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Abstract

In this work, some recent chemical and nanostructural characterisation studies on ceria-supported noble metal (NM/CeO,;
NM: Rh, Pd, Pt) catalysts are reviewed. According to the information available, a proposal is made about the nature of the
metal/support interaction phenomena occurring in NM/CeO, catalysts as the reduction temperature is increased. By
combining the information provided by the HREM and the hydrogen chemisorption (volumetric adsorption, TPD-MS and H,/
D, isotopic exchange) studies, it is proposed that, for reduction temperatures up to 773 K, the observed partial deactivation
effects are mainly due to electronic metal/support interactions. Metal decoration phenomena do also occur on the three NM/
CeO, catalysts. In contrast with that reported for NM/TiO,, however, they have only been observed upon reduction at 873 (Pd)
or 973 K (Rh, Pt). At the highest reduction temperature, 1173 K, a crystallographically well-defined alloy phase could only be
observed on Pt/CeO, (CePts). On Pd/CeO, a solid solution of Ce in Pd may also be formed. The phases resulting from the
reoxidation of the decorated and/or alloyed metal microcrystals have also been characterised by means of HREM. Significant
differences with the NM/TiO, catalysts are observed. The classic reoxidation treatment at 773 K does not allow the
segregation of the NM and CeO, phases, and therefore no complete recovery of the catalytic systems is achieved. © 1999
Elsevier Science B.V. All rights reserved.
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1. Introduction 1. it is associated with reducible supports;

2. it is induced by ‘“high temperature”, typically

Since Tauster et al. [1] reported for the first time on Trean=>723 K, reduction treatments;

the so-called SMSI (strong metal—support interaction) 3. inherent to the onset of the SMSI state, the che-
effect, a great deal of research effort has been devoted mical properties of the dispersed metal phase are
to the subject. From a phenomenological point of heavily disturbed: strong inhibition of its chemi-
view, the SMSI effect is characterised by a number sorptive properties and significant changes in its
of features which can be summarised as follows [1-3]: catalytic behaviour occur;

4. it is reversible, i.e., upon high-temperature reox-

idation (T;eoxn=>723 K) followed by a mild reduc-
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serafin.bernal @uca.es supported metal phase may be recovered.
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In the case of M/TiO, catalysts, the most represen-
tative example of a system exhibiting the SMSI effect,
the major factors contributing to the onset of the SMSI
state seem to be well-established. High resolution
electron microscopy (HREM) [4-7] has provided
direct experimental evidence on the occurrence of
metal decoration (geometric effect) in Rh/TiO, cata-
lysts reduced at 773 K. More recently [8], the HREM
technique has also been used to establish the amor-
phous nature of the reduced titania phase partly cover-
ing the metal crystallites. Likewise, this technique has
also been used to investigate the effect induced on a
Rb/TiO; catalyst under the SMSI state by a reoxida-
tion treatment at 673 K and further reduction at 473 K
[8]. Though some nanostructural differences were
observed between the recovered catalyst and that
directly reduced at 473 K, the HREM study reported
in [8] clearly shows the reversibility of the metal
decoration effect. Finally, the NMR study of the
hydrogen chemisorption on Rh/TiO; has quite convin-
cingly proved that both electronic and geometric
effects play an important role in determining the metal
deactivation associated with the onset of the SMSI
effect [9—11]. In fact, the results reported in [9]
suggest that this effect is rather progressive, the elec-
tronic perturbation of the metal crystallites being
observed at lower reduction temperatures than the
geometric one.

1.1. Earlier studies of the strong metal/support
interaction in M/CeQO, catalysts

In accordance with the reducible nature of ceria
[12—-15], M/CeO, catalysts were soon included among
the likely systems exhibiting some sort of strong
metal/support interaction effects. Both experimental
[16-24] and theoretical [25] studies reported in the
1980s support such a proposal. In these earlier studies,
however, contradictory interpretations of the observed
phenomena were offered. Thus, Sanchez and Gazquez
[25], on the basis of structural considerations, estab-
lished significant differences between the metal/sup-
port interactions occurring in M/TiO, and M/CeO,
catalysts. In [25], the acronym SMSI is reserved for
metals supported on oxides with cassiterite-type
(Sn0O,) structure, like TiO,-rutile. The authors suggest
that, for M/TiO, catalysts, because of the open nature
of the support cationic sublattice, the “high-tempera-

ture” reduction would induce the creation of vacan-
cies at the support followed by diffusion of the metal
atoms into the bulk of the reduced oxide. As a con-
sequence of this burial effect, the chemisorptive and
catalytic properties of the metal would become
strongly disturbed. Subsequent ‘‘high-temperature”
(Teoxn>700 K) reoxidation would drive the metal
atoms back to the surface, so that a further mild
reduction treatment would recover the chemisorptive
and catalytic properties of the catalyst. This proposal,
however, does not seem to be supported by the HREM
studies commented above [4-8]. For oxide supports
with fluorite-type structure, like ceria, Sanchez and
Gazquez [25] suggest that the structure of the cationic
sublattice would present a high barrier to penetration
of the bulk by the metal atoms. Accordingly, they
suggest the occurrence of a “nesting” effect, consist-
ing of the anchoring of the metal atoms/crystallites in
the oxygen vacancies created at the surface of the
support. In this way, they justify the good resistance
against sintering of the metal phase, as well as the high
chemisorption capability and catalytic activity of the
M/CeO, systems. In accordance with this interpreta-
tion, no detrimental chemical effects would be asso-
ciated with the strong interaction phenomena
occurring in ceria-supported metal catalysts [25].

Several other alternative proposals were suggested
in these earlier studies. Thus, Meriaudeau et al. [16]
have investigated the chemical effects induced on Pt/
TiO, and Pt/CeO, by two different reduction treat-
ments: 473 and 773 K. According to these authors, the
latter treatment induces chemical changes on both
catalysts. However, drastic inhibition of the chemi-
sorptive capabilities could only be observed on Pt/
TiO,. They conclude that the nature of the metal/
support interactions were different in each case.
Though not proved, Pt—Ce alloying was proposed as
the likely origin of the observed effects in Pt/CeO,. In
[21], on the contrary, an IR spectroscopy study of the
CO adsorption on Pt/CeO, leads the author to con-
clude that upon increasing the reduction temperature
from 673 to 973 K there is a significant loss of the
metal chemisorption capability. This capability could
be partly recovered by further reoxidation at 673 K.
These observations were interpreted as due to the
onset of an SMSI state, upon reduction at 973 K. In
[21] purely electronic effects were suggested to be the
most likely origin of the phenomenon.
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As reported in a recent comprehensive review of the
catalytic properties of ceria [26], the research activ-
ities on ceria-supported metal catalysts has steeply
increased in the 1990s. In particular, the close con-
nection of these systems with the three-way catalysts
(TWCs), nowadays used in the control of exhaust
emissions from motor vehicles [26,27], has very much
stimulated the investigation on NM/CeO, (NM: Pt, Pd,
Rh). Consequently, a good deal of information is at
present available on Pt/CeO, [6,28-54], Pd/CeO,
[23,28,30,33,41,51,55-76], and Rh/CeO, [7,28,30,
33,38,41,44,46,50,51,77-126], and to a lesser extent
on Ru/CeO, [30,71,127-129], Ir/CeO, [30,130-132],
and Au/CeO, [133-135] systems. Likewise, studies on
Ni/CeO, [40,136-146], Co/CeO, [129,147], and sev-
eral other ceria-supported non-noble transition metal
catalysts [40,133,134,139,148,149] have also been
published.

In spite of the wealth of information available at
present, there are still many uncertainties about the
precise nature of the metal/support interaction phe-
nomena occurring in ceria-supported metal catalysts
[26]. In our view, a number of reasons explain the
contradictory proposals that have been advanced for
interpreting the peculiar behaviour exhibited by the
M/CeO, catalysts upon increasing the reduction tem-
perature. Some of these reasons are briefly commented
on below.

1.2.  Proving the existence of strong metal/support
interaction in M/CeQO- catalysts — some
experimental problems

Among the chemical effects associated with the
onset of the SMSI state in titania-supported metal
catalysts, the practical suppression of chemisorption
of the usual probe molecules, like H, or CO, is
generally assumed to be a common characteristic
feature [3,7]. By contrast, numerous hydrogen chemi-
sorption studies on powder Rh/CeO, [7,30,80,81,83,
95,101,107,119], and Pt/CeO, [16,30,49,150] cata-
lysts suggest that, though the apparent H/M ratio
generally decreases on increasing the reduction tem-
perature, no complete inhibition of the H, chemisorp-
tion capability occurs upon reduction at 773 K, the
typical temperature at which the SMSI state is induced
in M/TiO, catalysts. As deduced from the H/M data
reported in [30] for a series of M/CeO, (M: Ru, Rh, Ir,

Pd and Pt) catalysts reduced at both 473 and 773 K,
this observation seems to be rather general. Moreover,
significant hydrogen chemisorption still occurs on a
Rh/CeO, catalyst reduced at 1000 K [81]. Contrary to
that generally observed on M/CeO, catalysts, a few
authors have reported strong deactivation of the H,
adsorption capability of Rh/CeO, [83] and Ni/CeO,
[145] catalysts reduced, respectively, at 773 and
673 K.

CO chemisorption has also been used for charac-
terising M/CeO, catalysts. Some CO/M data are sum-
marised in [19,26,35,125]. As already noted for the
hydrogen chemisorption, the apparent CO/M values
decrease with the reduction temperature but no drastic
inhibition effects are generally observed. A rather
similar conclusion could be obtained from the FTIR
studies of chemisorbed CO on Pt/CeO, [16,21,54], Pd/
Ce0O, [60,69], and Rh/CeO, [117]. In some cases [69],
complete suppression of the CO chemisorption cap-
ability has also been suggested to occur.

Catalytic activity assays have also provided clear
indications of the change of chemical properties
occurring in M/CeQO, catalysts on high-temperature
reduction. Some of the most commonly investigated
probe reactions were: hydrogenolysis of saturated
hydrocarbons [16,22,43,119,151], and hydrogenation
of benzene [7,16,63,145], acetone [119,125], CO
[39,43,76,119,152], and CO, [30,95,98,119]. In the
case of the hydrogenolysis, and benzene or acetone
hydrogenation reactions, the high-temperature reduc-
tion treatment generally leads to deactivation effects
of varying intensity. By contrast, the transient CO,
hydrogenation experiments reported in [30,95,119]
have revealed that the high-temperature reduced
catalysts show an enhanced methanation activity. A
rather similar effect was observed for the CO hydro-
genation reaction [119]. Also remarkable, the
enhanced transient activity was found to occur regard-
less of which metal, Ru, Rh, Ir, Pd or Pt, was inves-
tigated [30]. Under steady-state conditions, on the
contrary, the high-temperature reduction treatment
induces a moderate loss of activity for the CO and
CO, hydrogenation reactions [30,95,119].

When the chemical effects induced on M/CeO,
catalysts by the variation of the reduction temperature
are analysed, it is important to note the likely occur-
rence of side-effects which may very much prevent the
straightforward interpretation of the observed
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changes. In this respect, it is worth recalling some of
these effects. First of all, ceria is acknowledged to be
an oxide with a relatively poor textural stability,
particularly under reducing conditions [14,153,154].
Consequently, the often considered “high-tempera-
ture” reduction treatments (>773 K), may induce
strong support sintering. Associated with this primary
effect, metal encapsulation and/or sintering phenom-
ena may take place, and therefore, a catalyst deactiva-
tion effect would occur [107]. Also important, the
contribution of this side effect to the observed deac-
tivation can hardly be quantified. In spite of its pre-
sumable relevance, details about the textural evolution
undergone by the M/CeO, catalysts on increasing the
reduction temperature are often lacking [35,60,63,
83,119,151].

Proving the occurrence of metal deactivation effects
is also complicated by the chemical side-processes
occurring during the adsorption of the most usual
probe molecules, like H, or CO. In the case of the
hydrogen chemisorption studies, the likely occurrence
of spillover phenomena represents a major drawback.
As clearly shown by the magnetic balance studies
performed on Rh/CeO, [115,116] and Pd/CeO, [61]
catalysts, large amounts of hydrogen can be trans-
ferred to the ceria support, even at 298 K. Conse-
quently, the apparent H/M ratios as determined from
conventional chemisorption experiments may provide
very misleading, highly overestimated metal disper-
sion data [107,155]. Moreover, it is well established
that the contribution of the hydrogen spillover to the
apparent H/M values is highly sensitive to a number of
variables. Firstly, though the hydrogen chemisorption
on ceria has been suggested to lead to a bronze-like
phase by incorporation of hydrogen in the bulk [156],
the results reported in [157] rather suggest that this
process very probably consists of a purely surface
reaction. If so, the intensity of the hydrogen spillover
should be very sensitive to the ceria surface area. In
good agreement with this statement, the maximum
apparent H/Rh values (those determined after activat-
ing the spillover reaction) reported in [107] for two
Rh/CeO, catalysts, with different surface area, was
more than 10 times larger in the case of the high
surface area sample. A second important factor influ-
encing the spillover rate at 298 K is the reduction/
evacuation conditions applied during the catalyst pre-
paration. As shown by the magnetic balance study

reported in [101], and also in agreement with the
chemisorption studies reported in [107], upon increas-
ing the reduction/evacuation temperature from 623 to
773 K the spillover process becomes much slower.
Accordingly, the comparison of the H/M values deter-
mined after low- and high-temperature reduction
should be made carefully because of the different
relative weight of the spillover contribution, presum-
ably larger in the case of the low-temperature reduc-
tion. A third factor affecting the spillover phenomena
is the use of chlorine-containing metal precursors. It is
presently well established that, upon reduction, the
chloride ions originating from the metal precursor are
strongly retained by the support [63,70,80,92,94,
103,108,158]. In some cases, the presence in the
reduced catalyst of crystalline CeOCl has been proved
by means of XRD [63,70,158] and HREM [108]. The
results reported in [80,107] strongly suggest that the
presence of chlorine in the ceria support very much
affects its hydrogen chemisorptive properties, thus
having a negative influence on both the quantitative
weight and rate of the spillover processes. Because of
the generalised use of the chorine-containing species
as precursors of M/CeQO, catalysts, the influence of
this factor should always be considered when inter-
preting H, chemisorption data. There is however, a
further element of complication; as suggested by the
TPO-MS study reported in [92], the calcination of the
precursor/ceria system prior to reduction may elim-
inate part of the chlorine initially present in the
catalyst. Consequently, this oxidising pretreatment,
which is often applied, though it probably does not
lead to the complete removal of the chlorine [92]
eliminates rather an unquantified part of it. Under
these circumstances, the actual chlorine content of
the M/CeO, catalysts is in most cases unknown.
The interpretation of the CO chemisorption data is
not free from perturbing side-effects. In addition to the
metal-dependent stoichiometric problems, it is now
well known that ceria may also chemisorb large
amounts of CO [19,60,66,67,125,159-161]. In addi-
tion, the amount of CO chemisorbed by ceria is
sensitive to its redox state, it being generally acknowl-
edged that this amount grows as the degree of reduc-
tion of ceria degree is increased [60,160]. Also, CO
dissociation has been reported to occur on both the
reduced bare oxide [162], and M/CeQO, catalysts [86].
Finally, it is worth noting that, as in the case of the
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hydrogen chemisorption, the use of chlorine-contain-
ing metal precursors may also disturb the CO adsorp-
tion on the support [66,80].

The analysis of the likely occurrence of strong
metal/support interaction effects in M/CeQO, catalysts
also requires a good knowledge of the evolution
undergone by the metal dispersion with the reduction
temperature. However, as deduced from the results
commented on above, the conventional H, and/or CO
adsorption data do not allow, in general, a straightfor-
ward estimate of the metal dispersion. In this respect,
low-temperature (191 K) hydrogen chemisorption
may constitute an alternative to the conventional
measurements at 298 K, because of the inhibition of
the spillover process [107]. Nevertheless, a few studies
are presently available [7,81,107,120]. Likewise, the
specificity of the FTIR bands due to CO chemisorbed
on the metal phase has allowed the development of an
alternative procedure, which has been applied to
determine the metal dispersion in ceria-supported Pt
[54] and Pd [72] catalysts. In any case, it is obvious
that the chemical techniques would provide very
misleading dispersion data, if associated with the
applied reduction treatment some metal deactivation
would occur. It is therefore very desirable to have
methods available for determining the metal disper-
sion in NM/CeQO, catalysts other than those based on
chemical techniques.

Though they were considered in the past to be of
limited interest [54,72], the studies at present available
have clearly shown that the high-resolution electron
microscopy is one of the most powerful techniques
for investigating the nanostructural constitution of
ceria-supported metal catalysts [6,7,19,29,39,43,52,
59,63,78,79,93,107,108,116,124,150,163]. In effect,
as shown in [78,93] HREM allows us to establish
the microcrystal size distributions, and therefore, the
metal dispersion associated with the NM/CeO, (NM:
noble metal) catalysts. This is an important informa-
tion which provides reference data to be used in the
interpretation of the chemical changes occurring in the
catalyst when the reduction conditions are varied. In
this respect, it is worth noting that, as deduced from
the computer simulation studies reported in [78,79],
there is a lower size limit for the detection of noble
metal particles sitting on the ceria surface. This limit
has been estimated to be 1.0 nm, so that the HREM
would not allow accurate determinations of the metal

size distribution in very highly dispersed catalysts. In
addition to the metal dispersion studies, the HREM
technique has provided the very first direct experi-
mental proof of metal decoration in Rh/CeO, [93], Pd/
Ce0O, [63], and Pt/CeO, [29]. Likewise, it has allowed
the occurrence of alloying phenomena in Pd/CeO,
[59,63] and Pt/CeO, [29] to be established.

1.3.  Determination of the ceria redox state in M/
CeO,; catalysts

As already noted, the occurrence of strong metal/
support interaction effects is acknowledged to be
associated with reduced states of the support. In
accordance with this basic requirement, it is important
to have detailed information about the redox evolution
undergone by ceria when varying the reduction treat-
ment. In the case of ceria-supported noble metal
catalysts, this is also a challenging matter. Many
different techniques have been used to probe the ceria
redox state in both the bare oxide and NM/CeO,
catalysts: ESR [84,125,164], XPS [20,80,83,90,96,
122,158,165], electronic conductivity measurements
[101,152], V-UV spectroscopy [13,166], FTIR spec-
troscopy [67,167], X-ray absorption spectroscopy
(XAS) [103,158], and magnetic balance [13,14,61,
92,94,101,115,116,168]. Likewise, oxygen consump-
tion studies as determined by combining O, pulses at
298 K and TPO have also been fruitfully used to
estimate the reduction degree of ceria in bare oxide
[15], and in Rh/CeO, catalysts [100]. As the magnetic
balance studies have clearly shown [61,101,115,116],
when hydrogen is used as reducing agent, the analysis
of the ceria redox state requires that two contributing
factors are considered. In [94], they are referred to as
reversible and irreversible components. The former
would account for reduction contribution of hydrogen
chemisorbed on ceria. This contribution can be elimi-
nated by inducing the desorption of such species, so
that the simple evacuation of the ceria-containing
sample leads to its reoxidation. According to the
results reported in [61,92,115,116], for high surface
area NM/CeO, catalysts reduced at moderate tem-
peratures (7;.q, <623 K), this contribution may repre-
sent about two-thirds of the total concentration of
Ce*" species present in the catalyst. The irreversible
contribution would be associated with the oxygen
vacancies created in the sample by the reduction



180 S. Bernal et al./Catalysis Today 50 (1999) 175-206

treatment. It may be determined by measuring the
residual concentration of Ce*™ species after evacua-
tion at sufficiently high temperature so as to ensure the
complete elimination of the chemisorbed hydrogen
[61,92,115,116], typically T>773 K. As shown in
[61,92,101], this second contribution increases with
the reduction temperature. According to these results,
the actual redox state of ceria is sensitive not only to
the reduction temperature, but also to the specific
evacuation conditions following the reduction treat-
ment. Moreover, the presence of a highly dispersed
metal may dramatically modify both the relative
weight of the two reversible and irreversible contribu-
tions and also the specific hydrogen desorption beha-
viour of the M/CeQ, catalyst with regard to evacuation
conditions [101].

When analysing the ceria redox state in NM/CeO,
catalysts, there is an additional, interesting aspect
to be considered: the likely presence of chlorine in
the oxide. As already noted, the reduction of the
chlorine-containing precursor/ceria systems induces
the incorporation of the chloride ions into the support
structure [63,70,80,92,94,103,108,158]. When this
occurs the magnetic balance studies reported in
[92,94] show a dramatic change in the redox pro-
perties of ceria, which becomes heavily and irr-
eversibly reduced even at the mildest reduction
temperature, 623 K [92,94]. Accordingly, the pre-
sence of strongly held chloride ions completely
blocks the reversibility of the redox behaviour of
ceria, which is associated with hydrogen chemisorbed
on the support, as discussed above. Though no
specific data are available, this blocking effect
probably depends on the amount of chlorine in-
corporated into the support, which in turn may be
determined, among other factors, by the specific
calcination treatment applied to the precursor/ceria
system before reduction or the BET surface area of the
ceria support.

The question is whether the concentration of
oxygen vacancies is relevant to the onset of strong
metal-support interaction effects in NM/CeO,
catalysts. If so, we have to consider that there are
two factors other than oxygen vacancies to be
correlated with the total concentration of Ce*"
present in the catalyst samples: some forms of
chemisorbed hydrogen and the presence of chloride
ions.

1.4.  Major objectives of this work

In this paper, we shall review some of the most
recent results on the subject. The results to be dis-
cussed in this work were obtained on catalyst samples
for which some of the problems mentioned above were
minimised or eliminated. Essentially, the following
basic ideas were taken into account in the catalyst
selection: (a) when analysing chemical properties, the
use of chlorine containing metal precursors was
avoided; (b) the ceria supports were selected in such
a way that within the range of experimental reduction
temperatures, minor textural changes would occur; (c)
the metal loading was also controlled so as to allow
that the whole metal particle size distribution could be
determined by means of HREM. In this way true metal
dispersion data free from the problems associated with
the conventional chemisorption techniques could be
established.

In our approach, we shall first review the nano-
structural information available at present. Then we
shall analyse some chemical observations which, in
our view, may shed some light on the actual nature of
underlying physical phenomena. Finally, some con-
cluding remarks will summarise the state of the art of
the matter. In these considerations, the analogies and
differences noted between M/CeQ, and M/TiO, cat-
alysts will be emphasised. Likewise, some differences
observed between the most investigated supported
metal phases: Rh, Pt, and Pd will also be commented
on.

2. Experimental

The ceria-supported platinum and rhodium cata-
lysts investigated here were prepared from two cerium
dioxide samples, hereafter referred to as LS and MS
oxides. The LS sample was a commercial oxide, from
Alpha, with a low BET surface area (4 m?> gfl), and
high textural stability: no measurable loss of surface
area was observed after reduction in a flow of pure H,
for 1h, at 973 K. The MS sample was prepared by
heating a high surface area oxide (135m”g'), at
823 K, for 4 h, in a flow of pure H,. The sample thus
pretreated was further evacuated for 1 h in a flow of
He, cooled to 298 K, also under flowing inert gas, and
finally reoxidised with pure O, at 773 K (1 h). The
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resulting cerium oxide shows no microporosity, a BET
surface area of 34 m? g ', and good textural stability
for reduction treatments up to 773 K.

The preparation procedure was similar for all the
catalysts. The noble metals were deposited onto the
ceria supports by following the incipient wetness
impregnation technique. Aqueous solutions of chlor-
ine-free metal precursors: [Pt(NH3)4](OH), and
Rh(NO3); were used. The impregnated samples were
dried in air, at 383 K, for 10 h, and further stored in a
dessicator until their reduction “in situ”.

The reduction treatments consisted of heating the
precursor/support system in a flow of pure hydrogen,
at a heating rate of 10 K min~'. Reduction tempera-
tures ranging from 473 to 1223 K were applied. For
the Pt/CeO,-MS catalysts the top limit reduction
temperature was 773 K. The time of treatment at
the selected reduction temperature was typically
1 h. The catalysts were further evacuated (1 h) at
the reduction temperature, or at 773K, if
Tean<773 K. In this work, results corresponding to
three series of catalysts: Pt(4%)/CeO,-LS, Pt(7%)/
CeO,-MS and Rh(2.4%)/CeO,-LS will be presented
and discussed.

The reoxidation experiments on the pre-reduced
catalysts were performed by heating them in a flow
of pure O, from 298 K to the selected temperature, at a
heating rate of 10 K/min. The samples were kept at the
reoxidation temperature for 1 h, and then cooled to
room temperature, always under flowing O,.

The HREM (high resolution electron microscopy)
images were recorded on a JEOL 2000-EX instrument
equipped with a top entry specimen holder and an ion
pump. The structural resolution was 0.21 nm. The
experimental protocol for transferring the samples
to the microscope is reported elsewhere [93]. Digital
processing of the recorded HREM images was carried
out with the help of a high resolution CCD camera,
COHU model 4910, and the SEMPER 6+ software
package.

The TPD and H,/D, exchange studies were per-
formed in an experimental device coupled to a quad-
rupole mass spectrometer, VG, model SENSORLAB-
200-D. In the case of the exchange studies, the reduced
and/evacuated catalysts were treated with flowing
Hy(5)/Ar, at 298 K, for 15 min, then the gas flow
was switched to D,(5%)/N,, and the transient period
of the experiment (ITK: isotopic transient kinetic)

recorded. After 15 min of treatment under flowing
D,(5%)/N,, at 298 K, the sample was cooled to
191 K also in a flow of the D,/N, mixture. Finally,
the gas flow was switched to Ar, and a TPD-MS
experiment was run in two steps, from 191 to 298 K,
and then from 298 to 773 or 1223 K. The typical amount
of catalyst in all these experiments was 200 mg, the gas
flow rate: 60 cm’min~', and the heating rate:
10 K min™! (298-1223 K). In the 191-298 K range,
the heating of the catalyst samples occurred freely.

The experimental protocol described in the previous
paragraph has also been followed in the case of the
TPD-MS studies carried out on reduced/evacuated
catalysts further treated with flowing pure hydrogen
at different temperatures.

The hydrogen volumetric adsorption experiments
were run in a conventional high vacuum system
equipped with a capacitance gauge, MKS Baratrom,
model 220-BHS. The isotherms were recorded at
298 K, the time elapsed between successive adsorp-
tion measurements in routine was 20 min, and the final
H, pressure 300 Torr. Following the conventional
isotherm experiments, at 298 K, the samples were
heated at several different temperatures (7,), kept
for 1h at the selected T;, and then cooled again to
298 K, always under hydrogen pressure (Py, at 298 K:
300 Torr). In this way the additional hydrogen con-
sumption associated with the induced spillover pro-
cess could be determined.

3. Nanostructural evolution of the NM/CeO,
catalysts under both reducing and oxidising
conditions — a HREM study

3.1. HREM study of the metal particle size
distribution — determination of the metal
dispersion

Though the number of the HREM studies on ceria-
supported noble metal catalysts is rapidly growing
[6,7,19,29,39,43,52,59,63,78,79,93,107,108,116,124-
,150,163,169,170], a few of them have paid special
attention to the determination of the metal dispersion
[78,93]. The approach followed in [78,93] consists of
combining experimental HREM studies with digital
processing of the experimental micrographs and com-
puter simulation techniques. As an initial step, a metal
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microcrystal model representative of those experi-
mentally observed was established. By analysing hun-
dreds of micrographs recorded in our laboratory for
ceria-supported rhodium [7,78,79,93,100,107,108,
170] and platinum [29,79,150] catalysts, the truncated
cubo-octahedron was considered to be the most com-
monly observed metal morphology. This observation
is also consistent with the experimental HREM
images reported in the literature for Pt/CeO,
[6,39,52] and Rh/CeO, [163,169] catalysts. Likewise,
the proposal is supported by the good matching
observed between the experimental images and those
obtained by computer calculations made on the basis
of our structural model [78,79]. Fig. 1 allows the
comparison of both the experimental and calculated
HREM images corresponding to a Rh/CeO, catalyst.
The structural model used as input in the computer
simulations is also depicted in Fig. 1.

In accordance with the now well-known structural
relationships occurring at the NM/CeO, interface
[6,7,18,59,78,107,169], the model metal particle has

been built up in such a way as to allow that its (1 1 1)
basal plane sits on a (1 1 1) surface plane of the ceria
support. Following this assumption, the basal plane of
the metal particle shown in Fig. 2 is obtained. Accord-
ingly, the metal microcrystal size was measured by
means of the parameter d in Fig. 2. As described in
further detail in [78], the equations developed by Van
Hardeveld and Hartog [171] then allow the size (d) to
be used to estimate the metal dispersion, i.e. Ny¢/N;,
where Ng and N; stand, respectively, for the total
number of metal atoms and the number of surface
atoms in the metal particle.

Regarding the use of the HREM technique in metal
dispersion studies, it is important to note that, as
shown in [172], the physical processes associated with
the formation of HREM images may induce an appar-
ent distortion in the images of nanosized particles. In
[78], the relevance of this effect was investigated by
analysing computer simulated images which were
generated from models of ceria-supported model rho-
dium particles of known size. Though the distortion

Fig. 1. Experimental (c and f) and computer simulated (b and ¢) HREM images for a Rh(2.4%)/CeQO,-LS catalyst, planar (b and c) and profile
(e and f) views. The metal particle model consisting of a truncated cubo-octahedron with (1 1 1) basal plane sitting on a (1 1 1) surface plane
of ceria is also shown along the [1 0 0] (a) and [1 1 0] (d) zone axis of Rh. Taken from [78].
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Fig. 2. (11 1) basal plane of the truncated cubo-octahedron metal
particle used as a model for determining metal dispersions in NM/
CeO, catalysts. The geometrical parameter (d) measures the
particle size. Taken from [78].

phenomena were observed, they are within the experi-
mental error in the particle size measurements, and
therefore allow meaningful metal dispersion data to be
obtained [78].

Computer simulation techniques have also been
used to establish the lower limit in the HREM detec-
tion of Rh particles supported on ceria [79,93]. Micro-
crystals observed in profile [79,93] and planar [93]
views were considered in these computer simulations.
In both cases the detection limit was estimated to be
about 1.0 nm, thus suggesting that HREM should be
carefully used for characterising very highly dispersed
catalysts. In this particular case, the technique may
underestimate the true metal dispersion values.

Based on the particle model described above, the
measurement of the size (d) of some hundreds (typi-
cally more than 250) of metal microcrystals, which
was performed on tens of HREM micrographs, allows
three types of distribution curves to be constructed, as
shown in Fig. 3. These three distribution curves
account for the variation of: the cumulative percentage
of metal particles (type A); the cumulative percentage
of the total number of metal atoms contained in
particles with size equal or smaller than a predefined
size (type B), or the percentage of the total number of
metal atoms that are present at the surface of particles
with size equal or smaller than a predefined value
(type C), with the metal particle size. All of them
provide interesting information about the distribution
of the metal particles [79]. Metal dispersion data may
be obtained either from type C plots, or from the mean
size metal particle values as determined from A-type

plots. As shown in [79], significant differences may be
observed between both kinds of dispersion data, the
former providing the most accurate estimate of this
parameter. Accordingly, data reported in Table 1 were
all obtained from type C plots.

In accordance with the results summarised in
Table 1, for reduction temperatures up to 773 K, the
metal sintering effects are very moderate on both
CeO,-LS and CeO,-MS supported metal catalysts.
Higher reduction temperatures were only studied on
the LS series of catalysts. For T;.q,=973 K, the loss of
metal dispersion is significantly larger in the case of
platinum. This observation is remarkable because the
metal loading, if expressed as number of metal atoms
per nm? of support, is slightly larger in the case of Rh,
and no measurable support sintering could be detected
on any of the two catalysts. Therefore, our results
suggest that the Pt stability against sintering is poorer
than that of Rh. For Pd/CeO,, the results reported in
[63] suggest that the evolution of the metal micro-
crystal mean size with the reduction temperature is
similar to that observed on our Pt/CeO, catalyst. In
effect, for the catalyst prepared from a chlorine-free
metal precursor (palladium nitrate), on increasing the
reduction temperature from 573 to 773 K, the mean Pd
microcrystal size (d,,) as determined by XRD was
found to increase from 14 to 15 nm, the sintering
effect being much stronger after reduction at 973 K:
d,=28 nm. As deduced from the mean size data
commented on above, however, the catalysts investi-
gated in [63], with high metal loading (9%), and
unknown surface area, exhibit much poorer dispersion
than ours. Likewise, their standard reduction time
(20 h) was much longer than ours (1 h).

The influence of the reoxidation treatments on the
metal dispersion also deserves some comments. As
deduced from Table 1, reoxidation at 773 K has only
slightly detrimental or no effect on the metal disper-
sion. Regarding the high-temperature (1173 K) reox-
idation treatment, which was applied to the most
heavily reduced catalysts (1173 K), the HREM images
reported in Section 3.2.2 of this work show the occur-
rence of metal microcrystals smaller than those exist-
ing in the starting high-temperature reduced catalysts.
Nevertheless, as will be commented on further in
Section 3.2.2, at least in the case of the Pt/CeQ,-
LS catalyst, very large metal particles coexist with
the small ones, thus suggesting a strong bimodal
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Fig. 3. Types A and C metal size distribution curves corresponding to Pt(4%)/CeO,-LS and Pt(7%)/CeO,-MS catalyst reduced with flowing
H, (1 h) at the indicated temperatures: 473 K (1), 623 K (2), 773 K (3) and 973 K (4).

distribution which does not allow a precise estimate
of the metal dispersion.

3.2.  HREM study of the nanostructural evolution
undergone by the NM/CeQO, systems treated at
increasing temperatures under both reducing
and oxidising conditions

3.2.1. Studies on the NM/CeO; catalysts reduced at

temperatures ranging from 473 to 1223 K

3.2.1.1. Catalysts reduced with flowing H, The
number of studies dealing with the TEM/HREM

characterisation of NM/CeO, catalysts has signi-
ficantly grown in the last few years [6,7,19,29,39,
43,52,59,63,77-79,93,100,107,108,116,124,150,163,
169]. Upon reviewing the literature available, we
may notice that all these studies have been performed
on catalysts reduced with H,. Likewise, a major
fraction of them were focussed on catalyst samples
reduced at temperatures not higher than 773 K
[6,7,19,39,43,52,77,107,116,124,163,169].  Though
no specific reasons have been given to justify the
election of this upper limit reduction temperature, it
seems to be likely that the choice was influenced by
the reference character of 773 K as typical reduction
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Table 1

HREM study of the metal dispersion (D=100xN/N,) in a series of Pt/CeO, and Rh/CeO, catalysts pretreated as indicated below
Catalyst Trean (K) Further treatment D (%)
Pt (4%)/Ce0,-LS 473 - 50
Pt (4%)/Ce0,-LS 623 - 49
Pt (4%)/Ce0,-LS 773 - 40
Pt (4%)/Ce0,-LS 973 - 27
Pt (4%)/Ce0,-LS 773 Reoxn. 773 K (1 h)+evac.. 773 K (1 h)+Redn 623 K (1 h) 38
Pt (7%)/Ce0,-MS 473 - 60
Pt (7%)/Ce0,-MS 773 - 56
Pt (7%)/Ce0,-MS 773 Reoxn. 773 K (1 h)+evac.. 773 K (1 h)+Redn 623 K (1 h) 53
Rh (2.4%)/Ce0,-LS 623 - 46
Rh (2.4%)/Ce0,-LS 773 - 38
Rh (2.4%)/Ce0,-LS 973 - 36
Rh (2.4%)/Ce0,-LS 1173 - 16
Rh (2.4%)/Ce0,-LS 1173 Reoxn 773 K (1 h)+evac.. 773 K (1 h)+Redn 623 K (1 h) 16
Rh (2.4%)/CeO,-LS 1173 Reoxn 1173 K (1 h)+evac.. 773 K (1 h)+Redn 623 K (1 h) 39

Data determined from Type C distribution curves like those shown in Fig. 3.

temperature inducing the onset of the SMSI state in M/
TiO, catalysts [3]. Moreover, the use of the NM/CeO,
catalysts as model systems for investigating TWCs
strongly suggests the interest of studying their
behaviour at temperatures well above 773 K [173].
All these observations prompted us to initiate an in
depth HREM study aimed at investigating the
nanostructural evolution undergone by a series of
Pt/CeO, and Rh/CeO, catalysts when submitted to
reduction treatments varying over a wide range of
temperatures, from 473 to 1173 K. Parallel HREM
studies on Pd/CeO, reduced at temperatures well
above 773 K have also been recently published
[59,63].

In our view, the widening of the range of reduction
temperatures has been critically important for better
understanding of the actual nature of the metal/support
interaction phenomena occurring in ceria based cat-
alysts.

Fig. 4 shows some representative HREM micro-
graphs corresponding to Pt/CeO, and Rh/CeO, cata-
lysts reduced at 773 K or lower temperatures. As
deduced from the images in profile view, the metal
microcrystals all appear clean and well faceted. This
observation, which has already been noted in earlier
papers from our laboratory [7,19,29,93,107,108,150],
is also in full agreement with several other HREM
studies on Pt/CeQ, [6,52] Pd/CeO, [59,63], and Rh/

CeO, [163,169]. This is the first noteworthy conclu-
sion from all the HREM studies at present available: in
contrast with results reported for M/TiO, [4,5,6,7], on
NM/CeO, catalysts (NM: Pd, Pt, Rh), the hydrogen
reduction treatments at temperatures up to 773 K do
not induce covering of the metal microcrystal by the
reduced support. Though not proved, several authors
have speculated about the role played by the metal
decoration effects in the deactivation of M/CeO,
catalysts reduced at 773 K or below [60,69,117,
119,125,145]. The HREM data reasonably allow us
to exclude such a possibility.

The HREM studies on NM/CeO, catalysts reduced
at T,.a<773 K, however, have proved the existence of
well-defined metal/support structural relationships.
The very first experimental evidence of such a rela-
tionship was reported by Cowley et al. [18], who on
the basis of nanodiffraction studies performed on a Rh/
CeO, catalyst reduced at both 623 and 773 K proposed
the occurrence of a parallel alignment of metal and
support [ k I] axes with the same Miller indices. In
[18], experimental nanodiffraction patterns showing
parallel Rh/CeO, orientations in [1 1 1] and [1 0 0]
directions were reported. Later on, several HREM
studies on Rh/CeO, [7,79,93,107,169], Pt/CeO, [6],
and Pd/CeO, [59] have given further support to this
proposal. Also in good agreement with them, all the
HREM images presented in Fig. 4 clearly show the
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Fig. 4. HREM study of the nanostructural constitution of a series of ceria supported Pt and Rh catalysts reduced with H, at different
temperatures up to 773 K. Profile view images corresponding to: (A) Pt(7%)/CeO,-MS; (B) Pt(4%)/CeO,-LS; (C) Rh(2.4%)/CeO,-LS. The
specific T4, are indicated on the micrographs. All the catalysts were prepared from chlorine free metal precursors.

parallel growth of (1 1 1) planes of the metal, Pt or Rh,
on (1 11) planes of the ceria supports. A detailed
analysis of the structural relationships occurring in
Rh/CeO; catalysts has been recently reported [93]. In
this work, the combined analysis of experimental and
computer simulated HREM images has allowed the
existence of two different epitaxial relationships to be
established. In both cases the metal/support interface
consisted of Rh(1 1 1) and CeO,(111) in parallel
orientation. For the first type of epitaxy, which was
referred to as (1 1 1)/(1 1 1) 0°, all the [k k [] axes of
metal and support are in parallel orientation (parallel
epitaxy). By contrast, the second type would formally
result from a 60° rotation around the [1 1 1] axis of a
Rh microcrystal with all its crystallographic axes in
parallel orientation with those of the support. Because
of the sixfold symmetry of the (1 1 1) planes, this

rotation would lead to an equivalent Rh/CeO, inter-
face, but several [h k [] axes of the metal and support
would become missaligned. In accordance with this
formal description, the second epitaxial relationship
was referred to as (1 1 1)//(111) 60° (twin epitaxy)
[93]. Fig. 5 summarises both experimental and com-
puter simulated HREM images showing the two types
of epitaxial relationships commented on above. Also
worth noting, the double diffraction phenomena
(moiré patterns) generated by the metal microcrystals
when viewed in planar projection on the support have
been fruitfully used in the analysis of the epitaxial
relationships occurring in NM/CeO, [6,59,93].

The HREM study of the NM/CeO,-LS catalysts
reduced at 973 K, Fig. 6, indicates the occurrence of
remarkable nanostructural changes. In addition to the
effects on the metal microcrystal size distributions,
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Fig. 5. Experimental (A) and computer simulated (B) HREM
images corresponding to the observed Rh/CeO, structural relation-
ships. In [93], they are referred to as: (1) parallel epitaxy (1 1 1)/
(111)0°% and (2) twin epitaxy (1 1 1)/(111)60°. The experi-
mental images were obtained on a Rh(2.4%)/CeO,-LS catalyst
reduced with H, (1 h), at 623 K.

already commented on, a new outstanding feature may
be observed: the partial covering of the metal particles
by a very thin, a few angstrom thick, layer of a
different phase. It was deduced from the application
of digital processing and computer simulation tech-
niques [93], that the overlayer actually consists of
ceria. As seen in Fig. 6, metal decoration effects do
occur on both Rh and Pt catalysts. A statistical ana-
lysis of several tens of experimental micrographs has
shown that about 30% of the Rh microcrystals were
decorated, the percentage being significantly larger,
70%, in the case of the Pt catalyst. Also worth noting is
that the HREM images in Fig. 6 suggest that the
migration of the reduced ceria to the top of the metal
microcrystals, rather than the burial of the metal
particles into the ceria bulk, is the most likely decora-
tion mechanism.

HREM has also provided clear evidence of metal
covering effects in Pd/CeO, [59,63]. On a catalyst
prepared from PdCl,, decoration was found to occur
after 20 h reduction at 873 K [63]; a rather similar
effect was observed on a sample prepared from
Pd(NOs),, after 20 h reduction at 973 K [59]. In the
latter case, however, no results corresponding to the
catalyst reduced at 873 K were reported.

decoration
Y (111) CeO,

Fig. 6. HREM study of the metal decoration effects occurring in
Pt(4%)/CeO,-LS reduced at 973 K (A), and in Rh(2.4%)/CeO,-LS
catalyst reduced at 973 (B) or 1173 K (C).

The effect of very high-temperature reduction treat-
ments, 1173-1223 K, has also been investigated on
Rh/CeO, [93], Pt/CeO, [29] and Pd/CeO, [59]. In
accordance with the HREM data now available, there
are notable differences of behaviour from one noble
metal to the other.

Fig. 7 shows HREM images corresponding to Rh
and Pt catalysts reduced at 1173 K. In the case of the
Rh(2.4%)/CeO,-LS sample, the contrasts observed in
all the recorded micrographs may be interpreted as due
to rhodium and ceria [93]. Compared with the catalyst



188 S. Bernal et al./Catalysis Today 50 (1999) 175-206

(001)

}10)‘/ :

[110] CePt,

Fig. 7. HREM study of the Pt(4%)/CeO, catalyst reduced with H,
(1 h), at 1173 K. The inset digital diffraction pattern (DDP) shows
that the particle marked with an arrow in the micrograph consists of
a PtsCe microcrystal in [1-3,4,5,6,7,8,9,10] orientation.

reduced at 973 K, Fig. 6(C), the most significant
nanostructural differences are: the shift of the Rh size
distribution towards higher values [78,93]; the
increase of the fraction of decorated metal crystallites,
from 30% up to 90%; and the enhanced crystallinity of
the ceria overlayers. No evidence of alloying phenom-
ena could be deduced from these studies.

In the case of Pt(4%)/CeO,-LS catalyst reduced at
1173 K (1 h), particles showing peculiar HREM con-
trasts other than those corresponding to either Pt or
CeO, could be observed, Fig. 7(b). As discussed in
[29], these contrasts may be unequivocally interpreted
as due to the CePts phase. The presence in the catalyst
of the CePts alloy phase could also be confirmed by
XRD. Moreover, in accordance with the crystallo-
graphic characteristics of the five well-known Pt—Ce
intermetallic compounds: CePt, CePt,, Ce;Pt,, Ce;Pt;
and CePts [174,175-177], it could be established that
the CePts phase was the only one present in the
catalyst [29]. This alloy phase is the same as that
observed by XRD on heating a physical mixture of Pt
black and CeO,, under H,, at 1173 K [178]. Though
not proved, the formation of the CePts phase has also
been proposed to be responsible for the deactivation
observed on a Pt/CeQ, catalyst reduced at 773 K [16].
The results commented on here, however, suggest as
very unlikely the occurrence of alloying phenomena
after reduction at such a relatively moderate tempera-
ture.

The statistical analysis of the micrographs recorded
for the Pt/CeQ, catalyst reduced at 1173 K also shows
that 80% of the Pt mass is in the form of alloy

microcrystals, the remaining 20% consisting of pure
metal [29]. Also the alloy crystallites appear decorated
by a thin layer of support, Fig. 7(b). Though not
unequivocally proved, this ensemble of HREM obser-
vations commented on above suggests that, upon
increasing the reduction temperature, the nanostruc-
tural evolution of the supported platinum phase takes
place through three steps. During the first one, for T4y
<773 K, the catalyst would consist of well-faceted,
undecorated metal particles. After reduction at 973 K,
about two-thirds of the metal crystallites would be
partly covered by the support. Finally, at
Trean=1173 K, a deep reduction of ceria with inherent
transformation of the decorated Pt crystallites into
overlayered CePts alloy particles with a CeO, over-
layer would take place.

In the case of Pd/CeO, [59,63], alloying phenomena
have also been proposed to occur. Compared with the
results commented on above for Pt/CeO,, however,
there are some significant differences. Even on the
catalyst reduced for 20 h, at the highest temperature,
1180 K, the authors [59] were unable to detect by
either XRD, SAED or HREM any stoichiometrically
well-defined Pd—Ce phase. By contrast, on the basis of
their XRD study, they propose the formation of a solid
solution of Ce in the Pd lattice [59]. As discussed in
[63], this solid solution would also exhibit an f.c.c.
structure, the only difference with pure Pd being its
slightly larger (2.3%) lattice parameter. In accordance
with their XRD studies, the alloy phase starts to be
observed upon reduction at a temperature as low as
773 K [63], it becoming the majority phase after
reduction at 873 or 973 K [59,63]. Though the reduc-
tion times routinely applied in [59,63] are longer than
usual, which would certainly favour formation of the
alloy, there are some striking aspects in these observa-
tions. Firstly, the microstructure of the catalysts, with
9% metal loading, and unknown BET surface area, is
very peculiar. Even at the lowest reduction tempera-
ture, 573 K, they consist of very large metal crystal-
lites: 14.0 nm “‘supported” on a ceria sample with a
mean crystal size of 11.0 nm [59]. After reduction at
773 K, the crystallite size of both metal and support
increases significantly, 17.4 nm for Pd, and 15.4 nm
for CeO,, becoming much larger on reduction at
973 K, 27.6 and 28.5 nm, respectively. These data
suggest the existence of a small metal/support inter-
face, which would not favour the proposed solid state
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reaction between them. Secondly, the authors report
rather similar findings on both the ex-chloride and ex-
nitrate catalysts. In the former case, however, a CeOCl
phase coexists with ceria [63]. The question is how
this second phase, probably present at the surface of
the support, would modify the redox properties of
ceria. In this respect, it is worth noting, that a HREM
study performed in our laboratory on a Pt (2.4%)/
CeO,-LS sample prepared from hexachloroplatinic
acid has demonstrated that, upon reduction at
1173 K (1 h), no PtsCe phase is formed. This suggests
that the presence of chlorine disturbs the alloying
process. To summarise, though the results reported
in [59,63] may reasonably be interpreted as an indica-
tion of the capability of the Pd/CeO, system to easily
form an alloy phase, some additional microanalytical
and structural proofs would probably be required to
confirm such a proposal.

3.2.1.2. Catalysts reduced with flowing CO
Compared with the studies in which hydrogen is
used as the reducing agent, those dealing with the
reduction with CO of either bare ceria [154,168] or
ceria containing metal catalysts [55,104,179] should
be considered as a minority. In spite of this, the
investigation of the nanostructural evolution
undergone by the NM/CeO, catalysts under CO
reducing atmosphere should be considered highly
interesting, particularly, in connection with their use
as TWC model systems. Accordingly, we have carried
out a HREM study on a Pt(4%)/CeO,-LS catalyst
reduced with flowing CO(5%)/He, at 773 K (1 h).
The experimental reduction protocol was the same
as that applied in the case of the treatments with Ho.
Fig. 8 shows some representative HREM images
corresponding to this catalyst. As deduced from
them, the use of diluted CO as reductant, even at
moderate temperatures, leads to the formation of
heavy carbonaceous deposits, which in accordance
with the HREM images seem to grow surrounding
the metal crystallites. This observation, which
obviously  precludes the realisation of a
nanostructural investigation parallel to the one
performed on the hydrogen-reduced catalysts, gives,
however, further support to earlier studies dealing with
Rh deposited on CeO,(111) and CeO,(100)
surfaces [86,90]. As discussed in [86], the oxygen
vacancies at the ceria surface would play an important

3nm

Pt carbon

Fig. 8. HREM images showing the amorphous carbon deposits
formed on the surface of the Pt(4%)/CeO,-LS catalyst upon
reduction with flowing CO(5%)/He at 773 K (1 h).

role in the activation of the CO dissociation process, a
correlation being established between the support
reduction degree and the fraction of chemisorbed
CO undergoing dissociation. These observations
suggest that the thermal evolution of our Pt/CeO,
catalyst under flowing CO would probably take
place thorough two successive steps. In accordance
with several previous studies on Pt/CeO, [21,180], Pd/
CeO, [55,62], and Rh/CeO, [90,104], the first step
might well imply the irreversible reduction of the
support, with inherent creation of oxygen vacancies
at the ceria surface. During the second one, the CO
dissociation would occur on the Pt/CeO,_, catalyst.

3.2.2.  Nanostructural characterisation of the
reoxidised NM/CeQ); catalysts

The investigation of the chemical and nanostruc-
tural effects associated with the reoxidation of a
supported metal catalyst which is supposed to be
under a SMSI-like state, is generally considered to
provide an essential piece of information for unequi-
vocally establishing the occurrence of such an effect
[1,3]. Accordingly, a systematic HREM study has
been performed in this direction. Both Pt/CeO,-LS
and Rh/CeO,-LS [78,93,100] catalysts reduced at 773,
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973 and 1173 K have been investigated. Likewise,
several reoxidation temperatures ranging from 373 to
1173 K were applied.

In the case of M/TiO, systems, it is generally
acknowledged that reoxidation at 773 K followed
by a mild reduction treatment allows to recover these
catalysts from the SMSI state [1,3,8]. Consequently,
773 K may be considered as a reference reoxidation
temperature in the investigation of the SMSI-like
phenomena. We shall pay special attention to this
treatment. Moreover, several authors [6,21,43,69,
119] working on ‘‘high-temperature” (673-773 K)
reduced NM/CeO, catalysts have already applied this
sort of reoxidation treatments. In the specific case of
the results presented here, all the catalysts were reox-
idised with flowing O,, at 773 K, for 1 h.

Fig. 9 presents some HREM images corresponding
to the Rh/CeO,-LS reduced at 773 and 1173 K and
further reoxidised at 773 K. As expected from earlier
studies on the rhodium oxidation [181,182—-184], the
rounded particles shown in Fig. 9 actually consist of
polycrystalline Rh,O3. This proposal was supported
by the oxygen consumption data as determined from
O, Pulses/TPO experiments on the reduced catalysts
[100]. Likewise, the digital diffraction patterns (DDP)
recorded for the oxidised particles are in agreement
with it [93,100]. These DDPs are inset in Fig. 9.

The Rh/CeO,-LS samples resulting from the reduc-
tion at 623 K of the reoxidised catalysts were also
investigated. From the analysis of the corresponding
micrographs some interesting conclusions could be
drawn [78,93]. Firstly, the dispersion data reported in
Table 1 show that this reoxidation treatment does not
significantly modify the metal dispersion. Secondly,
upon comparison of the HREM images reported in
Fig. 6(C) and Fig. 9(C), we may conclude that the
nanostructure of the metal particles in both the catalyst
directly reduced at 1173 K, Fig. 6(C), and that of the
metal particles resulting from its reoxidation at 773 K,
and further reduction at 623 K, Fig. 9(C), is different.
In effect, the re-reduced catalyst, Fig. 9(C), shows
rounded polycrystalline particles, instead of the deco-
rated well-defined Rh microcrystals observed after
direct reduction at 1173 K, Fig. 6(C). Also interesting
is the analysis of the DDP inset in Fig. 9(C) that shows
the coexistence of both Rh and CeO, microcrystals
[93]. This would indicate that the applied reoxidation
treatment, though inducing significant nanostructural

(110) Rh.O -h

(104) Rh,O -t

Fig. 9. HREM images corresponding to the Rh/CeO,-LS catalyst
reduced at 773 K (A), and 1173 K (B), and further reoxidised with
flowing Oy, for 1 h, at 773 K. Also included is a micrograph of the
reoxidised sample B, further reduced at 623 K (C). Digital
diffraction patterns (DDPs) of selected regions of the images are
shown as insets.

changes, does not allow to recover the catalyst from
the original decoration effects. This behaviour clearly
contrasts with that exhibited by the NM/TiO; catalysts
[6,8].
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In the case of the Rh/CeO,-LS catalyst reduced at
973 K, because of the significant presence of both
decorated and undecorated metal particles, the beha-
viour against the reoxidation at 773 K may be con-
sidered in between those reported in Fig. 9 for the
catalysts reduced at either 773 or 1173 K.

HREM studies have also been performed on the Rh/
CeO,-LS catalyst reduced at 1173 K and further reox-
idised at 373, 573 and 1173 K [93]. The experimental
protocol was similar to the one applied in the case of
the reoxidation studies at 773 K. As discussed in [93],
reoxidations below 773 K lead to decorated partly
oxidised rhodium particles, no change of the metal
particle size distribution or recovery from decoration
being observed in any case. By contrast, the reoxida-
tion at 1173 K leads to clean well-faceted Rh micro-
crystals, with parallel redispersion of the metallic
phase [78]. In effect, as shown in Table 1, the metal
dispersion associated with the catalyst reoxidised at
1173 K, 39%, is much larger than that of the sample
reduced at 1173 K, 16%, becoming closer to that of
the catalyst directly reduced at 623 K, 46%.

Rather similar reoxidation studies have been per-
formed on the Pt(4%)/CeO,-LS catalyst reduced at
773,973 and 1173 K. In contrast with that reported for
Rh/CeO,, crystallographically well-defined platinum
oxides could not be observed. The external faces of the
oxidised metal particles look like rounded exhibiting
poor contrasts, Fig. 10(A). The diffuse borders of the
Pt particles are interpreted as due to the outer oxida-
tion of the metal crystallites. Accordingly, the HREM
studies were usually performed on catalysts further re-
reduced at 623 K, Fig. 10(B). In accordance with the
dispersion data reported in Table 1, the oxidation at
773 K followed by re-reduction at 623 K does not
significantly modify the metal dispersion of the cat-
alyst directly reduced at 773 K.

Fig. 11 shows HREM images corresponding to the
Pt/CeO,-LS catalyst reduced at either 973 or 1173 K,
further reoxidised at 773 K (1 h), and finally reduced
at 623 K (1 h). As deduced from this figure, large
rounded particles of the metal containing phases are
observed. DDPs like that inset in Fig. 11(B) show that
in both cases, i.e. the decorated (Tieqn: 973 K) and
alloy (Tieqn: 1173 K) crystallites, the resulting oxi-
dised particles actually consist of aggregates of Pt and
CeO, microcrystals. This would indicate that, as
already noted for Rh/CeQ,, the reoxidation treatment

Fig. 10. HREM images corresponding to the Pt(4%)/CeO,-LS
catalyst reduced at 773 K and: (A) further reoxidised at 773 K; and
(B) reoxidised at 773 K and further reduced at 623 K.

at 773 K does not allow to recover the Pt/CeO,
catalysts from decoration or alloying phenomena.
The Pt/CeQO, catalyst reduced at 1173 K was also
reoxidised at 1173 K (1 h), and finally re-reduced at
623 K. As shown in Fig. 12, small clean well-faceted
platinum particles could be observed in the HREM
images. It should be noted, however, that, after reox-
idation, the density of metal crystallites was signifi-
cantly lower than that observed on the catalyst directly
reduced at 7,4, <773 K. This suggests the occurrence
of a heavy bimodal distribution of the platinum, or
some metal loss. In this latter respect, either diffusion
of the oxidised platinum into the ceria bulk, or some
transfer of oxidised species to the gas phase may
explain this observation. To clarify this particular
point, a new high-metal-loaded catalyst, Pt(9%)/
CeO,-LS, was prepared by following the same pro-
cedure as that used in the case of the Pt(4%)/CeO,-LS
sample. This new catalyst was studied by using a
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Pt + CeO,

0.312nm

-
0.227 nm

Fig. 11. HREM images corresponding to the Pt(4%)/CeO,-LS
catalyst reduced at 973 K (A) and 1173 K (B), further reoxidised at
773 K (1 h), and finally reduced at 623 K (1 h).

Fig. 12. HREM study of the Pt(4%)/CeO,-LS catalyst reduced at
1173 K (1 h), further reoxidised at 1173 K (1 h) and finally reduced
at 623 K (1 h).

scanning electron microscope (SEM) equipped with
microanalytical (EDS) facilities. In spite of its limited
analytical resolution (1 um), dot mapping analysis
carried out on the sample reduced at 773 K and further
reoxidised at 1173 K allowed the identification of very

Fig. 13. SEM/EDS study of the Pt(9%)/CeO,-LS catalyst reduced
at 773 K, and further reoxidised at 1173 K. The arrowed metal
particle could be identified by means of dot EDS microanalysis.

large metal particles, in the order of 1 pum, Fig. 13.
This would indicate that the high-temperature reox-
idation treatment induces a bimodal distribution lead-
ing to such large Pt particles that can hardly be
identified by using HREM. Moreover, the HREM
images recorded for the Pt(4%)/CeO,-LS catalyst
reduced at 1173 K, and further reoxidised at the same
temperature, Fig. 12, shows the presence of platinum
crystallites smaller than those usually found in the
sample directly reduced at 473 K. This indicates that,
under high-temperature oxidising conditions, the
operating sintering mechanism probably consists of
an atom migration from the small platinum crystallites
to the larger ones. Associated with this mechanism a
bimodal particle size distribution should be expected
to occur [185]. Also interesting is the dot mapping
analysis of large catalyst areas (1000 pmx700 pm)
performed on both the catalyst reduced at 773 K and
that resulting from its reoxidation at 1173 K, that
indicated that the Pt/Ce ratio was 60% smaller in
the latter case, Fig. 14. Since EDS provides bulk
analytical information (Depth analysis: 1pm), the
observed loss of platinum would reasonably be attrib-
uted to its transfer to the gas phase, rather than to bulk
diffusion phenomena.

4. Chemical properties of the NM/CeQ, catalysts
reduced at increasing temperatures — effect of
very mild reoxidation treatments

The influence of the reduction temperature on the
chemical properties of the ceria-supported noble metal
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Fig. 14. EDS spectra recorded for the Pt(9%)/CeO,-LS catalyst: (A) reduced with flowing H, at 773 K (1 h); and (B) reoxidised with flowing
0O, at 1173 K (1 h), after reduction at 773 K. The dot mapping analysis was performed on a large catalyst area: 1000 pmx700 pm.

catalysts will be analysed on the basis of some recent
studies dealing with the interaction of H, with the
Pt(7%)/CeO,-MS catalyst reduced at 473 or 773 K. It
would be recalled that this catalyst was prepared from
a chlorine-free metal precursor, and that the texture of
the ceria support was pre-stabilised, thus ensuring no
significant metal loss due to encapsulation effects. The
HREM studies have also shown that the metal dis-
persion does not significantly change with the reduc-
tion treatment. Finally, the analysis of the HREM
images have not revealed any evidence of metal
decoration and alloying phenomena on the catalyst
reduced at 773 K. The selected catalyst is, in sum-
mary, an ideal sample for investigating the changes
that occurred in the chemical properties of the
Pt/CeO, system on increasing the reduction tempera-
ture.

The results corresponding to the study of the H,
interaction with the Pt(7%)/CeO,-MS catalyst will be
presented and discussed in Sections 4.1 and 4.2, the
former will deal with the volumetric adsorption and
temperature-programmed desorption (TPD-MS) data;
whereas in the latter, we shall report on the H,/D,
exchange studies.

4.1. Hydrogen volumetric adsorption and TPD-MS
studies on Pt(7%)/CeO,-MS catalysts reduced
at increasing temperatures

In accordance with the experimental protocol estab-
lished earlier for Rh/CeO, [107], the volumetric che-
misorption studies were performed as follows: the
catalyst reduced at 473 or 773 K was further evacua-
ted at 773 K for 1h, and a conventional hydrogen
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Table 2

Volumetric study of the hydrogen chemisorption on the Pt(7%)/CeO,-MS catalyst

Treatment (Tyeqn/Tevac) Apparent H/Pt (K)

298 373% 473% 623"
473/773 K 0.61 0.91 1.03 -
773/7713 K 0.19 0.42 0.77 0.82

*Amount of chemisorbed H, as determined at 298 K after activating the spillover process by heating the sample under H, pressure (Py, at
298 K:300 Torr), for 1 h, at the indicated temperature, and further cooling to 298 K always under hydrogen pressure.

isotherm was recorded at 298 K. Then, the spillover
process was activated by heating the sample at several
increasing temperatures. In every case, the catalyst
was held for 1h at the selected temperature, and
finally cooled to 298 K, always under hydrogen pres-
sure. The amounts of hydrogen chemisorbed after
each of these experiments are reported in Table 2.
As justified in [107], the H/Pt values summarised in
Table 2 were determined from the last experimental
point of the corresponding isotherm (Py,: 300 Torr),
without any further correction.

The TPD-MS studies were performed by following
an experimental protocol resembling that earlier
applied to some Rh/CeO, catalysts [19,101,120].
After reduction at 473 or 773 K, for 1 h, the catalyst
was evacuated in a flow of He, at 773 K, for 1 h,
cooled to room temperature, also in a flow of the inert
gas, then treated with flowing pure H,, for 1 h, either at
298 K, or at several increasing temperatures. Always
in a flow of Hy, it was further cooled up to 191 K, then
the flowing gas was switched to He, and, finally the
TPD was run. The TPD-MS experiments were
recorded in two steps, from 191 to 298 K, low tem-
perature, and from 298 K onwards, high temperature.
Fig. 15 shows the diagrams corresponding to the high-

Table 3

temperature step. The apparent H/Pt values presented
in Table 3 were determined by integration of the traces
recorded throughout both the low- and high-tempera-
ture TPD steps.

The results reported in Tables 2 and 3 show a very
good agreement between the volumetric and TPD
data. Thus, for the adsorption studies at 298 K, the
H/Pt values in Table 2 0.61 (T;eqn: 473 K), and 0.19
((Trean: 773 K)), are very close to those reported in the
last column of Table 3 (TPD-MS studies): 0.61 and
0.21, respectively. These latter values account for the
total amount of desorbed hydrogen, i.e. the contribu-
tions of both, low- and high-temperature steps of the
TPD experiment, have been taken into account. In our
view, the use of uncorrected H/Pt values in Table 2
suggests as the most reasonable alternative their com-
parison with the total H/Pt data in Table 3.

If the H/Pt values determined at 298 K are com-
pared with the HREM metal dispersion data: 60%
(Trean: 473 K)) and 56% (Treqn: 773 K)), Table 1, we
may conclude that the adsorption capability of the
Pt(7%)/Ce0,-MS catalyst reduced at 773 K, though
not suppressed, is significantly disturbed. This may be
considered as the very first indication of some kind of
metal deactivation effect. The observed decrease in

Apparent H/Pt values as determined by integration of the TPD-MS traces recorded for the Pt(7%)/CeO,-MS catalyst reduced at 473 or 773 K
and further treated as indicated (see the text and the legend of Fig. 15 for further details)

Tredn (K) Further H, treatment Apparent H/Pt

TPD (191-298 K) TPD (298-773 K) Total
473 Evac. 773 K/H, 298 K/Cooling H, 191 K 0.15 0.46 0.61
473 Evac. 773 K/H, 473 K/Cooling H, 191 K 0.13 0.92 1.05
773 Evac. 773 K/H, 298 K/Cooling H, 191 K 0.06 0.15 0.21
773 Evac. 773 K/H, 473 K/Cooling H, 191 K 0.04 0.68 0.72
773 Evac. 773 K/H, 773 K/Cooling H, 191 K 0.05 0.97 1.02
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Fig. 15. TPD-MS study of the H, desorption from Pt(7%)/CeO,-
MS catalysts reduced at: (A) 473; (B) 773 K. After reduction, the
samples were evacuated at 773 K (1 h) in a flow of He, followed by
a further treatment with flowing H, (1 h) at the selected
temperature (7;), then the catalysts were cooled up down to
191 K (solid/liquid acetone cold trap), and finally the TPD-MS
diagrams were recorded in two steps: from 191-298 K (free
heating of the sample), and from 298 K upwards (heating rate:
10 K min~ ). The selected 7, values were: 298 K (traces: Al and
Bl1); 473 K (traces: A2 and B2); and 773 K (trace B3). The
reported diagrams correspond to the second step of the TPD
experiments.

the H/M ratio with the reduction temperature is in
good agreement with earlier results for Pt/CeO,
[16,30,31,43], and several other NM/CeO, [30,61,
119,132] catalysts. It would be noted, however, that
in most of these previous studies, several relevant
parameters, like those dealing with the nature of the
metal precursor, or the textural and nanostructural
evolution undergone by the catalyst on increasing
the reduction temperature were not specially con-
trolled.

In the hydrogen chemisorption studies on NM/
CeO,, the spillover contribution should always be
evaluated. As already commented on, the spillover
rate at 298 K is sensitive to the reduction/evacuation
conditions, becoming slower as the reduction tem-
perature is increased [101]. In the case of Pt(7%)/
CeO,-MS sample, this may also be the case. Thus, as
shown in Table 2, the heating under H, pressure, at
373 K, induces an increase of H/Pt values slightly
larger on the sample reduced at 473 K. Likewise, the
Al and B1 TPD diagrams in Fig. 15 also indicate
some differences of behaviour between the catalysts
reduced at 473 and 773 K. In effect, these TPD dia-
grams correspond to the catalysts evacuated first at
773 K and then treated with H, at 298 K. Accordingly,
the hydrogen chemisorbed onto the support was elimi-
nated prior to the further treatment with H,. As the
temperature is raised during the TPD experiment, the
spillover is activated, thus enabling the occurrence of
the transfer of hydrogen from the metal to the support
[101]. Under these conditions, the peak occurring
below 400 K is interpreted as due to hydrogen directly
desorbed from the metal, whereas the features appear-
ing above 400 K would be assigned to hydrogen
transferred first from the metal to the support, and
then spilt over back in a through-the-metal process
taking place at higher temperatures. As deduced from
Fig. 15, both, the fraction of the total desorbed hydro-
gen involved in the reversible transfer between metal
and support, and the temperatures at which the back-
spillover is observed, suggest that these processes are
faster on the catalyst reduced at 473 K.

Tables 2 and 3 provide some further information
about the role played by the spillover phenomena. On
the catalyst reduced/evacuated at 773 K, and further
treated with H, at 773 K, the total amount of desorbed
hydrogen was found to be: H/Pt=1.02, Table 3. If the
total H/Pt value determined at 298 K, 0.21, is attrib-
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uted to the metal, the difference, H/Pt:0.81, may be
assigned to hydrogen chemisorbed onto the support.
This value is in fairly good agreement with that
determined from a TPD experiment in which the
CeO,-MS sample was reduced at 773 K (1 h) and
further cooled to 191 K under flowing H,. In this
latter case, the amount of desorbed hydrogen is
157 umole H, g~ '. If referred to nm? of the oxide
surface area, a value, 6 H atoms nmfz, close to the
highest amount of hydrogen chemisorbed on ceria
[15] is obtained. If expressed as equivalent H/Pt in
the Pt(7%)/CeO,-MS sample, the resulting value
would be 0.78. We may conclude, accordingly, that
the treatment with H, at 773 K leads the Pt/CeO,
catalyst to a situation in which the support is practi-
cally saturated with hydrogen. If a parallel estimate is
made for the catalyst reduced at 473 K, evacuated at
773 K, and then treated with H, at 473 K, the amount
of hydrogen chemisorbed onto the support would be
equivalent to H/Pt: 0.44. Though the likely contribu-
tion of the spillover to the H/Pt value determined at
298 K (0.61) has been ignored in this estimate, the
difference existing with respect to the limit value (H/
Pt:0.81), may reasonably be interpreted as indicative
of a support far from the saturation. It would be
concluded, accordingly, that the spillover process is
relatively slow, even in the catalyst reduced at 473 K.
In this respect, it is worth recalling that the surface
hydroxyl groups seem to play an important role in
determining the spillover rate [115,116,186,187], and
that our Pt/CeO, catalysts were all evacuated at 773 K,
after reduction. Under such evacuation conditions
ceria becomes heavily dehydroxylated [15,107,
156,160]. To summarise, in the case of the Pt/CeO,
samples investigated here, the spillover probably
represents a minor contribution to the total amount
of hydrogen chemisorbed at 298 K, even for the
catalyst reduced at 473 K. If it were the case, the
corresponding H/Pt values would mainly account for
the chemical properties of the supported platinum.
The amounts of hydrogen desorbed throughout the
low-temperature (191-298 K) step of the TPD experi-
ments also deserve some comment. As shown in
Table 3, the H/Pt data for the samples reduced at
473 and 773 K are significantly different from each
other. By contrast, for the catalyst reduced at a given
temperature, the H/Pt values are rather insensitive to
the specific H, adsorption treatment. Since in the

temperature range of these TPD experiments the
back-spillover, if occurs, should reasonably represent
a minor contribution, and no peak could be observed in
parallel studies on the bare support, we propose that
the low-temperature desorption feature is due to
hydrogen forms weakly chemisorbed on the metal.
Assuming this interpretation, and taking also into
account that the HREM has not revealed any major
nanostructural change in the supported metal crystal-
lites, the decrease of the H/Pt ratio from 0.13-0.15 for
the catalyst reduced at 473 K, to 0.04-0.06, for the
sample reduced at 773 K, might well be considered as
an additional indication of the occurrence of some
partial deactivation of the Pt microcrystals in the
catalyst reduced at 773 K.

The changes observed in the desorption traces
depicted in Fig. 15(A2) and Fig. 15(B3) (or B2) are
also worth noting. For the catalyst reduced at 473 K,
the highest desorption peak in trace A2 is observed at
393 K, the maximum shifting upwards up to 470 K on
the sample reduced at 773 K (trace B3 or B2). Though
some alternative interpretations are certainly possible,
the shift above suggests that the contribution of the
hydrogen giving rise to the peak at about 393 K, which
may reasonably be assigned to species directly des-
orbed from the metal, is significantly smaller after
reduction at 773 K. A TPD-H, diagram rather similar
to the one depicted in Fig. 15(B3) has been reported
for a Pt(2.02%)/CeO, catalyst reduced at 773 K and
further cooled to 298 K, under H, [49]. In this latter
case, however, H,[PtClg] was used as metal precursor.
For Pt(4%)/CeO,-LS, the TPD-H, traces also show an
analogous evolution with the reduction temperature,
Fig. 16. Likewise, the TPD-H, diagrams for a high
surface area (130 m” g~ ') ceria-supported rhodium
catalyst reduced at 623 [120] or 773 K [101] are in
good agreement with the trend commented on above.
It seems, therefore, that the influence of the reduction
temperature on the chemical properties of different
NM/CeO, catalysts is a rather common effect.

4.2.  Influence of the reduction temperature on the
chemical behaviour of Pt/CeQO; catalysts as
revealed by H,/D, exchange experiments

The nature of deactivation effects has also been
investigated by means of H,/D, exchange studies
performed on the Pt(7%)/CeO,-MS sample. Fig. 17
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shows the traces recorded during the transient period
of these exchange experiments. The catalyst reduced
at either 473 or 773 K, further evacuated at 773 K, and
cooled to 298 K under flowing Ar, was treated at room
temperature with H>(5%)/Ar for 15 min, then switch-
ing the gas flow to D,(5%)/N,. All the experimental
A conditions: the H, (D,) partial pressure (38 Torr), the
temperature (298 K), and the time of treatment with
H,(5%)/Ar prior exchange (15 min), were selected
with the aim of minimising the role played by the
spilt over species during the transient period. Also
worth noting, as deduced from Fig. 17, is that the
exchange reactions mainly occur during the very first
minute of the ITK experiment. Taking into account all
these considerations, we may conclude that the tran-
sient traces would mainly, if not exclusively, account

for the behaviour of the supported metal phase.
c As deduced from the analysis of Fig. 17, the che-
mical properties of the platinum are drastically mod-
: : : : i ified by the reduction conditions. For the catalyst
300 500 700 900 1100 reduced at 473 K, the transient traces clearly show
the desorption of both H,, HD species. By contrast,
after reduction at 773 K, H, desorption is almost
Fig. 16. TPD-MS study of the H, desorption from Pt(4%)/CeO,- complete]y Suppressed, HD becoming the on]y pro-
LS. The samples were reduced in a flow of hydrogen, for 1 h, at (.A) duct of exchange. Likewise, the reduction temperature
g223 (B) 773, (©) 973 K, and further cooled always under flowing modifies the shape of the transient traces for HD, thus
indicating the existence of significant differences in
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Fig. 17. Isotopic transient kinetic (ITK) experiments perfomed on the Pt(7%)/CeO,-MS catalyst: (A) reduced with flowing H, at 473 K (1 h),
then evacuated at 773 K (1 h) in a flow of Ar, cooled to 298 K under flowing Ar, further treated with flowing H»(5%)/Ar for 15 min; finally,
the gas flow was switched to Dy(5%)/N,. (B) The same experimental protocol, except Tyean:773 K. (C) The catalyst reduced at 773 K was
further reoxidised with flowing O, at 298 K (1 h), then treated with flowing H»(5%)/Ar at 298 K (1 h), and further evacuated at 773 K under
flowing Ar. The experiment was completed by following the protocol described for the sample A.
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Table 4

Influence of the reduction temperature on the area under the transient traces for H,, HD and D, reported in Fig. 17

Treatment

Area H, (a.u.)

Area HD (a.u.) Area D,? (a.u.)

Redn 473 K/evac. 773 K/ITK 298 K
Redn 773 K/evac. 773 K/ITK 298 K
Redn 773 K/evac. 773 K/reoxn 298 K/ITK 298 K

10.4 -9.3
6.1 —-3.7
55 —6.6

Traces corresponding to the H,/D, exchange experiments performed on Pt(7%)/CeO,-MS.

“The negative values indicate deuterium consumption.

the kinetics of the exchange processes. A detailed
analysis of the results presented in Fig. 17 will be
reported elsewhere [188].

Upon integration of the traces for H,, HD and D, in
Fig. 17, an estimate of the relative amounts of H,/D,
exchanged during the transient period could also be
made. Table 4 summarises the corresponding data as
measured by the areas under the different ITK traces.
The quantitative results reported in Table 4 confirm
the chemical perturbations occurred on the Pt/CeO,
catalyst. In effect, on the sample reduced at 773 K, the
amount of exchanged hydrogen is less than 50% of
that determined for the catalyst reduced at 473 K. As
already noted, the relative change is particularly
important in the case of the hydrogen species being
desorbed as H,.

A parallel Hy/D, exchange study has also been
performed on the Pt(6.3%)/Si0, (EUROPT-1) cata-
lyst, Fig. 18. Two main reasons justify the use of the
EUROPT-1 in the present study. Firstly, it is a well
characterised reference catalyst exhibiting a metal
dispersion, 63%, very close to that of the Pt(7%)/
CeO,-MS [189,190-193]. Secondly, silica is generally
considered as a non-reducible support. Accordingly,
within the range of reduction temperatures applied
here, the EUROPT-1 may account for the typical
behaviour of a non-SMSI catalytic system. As
deduced from the comparison of Figs. 17 and 18,
the influence of the reduction temperature on the
behaviour of the Pt/SiO, and Pt/CeO, catalysts is
clearly different. In the first case, negligible effects
are observed. By contrast, on Pt/CeQ,, the increase of
the reduction temperature from 473 to 773 K induces
both kinetic and quantitative changes in the behaviour
of the catalyst. As already indicated, these effects
should be interpreted in terms of the changes that
occurred in the chemical properties of the supported
platinum microcrystals.

Obviously, the results reported in Table 4 account
for the exchanged hydrogen, not for the total amount
present in the catalysts. This latter information is
also relevant for establishing the occurrence of a true
metal deactivation effect. Consequently, after com-
pleting the exchange experiment, the samples were
cooled to 191 K under flowing D,(5%)/N,, then, the
gas flow was switched to Ar, and the corresponding
two-steps TPD-MS experiments were run. Fig. 19
shows the traces for H,, HD and D, recorded in
the 298-773 K desorption range. Upon integration
of the corresponding TPD-MS signals, the amounts
of H,, HD and D,, always expressed as equivalent
H/Pt ratio could be determined, Table 5. Data for
HD and D, were corrected by the corresponding
sensitivity factors determined experimentally. The
signal for H, was taken as reference. A good agree-
ment between the results included in Tables 3 and 5
may be noted.

It is well known that the NM/CeO, catalysts pre-
pared from chlorine-free metal precursors may be
easily reoxidised with O,, even at room temperature
[92,94,103]. Likewise, the HREM studies reported
here have shown that the reoxidation treatments below
773 K induce minor nanostructural effects on the Pt/
CeO, and Rh/CeO, catalysts. Accordingly, it seemed
interesting to perform an additional experiment aimed
at checking the effect of a very mild reoxidation
treatment on the chemical properties of a Pt(7%)/
Ce0O,-MS sample pre-reduced at 773 K. The catalyst
was contacted with flowing O, at 298 K (1 h), then
flushed with inert gas at 298 K, treated with H,(5%)/
Ar, for 1 h, also at 298 K, evacuated under flowing Ar
at 773 K, treated again with H,(5)/Ar for 15 min, at
298 K, and exchanged with D,(5%)/N, following the
routine described above. Fig. 17(C) shows the corre-
sponding transient traces for H,, HD and D,. In
accordance with them, the reoxidation treatment at
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Fig. 18. Isotopic transient kinetic (ITK) experiments perfomed on
the Pt(6.3%)/Si0, (EUROPT-1) catalyst: (A) reduced with flowing
H, at 623 K (1 h), then evacuated at 773 K (1 h) in a flow of Ar,
cooled to 298 K under flowing Ar, further treated with flowing
H,(5%)/Ar for 15 min; and finally, the gas flow was switched to
D,(5%)/N,. (B) The same experimental protocol, except Tiedn:
773 K.

298 K remarkably modifies the behaviour of the cat-
alyst. The effect is particularly noticeable on the trace
for H,, which is similar to that recorded on the sample

HZ
——- HD
—.-D,

H,+HD+D,

M.S. Signal (a.u.)

300 400 500 600 700 800
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Fig. 19. TPD-MS study of the H,, HD, and D, desorption from
Pt(7%)/CeO,-MS catalysts reduced at: (A) 473; (B) 773 K.; (C)
The catalyst reduced at 773 K was reoxidised with flowing O, at
298 K (1 h), and then treated with Hy(5%)/Ar at 298 K. All these
samples were further evacuated at 773 K (1 h) in a flow of Ar, then
treated with flowing H(5%)/Ar (15 min) at 298 K, exchanged with
D,(5%)/N, (15 min) at 298 K. Always under flowing D,(5%)/N,,
they were cooled to 191 K, and finally the TPD-MS experiments
were run in two steps: 191-298 K (free heating); and 298-773 K
(10 K min~"). The reported diagrams correspond to the second step
of the TPD experiments. The overall desorption traces
(H,+HD+D,) are also depicted. Signals for HD and D, were
corrected by taking into account its relative sensitivity with respect
to H,.

reduced at 473 K (Fig. 17(A)). As shown in
Fig. 17(B), the transient desorption of H, was almost
completely suppressed upon reduction at 773 K. The
reoxidation treatment also recovers very significantly
the amount of H,/D, exchanged during the transient
period, Table 4.

The experiment in Fig. 17(C), was completed with
a TPD-MS run. The diagrams recorded for H,, HD and
D,, and the quantitative data resulting from their
integration are reported, respectively, in Fig. 19(C),
and in Table 5. As in the case of the transient experi-
ment commented on above, Fig. 17(C), the TPD-MS
data deduced from Fig. 19(C), and Table 5, clearly
suggest that, upon reoxidation, the behaviour of the
catalyst becomes closer to that of the sample reduced
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Table 5

Influence of the reduction temperature (473 or 773 K) on the chemical properties of the Pt(7%)/CeO,-MS catalyst

Treatment H/Pt equivalent

H, HD D, Total
Redn 473 K/evac. 773 K/ITK 298 K/cooling D, 191 K/TPD-MS 191-298 K 0.00 0.03 0.12 0.15
Redn 773 K/evac. 773 K/ITK 298 K/cooling D, 191 K/TPD-MS 191-298 K 0.01 0.01 0.06 0.08
Redn 773 K/evac. 773 K/reoxn 298 K/ITK 298 K/cooling D, 191 K/TPD-MS 191-298 K 0.00 0.02 0.15 0.17
Redn 473 K/evac. 773 K/ITK 298 K/cooling D, 191 K/TPD-MS 298-773 K 0.00 0.14 0.33 0.47
Redn 773 K/evac. 773 K/ITK 298 K/cooling D, 191 K/TPD-MS 298-773 K 0.07 0.06 0.07 0.20
Redn 773 K/evac. 773 K/reoxn 298 K/ITK 298 K/cooling D, 191 K/TPD-MS 298-773 K 0.00 0.13 0.22 0.35

Quantitative estimate of the H,, HD and D, desorbed during the TPD-MS experiments following the H,/D, exchange studies. Data
corresponding to the catalyst reduced at 773 K, further reoxidised at 298 K, and finally reduced at 298 K are also reported.

at 473 K, thus indicating a partial recovery of its
chemical activity.

Since the applied reoxidation procedure should
essentially modify the ceria redox state without chan-
ging the nanostructure of the platinum microcrystals,
our observations strongly suggest the existence of a
close relationship between metal deactivation and
ceria redox state. A number of magnetic balance
studies on different NM/CeO, catalysts give further
support to this suggestion [61,92,94,101,115]. In
effect, they clearly show that, upon reduction at
773 K, the degree of irreversible reduction reached
by ceria, is significantly larger than that determined at
623 K or, obviously, lower temperatures.

The interpretation proposed above is also in good
agreement with a recent utraviolet photoelectron spec-
troscopy (UPS) study carried out on a model catalyst
consisting of Rh deposited onto a CeO, (11 1)-
oriented thin film [83]. As deduced from the UPS
spectra recorded for rhodium, a remarkable change in
the surface band bending is observed on increasing the
reduction temperature up to 773 K. Associated with
this electronic perturbation, drastic changes in the
occupation of the electronic states near the Fermi
level, with inherent loss of the hydrogen adsorption
capability of the metal, are suggested to occur. These
electronic phenomena are correlated with the presence
of oxygen vacancies in the ceria support [83].

To summarise, it has been shown that the Pt(7%)/
CeO,-MS catalyst investigated here becomes partly
deactivated upon increasing the reduction temperature
from 473 to 773 K. This effect may specifically be
interpreted in terms of chemical changes that occurred
in the metal phase. Metal encapsulation, changes in

the metal dispersion, decoration or alloying phenom-
ena may be discarded as the likely origin of the
deactivation phenomena. All these observations, like
the UPS data reported in [83], are consistent with the
electronic origin of the perturbations occurring in the
chemical properties of the catalyst reduced at 773 K.
Likewise, the outstanding reversion of the effect by a
simple reoxidation at 298 K strongly suggest that
these electronic perturbations are associated with
the reduction degree reached by the support.

5. Concluding remarks

Upon reviewing the ensemble of nanostructural and
chemical data presented and discussed in this work, a
general description of the metal/support interaction
phenomena occurring in NM/CeO, noble metal cat-
alysts may be proposed.

The HREM studies have allowed us to make a
significant progress in our knowledge of the nanos-
tructural evolution undergone by the NM/CeO, cata-
lysts as the reduction temperature is increased. At
present, HREM characterisation data corresponding to
ceria-supported Rh, Pd and Pt catalysts reduced in a
wide range of temperatures, from 473 to 1173 K, are
available. From these studies some major conclusions
may be outlined. For reduction temperatures up to
773 K, no significant nanostructural changes may be
deduced from the HREM information published as
yet. On ceria-supported Rh [7,18,79,93,107,169], Pt
[6,29] and Pd [59] catalysts, however, the HREM and
electron diffraction studies have clearly shown the
existence of well-defined epitaxial relationships. This
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preferential orientation of the noble metal crystallites
grown on ceria may be interpreted as due to some kind
of metal/support interaction. However, the effect has
been observed with independence of the reduction
temperature, i.e. on catalysts reduced well below
773 K [93]. Accordingly, the information presently
available does allow to correlate changes in the che-
mical properties of the catalysts with the existence of a
metal/support epitaxial relationship.

The HREM studies also allow us to exclude the
metal decoration and alloying phenomena as relevant
factors in determining the chemical behaviour of the
NM/CeO, reduced at 773 K or lower temperatures.
This conclusion, which is supported by all the experi-
mental HREM data reported as yet, is particularly
noticeable, because many authors [60,69,117,119,125,
145] have speculated in the past about their role in the
deactivation of catalysts reduced at T;.q,<773 K.

By contrast, the occurrence of decoration phenom-
ena is now well established for T,.q,>773 K. They
were first reported on Rh/CeO, reduced at 973 K [93],
and later on Pt/CeO, [29,31], also reduced at 973 K,
and Pd/CeQO, reduced at 873 [63] and 973 K [59]. The
existence of a crystallographically well-defined alloy
phase (CePts) has only been unequivocally established
from the HREM studies performed on a Pt/CeO,
catalyst reduced even at a higher temperature,
1173 K [29]. As already discussed in Section 3.2.1.1
of this work, the formation of an f.c.c. solid solution of
Ce in Pd with a lattice parameter slightly larger (2.1-
2.3%) than that of the metal has been reported to occur
on Pd/CeO, catalysts reduced at 873-973 K [59,63].
Though reduction temperatures as high as 1180 K
were applied, stoichiometrically well-defined Pd—Ce
intermetallic compounds could not be observed [59].
For Rh/CeO,, no evidence of alloying has been
reported as yet, even on catalysts reduced at 1173 K
[93].

HREM studies have also provided interesting
pieces of information about the nanostructural effects
induced by the reoxidation treatments. Reoxidation
temperatures ranging from 373 to 1173 K have been
investigated. Likewise, they have been applied to
samples pre-reduced at temperatures up to 1173 K.
In accordance with these studies, on catalysts reduced
at Tean<773 K, the reoxidation treatments up to
773 K lead to minor nanostructural changes in the
catalysts. Also, interesting is that, in contrast with that

reported for NM/TiO, catalysts [5,6,8], the reoxida-
tion at 773 K, does not allow the NM/CeO, catalysts to
recover from the decoration or alloying phenomena.
Much higher reoxidation temperatures are needed to
achieve this objective.

Regarding the chemical evolution undergone by the
NM/CeO, catalysts on increasing the reduction tem-
perature, on the basis of chemisorption, mainly deal-
ing with H, [7,16,30,49,80,81,83,95,101,107,117,
150] and CO [19,26,35,125], and catalytic activity
[16,22,43,63,119,125,151] data, many authors have
suggested the occurrence of significant deactivation
effects at T;.qn <773 K. In particular, the hydrogeno-
lysis of alkanes seems to be very sensitive to the
reduction conditions [16,22,43,119,151]. In the case
of the chemisorption studies, though examples of both
strong [69,83,117,125] and minor [62] perturbation
effects may be found in the literature, significant but
partial deactivation is the most commonly observed
phenomenon for reduction temperatures up to 773 K.
This is also the case of the Pt(7%)/CeO,-SM catalyst
investigated in this work. The results reported on this
latter sample are particularly interesting because of its
very specific nanostructural characteristics. In effect,
as already noted, this sample was on-purpose prepared
in such way as to allow that some of the major side
effects disturbing the interpretation of the chemical
results were avoided. Likewise, the experimental
approach followed in the hydrogen chemisorption
studies, particularly the low-temperature TPD-MS
data, and the H,/D, exchange experiments have also
helped very much in establishing the occurrence of
chemical deactivation effects specifically associated
with the supported metal phase. For this catalyst,
within the range of moderate reduction temperatures,
Trean<773 K, metal encapsulation, decoration or
alloying phenomena may be excluded as relevant
factors in determining the observed chemical changes.
Accordingly, electronic perturbations that occurred in
the supported metal phase should be considered as the
key factor. Also worth outlining is that the recovery
effect induced by a reoxidation treatment at 298 K
should be interpreted as a proof of the relationship
existing between chemical deactivation, electronic
state of the platinum crystallites and ceria reduction
degree.

Assuming the above interpretation, the intensity of
the deactivation effects that occurred in NM/CeO,
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catalysts reduced at temperatures not higher than
773 K may be sensitive to a number of variables.
Even if strongly disturbing factors like the presence
of chlorine are excluded, the nature of the metal, its
actual dispersion, or the microstructure of the ceria
sample used as support may reasonably have a sig-
nificant influence. In this respect, it would be noted
that some very recent studies on both, ceria, and NM/
CeO, samples have shown that their catalytic and
specifically, their redox properties, are significantly
influenced by the microstructural characteristics of the
oxide samples [85,194—-196]. In accordance with this,
it would not be unexpected that different authors had
reported deactivation effects of variable intensity.
Nevertheless, it should be stressed that, in contrast
with that often reported for NM/TiO, [3,7,16], on NM/
CeO, catalysts reduced at temperatures not higher
than 773 K complete inhibition of their hydrogen
chemisorption capability is seldom observed. More-
over, the very few available data for the hydrogen
adsorption on NM/CeO, catalysts reduced at 973 K
[81,93,150], i.e. under conditions leading to the onset
of the metal decoration effects, show that, even at such
a high temperature, no suppression of the chemisorp-
tion capability occurs.

To summarise, the results on NM/CeO, catalysts
reviewed in this work suggest that, from a phenom-
enological point of view, the evolution undergone by
the chemical and nanostructural properties of these
systems is parallel to the one characterising the SMSI
effect in NM/TiO, catalysts. For Rh/TiO, [9-11], as
the reduction temperature is increased, electronic
perturbations of the supported metal phase would
be observed first, the onset of the decoration phenom-
ena occurring as a second step, at higher reduction
temperatures. On NM/CeO, catalysts, a rather similar
description would account for the experimental obser-
vations discussed here. However, some relevant dif-
ferences should be noted between NM/CeO, and NM/
TiO, catalysts. In the former case, the reduction
conditions leading to the appearance of the decoration
effects is significantly shifted towards higher tempera-
tures. Likewise, the behaviour against reoxidation of
the decorated samples is also different. For NM/TiO,
catalysts, 773 K is a high enough reoxidation tem-
perature as to recover them from the decorated state.
By contrast, the HREM studies presented here have
clearly shown that such a reoxidation temperature

does not guarantee an effective segregation of the
metal and overlayered ceria phases. In fact, the recov-
ery of the NM/CeO, catalyst by reoxidation at or
below 773 K should actually be interpreted as an
indication of a previous reduction treatment not hard
enough as to induce the decoration or alloying phe-
nomena; i.e. the electronic effects would probably be
mainly responsible for the observed deactivation.
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