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The potential applicability of high-resolution electron microscopy (HREM), in combination with image
analysis and image simulation tools, to retrieve structural information from nanometre-sized particles present
in oxide-supported metal and oxide catalysts is analysed. Specifically, the possibilities and limitations of this
technique to determine features such as the size, morphology and chemical nature of the particles, their
surface structure and their structural relationship with the support are considered through the discussion of
several examples.

The interpretation of a series of HREM images of Pt and Rh catalysts supported on cerium oxides after
treatments under different redox environments illustrates the case of highly dispersed metals. In addition, the
results obtained in this study provide an approximate picture of the evolution of metal–support interaction
effects in this family of catalysts, which is closely related to three-way catalysts (TWCs). The results of a
nanostructural investigation of two catalyst systems, one consisting of MgO-supported neodymia clusters and
the second of vanadium–magnesium oxide also supported on MgO, provide the examples for supported oxide
catalysts. These find application in oxidation reactions. For the former, the growth of neodymia in the form of
rounded patches in a parallel orientation relationship with the support has been observed. For the vanadia-
containing catalysts, the formation of a weakly ordered MgV2O4 spinel surface phase on the MgO support
crystallites, after exposure to typical reaction conditions in the oxidative dehydrogenation of propane, has
been confirmed. The structural relationship at the spinel/MgO interface has also been established. Copyright
 2000 John Wiley & Sons, Ltd.
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INTRODUCTION

A great variety of catalysts contain active phases in the
form of nanometre-sized particles, of metal or oxide, dis-
persed over the surface of a second carrier or support
material.1 The details of the bulk and surface structure
of these particles are among the key factors that control
their performance. Likewise, the interactions that can be
established between the supported phase and the support
can further modulate the intrinsic catalytic properties of
the supported phase. Thus, in the particular case of metal
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catalysts supported on some reducible oxides the occur-
rence of so-called metal–support interaction effects has
been reported.2 Different hypotheses have been proposed
to explain the origin of these effects: structural or chemical
modifications in the metal or metal//support interface
(burial of metal atoms within the support,3 coverage of
the metal particle surfaces by support overlayers4 or the
formation of metal–support intermetallic phases5,6); elec-
tronic perturbations of the metal band structure;7 and
the simultaneous action of both structural and electronic
contributions.8,9

Investigation of the structure of these materials seems,
therefore, an unavoidable requirement to understanding
their functionality. Given that the structural features of
interest fall within the nanometric or subnanometric size
domain, the techniques based on electron probes with a
characteristic high spatial resolving power seem particu-
larly well suited to face this task. In this respect, several
monographs in the literature10 – 12 demonstrate that high-
resolution electron microscopy (HREM) is a suitable tech-
nique to investigate the nanostructural details of catalytic
materials. The improvements in resolution achieved in
the last decade have allowed electron micrographs to be
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recorded in which the structure of very different catalysts
is imaged at the atomic scale. This very attractive possibility
has made HREM a potential source of detailed nanostruc-
tural information closely related to macroscopic properties
and to the inherent performance of particular catalysts.

Nevertheless, to take full advantage of the information
contained in the experimental HREM images, the use of
image simulation and image processing techniques is nec-
essary. As stated in Ref. 13, supported catalysts can be
considered, from the point of view of HREM, as mate-
rials containing finite, nanometre-sized interfaces. Image
simulation proves to be necessary to understand the influ-
ence on the image contrasts of the structural parameters
that are specific to this type of system:13 the size of the
supported particle, the position of the particle over the sup-
port surface and the thickness of the crystallite support.
Moreover, the interpretation of the contrasts contained
in HREM images of supported catalysts by comparison
with simulated images allows access to qualitative and
quantitative information that cannot be extracted from a
direct inspection or a simple geometric analysis of the
images. Furthermore, image simulations allow us to detect
possible sources of misinterpretation and also give us a
reasonable estimation of the safe limits for the application
of HREM.

This paper does not intend to review the applications
of HREM in catalysis, rather it is intended to review our
own experience13 – 19 in the analysis of HREM images of
supported metals and oxides by using an approach based
on the combined use of experimental HREM images,
image processing and image simulation.

EXPERIMENTAL

The experimental HREM images presented in this paper
were obtained on the following catalysts: 5% Rh/TiO2,
2.5% Rh/CeO2, 4% Pt/CeO2, 0.5% Rh/Ce0.8Tb0.2O2, 5%
Pt/Ce0.8Tb0.2O2, 3% Nd2O3/MgO and VMgO catalysts
with 14wt.% V content. They were recorded using a
JEOL-2000EX electron microscope operating at 200 kV.
The structural resolution of this instrument is 0.21 nm.
Further details about the preparation of the samples and
activation procedures can be found in Refs 14–16 and
19–21.

Simulated images were calculated using EMS software22

and the structural models used as input for the simulations
were built with the RHODIUS program developed at the
University of Cadiz.23 Both programs were run on an INDY
4400SC Silicon Graphics workstation. Image processing
tasks were accomplished using the SEMPER 6C package
by Synoptics Ltd., on images digitized with a COHU-4910
CCD camera. The diffractograms or digital diffraction pat-
terns (DDPs) included in this work correspond to the power
spectrum of the Fourier transform of the bidimensional
intensity distribution in the digitized images.

RESULTS AND DISCUSSION

The interpretation of an HREM image of a material
made of particles dispersed over the surface of a support
implies the search for qualitative/quantitative answers

to the following questions, among others: what is the
chemical composition of the small particles?; what are
their sizes?; what are their shapes?; can anything be said
about the surface structure? The same questions could be
posed with respect to the support crystallites. Furthermore,
details about the structure of the system as a whole are
also of interest, as are those related to the particle//support
interface. Although in the following text these topics are
addressed in distinct monographic sections, it is important
to note that in general it is not possible to separate them
when interpreting a particular experimental image. In fact,
to simulate a particular HREM image, a precise model of
the system in which all the features mentioned above are
fixed simultaneously has to be used.

Size of the supported particles

Figure 1(a) contains an HREM image showing a region,
several tens of nanometres wide, of a 4% Pt/CeO2 catalyst
after reduction in hydrogen at 623 K. A portion of a
CeO2 support crystallite can be observed in which fringes
corresponding to the (111) planes of the fluorite structure,
at 0.312 nm, are resolved. In addition, smaller crystals,
of a few nanometres dimension, sitting on the surface
of the ceria crystal, are also readily recognized. These
correspond to metallic Pt particles. Note that these Pt
particles can be observed both along the boundary of
the support, indicated by black arrows, and also in the
inner region of the image (indicated by white arrows),
superimposed over the contrasts corresponding to the
(111) ceria fringes. In the former case, particles and
therefore the metal//support interface are imaged in the
so-called profile view projection, whereas in the latter the
image corresponds to a plan or top view projection24 of
the metal//support system. The particles that are imaged
in top view can be located either by the observation of
local lower brightness regions or by the observation of
large spacing, high contrast and wide Moiré-type fringes
that arise from double diffraction effects.25 In any case a
simple visual inspection of the experimental image allows
the detection of the presence and location of the supported
phase in a particular area of a catalyst particle.

This possibility of visualizing the individual particles
present in the system allows a direct estimation of the
particle size. Given that HREM is a projection technique,
such an estimation would certainly correspond to the pro-
jected size. Although in the case of non-spherical particles
different parameters could be used for the estimation of
particle diameter,26 once a precise protocol is chosen for
such a measurement this can be applied to every parti-
cle detected in an image. If several tens of experimental
images are analysed, the diameter of a few hundred sup-
ported particles can be measured. This opens the inter-
esting possibility of establishing a distribution of particle
sizes that is, very likely, one of the great advantages of
HREM in the determination of this particular structural
parameter. From these size distributions, parameters rele-
vant to the catalytic performance, such as the mean parti-
cle diameter or the fraction of exposed atoms (dispersion),
can be computed by using appropriate procedures.27,28

As an example, Fig 1(b) shows the histogram obtained
from the analysis of the micrographs recorded for the 4%
Pt/CeO2 catalyst mentioned above. From this distribution
an average particle diameter of¾2.4 nm and a dispersion
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Figure 1. (a) The HREM image corresponding to the 4% Pt/CeO2 catalyst reduced at 623 K. (b) Histogram of the particle size distribution
of the same catalyst. (c) Integrated size distribution curves as a function of the reduction temperature. (d) Evolution of the dispersion
of the supported phase with reduction temperature.

of 47% could be estimated.17 Figure 1(c) shows the evolu-
tion of the integrated size distribution curves for the same
catalyst, as a function of the reduction temperature within
the range 623–1173 K. It seems clear that sintering of
the metal particles is not very significant after reduction
at 773 K but becomes dramatic after reduction at 1173 K.
The dispersion of the metal phase [Fig. 1(d)] drops mono-
tonically in the range 623–973 K, and then very steeply
after reduction at 1173 K. Such data allow evaluation, in
quantitative terms, of the ability of ceria to stabilize the
metal dispersion, one of the roles commonly attributed in
the literature to this oxide as a component of three-way
catalysts (TWCs).29

To perform the estimation of particle size from HREM
images no detailed contrast interpretation is required, only
direct geometric measurements that can be performed
simply with a ruler. Nevertheless, image simulation is
required to establish the limits and degree of confidence
of this estimation. In fact, calculations are required to
determine both the size of the smallest particle that can
be detected13,30,31 and the deviation of the sizes estimated
from the images from the real projected sizes of the
particles.13,32 Although these questions are microscope
and sample dependent, in the case of supported metals,
according to calculations included in these references,
particles of 0.8–1.0 nm are still detectable. Furthermore,

the technique is also shown to be reliable for samples
with dispersions up to 80%. In Ref. 15 and 27 good
agreement is found between dispersions obtained from
HREM images and those determined from volumetric
adsorption essays.

For samples with very high dispersions, the use of alter-
native techniques, such as extended x-ray absorption fine
structure (EXAFS), is required. Actually the combined
use of HREM and EXAFS would allow one to cover the
whole spectrum of particle size in normal catalytic sam-
ples. To rule out the presence of extremely large particles,
e.g. in samples presenting bimodal distributions, XRD or
SEM–energy-dispersive spectroscopy (EDS) data can be
helpful.17 Analysis by SEM–EDS is especially important
in cases where a significant fraction of metal particles
involved in the upper end of the distribution is below the
x-ray diffraction (XRD) detection limit.

Morphology of the supported particles

Figure 2 contains different examples relating to the anal-
ysis of the shape of nanoparticles using HREM. Images
in the left column show experimental images recorded
on different metal//support systems. Note the presence
of well-faceted metal particles. The analysis of spacing
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Figure 2. Experimental images corresponding to Rh/TiO2 (a), 4% Pt/CeO2 (d) and 2.5% Rh/CeO2 (g) catalysts. (b, e, h) simulated images
(c, f, i). Models used to obtain the simulations.

and angles between lattice fringes allows identification of
the crystallographic planes exposed at the surface and the
number of planes of each type involved in the projection.
From this information a three-dimensional particle shape
can be guessed and modelled. From these models, cal-
culated images like those shown in the central column of
Fig. 2 can be obtained. A good match between the experi-
mental and simulated images is observed. Both the outline
of the metal particles and the contrasts observed inside the
particles are well reproduced in the calculations. In the
three cases shown, the metal particle shapes are based on
cuboctahedra (right column in Fig. 2). Thus, in the case
of the image of the Rh/TiO2 catalyst, the rhodium particle
adopts the shape of a cuboctahedron with squaref100g
facets and triangularf111g facets.15 The cuboctahedron is
truncated on one of the (100) facets that is in contact with
the (101) surface of a rutile support crystallite.

The second image [Fig. 2(d)] can be interpreted in terms
of a (111)-truncated cuboctahedron of Pt with hexagonal-
f111g and squaref100g facets.13 The particle is sitting
on a (111) surface of a ceria crystal whose shape has
also been defined in the calculation. The electron beam
impinges on the sample along a direction a few degrees

off [110], in such a way that the particle is being imaged
simultaneously in profile and top view projections.

The third image was recorded on a 2.5% Rh/CeO2

catalyst after reduction at a high temperature of 1173 K.
As already seen in the previous section for the 4% Pt/CeO2

sample, treatment under these conditions lead to severe
sintering of the Rh particles.27 The formation of twins
or multiple twins is the usual consequence of sintering.
Thus, the image of the rhodium particle in Fig. 2(g) can
be explained in this case as being due to a Rh bicrystal
comprising two cuboctahedral subunits contacting along
one of their (111) planes. The upper cuboctahedron is
rotated 60° about the (111) contact plane. The twinned
particle in Fig. 2(i) is imaged in top view, down the [123]
zone axis of the lower Rh subunit. Fringes corresponding
to the (111) planes of the upper unit are superimposed
in the image with the (111) fringes of the lower one,
resulting in a cross-fringe pattern with 55°, 61° and 64°
angles (shown in the DDP inset in the figure) that is nicely
reproduced in the calculation. It is important to note that
such a pattern cannot be interpreted as being due to any
projection of the fcc structure of metallic rhodium. Taking
into consideration the severe reduction conditions under
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which the catalyst was treated, the formation of a possible
Rh–Ce alloy could have been erroneously suggested as
being responsible for this anomalous contrast pattern.
Image simulation clearly indicates that this would have
been a mistake and gives us a clear indication of the need
to rely on calculations to interpret the contrasts observed
in HREM images of these materials. Further references
dealing with the study of twinned metal particles can be
found in the literature: Ref. 33 and references therein, as
well as Refs 34 and 35 related to the study of metals on
amorphous supports.

Concerning the possibility of detecting deviations from
ideal shapes, due for example to the presence of vacancies
or steps on the metal surface, it is important to note that
HREM images will be mainly sensitive to changes in those
features of the morphology that, in projection, fall along
the profile of the particle.13 Likewise, the irregular growth
of a particular set of planes will be detected readily for
those planes included in the zone axis defined by the inci-
dent electron beam direction. Changes affecting the con-
trast inside the particle, i.e. imaged in plan view, will be in
principle hardly detectable and very difficult to separate
reliably from other image artefacts. Some authors have
proposed36 that from a precise determination, using image
processing techniques, of the position of the contrast max-
ima observed in the HREM image of small particles with
atomic resolution, the ‘roughness’ of metal particle sur-
faces can be estimated. In our opinion exhaustive image
calculations performed on nanometre-shaped models and
consideration of the influence of experimental parameters
such as small crystal tilts would be necessary to decon-
volute the contribution of artefacts to the image contrast.

Certainly, as already stated, HREM is a projection
technique. However, it is also important to realize that an
HREM image allows the observation of a large number
of particles in different orientations. Hence, unless the
sample is very inhomogeneous with respect to particle
shape, which in fact is quite unusual, HREM allows one to
extract a close approximation to a representative particle
shape. Additional examples discussed in the following
sections will enhance the discussion of this point.

Chemical nature of the supported particles

Figure 3 (left column) shows experimental images re-
corded on CeO2-supported catalysts after being submitted
to different thermochemical treatments. Figure 3(a) was
recorded from a 2.5%Rh/CeO2 catalyst reduced in pure
hydrogen at 773 K and reoxidized in pure oxygen also at
773 K.37 A rounded particle on the surface of a ceria crys-
tallite is observed. A 0.374 nm spacing between the lattice
fringes, characteristic of the (012) planes of the hexagonal-
Rh2O3 phase, can be estimated. The image calculated for
a structural model consisting of a spherical-shaped Rh2O3

particle down a zone axis a few degrees off the [010]
direction [Fig. 3(b)] reproduces the (012) lattice fringes
and, in general, matches quite well the contrast observed
in the experimental image. This result confirms that the
aforementioned treatment induces the transformation of
the metallic particles formed after reduction at 773 K
into the sesquioxide, in good agreement with Tempera-
ture Programmed Oxidation (TPO) data obtained for the
same catalyst.37

Figure 3(c) corresponds to a 4% Pt/CeO2 catalyst
treated under reducing conditions in pure hydrogen at high

temperature (1173 K). In this case a faceted supported
particle¾6 nm in size showing a contrast pattern con-
sisting of intensity maxima with hexagonal symmetry is
observed. This contrast pattern cannot be assigned to any
of the orientations of metallic Pt but, instead, to the [001]
zone axis of a hexagonal CePt5 intermetallic phase. Sim-
ulations obtained for this phase in the cited orientation
[Fig. 3(d)] reproduce perfectly well the contrast pattern
observed in the experimental recording.

Images obtained after the same treatment for a Pt cata-
lyst supported on a mixed cerium–terbium oxide support
indicate also an incorporation of the lanthanide elements
present in the support into the structure of the metal-
lic particles.38 Thus, experimental images such as that
shown in Fig. 3(e) can be explained fully with simulations
based on models containing LnPt5 (Ln : Ce, Tb) particles
[Fig. 3(f)]. This intermetallic phase is isostructural with
the binary CePt5 phase. However, even with a detailed
analysis of the contrasts observed in these particles it
is still not possible to reach reliable conclusions about
the content of the intermetallic in each of the lanthanide
elements present in the support. Complementary measure-
ments using nanoanalytical techniques (electron energy-
loss spectroscopy, EELS) have been necessary to clarify
this point.38 The EELS data clearly indicate the preferen-
tial incorporation of Ce into the intermetallic phase.

To reproduce in the calculation the outline of the
intermetallic particle observed in the experimental image
shown in Fig. 3(e), a beryl-type morphology39 was
assumed. This morphology accounts for the preferential
growth of the particles along thec-axis. The [001] pro-
jection of the CePt5 intermetallic particle detected in the
image of the Pt/CeO2 catalyst [Fig. 3(c)] is also consistent
with this morphology.

Figure 4 addresses phase recognition in a supported
oxide system. The experimental plan view image was
obtained on a 14 wt.% V/VMgO catalyst after exposure
to pure propane at 773 K for 4 h.19 Small patches of
an ordered structure, enlarged in Fig. 4(b), can be dis-
tinguished. The DDPs of these patches [Fig. 4(c)] indi-
cate the presence of periodicities of 0.495 and 0.469 nm
intersecting at an angle of¾68°. These periodicities and
interplanar angles are not consistent with any of the vana-
dium oxides V2O3, V2O4 or V2O5. These features can be
explained if the formation of a MgV2O4 spinel is assumed.
To confirm this proposal a model of a surface spinel phase
supported on MgO with a parallel orientation relationship
was built [Fig. 4(d)]. The images simulated for this model
[Fig. 4(e)] reproduce quite well the contrast of the exper-
imental images. Likewise, the DDPs obtained from these
calculations [Fig. 4(f)] contain the fringe pattern features
mentioned previously. This result confirms that during
treatment in propane V5C reduces to V3C and is incor-
porated into the framework of a mixed phase in company
with Mg2Cions coming from the support. It is also worth
noting that the patches grow with a well-defined crystallo-
graphic orientation relationship that allows the formation
of a very smooth interface, with only a 0.23% mismatch.
In fact, the oxygen sublattice retains its structure across
the interface plane.

This last example illustrates the possibilities of HREM
in the analysis of structures that show a preferential two-
dimensional growth, in this case in the form of oxide
patches imaged in plan view. The HREM images obtained
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Figure 3. (a) The HREM image corresponding to the 2.5% Rh/CeO2 catalyst reduced at 773 K and oxidized further at 773 K. (b) Simulated
image obtained from a spherical particle of hexagonal Rh2O3. (c) Experimental image of the 4% Pt/CeO2 system reduced at 1173 K.
(d) Calculated image of the CePt5 phase along the [001] direction. (e) Image corresponding to the 5% Pt/Ce0.8Tb0.2O2 catalyst reduced in
pure hydrogen at 1173 K. (f) Simulated image from a model consisting of an LnPt5 alloy particle with beryl-type morphology supported
on the mixed oxide.
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Figure 4. (a) Experimental image of a (14% V) VMgO catalyst after treatment in pure propane for 4 h. (b) Detail of the experimental
image. (c) The DDP obtained from the experimental image. (d) Model used to run the simulation. (e) Simulated image. (f) The DDP
from the simulated image.

in the same catalyst under profile projection indicate that
these patches could be¾1–1.5 nm thick.19

Surface and interface details

Analysis of the image in Fig. 4(a) revealed that the sup-
ported MgV2O4 phase grew under a precise orientation
relationship over the surface of the MgO support crys-
tals. In supported metal systems the same effect is usually
observed,13 – 17,34,35,40 which reveals quite clearly the influ-
ence of the support surface structure on the growth of
the small particles. High-resolution electron microscopy
is very well suited to determine these correlations, both
profile and plan view images being useful to characterize
the structural features of metal//support interfaces.14

Figure 5 (left column) shows two experimental images
recorded on ceria-based catalysts after reduction at low
temperature. In the image recorded on the 0.5% Rh/Ce0.8

Tb0.2O2 catalyst [Fig. 5(a)], a parallel alignment between
the (111) planes of the mixed oxide and the (111) planes
of Rh is observed. The image indicates also that the
metal particle has grown with one of its (111) planes
over a (111) plane of the ceria crystal. According to the
model shown in Fig. 5(c), this alignment can be explained
by assuming an epitaxial growth of the metal particle
over the support, which can be defined by the following
crystallographic relationships:

.1–11/ Rhjj.1–11/Ce0.8Tb0.2O2 and

[110] Rhjj[110]Ce0.8Tb0.2O2

In Ref. 14 this orientation relationship is regarded as a
parallel epitaxy. Figure 5(b) shows a calculation based

on this model, matching the features of the experimental
image.

The growth of Rh and Pt particles on ceria can alter-
natively occur under a twin epitaxy.14,17 In this case
[Fig. 5(d)] the (111) planes of the metal and the support
are related by a (111)-mirror plane operation, as depicted
by the twisted lines marked on the image. The equations
that define the orientation relationship in this case are:

.1–11/ Ptjj.1–11/CeO2 and [110] Ptjj[011]CeO2

The parallel and twin epitaxies are related to each other
by a 60° rotation about the (111) axis perpendicular to the
surface plane. Given that the metal and support planes that
are in contact at the interface both have, ideally, sixfold
symmetry,14 it turns out that the structure of the interface
is exactly the same for both orientation relationships. This
could explain why both topotaxies occur experimentally.

Moving to the field of supported oxides, Fig. 6 shows
an experimental HREM image representative of a 3%
Nd2O3/MgO catalyst as prepared. The image is character-
ized by a featureless, low-contrast background with some
outstanding white dots in an ordered arrangement (region
indicated by the arrow). Of the different structural mod-
els considered to reproduce these contrast features, the
one showing the best match with the experimental image
corresponds to a rounded, unstrained, monolayer raft of
cubic Nd2O3 in [001] orientation grown under parallel
orientation over a (001) surface of MgO:

Nd2O3.001/jjMgO.001/ and Nd2O3[100]jjMgO[100]

Figures 6(d) and 6(e) show, respectively, a plan and an
edge-on view of this model. A close match is observed
between the image calculated for this model [Fig. 6(b)]

Copyright  2000 John Wiley & Sons, Ltd. Surf. Interface Anal. 29, 411–421 (2000)
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Figure 5. Experimental images from 0.5% Rh/Ce0.8Tb0.2O2 (a) and 4%Pt/CeO2 (d). (b, e) Calculated images for Rh- and Pt-supported
particles. (c, f) Supercell models used to run the calculations.

Figure 6. (a) The HREM image of a 3% Nd2O3/MgO catalyst. (b, c) Simulated images. (d) Plan view and (e) profile of the model built for
the calculation.

and the experimental image. This model involves an
incoherent interface in which there is near coincidence
of every third Nd2O3 (400) plane with every fourth MgO
(200) plane. The mismatch in this 3 : 4 arrangement would
be only 1.6%.

A rotation of 45° of the neodymia cluster about the
coincident [001] direction would lead to a coherent

interface with a 7.2% mismatch. However, the simulated
image for this second interface model [Fig. 6(c)] is far
from the experimental recording. Note how the intense
white dots have disappeared from the image after the rota-
tion. This result provides an example of how sensitive
the HREM images of supported phases are to changes in
orientation relationships. It is also worth emphasizing that
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in this particular case we have been dealing with a very
challenging problem: the structure of interfaces involving
nanosized two-dimensional crystals.

Additional features of these nanosized interfaces could
be investigated using a strategy based on a match between
experimental and simulated images, such as the distance
between the planes contacting at the interface or the chem-
ical nature of these planes.13 In this case detailed inter-
pretation of image contrasts is necessary. Hence, detailed
calculations considering the influence of a large number of
parameters are required for this purpose if reliable con-
clusions are to be drawn. Among these parameters, the
thickness of the support crystallite and small crystal tilts
play a major role in the distribution of contrasts in the
image.13,41 The polycrystalline nature of catalytic pow-
ders means that these parameters are completely unknown
when reaching the interpretation step, and a large number
of trials to fix them therefore becomes necessary.

Occasionally, new interfaces are developed in this type
of material as a consequence of activation treatments or
operating conditions. This is the case, for example, of
Rh and Pt catalysts supported on CeO2 or Ce–Tb mixed
oxides. When these catalysts are treated in hydrogen at
high temperature (above 973 K), thin layers of support
migrate on top of the surface of the small metal parti-
cles. This decoration effect means that extension of the
metal//support interface increases at the expense of cov-
ering a fraction of the metal particle surfaces that were
clean, and therefore available to adsorbates or reactants,
in the catalysts reduced at low temperatures. Figure 7(a)
shows an experimental image of a 2.5% Rh/CeO2 cat-
alyst reduced in hydrogen at 1173 K for 1 h. It is
apparent that the metal particle is surrounded, at the
bottom part, by a ceria shell and also the presence of
two layers of decoration covering partially the surfaces
that are imaged in profile. Figure 7(b) shows an enlarge-
ment of this coverage where its crystalline nature can be

appreciated clearly. Analysis of the lattice fringe pattern
in this region [Fig. 7(c)] confirms that these layers corre-
spond to CeO2 imaged along a [110] projection. Moreover
the alignment observed between the (111) diffraction spots
of CeO2 and those of Rh indicate that the decorating lay-
ers are epitaxially grown on the metal surface. This is
entirely reasonable when we recall the epitaxial relation-
ships described at the beginning of this section for Rh and
Pt on ceria.

In Pt/CeO2 and Pt/CeTbOx catalysts, similar decora-
tion effects have been detected16,17,38 after reduction in
hydrogen at 973 K. Figure 7(d) shows precisely such an
HREM image recorded on a 5% Pt/Ce0.8Tb0.2O2 catalyst
after reduction in pure hydrogen at 973 K for 1 h. Note that
in this case the Pt particle is also surrounded at the bot-
tom by a shell of support. On the uppermost (111) plane
of this particle a row of black dots, with a separation of
¾0.34 nm from each other, partially covering the surface,
is also evident. This distance is much larger than that cor-
responding to the closest Pt atoms in the fcc structure, but
matches fairly well with the distance of 0.33 nm between
neighbouring lanthanide cations along the [1–12] direc-
tion of the Ce0.8Tb0.2O2 oxide. This result indicates that
these black dot contrasts observed at the surface cannot be
assigned to the structure of the metal particle but should
instead be ascribed to a coverage by af111g support layer.
Image calculations [Fig. 7(f)] further confirm this hypoth-
esis. According to the structural model employed for this
calculation [Fig. 7(e)], the black dot contrasts at 0.34 nm
are due to a (111) CeTbOx cap covering the surface of the
metal. This example allows us to address the question of
how small or thin a decoration layer can be and yet still
be detectable by HREM. According to the calculations
presented here, even a submonolayer coverage could be
detected in experimental images, like the one shown here,
recorded in profile view conditions.

Figure 7. (a) Experimental image from a 2.5% Rh/CeO2 catalyst reduced at 1173 K. (b) Detail of the surface of the experimental
image. (c) The DDP obtained from the experimental image. (d) The HREM image from a 5% Pt/Ce0.8Tb0.2O2 catalyst reduced at 973 K.
(e) Supercell used as input for the calculation. (f) Simulated image.
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CONCLUSIONS

From the set of examples analysed and discussed here an
impression of the possibilities that HREM offers in the
characterization of supported metal and oxide catalysts
can be obtained. The use of image processing as a means
to quantify the image contrast features, and of image sim-
ulation as a means to confirm structural hypotheses, is
required to extract detailed information from the experi-
mental images. In the case of supported metals, parti-
cle sizes of¾1 nm are large enough to carry out this
detailed analysis, from which relevant conclusions about
size, shape, chemical nature of the particles or their ori-
entation relationships with the support can be drawn.
Limitations of the technique in each particular case have
been commented upon. In the field of supported oxides,
the characterization of raft-like nanostructures has been
shown to be feasible.

On assembling the different pieces of information
related to the characterization of noble metals supported
on ceria oxides, it seems clear that the structural features
of metal–support interaction effects change continuously
as a function of reduction temperature. Up to reduc-
tion temperatures of 973 K, Pt and Rh catalysts follow
a parallel nanostructural evolution. Thus, in the reduc-
tion temperature range below 973 K the most remarkable
aspect is the existence of metal–support orientation rela-
tionships in these catalysts. Increasing the temperature

above 973 K leads to migration of the support on top
of the metal particle surfaces, which as a result become
partially covered. In the particular case of the Pt catalyst,
further increases of the reduction temperature promote the
alloying of metal atoms with the lanthanide atoms present
in the support, resulting in the formation of hexagonal
LnPt5 intermetallic particles. Such an alloying process
does not seem to take place in the case of Rh catalysts,
where sintering and the formation of twins is the main
effect of reduction treatments at the very high temperature
regime.

The results obtained by HREM account for the contri-
bution of structural aspects to the overall metal–support
interaction effects. Additional contributions, which cannot
be detected with this technique, can be operating in paral-
lel or synergistically with the structural effects. This is the
case of Pt supported on CeO2 for example, where com-
plementary chemical characterization data suggest that a
contribution from electronic interactions with the support
seems to be involved.
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36. José-Yacamán M, Tehuacanero S, Zorrilla C. Electron
Microsc. 1994; 2A: 399.

37. Bernal S, Blanco G, Calvino JJ, Cifredo GA, Pérez-Omil JA,
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