconstructions of composites of carbon nanotubes in a
polymer matrix, allowing two carbonaceous components to
be differentiated from each other. This work relied on the
fact that the volume plasmon energy is known to vary
between different forms of carbon: amorphous carbon has
a plasmon energy of 24 eV, whereas graphitic carbon has

© 2008 The Authors

a plasmon energy of 27 eV (Daniels et al., 2003). The
ratio of two images acquired at these energies is then very
sensitive to changes in carbon bonding, and can be used
readily to differentiate between graphitic and amorphous
carbon. Moreover, the ratio method successfully removes
unwanted diffraction contrast, and for thicknesses below
the mean free path, the signal increases monotonically with
specimen thickness (satisfying the ‘projection requirement’
required for tomographic reconstruction) (Gass et al., 2006).
The low-loss region provides also a scattering signal that
is many orders of magnitude larger than for core-loss
EFTEM, and acquisition times and beam damage are therefore
lower. All of these characteristics make plasmon ratio
imaging suitable for tomographic reconstruction of different
phases of carbon supports in future studies of supported
catalysts.
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100 nm

Fig. 8. Tomographic reconstruction of PtCr nanoparticles on carbon black. (A) HAADF image from the original tomographic tilt series. (B) Isosurface

visualization of the PtCr particles after reconstruction. (C) Surface segmentation of the carbon support and particles. (D) As for (C) but after increasing
the opacity of the matrix. Acquisition parameters: Start tilt: —65.00°; Stop tilt: +75.00°; Tilt step: 2.00°; Exposure Time: 15 s; Magnification = 320 kx;
Camera length/semi-angle: 490/10 mm/mrad; Reconstruction: SIRT (15 iter.); Visualization: Isosurface + segmentation.

Conclusions

Our results show that electron tomography provides
important information that is complementary to high-
resolution lattice imaging. Both techniques are required to
understand fully the nature and role of the surfaces of faceted
catalyst particles. It has been shown that HAADF STEM
tomography can be used to measure the shapes of metallic
catalyst nanoparticles with sizes down to 5 nm. The Pt
particles examined here are found to be faceted. Rounded
particle edges visible in the reconstructions are thought to
result in part from the presence of small low-index (e.g. 110-
type) facets, steps and terraces, and in part from artefacts
and limited resolution of the tomographic reconstruction. By
choosing an appropriate value of the detector inner cut-off
semi-angle, STEM tomography has also been used to provide
the spatial distributions of PtCr particles on carbon, for which
the majority of the particles are determined to be on the

surface of the support. The positions of the catalyst particles
on their support can be measured most accurately and with
fewer artefacts if the difference in atomic number between
the particles and the support is not too high. By contrast, the
morphologies of the individual particles can be measured most
accurately if their atomic number is much larger than that of
the support.
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