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Abstract

This work reports on a high resolution electron microscopy (HREM) study of a series of Rh/CeO2 catalysts prepared from

both Rh(NO3)3 and RhCl3 metal precursors. Our attention is focused on the in¯uence of the reduction/reoxidation conditions

on the metal particle size distribution. From the analysis of both experimental and computer simulated HREM images, we

were able to conclude that the truncated cubo±octahedron model describes well the morphology of the rhodium microcrystals

grown on ceria. Likewise, we have used the computer simulation techniques to estimate the lowest size limit for HREM

detection of the rhodium particles in Rh/CeO2 catalysts. In our case, the smallest metal particles are well above the detection

limit, and therefore, the reported size distributions account well for the actual ones. Three different (A±C) size distribution

curves have been built up. From their analysis, we conclude that metal dispersions estimated from the mean size metal particle

(Dd) can signi®cantly deviate from the more accurate values determined from the so-called type C distribution curves (Dm).

Reduction treatments up to 973 K induce a progressive sintering of the metal, the effect becoming much stronger upon

reduction at 1173 K. We have also found that metal dispersion is more sensitive to the reduction treatment in Rh(Cl)/CeO2

catalysts. Among the reoxidation temperatures investigated by us, rhodium redispersion could only be observed at the highest

temperatures: 1073 K or 1173 K. By contrast, reoxidation at 773 K causes signi®cant metal sintering effects. # 1998 Elsevier

Science B.V.

Keywords: Rh/CeO2; High resolution electron microscopy; Experimental and computer simulated; Metal dispersion;

Reduction/reoxidation condition

1. Introduction

In addition to their acknowledged interest as model

systems for investigating the so-called TWC's (Three

Way Catalysts) [1,2], ceria supported noble metal

catalysts are being intensively studied because of their

likely exhibition of strong metal/support interaction

effects [3±7]. Consequently to this, the determination

of the metal dispersion by procedures other than

chemical techniques is particularly important. The
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dispersion data obtained in this way would be used as a

reference for those determined from chemisorption

essays, thus allowing to detect the chemical perturba-

tions inherent to the onset of the strong metal/support

interaction phenomena.

A number of recent studies [8±15], some of them

from our own laboratory [11±15], have clearly shown

that HREM can be fruitfully applied to the nano-

structural characterization of M/CeO2 catalysts. In

particular, it can provide detailed information about

the morphology, and metal decoration effects in ceria

supported rhodium catalysts [11].

In this work, we report on the results obtained for a

series of Rh/CeO2 catalysts prepared from both rho-

dium nitrate and rhodium chloride metal precursors.

Our major concern will be the investigation of the

in¯uence of the reduction/reoxidation conditions on

the metal particle size distribution, and, consequently

to this, on the metal dispersion. This has allowed us to

establish the sintering/redispersion effects induced by

treatments applied in a wide range of thermal condi-

tions. Such an information should be considered

highly interesting in connection with the deactiva-

tion/regeneration mechanisms operating in TWC's.

As several authors [16,17] have outlined, deactivation

is a major problem to be solved in this sort of catalytic

system.

2. Experimental

The ceria supported rhodium catalysts investigated

here were prepared by the incipient wetness impreg-

nation technique from an aqueous solutions of either

Rh(NO3)3, Rh(N)/CeO2, or RhCl3, Rh(Cl)/CeO2. The

cerium dioxide, 99.9% pure, with high textural stabi-

lity and low surface area, was from Alpha Ventron.

After the impregnation treatment, the samples were

dried in air, at 383 K, for 10 h, and further stored in a

desiccator until their reduction. The impregnation/

drying cycles were repeated several times up to reach-

ing a ®nal by weight metal loading of 2.4% for Rh(N)/

CeO2, and 1.9% for Rh(Cl)/CeO2.

The reduction treatments were performed by heat-

ing the corresponding Metal precursor/Support sys-

tem, in a ¯ow of H2 (60 cm3 minÿ1), from 298 K to the

selected reduction temperature (Tredn: 623 K, 773 K,

973 K and 1173 K). The heating rate was always

10 K minÿ1. The samples were held for 1 h at Tredn;

then they were treated with ¯owing He for 1 h at Tredn,

and ®nally they were cooled also in a ¯ow of inert gas.

In the speci®c case of the catalysts reduced at 623 K,

the heating in a ¯ow of He following the reduction

treatment was performed at 773 K. In this way, we

ensure the elimination of the hydrogen which is

expected to remain chemisorbed on ceria after reduc-

tion at 623 K [18,19]. Reoxidation treatments were

performed in ¯owing O2 (60 cm3 minÿ1), at a heating

rate of 10 K minÿ1, from 298 K to the selected re-

oxidation temperature (Treoxn). The samples were kept

at Treoxn for 1 h, and further cooled to 298 K also in a

¯ow of O2.

The HREM images were recorded on a JEOL-2000-

EX microscope with 0.21 nm point resolution. The

instrument was equipped with a top-entry specimen

holder and an ion pump. To prevent the fast reoxida-

tion of the reduced catalysts to be investigated by

HREM, they were cooled to 191 K, always in a ¯ow of

He, then treated with O2(5%)/He for 30 min, warmed

up to 295 K in the mild oxidizing mixture, and ®nally

exposed to air. The samples thus prepared were rapidly

transferred into the microscope by following the pro-

cedure reported elsewhere [15].

The computer-simulated HREM images presented

in this work were obtained by running the EMS

(Electron Microscopy Software) package on Silicon

Graphics Workstations (INDY 4400SC or IRIS 4D35/

TG�). The supercell structural models used as inputs

for the computer simulations were generated by run-

ning the so-called RHODIUS program developed by

us [20]. This Program, which is written in FORTRAN

77, allows us to build up large supercells consisting of

a metal microcrystal grown on the ceria support. The

size, shape and orientation of the metal crystallite can

Table 1

Rh and CeO2 basic crystallographic data

Phase

Rh CeO2

Crystal system space group Cubic Cubic

Fm 3 m Fm 3 m

Lattice parameter (nm) 0.3803 0.5411

Assymetric unit Rh: 0,0,0 Ce: 0,0,0

O: 1/4, 1/4, 1/4

Lattice spacings of interest (nm) d110:0.269 d110: 0.383

d111: 0.219 d111: 0.312
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be controlled at will. Likewise, the RHODIUS

program allows to de®ne the crystallographic and

chemical nature of the metal/support interface.

Table 1 summarizes some basic crystallographic

data for both metallic rhodium and the cerium dioxide.

They can help to a better understanding of the struc-

tural considerations made in this work.

3. Results and discussion

By analysing several hundreds HREM images like

those shown in Fig. 1 (c) and Fig. 1 (f), we have been

able to conclude that most of the metal microcrystals

can be described in terms of a truncated cubo±octa-

hedron morphology. To con®rm such a proposal,

computer simulated images like those reported in

Fig. 1 (b) and Fig. 1 (e) were obtained. The model

metal particle used in these calculations consisted of a

rhodium crystallite resulting from the truncation of a

whole cubo±octahedron particle at the central (111)

plane. The crystallographic data used as input in our

computer calculations were generated by running the

so-called RHODIUS program developed at our labora-

tory [20]. Earlier studies [9,11] have shown the occur-

rence of well de®ned epitaxial relationships between

the rhodium microcrystals and the ceria support.

Speci®cally, we have observed [11] that most of the

metal particles are oriented with respect to ceria in

such a way that (111) metal planes grow parallel to

(111) ceria planes. In addition to the particle morphol-

ogy, our structural supercell model takes into account

this characteristic feature, the metal/support interface

consisting of a (111) basal plane of the metal particle

seating on a ceria surface with the same Miller

indexes. Fig. 1 (a) and Fig. 1 (d) account for views

of the supercell model along (110) and close to (100)

directions, respectively.

As deduced from the comparison of both experi-

mental and simulated images, the proposed morphol-

ogy for the rhodium microcrystals leads to computer

calculated HREM images in good agreement with the

shape of those recorded in the microscope. Our pro-

posal is also consistent with the experimental HREM

micrographs reported in the literature for a number of

M/CeO2 (M: Rh, Pt) catalysts [8±15], as well as for

noble metal microcrystals evaporated on some inert

substrates [21].

Fig. 1. Comparison between experimental (c and f) and computer simulated (b and e) HREM images for Rh/CeO2 in planar (c and d) and

profile (f and e) views. The supercell structural model used as the input for the computer calculations are shown in a (Rh zone axis [100]) and

d (Rh zone axis: [110]).
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A second important question deals with the detec-

tion limit for rhodium microcrystals dispersed on

ceria. Computer simulation techniques are also very

useful in this respect. By using the structural model

described in Fig. 1 (d), we have just modi®ed the

metal microcrystal size and calculated the correspond-

ing pro®le, and planar projection images, Fig. 2.

Metal particles ranging from 1 rhodium atom to

3 nm were considered. Though the results obtained

from the computer simulation are sensitive to speci®c

electron±optical conditions as well as to the ceria

thickness, our previous experience [11] suggests that

the selected ones can give us a reasonable idea of the

searched limit. As deduced from both planar projec-

tion and pro®le calculated images, such a limit is

around 1 nm. Some metal particles close to this thresh-

old size have been marked by black arrows in Fig. 4.

Accordingly, we conclude that, for catalysts exhibiting

mean/low metal dispersions, as is the case of those

investigated here, the distribution curves determined

by using HREM fully account for the actual ones.

In a recent computer simulation study [22], it has

been shown that the HREM image formation process

can induce an apparent relaxation on the atom posi-

tions near the edges of metal particles, thus leading to

an apparent enlargement of the particle size. In Ref.

[22], the analysis was performed on isolated nano-

particles; accordingly, it seemed interesting to us the

Fig. 2. Computer simulation study of the detection limit for rhodium particles supported on ceria: profile view (upper part) and planar

projection (bottom). Simulation conditions: accelerating voltage: 200 kV; Cs: 0.7 mm; aperture diameter: 10 nmÿ1; �f: 50 nm; defocus

spread: 10 nm; beam semiconvergence: 1.2 mrad; support thickness: 10 nm; metal/support orientation relationship: parallel indexes.
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application of the computer simulation techniques to

the evaluation of the apparent distortion effects

induced on the metal particle size in Rh/CeO2 cata-

lysts. Upon comparison of the values determined by

digital processing of the simulated HREM images

with those of the model particles used as the basis

for the computer calculations, we have found that the

distortions do occur, but they are below the experi-

mental error of the size measurement. Therefore, we

can conclude that, for the nanosized ceria supported

rhodium particles investigated here, this effect does

not disturb our measurements signi®cantly.

Fig. 3 shows the (111) basal plane of the truncated

cubo-octahedron rhodium particle used as a model in

the present study. The distance marked with d on

Fig. 3 will be used as a measurement of the particle

size. The following relationship between d and the

number of atoms on the edges of the (100) faces of the

cubo±octahedron, m, can be easily established:

d � �3mÿ 2�d110 (1)

where d(110) represents the (110) metal lattice spa-

cing, 0.272 nm in the case of rhodium. The parameter

m is that used by Van Hardeveld and Hartog [23] to

measure the size of the cubo±octahedron metal par-

ticle, and should not be confused with the number of

atoms along the edges delimiting the basal plane of the

metal particle.

In Ref. [23], Van Hardeveld and Hartog have also

developed equations allowing to estimate the total

number of metal atoms, Nt, as well as the number

of surface atoms, Ns, associated to a particle with

de®ned morphology and size. As already stated, the

model particle proposed in this work corresponds to a

Fig. 3. (111) basal plane of the truncated cubo±octahedron model particle.
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cubo±octahedron truncated at the (111) central plane.

Therefore, the corresponding Nt and Ns values will be

one half of those described in Ref. [23] for a complete

cubo-octahedron. In accordance with this, the Nt and

Ns values used in this work were estimated by using

the following:

Nt � 8m3 ÿ �33m2=2� � 12mÿ 3 (2)

Ns � 15m2 ÿ 30m� 16 (3)

Eq. (1) through (3) will be used as the bases for

discussing our experimental results.

From the analysis of HREM micrographs like those

shown in Fig. 4, corresponding to the whole series of

Rh/CeO2 samples, we have measured the parameter d

for at least 250 metal particles per catalyst. From these

experimental data three different types of distribution

curves were built up:

Type A: It accounts for the direct experimental data,

i.e. accumulated percentage of metal particles vs.

particle size (dk):

100��ini�di � dk��=nt vs: dk

Where ni is the number of metal particles with size di

and nt the total number of metal particles.

From this kind of plot, we can estimate the mean

rhodium particle size, dm, and, therefore a metal

dispersion value (Dd). Dd would be de®ned as the

fraction of the total number metal atoms in a particle

with the mean size, dm, which are exposed at its

surface:

Dd � Nd�Rhs�=Nd�Rht�
Where Nd(Rhs) is the number of Rh atoms at the

surface of a particle with the mean size, dm and

Nd(Rht) the total number of atoms in a particle with

the mean size, dm.

Type B: It plots the accumulated percentage of the

total number of metal atoms contained in particles

with size equal or smaller than a prede®ned dk value:

100��ini�Rh��di � dk��=nt�Rh� vs: dk

Where ni(Rh) is the number of rhodium atoms in

particles with size di and nt(Rh) the total number of

metal atoms.

Fig. 4. HREM micrographs corresponding to Rh/CeO2 catalysts reduced at 623 K (a), 773 K (b), 973 K (c) and 1173 K (d). (a), (c) and (d)

images were recorded from the Rh(N)/CeO2 sample, whereas (b) image corresponded to Rh(Cl)/CeO2.
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Therefore, it would account for the mass distribu-

tion of rhodium.

Type C: It shows the fraction of the total number of

rhodium atoms that are present at the surface of metal

particles with size equal or smaller than a given dk

value. Therefore, it would account for the contribution

to the true metal dispersion (Dm) of the particles with a

prede®ned dk value or smaller.

��iNi�Rhs��di � dk��=Nt�Rh� vs: dk

Where Ni(Rhs) is the number of surface rhodium

atoms in particles with size di and Nt(Rh) the total

number of rhodium atoms.

Obviously, the last point of the whole distribu-

tion curve would measure the metal dispersion:

Dm � [�i ni(Rhs)]/ nt(Rh) of the catalyst.

Fig. 5 and 6 account respectively for the distribu-

tion curves determined for our Rh(N)/CeO2 and

Rh(Cl)/CeO2 catalysts reduced at temperatures ran-

ging from 623±1173 K. These two ®gures also include

a forth plot showing the evolution of Dm as a function

of the reduction temperature.

Some of the results obtained from the analysis of the

distribution curves shown in Figs. 5 and 6 are sum-

marized in Table 2:

There are a number of aspects to be commented on

in relation to Figs. 5 and 6 as well as Table 2. First of

all, it would be stated that the metal dispersions

obtained from the C-type distribution curves are in

good agreement with values obtained from volumetric

studies of hydrogen chemisorption. Thus, in the case

of the Rh(N)/CeO2 catalysts the H/Rh ratios measured

at 191 K after reduction at 623 K and 773 K were 0.31

and 0.27, respectively [13], these values being close to

those reported in Table 2 for Dm. For the Rh(Cl)/CeO2

catalysts a good match between the dispersion esti-

Fig. 5. Distribution curves (types A±C) corresponding to Rh(N)/CeO2 catalysts reduced at 623 K (1), 773 K (2), 973 K (3) and 1173 K (4).

Box D accounts for the evolution of the metal dispersion (Dm) as a function of Tredn.
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mated from H2 isotherms at 191 K [13], H/Rh: 0.26,

and that obtained from HREM work, Dm: 0.27, is also

observed.

Focusing now on the behaviour of the different

samples, it can be observed ®rstly that in spite of

the larger metal loading of the Rh(N)/CeO2 catalysts

(2.5%), compared to that of the Rh(Cl)/CeO2 samples

(1.9%), the chlorine containing catalysts exhibit lower

metal dispersions. It seems also that the latter type of

catalyst are more sensitive to the reduction tempera-

ture than the former one. In any case, the highest

reduction temperature applied in this work, 1173 K,

induces strong sintering effects on the rhodium

particles. Also worth of noting, for 973 K or higher

reduction temperatures, metal sintering is accompa-

nied by metal decoration phenomena in both (N) and

(Cl) type samples [11,12].

As deduced from Table 2, Dd and Dm values deter-

mined for the same catalyst are signi®cantly different

from each other. This suggests that, depending on the

distribution curve associated to the catalyst, the dis-

persion value estimated from the mean metal particle

Fig. 6. Distribution curves (types A±C) corresponding to Rh(Cl)/CeO2 catalysts reduced at 773 K (1), 973 K (2) and 1173 K (3). Box D

accounts for the evolution of the metal dispersion (Dm) as a function of Tredn.

Table 2

Mean particle size and metal dispersion data (Dd and Dm)

corresponding to Rh(N)/CeO2 and Rh(Cl)/CeO2 catalysts reduced

at temperatures ranging from 623±1173 K

Tredn (K) Rh(N)/CeO2 Rh(Cl)/CeO2

d (nm) Dd (%) Dm (%) d (nm) Dd (%) Dm (%)

623 2.2 46 36 Ð Ð Ð

773 3.3 38 28 3.4 38 27

973 3.7 36 26 4.8 29 21

1173 6.6 22 16 8.0 19 14

dm: Mean particle size as determined from type A distribution

curves.

Dd: Metal dispersion corresponding to the metal particle with the

mean size (dm).

Dm: Metal dispersion as determined from the type C distribution

curves.
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size (Dd) can deviate from the actual metal dispersion

as determined from type C distribution curves (Dm). In

effect, it is shown in Table 2 that in most of cases Dd

overestimates the true metal dispersion (Dm) by a 35±

40%.

We have also studied the in¯uence of the reoxida-

tion conditions on the dispersion of our Rh/CeO2

catalysts. Fig. 7 accounts for the particle size distribu-

tion curves determined upon reoxidizing the Rh(N)/

CeO2 catalyst previously reduced at 1173 K. Earlier

O2 pulses/TPO and HREM studies from our labora-

tory [11,12] have reported on the effect of reoxidation

treatments at 373 K, 523 K, 773 K and 1173 K, on the

Rh(N)/CeO2 catalyst reduced at 1173 K. By digital

processing of the recorded HREM images, we con-

cluded in Refs. [11,12] that, for the lowest reoxidation

temperatures, 373 K and 523 K, both metallic rho-

dium and the oxidized phase coexist, whereas the

treatment at 773 K leads to rounded polycrystalline,

probably hexagonal, Rh2O3 particles. Finally, the

reoxidation at 1173 K induces the spreading of the

oxidized phase over the ceria surface. In this latter

case, the rhodium oxide becomes reduced under the

electron beam, so that the HREM images recorded for

the catalyst reoxidized at 1173 K actually consist of

metal crystallites grown on ceria [11]. Fig. 7 only

accounts for the fully oxidized catalysts, i.e. those

treated with ¯owing O2 at either 773 K or 1173 K.

If, as mentioned above, the phase resulting from the

reoxidation treatment at 773 K consists of the so-

called type I [24], hexagonal Rh2O3, the linear lattice

expansion associated to the oxidation of metallic

Fig. 7. Influence of the reoxidation conditions on the distribution curves (types A±C) corresponding to Rh(N)/CeO2 previously reduced at

1173 K: (1) non reoxidized catalyst; (2) reoxidation at 723 K (theoretical curves for metallic Rh generated by correcting the experimental

distributions for Rh2O3); (3) reoxidation at 723 K and further reduction at 623 K; (4) reoxidation at 1173 K. Box D accounts for the dispersion

(Dm) evolution as a function of the reoxidation treatment; in case 2, Dt value is used; Dm for Rh(N)/CeO2 catalyst reduced at 623 K (0) has also

been included for comparison.
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rhodium crystallite can easily be established:

d�Rh2O3� � 1:24 d�Rh� (4)

Assuming that the mild reduction process of the

Rh2O3/CeO2 samples leading to Rh/CeO2 does not

induce sintering or redispersion of the metal, Eq. (4))

would allow us to generate the theoretical Rh size

distribution curves associated to the corresponding

Rh2O3 experimental distributions. From these theore-

tical metal distributions, speci®cally from the so-

called type C curves, we can estimate the theoretical

metal dispersion (Dt) associated to an oxidized cata-

lyst. As will be discussed below, the comparison of Dm

for a reduced catalyst with the Dt value determined

from its reoxidized form, would allow us to detect the

metal sintering/redispersion effects induced by the

oxygen treatment.

Table 3 accounts the whole series of reoxidation

studies carried out on both Rh(N)/CeO2 and Rh(Cl)/

CeO2 catalysts reduced at either 773 K, 973 K or

1173 K.

For the lowest reoxidation temperature considered

here, 773 K, Dt parameter has been used to character-

ize the effect on the dispersion of the oxygen treat-

ment. The dispersion values (Dm) for the starting

reduced catalysts are also reported for comparison.

Likewise, Table 3 includes the dispersion (Dm) values

determined for the Rh/CeO2 catalyst reduced at either

973 K or 1173 K, further reoxidized at 773 K and

®nally reduced at 623 K. Assuming that such a mild

re-reduction treatment does not modify the rhodium

distribution curves, the dispersion data (Dm) obtained

from these latter experiments might well be compared

with those theoretically estimated (Dt) from the cor-

rected Rh2O3 size distributions.

In accordance with the results reported in Table 3,

the Dt values estimated for the catalysts reoxidized at

773 K are in fairly good agreement with the dispersion

data (Dm) determined for the samples further reduced

at 623 K. This observation, as well as the shape of the

corresponding distribution curves included in Fig. 7,

support the assumptions made above: (a) the rhodium

containing phase resulting from the reoxidation treat-

ment at 773 K actually consists of Rh2O3; and (b) the

relatively mild reduction treatment at 623 K does not

induce any signi®cant modi®cation on the rhodium

distribution associated to the oxidized phase.

Also worth of commenting on, Table 3 shows that

consequently to the oxidation treatment at 773 K a

moderate sintering effect can always be observed, thus

suggesting that the treatment above, in addition to

induce the reoxidation of both metal and support

would promote the growth of the oxidized rhodium

particles. This effect seems to be particularly relevant

in the case of the catalyst reduced at 623 K, i.e. the one

showing the highest metal dispersion.

Table 3

Analysis of the rhodium particle size distribution curves resulting from the reoxidation treatments at either 773 K or 1173 K of the Rh(N)/

CeO2 and Rh(Cl)/CeO2 catalysts reduced at 773 K, 973 K and 1173 K

Rh/CeO2

Tredn (K) Catalyst Dm Further treatments Dt Dm

623 N 36 Reoxn. at 773 K 21 Ð

773 N 28 Reoxn. at 773 K 23 Ð

973 N 26 Reoxn. at 773 K 18 Ð

Reoxn. at 773 K �Redn at 623 K Ð 18

Cl 21 Reoxn. at 773 K 16 Ð

Reoxn. at 773 K �Redn. at 623 K Ð 17

Reoxn. at 1073 K Ð 41

1173 N 16 Reoxn. at 773 K 15 Ð

Reoxn. at 773 K �Redn. at 623 K Ð 16

Reoxn. at 1173 K Ð 39

Dm: Metal dispersion as determined from experimental type C distribution curves.

Dt: Theoretical metal dispersion as determined from converted type C distribution curves for Rh2O3 particles.
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By contrast, the reoxidation treatments at the high-

est temperatures, 1173 K or 1073 K, which were

applied to catalyst N reduced at 1173 K (Fig. 7)

and catalyst Cl reduced at 973 K, respectively, have

a very strong in¯uence on the distribution curves, and

consequently to this on Dm. In effect, as deduced from

Table 3, inherent to these treatments an important

metal redispersion occurs. In accordance with the

increase observed in Dm, the corresponding distribu-

tion curves (Fig. 7), are very signi®cantly shifted with

respect to those determined for the starting catalysts

reduced at either 1173 K or 973 K. Moreover, the

reoxidation at 1173 K of Rh(N)/CeO2 leads to a metal

dispersion even larger than that of the original catalyst

directly reduced at 623 K, the lowest reduction tem-

perature investigated here.

To summarize, we have studied the in¯uence of the

reduction/ reoxidation treatments applied in a wide

range of thermal conditions (623±1173 K) on the

particle size distribution and metal dispersion of a

series of Rh/CeO2 catalysts. From our investigation, a

number of conclusions would be outlined. In spite of

some earlier suggestions from the literature [25±27],

this work, like several others recently appeared [8±15]

clearly show that HREM is an extremely useful tech-

nique for investigating ceria supported noble metal

catalysts. Moreover, the combination of both experi-

mental and computer simulation techniques strength-

ens very much the intrinsic capabilities of HREM.

Image calculations, in effect, have helped us in a

number of important ways: (a) to establish reasonable

detection limits for rhodium particles grown on a

heavy metal oxide like ceria; (b) to de®ne the model

rhodium particle to be used as the basis for analysing

our experimental results; (c) to be more con®dent

about the rhodium particle size measurements carried

out on both pro®le and planar projection experimental

images.

Also worth of noting, our study shows that reduc-

tion treatments up to 973 K induce a moderate, though

signi®cant, decrease of Dm, the effect being larger

when chlorine is present. By contrast, the reduction at

1173 K leads to strong rhodium sintering. Regarding

the effect of the reoxidation treatments, strong redis-

persion could only be observed at the highest range of

temperatures 1073±1173 K, whereas reoxidation at

773 K induces rhodium sintering. Finally, the analysis

of the different distribution curves reported here indi-

cates that metal dispersions estimated from type A

distributions, i.e. from the mean particle size value

(Dd), can signi®cantly disagree from that, more accu-

rate, determined from type C curves, Dm. All these

data can be relevant in connection with deactivation/

regeneration mechanisms operating in ceria supported

noble metal catalysts, and by extent in TWC's.
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