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Abstract

The contribution of electron microscopy techniques to establishing the existence and actual nature of the metal–support
interaction effects occurring in a variety of supported metal catalysts is reviewed. Data pertaining to systems based on both
classic reducible supports like TiO2, CeO2 or some ceria-based mixed oxides, and several others generally considered as
non-reducible oxides, like La2O3 or SiO2, are presented and discussed. The specific temperature and chemical conditions
under which strong metal–support interaction phenomena are onset or reverted in each case are also analysed.

The whole set of data presented and discussed here clearly shows that the electron microscopy techniques have made an out-
standing contribution to the characterisation of the strong metal/support interaction effects exhibited by different metal/oxide
systems. Likewise, it is demonstrated that this powerful family of techniques has very much helped to discriminating between
trueSMSI-like phenomena, as originally defined by Tauster et al., and several otherapparenteffects which, though at a first
sight show some of the chemical, nano-structural and/or catalytic characteristics of the SMSI effect, have a neatly different
origin.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Nowadays, the electron microscopes constitute a
family of very powerful catalyst characterisation tech-
niques. All of them have a general common origin, the
physical phenomena occurring when a conveniently
accelerated electron beam interacts with the matter.
By attaching to the microscope the appropriate detec-
tion devices, the phenomena mentioned above may be
analysed, thus allowing a rich variety of information to
be obtained. Essentially, the electron microscopes may
provide very useful data about the textural, structural
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and chemical constitution of the catalysts. The main
advantage of these techniques comes from the possi-
bility of focusing the electron beam on very small ar-
eas of the samples. The development of field emission
sources and their implementation in electron micro-
scopes have allowed the generation of electron probes
(nanoprobes) with diameters of the order of only a few
angstroms. In this way, characterisation studies may
be performed at a nano-size scale. This feature is par-
ticularly relevant in heterogeneous catalysis because
of the polycrystalline and very often polyphasic nature
of the catalytic materials.

In parallel with the developments which occurred
both in the design of the microscopes, and in the elec-
tronic devices for their control, and data acquisition
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and processing, powerful computer simulation tech-
niques became also available. As illustrated by the data
included in this paper, the combination of both exper-
imental and computer simulation techniques plays an
essential role in the detailed interpretation of the ex-
perimental electron micrographs.

The paper focuses on some recent results about
a specific phenomenon occurring in catalytic mate-
rials: the so-called strong metal–support interaction
(SMSI) effect. The analysis of this particular prob-
lem illustrates some major contributions of electron
microscopy to the catalyst characterisation. Though
most of the results to be discussed will deal with high
resolution electron microscopy (HREM), examples of
how analytical studies using electron energy loss spec-
troscopy, or scanning electron microscopy (SEM) pro-
vide key pieces of information to understand this phe-
nomenon are also presented.

Most of the data included in this paper correspond
to experimental and calculated high resolution images.
Fringe analysis of these images has been performed
using fast Fourier transforms (FFTs). The results of
FFT analysis are presented in the form of digital
diffraction patterns (DDPs). These DDPs correspond
to the log-scaled power spectra of FFT calculated
from selected, squared, regions of the images. From
these DDPs some crystallographic information about
the imaged material can be derived. Specifically, the
spacings of fringes present in the images and angles
between them can be estimated within about 5%
accuracy.

2. The SMSI effect in M/TiO2 catalysts

For the past 20 years, a large number of publica-
tions have dealt with different aspects of the SMSI ef-
fect [1]. This research effort may easily be justified in
terms of a fundamental understanding of such a spe-
cial phenomenon, but also because of its implications
in the design of specific preparation, characterisation,
or catalytic applications of the metal/support systems
exhibiting this effect.

Since the very first studies[1–3], the characteristics
of the SMSI effect could be established in a rather pre-
cise way. Typically associated with reducible supports,
it is characterised by the following major features:
(1) the catalyst reduced at low temperature shows a

conventional chemical behaviour. (2) Upon increasing
Tredn, the chemisorption capability of the dispersed
metal phase against the classic probe molecules like
H2 or CO is heavily disturbed (SMSI state). Likewise,
substantial modifications of its catalytic behaviour are
observed. (3) The phenomenon is reversible, i.e. the
re-oxidation at an appropriate temperature followed
by a mild re-reduction treatment allows recovering the
catalyst from the SMSI state.

In the decade of 1980, the majority of the studies
dealing with this effect were focused on M/TiO2 sys-
tems[3]. The experimental conditions allowing both
the induction of the SMSI state and the recovery from
it were soon established. Regarding the onset of the
effect, reduction, usually with flowing hydrogen, at
773 K, may be considered as a typical treatment. As
far as the regeneration of the catalyst is concerned,
re-oxidation in a flow of O2 at 773 K, followed by re-
duction atT ≤ 573 K, is generally accepted to induce
the reversion of the phenomenon. Though specifically
established for M/TiO2 catalysts, these reference con-
ditions have very much influenced all the ulterior stud-
ies on the effect, being almost universally applied with
independence of the M/oxide system under investi-
gation. In most cases, however, specific experiments
aimed at justifying such a generalisation were lacking
[4–6].

During this initial period, the likely origin of the
SMSI effect was widely discussed. Two major fac-
tors were considered[3]. For some authors, the per-
turbations associated with the electronic interactions
occurring between the dispersed metal phase and the
reduced oxide support would be the determining fac-
tor. For some others, the effect had a geometric origin,
i.e. upon high temperature reduction, the metal parti-
cles would become partly covered by a thin layer of
the reduced support, thus blocking the chemisorption
active centres at the metal surface. Regarding the latter
interpretation, a number of experimental techniques,
and particularly HREM[7–9], have clearly shown the
occurrence of metal covering (decoration).

Figs. 1 and 2, taken from[9], show some of the ex-
perimental HREM images which have provided sup-
port to this interpretation. These images were obtained
on a 2.5% Rh/TiO2 catalyst. AsFig. 1 depicts, after
reduction at 473 K a large number of nanosized metal-
lic rhodium particles are observed distributed over the
surface of both anatase and rutile support crystallites.
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Fig. 1. HREM image of a Rh/TiO2 catalyst reduced at 473 K, showing rhodium particles supported on an anatase crystallite.

Fig. 2. HREM image of a Rh/TiO2 catalyst reduced at 773 K. The growth of a thin amorphous layer on the metal particles (decoration)
and the support is detected.
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Fig. 3. Experimental image of a Rh/TiO2 catalyst reduced at 873 K showing the co-existence of clean and partially covered metal particles.

Most of the particles are well-shaped, with morpholo-
gies close to that of truncated cubeoctahedrons. The
exposed surfaces of these particles appear neatly clean.

The increase of the reduction temperature up to
773 K promotes the migration of the support over the
surface of the metal particles, which in this case show,
Fig. 2, a very thin covering layer. According to[9],
this decoration effect does not affect the whole metal

Fig. 4. HREM image of a Rh/TiO2 catalyst reduced at 773 K and further re-oxidised at 673 K. It shows the clean rhodium particles
resulting from the reversion of the decorated state.

surface, even after increasing the reduction tempera-
ture up to 873 K.Fig. 3 shows an example of the par-
tial decoration effect in this catalyst. Note in this case
the presence in the image of a rhodium particle cov-
ered by the support, on the left, as well as other, on
the right, with facets completely free from coverage.

In accordance with the1H-NMR spectroscopy stud-
ies carried out on a Rh/TiO2 [10], however, the metal
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deactivation starts to be observed at reduction temper-
atures well below those at which the decoration phe-
nomena occur, thus suggesting that both electronic and
geometric factors have a relevant contribution. Nowa-
days, the latter interpretation seems to be the most
likely one. The complete inhibition of the hydrogen
adsorption capability after reduction at 773 K on the
2.5% Rh/TiO2 catalyst[9], in which only a partial dec-
oration of the surface occurs, is also in good agree-
ment with the1H-NMR data.

Regarding titania supported catalysts, HREM im-
ages have also provided conclusive clues about the re-
versibility of the decoration effect after re-oxidation
at 673 K.Fig. 4 shows a representative HREM image
of 2.5% Rh/TiO2 catalyst after reduction at 773 K and
further re-oxidation at 673 K. After this treatment the
decoration layers are no longer present on the particles
which, once again, expose clean surfaces.

3. Other M/oxide systems on which SMSI-like
effects have been reported to occur

Though to a much lesser extent than titania, sev-
eral other reducible oxides have also been investigated
in relation to the SMSI effect. Such is the case of
vanadia- or niobia-based catalysts[2,3]. Moreover, the
SMSI effect has been reported to occur on Pt/SiO2
[11] and Pd/La2O3 [12]. These two cases are particu-
larly striking because the supports, SiO2 and La2O3,
are generally considered to be hardly reducible ox-
ides. On Pt/SiO2 [11], the metal deactivation effects
start to be observed on the catalyst reduced for 10 h
at 823 K, they becoming much stronger after a pro-
longed reduction treatment at 973 K. Severe reduction
conditions are thus required to induce the effect. In
[11], the observed deactivation is interpreted as due
to the formation of a Pt–Si alloy phase, the proposal
being consistent with some recent results[13,14].

Likewise, in [12] the authors interpret as due to
an SMSI-like effect the peculiar chemical behaviour
of a Pd/La2O3 catalyst reduced at a very moderate
temperature: 573 K. As previously mentioned, such
an interpretation is not in good agreement with the
well-established redox character of lanthana. The de-
tailed investigation performed in[15] of the evolution
of the nanostructure of a 10% Rh/La2O3 catalyst
during the different preparation steps (impregnation,

drying and reduction), using both HREM and SEM
microscopes, have allowed to propose an alternative
interpretation to the deactivation of the chemisorption
observed in catalysts supported on lanthana. This ex-
ample illustrates the difference between atrue SMSI
effect, as defined by Tauster et al.[1] and some
other phenomena which, in spite of showing notable

Fig. 5. SEM images corresponding to: (a) the starting Y2O3 sup-
port; (b) the same yttria sample further impregnated with an aque-
ous solution of Rh(NO3)3; and (c) the same yttria sample further
impregnated with an acetone solution of Rh(NO3)3.
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chemical and nano-structural similarities with it, ac-
tually have a very different origin.

According to[15], during the impregnation step a
strong dissolution of the support takes places. The
reaction between the highly acidic aqueous solution
containing the metal precursor and the basic support
is responsible of the dissolution process. SEM im-
ages like those gathered inFig. 5 evidence the dra-
matic textural changes associated with the dissolution
of 4f-sesquioxide supports. These textural changes are
accompanied by profound chemical modifications of
the support, which converts into a complex mixture of
hydrated and carbonated phases.

After drying, simultaneous reprecipitation of both
Rh and La ions present in solution would lead most
of the metal atoms to get embedded in the bulk of the
support at a very high level of dispersion. The lack
of features evidencing or suggesting the presence of
metal nanoparticles in HREM images recorded on cat-
alysts reduced at low temperature,Fig. 6, supports this
interpretation. Likewise the formation of a LaRhO3
perovskite after heating the impregnated sample un-
der helium at 1200 K suggests an intimate contact be-
tween Rh and La after the impregnation step,Fig. 7.

Fig. 6. HREM image depicting the structure of a 10% Rh/La2O3 catalyst reduced at 473 K. Inset: DDP calculated from the marked region.

Increasing the reduction temperature in the 773–
973 K range gives rise to segregation of the metal
atoms out of the mixed phase and their agglomeration
into larger clusters. In parallel, a deep rearrangement
of the support takes place due to the thermal decom-
position of the lanthanum hydroxide and hydroxycar-
bonate phases to La2O3. These changes lead finally
to a catalyst in which nanosized Rh particles covered
by patches of lanthana can be easily observed,Fig. 8.
Both the size and number of these particles increases
with reduction temperature.

HREM images recorded both on the low temper-
ature reduced and on the high temperature calcined
samples suggest a close contact of the metal phase
and the support. Increasing the reduction temperature
favours the decomposition of the support and, in par-
allel, the growth of the metallic particles. Hence, the
support present on the particles on the high tempera-
ture reduced samples could be simply material dragged
by the metal during the sintering process.

In other words, the support rearrangement associ-
ated with its decomposition seems to be the driving
force for the decoration process. It is not necessary to
relate the presence of decoration layers on the particles
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Fig. 7. (a) HREM image of a lanthana sample resulting from several impregnation cycles with aqueous solution of Rh(NO3)3 (metal loading:
10 wt.%), and further heated at 1200 K in a flow of He; (b) the inset DDP can be indexed as due to the [0 1 0] zone axis of a LaRhO3 phase;
simulated HREM image obtained for a 10 nm thick LaRhO3 crystal 7◦ off the [0 1 0] zone axis; (c) DDP obtained from the calculation.

to the reduction of the support, which is in fact a
very unlikely process to occur on the basis of the
well-known redox chemistry of La, specially when re-
duction temperatures as low as 573 K are considered.

Analogous results have been obtained on other
lanthanide sesquioxide supported rhodium catalysts
[16]. Fig. 9shows HREM images recorded on a 5.4%
Rh/Sm2O3 catalyst. In this case even after reduction
at 773 K,Fig. 9(a), no metal particle is still observed.
Only after very high temperature treatments which

allow the decomposition of the hydroxycarbonated
support and sintering of the highly dispersed metal
phase can small metal crystallites be observed, en-
capsulated by support overlayers,Fig. 9(b).

Synthesis procedures of these catalysts which over-
come the dissolution of the support lead to materials
in which the metal phase is present from the early
stages as metal nanoparticles on the surface of the ox-
ide, instead of getting buried into the bulk. This has
been achieved by different methods[15]: (1) using
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Fig. 8. (a) HREM image showing a general view of a 10% Rh/La2O3 catalyst reduced at 773 K; (b) the DDP inset in the figure has been
obtained from a small particle. HREM detail showing a rhodium particle decorated by a support overlayer; (c) HREM detail showing a
small metal particle on a lanthana background.

non-aqueous solvents to prepare the impregnating so-
lution; (2) depositing the metal phase by direct evapo-
ration under vacuum; (3) using a basic metal precursor.
HREM images of catalysts prepared using any of these
strategies show, after reduction at low temperature
(473 K), the presence of metal particles,Figs. 10–12.
Note however that these particles are to some extent
decorated because the decomposition of the support
during the reduction cannot be avoided.

Summarising the results presented in this section,
electron microscopy investigations clearly point out
that the chemisorption behaviour of metal catalysts
supported on lanthanide sesquioxides is intimately
related with the details of the nanostructure of the
catalysts, which is tailored during the preparation
procedure according to the intrinsic basic character of
this family of oxides, but not to their reduction under
very mild conditions.
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Fig. 9. HREM images corresponding to: (a) a 5.4% Rh/Sm2O3 catalyst reduced at 773 K; (b) the same catalyst sample further heated in
a flow of He at 1173 K (notice the existence of encapsulated rhodium particles).

4. SMSI-like effect in M/CeO2 and related
catalytic systems

Consequently to the generalised application of
TWC (three-way catalyst) devices in the control of the
exhaust emissions from spark-ignited motor vehicles

[17], for the last decade, most of the studies dealing
with the SMSI effect have been focused on NM/CeO2
(NM: noble metal) and related catalytic systems
(NM/CeMO2−x). In accordance with recent review
works [18,19], these studies have considered three
major problems: (1) The experimental difficulties to
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Fig. 10. HREM image showing a general view of a Rh/La2O3 catalyst prepared by vacuum deposition after reduction at 473 K.

Fig. 11. General view of an 8% Rh/La2O3 catalyst prepared by impregnation with an acetone solution of Rh(NO3)3, and further reduced
at 473 K.
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Fig. 12. HREM image of a 3% Pt/La2O3 catalyst prepared by impregnation with an aqueous solution of [Pt(NH3)4](OH)2, and further
reduced at 423 K.

be overcome in order to establish the occurrence of a
true SMSI effect. (2) The nano-structural aspects. (3)
The chemical aspects. We shall briefly overview these
three major questions. Finally, in the light of the ex-
perimental information presently available, the most
characteristic features of the metal/support interac-
tion phenomena occurring in this family of catalysts
will be summarised in the form of a few concluding
remarks.

4.1. Experimental problems for establishing the
existence of SMSI-like effects in M/CeO2 and related
systems

Establishing the occurrence of a true SMSI effect, as
defined by Tauster et al.[1] requires to unequivocally
show that metal deactivation is specifically due to its
interaction with the support, i.e. several other causes
like metal sintering or encapsulation, typically associ-
ated with the increase ofTrednmust be excluded. In the
latter respect, it is worth recalling that ceria is known
to exhibit a poor textural stability, particularly in the
case of high surface area samples (>50 m2 g−1), un-
der reducing conditions[20,21]. Accordingly, reduc-

tion treatments at 773 K, typically applied in studies
on the SMSI effect, may diminish very significantly
the BET surface area of ceria, thus inducing metal en-
capsulation effects. To exclude the occurrence of such
a side effect is important, because the inherent metal
loss cannot be quantified easily.

Regarding the metal sintering effects, it would be
noted that the experimental studies of the metal dis-
persion are mainly based on volumetric chemisorption
measurements, in most of cases of H2 [6,22,23–29],
and occasionally of CO[30–36]. The interpretation of
these volumetric data, however, may be greatly dis-
turbed by the simultaneous occurrence of significant,
sometimes very important, H2 [22,28,29,37,38]and
CO [39–43] chemisorption on the ceria-based sup-
ports. Moreover, this parallel adsorption, which would
certainly mask the metal contribution, is sensitive to a
number of variables like: the redox state of the support
[38,44], or the incorporation to ceria of chlorine com-
ing from the metal precursor[24,44]. To summarise,
the support contribution to the total amount of the
probe molecules chemisorbed by the ceria-based cata-
lysts may vary as a function of the reduction treatment
or the nature of the metal precursor.
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Likewise, the estimate of the metal dispersion in
M/CeO2 and related systems by using chemical tech-
niques may be complicated by the occurrence of SMSI
phenomena. In effect, in the case of catalysts whose
behaviour against the reduction temperature is not
well-established, the upperTrednlimit allowing the cat-
alyst to be reduced without disturbing its chemisorp-
tive properties is not known. This introduces further
doubts about the experimental protocol to be followed
for determining metal dispersions. We may conclude
accordingly, that to have available metal dispersion
data other than those obtained from chemical tech-
niques should be a major relevant objective of the stud-
ies on the strong metal/support interaction effects. For
this purpose, HREM has proved to be a very powerful
alternative tool[18,19].

4.2. Nano-structural aspects of the strong
metal/support interaction effects in M/CeO2 and
related systems

To have available detailed information about the
nano-structural evolution undergone by these cata-
lysts when submitted to both reduction treatments at
increasing temperatures, and different re-oxidation/
re-reduction treatments aimed at regenerating the
deactivated samples, is critically important to estab-
lish the occurrence and specific characteristics of the
metal/support interaction phenomena they may ex-
hibit. As stated above, HREM has played a major
role in this kind of studies. Firstly, it has been used to
determine the metal particle size distribution, i.e. the
metal dispersion, associated with each of the treat-
ments above[18,45]. HREM images provide a direct
visualisation of the metal particles and allow an esti-
mation of their diameters. From these measurements
particle size distributions can be established. As an
example,Fig. 13summarises the evolution withTredn
of the metal particle size in a series of ceria-based cat-
alysts. Data obtained for Rh and Pt catalysts supported
on both pure CeO2 and two mixed oxides have been
included. As deduced from data plotted in this figure,
there are significant differences between the Rh and
Pt catalysts, the former showing a better resistance
against sintering. Likewise, the nature of the support,
CeO2, Ce0.80Tb0.20O2−x or Ce0.68Zr0.32O2−x does
not seem to play a major role in the stabilisation of
the dispersed metal phase.

Fig. 13. Evolution with reduction temperature of the particle av-
erage diameter for different rhodium and platinum supported cat-
alysts.

HREM has allowed us to obtain some other very
fine details of the nano-structural constitution of these
catalysts. An important one refers to the chemical state
of the small particles. Thus, HREM indicate that for
low temperature reduction treatments, Rh and Pt are
present in these catalysts as a metallic phase and in the
form of nanosized particles, with morphologies close
to more or less stepped or rounded cubeoctahedrons.
An interesting feature of these small metal particles
which have been evidenced from HREM recordings is
that they grow on the surface of the support under pref-
erential orientation relationships.Fig. 14illustrates an
example of so-called parallel-orientation relationship
[19]. Note in the HREM image,Fig. 14(a), and DDP’s
in Fig. 14(b) and (c), how the lattice planes in the sup-
port run parallel to those of the metal with the same
(h k l) indices. This particular orientation relationship
is characterised by a parallel alignment of the zone
axis with the same indices of the two components of
the catalyst.

By using nanodiffraction[46,47], digital process-
ing of the experimental HREM images[4,25], and
computer simulation techniques[16], the structural
relationships existing in ceria-based and a number
of ceria-based mixed oxide supported Rh, Pt and Pd
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Fig. 14. (a) Experimental image corresponding to a 0.5% Rh/Ce0.8Tb0.2O2−x catalyst reduced at 773 K; (b) DDPs obtained from the
contrasts of the metal particle and (c) the support; (d) model showing a rhodium particle grown on the mixed oxide crystal with a parallel
orientation relationship; (e) simulated image obtained from the model.

catalysts have been characterised. Profile and plan
view HREM images have provided the crystallo-
graphic details of these orientation relationships for a
variety of contacts between the metal and the support
at the interface[19].

HREM has also unequivocally proved the occur-
rence of metal decoration effects in CeO2- [18,48,51],
Ce0.80Tb0.2O2−x- [52], and Ce0.68Zr0.32O2-supported
[28,29] Rh, Pt, and/or Pd catalysts.Fig. 15 shows

representative examples of decorated rhodium par-
ticles as revealed by HREM in a Rh/CeO2 catalyst,
Fig. 15(a) and in a Rh/Ce0.80Tb0.2O2−x sample,
Fig. 15(b). These studies have also shown that the
reduction temperatures required to induce the par-
tial coverage of the metal crystallites are well above
773 K, typically Tredn ≥ 973 K are necessary to in-
duce this effect. This is a relevant difference between
M/CeO2 and M/TiO2 systems.
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Fig. 15. HREM images corresponding to: (a) a 2.5% Rh/CeO2 catalyst reduced at 1173 K; (b) a 0.5% Rh/Ce0.8Tb0.2O2−x catalyst reduced
at 1173 K.

Regarding once more the chemical nature of the
supported particles, though the formation of a Pt–Ce
alloy had already been proposed in the pioneer-
ing studies on the metal deactivation occurring in
a Pt/CeO2 catalyst reduced at 773 K[31], it was
much later when this proposal has been experimen-
tally confirmed. In effect, by analysing the HREM

images recorded for a Pt/CeO2 reduced at very high
temperature, 1173 K, contrasts other than those char-
acteristic of ceria and Pt could be observed. They
were interpreted as due to a CePt5 intermetallic com-
pound [49]. This inter-metallic phase has also been
observed in a Pt/Ce0.80Tb0.20O2−x catalyst reduced
at fairly the same temperature[52], i.e. well above
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Fig. 16. Experimental HREM images (a and c) and DDPs (b and d) corresponding to a 4% Pt/CeO2 catalyst (a and b); and to a 5%
Pt/Ce0.8Tb0.2O2−x catalyst (c and d). Both catalysts were reduced at 1173 K.d-Spacing values of 4.6, 4.2 and 3.0 Å correspond to (0 0 1),
(1 0 0) and (1 0 1) planes of LnPt5 phase. DDPs (b) and (d) can be indexed as [0 1 0] and [0 1 1] zone axis for LnPt5 phase.

those proposed in[31]. Fig. 16 shows two HREM
images corresponding to these catalysts. Note in this
case the dramatic changes in the contrasts of the sup-
ported particles with respect to those characteristic
of metallic f.c.c. particles observed after reduction
at low temperatures, as it is the case of the particle
shown inFig. 14. Substantial changes in the fringe
spacings and geometry are observed.

The formation of this intermetallic phase has also
been confirmed by direct chemical analysis of the sup-
ported particles present in Pt catalyst reduced at tem-
peratures above 1173 K. In[52], by using a nanoprobe
and electron energy loss spectroscopy (EELS), the in-

corporation of the lanthanide elements into the sup-
ported particles has been confirmed.Figs. 17 and 18
illustrate this conclusion. Note at this respect how the
EELS spectrum obtained from a location inside the
supported particle far from the interface contains the
M4, M5 peaks of the lanthanides, as in the support.
Moreover, the comparative analysis of the Ce–M4, M5
peaks in the support and the particle indicate,Fig. 18,
a 1.8 eV shift of these peaks towards lower energies
in the particle as well as a substantial change in the
relative intensities of these two peaks. These modifi-
cations in the fine structure evidence a change in the
oxidation state of cerium from that characteristic of
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Fig. 17. Electron energy loss spectra recorded on a 5%
Pt/Ce0.8Tb0.2O2−x catalyst reduced at 1173 K. Signals correspond-
ing, respectively, to the analysis of a supported particle (a) and
the support (b).

CeO2 (formally +4) to that observed in compounds
like �-Ce or CePd (formally 0). All these changes are
in fact those expected for the formation of an inter-
metallic.

A final feature regarding the formation of this in-
termetallic compounds worth being highlighted is
the behaviour of a Pt/Ce0.68 Zr0.32O2 catalyst[19].

Fig. 18. Electron energy loss spectra recorded on a 5%
Pt/Ce0.8Tb0.2O2−x catalyst reduced at 1173 K in the energy range
corresponding to Ce–M4,5 lines for a supported particle (a) and
the support (b).

In contrast to that observed on pure ceria or on a
Ce0.8Tb0.2O2−x mixed oxide, the formation of the
intermetallic phase does not take place, even after pro-
longed reduction at 1223 K. This result suggests that
zirconium stabilises reduced cerium species within the
fluorite structure and precludes its incorporation into
the metal f.c.c. lattice to form the intermetallic phase.

On Pd/CeO2, the occurrence of an alloy phase has
also been suggested[50,51]. However, no intermetal-
lic compounds with well-defined stoichiometry and
crystallography could be identified, the proposal being
mainly supported by the distortions observed in the
parameters characterising the Pd unit cell. Regarding
the ceria-supported Rh catalysts, alloying effects have
never been reported to occur.

A very important aspect of the nano-structural char-
acterisation of M/CeO2 catalysts is the investigation
of the evolution undergone by decorated and alloyed
samples when submitted to different re-oxidation
treatments followed by re-reduction at a mild tem-
perature. These HREM studies, which were aimed at
gaining information about the regeneration behaviour
of the catalysts, have provided very interesting data
[18,19,45,48,53]. Figs. 19 and 20summarise the
major findings about this particular topic.

In the case of rhodium, re-oxidation at 773 K of the
catalyst previously reduced at high temperature results
in the formation of large and rounded polycrystalline
particles which present lattice spacings in the range
0.24–0.29 nm, characteristic of the oxidised forms of
rhodium,Fig. 19(a). Detailed EELS analysis at atomic
scale have proved the presence of cerium within these
particles[53]. Re-reduction at 473 K of the oxidised
sample produces a catalyst in which metallic rhodium
particles appear decorated by ceria layers,Fig. 19(b).

Regarding Pt catalysts, re-oxidation at 673 K of the
intermetallic phase detected after high temperature re-
duction results also in large, polycrystalline particles
which, according to lattice fringe analysis, consist of
a core made of a few metallic platinum units sur-
rounded by an outer shell constituted by an ensemble
of randomly oriented, plate-like, CeO2 nanocrystal-
lites. Most of the surface of the metallic core seems to
be covered,Fig. 20(a). Re-reduction at low tempera-
ture does not modify significantly the structure of the
catalyst. Only a subtle improvement in the faceting of
the metallic cores is appreciated, which results in less
rounded supported particles,Fig. 20(b). This suggests
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Fig. 19. Experimental HREM images corresponding to: (a) a 2.5% Rh/CeO2 catalyst reduced at 1173 K and further oxidised at 773 K.
(b) Sample (a) further re-reduction at 623 K. (c) The same 2.5% Rh/CeO2 catalyst reduced at 1173 K, and further re-oxidised at 1173 K.
d-Spacing values of 0.31 and 0.27 nm in (b) are associated to (1 1 1) and (2 0 0) planes of CeO2 structure.

that prior to re-reduction the surface of the Pt core
could be partially oxidised.

Thus, the research program developed on Rh/CeO2
and Pt/CeO2 catalysts reduced at 1173 K has shown
that the classic re-oxidation treatment at 773 K,

which is well known to recover the M/TiO2 cata-
lysts from the SMSI state, does not allow the ceria-
supported catalysts to be regenerated. By contrast,
the above-mentioned treatment leads to the formation
of large polycrystalline aggregates consisting of ceria



Fig. 20. Experimental HREM images corresponding to: (a) a 4% Pt/CeO2 catalyst reduced at 1173 K and further oxidised at 773 K. (b)
Sample (a) further reduced at 623 K. (c) The same 4% Pt/CeO2 catalyst reduced at 1173 K and further re-oxidised at 1173 K.d-Spacing
values of 0.31 and 0.23 nm correspond to (1 1 1) planes for CeO2 and Pt structures, respectively.
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and oxidised forms of the metal. If these re-oxidised
samples are further reduced atTredn ≤ 623 K, no seg-
regation of metal and support occurs, thus resulting
aggregates in which CeO2 and the reduced noble metal
coexist. As shown in[53], to fully revert the deco-
rated/alloyed state, much higher re-oxidation temper-
atures have to be applied,Figs. 19(c) and 20(c). These
drastic treatments, however, strongly modify the metal
size distribution. Currently available size distribution
studies using HREM and SEM/EDS, indicate a redis-
persion effect in the case of supported Rh, whereas
in the case of the Pt catalysts a strong sintering effect
takes place in parallel to the recovery from the alloyed
state.

4.3. Chemical aspects of the SMSI-like effects in
M/CeO2 and related systems

The occurrence of significant chemical perturba-
tions in M/CeO2 and related systems when reduced at
increasing temperatures is presently well-documented.
Also worth of outlining is that partial deactiva-
tion effects are generally observed, complete inhi-
bition of the metal chemisorptive properties being
very seldom reported. The experimental evidence
for these chemical perturbations comes from H2
[6,17,18,23,25,26,28,29]and CO [17,30–36,54]
chemisorption studies, but also from catalytic activ-
ity measurements[6,23,31,51,55–58]. In the latter
case, a number of reactions including hydrocar-
bon hydrogenolysis[6,31,51,55], and benzene[51],
acetone[6,56], crotonaldehyde[56], and CO and
CO2 [6,23,55,58]hydrogenations have been investi-
gated. In most of these studiesTredn ≤ 773 K. If the
nano-structural information reported above is recalled,
this is a remarkable observation. In effect, within this
range of reduction temperatures, neither decoration
nor alloying phenomena should be expected to occur.
Moreover, data inFig. 13 suggest that, if textural
properties of the support are not significantly modi-
fied by the reduction treatments, changes in the metal
dispersion should also be very moderate.

Drawing meaningful conclusions about the in-
fluence ofTredn on the chemisorptive behaviour of
M/CeO2 and related systems requires a very careful
analysis of the experimental data. Thus, when using
H2 to probe the chemical behaviour of the supported
metal, the likely occurrence of spillover phenomena

Fig. 21. Ratio between metal dispersion data as determined from
H2 chemisorption (H/Ptt) and as determined by HREM (Pts/Ptt):
(H/Ptt)(Pts/Ptt) = H/Pts, for Pt/Ce0.68Zr0.32O2. (�) Samples
reduced at the indicated temperatures, (�) samples reduced at
the indicated temperatures, then re-oxidised at 700 K and further
re-reduced at 423 K (LTR), (�) sample reduced at 1173 K, then
re-oxidised at 973 K and further re-reduced at 423 K (LTR).

should always be considered. It is also worth recalling
that these phenomena are very sensitive to the reduc-
tion/evacuation conditions, as well as to the nature
of the metal precursor[18,59]. Several experimen-
tal alternatives have been used to minimise spillover
contribution. Among them, hydrogen chemisorption
at 191 K [22,28,29], and isotopic transient kinetic
(ITK) studies, at 298 K. of the H2/D2 exchange[18],
have shown to be useful approaches. As an example,
Fig. 21 summarises the results recently published
about the evolution withTredn of the metal chemisorp-
tion capability of a Pt/Ce0.68Zr0.32O2 catalyst, as
determined by volumetric studies at 191 K[29]. This
catalyst, which was prepared from a chlorine free
metal precursor, has a low surface area (20 m2 g−1)
and a high textural stability.

To detect the likely occurrence of Pt deactivation
effects, in [29] H/Pts data are plotted againstTredn.
H/Pts parameter accounts for the number of H atoms
chemisorbed, at 191 K, per surface Pt atom (Pts). This
parameter may be estimated as the ratioDH/DHREM,
whereDH (H/Ptt; Ptt: total number of Pt atoms in the
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catalyst sample) would measure the metal dispersion
as determined by hydrogen chemisorption at 191 K;
DHREM (Pts/Ptt) accounting for the metal dispersion
as deduced from HREM[45]. In accordance with the
meaning of theDH/DHREM = H/Pts parameter, and
assuming a 1:1 adsorption stoichiometry ratio within
the whole range of particle size of interest, its value
should be constant and equal to 1 with independence
of the actual metal dispersion. In other words, the
H/Pts ratio takes into account the likely occurrence of
some metal sintering upon increasingTredn. By con-
trast, H/Ptt < 1 would indicate the occurrence of de-
activation effects other than the metal sintering. Metal
encapsulation may be disregarded because of the high
textural stability of the investigated catalyst. In fact, its
BET surface area does not change significantly within
the whole range of reduction temperatures. Accord-
ingly, the progressive decrease of H/Pts values, which
is noticeable atTredn = 623 K, and very significant
at 773 K, may be interpreted as due to the occurrence
of a metal/support interaction effect. Taking into ac-
count that no significant nano-structural changes are
observed on the catalyst reduced at or belowTredn =
773 K, we should conclude that electronic perturba-
tions play a major role in the deactivation of the Pt
crystallites. This conclusion is in agreement with that
obtained from some recent studies on Pt/CeO2 [18,54].
It is also supported by the results shown inFig. 21
(points linked by the dotted line) about the effect of
the re-oxidation treatment at 673 K (400◦C) followed
by reduction at room temperature, which was applied
to the catalysts initially reduced at each of the inves-
tigated temperatures.

In [28] a study, parallel to the one reported above,
has been carried out on a Rh/Ce0.68Zr0.32O2 catalyst.
The mixed oxide support was the same as the one used
in [29]. Likewise, a free from chlorine Rh precursor
was used. Metal dispersions of Pt and Rh catalysts re-
duced at 473 K were also close to each other. In con-
trast to that reported for the Pt catalyst, no significant
Rh deactivation could be detected forTredn ≤ 773 K,
the effect being moderate even forTredn > 773 K. We
may conclude accordingly, that metal/support interac-
tion effects in NM/Ce0.68Zr0.32O2 catalysts are sen-
sitive to the nature of noble metal, being stronger in
the case of the Pt samples. This observation is rele-
vant in relation to the choice of the reduction tempera-
ture to be applied for obtaining meaningful dispersion

data from low-temperature hydrogen chemisorption
studies.

4.4. Concluding remarks

The capability of electron probe based analysis
to unveil the ultimate details of the nanostructure of
catalytic materials has been proved. The combined
application of structural and chemical analysis tech-
niques at the nanoscale by using HREM, SEM and
EELS spectroscopy appears as a very powerful tool
to characterise catalytic materials and to understand
their macroscopic behaviour. In relation with the
metal–support interaction effects, though there are still
many questions on their precise nature to be satisfac-
torily answered, for the last decade some significant
progress has been made in their understanding.

In the particular case of ceria-based catalytic sys-
tems, the combination of chemical and nano-structural
information presently available has allowed to propose
a model to understand the observed effects. Accord-
ing to this model, the chemical and nano-structural
evolution undergone by M/CeO2 and related systems
when applying increasing reduction temperatures
qualitatively resembles the one previously reported
for M/TiO2 catalysts. There are, however, some sig-
nificant differences. Firstly, all the HREM studies
have agreed on the absence of metal decoration for
Tredn ≤ 773 K. For M/CeO2 catalysts, reduction
temperatures well above those required in the case
of M/TiO2, typically 973 K, have to be applied to
induce such a characteristic nano-structural feature
of the SMSI effect. Secondly, M–Ce alloying could
only be unequivocally established at very high re-
duction temperatures. Therefore, its contribution to
the metal deactivation effects observed on catalysts
reduced atTredn ≤ 773 K seems to be very unlikely.
To summarise, if some other contributions, like those
related to the metal sintering or encapsulation, may
be excluded, metal deactivation occurring at moder-
ate reduction temperatures (Tredn ≤ 773 K) should
reasonably be interpreted as due to electronic pertur-
bations associated with the interaction between the
metal micro-crystals and the reduced ceria support.

Also worth of outlining are the differences ob-
served between M/TiO2 and M/CeO2 catalysts in
relation to the treatments allowing recovering them
from the deactivated state. For the titania-supported
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catalysts, as already noted, re-oxidation at 773 K fol-
lowed by a mild reduction are typical regeneration
conditions. By contrast, the recovery of the M/CeO2
catalysts from a decorated or alloyed state requires
far higher re-oxidation temperatures. Consequently, if
re-oxidation treatments atTredn ≤ 773 K induce the
regeneration of a deactivated M/CeO2 catalysts, the
most likely interpretation is that neither decoration
nor alloying are playing a relevant role, the observed
chemical perturbations being mainly due to electronic
effects.

Finally, the peculiar behaviour of the metal-supported
on lanthanide sesquioxide, has a neatly different ori-
gin. Rather than the reducibility, the basic character
of these oxides is the key property which influences
the nanostructure of these catalysts. The details of
the procedure employed to deposit the metal phase
onto these support determine the final state of the
metal and its relationship with the support. A model
has been proposed, based on the well-established
chemical properties of 4f-sesquioxides, which allows
understanding their peculiar chemisorption behaviour.
In this model, the formation of a highly dispersed
metal phase after the first steps of the preparation
procedure, mixed at atomic level with the support
oxide, is the main feature.
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