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Electron microscopy (HREM, EELS) study of the reoxidation
conditions for recovery of NM/Ce©(NM: Rh, Pt) catalysts
from decoration or alloying phenomena
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The reversibility of metal-support interaction effects in NM/Gegatalysts (NM: Rh, Pt) is investigated using high-resolution electron
microscopy and electron energy loss spectroscopy. Reoxidation treatments at 773 K followed by a mild reduction at 473 K are not effective
in recovering ceria-based systems from the decorated or alloyed states observed upon high-temperature Frgust@n3(K).
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1. Introduction effects induced by the progressive increase of the reduction
temperature.

Since the pioneering works by Naccache and cowork- High-resolution electron microscopy (HREM) studies
ers [1,2] on Pt/Ce@ many authors have reported Signiﬁcanlﬁave also provided clues about the difference existing be-
perturbations of the chemisorptive [3,4] and catalytic [5—#jveen the nature of metal-support interaction effects in
properties of NM/Ce® catalysts (NM: Rh, Pt) on increas-Ceria- and titania-supported metal catalysts. Nowadays,
ing the reduction temperature. Most of these studies had@ood deal of information is available about the nanostruc-
dealt with catalysts reduced at temperatures not higher tH#f@! evolution undergone by both Pt/Cef15,22-25] and
773 K, a reference reduction treatment which is well knowRh/CeQ [16,26-29] catalysts upon increasing the reduc-
to induce the so-called SMSI (strong metal-support interai?" témperature. Reduction treatments ranging from 473
tion) state in titania-supported metal catalysts [8-10]. up to 1173 K have been investigated. All the HREM studies

Several authors have interpreted the deactivation pt20Ve [15,16,22-29] have agreed on the absence of metal
nomena occurring on NM/CeCratalysts reduced at 773 K decoration or alloying phenomena on catalyst; reduced at
or even lower temperatures in terms of the occurrence of 45 K OF lower temperatures. Also worth of noting is that,
SMSl-like effect. Though not proved sufficiently, Pt—Ce all® Tred < 773 K, the reduction temperature has a minor ef-

loying [1,2] and metal decoration phenomena [11-13] ha\%‘:t on the metal particle size distribution, and therefore, on
the metal dispersion [26].

been proposed as a likely origin of the observed effects.
In spite of these proposals, there are numerous expz%;geg();‘;?es tc’:lgzrl(;atsa#;iﬁ rt?]iugi?:uar:egnz:?; Iz’f t:]neetglR ng:
tal dat ti ignificant diff betweel > i
menta’ data suggesfing some significant diferences be Oéatmn effects on both Rh/Ce(J27] and Pt/Ce® [23].

ceria- and titania-s orted catalysts. Thus, on ceria-ba . . e )
! rania-supp y y ! ilkeW|se, the combined application of experimental HREM

catalysts reduced at 773 K, partial rather than strong inhi- . . .
Y b g and computer simulation techniques have only proved the

bition of their hydrogen chemisorptive properties is usuall : ;

observed. This seems to be the case for both PCB015] churr_ence of Pt-Ce .alloymg phenomena at the _h|gh§st
reduction temperature: 1173 K [23]. To summarise, in

and Rh/Ce@[3,16-18], samples. On Rh/Cefho suppres- gIM/CeOz (NM: Rh, Pt) catalysts, the onset of the nano-

S'Orc o(;the nr:?tadl cht(ienr1]|s?r1pé|(t)ag Eaggb”;)ilrﬁi?u:d Eve?\/b(:,i Onsfructural phenomena associated with the SMSI effect re-
served upon reduction & [19]. ar obsenvationg ;o requction temperatures well above 773 K. The same

have recently been reported for the chemisorptive bEh"’%'true for a number of ceria-based mixed-oxide-supported
iour of Rh/Ce 682103202 [20] and PUCeesZr0.3202 [21]. oy catalysts: Rh/G@Zrg20, [20], Pt/Ce gZrg 20 [21]
Moreover, the comparison of the behaviours exhibited by tr&%d Pt/CgTho 202 '[30]Vcatalyst's In abcordance with

. . . —X .
two catalysts above [20,21] strongly suggests that plat'nLWe HREM studies performed on them, metal decoration or
is more sensitive than rhodium to the chemical deactivati%()ying phenomena could only be observed on samples re-
* To whom correspondence should be addressed. duced at 973 K or higher temperatures. This represents a
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very significant difference with respect to the behaviour escope chamber, they were passivated as follows: the samples
hibited by the classic SMSI, titania-based, systems. were cooled to 191 K (solid-liquid acetone trap) in a flow

The reversibility is a major characteristic feature of thef He; then the gas flow was switched te (®3%)/He; af-
SMSI effect [8-10]. Accordingly, proving the occurrenceer 0.5 h of treatment with this oxidising mixture at 191 K,
of a true SMSI requires the regeneration of the deacthey were slowly warmed up to 298 K, and finally, they were
vated catalyst by reoxidation followed by a milder reducarapidly transferred to the microscope.
tion treatment. In the case of NM/TiQreoxidation at about  For their observation in the electron microscope, the cata-
773 K is known to be effective for recovering the catalysti§st powders were dispersed on holey carbon Cu grids using
from the SMSI state [8-10,31]. Probably by analogy witkhe procedure described elsewhere [26].
these earlier studies on titania-supported noble metal sys-The high-resolution electron microscopy (HREM) study
tems, similar reoxidation temperatures (773 K) have alggas performed in a JEOL 2000EX transmission electron mi-
been applied to NM/Cep catalysts for recovering their croscope (200 keV accelerating voltage £6.7 mm) with
chemisorptive and/or catalytic properties from the deact-0.21 nm structural resolution. The images were recorded,
vated state [5,6,32]. at 600 Kx magnification, on KODAK 6.5< 9 cm SO-

In this work, with the help of HREM, digital im- 163 photographic plates which were developed using con-
age processing, and high-resolution analytical techniqu@sntional procedures. To guarantee reaching conclusions
(EELS), we report on the nanoscale changes induced on dgfth statistical significance, at least one hundred plates were
orated/alloyed NM/Ce®(NM: Rh, Pt) catalysts by two re- recorded for each sample. At 600 Kx, these plates cover an
oxidation treatments at 773 and 1173 K. The former, as prgrea roughly 120 nnmx 150 nm in such a way that some
viously stated, is the reference oxidation temperature for figns of particles are usually imaged in one of these plates. In
generating titania-based catalysts from the SMSI state. Tise conditions the structural features which will be com-
|atter, as deduced from the results presented and diSCUSﬁ%ted throughout the paper can be considered as represen-
here, is a relevant one for ceria-supported noble metal caigive of the state of the samples under study.
lysts. For their quantification and analysis, selected regions of
these micrographs were digitised using a COHU-4910 CCD
camera (768« 512 pixels, 256 grey levels) and a light box.
Image acquisition and analysis were carried out using dif-

The ceria-supported rhodium and platinum catalysts iférent routines developed in our laboratory and coded in
vestigated here were prepared by the incipient wetness ifEEMPERG- software from Synoptics. The diffractograms
pregnation technique from aqueous solutions of chlorider digital diffraction patterns (DDPs) included in this work
free metal precursors, Rh(NJ2 and [Pt(NH)4](OH),, correspond to the log-scaled power spectrum of the Fourier
respectively. A commercial powder CeGample from transform of the bidimensional intensity distribution in the
Alfa Ventron, 99.9% purity, and a specific surface area ofigitised images. Lattice fringe spacings have been meas-
4 m?g~1, was used as support. The metal loadings fared from these DDPs by locating the maximum of inten-
Rh/CeQ and Pt/CeQ catalysts were, respectively, 2.5 angity within the diffraction spots. Errors associated to these
4 wt%. After the impregnation step, the catalysts were drigdeasurements are abat0.015 nm for spots in the range
in air at 398 K and stored in a desiccator until used. 0.4-0.2 nm. Errors in the measurement of interplanar angles

Reduction and oxidation treatments were carried out laye aboutt5°.
heating the catalysts, from room temperature up to the se-The nanoanalytical information was obtained in a VG-
lected temperature in a flow of pureldr O, respectively. HB501 scanning transmission microscope (STEM) operat-
The heating rate was always 10 K min ing at 100 kV equipped with a field emission gun and a

The onset of the deactivated (decorated or alloyed) statarallel detection electron energy loss spectrometer (Gatan
in the Rh/Ce@ and Pt/Ce@ samples was induced by reducPEELS 666). EELS spectra were processed with the EL/P
ing them for 1 h, at 1173 K, in a flow of purexHThen, they program from Gatan. Specific routines developed at the Lab-
were flushed with He, for 1 h, at 1173 K, finally, they wer@ratoire de Physique des Solides at Orsay (Paris) were also
cooled to 298 K, also in a flow of inert gas. used for on-line electron beam control during the acquisition

The reoxidation treatments applied to these heavily ref experimental spectra.
duced samples consisted of heating them in a flow of pure
02 from 298 to 773 or 1173 K, then, they were kept under
flowing O, for 1 h at the selected reoxidation temperatur®, Resultsand discussion
and finally, they were cooled to 298 K always in a flow of
0,. After completing the reoxidation treatment the samples Figures 1 and 2 show sequences of HREM images taken
were re-reduced for 1 h in a flow of pure ldt 623 K, then, at the three steps of the reduction—reoxidation—reduction cy-
they were evacuated for 1 h under flowing He, at 773 K, arae for Rh/CeQ@ and Pt/CeQ catalysts, respectively. The
cooled to room temperature also in a flow of the inert gas.purpose of the first reduction treatment at 1173 K is to in-

To prevent the fast and uncontrolled reoxidation of théuce the onset of decoration—alloying phenomena. The ox-
reduced catalysts during their transfer to the electron micriglation at 773 K is, as already noted, the classical reference

2. Experimental
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Figure 1. HREM images corresponding to the 2.5% Rh/&e@alyst after: (a) reduction at 1173 K; (b) reduction at 1173 K followed by reoxidation at
773 K; (c) reduction at 773 K, reoxidation at 773 K and further reduction at 623 K.

reoxidation treatment routinely applied in the literature fdyst reduced at 773 K (36%) [25]. The re-oxidation treat-
recovering the catalysts from a SMSI state. Finally the milshent at 773 K of this heavily reduced Rh/Ce€amples,
re-reduction, in addition to allowing the preparation of refigure 1(b), leads to the formation of big, rounded shaped
duced metal particles, would also close the usual regeneparticles. Fringe analysis of these images using Fourier
tion procedure. transform techniques, inset in the same figure, reveals the
As we can see in figure 1(a) for a Rh/Ce@atalyst, presence of lattice spacings in the 0.24-0.28 nm range. Such
a reduction at 1173 K in pure Hroduces metal particles spacings cannot be due to a metallic rhodium phase but in-
whose surfaces are decorated by thin patches of the cestead, as shown in table 1, they could be assigned to any
support [27]. A lattice spacing of 0.312 nm, corresponaf the rhodium sesquioxide phases. The complexity of the
ing to fluorite-like ceria, can be detected in the decoratiddREM contrasts, as revealed for example in the waving ap-
layers. The metal dispersion that can be estimated from thearance of the fringes, and the small differences in the lat-
analysis of the particle size histogram of this sample is abdide spacing of the different oxide phases involved, preclude
16%, much lower than that determined for the same cataevertheless an unequivocal assignment of this type of par-
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Table 1
6 nm Some lattice spacings characteristic of rhodium,
ceria and rhodium sesquioxide phases.
0.46 nm
Phase d-spacing kkl)
(nm)
Rh 0.219 111
Ce®» 0.312 111
0.270 002
RhpO3 | 0.224 113
0.231 006
0.257 110
0.273 104
RhyOs Il 0.297 210
0.269 002
0.260 211
0.258 020
0.252 102
0.239 012
0.233 021
RhyO3 Il 0.299 104
0.297 113
0.272 020
0.262 114
0.257 200
0.241 120
0.233 210
0.231 115
figure 3, the EELS spectrum contains the Rh-dhd O-K
peaks, which confirms that the particle corresponds to an
oxidised form of rhodium. Also important, the presence of
Ce-My4,M5 white lines in this spectrum clearly indicates that
these particles also contain cerium atoms. This result may
be interpreted as due to the coexistence of ceria and oxidised
rhodium in the large particles resulting from the reoxidation
0.23 nm: . A
-‘ treatment. We conclude, accordingly, that heating in a flow
of pure @, at 773 K, does not induce a net segregation of

the support phase from the decorated metal particles.
. . . Figure 1(c) shows the Rh/CeQatalysts after the final
Figure 2. HREM images corresponding to the 4% Pt/ge@talyst after: . .
(a) reduction at 1173 K; (b) reduction at 1173 K followed by reoxidation zItEducnon treatment. _We can .Stl|| see Some Sr_n_a” patches on
773 K (insets correspond to enlargements of the particle); (c) reductiont@P Of the metal particles which can be identified by fringe
773 K, reoxidation at 773 K and, further reduction at 623 K. analysis as corresponding to a fluorite-like material. In par-
ticular, in the surface patch observed on the particle depicted
ticles to a particular oxide. Thus, the 0.27 nm value olin figure 1(c), 0.27 nm (002)-Ceand 0.31 nm (111)-CeO
served in the DDP could be related, within the experimetattice planes are identified. Hence, oxidation at 773 K, fol-
tal error, to any of the following family of planes: (110)-lowed by a mild reduction, does not recover the catalyst from
RhyO3 I, (104)-RhO3 I; (002)- RO3 Il, (211)-RhpOs 1l;  the decorated state induced on the catalyst by the reduction
(200)-RhrO3 111, (114)-Rhp03 111, (020)-RhpO3 1lI. Like-  treatment at high temperature, 1173 K. Likewise, the metal
wise the 0.24 nm spot could be assigned to the followirdtispersion (16%) does not change with respect to the one
possibilities: (006)-R$O3 1, (012)-RhOs II, (021)-RhpO3  determined for the catalyst reduced at 1173 K.
1, (115)-Rhp0Os3 1ll, (210)-RhxO3 111 or (120)-RhpO3 1. In the case of Pt/Ceficatalysts, a reduction at 1173 K,
Figure 3 shows an EELS spectrum which provides corfigure 2(a), leads to the formation of a Pt/Ce intermetallic.
plementary information about the chemical composition &s described elsewhere [23], HREM image simulation con-
these particles. The spectrum was recorded in spot modefimns the presence of nanocrystals of the Ggittase with
side a particle like the one shown in figure 1(g,, imaged beryl-type shape. Thus, the supported particle observed in
in profile. To avoid interference from the support, a regiofigure 1(a) shows the 0.46 and 0.44 nm lattice fringes at 90
a few times the electron spot size (about 1 nm) far from ttedaracteristic of the [010]-Cefphase. As expected, the
particle/support interface was analysed. As deduced fradispersion of the supported phase after this severe treatment,
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Figure 3. EELS spectrum recorded from a supported particle of the 2.5% Rpitaedyst reduced at 1173 K and re-oxidised at 773 K. The HREM image
inset illustrates the conditions under which the signal was collected (isolated particle in profile view in a position far from the metal-sufgua}. inte

about 7.3%, is significantly lower than that observed upd
reduction at 773 K, 38%. Thus, strong sintering accomp
nies the formation of the intermetallic CeRiompound.

The oxidation at 773 K with pure £ figure 2(b), trans-
forms the intermetallic particles into complex aggregate
Lattice fringes running in a variety of directions are clearl
visible and suggest that these particles consist of a mosai
small, mis-oriented nanocrystals. Both (111)-Pt (0.23 n
and (111)-Ce®@(0.31 nm)d-spacings can be identified. The
square insets at the right of figure 2(b) show two enlarg
ments where these spacing can be more clearly noticed.

In the digital diffraction patterns (DDP) of these aggre
gates, as the one shown in figure 4, these reflections due
metallic platinum and fluorite CeQare also present. The
spots coming from fcc platinum are only a few whereas tho.
related to ceria are numerous and form a ring at 0.31 nm.

These features in the HREM images and in the DDPs st
gest that during the treatment in oxygen at 773 K the o
idation of the intermetallic takes place with segregation «
metallic platinum and Ce® Moreover, the aggregates ob-

served after this treatment seem to consist of a core of plaéure 4. Digital diffraction pattern from the supported particle shown in

inum, comprised of one of at least only a few fcc units, cov- figure 2(b).
ered by a large number of nanometer-sized, randomly ori-
ented, ceria surface patches. a system consisting of small metal particles dispersed on the

A final reduction of the Pt/Cefcatalyst at 623 K, does support. To summarise, the application of the standard re-
not change the nanostructure of the catalyst with respectgeneration treatment does not recover the Pt/Cesdalyst
that described in the previous paragraph and, therefore, déresn the alloyed state.
not prove to be effective in recovering the pure metal phase. Figure 5 (a) and (b) shows HREM images representative
In figure 2(c) we can observe the same complex aggregatéshe catalysts reduced at 1173 K and further oxidised in
detected after the oxidation at 773 K. They remain even witflure @ at 1173 K. The structure of both catalysts is clearly
a re-reduction at higher temperature (773 K). different from that observed after re-oxidation at 773 K. No-

These observations confirm that a treatment ih @ tice that in this case both materials seem to be formed by
773 K is severe enough to destroy the intermetallic but dossall, crystalline metal particles dispersed over the ceria sur-
not regenerate the situation corresponding to a PtfG=® face. Fringe analysis confirms that these crystallites consist
alyst directly reduced at 773 K or lower temperatuies, of metallic rhodium and platinum, respectively. Thus, the



136 S Bernal et al. / Reversibility of metal—support interaction in NM/CeO»

| 4

S nm

0.80 nm

Figure 5. Representative HREM images obtained from the catalysts reduced at 1173 K and reoxidised at 1173 K: (a) 2.59aRth/(08@% Pt/Ce@

DDPs of the larger particles observed in the image of tHd73 K and further oxidised at 1173 K is also smaller
Pt catalyst show 0.8 nm Moiré-type fringes aligned with thihan that of the catalyst directly reduced at 1173 K. This
(111)-CeQ reflections. These spots arise from double dibbservation might well be interpreted as due to platinum
fraction in the (111)-Pt and (111)-Ce@lanes under a par- redispersion induced by the high-temperature reoxidation
allel orientation relationship. Therefore this result, in addireatment. Nevertheless, additional scanning electron mi-
tion to confirm the presence of metallic Pt particles in theroscopy and EDS analytical studies carried out on the re-
sample oxidised at 1173 K, suggests that these particles agerated Pt/Cefsample have shown the simultaneous oc-
epitaxially grown on the support. A detailed inspection alsgHrrence of very large platinum particles in the micron range
reveals that the exposed surfaces of these particles are cl88€- This means that, in the case of the Pt/ceria catalyst,
i.e, free from support overlayers. the high-temperature reoxidation treatment, in addition to in-

Also worth noting is that the metal dispersion estimategicing _the rgversion from the alloyed state, leads to a severe
from the histogram corresponding to the Rh/Gefatalyst Metal sintering.
reduced at 1173 K and further reoxidised at the same tem-
perature is 3_2%. This value is twice that determined_qul Conclusions
the sample directly reduced at 1173 K. Therefore, the high-
temperature reoxidation treatment not only induces the re- The results reported in this work clearly show that the
covery of the catalyst from the decorated state; it also seegigssic reoxidation treatment at 773 K does not allow the re-
to induce the rhodium redispersion. covery of the NM/Ce@ catalysts from the decorated or al-
The average diameter of the platinum particles estimatkxyed states. The noble metal/ceria phase separation may
from the micrographs of the Pt/CeGample reduced at only be achieved upon reoxidation at temperatures well
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above 773 K. This observation represents an additiongd)
major difference between titania- and ceria-supported no-
ble metal catalysts. Moreover, the likely regeneration of’
NM/CeQO;, catalysts reduced at 773 K by reoxidation at[8]
773 K would actually prove, in good agreement with ear-
lier HREM studies on the reduced catalysts [25,27], that thg]
observed deactivation effects are not due to decoration[&¥
alloying phenomena, rather consisting of purely electronft!!
effects [33]. [12]
Finally, the reoxidation treatment at high temperature,

1173 K, appears to be suitable for recovering the metal par3]
ticles from the decorated or alloyed states. The analysis of
the evolution undergone by metal particle size distributiof’)
suggests some differences in the behaviour of rhodium a[r%gJ
platinum catalysts. Thus, the microanalytical studies pgi)
formed on the platinum catalyst indicate the coexistence of
a fraction of highly dispersed metal crystallites with anothd¥7]
one consisting of very large particles, over 100 nm. In tH&®!
case of the rhodium catalyst no similar evidence could
obtained, thus suggesting an effective metal redispersion,2q)

[21]
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