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Abstract

The inherent problems of image simulation when applied to the study of supported metal catalysts are analysed and
discussed. The paper focuses on the consideration of profile view images with reference to the fine details of the contrasts
both in the metal particles and in the outer support layers. As a general conclusion we prove that complex contrasts
which very often appear in the images can be interpreted on the grounds of the structural features of the catalysts and on
the recording conditions in the microscope. This conclusion is supported by simulation of several experimental images
showing excellent fitting with the simulated ones.

One key feature to face for a successful interpretation of metal/support discrete interfaces is the availability of
a methodology to construct the complex supercells which are required as input data for the multislice simulation
programs. The paper includes a description of the approach followed for this aim in our lab, allowing to model size,
shape, faceting, and relative orientation of metal and support particles.

Some other definite aspects addressed specifically in this contribution are: (a) influence of support thickness,
(b) influence of the metal particle position on the support, (c) effect of the metal particle size on its visibility and
resolution, (d) assessment to the determination of reliable metal particle size by direct measurement from the images, and
(e) influence of the crystal tilts in the imaging process. The influence of such variables in the image contrasts are
analysed. ( 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

It is clear from the recent literature that high
resolution electron microscopy (HREM) has

emerged as a powerful technique for the sub-
nanometric characterisation of different catalytic
materials, such as zeolites, oxides, sulphides or ox-
ide-supported metal particles. The publication of
several monographic issues [1—5], focused on the
application of TEM and, more specifically, HREM
to catalysts, should be considered an indication of
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the increasing interest raised by this topic, not only
in the field of catalysis but also within the electron
microscopy community.

The improvements in resolution achieved in the
last decade have allowed micrographs to be re-
corded in which the structure of very different cata-
lysts is imaged at atomic scale. This very attractive
possibility has made HREM a potential source of
detailed structural information closely related to
macroscopic properties and to inherent catalytic
performance.

The continuous lowering of the spatial resolution
limit in new equipment demands a parallel effort in
the development of interpretation procedures that
allow as much structural information as possible to
be obtained from the contrasts recorded in the
HREM micrographs of this particular type of solid
materials. The determination of geometrical fea-
tures either on real space images or on reciprocal
space recordings, such as optical diffractograms or
SAED patterns, do not cover all that can be done.
In either of these cases, the interpretation of the
details of the contrasts contained in the micro-
graphs is disregarded, limiting seriously the quanti-
ty and quality of the information that can be
extracted from the images. Concerning the field of
electron microscopy investigations of supported
metal catalysts, the most frequent analysis of the
images is the determination of metal particle size
distributions. This simple measurement, though be-
ing of great interest from the catalytic point of view,
does not involve any interpretation of the image
contrasts.

As it is well known, the interpretation of HREM
image contrasts requires the application of image
simulation methods. In fact, this method is routine-
ly employed as a standard procedure to interpreta-
te HREM images of semiconductors, ceramics or
intermetallics, among others [6]. Comparing ex-
perimental and calculated images, very accurate
information has been obtained from a variety of
defect structures present in these materials, like
point defects, precipitates, interfaces and grain or
phase boundaries. Nevertheless, and in spite of the
proven interest of image simulation methods, their
use in the field of catalytic materials has not been
widespread until now. In fact, only a scarce number
of papers can be found in the literature where

simulated images are carefully analysed to correlate
image contrasts with specific, fine detail, structural
features of catalysts or catalyst components as is
the case of small metal particles. References [7—17]
can be considered as representative examples of
these works. Most of these contributions deal with
the structure of isolated small model metal [9—16]
or oxide/sulfide particles [7,13,17]. In any case,
until now, a systematic application of image simu-
lation techniques to HREM images of catalysts in
general and, in particular, to supported metal cata-
lysts, has not been a common practice.

The unavailability of a widely applicable soft-
ware designed to build easily the complex super-
cells necessary to account for models of interest in
catalysis, as well as the particularly poor definition
in catalytic samples of several fundamental para-
meters of the imaging process, like crystal orienta-
tion and thickness, make image simulation on these
materials a difficult task. This could explain the
lack of calculated images in most of the published
papers dealing with the HREM characterisation of
catalysts.

During the last years our group has worked in
order to overcome some of the problems cited
above and to potentate the use of image simulation
techniques in the interpretation of HREM images
of catalysts, in general, and of metal/support sys-
tems in particular. Thus, we have developed a set of
supercell modelling tools that allow to take into
consideration the specific features of catalytic
samples. These tools have been gathered within
the frame of a FORTRAN 77 coded program we
have called RHODIUS [18]. The supercells gener-
ated by this program can be used as input to the
multislice routines of currently available image
simulation packages like EMS by P. Stadelmann
[19].

In previous works [20—27], following an ap-
proach based on calculated images, we have inter-
preted in detail the nanostructural features of
HREM images recorded on several metal/support
catalysts like Rh/TiO

2
, Rh/CeO

2
or Pt/CeO

2
. Very

precise information about the specific origin and
nature of metal-support interaction effects, hardly
accessible by other characterisation techniques,
have been drawn. Now, in this paper, we focus the
attention on the application of Image Simulation as
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Fig. 1. Low magnification image corresponding to a 2.5% Rh/CeO
2

catalyst.

a tool to understand the influence of the structural
parameters specific to supported metal catalysts, on
their HREM images. The fundamental features of
the interaction between the electron beam and the
catalyst have been considered. Topics like (a) the
effect of the metal particle position on the support
surface, (b) the evaluation of the detection limit of
small particles using quantitative criteria and
(c) the influence of small crystal tilts, are addressed.
Though they will not be considered here, many
other structural features, like metal particle shape,
metal/support orientation relationships or the
chemical nature of support surface, can be investi-
gated using this approach [22]. After this, the lim-
itations of HREM imaging in establishing these
parameters can reasonably be accessed on the
grounds of the results of these calculations. In any
case, the interpretation of the different experi-
mental images discussed in this paper will show
how these aspects can be properly treated. In fact,
image simulation should be considered as a test
bench where an a priori knowledge of image forma-
tion of catalytic systems and of the capabilities of
HREM in the determination of certain structural

features of such materials can be predicted. More-
over, but no less important, image simulation con-
stitutes the only reliable tool to discriminate
between real structural features and image artefacts
not related to the catalyst’s structure. Different
examples in connection with these ideas will also be
shown in this contribution.

The low magnification image in Fig. 1, recorded
on a Rh/CeO

2
catalyst, can be used to illustrate the

main distinctive features of metal/support systems.
As can be observed, in these materials the metal
phase is present as small particles, usually in the
nanometer size range, sitting on the surface of lar-
ger, micron sized, support crystallites. Two differ-
ent types of recordings can be obtained in these
samples: profile view images, like that exemplified
by the metal particle indicated by a black arrow in
Fig. 1, and planar view images, as is the case of the
particle marked with a white arrow. In the first case
the electron beam runs ideally parallel to the con-
tact plane between the metal and the support, in
such a way that the metal/support interface is im-
aged in cross section. As a consequence, in this
projection mode the structure of the metal and that
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of the support are imaged in different locations of
the micrograph. This neatly contrasts with planar
view recordings, where the metal particles are im-
aged on the support background. In this work we
will focus on the study of images recorded in profile
view conditions. The analysis of planar view imag-
ing can be also fruitfully exploited, and will be the
subject of a future contribution.

2. Experimental details

The experimental HREM images presented in
this work have been obtained on two different
catalysts: 2.5% Rh/CeO

2
and 4% Pt/CeO

2
. Fur-

ther details concerning the preparation and activa-
tion procedures of these catalysts can be found
elsewhere [21,25]. Images have been recorded in
a JEOL 2000EX microscope equipped with a top
entry sample holder and ion pumping. The point
resolution attainable with this microscope is
0.21 nm.

All the supercells employed as input models for
the image simulations have been modelled using
the RHODIUS program developed in our lab.
HREM image calculation was performed using the
Multislice routines of the EMS package [19] run-
ning on an Indy 4400SC Silicon Graphics Work-
station.

A conventional CCD camera, with a resolution
of 768]512 pixels, has been used to digitise the
micrographs. Image processing of these digital im-
ages has been performed using the PC version of
SEMPER 6# software by Synoptics.

3. Preliminary considerations and definitions

Prior to describing any result it is convenient to
consider briefly the different features of the image
simulation process which are specific to the mater-
ials considered in this study. In relation to this it is
important to realise that the simulation of HREM
images of supported metal catalysts should be con-
sidered as a particular case of simulation of interfa-
ces. In fact, these materials can be simply described
as biphasic systems with spatially discrete inter-

faces. Profile views would correspond to cross sec-
tion images of these nano-sized interfaces.

In the case of extended interfaces it is well known
that to define their structure it is necessary to deter-
mine: (1) the structure relationship existing be-
tween the two bulk components of the interface.
This can be achieved by specifying the zone axes of
observation of the two bulk components and the
Miller indices of the planes contacting at the inter-
face; (2) the chemical nature of the interface; and,
finally, (3) the local atomic displacements from the
bulk structure taking place in the interface region.
Once the interface has been characterised from the
structural point of view, and assuming as fixed the
electron-optical properties of the microscope
(Cs, defocus spread and beam semiconvergence), to
obtain calculated images it is also necessary to fix
simulation parameters like thickness (t) and de-
focus (*f ).

Fig. 2 shows an example of a supercell where an
extended RhECeO

2
interface is modelled. The z-

axis of the supercell has been aligned in this case
with the [1 1 0] directions of both components,
which are contacting along their (1 11 1) planes.
An oxygen termination for the ceria surface, a dis-
tance of 0.156 nm between the Rh and O planes,
and no atomic displacement from the bulk posi-
tions have been considered in this model. With
supercells like this, simulation maps that consider
thickness and defocus as variables can be obtained
allowing the interpretation of HREM images of
extended interfaces.

In the case of supported metal particles, the
structure of their interface with the support can be
described using the same set of parameters em-
ployed in extended interfaces, but to perform image
calculation some additional structural and simula-
tion parameters have to be defined. The shape of
the metal particle appears as a new structural para-
meter to be established. In relation to the thickness
of the specimen, two variables have to be defined:
the support thickness (t) and the metal particle size
(d). The position of the metal particle on the sup-
port surface (p) appears also as a new simulation
parameter. As depicted in Fig. 3, the value of p indi-
cates the distance from the centre of the metal
particle to the support exit surface, measured along
the direction of the incoming electron beam.
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Fig. 2. Projection (a) and perspective (b) views showing a model
of a RhECeO

2
extended interface.

Fig. 3. Projection (a) and perspective (b) views showing a model
of a RhECeO

2
discrete interface. The structural parameters of

the interface are the same as those corresponding to Fig. 2. The
parameters, d, t and p have been marked. The shape of the
rhodium particle corresponds to a (1 11 1) truncated cuboc-
tahedron.

Simulation of metal/support systems have to
deal with all the parameters described above: those
characteristic of extended interfaces (structural and
electronoptical) and those which are specific to this
type of problem (shape, d, t and p).

4. Amplitude/phase diagrams in supported metal
catalysts

The increase in the number of simulation para-
meters complicates further the interpretation of
HREM images of supported metal catalysts. For
this reason, an apriori knowledge of the basic fea-
tures of the interaction between the electron beam
and this type of catalyst sample seems to be suit-

able, in order to simplify as much as possible the
Image Simulation process. This approach has been
already used by Glaisher et al. [28—30] in the study
of different semiconductors by HREM. In these
papers, the evolution of the amplitude and phase of
the transmitted and diffracted beams, as a function
of crystal thickness, are fruitfully used to interpreta-
te the contrasts of HREM images of those materials
in terms of their crystal structure. The rest of this
section is addressed to establishing these ampli-
tude/phase curves for supported metal catalysts
and to discuss their main features. Though
a Rh/CeO

2
system in [1 1 0] projection is con-

sidered as a study case, the conclusions drawn from
this section should be considered of general ap-
plication and, in all cases, they describe properly
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the general features of the interaction of the elec-
tron beam with metal/support systems.

As sketched in Fig. 3a, the interaction of the
electron beam with metal/support systems takes
place following three consecutive steps. First there
is an interaction of the electron beam with the
support component, along the region marked as A.
Then, the wave front coming out of A enters a
second section, labelled B, where a simultaneous
interaction with both the metal particle and the
support material takes place. Finally, the electron
beam crosses the region C where, again, the interac-
tion takes place only with the support. From now
on, the values of the parameters t

A
, t

B
and t

C
, will

designate the thickness of regions A, B and C,
respectively. The following simple relationships be-
tween these parameters and the fundamental simu-
lation parameters can be easily established:

d"t
B
, (1)

t"t
A
#t

B
#t

C
, (2)

p"t
C
#1

2
t
B
. (3)

Thus, calculating the evolution of amplitudes
and phases of the different beams along these three
segments it would be possible to rationalise the
influence of the simulation parameters (d, t, p) on
HREM images of supported metal catalysts. To
analyse the specific influence of simulation para-
meters all the structural parameters have been
fixed. For this reason a calculation based on a par-
ticular rhodium supported on ceria model, with
structural features typical of experimental HREM
images recorded on this system [21], has been
done. It should be emphasised anyway that any
other model with a different structure can be used
as the starting point for this calculation. The com-
parison of calculations corresponding to different
models could be used to sort out the influence of
the structure on the amplitude/phase diagrams,
though this aspect will not be considered here.

In particular, a supercell containing a rhodium
particle sitting with one of its (1 1 1) faces on
a (1 1 1) ceria surface has been employed. A parallel
topotaxy, defined by the crystallographic Eqs. (4)
and (5), has been assumed as orientation relation-
ship between Rh and ceria. All these are the most

common features experimentally observed in
HREM images of this system [21].

[1 1 0]RhE[1 1 0]CeO
2
, (4)

(1 11 1)RhE(1 11 1)CeO
2
. (5)

To reduce the computing time and the data stor-
age demand during the calculation, the morpho-
logy imposed on the metal particle was that of
a hexagonal prism. This morphology has the ad-
vantage that its projection along the [1 1 0]
direction is the same as that of a truncated cuboc-
tahedron, which is the most common faceting for
Rh clusters on ceria [21]. Nevertheless, calcu-
lations with any other metal particle morphology
can be carried out in a parallel way.

To perform the multislice calculation on the
above cited model two different types of slices have
to be used, one containing only ceria in [1 1 0]
projection, from now on referred to as the S slice,
and a second one containing rhodium and ceria,
also in [1 1 0] projection, here named the M slice.
Fig. 4 shows the supercells corresponding to these
two slices built with the RHODIUS program. By
stacking these slices in appropriate sequence the
interaction of the electron beam with a supported
metal particle can be studied using a multislice
calculation routine. The interaction along regions
A or C would correspond to propagation through
slices of the S type, while the interaction in the
B region can be simulated using M slices. The
values of d, t and p (or the equivalent set of para-
meters t

A
, t

B
and t

C
) can be easily adjusted by

changing the relative number of the two types of
slices stacked to build up the whole supercell.

The dimensions of the S and M slices can not be
arbitrarily fixed. In order to generate a crystalline
material by the stacking procedure it is necessary
that they have a thickness, i.e. a Z-axis supercell
length, which is an integer multiple of the shortest
translation distance along the stacking direction,
the [1 1 0] vector of Rh or CeO

2
. In the case of the

S slice, taking into account that cerium dioxide
presents a fluorite unit cell, this condition can be
completely fulfilled by choosing as slice thickness
the value of its (1 1 0) plane’s d-spacing. This corres-
ponds to a slice thickness of 0.383 nm. By stacking
a specific number of S slices with this thickness, or
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Fig. 4. Structural models of the M (a) and S (b) slices. The dimensions and crystallographic features of these slices are indicated.

an integer multiple of this thickness, zones A or
C of Rh/CeO

2
supercells can be modelled.

The case of the M slice is a bit more complicated.
For this slice we have to choose a thickness value
that accomplishes, simultaneously, the requirement
of periodic continuation for two materials with
different crystallographic parameters, Rh and ceria.
This difficulty can be solved by choosing as thick-
ness of the slice the least common multiple (l.c.m.)
between the d-spacing of the (1 1 0) planes of the
metal and the support. To get such an l.c.m. value it
is necessary that the ratio between the (1 1 0) d-
spacing of the metal and the support can be ex-
pressed as a ratio of integer numbers; in other
words these values should be commensurate with
each other. Given that the values involved in this
case are 0.269 nm for d

110
Rh and 0.383, for

d
110

CeO
2
, it is clear that a small distortion in the

structure of either the metal or the support needs to

be introduced to achieve the required numerical
condition. In relation to this point it should be
considered that some authors [11,31] have re-
ported the occurrence of distortions (up to 5%) in
the lattice parameter of small clusters supported on
crystalline oxides. Therefore, it seems reasonable to
choose the metal phase as the component to suffer
the structural distortion. In the Metal/Support sys-
tem here considered by decreasing the value of the
lattice parameter of rhodium by only 5% the fol-
lowing relationship between the d

110
spacing of

metal and support is established:

3d
110

Rh"2d
110

CeO
2
"0.765 nm. (6)

Taking into account the considerations ex-
plained above, a thickness of 0.765 nm was chosen
for both the S and the M slices. In this way the
calculation requirements are fulfilled while, at the
same time, using a model that resembles much
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Fig. 5. Schemes of the S/M/S stacking sequences employed to
build the three different Rh/CeO

2
supercells employed to calcu-

late the amplitude/phase diagrams. A, B and C correspond to
the three different electron beam—sample interaction regions
described in the text. Values of d, t and p for each model are
indicated.

closer the currently available experimental data. In
any case it is not reasonable to expect extreme
deviations in the results with respect to those corre-
sponding to a model containing a non-distorted
metal particle. To check this point, different calcu-
lations performed on models containing only rho-
dium with slightly different cell parameters have
been performed. The results indicate that no signifi-
cant modification takes place in the corresponding
amplitude/phase curves.

The ½ dimension of the slices has also to be
adequately fixed. In this respect, and assuming that
the (1 11 1) reciprocal vector has been aligned with
the ½ axis of the supercell, as sketched in Fig. 4, it is
important to note that the length of this axis should
be a multiple of the l.c.m. value between the
d
111

spacing of rhodium and CeO
2
. Only in this

way it is possible to assign integer Miller indices to
the (1 11 1) reflections of both the metal particle and
the support with respect to the supercell axis sys-
tem (s.a.s). For instance, if we choose an ½ axis of
6.248 nm length, the indices corresponding to the
(1 11 1) reflections of Rh and ceria, would be the
following:

g
111 1

(CeO
2
)"g

0,20,0
(s.a.s), (7)

g
111 1

(Rh)"g
0,30,0

(s.a.s). (8)

In other words, the evolution of the amplitude
and phase of the (0 20 0) reflection of the supercell
would correspond to that of the (1 11 1) planes of
ceria and, likewise, the (0 30 0) reflection would
account for the (1 11 1) reflection of rhodium.

Taking into account the arguments stated in the
previous paragraphs, the final dimensions of both
the S and M slices used for the calculation of the
Amplitude/Phase diagrams were 6.248 nm]
6.248 nm]0.765 nm. A supercell was built by
stacking 11 S slices, followed by 4 M slices and
ending with another 11 S slices. This 11/4/11 stack-
ing sequence allows to model a Rh/CeO

2
system

containing a support crystal with a thickness (t) of
19.9 nm and a small particle with a diameter (d ) of
3.1 nm, allocated at 9.9 nm from the support exit
surface (p), Fig. 5a.

Figs. 6a and 6b show the calculated ampli-
tude/phase diagrams corresponding to this struc-
tural model considering an incident electron beam

of 200 kV. Regarding the behaviour of the (1 11 1)
beams for ceria, Fig. 6a, both their amplitude and
phase follow the trend observed for bulk ceria. The
presence of the metal cluster on top of the ceria
surface does not influence significantly the evolu-
tion of the diffraction process within the support
material.

The evolution of the (1 11 1) beams of the metal is
clearly different. As can be observed in Fig. 6b,
there is no intensity within these beams along the
A region, then there is a continuous increase in
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Fig. 6. Amplitude (solid line)/phase (dashed line) diagrams calculated for the (1 11 1) beams of ceria and rhodium. The metal particle is
positioned at 9.9, 14.5 and 5.3 nm from the exit surface. The supercells shown in Fig. 5 were used as models for these calculations.

amplitude while the electrons are crossing the metal
particle, region B, a maximum diffracted amplitude
being reached at the point where the beam leaves
the metal particle. From this point on, region C, an
amplitude plateau is observed extending up to the
exit surface of the supercell. This result indicates
that the behaviour of the metal beams depend only
on the interaction of the electrons with the struc-
ture of the metal particle, at least for a system with
the dimensions considered in this calculation. In
effect, the absence of intensity in the A region and
the steady value observed in C indicate that no
significant intensity is being brought into the metal
beams from the beams diffracted by the support
and, reciprocally, that no intensity from the metal
beams is scattered into the support.

Due to their small scattering angle (approx.
2 mrad for 200 kV electrons), it is necessary that the

(1 11 1) beams coming out of the metal particle, at
a mean distance from the surface of several an-
gstroms, travel a long path before reaching the
ceria surface, where they could be further scattered.
This argument could explain the results observed
above. Additionally, and using the same idea, if the
thickness of the ceria support crystallite was large
enough it should be expected that this secondary
diffraction process would take place. Such interac-
tion should translate into a modification of the
amplitude of the metal diffracted beams during
their propagation within the support crystallite.
Fig. 7 shows the evolution of the Amplitude of
(1 11 1) beams of Rh and ceria for a model where
a much thicker ceria crystal, 62 nm, has been con-
sidered. In this case, although the amplitude of the
(1 11 1) beams of rhodium is also nearly constant
after exiting the metal particle, with a value close to
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Fig. 7. Amplitude of the (1 11 1) beams of rhodium and ceria calculated for a Rh/CeO
2
supercell containing a rhodium particle supported

on a thick, 62 nm, ceria crystallite. Note in the 4-fold enlargement the fluctuations in the amplitude of the (1 11 1) beams of Rh at distances
further than 25 nm.

that observed in Fig. 6b, a slight wavy behaviour is
evident at large distances. In effect, in the 4-fold
enlargement included in the figure, modulations in
the amplitude of the (1 11 1) beams are clearly evi-
dent. Such modulations start to be significant at
support thickness greater than 25 nm. At lower
values an amplitude plateau is still observed, con-
sistently with that reported in the calculations in-
cluded in Fig. 6. This result confirms that under
specific circumstances, like that considered in
Fig. 7, a secondary diffraction process within the
support affects the behaviour of the (1 11 1) beams of
the metal particle.

The evolution of the phase of the metal (1 11 1)
beams contrasts with that observed for their ampli-
tude. Thus, as shown in Fig. 6b, there is a sharp
increase of their phase while the electrons are cross-
ing the metal but once the electrons leave the small
particle, a linear decrease takes place, instead of the
steady value behaviour observed for their ampli-
tude. A decrease rate, RU, around 0.18 rad nm~1

can be estimated from Fig. 6b. As it will be further
stated, this result has a strong influence on the
transfer of the metal particle contrasts into the final
image, whose effective defocus will depend strongly
on both this phase decrease rate, RU, and the actual
position of the metal particle on the support sur-
face. The value of this decrease rate of the phase
shift between the metal (1 11 1) beams and the
unscattered central beam is related to the diffrac-
tion angle existing between them. In fact the ob-
served value of RU can be calculated, in accordance

with this idea, using the following equation:

RU"pjg2, (rad nm~1), (9)

where g stands for the module of the reciprocal
(1 11 1) vector of the metal structure (4.56 nm~1) and
j corresponds to the wavelength of 200 kV elec-
trons (0.00251 nm). Using Eq. (8), the total phase
shift change along a beam path of value *p (nm)
should be

*/"R
(
*p. (10)

According to these results the beams contribu-
ting to the synthesis of the metal image are not
greatly influenced by the presence of a thin support
crystallite. Although for thick support crystal
a slight perturbation of the metal beams’ amplitude
occurs, the most important effect that influences
these beams, once they come out of the metal par-
ticle, is the change in their phase as a consequence
of free propagation in space.

The influence of the parameter p, the position of
the metal particle on the support surface, has also
been analysed. For this purpose two additional
models have been built and their amplitude/phase
diagrams calculated. In these new models the
values of t and d where the same as those in Fig. 5a
and the value of p was changed. In one of the new
models, Fig. 5b, based on a stacking sequence
5/4/17, p is equal to 14.5 nm and in the second,
Fig. 5c, based on a 17/4/5 scheme, the value of
p was 4.3 nm. Figs. 6c—6f show the results corre-
sponding to the calculation of amplitude/phase
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Table 1
Electronoptical parameters of different HREM microscopes

Microscope A!
1

(nm~1) HV" (kV) C#
4
(mm) C#

#
(mm) D (nm) h (mrad) * f $

0
(nm) * f %

2
(nm) Resolution#,& (A_ )

JEOL 2000EX' 10 200 0.7 1.2 10 1.2 51 98 2.1
JEOL 2010F 12 200 0.5 1.0 3 1.0) 43 83 1.9
Philips CM30/T 10 300 2.0 2.0 8 1.0) 77 147 2.3
JEOL 4000EX 13 400 0.9 1.7 6 1.2 47 90 1.6
Cambridge HREM 12 600 2.5 2.7 8 1.0) 69 131 1.7

!Objective lens aperture diameter, in reciprocal space units.
"Maximum operating energy.
#Data taken from M.A. O’Keefe, Ultramicroscopy 47 (1992) 282.
$Defocus value corresponding to the zeroth order passband (Scherzer defocus).
%Defocus value corresponding to the second order passband.
&CTF crossover at Scherzer defocus.
'Data estimated for the microscope at the University of Cadiz.
)Approximated values.

diagrams for these two new models. From the anal-
ysis of these figures several conclusions can be
drawn. First, the position of the metal particle has
no influence on the diffraction process in the sup-
port. No appreciable change was observed either in
the amplitude or the phase of the (1 11 1) beams of
ceria. From these results it can be concluded that
the values of these magnitudes depend only on the
support thickness (t). Regarding with the (1 11 1)
diffracted beams of rhodium, a behaviour similar to
that depicted in Fig. 6b is observed. With respect to
their amplitude, given that the particle size in these
new models has not been changed, the same max-
imum value is observed at the end of the metal
particle. Their phase also shows a similar trend, but
the change in the position of the metal particle gives
rise to a different value of this parameter at the exit
surface of the model. In summary, the position of
the metal particle seems to affect selectively the
value of the outcoming phase of the metal particle
diffracted beams. As will be shown in the next
section, this result has a strong influence during the
imaging process at the objective lens.

5. HREM simulated images in a Rh/CeO
2

catalyst

The calculation of amplitude/phase diagrams
provides the main features of the interaction of the
electron beam with the supported metal catalyst,

nevertheless to fully understand the influence of the
structural and imaging parameters, simulated im-
ages have to be obtained. Calculations based on
different sets of starting Rh/CeO

2
supercell models

have been performed in order to sort out the role of
each of the above cited parameters. The electron-
optical values of a JEOL2000EX microscope have
been employed for these calculations, Table 1.

5.1. Effect of support thickness t

Fig. 8 shows images calculated at 50 and 70 nm
defocus, corresponding to a set of Rh/CeO

2
super-

cells where support thicknesses (t) ranging between
3 and 15 nm have been considered. In all cases
a (1 11 1)-truncated cuboctahedron rhodium crys-
tallite of 2.2 nm of diameter (d), epitaxially grown
on a (1 11 1) ceria surface, at a distance (p) of
1.1 nm from the exit surface has been considered,
Fig. 9.

The comparison of images calculated at the same
defocus indicates that the change in image con-
trasts in the support region due to thickness cha-
nges does not influence at all the contrasts observed
in the metal particle, except at the zones very close
to the interface, where only very tiny modifications
take place. In fact the contrasts observed in the
support are the same as those observed for bulk
ceria and those in the particles the same as those
seen for isolated, unsupported, rhodium metal
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Fig. 8. Calculated images at 50 and 70 nm defocus taking into account the effect of changing support thickness between 3 and 15 nm.
See text for details about the models used as inputs for these calculations.

particles. This is in good agreement with the result
obtained in the previous section, where a negligible
transfer of diffracted amplitude between the two
components of the system and no alteration of the
beams’ phase with respect to the isolated compo-
nents were detected. Note in this respect that in
these models the metal particles are placed very
close to the exit surface, so that no propagation of
the metal beams within the support material oc-
curs. Calculations based on thicker support crys-
tals, about 70 nm, for which this propagation effect
can take place did not show any significant modifi-
cation in the contrasts of the metal in the regions
away from the interface. The small amplitude
modifications observed in the amplitude/phase dia-
grams of the metal particles supported on thick
support crystals, Fig. 7, do not induce drastic cha-
nges in the metal particle contrasts.

Finally the results presented in this section indi-
cate that the determination of t and * f for the
support can be done on the basis of thickness vs.
defocus simulation maps calculated for this com-
ponent alone, without considering the presence of
a metal particle on its surface.

5.2. Effect of particle position p

To understand the role of this parameter the
calculated images gathered in Fig. 10 should be
analysed. These calculations correspond to struc-
tural models, shown in Fig. 11, containing a metal
particle with the same features of those described in
the previous section. In all cases the support thick-
nesses have been kept constant at a value of
12.5 nm and particle position parameters (p) with
a value of 1.25 nm (0.1t) and 11.25 nm (0.9t) have
been considered.

If images calculated for a given defocus are com-
pared, it can be clearly observed that, as the posi-
tion changes, the contrasts exhibited by the metal
particle are modified. This result indicates that the
effective defocus for the particle image is changing
with its position and, on the other hand, that this
effective defocus deviates from the nominal value.

A further comparative analysis of the images
contained in Fig. 10 indicates that a 10 nm dis-
placement on the support surface along the beam
incidence direction is equivalent to a defocus in-
crease of 10 nm. In effect, the image calculated for
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Fig. 9. Structural models corresponding to Rh/CeO
2

supercells containing a (1 11 1)-truncated cuboctahedron rhodium particle
supported on a (1 11 1) surface of a ceria crystallite 3 nm (a) and 6 nm (b) thick. Note how the diameter of the metal particle and its
position are the same in these two models.

p"11.25 nm and * f"50 nm shows a particle
whose contrasts match those observed for the im-
age with p"1.25 nm and * f"60 nm, a similar
correlation existing between the pairs of images
indicated by the white double arrows in Fig. 10.
This result is, once more, in good agreement with
the observations made on the basis of the ampli-
tude/phase curves that predicted a change in the
phase of the (1 11 1) beams of the metal particle as
p was changed.

Using the well known expression for the phase
shift introduced by instrumental aberrations [32],
the change in phase shift, for a reflection of module
g, associated to a change in the defocus value can be
estimated according to the following equation,

*s"pjg2*(* f ) (11)

That, by using Eq. (8), can be rewritten as

*s"R
(
*(* f ). (12)

Keeping in mind that the term *s represents
a change in the phase shift between the diffracted
and the unscattered electron beam, the comparison
of Eqs. (10) and (12) indicates, as the former calcu-
lations clearly demonstrated, that a displacement of
the metal particle on the surface of the support
material is equivalent to a change of the defocus of
the same magnitude.

The results commented on above point out that
for the interpretation of one image of a supported
metal catalyst two different defocus values have to
be provided; that corresponding to the support,
and the other that must be assigned to the metal
particle. These two values will differ from each
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Fig. 10. Calculated images at 50 and 70 nm defocus taking into account the effect of changing the particle position on the support
surface. See text for details about the models used as inputs for these calculations.

other, the amount of the difference being a function
of the exact position of the metal particle on the
surface of the support. This is a particular feature of
HREM imaging of systems with spatially discrete
interfaces, as is the case of supported metal cata-
lysts, not applicable to the images of extended in-
terface systems, where just one defocus setting is
necessary to define their recording conditions. The
relationship between the nominal, support, defocus
and that corresponding to the metal particle can be
expressed according to the following equation:

(*f )
.%5!-

"(*f )
4611035

!p. (13)

5.3. Effect of particle size d

(1 11 1)-Truncated cuboctahedron shaped rho-
dium particles with diameters ranging, roughly,
from 0.5 nm up to 1.5 nm (in a number of atoms
base from 1 to 133 atoms) have been modelled for
these calculations, Fig. 12. In all cases these par-
ticles have been grown on a (1 11 1) surface of
a ceria crystallite of 9 nm thickness and in a parallel
topotaxy. In the calculated images, Fig. 13, both

components are imaged down their [1 1 0] zone
axis. Calculations were done at nominal defocus
values, support defocus, of 50 and 70 nm.

According to this figure, particles with a number
of atoms down to 45 can be clearly identified in the
images and distinguished from the contrasts due to
the support surface. The faint contrasts observed
for the particle consisting of 28 atoms could still be
assigned to a rhodium metal phase, on the basis of
digital intensity profiles recorded along the
[11 1 2] direction, but could be ascribed to surface
inhomogeneities of the support on the grounds of
a naked eye inspection. Finally, calculated images
indicate that isolated metal atoms can not be dis-
tinguished on the surface of ceria in profile view
images. In effect, image Fig. 13a has no information
about the position of the metal atom, that was
positioned at the centre of the surface in the model
used for the calculation, Fig. 12a.

A second aspect worth mentioning with regard
to Figs. 12 and 13 is that related to the comparison
of the apparent size of the HREM image of the
metal particle and the real size of the modelled
particle. In effect, O’Keefe et al. [10] have reported
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Fig. 11. Structural models corresponding to Rh/CeO
2

supercells containing a (1 11 1)-truncated cuboctahedron rhodium particle
supported on a (1 11 1) surface of a ceria crystallite 12.5 nm. In (a) the particle is positioned at the entrance of the model while in (b) it is
close to the exit surface. Note how the diameter of the metal particle and support thickness are the same in these two models.

the occurrence of discrepancies between real and
apparent particle size due to Fresnel contrast ef-
fects at the surface of small metal clusters. Accord-
ing to these authors, apparent surface relaxation
takes place mainly at thick edges, the effect being
sensitive to imaging conditions, mainly to the de-
focus setting. Moreover, taking into account that
metal clusters are shaped, for a given defocus these
distortions are direction dependent, this giving rise
to modifications in the aspect ratio of the particles
[10]. In the simulations herein considered, in the
range corresponding to easily detectable particles,
these distortions are very small, actually lower than
the usual experimental error associated with the
measurement of metal particle size. The distortions
are even smaller when working close to the

Scherzer defocus, Figs. 13a—13e, in good agreement
with the results reported by O’Keefe et al. [10].

The Fresnel diffraction effects commented on
above are also responsible of the ‘ghost’ fringes
observed in most of the simulated images at the free
space surrounding the metal particles or the sup-
port. The visibility of such fringes depend both on
the imaging conditions and on the electronoptical
parameters, mainly those related to the coherence
of the electron beam, employed for the calculations.
In general these fringes are most easily seen on
calculated than on experimental recordings.
The overestimation of the electron source coher-
ence parameters and the absence of noise in
the calculated images contribute to create this
difference.
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Fig. 12. Structural models corresponding to Rh/CeO
2

supercells containing (1 11 1)-truncated cuboctahedron rhodium particles with
increasing size. The number of atoms in each particle has been marked at the upright corner of each figure. In this case the position of the
metal particle and the support thickness have been kept constant in the different models; t"9 nm and p"4.5 nm.

Fig. 13. Images calculated at 50 and 70 nm defocus for the different supercells contained in Fig. 12. The electronoptical parameters
characteristic of a JEOL 2000EX have been used for these calculations.
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Fig. 14. Images calculated at the 0th (*f
0
) and 2nd (*f

2
) order passbands of different electron microscopes for the model shown in

Fig. 12b.

A second question that represents a problem in
determining the particle size in the HREM image is
the possibility of detecting the first (1 11 1) plane of
metal atoms in direct contact with the support
surface, that marked with a white arrow in Fig. 12e.
In this respect, it can be noted, by comparison of
the models contained in Fig. 12 with the simulated
images of Fig. 13, that the visibility of the first
rhodium atom layer is more limited at 50 nm de-
focus than at 70 nm; at least for the support thick-
nesses considered in these simulations. In effect, the
white contrast type obtained for 70 nm defocus
allows to distinguish more clearly this layer in
Figs. 13f—13j than in Figs. 13a—13e where the black
dot contrasts are nearly buried within those due to
the support surface. If we recall the results of Sec-
tion 5.1, dealing with the effect of thickness, it is
reasonable to expect that the defocus value show-
ing optimum visibility of the first layer stays close
to 70 nm for different support thicknesses. This idea
is confirmed by the simulations contained in Fig. 8
where, in general, all the images show a neat row of
white dots close to the support surface. Though for
thick crystals, Fig. 8e, some distortions are already

evident in this row of white dots, their visibility
improves, in any case, when compared to the im-
ages calculated at a defocus of 50 nm.

The possibility of imaging the first metal atom
layer will play a more important role in the deter-
mination of real particle size than the apparent
relaxation effects due to Fresnel effects observed in
isolated particles. In any case, the error induced by
the former effect will never be greater, in the worst
of cases, than one interplanar spacing, a M1 1 1N
d-spacing in our models. This amounts to about
0.22 nm, a value that is of the order of magnitude of
the experimental error associated to the measure-
ment of particle size by any means.

In summary the apparent size that can be mea-
sured on experimental HREM images corresponds,
very closely, to the real particle size, even more
when dealing with particles with sizes over 1 nm. At
least, specific experimental imaging conditions can
be employed for which the differences between real
and apparent sizes can be minimised. In the worst
of cases, for a given set of recording conditions,
deviations larger than a few percent should not be
expected for such size range, which, on the other
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hand, should not cause any problem given the
usual experimental accuracy with which particle
size is measured.

A final question that has been addressed using
image simulation is the possible extension of the
visibility to lower rhodium particle sizes that could
be attained using electron microscopes with im-
proved point to point resolution. Fig. 14 shows
a set of calculated images of the Rh/CeO

2
supercell

of Fig. 12b, i.e. a 10 atom rhodium particle sup-
ported on a ceria crystallite of 9 nm, for different
electron microscopes with varying structural res-
olution values. For comparison purposes, the im-
ages corresponding to the defocus values giving rise
to the zeroth and second order passbands have
been calculated for each of the selected micro-
scopes. These defocus values were estimated, as
described in Ref. [32], using

* f
n
"[(4n#3)/2)]1@2(C

4
j)1@2 n"0,2. (14)

Data included in Table 1 were also used as input
parameters for the calculations gathered in Fig. 14.
The particle size employed in these calculations
corresponds to the limit of detection in the
JEOL2000EX. In fact in Fig. 14a the metal particle
cannot be clearly distinguished from support sur-
face contrasts.

A very slight improvement in the visibility of the
metal cluster is obtained for the JEOL-2010F or
the CM30. The best results are obtained in the
JEOL-4000EX or Cambridge 600 kV ARM. For
the last two microscopes the point to point resolu-
tion is closer to 0.15 nm, the distance established in
the model of Fig. 12e between Rh and ceria at the
interface. This allows, very likely, the improvement
of the visibility of the first metal atom layer, a key
point in this case to recognise the presence of such
a small metal particle on the surface of ceria. Ac-
cording to images contained in Fig. 14, the defocus
corresponding to the 0th order pass band, seems
better to image this small cluster, in comparison
with the 2nd pass band defocus value for which the
white atomic column contrasts are more difficult to
observe.

The results commented on above show that im-
age calculation can be used to provide an answer,
at least at a semiquantitative level, to the question
of the visibility limit of small clusters in profile view

imaging, for a given instrument, and set up a rea-
sonable value of the lowest detectable size in this
particular type of images. In this work a specific
orientation for the metal and the support have been
considered just as an example of what can be done
with respect to this topic using image simulation,
but it is clear that, using adequate modelling tools
such as the RHODIUS program, very different
experimental conditions can be analysed. Such ex-
tensive work is out of the scope of this contribution
but the information that could be drawn from this
analysis have to be considered of high interest in
order to know, on an objective basis, the limita-
tions of HREM when applied to supported metal
catalysts. The results of such a study should also be
taken into account when interpreting data of par-
ticle size distributions generated from HREM
micrographs of real metal/support catalysts.

The relevance of the results here presented in
relation to the effect of particle size, is made clearer
if we recall that the estimation of metal particle size
distributions is the information most often, even
routinely, drawn in the literature from the EM
analysis of catalytic samples.

6. The effect of crystal tilt in HREM imaging
of supported metal catalysts

Supported metal catalysts, as most heterogen-
eous catalysts, are powder materials constituted of
ensembles of randomly oriented microcrystals
aggregated to a greater or lesser extent. In such
conditions, a superposition in the diffraction plane
of information coming from neighbouring micro-
crystals is, in practical terms, unavoidable. On the
basis of such multiple diffraction patterns the op-
eration of the microscope goniometer to get a fully
in-zone orientation for one of these microcrystals is
not an easy task. For this reason, it is usual that
HREM recordings on these polymicrocrystalline
materials contain residual tilt effects.

The influence of crystal tilt on HREM images of
crystalline specimens has been widely discussed in
the literature [33—36] on the basis of both experi-
mental and calculated images. In Refs. [35,36],
O’Keefe et al. point out the problems in determin-
ing crystal thickness by using an experimental to
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Fig. 15. Image calculations, at 50 and 70 nm defocus, showing the effect of crystal tilts around the [1 11 1] axis of CeO
2
. Tilt angle is

marked over each image. The Rh/CeO
2

supercell employed for these calculations consisted of a rhodium particle like that in Fig. 9
sitting on the (1 11 1) surface of a 9 nm thick ceria crystal under parallel topotaxy. The value of p for the particle was 4.5 nm.

simulated image matching procedure, which arise
because of very slight crystal tilts. Similar simula-
tion studies concerning the effect of tilt on HREM
images of isolated small metal particles with differ-
ent crystallographic structures have also been re-
ported [10,14,37].

Crystal thickness determination is a particularly
complex problem in polymicrocrystalline materials
that is further complicated because of tilting as
suggested in Refs. [35,36]. This topic will not be
discussed here, instead we will focus our attention
on the role of this problematic parameter on both
the resolution and, what is more interesting, on the
incorporation of artefacts in HREM images of
metal/support systems not related to the real struc-
ture of the catalyst.

Fig. 15 shows a sequence of simulated images at
the same nominal support defoci, * f : 50 or 70 nm,
where tilts of increasing magnitude, from 0° to 7°,
around an axis perpendicular to the RhECeO

2
in-

terface plane, axis numbered as 1 in Fig. 16, have
been considered. A rhodium particle with a dia-
meter close to 2 nm sitting on a (1 11 1) surface of
a 9 nm thick ceria crystallite, both in [1 1 0] ori-

entation, have been modelled for this calculation.
Note that in this case the main visible effect asso-
ciated to tilting consists in a loss of structural
resolution in the HREM image that affects both the
metal particle and the support crystallite. A con-
tinuous transition from dot to fringe-like images is
observed as the tilting angle increases. The threshold
value of the tilting angle necessary to reach the fringe
pattern image can be defined using these calcu-
lations for both the metal particle and the support.
Given its smaller size this value is lower for the last,
as could reasonably be expected. In effect, a tilting
angle of 3°, Figs. 15c and 15h, gives rises to a M1 1 1N
fringe image of CeO

2
while for this same tilting angle

the image of the rhodium particle still exhibits bi-
dimensional resolution. It is necessary to increase
the tilting angle up to 7°, Figs. 15e—15j, in order to
obtain a M1 1 1N-fringe image of the metal particle.
For higher tilting angles images similar to those in
Figs. 15e and 15j are observed.

To obtain the calculated images shown in Fig. 15
a rhodium particle grown on ceria according to
a parallel topotaxy orientation relationship was
considered, but similar results are obtained for
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Fig. 16. Model of a Rh/CeO
2

supercell depicting the geometry of the different tilt axis employed in the evaluation of tilt effects in
supported metal catalysts.

other orientation relationships, as it could be the
case of a twin topotaxy.

HREM images similar to those shown in Fig. 15
are commonly recorded in practice. Fig. 17a shows
an experimental example where a crystal tilt
around a (1 11 1) axis is present. The parallel align-
ment of M1 1 1N fringes of metal and support is
evident and reveals the existence of specific
metal/support orientation relationships like those
considered in the models of Fig. 16. The calculated
image shown in Fig. 17b reproduces quite well this
effect and other striking contrast features observed
in the experimental image like the thinning of the
uppermost (1 1 1) black fringe beneath the metal
particle. This detail can be most easily noticed if the
experimental or simulated images are seen in glanc-
ing angle in the direction of the fringes. The thinn-
ing effect is not due to tilting but to the presence of
the metal particle on the surface, because it can also
be observed in calculated images corresponding to
models where both the metal and the support are

imaged in the exact [1 1 0] zone axis, see previous
figures. The appearance of ‘V’ shaped contrasts at
the bottom right corner of the contact region be-
tween the fringes of the metal and the support,
marked with arrows in Fig. 17a, is also clearly
visible in the calculated image. Though this effect
will be discussed in more detail below it is impor-
tant to note here that it is related both to tilting and
to the presence of an extra (1 1 1) ceria plane on the
right side of the metal particle. In fact, the metal
particle has been grown in the model close to a
surface step, Fig. 17c. This surface step consists
of a (1 11 1) plane of one atomic layer height,
Fig. 17d.

A second geometry of tilt that deserves some
attention is that involving a tilt axis not perpen-
dicular to the MetalESupport interface plane.
Fig. 18 shows the calculations corresponding to
models of a Rh particle, grown in parallel topotaxy
on ceria, where the whole supercell has been tilted
around one such axis. Specifically the tilt axis was
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Fig. 17. (a) Experimental HREM image recorded on a 4% Pt/ CeO
2

catalyst and containing [1 11 1] tilt effects; (b) simulated image
reproducing the contrasts shown in (a); (c) projection and (d) perspective views of the model employed to obtain the calculation
shown in (b).

perpendicular to the set of (11 1 1) planes which lie
oblique to the support surface, axis labelled as 2 in
Fig. 16.

In this case, in addition to the loss of resolution
detected in the previous example, some additional
features of interest can be noted at the MetalDDSup-
port interface. Thus, in the images calculated for
tilts of 5° and 7° clear distortions in the (1 1 1) metal
fringes can be observed in the region of the image
close to the interface. Bending of these fringes and
propagation within the support fringes can be
clearly observed. These distortions are most evi-
dent for the 7° tilted model where they give rise to
‘V’ and ‘W’ shaped contrasts easily detectable by
direct inspection of images in Fig. 18e or Fig. 18j.

On the basis of a direct, naked eye, image inter-
pretation procedure such distortions could be as-

signed to displacements in the metal atom positions
in the regions close to the interface. The structural
match between the metal and support planes con-
tacting at the interface could be even suggested as
the driving force for such displacements. However,
if we recall that in the models employed for the
calculations contained in Fig. 18, no distortion at
the metal particle structure has been introduced, it
is clear that this would be an example of a wrong
interpretation. These results show the importance
of image calculation and warn us about the prob-
lems that may arise when the fine details of the
image contrasts of these materials are interpreted
directly.

Fig. 19a shows an experimental image recorded
on a Rh/CeO

2
catalyst where the metal particle

shows the distorted fringes commented on above.
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Fig. 18. Image calculations, at 50 and 70 nm defocus, showing the effect of crystal tilts around the [1 11 11 ] axis of CeO
2
. Tilt angle is

marked over each image. The model employed to obtain the simulations included in Fig. 15 was also used for these calculations.

The calculations here presented indicate that this
metal particle should not necessarily be strained. At
least no displacements in the metal atom positions
are needed in order to explain the striking contrasts
observed at this RhECeO

2
interface. To confirm

this idea the Rh/CeO
2

supercell shown, in projec-
tion and perspective views respectively, in Fig. 19c
and d was built. The model contains a non-dis-
torted rhodium particle grown under parallel
topotaxy and placed at 2.5 nm from the exit surface
of a 5 nm thick ceria crystallite. The whole
metal/support system was tilted 12° out of the
[1 1 0] zone by using the [11 1 1] as tilting axis. The
morphology of the metal particle, that was properly
adjusted to fit the experimental image, can be
clearly visualised in Fig. 19d. A very good agree-
ment can be noted between the calculated and the
experimental image allowing confirmation, as al-
ready stated, that no distortion of the rhodium
structure needs to be taken into account to explain
the contrasts observed in Fig. 19a. Some other as-
pects of this experimental image are worth men-
tioning, such as the wavy appearance of the support
surface. This would suggest, once more on the basis

of a direct interpretation, a non-flat support sur-
face. This effect is also observed in the calculated
image. If we observe, Fig. 19d, that the (1 1 1) sur-
face employed in the model is atomically flat, it can
be concluded that the roughness of the surface seen
in the experimental image can be, at least partially,
another imaging artefact. In fact the model shown
in projection, Fig. 19c, shows the support surface
with this rough aspect.

Finally the effect of tilting around an axis con-
tained in the MetalDDSupport interface will be con-
sidered. This is the case of the axis marked as 3 in
Fig. 16, the [11 1 2] axis of rhodium or ceria in
this case. Figs. 20 and 21 contain different
simulated images corresponding to the same model
employed in previous cases but tilted around the
[11 1 2] axis. In the case of Fig. 20 the metal particle
was located close to the entrance surface of the
model, p"7.2, while in Fig. 21 the particle was
placed close to the exit surface, p"1.8. In this way
the influence of particle position on tilting can be
discussed by comparing the results of both figures.
On the other hand, given that both positive and
negative values have been considered in these
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Fig. 19. (a) Experimental HREM image recorded on a 2.5% Rh/ CeO
2

catalysts and containing [1 11 11 ] tilt effects; (b) simulated image
reproducing the contrasts shown in (a); (c) projection and (d) perspective views of the model employed to obtain the calculation shown in
(b). The arrows in (a) and (b) indicate the approximate positions of the ‘V’, ‘W’ distorsion contrasts referred in the text.

calculations, the influence of the tilting sense, clock
or anticlockwise, can also be addressed by analys-
ing these figures.

Focusing first on the contrasts observed in the
support, strong modifications are observed as
a consequence of even low amplitude tilts, 1°. The
sign of tilting makes in this case no difference, the
images showing a trend to change from dot type to
M1 1 1N-fringe type. On the other hand, particle
position does not affect at all the contrasts ob-
served in the support. A bending effect at the sur-
face of the support can also be clearly observed in
the (11 1 1) fringes of the images corresponding to
the highest tilting angle, $3°. A sudden change in
the direction of these fringes into a direction per-
pendicular to the surface plane, that affects the
support region very close to this surface can be
easily noted by direct inspection. This bending ef-
fect is an artefact related to tilting and not a conse-
quence of real structural modifications.

With respect to the metal particle, a curious
effect can be noted in the set of simulated images
shown in these figures. This refers to the vanishing
of one (1 1 1) atomic plane in the case of the images
corresponding to $3° tiltings. Depending on the
position of the metal particle, at the entrance or the
exit surface, this effect is observed for positive or
negative tilting respectively. Thus in Fig. 20h, the
non-tilted particle, a total of five (1 11 1) planes
can be counted in the metal particle. After a tilt of
either #3°, in the case of the particle placed at the
entrance surface, Fig. 20e, or !3°, in the case of
the particle at the exit surface, Fig. 21a, only four
(1 11 1) atomic planes can be summed up. This
atomic plane burial effect is once more a new
type of image artefact that can, in this case,
change the apparent dimensions of the metal par-
ticle in a particular direction. Therefore these calcu-
lations indicate that some care should be taken
when measuring particle size from HREM images
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Fig. 20. Image calculations, at 50 and 70 nm defocus, showing the effect of crystal tilts around the [11 1 2] axis of CeO
2
. Tilt angle is

marked over each image. The metal particle is positioned at 7.2 nm from the supercell exit surface.

Fig. 21. The same as Fig. 20 but with a particle located at 1.8 nm from the exit surface.

of these materials, specially in the case of tilted
images.

Fig. 22a contains an experimental HREM image
recorded on a Pt/CeO

2
system where a tilt around

the [11 1 2] axis is present. The calculated image
shown in Fig. 22b matches fairly well the general
contrast features present in the experimental re-
cording. As depicted in Fig. 22c this calculation
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Fig. 22. (a) Experimental HREM image recorded on a 4% Pt/CeO
2

catalyst and containing [11 1 2] tilt effects; (b) simulated image
reproducing the contrasts shown in (a); (c) perspective view of the model employed to obtain the calculation shown in (b).

corresponds to a (1 11 1) truncated cuboctahed-
ron rhodium particle sitting on a (1 11 1) surface
of a ceria crystallite with a thickness of 9 nm, the
metal particle being at a distance, p, of 2 nm from
the exit surface. The whole metal/support supercell
was tilted 1.5° out of the [1 1 0] zone axis using as
tilting axis the [11 1 2] direction of either rhodium
or ceria given that a parallel orientation relation-
ship was considered for the model. Fig. 22c sug-
gests that the change in the orientation of the (1 11 1)
fringes reported previously in the calculations in-
cluded in Figs. 21a and 21e, may be due to the rows
of closely spaced Ce atom brought out to the sur-
face as a consequence of tilting. Such rows have
been pointed out in Fig. 22c.

To summarise the results contained in this sec-
tion, the calculations collected in Figs. 15—22 point

out some of the problems that may arise when
relying on a direct interpretation of the fine details
of images recorded on metal/support systems out of
the exact zone axis. It should be emphasised at this
moment that, as stated at the beginning, this is the
most common situation due to the usual experi-
mental limitations.

7. Interpretation of experimental images

Finally this section is devoted, as an application
example, to the interpretation of two different ex-
perimental HREM images recorded on M/CeO

2
catalysts. The first, Fig. 23a was recorded on
a Rh/CeO

2
system that was treated in flowing hy-

drogen at 773 K and afterwards oxidised in pure
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Fig. 23. (a) Experimental image recorded on a 2.5% Rh/CeO
2

catalyst reduced in hydrogen at 773 K and further oxidised at 373 K; (b)
calculated image reproducing the main contrast features observed in (a); (c) projection view of the model employed to obtain calculation
shown in (b). Note in this case the twin relationship between rhodium and CeO

2
and the presence of a double oxygen layer at the ceria

surface; (d) structural model showing the details of the metal particle morphology. Note that in this case the rhodium particle contains
atom vacancies along the different M1 1 0N edges of the (1 11 1)-truncated cuboctahedron.

flowing oxygen at 373 K. The main contrast fea-
tures that deserve some attention in this experi-
mental recording are the following: (a) the presence
in the support of (11 1 1) planes containing dots
elongated along the [11 1 2] direction; (b) anomal-
ous surface contrasts, both on the free surface and
beneath the metal particle. Specifically, an elonga-
tion along the [11 1 1] direction of the surface dots is
evident. This change in the elongation direction
with respect to the bulk contrasts results in an
apparently zigzagged surface; (c) a clear white
Fresnel contour at the support surface which cross-
es the region of the metal particle through its first
(1 11 1) plane; (d) a white dot atomic column con-
trast in the metal particle and, finally, (e) a lower

average intensity in the support region than in the
metal particle region.

To reproduce all the features listed in the last
paragraph a large number of structural models
were built and their corresponding HREM images
calculated. Between the parameters related to the
structure the following were taken into account in
these trials: support thickness, chemical features of
the (1 1 1) surface, metal-support orientation rela-
tionship, metal particle shape and position and tilt
along different axis. From this set, the most difficult
to fix were the type and amplitude of tilts, the
support thickness and the type of atomic termina-
tion for the surface. With respect to the latter, three
different possibilities arise: a (1 11 1) surface with an
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Fig. 24. (a) Experimental image recorded on a 4% Pt/CeO
2

catalyst reduced at 623 K; (b) calculated image reproducing the main
contrast features observed in (a); (c) projection and (d) perspective views of the model employed to obtain the calculation shown in (b).
Note in this case that both the metal and the support phases are shaped. Platinum is present as a (1 11 1)-truncated cuboctahedron and
ceria consists of a wedge crystal rounded by the planes whose Miller indices are pointed out.

oxide layer termination; a termination in Ce4`
cations and, the third case, a double oxide layer
(1 11 1) surface. The selection of one of these three
types of surfaces was further complicated by the
fact that the surface contrasts depend strongly on
tilting and support thickness, the other undeter-
mined parameters in this case.

Fig. 23b shows the calculated image that, from
the whole set of calculations carried out, best
matched the experimental one. As depicted in
Fig. 23c, this image can be interpreted in terms of
a model containing a metal particle of rhodium of
about 3.1 nm diameter supported on a ceria crys-
tallite with a thickness of 9 nm. The orientation
relationship between metal and ceria is that corre-
sponding to a twin topotaxy. Both metal and sup-

port were tilted out of their [1 1 0] zone axis. A 3°
rotation around the [1 11 1] axis of ceria followed,
afterwards, by a 2° rotation around the [11 1 2] zone
axis was performed for this purpose. The surface of
ceria considered in the model corresponds to
a double oxide layer termination. The last feature
can be reasonably expected if we recall that the
sample was submitted to an oxidation treatment at
373 K using pure oxygen. Let us recall also in this
respect that some authors have detected the forma-
tion of surface peroxide species on ceria [38] during
oxygen adsorption.

To improve the match in the case of the metal
particle, a particular type of faceting was con-
sidered. This faceting, Fig. 23d, corresponds to
a cuboctahedron truncated on a (1 11 1) plane, as
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already described in other cases, but with metal
vacancies along the M1 1 0N type edges. To intro-
duce these vacancies in the model, planes addi-
tional to those characteristic of the truncated
cuboctahedron have to be considered within the
faceting, that contained a total of 50 planes.

The contrasts observed in the calculated image
corresponding to this model, Fig. 23b, match fairly
well those contained in the experimental one and
contain the different specific features listed in a pre-
vious paragraph.

Finally, Fig. 24a contains the second experi-
mental image that will be considered in this section.
In this case the micrograph was recorded on
a Pt/CeO

2
catalyst treated in flowing hydrogen at

623 K. After performing image calculation on
a number of structural models, the simulation
shown in Fig. 24b was the one resembling most
closely the contrasts observed in Fig. 24a. The
model from which this calculation was obtained,
Fig. 24c, introduces a new feature with respect to
others presented in this paper, that is, a faceted
support crystal. As drawn in Fig. 24d, the ceria
crystallite consists in a wedge delimited by (0 0 2),
(11 11 1), (1 11 3) and (1 11 1) planes, in such a way
that the crystal thickness changes from 6 nm in the
thicker region down to 1.5 nm at the border, where
the metal particle sits. This doubly faceted system,
where both metal and support present a particular
shape, can be properly modelled using the
RHODIUS program developed in our lab and rep-
resents a situation often found in the field of
HREM of supported metal catalysts. Regarding
now the platinum, the metal particle presents
a (1 11 1) truncated cubeoctahedron shape, with
a diameter close to 3 nm. It was grown near the thin
edge of the (1 11 1) exposed surface of the support
crystal under a parallel topotaxy orientation rela-
tionship. The whole Pt/CeO

2
supercell was tilted 3°

out of the [1 1 0] zone axis, using the [1 11 1] direc-
tion as tilting axis.

Note that a reasonable agreement has been ob-
tained between the experimental and the calculated
images. Thus, the change from a fringe to dot type
contrasts observed in the (11 1 1) ceria planes
when moving from the bulk to the surface has been
reproduced in the calculated image. This feature
results from the simultaneous action of tilt and

thickness variation along the [0 0 1] direction. The
shape and the contrasts observed within the metal
particle are also close to those observed in the
experimental image. Finally, if a closer observation
of the experimental image is made, by viewing it in
glancing incidence along the [0 0 1] direction, the
presence of apparent bending contrasts at the
PtEceria interface can be observed. Such contrasts,
similar to those discussed in Figs. 17 and 18, are
also present in the calculated image.

8. Conclusions

This paper describes the general guidelines to be
followed to analyse the image contrasts obtained
when studying multiphase catalytic systems by
HREM. The examples used herein to illustrate the
protocols and their capabilities, correspond to dis-
persed metal particles viewed on the edges of oxide
support crystallites. However, most of the concepts
and approaches considered in this contribution are
also of interest as a ground to face also the inter-
pretation of planar view HREM images of cata-
lysts, and could be fruitfully applied to the study of
many other complex nanostructured materials with
discrete interfaces. Thus, the recording of HREM
images, combined with its interpretation following
image simulation approaches, is considered to be
a powerful tool to understand the structural fea-
tures which rely on many of the singular properties
of this fast developing class of nanostructured ma-
terials, overcoming the inherent difficulties existing
up to now for interpreting these results.

The procedure as a whole would follow the gen-
eral trends well established for the interpretation of
HREM images. First, it is necessary to build up the
structural models representing the hypothetical
nanostructures to be checked. To our knowledge
there were no available software tools allowing to
model, in a systematic, flexible and fine-controlled
way, supercells describing multiphase systems with
particles of variable shape, size, relative orientation
and relative positions. That was in our view the
major constrain to progress in the study of such
complex systems. Secondly, the models are used to
obtain simulated images: this task was carried out by
using the multislice routines of the EMS package
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developed by P. Stadelman. The third point would
be to evaluate the quality of the matching between
the experimental images and the collection of
simulated images, thus reaching a decision about
the most likely interpretation and the degree of
confidence in it.

Though we have not yet developed an original
mathematical approach to compare the contrasts
of experimental and calculated images for this type
of materials, our experience in analysing very com-
plex micrographs allows us to offer to the reader
our view about the reliability of our interpretations.

First, it should be said that the process of math-
ematical comparison of simulations with images
would be much more demanding, given the fre-
quent complex features and large size of the super-
cells commonly used.

Second, the number of parameters considered in
these simulations increases with the complexity of
the model itself, and it could make an apparent
good fitting suspicious of being fortuitous. Never-
theless, it should be considered that the number of
features characteristic of an experimental image
also increases very sharply with the complexity of
the model. Thus, it is very difficult to reproduce the
specific contrasts of the micrographs with
simulated images of a structural model far apart
from the reality. In conclusion, regardless of the
most subtle details of the model, our experience
points out to the difficulty of achieving acceptable
fittings with erroneous models, and as a conse-
quence to the reliability of our interpretations.
This conclusion is also supported by our own ex-
perience and capabilities for simulation: as it is
possible to simulate any imaginable situation, it is
possible to know to what extent the gradual change
in any of the parameters would introduce new
image features or simply any other type of contrast
variation.

An adequate training in using image simulation
and supercell building software tools is a key factor
to reach satisfactory results/effort outputs. The
consideration of a broad number of parameters for
the simulated images is also critical to get confi-
dence in the adequacy of the best fitting models, as
well as paying attention to the evolution of the
simulated images with the gradual change of each
parameter.

In any case, the point that we stress in this
contribution is that the structural details which can
be accessed by means of the simulation methodolo-
gies can be hardly achieved by the interpretation
of results coming from any other experimental
technique.
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