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Abstract

This work reports on the HREM study of a series of Rh/CeO, catalysts reduced at temperatures ranging from 623 to 1173 K.
Computer simulation and digital processing techniques were also used to arrive at a finer interpretation of the experimental
micrographs. Throughout the whole range of reduction temperatures, images in both profile and planar views show the existence
of a well-defined structural relationship between metal and support. The profile imaging technique has allowed us to study the
rhodium/ceria interface. It consists of Rh(111) in epitaxial relationship with (111) ceria surface planes. For the whole metal
particle two different crystallographic orientations with respect to the support, both compatible with a Rh(111)/Ce0,(111)
interface, were observed. Metal decoration phenomena have also been found. They could only be observed on catalysts reduced
at either 973 or 1173 K, the covering effects being much heavier in the latter case. The metal particle size distributions
corresponding to the reduced catalysts show that metal sintering is slight up to 973 K, with mean sizes ranging from 3.5 to 3.7
nm, and much stronger when the catalysts are reduced at 1173 K, mean size: 6.7 nm. Reoxidation studies at 373, 523, 773 and
1173 K, have revealed that upon O, treatment at 773 K the metal particles thoroughly transform into Rh,O5, the precise structural
nature of which could not be unequivocally established. These studies have also shown that for oxygen treatments up to 773 K,
metal redispersion is rather modest, being necessary to heat to 1173 K to induce the spread of the oxidized rhodium phase onto
the support and the subsequent redispersion. For the catalyst reduced at 1173 K, the reoxidation at 773 K or below does not lead
to the recovery of the metal decoration effects. The ensemble of results presented here are discussed in relation to the nature of
the metal/support interaction phenomena occurring in Rh/CeO, catalysts. The influence of both the reduction and reoxidation
treatments on the metal deactivation/regeneration of these catalysts is also discussed.

1. Introduction

For the past few years, many laboratories all
over the world have been working on ceria sup-
ported metal catalysts [ 1-36]. The intrinsic sci-
entific interest of M/CeQ, catalytic systems, as
well as their close relationship with the so-called
‘three-way catalysts’ (TWC’s) [37-40] would
explain such an intense research activity around
them.
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It is generally acknowledged that chemisorp-
tion techniques cannot be applied in the conven-
tional way for characterizing M/CeQ, catalysts
[3,4,7,20,25,47]. Several reasons justify this
statement. First, bare ceria can strongly chemisorb
the most usual probe molecules like H, {41-43]
or CO [44-46]. Second, it is known that, in the
presence of highly dispersed rhodium, at room
temperature, large amounts of hydrogen can be
transferred from the metal to the ceria support
[20,21,25,47]. Some recent studies from our lab-
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oratory [22,47] have shown, however, that the
spillover contribution to the total amount of
hydrogen chemisorbed on Rh/CeO, catalysts, is
sensitive to the specific reduction/evacuation con-
ditions used for preparing them. Moreover, there
are some clear indications in the sense that the
chlorine from the metal precursor salts can
strongly modify the structural nature of the sup-
port [ 10,48,49] as well as the chemisorptive prop-
erties of the M/CeO, catalysts [47,50,51]. In
brief, no simple straightforward interpretation of
the conventional chemisorption measurements
seems to be possible in the case of M/CeO, cat-
alysts. This has led to the development of alter-
native specific procedures like low-temperature
(191 K) hydrogen chemisorption [22,47], which
has been fruitfully used to estimate metal disper-
sions in Rh/CeO, catalysts, or the quantitative
measurement of the v band intensity applied for
characterizing Pt/CeO, catalysts [3,4].

It is also worth recalling, because of the
acknowledged reducibility of ceria [42,
43,52,53], that M/CeQO, catalysts have been con-
sidered as a model system exhibiting some kind
of strong metal/support interaction phenomena
[26]. This may induce further perturbations on
their chemisorptive and catalytic properties.

In their theoretical model [26], Sanchez and
Gaézquez have suggested the existence of signifi-
cant differences between the metal/support inter-
action occurring on M/TiO, catalysts, for which
they reserve the term SMSI effect, and the strong
metal/support interaction phenomena exhibited
by oxide supports with fluorite-like structure, as
is the case of CeO,. For titania supported metal
catalysts, the onset of the SMSI effect is consid-
ered to occur at reduction temperatures higher
than 673 K, 773 K being very commonly used to
induce the SMSI state [58,59]. In accordance
with [58,59], the SMSI effect is characterized by
a number of features, the most commonly
accepted being: strong inhibition of the metal
chemisorptive capabilities against the classic
probe molecules like H,; occurrence of metal dec-
oration effects; strong disturbance of the catalytic
behaviour; reversibility of the phenomenon by

reoxidation and further reduction at milder tem-
peratures. Very recently, a detailed NMR study of
the hydrogen interaction with Rh/TiO, has quite
convincingly shown that both geometric and elec-
tronic effects have a significant contribution to the
SMSI effect [60]. This proposal is also consistent
with the chemisorption and HREM studies
reported in ref. {61] for Rh/TiO, under the SMSI
state. In accordance with [61], partial covering of
the metal crystallites could only be observed, but
complete inhibition of their capability for H,
chemisorption did occur.

From the experimental point of view, many
authors have reported the occurrence of peculiar
metal/support interaction phenomena on ceria
supported metal catalysts [2,7,11,14,18,26,27,
31,34,47,54-57]. There are, however, notable
uncertainties about the precise nature of this inter-
action. Some authors [7,11,12,56,62] have sug-
gested that metal/ceria interaction can be
described in terms of the so-called SMSI effect.
Their conclusion was mainly based on chemisorp-
tion and/or catalytic activity studies. In some
cases [7], though metal decoration effects are
suggested to occur, no direct proof of it could be
provided. Moreover, the authors [7] acknowl-
edge the existence of significant differences
between their Rh/CeO, catalysts reduced at 773
K and Rh/TiO, under SMSI state. Thus, no strong
inhibition of the hydrogen chemisorption capabil-
ity could be observed upon high temperature (773
K) reduction [7]. This latter observation has also
been reported for several different Rh/CeO, sam-
ples [22,47], as well as on Pt/CeO, catalysts
[54], all of them reduced with H, at 773 K. In
these latter cases [22,47,54], the occurrence of
metal/support interaction phenomena other than
the classic SMSI effect are suggested to occur.
The same conclusion is arrived at in ref. [34].

It is often suggested that transmission electron
microscopy can hardly be used to characterize
ceria supported metal catalysts [3,4]. In fact,
when the resolution limit of the microscope pre-
vents its use in the phase contrast mode, and the
operation in the diffraction contrast mode is nec-
essary, the strong dispersive power of cerium
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makes it difficult to characterize a metal phase
highly dispersed on CeO,. This is true, even in the
case of heavy metals like platinum [3,34]. It is
worth noting, however, that some earlier studies
from the literature clearly show that high resolu-
tion electron microscopy [14,18,19,47,61,63,64]
constitutes a very powerful tool to investigate the
nanostructural nature of M/CeQ, catalysts. Like-
wise, TEM, STEM and microdiffraction tech-
niques have been used fruitfully to characterize
ceria-containing multicomponent metal catalysts
[27,34,65-67]. Though the number of electron
microscopy studies at present available is rather
limited, some very important information con-
cerning the microstructural nature of these cata-
lysts have already been discovered. First, data
concerning the metal particle size could be
obtained [ 18,47]. This provides an essential ref-
erence for the chemisorption studies. Second,
HREM images for M/CeO, (M: Pt, Au, Rh) cat-
alysts have shown the occurrence of a quite char-
acteristic epitaxial relationship [14,27,47,61,
63,64]. Third, the electron microscopy studies
reported to date have not provided any evidence
of metal decoration effects on M/CeQ, catalysts
[14,18,19,27,34,47,61,63]. In the case of titania
supported metal catalysts, this effect has clearly
been shown by using high resolution electron
microscopy [61,68,69].

It is important to note, that a very large majority
of the studies commented on above have dealt
with M/CeO, catalysts reduced at 773 K or lower
temperatures. This represents an important limi-
tation because, as far as the understanding of the
catalytic behaviour and deactivation mechanisms
in TWC’s is concerned, the investigation should
be extended to a wider temperature range. In
accordance with this, we have developed a
research project aimed at studying the microstruc-
tural evolution of Rh/CeQ, catalysts when treated
under both high temperature reducing and oxidiz-
ing conditions. In the present work, high resolu-
tion electron microscopy combined with
computer simulation and digital processing tech-
niques will be used with two major objectives:
(1) To investigate further the nature of the metal/

support interaction phenomena occurring in Rh/
CeO, catalysts reduced in a wide range of tem-
peratures up to 1173 K. (2) To investigate the
effect of the reduction temperature as well as of
the reoxidation treatments on the particle size dis-
tribution and mean particle size of the rhodium-
containing phase. All these studies are in close
connection with the investigation of the deacti-
vation mechanisms operating in ceria supported
metal catalysts and by extent in three-way cata-
lysts. In accordance with very recent literature
[70-72], deactivation is a major problem in
TWC’s.

2. Experimental

The Rh/CeO, catalysts studied in this work
were prepared by the incipient wetness impreg-
nation technique from an aqueous solution of
Rh(NOj;) ;. The ceriaused, with a purity of 99.9%,
was a low surface area sample from Alpha Ven-
tron. After the impregnation treatment, the sample
was dried in air, at 383 K, for 10 h, and further
stored in a dessicator until its reduction. This
impregnation/drying cycle was repeated several
times up to a final metal loading of 2.4% by weight
was reached. As determined from N, adsorption
at 77 K, the BET surface area of the catalysts was
11 m* g~'. This value did not change with the
reduction temperature, except for the sample
reduced at 1173 K. In this latter case, some catalyst
sintering could be observed.

The reduction treatments were carried out by
heating the Rh(NO,);/CeO, precursor system in
a flow of H, (60 cm® min~1'), from 298 K to the
selected reduction temperature (623, 773, 973 or
1173 K). The heating rate was 10 K min~"'. The
samples were held for 1 h at the reduction tem-
perature, then they were treated in flowing He (60
cm® min~"), for 1 h, at the reduction temperature,
and finally they were cooled, also in a flow of inert
gas. In the particular case of the catalyst reduced
at 623 K, the heating in a flow of He following the
reduction treatment was performed at 773 K. In
this way, we ensure the complete elimination of
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Table 1

Lattice spacings and angles for CeQ, and Rhin [110], [111] and [100] orientations

Zone axis Planes Angles between planes CeO, d)y (nm) Rh d,,;, (nm)
{001) {220} 45° with {200} 0.191 0.135
{200} 90° with {200} 0.271 0.190
45° with {220}
(110) {220} 90° with {200} 0.191 0.135
{200} 90° with {220} 0.271 0.190
{111} 70.5° with {111} 0.312 0.220
54.7° with {200}
35.3° with {220}
{111) {220} 60° with {220} 0.191 0.135

CeO;: fluorite structure (space group: Fm3m); ay: 0.541 nm.
Rh: fee structure (space group: Fm3m); ay: 0.380 nm.

the hydrogen chemisorbed on ceria [22]. To pre-
vent the fast reoxidation of the reduced catalysts,
they were cooled to 191 K, always in a flow of
He, then treated with O, (5%)/He for 0.5 h,
warmed up to 295 K in the oxidizing mixture, and
finally exposed to air. The samples prepared in
this way were rapidly transferred into the micro-
scope following the procedure reported elsewhere
[18].

The HREM images were obtained on a JEOL-
2000-EX microscope with 0.21 nm point-resolu-
tion. The instrument was equipped with a
top-entry specimen holder and an ion pump. The
computer-simulated HREM images were
obtained by running the EMS software package
on an IRIS 4D35/TG + silicon graphics worksta-
tion. The digital processing of both calculated and
experimental HREM images was performed on a
digital microcomputer, PC-AT-486. The experi-
mental images were digitalized on a high resolu-
tion monochrome CCD camera, COHU, model
4910. The whole digital processing was per-
formed with the help of the SEMPER 6+ soft-
ware package.

Two computer programs developed at the Uni-
versity of Cadiz (UCA) have also been routinely
used in this work. They were written in FOR-
TRAN 77. The so-called EJE Z Program was

designed to establish the zone axis of a known
structure allowing to obtain HREM images on a
microscope of a specific resolution. The RHOD-
IUS program has allowed us to build up the super-
cell structural models used as the bases for the
computer simulations presented in this work.
When applied to the simulation of supported metal
systems, the size and shape of the metal crystal-
lites can be controlled at will. Likewise, it allows
to define the crystallographic and chemical nature
of the metal/support interface.

3. Results and discussion

3.1. HREM study of metal/support interaction
phenomena in Rh/CeQ, catalysts

A major goal of this work is to show the very
interesting possibilities of the HREM technique
as a tool for investigating the metal/support inter-
action phenomena in M/CeQ, catalysts. In the
present case, we shall focus our attention on the
rhodium/ceria system.

Two main aspects will be considered below. On
the one hand, we shall study the nature of the
metal/support structural relationships observed in
Rh/CeO, catalysts. On the other hand, we shall
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Fig. 1. HREM image in profile view of Rh/CeO, reduced at 623 K.

investigate the metal decoration phenomena
observed to occur on them. The first effect has
been detected throughout the whole range of
reduction temperatures, from 623 to 1173 K. In
contrast with this, the covering of the metal par-
ticles by the support could only be observed at the
highest reduction temperatures: 973 K, and much
more heavily on the catalyst reduced at 1173 K.
As will be shown in the next sections of this work,
the HREM technique can help to clarify some
fundamental questions about these two manifes-
tations of the metal/support interaction phenom-
ena occurring in Rh/CeO, catalysts.

3.1.1. HREM study of the structural relationships
observed on Rh/CeO, catalysts

3.1.1.1. Application of HREM profile imaging
techniques.  From nanodiffraction studies car-
ried out on Rh/CeO, catalysts reduced at either
623 or 773 K, Pan et al. [27] have reported the
existence of a well-defined structural relationship
between ceria and the rhodium crystallites sitting
on it. It is shown in ref. [27] that such a structural
relationship consists of the parallel alignment of
metal and support [ hkl] axes with the same Miller
indexes. Specifically, they have reported experi-
mental nanodiffraction patterns showing parallel
orientations in [ 111] and {100] directions. From
this observation, they suggest the occurrence of a

Rh/CeO, epitaxial relationship consisting of the
parallel growth of (hkl) planes of rhodium on
(hkl) planes of the support. This type of structural
relationship would also be consistent with the
HREM images reported in refs. [47,64].

With the help of a computer program developed
at UCA (EJE Z), we have established the zone
axis allowing to obtain HREM images for ceria
and rhodium crystals. Using a microscope with
0.21 nm point resolution, [110] direction is the
only one fulfilling such a requirement for both,
metal and support. Table 1 reports on the crystal-
lographic data corresponding to Rh and CeO, in
[110] orientation. Structural information con-
cerning [111] and [100] orientations are also
included for comparison.

Fig. 1 accounts for a HREM profile image cor-
responding to our Rh/CeQ, catalyst reduced at
623 K. It clearly shows that (111) rhodium planes
grow parallel to the (111) planes of ceria. As
proposed earlier in refs. [27,47,64], this image
suggests the epitaxial growth of the metal crystal-
lites on the support. To gain some further insight
into the nature of such a structural relationship,
we have studied the crystallography of both metal
and support surface planes exhibiting the highest
atomic densities. Table 2 summarizes the results
obtained from this study. Data for the Ce** and
0%~ sublattices corresponding to {111} and
{100} faces of ceria as well as for the same faces
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Table 2

Crystallographic data for faces {111} and {100} of ceria and metallic rhodium

Surface plane Vector ¢, (nm) Vector ¢, (nm) Angle t,/t, Density node-nm™2
CeO, Ce** {111} 3.82 3.82 60° 7.91

{100} 3.82 3.82 90° 6.85
CeO, 0~ {111} 3.82 3.82 60° 7.91

{100} 2.70 2.70 90° 13.70
Rh {111} 2.68 2.68 60° 16.04

{100} 2.68 2.68 90° 13.89

of the fcc rhodium structure are included in Table
2.

It can be deduced from Table 2 that for (111)
planes the ratio of metal to support surface lattice
vectors ¢;,;(Rh):t;,(Ce0O,) is 3:2 with approxi-
mately a 6% misfit. It can also be concluded from
Table 2 that, consequently to the sixfold symmetry
axis of these (111) planes, a 60° rotation of a
(111) Rh plane parallel to a (111) ceria plane
leads to an equivalent metal/support interface.
Two different epitaxial relationships, both corre-
sponding to a parallel orientation: Rh(111)//
Ce0,(111), can therefore be considered. For 0°
rotation, all the [ hkl] axes of the metal and support
are aligned, thus resulting in an epitaxial relation-
ship of parallel axis. It will be referred to as
Rh(111)//Ce0,(111) 0°. For 60° rotation,
though [111] axes of the metal and support are
parallel to each other, several others become mis-
aligned. As a result, a nonequivalent crystallo-
graphic situation, hereafter referred to as
Rh(111)//Ce0O, (111) 60°, can be found. Fig. 2,
Fig. 3, Fig. 4 show structural models aimed at
describing the two epitaxies mentioned above.
Fig. 2 depicts a common model for the metal/
support interface, whereas Figs. 3 and 4 show the
profile view in [110] orientation for 60° and 0°
epitaxial relationships, respectively. These two
Rh/CeO, supercells were generated by using a
computer program (RHODIUS) developed at the
University of C4diz. As will be discussed below,

our experimental HREM images show that both
possibilities do occur.

In accordance with the crystallographic data
included in Table 2, the Rh(200)//Ce0,(200)
epitaxy seems to be likely too. In fact, 45° rotation
of the (200) Rh plane with respect to the (200)
surface plane of ceria leads to an almost perfect
fitting of the two surface structures, Fig. 5. In spite
of this, we have not been able to find any experi-
mental image corresponding to such an epitaxy. It
must be noted, however, that, in our ceria support,
(100) face is much less abundant than the (111).

The HREM technique of surface profile imag-
ing is considered to be a powerful tool for inves-
tigating very fine details of catalyst surfaces
[14,73]. By using this technique, the two struc-
tural relationships mentioned above: Rh(111)//
CeO, (111) 60° (Fig. 6) and 0° (Fig. 7) could
be observed. Fig. 6a shows a HREM experimental
image for a rhodium microcrystal with truncated
cuboctahedron shape sitting on ceria. Both metal
and support are in [110] orientation. The inter-
pretation of this image was also confirmed by
computer simulation. Fig. 6b accounts for the cal-
culated image. It was obtained by running the mul-
tislice routine of the EMS software package. The
basis for the computer calculations was the struc-
tural model in Fig. 3. The simulation conditions
were as follows. Metal crystal size: 3.2 nm; ceria
support thickness: 9 nm; electron beam acceler-
ating voltage: 200 kV; objective lense aperture
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Fig. 2. Planar view of a Rh(111)/CeO,(111) interface. Structural model generated by using the RHODIUS program.

diameter: 12 nm ™ !; defocus spread: 10 nm; beam
semiconvergence: 1.2 mrad; defocus, Af: 50 nm;
Cs: 0.7 mm.

Fig. 7a shows an edge-on HREM image corre-
sponding to our Rh/CeQ, catalyst reduced at 623
K. Both metal and support are close to the [110]
orientation. As already discussed in ref. [47], this
image shows the (111) planes of rhodium lying
parallel to (111) ceria planes. Accordingly, it can
be considered as representative of a (111)//
(111) 0° epitaxial relationship. To confirm such
a proposal, we have also recorded the correspond-
ing computer-simulated images. The structural
model on which the calculations were based is
depicted in Fig. 4. The simulation conditions were
the same as reported above for Fig. 6b. A series
of calculated HREM images was obtained by
rotating the whole metal/support supercell out of
the [ 110] zone axis. Rotation angles ranging from
0° to 15° were considered here. Fig. 7b and c,
depict the calculated images obtained for 7° and

0° rotation, respectively. As can be deduced from
the comparison of the experimental and calculated
images, Fig. 7a and b are quite similar to each
other, thus indicating that the experimental one
(Fig. 7a) was recorded slightly out of zone.

A further aspect worth commenting on is the
mechanism of accommodation between the rho-
dium and ceria lattices. Because the difference of
lattice parameters, no perfect matching between
metal and support (111) planes can occur.
Accordingly, a rather peculiar interface can be
observed in Fig. 7a.

The experimental HREM image in Fig. 7a was
further studied with the help of digital processing
techniques. In this way, an intensity profile along
the line crossing the rhodium crystallite from one
lateral face to the other could be recorded. Fig. 8
accounts for the intensity variations throughout
this line. The distance between successive peaks
allows the measurement of the rhodium lattice
spacing in the microcrystal. It can be noted, how-
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Fig. 3. Truncated cuboctahedral rhodium crystallite epitaxially
grown on ceria. Epitaxial relationship: Rh(111)/CeO,(111) 0°.
Views along the [001] (a) and [431] (b) directions of the whole
metal/support supercell. Structural model generated by using the
RHODIUS program.

ever, that the intrinsic accuracy of this measure-
ment (1 pixel: 0.01 nm) does not permit a precise
estimate of specific spacings. Instead, a mean
value was determined by dividing the distance
between lateral faces by the whole number of
spacings. This procedure has already been used in
ref. [74]. The average value was found to be 0.226

nm. Because of the small size of the metal particle
in Fig. 7a, the spots corresponding to (111) Rh
planes in the reciprocal space image were rather
diffuse. Under these circumstances, the accuracy
of the lattice spacing value determined from it was
a little bit worse than that estimated from meas-
urements on the real space image.
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Fig. 4. Truncated cuboctahedral rhodium crystallite epitaxially
grown on ceria. Type of epitaxy: Rh(111)/CeO,(111) 60°. Views
along the [001] (a) and [431] (b) directions of the whole metal/
support supercell. Structural model generated by using the RHOD-
IUS program.
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Fig. 5. Planar view of a Rh(100)/CeQ,(100) interface. Structural model generated by using the RHODIUS program.

If it is taken into account that the (111) lattice
spacing for bulk rhodium is 0.220 nm, our esti-
mation above would represent a slight expansion
of the metal lattice (3.5%). A parallel study car-
ried out on the simulated image in Fig. 7b led to
a mean spacing of 0.224 nm. It can be noted,
however, that the structural model used to gener-
ate the calculated image does not assume any dis-
tortion of the rhodium lattice. Therefore, it cannot
be excluded that, at least for relatively small metal
particles, part of the observed expansion can be
due to an optical artifact. In summary, the intrinsic
accuracy of our measurement as well as the results
obtained for the simulated image oblige us to take
the expansion of the rhodium lattice with some
reserve. In this respect, it must also be noted that
similar measurements carried out on a much larger

rhodium crystallite, Fig. 9, indicate a negligible
distortion of the (111) metal lattice spacing.

The analysis of the contrasts observed at the
rhodium/ceria interface in Figs. 7a, 7b and 9,
deserve some further comments. First of all, as
indicated on Fig. 9, there seems to be a sequence
of contrasts which is repeated regularly. It consists
of 7 (111) rhodium planes matching 5 (111) ceria
planes. The same sequence can also be found in
Fig. 7a for a much smaller metal particle. This
would lead to a lattice misfit of 1.8%. The precise
meaning of such contrasts is unclear. It could be
thought that they are due to local distortions
induced by the interaction with ceria. However,
this interpretation does not seem to be confirmed
by computer simulations, because, as deduced
from Fig. 7b, rather similar contrasts are observed
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CeO, [110]

Fig. 6. HREM study of Rh/CeQ,. Experimental (a) and computer simulated (b) profile images of a metal particle showing a Rh(111)/

Ce0,(111) 60° epitaxial relationship.

on the simulated image, for which, as mentioned
above, no rhodium distortion has been considered.

There is a second aspect worth commenting on
concerning the contrasts at the rhodium/ceria
interface in Fig. 7a. Instead of being flat, this inter-
face shows a seesaw shape. This poses some inter-

esting questions about the nature of the metal/
support interaction in this type of catalyst. It
should be recalled that, in accordance with ref.
[26], the strong metal/support interaction in M/
CeO, catalysts consists in the anchoring of the
metal crystallites to the surface support. Sdnchez
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Fig. 7. HREM study of the Rh(111)/CeO,(111) 0° epitaxial relationship. Experimental micrograph corresponding to the Rh/CeO, catalyst
reduced at 623 K (a). Simulated images of the metal/support system in [ 110] orientation (c) and 7° out of the [110] zone axis (b).

and Géazquez [26] suggest that the fixation of the
metal particles takes place through what they call
a ‘nesting’ process, by the virtue of which metal
atoms occupy the anionic vacancies created at the
support surface. A HREM image like that reported
in Fig. 7a might tentatively be interpreted in terms
of the occurrence of a nesting phenomenon. A
comparison of the experimental image (Fig. 7a)
with the simulated one (Fig. 7b) is helpful in this

respect. In effect, we notice on the calculated
image the same type of contrasts observed in Fig.
7a. However, as deduced from Fig. 4, the struc-
tural model used to generate the image in Fig. 7b
assumes aflatRh(111)/CeO,(111) interface, i.e.
no nesting effect has been considered. This
implies that, though Sanchez et al.’s model should
not be disregarded, it is not possible to intuitively
interpret Fig. 7a in terms of such a model.



230 S. Bernal et al. / Catalysis Today 23 (1995) 219-250

Fig. 8. Application of digital processing techniques to the estimation of the Rh(111) fringe spacing in Rh/CeQ,. Intensity profile along the line

crossing the metal particle in Fig. 7a.

3.1.1.2. HREM study of the Rh/CeO, system in
planar view. Moiré patterns. = The HREM
images for metal crystallites in planar projection
on the support can also provide some useful infor-
mation about the structural relationships in Rh/
CeO, catalysts. The analysis of these images
shows the frequent occurrence of Moiré fringes in
parallel alignment with those of the support (Fig.
10). This is generally interpreted as an indication
of a parallel orientation between the two overlap-
ping lattices [75]. It is also well known that the
existence of a simple relationship between the
spacing of the Moiré pattern and those of the
superimposed lattices are responsible for it. In the
case of a Moiré pattern generated from first order
reflections [76]:

e=d,d,/ (& +d%:—2d,d, cos)'’? (1)

where e, d, and d, stand for the fringe spacings of
the Moiré pattern and overlapping crystal lattices
respectively; and 8 accounts for the angle between
these lattices, 0° in the present case.

With the help of digital processing techniques,
we have measured the spacings corresponding to
both the Moiré patterns and the support fringes in
the surrounding region. These measurements were
made in the reciprocal space. From them, the metal
and support crystal orientations were established,
and the corresponding metal fringe spacing could
be estimated. The analysis of the Moiré patterns
can thus constitute an alternative way of detecting
variations in the metal lattice parameters. This
would be particularly useful when the lattice par-
ameters of the metal to be investigated are below
the resolution limit of the microscope.

Fig. 11band d account for the optical diffraction
pattern (ODP) obtained by digital processing of
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Fig. 9. HREM study of the metal/support interface. Epitaxial relationship Rh(111)/CeO,(111) 0°. Experimental image corresponding to the

catalyst reduced at 973 K.

the experimental images in Fig. 11a and c, respec-
tively. In the case of the Moiré pattern recorded
along the [110] direction, Fig. 11a, the ODP
shows that the spots corresponding to (111)
planes of CeQ, are oriented in the same direction
just beyond those of the Moiré pattern, Fig. 11b,
thus indicating a parallel alignment of metal and
support (111) planes. For the Moiré pattern
recorded in [ 100] orientation, Fig. 11c, the ODP
in Fig. 11d clearly shows that (200) reflections of
ceria and rhodium are involved in the double dif-
fraction process. The fringe spacing for the Moiré
patterns could also be determined. In the case of
Rh(111)//Ce0,(111) parallel orientations, they
were found to range from 0.740 nm to 0.840 nm.
Accordingly, by using Eq. (1), (111) fringe spac-
ings for rhodium ranging from 0.219 to 0.227 nm
could be estimated. The accuracy of this estimate
was +0.008 nm. As already deduced from the
digital processing of Figs. 7a and 9, the study of
the Moiré patterns suggests that the (111) lattice
spacings for Rh, though variable from one metal
particle to the other, are often slightly larger than
those corresponding to the massive metal. How-

ever, the accuracy of the measurements does not
make it possible to draw a fully significant con-
clusion about this effect.

In some cases, the experimental HREM images
of the rhodium crystallites sitting in planar view
on ceria show the absence of the expected Moiré
pattern. Fig. 12 shows an ensemble of rhodium
crystallites with their [111] axis parallel to the
[111] orientation of ceria. Some of them do
exhibit Moiré fringes, whereas some others do not.
As confirmed by the corresponding ODP’s, the
encircled metal particles in Fig. 12 account,
respectively, for the two situations mentioned
above. To find out the origin of such an observa-
tion, we have carried out a computer simulation
of the HREM images resulting from a metal crys-
tallite projected on the ceria surface, both in [110]
orientation. We have considered the two epitaxial
relationships Rh(111)//Ce0Q,(111) 60° as well
as 0°. Fig. 13b and d account, respectively, for
these two epitaxies. The computer calculations
were performed on the basis of the structural mod-
els included, respectively, in Fig. 13a and ¢. For
the sake of clarity, these supercell models are
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Fig. 10. HREM image for rhodium crystallites in planar projection on ceria. Metal and support [111] axes are in parallel orientation. Zone axis

[110]. Sample reduced at 1173 K.

shown in profile view. The simulation conditions
were as follows. Rhodium particle size: 6 nm;
ceria thickness: 9 nm; zone axis: [110]. The elec-
tronoptical conditions were the same used in the
computer calculations reported above.

The analysis of the calculated images in Fig. 13
leads to the conclusion that the Moiré pattern can
only be observed for the epitaxy of parallel axes
(0° rotation). The simulation shown in Fig. 13d
corresponds to a bidimensional Moiré pattern,
which is very seldom observed in the experimental
images. Accordingly, we have also included in
Fig. 13e a calculated image based on model ¢, but
slightly tilted (5°) out of zone. This latter image
accounts fairly well for the experimental ones.
Since the profile imaging technique has shown
that most of the metal crystallites are epitaxially
oriented with respect to the support, it can reason-
ably be concluded that the planar view HREM
images not showing Moiré fringes are due to the

Rh(111)//Ce0,(111) (60° rotation) epitaxy. In
other words, the analysis of the Moiré patterns
would also allow us to distinguish the two types
of Rh(111)//Ce0,(111) epitaxial relationships
described here.

AsshowninFig. 11c, we have also found exper-
imental Moiré patterns due to a double diffraction
effect occurring on rhodium and ceria crystals
with their (100) planes in parallel orientation.
Though this finding might well be considered as
an indication of the occurrence of a Rh(100)//
Ce0,(100) epitaxial relationship, it does not
prove it. In effect, the observation of a parallel
alignment of [100] metal and support directions
does not mean that the metal/support interface is
made up of (100) planes. In fact, as already men-
tioned, the so-called Rh(111)//CeO, (111) 0°
epitaxy implies that all the metal and support
planes with the same (hkl) Miller indexes are
parallel to each other.
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Fig. 11. Experimental Moiré diffraction patterns generated by Rh microcrystals in parallel orientation with CeQ,. (a) Rh(111)//CeO,(111),
catalyst reduced at 1173 K. (c) Rh(100)//CeO,(100), catalyst reduced at 773 K. Spots marked with M on the ODP’s (b) and (d) correspond

to the Moiré pattern.

3.1.2. HREM study of the metal decoration effects
in RW/CeQ,: catalysts reduced at high tempera-
tures

All the HREM profile images recorded for Rh/
CeO, reduced at 773 K or lower temperatures
show clean and well-faceted metal crystallites.
This observation fully agrees with all the HREM
studies on ceria supported metal catalysts which
have appeared to date [14,18,19,47,61,63,64]. 1t
is important to note that in all these references the

reduction temperature was not higher than 773 K.
In contrast with this, the reduction of our Rh/CeQ,
at either 973 or 1173 K induces significant
changes on the microstructure of the metal crys-
tallites. Fig. 14 and Fig. 15 show micrographs
recorded for catalysts reduced, respectively, at
973 and 1173 K. Some new contrasts can be
observed in the borders of the rhodium particles,
the contours of which become less sharply
defined. This can be interpreted as being due to
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Fig. 12. HREM image of Rh crystallites in planar projection on ceria. Catalyst reduced at 1173 K. [111] axes of metal and support are in parallel
orientation. Notice that some of the metal particles show Moiré fringes, others do not.

the occurrence of some covering of the metal crys-
tallites by a different phase.

It has also been observed that the frequency of
the decorated rhodium crystallites is much higher
in the case of the catalyst reduced at 1173 K. An
approximate statistical analysis suggests that no
more than 30% of the metal particles appear dec-
orated in the case of the catalyst reduced at 973
K, whereas over 90% of rhodium is covered in the
case of the sample reduced at the highest temper-
ature. The analysis of the ensemble of micro-
graphs recorded for high temperature reduced
catalysts also suggests that for the sample reduced
at 1173 K the phase covering the metal particles
is thicker and more crystalline. From all this evi-
dence, we conclude that the onset of the decoration
effect must occur at reduction temperatures close
to 973 K; and therefore, that the complete absence
of such a phenomenon on Rh/CeQ, catalysts
reduced at 773 K would be very reasonable.

To get some further insight into the nature of
the metal covering phenomena reported here, we
have carried out a specific study on the decorated
rhodium particles. Computer simulation and dig-

ital processing techniques were also applied in this
study. The latter technique was used to estimate
fringe spacings of the phase covering the rhodium
crystallite in Fig. 16a. A value of 0.31 nm could
be measured, thus indicating that it consists of
ceria support. There are some other points to be
commented on. Fig. 16a and ¢ shows two experi-
mental HREM images of a focal series recorded
for the catalyst reduced at 1173 K. It can be
deduced from them that, upon modifying the
focalization, either the metal crystallite (Fig. 16c)
or the covering phase (Fig. 16a) can be clearly
observed. By using the supercell model of the
decorated metal particle included in Fig. 16e, we
have simulated a focal series, two images of which
are reported in Fig. 16b and d. In accordance with
the experimental observations noted in the previ-
ous sections, the model assumes that the ceria
planes covering the metal are in epitaxial relation-
ship with rhodium. As in the case of the experi-
mental micrographs, the calculated images show
that upon varying Af from 50 nm to 70 nm the
contrasts at the metal particle change from a sit-
uation where the rhodium crystallite can hardly be
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Fig. 13. Simulated HREM images for a rhodium crystallite in planar projection on ceria. The zone axis is parallel to the [110] direction of
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(d), respectively. Image (e) was calculated from modet (c) by tilting the whole metal/support supercell 5° out of the zone axis.
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Fig. 14. HREM image of Rh/CeO, reduced at 973 K. Notice the occurrence of metal covered by the support.

observed to another one where metal fringes are
well resolved.

Also worth noting is that the experimental
images in Fig. 16 strongly suggest that metal dec-
oration takes place by virtue of a process consist-
ing of the support migration on top of the metal
crystallite, rather than the penetration of the rho-
dium particle into the support. This is in agreement
with the suggestion made by Sénchez and Gés-
quez [26] in the sense that the fluorite structure
would not favour the diffusion of the metal atoms
into the bulk of oxide supports like ceria.

3.1.3. Final comments and remarks on the nature
of the metal/support interaction phenomena in Rh/
CeO, catalysts

At present, many important questions about the
metal/support interaction in Rh/CeQO, catalysts
remain open to discussion. Progress in our current
knowledge of such an interaction would be, how-
ever, very desirable from both scientific and
applied points of view. In particular, an in-depth
investigation of its microstructural characteristics
is essential in order to arrive at a finer understand-
ing of the general behaviour of Rh/CeQO, cata-
lysts. First, this would shed some light on what
Sanchez and Gésquez [26] called, in a general

sense, strong metal/support interaction phenom-
ena. Secondly it would allow us to obtain some
further very important data about the deactiva-
tion/regeneration mechanisms operating in Rh/
CeO, catalysts and, by extension, in the so-called
TWC’s.

The results available from the literature about
metal/support interactions in Rh/CeQ, catalysts
are rather contradictory. For catalysts reduced at
773 K and even lower temperatures, some authors
have proposed the occurrence of a SMSI-like
effect [2,7,62,88]. Their conclusion is mainly
based on chemisorption studies, which were car-
ried out by means of different experimental tech-
niques, and catalytic activity data. Though the
authors suggest that their catalysts reach a SMSI-
like state [2,7,62], they acknowledge some dif-
ferences of behaviour with respect to the classic
Rh/TiO, system. In some cases [7,88], no strong
inhibition of H, chemisorption could be observed,
even at the highest reduction temperature (773
K).

We have also investigated the H, adsorption
and catalytic behaviour of a series of Rh/CeQ,
samples including high surface area/low textural
stability (AS) as well as low surface area/high
textural stability (BS) ceria supports. Catalysts
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Fig. 15. HREM image of Rh/CeO, reduced at 1173 K. Metal particles appear to be covered by the support.

prepared from both Rh(NO;); (N) and RhCl,
(Cl) metal precursors were also studied
[20,22,47,50,61]. In the case of N-type catalysts,
we have found that the influence of the reduction
temperature, either 623 or 773 K, on the amount
of chemisorbed hydrogen can be important, but it
mainly depends on the textural properties of the
corresponding support. The effect of the reduction
temperature is far more important in the case of
Rh(N)/CeO,-AS catalysts; being almost negli-
gible for Rh(N) /CeO,-BS samples [22,47]. Two
major factors are considered to be responsible for
the perturbations observed on the chemisorptive
properties of Rh(N)/CeO,-AS catalysts, as the
reduction temperature was increased from 623 to
773 K [22,47]: the strong sintering undergone by
the support, as well as the diminution of the spil-
lover rate at 295 K. This conclusion was reached
by carrying out both low temperature (191 K)
and high temperature activated hydrogen chemi-
sorption measurements [22,47]. In these latter
studies, the hydrogen incorporation to the support
was monitored with the help of volumetric adsorp-
tion, TPD-H,, magnetic and electrical conductiv-
ity techniques [22].

We have also investigated hydrogen adsorption
on a number of Rh(Cl) /CeO, catalysts [47,50].
Compared to the corresponding Rh(N)/CeO,
catalysts, Rh(Cl)/CeO, samples show quite dif-
ferent adsorptive properties, thus indicating that
chlorine can induce an important perturbation to
the chemical properties of these catalysts [ 50].

If the results reported in refs. [2,7,62,88] are
reviewed by taking into account the comments
above, some interesting observations can be made.
First, some of the catalysts investigated in refs.
[2,7,62,88] were prepared from relatively high
surface area ceria samples. This implies that some
support sintering cannot be excluded, particularly
in the case of refs. [7,88], where reduction tem-
peratures as high as 773 K were used. Second,
RhCl, was the metal precursor salt used in all these
studies. Therefore, factors other than the intrinsic
metal/support interaction phenomena can play an
important role in determining the effects observed
in refs. [2,7,62,88].

As discussed in [59,77], it is important to sep-
arate clearly real metal/support interaction phe-
nomena from other, in principle, indirect effects.
In this respect, it should be stressed that all the
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results reported in the present work deal with cat-
alysts prepared from Rh(NOs) ;. Also worth not-
ing is that our CeO, support is a low surface area
sample with relatively high textural stability, so
that significant surface area modifications would
not be expected, except for the highest reduction
temperature, 1173 K. In summary, the ensemble
of results obtained from our laboratory suggests
that the type of catalyst sample used here is prob-
ably the most suitable one to investigate true
metal/support interaction phenomena in Rh/
CCO2.

Our HREM study shows that there are two well-
defined steps in the microstructural evolution
undergone by the Rh/CeO, catalysts with the
reduction temperature. The first one, up to 773 K,
is characterized by the presence of clean and well-
faceted rhodium crystallites. From the analysis of
a few hundred experimental micrographs, no evi-
dence of metal decoration effects could be
obtained. The major microstructural feature con-
sists of the epitaxial growth of Rh(111) planes

parallel to CeO,(111) surface planes. The HREM
images in profile view have also shown that this
epitaxial relationship is compatible with two dif-
ferent crystallographic orientations of the whole
metal crystallite with respect to the support. These
two situations have been referred to as Rh(111)/
/Ce0,(111) 0° and 60°.

In the range of highest reduction temperatures,
973 and 1173 K, the HREM images have clearly
shown the occurrence of metal decoration effects.
This constitutes the second step in the evolution
of the Rh/CeQ, catalysts. To our knowledge, no
HREM studies of Rh/CeO, catalysts reduced at
such high temperatures have been reported so far.
Computer simulation and digital processing tech-
niques were used to confirm that the covering
phase consists of ceria. From our study, it could
also be concluded that the onset of this effect takes
place at a temperature close to 973 K, thus explain-
ing why it was not observed at the reduction tem-
peratures normally reported in the literature, 773
K or lower.
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Fig. 16. Experimental and simulated HREM images corresponding to a focal series. The experimental micrographs correspond to Rh/CeO,
reduced at 1173 K. Computer calculations were based on the structural model shown in (e). Notice resolution change in the metal contrasts as

a function of A f.

The existence of the two steps mentioned above
has already been proposed to describe the evolu-
tion towards the SMSI state of Rh/TiO, catalysts
[60]. In this sense, the occurrence of a well-
defined structural relationship between rhodium
and ceria might be considered as an indication of
some electronic interaction between the metal and
the support. It should be noted, however, that, in
contrast to what is generally observed on Rh/TiO,
[58-60], our own results [20,22,47,61], as well
as some others from the literature {7,88], suggest
that a characteristic feature of the Rh/TiO, cata-
lysts under the SMSI state, the strong inhibition
of H, adsorption, is not clearly observed on Rh/
CeO,. In this respect, it is worth mentioning that,
on Rh/CeOQ, reduced at 973 K, rhodium can still
chemisorb hydrogen [89]. The catalyst studied in

ref. [89] is the same investigated in this work.
This suggests that either the electronic perturba-
tions induced by ceria are, in general, less impor-
tant than those observed for titania; or it is a more
specific effect. In the latter case, conventional H,
chemisorption studies would not be the most suit-
able way of probing the metal/support interac-
tions occurring in Rh/Ce0,.

The discussion above suggests that it would be
very desirable to extend the investigation carried
out on Rh/CeQ, to some other noble metals like
platinum or palladium. In this way, it would be
possible to check the influence of the dispersed
metal on the nature of the metal/support interac-
tion phenomena occurring in ceria-containing cat-
alysts.
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Fig. 18. Metal particle size distributions determined for Rh/CeO,
reduced at the indicated temperatures.

3.2, Influence of high temperature reduction
and reoxidation treatments on metal dispersion
in Rh/CeO, catalysts. HREM study of the
oxidized rhodium phase

It is generally acknowledged that deactivation
is a major problem in three-way catalysts [ 70—
72]. Chemical poisoning [ 72,78], metal sintering
[71,72], as well as metal decoration effects like
those reported in previous sections of this work,
can be considered to be some of the most impor-
tant factors responsible for the occurrence of this
undesirable effect.

The investigation of Rh/CeO, model systems
can be helpful in understanding the deactivation
mechanisms operating in ceria-containing multi-
component catalysts. In the present case, we shall
focus our attention on the HREM study of the
influence of high temperature reduction and oxi-
dation treatments on the metal dispersion. Like-
wise, we shall report on the microstructural nature
of the oxidized rhodium-containing phases. This
microstructural investigation will be complemen-
tary to the one carried out on the reduced catalysts,

which has been discussed earlier in this work.

By processing some of the experimental HREM
micrographs, like those reported in Fig. 17, we
have been able to establish the particle size distri-
bution associated with each of the reduced cata-
lysts. Fig. 18 reports on the corresponding
distribution curves. In each case, over 200 metal
particles were measured. Metal crystallites in pro-
file and planar view were studied. In the first case,
the particle size was determined at the metal/sup-
port interface. For rhodium crystallites in planar
projection, the distance between opposite lateral
faces was used to estimate their size.

The distribution profiles in Fig. 18 account for
the variation of the percentage of metal particles
having a specified size ( +£0.25 nm) as a function
of the particle size. From them, we could estimate
the corresponding mean particle size values. For
the catalysts reduced at 623 and 773 K, this value
was found to be the same: 3.5+ 0.2 nm; for the
sample reduced at 973 K it was slightly larger:
3.7+0.2 nm; and, finally, for the catalyst reduced
at 1173 K, a mean particle size of 6.7 +0.6 nm
was determined. We can conclude from these
results that ceria stabilizes the rhodium particles
fairly well up to 973 K, whereas at the highest
reduction temperature, 1173 K, an important
metal sintering occurs. It should be noted, how-
ever, that the distribution curves for the catalysts
reduced up to 973 K show some differences, thus
suggesting that the metal particle size is not com-
pletely insensitive to the reduction temperature,
even in the range 623-973 K. It is possible that
some growth of the rhodium crystallites at the
expense of the smallest, hard to observe, particles
may occur.

We have also investigated the effects induced
on the metal particles by different thermal treat-
ments in pure oxygen. These treatments were all
carried out in a flow of 60 cm® min ~'. The reduced
catalysts were heated from 298 K to the selected
oxidation temperature at a rate of 10 K min™';
they were held for 1 h at this temperature, and,
finally, they were cooled to 298 K, always in flow-
ing O,.
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(102)h

Fig. 19. Experimental and simulated HREM images of Rh,0,. (a) Rh/CeO, reduced at 973 K and further reoxidized at 773 K, for 1 h (b). (¢)
and (e) calculated images for hexagonal rhodia. (d) and (f) calculated images for orthorhombic rhodia. Details about the simulation conditions

are given in the text.
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We shall distinguish the studies carried out on
catalysts reduced in the range 623-973 K, from
those performed on the sample reduced at 1173
K. Inthe first case, we have used a single oxidation
temperature: 773 K. Several reasons justify the
choice of this temperature. A number of authors
have used it for reoxidizing supported rhodium
catalysts [71,79,80]. Likewise, it is in the range
of the oxidation treatments normally applied to
recover the supported Rh catalysts from the SMSI
state [59,81]. This temperature was also sug-
gested by the quantitative results obtained from a
TPO study carried out by us on the same Rh/CeO,
catalysts investigated here [82]. In accordance
with this study [82], the rhodium crystallites
would be thoroughly oxidized to Rh,O; upon
heating them in O,(5%) /He at 773 K. This stoi-
chiometry is also in good agreement with that
reported by several authors [71,79,80,83,84]
from similar studies on supported rhodium cata-
lysts.

Regarding the reoxidation of Rh/CeQ, reduced
at 973 K or below, there are two aspects worth
commenting on. The first one deals with the struc-
tural properties of the rhodium oxide resulting
from this treatment. Three different structures
have been reported in the literature for Rh,0O4
[85]. Two of them, those referred to as I and III
in ref. [85], are well characterized from the crys-
tallographic point of view [85,86]. Phase I, with
hexagonal corundum-like structure [85,86], has
been obtained by thermal decomposition at 873—
923 K of a number of rhodium salts [ 85]. It could
also be observed upon oxidation of a rhodium foil,
in air, at 873-923 K [87]. Phase III, orthorhom-
bic, with a corundum-related structure [85,86],
has also been prepared by direct oxidation in air
of metallic rhodium [87]. This latter phase, the
most stable one [85,87], was reported to occur
after high temperature (7>1073 K) oxidation
treatments [ 86,87]. Likewise, phase IIT could be
identified on Rh/AlLO; catalysts heated in 5% O,
at 773 K or above [71].

In agreement with that reported earlier for Rh/
Si0, [80] and Rh/AlL,O; [83], heating our Rh/
CeO, catalyst in O, at relatively mild temperatures

(773 K) leads to polycrystalline sesquioxide par-
ticles [ 83]. Under these circumstances, the struc-
tural identification of the Rh,0; phase present in
the sample becomes difficult, because many of the
lattice spacings associated to phases I and III are
too close to be distinguished easily. Furthermore,
the oxidized rhodium particles with sizes below
3—4 nm are unstable under the electron beam. In
some cases, Fig. 19, when larger oxide particles
are found, a structural analysis is possible. Fig.
19a shows a HREM image corresponding to our
Rh/CeO, catalyst reduced at 973 K and further
oxidized at 773 K. By digital processing of this
image, the optical diffraction pattern shown in Fig.
19b could be obtained. This ODP can be inter-
preted as being due to either orthorhombic Rh,0,
in [011] orientation, or to the hexagonal phase in
[221] orientation. As will be discussed below, the
latter assignation was chosen in Fig. 19b. In an
attempt to arrive at an unambiguous interpretation
of Fig. 19a, we have recorded computer-simulated
HREM images for both hexagonal and orthorhom-
bic rhodia in the orientations mentioned above.
Two series of calculated images were obtained by
modifying the sample thickness and defocus.
Because of the unusually large size of the oxide
particle in Fig. 19a, the sample thickness was var-
ied from 3 to 12 nm. As in the case of the simu-
lations reported earlier in this work, defocus was
also varied from 10 to 100 nm. The electronoptical
simulation conditions were the same as reported
above. Fig. 19¢ and e account for the calculated
images corresponding to the hexagonal phase.
They correspond to sample thickness: 9 nm, defo-
cus: 50 nm (Fig. 19¢); and sample thickness: 3
nm, defocus: 10 nm (Fig. 19¢). Simulated images
of orthorhombic rhodia are shown in Fig. 19d
(sample thickness: 3 nm, defocus: 20 nm) and 19f
(sample thickness: 9 nm, defocus: 20 nm). From
the analysis of these simulated images we note
that both Fig. 19c and d show contrasts rather
similar to those found in region A of the experi-
mental image. In contrast, Fig. 19¢ shows elon-
gated white contrasts, similar to those observed in
region B of Fig. 19a. This type of contrast could
not be found in the simulated image for the ortho-
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rhombic phase. Though the evidence can be con-
sidered rather weak, we suggest that hexagonal
rhodia is the phase responsible for the image
reported in Fig. 19a. This interpretation is also
consistent with the results reported in the literature
[85,86], in accordance with which, this phase will

probably occur at the mildest oxidation condi-
tions.

We have also checked the effect of the reoxi-
dation treatment on the metal dispersion. For cat-
alysts reduced at temperatures ranging from 623
to 973 K, further oxidized at 773 K, and finally

(111) Rh

(111)
o CeD

-

(002)
CeQ

(111) Rh
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Fig. 20. HREM images corresponding to Rh/CeO, reduced at 1173 K and further reoxidized at 373 K (a), 523 K (b), 773 K (c) and 1173 K
(d). In the latter case (d) the oxidized phase was reduced under the electron beam.

re-reduced at 623 K, or under the electron beam,
the metal particle size distributions show no sig-
nificant modification of the initial distribution.
Therefore, it can be concluded that heating in oxy-
gen, for 1 h, at 773 K, does not induce the redis-
persion of the rhodium particles supported on
ceria.

Since metal decoration was found to be very
important on the catalyst reduced at 1173 K, we
carried out a more detailed reoxidation study.

Oxygen treatments at 373, 523, 773, and 1173 K
were performed. Fig. 20 shows representative
HREM images for the whole series of treatments
mentioned above.

There are a number of aspects to be commented
on in relation to Fig. 20. For the mildest oxidation
treatments, (373 and 523 K, Fig. 20a and b), the
metallic rhodium can easily be identified. Like-
wise, these HREM images suggest that the phase
decorating the metal crystallites is still present. In
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Fig. 21. Rhodium particle size distributions determined from the
HREM study of: (a) Rh/CeO, reduced at 1173 K; (b) sample (a)
reoxidized at 773 K; (c) sample (b) re-reduced at 623 K; (d) sample
(a) reoxidized at 1173 K and further reduced ‘in situ’ by the electron
beam.

addition to this, the encircled area in Fig. 20b
shows the existence of a few layers of thick phase
epitaxially grown on the metal. The fringe spacing
for this phase, 0.27 nm, is close to that reported in
ref. [79] for a partially oxidized rhodium particle
resulting from a similar O, treatment. Inref. [79],
this lattice spacing value is interpreted as being
due to metastable rhodium oxide, with a stoichi-
ometry of RhO. It should be noted, however, that
Rh,0; also shows a diffraction line at 0.26 nm
[86]. Accordingly, the assignation of these lattice
fringes to rhodium sesquioxide should not, in prin-
ciple, be excluded. In any case, the TPO diagrams
recorded in ref. [82] for our Rh/CeQ, catalysts
indicate that the oxidation of the rhodium crystal-
lites starts at around 473 K. Therefore, it seems
possible that some oxidized rhodium phase is
observed in Fig. 20b.

The oxidation at 773 K of the catalyst reduced
at 1173 K leads to the formation of big rounded
particles, Fig. 20c. As deduced from our HREM
study, the oxidized particles resulting from this
treatment consist of polycrystalline rather than
disordered material. This is also confirmed by the
diffuse optical diffraction pattern recorded for
them.

The highest reoxidation temperature, 1173 K,
induces a very important change in the micros-
tructure of the rhodium oxide. It spreads over the
ceria surface, thus creating an amorphous layer a

few angstroms thick which is rapidly reduced
under the electron beam. As a result, the ceria
surface becomes covered by small crystalline rho-
dium particles. The evolution of the rhodium
oxide under the electron beam was fast enough so
that it was difficult to obtain images of the oxi-
dized phase. Fig. 20d shows the metal crystallites
formed ‘in situ’ by reduction of the initial amor-
phous rhodium oxide.

Fig. 20d clearly suggests that the metal particles
resulting from the reduction under the electron
beam are much smaller than those observed on the
catalyst reduced at 1173 K. This indicates that the
high temperature reoxidation induces the redis-
persion of the metal phase. To confirm this, we
have studied the evolution of the particle size dis-
tribution of rhodium throughout the series of oxi-
dation/reduction treatments applied to the catalyst
previously reduced at 1173 K. Fig. 21, in which
integral distribution curves are plotted, summa-
rizes the results obtained from this study. Fig. 21a
shows the curve obtained for the initial catalyst
(reduction temperature: 1173 K). As deduced
from Fig. 21b, the treatment in O, at 773 K causes
a strong shift of the distribution curve. The mean
particle size associated with this curve was found
to be 10.0 nm. This observation is consistent with
the lattice expansion inherent to the formation of
the rhodium sesquioxide. Upon further reduction
at 623 K of the sample reoxidized at 773 K, we
obtain curve c. In good agreement with that
observed on catalysts reduced up to 973 K, the
particle size distribution depicted in Fig. 21¢ sug-
gests that the reoxidation treatment at 773 K does
not induce a strong redispersion of the rhodium.
In effect, the comparison of curves a and ¢ in Fig.
21 suggests that redispersion is rather modest. In
fact, the mean particle size determined from the
distribution plotted in Fig. 21c is 6.8 nm which is
very similar to that estimated for the initial catalyst
reduced at 1173 K. In contrast to this, the reoxi-
dation treatment at 1173 K, as presumed, causes
a rather strong decrease of the metal crystal size,
the mean value of which is 3.6 nm, which is very
close to that determined by direct reduction, at
623 K, of the Rh(NO,) 3/CeO, precursor system.
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Finally, our HREM study provided some fur-
ther information about the conditions required to
completely recover the Rh/CeO, catalysts from
the metal decoration effects. We have already
mentioned that the milder O, treatments, 373 and
523K, donoteliminate the support phase covering
the rhodium particles, Fig. 21a and b. In contrast,
the reduction of the catalyst reoxidized at 1173 K
leads to well-faceted, perfectly clean metal parti-
cles. We have also studied, the effect of the reox-
idation treatment at 773 K. It is known that, in the
case of Rh/TiO, catalysts, this temperature is high
enough to recover the catalysts from the SMSI
state [59,81]. Fig. 22 shows a HREM image cor-
responding to our Rh/CeOQ, catalyst reduced at
1173 K, reoxidized at 773 K and finally re-reduced
at 623 K, as usual, in a flow of H,. We note that
the metal particles continue to be decorated, thus
suggesting that the reoxidation treatment at 773 K
does not ensure the complete elimination of the
covering phase. There are some other interesting
conclusions which we can draw from this obser-
vation. It seems likely that the oxide formed at
773 K actually consists of a cerium-containing
phase, the segregation of ceria requiring higher
oxidations temperatures. Therefore, the onset of
the metal decoration effect as well as its recovery
require harder thermal treatments than those
needed in the case of the classic Rh/TiO, system.
This can be considered as an important feature in
connection with the deactivation/regeneration
processes in ceria-supported rhodium catalysts.
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