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The techniques applied to the characterisation of three-way automotive aftertreatment catalysts, and some of the most relevant

results obtained from those, are briefly overviewed. Studies dealing with both, commercial converters and NM/CeO2 (CeO2-ZrO2)

model systems are considered. The analytical and structural characterisation studies on commercial TWCs reported here are mainly

devoted to the identification of some of the most relevant factors causing their deactivation. Regarding the reviewed literature on

model systems, some more fundamental aspects are considered. Among them, the use of HRTEM, spectroscopic, and chemical

techniques in studies on metal sintering and re-dispersion, metal/support interaction phenomena, and redox characterisation of

ceria-based catalytic materials are discussed.
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1. Introduction

The very first automotive aftertreatment devices
simply consisted of Pt-Pd/Al2O3 oxidation catalysts [1].
A significant reduction of the CO and unburned
hydrocarbon emissions could be achieved with them.
However, in 1981, stricter exhaust standards, particu-
larly for nitrogen oxides, were introduced in the US
legislation on passenger car emissions [2]. Profound
modifications had to be introduced in the design of the
catalytic converters. The solution to this very challeng-
ing problem came from a collaborative research effort of
different industrial sectors. Parallel developments in
gasoline formulation, engine management and control
systems, and of course in catalyst design were necessary.
A revolutionary concept, the three-way catalysis (TWC),
implying the simultaneous conversion of the three major
pollutants, CO and hydrocarbons (oxidation), and NOx

(reduction), was introduced [2].
In addition to Pt, Rh was incorporated to the catalyst

because of its high activity in NOx reduction [1,3,4].
Likewise, in order to ensure a high conversion of all the
pollutants, it became critically important to keep the
redox balance of the exhaust mixture, i.e., its air-to-fuel
(A/F) ratio, as close as possible to the stoichiometric
point, A/F ¼ 14.7 [5]. To achieve this, ceria, an oxygen
storage component attenuating the A/F oscillations, was
added to the catalyst formulation [1]. Accordingly, by

the second half of the 1980s, a typical three-way catalyst
consisted of a cordierite (ceramic) honeycomb substrate
[6–8], and a few tens micron thick washcoat [6,9,10]
containing c-Al2O3, as a carrier [5], noble metals, mainly
Pt/Rh in ratio of around 5:1 [11], ceria, as oxygen buffer
material [12], and some alumina stabilisers like
lanthana, silica, or baria [5,13].

Presently, TWC is an essential component of the
emission control system of all the spark-ignited motor
vehicles commercialised in the US, the EU, Japan, and
many other countries [13,14]. As a number of authors
have recently stressed [4–6], the development of TWCs
represents one of the greatest successes of the environ-
mental protection technologies, and also of the recent
history of heterogeneous catalysis.

Though the main principles governing the design of
TWCs have remained over the years, significant modifi-
cations have been progressively introduced in both their
formulation and the component distribution in the
converter [14]. Increasingly demanding emission stan-
dards [6,14] and durability requirements [6], as well as
the reduction of catalyst costs [6,14,15] have been some of
the major driving forces for these successive modifica-
tions.

Regarding the noble metals, the incorporation of Pd
to the TWC formulations is particularly noticeable. The
gradual reduction of sulfur and the residual lead levels
in unleaded gasolines opened the door for partial or
complete substitution of Pt by Pd in the classic Pt/Rh
formulation [10,14]. Currently, Pt/Rh, Pt/Pd/Rh, Pd/
Rh, and Pd-only TWCs are commercialised [4].
Improvements in OSC materials have also been very
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remarkable, the introduction in the mid 1990s of ceria–
zirconia representing a major breakthrough point
[5,12,16]. Compared to bare ceria, CeO2–ZrO2 mixed
oxides show better textural stability [17,18], enhanced
redox activity [18], and better resistance to the chemical
(redox) deactivation upon thermal ageing [18].

For certain specific applications, metallic monoliths
are also being used. These monoliths, typically consist-
ing of stainless steel alloys, allow a reduction in the
converter volume without loss of efficiency [6]. Better
adherence of the catalyst coating, and considerably
higher thermal conductivity have also been considered
as advantages of the metallic monoliths [10].

The washcoat technology has become more and more
sophisticated. Deploying the noble metals in different
washcoat layers, or even on different support phases
within the same layer, have contributed not only to the
prevention of undesirable deactivation effects [13], but
also to the optimisation of the catalyst [14]. Accord-
ingly, layered washcoating is a common practice in
current TWC technology [6,14]. Preparation methods
allowing control of the axial distribution of components
have also been developed. Such is the case of the zone
coating technology, currently used for segregating the
different noble metals along the monolith channels. In
this way, deactivation effects due to alloying phenomena
are prevented [14].

The car emission regulations enacted in the 1990s,
and particularly the LEV, ULEV and SULEV standards
in California, put special emphasis on the control of the
hydrocarbon emissions. The majority of these emissions
(60–80%) take place during the first 2 min after ignition
of the engine [6]. The technologies developed to control
these cold start emissions have recently been discussed
[5,6,13]. The combination of a catalyst mounted in the
close vicinity of the engine exhaust ports (Close cou-
pled catalyst), with an underfloor converter has been
considered one of the best options [6]. The close coupled
catalyst, specifically designed for sustainable perfor-
mance after aging at 1323 K, would mainly convert the
hydrocarbons, whereas, the underflow catalyst should
remove CO and NOx [6]. Different formulations are
obviously required for these two catalysts [6].

In recent years, the introduction of gasoline lean burn
engines has represented a new challenge for the design-
ers of automotive converters [19]. The combination of a
NOx trap system and the three-way catalyst seems to be
the most promising alternative [5,6,20]. Under net
oxidising conditions, the TWC is effective for CO and
HC oxidation, but not for lean NOx reduction [6].
Consequently, a catalytic trap consisting of Pt/BaO/
Al2O3 ought to be incorporated to the aftertreatment
device [5,6]. During the lean operation period (60 s), NO
is catalytically oxidised to NO2 over Pt, and stored
on baria; after this time, the engine operates for less than
1 s in fuel rich mode, thus triggering the desorption of
NOx, which is then reduced to N2 on the TWC [6,21].

Because of the extraordinary scientific, technological
and economic relevance of the automotive aftertreat-
ment technologies, a great research effort has been
devoted to their development. An important part of this
effort has been focused on different aspects of the
catalyst characterisation. As deduced from the consid-
erations above, however, the increasing complexity of
these catalytic devices, even if limited to those used in
gasoline-fuelled vehicles, makes a comprehensive over-
view of the characterisation problems found in all of
them very challenging. Accordingly, this review will be
specifically devoted to the studies dealing with three-way
catalysts, the most representative of the in-use technol-
ogy for the abatement of emissions from spark-ignited
automobiles. The characterisation of both fresh and
aged TWCs will be considered. Studies on model
systems will also be discussed. Because of the limitations
imposed by the complexity of commercial converters,
the investigation on model catalysts has provided
extremely useful information about the role played by
the different components in real converters, their inter-
actions, and the mechanisms involved in their deactiva-
tion. Likewise, the studies on model systems have
contributed to the design of specific methodologies
which eventually might be applied to the characterisa-
tion of TWCs.

2. Characterisation studies on commercial TWCs

Most of the reported characterisation studies on
commercial TWC converters have been devoted to the
investigation of the major factors causing their deacti-
vation. The identification of these factors, the evaluation
of their specific relevance, and their way of action have
constituted the main goals of these studies. The usual
experimental approach has consisted of the parallel
investigation of fresh and aged catalysts, the determi-
nation of the changes occurred upon ageing, and,
eventually, the analysis of the relationship existing
between the observed modifications and the chemical
(redox) [22,23] and catalytic [22,24,25] behaviour. As
will be briefly commented on below, a relatively limited
number of experimental techniques have been used in
these studies. The complex structure of commercial
converters, and the low content of some of their key
components, particularly the noble metals, constitute
some of the major reasons explaining the difficulty of
more detailed characterisation studies.

As discussed in [9,26,27] there are a number of well
identified factors causing catalyst deactivation: poison-
ing, fouling, thermal degradation, vapour compound
formation accompanied by transport, and mechanical
degradation (attrition/crushing). All these factors have
been considered to play a more or less relevant role in
the case of TWCs.
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2.1. Analytical characterisation studies on commercial
TWCs

Figure 1 shows a commercial TWC converter and a
SEM image that identifies the ceramic monolith and the
thin washcoat covering its inner walls.

In some cases, the analytical studies are carried out
on small pieces of the brick, including both the monolith
and the washcoat [22,25,28,29]. Samples are typically
obtained by cutting the brick axially and transversally
with the help of an appropriate saw. In this way
analytical determinations could be made in selected well
defined regions of the converter [28]. In some other
cases, the monolith/washcoat pieces are further ground
and sieved before analysing them [22,25,29].

In addition to wet techniques, scanning electron
microscopy-energy dispersive spectroscopy SEM-EDS
[9,22], electron probe micro-analysis (EPMA), X-ray
fluorescence (XRF) [22,25,29], Laser-induced break-
down spectrometry (LIBS) [30], and Particle-Induced
X-ray emission (PIXE) [28,31], are some of the tech-
niques used in these analytical studies. Further details
about the advantages and limitations of the techniques
above may be found in the related literature.

Table 1 summarises some results of an XRF study
carried out on a catalyst which has been aged under real
driving conditions, and the corresponding fresh sample.
The results account for the changes observed in the main
contaminant elements. No data for the well known
components of the TWCs (NMs, alumina and ceria–
zirconia) are reported.

The results in table 1 are in good qualitative agreement
with several other analytical studies on aged catalysts
[9,25,28,29]. In accordance with these, P, Zn, Ca, and Pb,
are some of themost typical contaminants in aged TWCs.
The first three elements are generated by combustion in
the engine of lubricant additives [9,22–24,29], whereas the
fourth one would come from fuels that still contain
significant amounts of lead. Though not included in
table 1, sulfur, from the fuel, has also been reported as a
contaminant often detected in aged catalysts [9,23].

Compared to the thickness of the washcoat, 20–
30 lm [6,9,10], the resolution of SEM–EDS (1 lm)
allows the application of this techniques in analytical
studies of the radial distribution of elements in both
fresh and aged samples [22]. In this way, a rough
estimate of the compositional profile in layered wash-
coats may be obtained [6]. Likewise, this sort of
technique has been used for gaining information about
the radial distribution of contaminants [22,25]. Studies
aimed at evaluating the loss of noble metals occurred by
volatilisation and incorporation into the exhaust stream
are also available [30].

The analytical studies briefly commented on above
have also contributed to the development of routines for
regenerating aged TWCs [9,24]. By determining the
composition of aged catalysts before and after applying a
certain regeneration treatment, its specific effects could
be evaluated. Moreover, testing the catalytic behaviour
of regenerated samples has allowed us to gain informa-
tion about the relative influence of poisoning and thermal
ageing phenomena on the catalyst deactivation [24].

2.2. Structural characterisation studies on commercial
TWCs

X-ray diffraction (XRD) is by far the most commonly
used technique in structural characterisation of com-
mercial TWCs [22,25,28,31]. Valuable information has
been obtained from these studies. In aged catalysts,
XRD studies have allowed the identification of the
crystalline phases formed by the contaminants deposited
on them. Thus, considerable information has been
gained about the structural nature of the phosphorus-
containing contaminants in poisoned automotive cata-
lysts [22,25,28,31]. In accordance with these studies,

Figure 1. Commercial TWC converter. Detail of the washcoat as

revealed by SEM (scanning electron microscopy).

Table 1

Total reflection X-ray fluorescence analysis of the main contaminant

elements present in an aged TWC converter [22]

Element Fresh samplea Aged samplea

Sib 100 ± 1 100 ± 1

P 0.15 ± 0.03 3.9 ± 0.7

Ca 0.71 ± 0.05 1.09 ± 0.08

Zn 0.093 ± 0.001 0.41 ± 0.01

Pb 0.034 ± 0.001 0.42 ± 0.02

Cr 0.10 ± 0.01 0.17 ± 0.02

Cd not detected 0.17 ± 0.02

Cu 0.041 ± 0.002 0.091 ± 0.004

Ni 0.020 ± 0.002 0.053 ± 0.01

Data for both the fresh and aged samples are mass-referred to

Si = 100.
aStudies performed on the very first millimetres of the front monolith

mounted in a Ford Focus 2.0 (1999 model). The converter was aged

under real driving conditions for 30.000 Km.
bElement used as reference. It is a major component of the cordierite

monolith (5SiO2Æ2Al2O3Æ2MgO) [22].
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phosphorus is mainly present in the form of a variety of
phosphates phases. The analysis of their characteristic
peaks in the XRD patterns has allowed the identifica-
tion of MgZn2(PO4)2 [25], CaZn2(PO4)2 [25], and CePO4

[22,28]. In [22], the formation of CePO4 is considered to
be the main factor responsible for the loss of OSC
observed in the aged catalyst as compared to that
determined for the fresh one. Phosphorus may also be
present as amorphous or very poorly crystallised phases
[25]. In this case, an alternative technique, MAS–NMR
of 27Al and 31P, has shown the presence of AlPO4 and
Zn3(PO4)2 in the aged catalysts [25].

Other phases detected in XRD studies of aged TWCs
are CeAlO3, cerium aluminate, and CeBa0.13Mg0.87-
Al11O17, cerium barium magnesium hexa-aluminate
[28,31]. Both are known to be formed at high temper-
ature, under reducing conditions, and to cause deacti-
vation of the OSC material because of the stabilisation
of the Ce(III) oxidation state. Particularly noticeable is
the observation of the latter phase. As discussed in Refs.
[28,31], in which converters using CeO2 as OSC material
are studied, the presence of Mg in the hexa-aluminate
phase requires the participation of the cordierite mono-
lith in the process. The authors conclude that their
observation can only be explained assuming a prolonged
exposure of the converter, at very high temperature
(‡1373 K), under rich operation conditions.

XRD has also been used for detecting thermal ageing
phenomena in TWCs used under real driving conditions.
A typical manifestation of these phenomena is the
occurrence of significant sintering/micro-crystal growth
in both the OSC materials and the noble metal phases.
Narrowing of their characteristic diffraction peaks,
which is considered to be an experimental indication
of such effects, has been reported for ceria [28] and ceria
zirconia [22] in XRD studies of aged TWCs. In spite of
the low noble metal content of commercial TWCs,
typically not exceeding 0.5 wt% of washcoat [28],
evidence of thermal ageing effects could also be obtained
from the analysis of XRD peaks for Pd [22]. The
detection of characteristic diffraction peaks of a-Al2O3

[31], which is typically formed by the virtue of the c-
Al2O3 fi a-Al2O3 phase transition, may also be used as
an indication of significant thermal ageing in TWCs.

3. Characterisation studies on TWC model systems

In recent years numerous review works have been
devoted to the characterisation of the chemical, textural
and nano-structural properties of ceria-based catalytic
materials [16,32–35]. Most of these studies have dealt
with ceria, ceria–zirconia mixed oxides, and the corre-
sponding NM (Rh, Pd, Pt)/CeO2 (CeO2–ZrO2) cata-
lysts, thus indicating their close relationship with
fundamental research on three-way catalysis. Here, we

shall consider some major aspects of the characterisa-
tion of these materials. Findings reported in some recent
work not included in the above mentioned reviews, will
also be considered.

3.1. Characterisation studies of noble metal phases
supported on ceria and ceria–zirconia mixed oxides

3.1.1. Nano-structural characterisation of the supported
noble metal phases

High resolution transmission electron microscopy
(HRTEM) studies have played a very relevant role in the
nanostructural characterisation of noble metal (NM)
phases highly dispersed on CeO2 and CeO2–ZrO2

supports [36,37]. A number of contributions of HRTEM
should be outlined.

In accordance with the computer simulation
HRTEM imaging studies reported in [38,39], f.c.c. noble
metal nano-crystals supported on ceria typically consist
of truncated cube-octahedron particles. Likewise, the
criteria for determining the metal nano-crystal size, and
the detection limit (1 nm) have been established [38,39].
On the bases of these studies, the statistical analysis of
HRTEM micrographs corresponding to NM/CeO2

(CeO2–ZrO2) catalysts has allowed us to determine the
NM particle size distribution in a variety of catalysts
belonging to this family of model systems. An example
of these studies is reported in figure 2.

The availability of meaningful metal particle size
distributions for a variety of NM/CeO2 (CeO2–ZrO2)
catalysts has been crucial for gaining some further
information about a number of very challenging
characterisation problems found in these model sys-
tems.

If mathematically treated in an appropriate manner
[38], particle size distributions may provide reliable
metal dispersion data. Accordingly, HRTEM has been
very fruitfully used in studies of metal sintering behav-
iour of NM/CeO2 and closely related catalysts under a
wide variety of thermal ageing treatments, including
both reducing and oxidising conditions. Some examples
of these studies may be found in Refs. [36,37,40,41].
Figure 3 reports on the evolution of normalised,
HRTEM metal dispersion data, i.e., [DHRTEM(Tred=T
K)]/DHRTEM (Tred = 623 K)], for a number of Rh(Pt)/
CeO2 (Ce0.68Zr0.32O2) catalysts reduced at temperatures
ranging from 623 to 1173 K. Though the surface density
of both Rh and Pt is approximately 20 times smaller in
the ceria–zirconia catalysts, parallel trends are observed
on both, CeO2- and Ce0.68Zr0.32O2-supported systems,
thus suggesting that, under reduction conditions, rho-
dium exhibits a higher resistance against sintering than
platinum.

HRTEM metal dispersion data are free from the
uncertainties of the classic chemisorption studies at
298 K (see section 3.1.2 below). Accordingly, they may
be used as reference values for the volumetric studies. In
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fact, the combination of HRTEM and volumetric
techniques has been fruitfully used for developing a
specific hydrogen chemisorption routine providing reli-
able metal dispersion values for Rh(Pt)/CeO2(CeO2–
ZrO2) catalysts [36,40,41].

Other nano-structural features of NM/CeO2 (ceria-
based mixed oxides) catalysts which have been well
characterised by means of HRTEM, are those related to
what generically may be referred to as metal/support
interaction phenomena.

Epitaxial growth of the noble metal particles (Rh, Pt,
and Pd) supported on ceria [36,39,42–45], ceria–zirconia
[40,41], and some other ceria-based supports [37], has
been systematically observed over the whole range of the
investigated reduction temperatures. It is therefore a
very general characteristic feature of all these catalysts.
Two different types of metal/support structural rela-
tionships are presently well characterised [37]. Examples
of these are shown in figure 4.

The occurrence of metal decoration effects is pres-
ently well established on ceria-based catalysts. Figure 5
shows an example of a noble metal particle covered by a
very thin layer of the reduced ceria support.

On Rh(Pt)/CeO2 catalysts, reduction treatments with
hydrogen at T ‡ 973 K are typically required for induc-
ing partial or even total covering of the metal nano-
crystals [36,46,47]. A remarkable difference may be
noted between ceria- and ceria–zirconia mixed oxide-
supported catalysts. In the latter case, decoration effects
could only be observed on Rh [40] and Pt [41] catalysts

Figure 2. HRTEM study of the metal dispersion in NM/CeO2(CeO2–ZrO2) catalysts. Examples of experimental HRTEM image and of metal

nano-crystal size distribution resulting from the analysis of series of micrographs like the one shown here. Catalyst: Pt/CeO2 reduced at 623 K.
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Figure 4. Metal/support structural relationships in NM/CeO2 and

closely related model catalysts: (a) HRTEM experimental image of a

Rh/CeO2 catalyst reduced at 773 K. Metal and support crystallo-

graphic axes are all aligned, (b) experimental image of a Pt/CeO2

catalyst reduced at 773 K. Metal/support interface consists of (111)

planes in parallel orientation; other metal crystallographic axes are

rotated 60� with respect to those of the support, (c) and (d) computer

simulated HRTEM images supporting the interpretation of the

experimental micrographs shown respectively in (a) and (b).
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reduced at 1173 K, the fraction of covered particles not
exceeding 5% of the total metal crystallites [40]. Though
(5%)H2/Ar, instead of pure H2, was used in the
reduction treatments [40,41], this observation suggests
that, compared with bare ceria, the reduced ceria–
zirconia mixed oxides either exhibit a lower surface
mobility or its interaction with the metal particles is
weaker. Since the sintering behaviour of Rh and Pt is
similar on both ceria and ceria–zirconia supports [37],
the differences noted in the intensity of the decoration
effects is more likely due to the different surface mobility
of the reduced oxides (CeO2)x or CeyZr1)yO2)x).

HRTEM and X-ray diffraction studies on Pt/CeO2

[46] and Pd/CeO2 [43,48] have shown the occurrence of
Ce–NM alloying phenomena. No similar effect has ever
been detected in Rh/CeO2 [36]. Regarding the Pt/CeO2

catalysts, alloying could only be observed upon reduc-
tion at T ‡ 1173 K [46]. A well defined inter-metallic
phase, CePt5, has been unequivocally identified by
combined analysis of the experimental and computer-
simulated images [46].

The incorporation of Ce into the Pd micro-crystals
has been observed by reduction of Pd/CeO2 catalysts at
temperatures as low as 773 K [48]. In contrast to that
found in Pt/CeO2, no HRTEM or XRD evidence of
stoichiometrically well defined inter-metallic Ce-Pd
phases could be obtained, even in catalyst samples
reduced for 20 h at 1180 K [43]. Accordingly, a Ce–Pd
solid solution, iso-structural with the f.c.c. metallic
palladium, is proposed to be formed [43,48]. The
experimental basis for such a proposal is the shift
observed in the position of the X-ray diffraction peaks
for metallic Pd. This shift is interpreted as due to the
slightly larger (2.3%) lattice parameter of the Ce–Pd
solid solution.

No alloying phenomena have been reported on NM/
CeO2–ZrO2 catalysts as yet. This suggests that, as in the
case of decoration effects, the incorporation of zirconia
into the ceria lattice stabilises the support against the
solid state reaction leading to the formation of Ce–NM
alloys.

Though metal decoration or alloying phenomena are
seldom considered as a deactivation factor in commer-
cial TWCs, characterisation studies carried out on
converters aged under real working conditions have
shown the likely occurrence of prolonged overheating
effects (T ‡ 1373 K) under net reducing conditions [28].
This effect, though probably due to a failure in the
electronic control of the engine, does certainly create
thermo-chemical conditions under which the occurrence
of the above mentioned phenomena cannot be disre-
garded.

HRTEM has also been systematically applied to the
investigation of the nano-structural evolution under-
gone by ceria-supported Rh and Pt catalysts heated
under oxygen at temperatures ranging from 373 to
1173 K [36,37,49]. These studies had two major goals:
(a) to establish the experimental re-oxidation conditions
allowing the recovery of the catalysts from decorated or
alloyed states; and (b) to investigate the effect on the
metal dispersion of the oxidising treatments.

Regarding the reversion of the decorated or alloyed
effects, HRTEM combined with electron energy loss
spectroscopy (EELS) studies has clearly shown that re-
oxidation treatments at temperatures well above 773 K
are required [37,50]. This is a remarkable observation,
because, as discussed in [36], 773 K is a typical re-
oxidation temperature for regenerating catalysts from
the SMSI (strong metal–support interaction) state.

As far as the effect of the oxidising treatments on the
metal dispersion is concerned, the results of the SEM-
EDS study reported in [36] suggest the existence of
significant differences between Rh and Pt. The differ-
ences are particularly noticeable between the catalysts
heated under flowing oxygen at 1173 K. This treatment
induces re-dispersion of Rh, whereas in the case of Pt a
strong bimodal distribution consisting of small metal
nano-crystals (2–3 nm) coexisting with a fraction of
much bigger particles (1 lm) is observed. The nano-
structural constitution of the oxidised Rh and Pt
particles is also different. Over a wide range of oxidation
temperatures (623–1173 K), rhodium particles consist of
Rh2O3 [36]. By contrast, no evidence of any well defined
platinum oxide could be deduced from the HRTEM
images corresponding to catalysts treated in the same
way as those of Rh [36]. In the case of Pt, accordingly,
the different treatments would only affect the outer
layers, a nucleus of reduced Pt being always present in
the particles.

3.1.2. Chemical characterisation of the supported noble
metal phases. H2 and CO chemisorption studies

Numerous volumetric data for both H2 and CO
chemisorption on NM/CeO2 (CeO2–ZrO2) catalysts
have been recently reported [37]. These data are typi-
cally used for determining metal dispersions, but also for
detecting the metal deactivation effects due to the
occurrence of an SMSI effect [41].

Figure 5. HRTEM images illustrating the decoration phenomena

observed in ceria-supported noble metal and some closely related

model catalysts. Micrographs corresponding to: (a) Rh(N)/CeO2

reduced at 1173 K. Sample prepared from Rh(NO3)3, (b) Rh(Cl)/

CeO2 reduced at 973 K. Sample prepared from RhCl3.
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As already discussed [37], however, the interpretation
of volumetric chemisorption data for ceria-based model
catalysts, often recorded at 298 K, is complicated by a
number of side effects which should be carefully
controlled in order to arrive at meaningful conclusions.
Among others [36], the likely occurrence of simulta-
neous chemisorption of the typical probe molecules (H2

and CO) on both metal and support is acknowledged to
be a major restriction to the straightforward use of
volumetric data in estimates of the metal dispersion
[35,36]. The likely occurrence of strong metal support
interaction (SMSI) effects may also disturb the correla-
tion between H(CO)/NM and metal dispersion data.

Establishing the occurrence of a true SMSI effect in
NM/CeO2(CeO2–ZrO2) catalysts also requires a careful
analysis of the chemisorption data. Contributions to the
eventual loss of chemisorption capability of factors
other than the metal deactivation, such as metal
sintering or metal encapsulation (support sintering),
particularly important in high surface area catalysts,
should be excluded, or at least quantitatively evaluated
[36].

To summarise, the use of H2 (CO) chemisorption
data for determining metal dispersions or detecting the
existence of SMSI effects in NM/CeO2 (CeO2–ZrO2)
catalysts is strongly limited by a number of side effects.
Additional characterisation data are therefore necessary
in order to arrive at meaningful conclusions. Some
examples of fruitful combination of chemisorption
studies and several other characterisation techniques,
particularly HRTEM, will be commented upon below.

3.1.2.1. Hydrogen chemisorption studies
It is presently well established that, under the usual

experimental conditions of volumetric chemisorption
studies, strong hydrogen spillover phenomena may
occur in NM (Rh, Pd, Pt)/CeO2 (CeO2–ZrO2) catalysts.
Numerous Faraday magnetic balance studies have
unequivocally shown the occurrence of such an effect
[51–55]. Likewise, studies of the time required to reach
an apparent equilibrium in volumetric studies, at 298 K,
carried out on NM/CeO2–ZrO2 catalysts support the
existence of spillover effects [40,41]. Thus, if spillover
significantly contributes to the total amount of chemi-
sorbed hydrogen, the equilibrium times may be more
than 15 times longer than in the absence of it [40].
Apparent H/NM values �1 [40,41,56] would also
constitute a clear indication of the occurrence of
spillover effects.

Low temperature chemisorption experiments, at
191 K, have been shown to be a useful way of
minimising the hydrogen spillover contribution in
NM/CeO2 (CeO2–ZrO2) catalysts [36,40,41,56–58], thus
providing H/NM values which might be used for
estimating the metal dispersion. This proposal has been
fully confirmed by parallel HRTEM studies in Rh and
Pt catalysts [36,40,41]. In the case of supported Pd

systems there are still difficulties because of the forma-
tion of bulk hydrides. Although studies aimed at
simultaneously controlling the spillover and bulk
hydride contributions have been carried out on Pd/
CeO2–ZrO2, no reliable experimental protocol has been
established as yet [41].

The combination of low temperature volumetric
experiments and HRTEM studies has also been fruit-
fully applied to the characterisation of the SMSI effects
occurring in some of these model catalysts [40,41].
Figure 6 summarises the results of parallel studies
carried out on Rh(Pt)/Ce0.68Zr0.32O2 reduced at tem-
peratures ranging from 423 to 1173 K. In this figure, the
evolution of the DH/DHRTEM (DH ¼ H/NM, i.e., the
metal dispersion as determined from hydrogen chemi-
sorption at 191 K; DHRTEM ¼ Metal dispersion as
determined from HRTEM studies) against Tredn is
plotted. Metal encapsulation effects are excluded be-
cause of the high textural stability of the oxide support
[40,41]. Accordingly, in the absence of SMSI effect, DH/
DHRTEM should be equal to 1, DH/DHRTEM < 1
showing the onset of metal deactivation phenomena.

In accordance with figure 6, the loss of chemisorption
capability varied remarkably from one noble metal to
the other, Rh being less sensitive than Pt to the increase
of the reduction temperature. The Pd behaviour resem-
bles that of Pt [41].

The results above suggest that reduction tempera-
tures below 573 K should be applied in order to obtain
meaningful metal dispersion data from hydrogen chemi-
sorption studies. It is also worth noting that the
deactivation effect may be totally or partially reversed
upon re-oxidation at 700 K and further reduction at
423 K. As discussed in Refs [40,41], the observed metal
deactivation is mainly due to electronic effects, with no
significant contribution of the metal decoration or
alloying phenomena.

1H-NMR technique has also been fruitfully applied
to the investigation of the hydrogen adsorption on ceria-
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Figure 6. Metal deactivation effects in Rh(Pt)/Ce0.68Zr0.32O2 catalysts

as revealed by the combined application of low temperature (191 K)

hydrogen chemisorption (DH) and HRTEM (DHRTEM) studies.

Catalysts reduced for 1 h, under flowing H2(5%)/Ar. (n) Catalysts

reduced at the indicated temperature, further re-oxidised at 700 K, and

finally reduced at 423 K. Data taken from [40,41].
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supported noble metal catalysts [59]. Because of the
different chemical shift shown by the hydrogen species
chemisorbed on the metal and the ceria support, the
evolution of the rhodium chemisorptive capability as a
function of Tred could be studied. In [59] Rh/CeO2

catalysts prepared from both chloride (Cl) and nitrate
(N) metal precursors were investigated. Upon increasing
the reduction temperature, metal deactivation effects are
observed on both, the effect being stronger in the case of
the (N) sample. Re-oxidation at 673 K of the pre-
reduced catalysts allows recovery from the deactivated
state [59].

3.1.2.2. CO chemisorption studies
As deduced from the volumetric chemisorption data

reported in [37], CO has also been widely used as a
probe molecule for characterising ceria-supported noble
metal catalysts. This technique has also been used for
estimating metal dispersions in real TWC washcoats
[10].

It should be stressed, however, that there are a
number of factors which may very much disturb the
relationship existing between the experimental CO/NM
ratios and the true metal dispersion. In addition to the
problems inherent to the CO–NM stoichiometric ratio,
it is known that CO may be strongly interact with ceria-
based supports [60–65]. Moreover, the amount of
chemisorbed CO very much depends on variables like
the support redox state [60,63], or its chloride content
[66,67]. In this latter respect, it is worth recalling that
large amounts of Cl) may be incorporated into the ceria
lattice when catalysts are prepared from chlorine-con-
taining NM precursors [37].

FTIR spectroscopy allows us to distinguish CO
species chemisorbed on the NM and the ceria-based
supports, thus circumventing the problems of volumet-
ric techniques mentioned above. Consequently, it has
also been applied to the determination of metal disper-
sion in NM/CeO2 catalysts [62]. By using appropriate
calibration data, the integrated absorption of the
recorded CO–NM bands could be correlated with the
number of surface metal atoms, and therefore, provided
that the total number of metal atoms in the catalyst is
known, with the metal dispersion. This approach has
been used for estimating metal dispersions in Pt/CeO2

[62] and Pd/CeO2 [68] catalysts.
Another method allowing us to subtract the sup-

port contribution from the total amount of CO chem-
isorbed on Pt/CeO2 has been reported in [69]. The
authors claim its usefulness for determining true metal
dispersion data.

Upon increasing the reduction temperature, a pro-
gressive loss of the metal chemisorption capability for
CO has been reported to occur on Pt/CeO2

[61,62,70,71], Pd/CeO2 [63,64,72], and Rh/CeO2 [65]
catalysts. The effect typically consists of a partial rather
than total deactivation of the metal. As deduced from

the results reported in [70] for a Pt/CeO2 catalysts
reduced at 773 K, very mild re-oxidation treatments,
either with O2 at 298 K, or even with CO2 at 473 K,
allow significant recovery of the CO chemisorption
capability of the deactivated catalyst.

As already noted for hydrogen, the use of CO
adsorption in metal dispersion studies requires a careful
selection of the reduction temperature. The available
information suggests that Tred £ 573 K may be appro-
priate for preventing the induction of significant metal
deactivation effects [36,41,70].

3.2.Characterisation studies on the OSC materials

Redox materials for TWC applications must fit very
demanding kinetic and thermodynamic requirements.
They should be able to rapidly release/uptake as much
oxygen as possible, within a wide range of operation
temperatures. Likewise, they should show a high stabil-
ity against thermal deactivation under varying redox
conditions. Accordingly a great effort has been devoted
to characterising and better understanding these prop-
erties.

A very wide battery of experimental techniques have
been applied to the redox characterisation of ceria and
ceria-based mixed oxides. Among them are, tempera-
ture-programmed-reduction (TPR) [37,73–86], -oxida-
tion (TPO) [87,88], oxygen (hydrogen, CO) pulse
techniques, usually applied in oxygen storage capacity
(OSC) and oxygen buffering capacity (OBC) experi-
ments, to be commented on below, Faraday magnetic
balance [37,51,55,77,86,89–96], X-ray absorption near
edge spectroscopy (XANES) [55,97–101], electron en-
ergy loss spectroscopy (EELS) [97,102–104], X-ray
photo-electron spectroscopy (XPS) [97,99, 101,105–
116], electron paramagnetic resonance (EPR) [99,117–
121], FTIR of appropriate chemisorbed probe molecules
[87,122–126], and electronic conductivity measurements
[127,128], are some of the most commonly applied
techniques.

A few major conclusions from these studies should be
outlined here. When heated under hydrogen, ceria
[37,53] and ceria–zirconia [55] may undergo two differ-
ent reduction processes. The first one, which is referred
to as reversible [53], is associated with hydrogen
chemisorbed on the oxide. Its contribution to the total
reduction degree is particularly important in high
surface area NM/CeO2 (CeO2–ZrO2) catalysts
[37,53,55] reduced at or below 623 K. Spillover effects
play a key role. A further characteristic is that this
reduction process may be reversed by evacuation of the
chemisorbed hydrogen. The second one implies the
creation of oxygen vacancies in the ceria (ceria–zirconia)
lattice, with inherent formation of water. Since this
cannot be reversed by simple evacuation, it is referred to
as irreversible [53]. Its contribution to the total reduc-
tion degree increases with Tred [53]. The distinction
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between these two reduction processes is very relevant in
order to fully understand the redox chemistry of these
oxides. Also noteworthy is the drastic influence of Cl)

on the redox chemistry described above. In effect, as
discussed in [37,53], in the presence of Cl), the reversible
mechanism above becomes completely blocked. This is
interpreted as due to the Cl) incorporation into the ceria
lattice [37].

3.2.1. Oxygen storage capacity (OSC) and related
characterisation studies

Among the properties demanded of the redox mate-
rials by the TWC industry, the amount of oxygen that
the material may exchange with the surrounding atmo-
sphere, under certain pre-established conditions (tem-
perature, chemical environment, and time of treatment),
and the kinetics of these processes, are particularly
relevant. Accordingly, a number of experimental tech-
niques have been specifically developed for evaluating
such properties. Oxygen storage capacity (OSC) consti-
tutes the best example of these techniques [35,73,129–
133]. Oxygen buffering capacity (OBC) may also be
included in this category [134].

Regarding the oxygen storage capacity studies, ulti-
mate [87,90,91,129,130] and dynamic [73,81,87,129,130,
133,135–139] OSC concepts are usually distinguished.
The objective of the first type of OSC measurements is
the evaluation of the highest amount of oxygen that may
be extracted from the oxide, at a pre-established
temperature and partial pressure of the reducing agent,
usually H2 or CO [130]. The OSC, i.e., the reduction
degree reached by the sample, is usually determined by
means of oxygen pulse techniques. Table 2 shows an
example of an ultimate OSC study. It illustrates the
influence of zirconia content on the oxygen storage
capacity of a series of ceria–zirconia mixed oxides,
including bare ceria. The results in table 2 are in
qualitative agreement with those reported in [130], the
highest OSC values being determined by the intermedi-
ate CeO2/ZrO2 molar ratios. However, in table 2, the
differences from one oxide to the others are smaller. This
may be interpreted as due to the applied reduction
temperature, 673 K in [130], and 1273 K in table 2.
Accordingly, ultimate OSC data are sensitive to the

experimental conditions. This prevents the generalisa-
tion of conclusions drawn from OSC data obtained
under certain specific conditions.

Dynamic OSC measurements are aimed at characte-
rising the response of redox materials by alternately
injecting H2 (CO) and O2 pulses. In this way, the
amount of the most reactive oxygen species is considered
to be evaluated [130]. The actual meaning of the
recorded dynamic OSC data, however, deserves some
analysis. In [133], a study on the dynamic OSC
behaviour of a series of Rh-, Pd- and Pt-loaded ceria–
zirconia, Pt/CeO2, and Pt/Al2O3 catalysts is reported.
Both H2 and CO were used as reducing agents.
Likewise, temperatures ranging from 298 to 773 K were
investigated. Table 3 summarises some of the results
reported in [133].

A first remarkable observation is the strong depen-
dence of the OSC values in table 3 on the nature of
the reducing agent. Likewise, the temperature at
which OSC starts to be measurable is noticeably
different. In effect, high H2-OSC values are deter-
mined even at 298 K. As discussed in [133], this
proves that the titration of the spilt over hydrogen
may represent a major contribution to the H2-OSC,
which is certainly a relevant observation in relation
to the chemical meaning of this parameter. The
contribution of the spilt over hydrogen should
be expected to decrease with the reduction tempera-
ture. Accordingly, at 773 K, H2-OSC would mainly
evaluate the actual oxygen exchange capability of
the catalysts. Under these conditions, ceria–zirconia
catalysts show a significantly better behaviour
than those containing ceria.

The OBC technique also has a dynamic character.
It allows us to quantitatively determine the capacity of
a certain material for attenuating the oscillations
induced on the oxygen partial pressure over it
[134]. These oscillations are generated by fast
(0.1 Hz) injection of O2 (5%)/He pulses in a helium
stream flowing through the reactor containing the
sample. Because of the absence of any reducing
agent, the information provided by this technique
strictly accounts for the oxygen exchange capability
of the investigated materials. This information is cer-

Table 2

Ultimate OSC study of a series of CexZr1)xO2 mixed oxides

Oxide samples SBET (m2 Æ g)1)a OSC (mmole O2 Æ g
)1) Ce3+ (%)

CeO2 94 0.55 38

Ce0.80Zr0.20O2 105 0.67 55

Ce0.68Zr0.32O2 97 0.72 66

Ce0.50Zr0.50O2 99 0.74 87

Ce0.15Zr0.85O2 95 0.26 92

Oxides reduced at 1273 K (1 h), under flowing H2 (5%)/Ar. Oxygen uptake measured at 700 K. Data taken from [91].
aBET surface of the starting (fresh) oxide samples.
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tainly of interest for better understanding fundamental
aspects of the oxygen storage/release processes in
TWCs.

3.2.2. Temperature programmed reduction (TPR)
studies

TPR is probably the most commonly used technique
for routine redox characterisation of ceria and ceria-
based mixed oxides. Hydrogen is by far the most usual
reducing agent [37]. Experiments have been performed
under hydrogen partial pressures ranging from 760 Torr
[140,141] to 7.6 Torr [84–86] [142–144]. Mass spectrom-
etry (MS) and thermal conductivity detectors (TCD)
have been used as analytical devices [37,73]. TCD
detectors may only account for hydrogen consumption,
whereas MS may provide simultaneous information on
the evolution of both hydrogen (m/e ¼ 2) and water (m/
e ¼ 18). This is a relevant difference because H2 and
H2O traces may not be identical, as implicitly is assumed
in the usual interpretation of the TPR–TCD diagrams
[37,73]. This is particularly true in TPR studies on NM/
CeO2 (CeO2–ZrO2) catalyst. As already outlined,
throughout a TPR experiment, two distinct, not neces-
sarily coupled [73], processes may occur: Hydrogen
chemisorption on the support, which is strongly
favoured by the presence of highly dispersed noble
metals (spillover), and creation of oxygen vacancies with
inherent water evolution. TPR–TCD devices do not
allow us to discriminate between these two contributions
to the total hydrogen consumption. Moreover, MS may
also detect the formation of CH4 or CO resulting from
the reduction of carbonate species often trapped in the
bulk of these oxides [85,86,124]. Distortions in the TPR–
TCD signal due to hydrogen consumption, but also to
the formation of reduced species which cannot be

retained by the trap located downstream of the reactor,
may occur.

The TPR traces for high surface area ceria samples
typically show two major features [5,73], the position of
which shift towards lower temperatures as the H2

pressure is increased [141]. As deduced from [73], under
flowing H2 (5%)/Ar, the first peak is observed at
approximately 650 K, whereas the last one, much
stronger, appears at approximately 1100 K.

The low temperature reduction peak is classically
interpreted as due to a relatively fast surface process
followed by a much slower diffusion of the oxygen
vacancies into the bulk of the oxide [100]. This inter-
pretation however, has been critically revised by Trovar-
elli et al. [75,145]. According to these authors, ceria
reduction is not controlled by the diffusion step. Instead,
differences in the thermodynamic properties of ceria
microcrystals, as a function of their size, and the oxide
sintering occurring during the experiment, are the key
factors in determining the shape of the TPR diagram. As
suggested by some other very recent TPR studies on
CeO2 [76] and CeO2–ZrO2 [76,146], this question is still
a matter of debate.

TPR has been routinely used in comparative studies
of OSC materials. Thus, the comparison of TPR traces
for ceria and ceria–zirconia samples systematically
shows that, in the latter case, the main reduction peak
is shifted downwards by approximately 200 K [81,87].
This proves the strong effect of the ceria doping with
zirconia on its reducibility.

TPR has also shown the different effect of redox
cycling on the behaviour of high surface area
(100 m2Æg)1) ceria and ceria–zirconia (Ce0.68Zr0.32O2)
samples [87]. If successive cycles of reduction at 1273 K
and re-oxidation to 700 K are applied to the fresh

Table 3

Dynamic OSC study of a series of Pt(Rh,Pd)/Ce0.68Zr0.32O2, and Pt/CeO2 catalysts. The experiments consisted of alternately pulsing H2(CO) and

O2 every 70 s, for 30 min, at each of the selected temperatures

Dynamic OSC (ml O2Æg
)1

catalyst)

Catalyst samplea SBET (m2Æg)1) Reducing agent 298 K 373 K 473 K 573 K 773 K

Pt/Ce0.68Zr0.32O2 100 H2 6.3 7.1 7.5 7.6 8.9

Pt/Ce0.68Zr0.32O2 21 H2 1.5 2.0 4.4 5.0 6.8

Pd/Ce0.68Zr0.32O2 85 H2 6.2 7.1 7.4 7.7 8.8

Rh/Ce0.68Zr0.32O2 94 H2 2.4 6.5 7.7 8.0 9.0

Pt/CeO2 88 H2 4.2 4.5 4.4 3.6 3.4

Pt/CeO2 18 H2 1.4 1.6 1.5 1.3 1.3

Ce0.68Zr0.32O2
b 100 H2 0.0 0.0 0.0 0.0 2.1

Pt/Ce0.68Zr0.32O2 100 CO – 0.7 1.7 2.3 2.4

Pd/Ce0.68Zr0.32O2 85 CO – 0.0 0.1 0.7 –

Rh/Ce0.68Zr0.32O2 94 CO – 0.0 0.1 8.6 –

Data taken from [133].
aPre-treatment applied to the catalysts: Heating in a flow of (5%)H2/Ar to 500 K (10 K min)1), maintained at 500 K for 1 h, and cooled to 298 K

always under flowing (5%)H2/Ar. Finally, the samples were flushed with Ar for 30 min at 298 K.
bPre-treatment applied to Ce0.68Zr0.32O2: Heating in a flow of (5%)O2/Ar to 823 K (10 K min)1), for 1 h, cooling to 373 K in the same flow, and

finally to 298 K under flowing Ar.
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oxides, the TPR traces for the resulting ceria samples
show a deterioration in their reducibility, the low
temperature feature in the fresh catalyst completely
disappearing [5,18,75,86,87]. This contrasts with the
behaviour observed for the ceria–zirconia sample. In
spite of the loss of surface area occurred on cycling
(20 m2Æg)1), the position of the main reduction peak at
873 K is slightly shifted downwards, and a shoulder on
the low temperature side of this peak is developed. We
should conclude, accordingly, that the redox cycling
treatments improve the reducibility of the mixed oxide.
This is a rather general effect, which has also been
reported for ceria–zirconia samples with other Ce/Zr
molar ratios [91].

Some other very remarkable effects of the thermal
ageing on the redox behaviour of the ceria–zirconia
mixed oxides have also been revealed by TPR studies.
Thus, it is presently known that the re-oxidation
temperature used in the ageing cycles very much
modifies the redox response of the resulting oxide
[77,79,146]. As shown by the TPR diagrams for
Ce0.68Zr0.32O2 reported in [77], the mild re-oxidation
treatment (MO), at 823 K, leads to a sample with much
better reducibility than that exhibited by the one re-
oxidised at 1223 K, high temperature re-oxidation
treatment (HTO). Moreover, this effect is reversible, so
that by alternating MO and HTO treatments after the
corresponding TPR run, the main reduction peak shifts

successively back (673 K) and forth (873 K) [77].
Figure 7 shows an example of the reversible changes
induced on the reducibility of a Ce0.5Zr0.5O2 by alter-
nating MO and HTO cycles of redox ageing.

A number of factors seem to influence the observed
instability of the redox properties of the ceria–zirconia
mixed oxides. Among them, their textural proper-
ties [34], and the structural modifications occurring
in their bulk [78–80,131,147,148] and/or their surface
[146], might play a role. At present, however, this
very intriguing behaviour is far from being fully
understood.

Numerous TPR studies have proved the strong
enhancing effect of the supported noble phases on the
reducibility of ceria [5,35,73,149] and ceria zirconia
mixed oxides [73]. This effect is usually interpreted as
due to the low-temperature activation of H2 on the
metal, and its further transfer to the supports via a
spillover mechanism. As already stressed in this work,
this mechanism implies low temperature hydrogen
consumption, but not necessarily simultaneous water
formation [37,73]. Therefore, if oxide reduction is
understood as lattice oxygen abstraction with inherent
creation of vacancies, TPR–TCD experiments may
overemphasise the actual enhancing effect of the sup-
ported metals on reducibility [73].

3.2.3. Structural characterisation studies on OSC
materials

Numerous structural characterisation studies dealing
with ceria–zirconia mixed oxides are presently available.
X-ray [17,78,150–155] and neutron [156] diffraction,
EXAFS [98,147,152,157,158], Raman spectroscopy
[78,90,91,152,159], and HRTEM [159–162] are some of
the applied experimental techniques.

The ceria–zirconia phase diagram shows that, as a
function of the Ce/Zr molar ratio, monoclinic (molar
percentage of Ce: 0–10), tetragonal (molar percentage of
Ce: 10–80), and cubic (molar percentage of Ce: 80–100)
phases may occur [18]. Consequent to the occurrence of
some metastable tetragonal phases, the domain of
compositions ranging from 10(Ce)/90(Zr) to 80(Ce)/
20(Zr) molar ratios is particularly complex [18]. In
general the tetragonal distortion observed in the mixed
oxide phases, as determined by the (c/a) ratio, is lower
than that found in pure zirconia, being dependent on the
Ce content. Thus, for Ce/Zr molar ratios <(30/70), a
tetragonal (t) phase, with c/a > 1, is observed. Also
characteristic of the t form is that it may undergo the
t fi m (monoclinic) phase transition. For Ce/Zr ratios
ranging from (30/70) to (65/35), a new phase (t0), with
(c/a) close to 1, has been reported to occur. Finally, for
the highest Ce/Zr ratios, a pseudo-cubic, t00 phase, with
(c/a) ¼ 1, but still showing an oxygen distorted struc-
ture along the z axis, is found. XRD, but also very
important, Raman spectroscopy studies have provided
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Figure 7. Reversibility of the changes induced on the TPR–MS

diagram for a Ce0.5Zr0.5O2 sample upon alternating HTO-1223 K

(traces a and c) and MO-823 K (trace b) re-oxidation treatments in
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us with the experimental data for distinguishing t, t0, and
t00 phases [18].

As deduced from the series of works on ceria–zirconia
mixed oxides reported in [78–80,150,151,163], the main
conclusions from which are summarised in figure 8, the
structural behaviour of this system may be even more
complex than that suggested above.

In accordance with figure 8 for intermediate Ce/Zr
molar ratios, around (50/50), some additional phases,
which are referred to as t0meta, t*, and j, may be formed.
In the case of the j-phase, the Rietveld analysis of its
XRD pattern has allowed the assignment of its space
group, P213 [150].

As shown in figure 8, the different structural forms
are all prepared by applying to the starting t¢ phase
redox ageing cycles in which both the reduction and re-
oxidation temperatures are varied [78]. In some cases,
the observed structural changes are reversible, whereas,
when a very high temperature reduction treatment is
applied, the starting phase, t0, is not re-formed by the
subsequent re-oxidation treatments. These structural
changes would be related to the progressive ordering of
the cationic sub-lattice as the reduction temperature is
increased [78,150]. Accordingly, the cationic sub-lattice
would evolve from a rather disordered situation in the t0

phase to a fully ordered state in the pyrochlore structure
formed under very heavy reduction conditions. The re-
oxidation treatments would induce the opposite effect,
the intensity of which would depend on the applied
temperature.

In parallel with the structural changes discussed
above, noticeable modifications in the redox behaviour
of the mixed oxides are observed [78–80]. In general
samples prepared by high temperature reduction fol-
lowed by re-oxidation at moderate temperatures, fig-
ure 8, lead to oxides exhibiting the best low-temperature
reducibility [164]. These observations have suggested to

the authors the existence of a close relationship between
the bulk structural properties and the redox behaviour
of these materials.

Though the cited research represents a significant
advance in our knowledge, a comprehensive model
integrating the rich variety of chemical and structural
facts presently known is still lacking. Moreover, many of
the applied ageing routines do not guarantee the struc-
tural homogeneity of the resulting mixed-oxide sample
[160]. This introduces an additional difficulty in the
interpretation of the structural data, and in the repro-
ducibility of the structural and redox characterisation
studies carried out on these materials. Likewise, the
analysis of the results discussed in this section should
take into account some recent studies [146]. In effect, it is
suggested in [146] that the surface properties, rather than
the bulk structure, would be particularly relevant in the
control of the chemical (redox) reactivity of these oxides..
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Omil and J.M. Pintado, Catal. Today 28 (1995) 219.

[46] S. Bernal, J.J. Calvino, J.M. Gatica, C. Larese, C. López-Cartes
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