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Abstract

Some recent results on the redox behaviour of thermally aged ceria-zirconia mixed oxides with Ce/Zr molar ratios typically ranging from 50/50 to
70/30 are briefly reviewed. In accordance with them, a tentative model allowing us to correlate ageing conditions, surface and bulk nano-structural
properties of the oxides, and changes occurred in their redox behaviour is proposed.

As revealed by the analysis of appropriate chemical studies and the nano-structural information provided with High Resolution Transmis-
sion (HREM) and High Angle Annular Dark Field-Scanning Transmission (HAADF-STEM) electron microscopies, the presence/absence of a
pyrochlore-related k-phase in the aged oxides plays a key role in determining their redox response. In the low-temperature region (7,.q <773 K),
the enhanced reducibility exhibited by the oxide resulting from a high-temperature reduction/mild re-oxidation ageing cycle (SR-MO sample) is
interpreted as due to kinetic reasons, the occurrence of the k-like phase in its surface being responsible for a faster H, chemisorption, the rate
controlling step of the overall reduction process. By contrast, in the high-temperature range (7,.q > 973 K), the observed differences of reducibility

would have a thermodynamic origin, which may be correlated with the total amount of k-like phase present in the aged sample.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Compared to cerium dioxide, ceria-zirconia mixed oxides
are generally acknowledged to show enhanced textural [1-3]
and redox properties [1,4-6]. Consequently to this, the inter-
est on their catalytic applications has rapidly grown during the
last decade [7-12]. An important part of the research effort
has been devoted to the investigation of their oxygen exchange
properties. Particularly noticeable are the reversible changes of
reducibility induced on the ceria-zirconia samples by appro-
priate modification of the thermal ageing conditions [13-15].
Because of the very challenging nature of this phenomenon,
numerous studies have dealt with this topic in recent years
[16-28].

This work is aimed at briefly reviewing the latest investi-
gations on the origin of the reversible changes of reducibility
observed in thermally aged ceria-zirconia mixed oxides. As
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deduced from the analysis of the results presented here, sig-
nificant progress has been made in the understanding of some
fundamental aspects of this phenomenon. In accordance with
this, a model allowing to rationalise the relationship existing
between thermal ageing conditions, nano-structural proper-
ties and redox behaviour of ceria-zirconia mixed oxides is
proposed.

2. Results and discussion

2.1. Earliest evidence of reversible changes of reducibility
in thermally aged ceria-zirconia mixed oxides

The very first experimental evidences of reversible changes
in the reducibility of thermally aged ceria-zirconia mixed oxides
with Ce/Zr molar ratios typically ranging from 50/50 to 70/30
were reported in the latest 1990°s [13-15]. By using, respec-
tively, a solid electrolyte potentiostatic technique [13,14] and
a conventional temperature-programmed reduction-mass spec-
trometry (TPR-MS) device [15] to monitor the redox state of
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the investigated samples, these earliest studies clearly showed
that, upon alternating redox ageing cycles consisting of severe
reduction treatment (SR; Tieq>1173K), followed by either
a mild (MO, Toxn <873K) or severe (SO, Toxn > 1173 K)
re-oxidation step, dramatic changes in the redox response
of the resulting oxides could be reversibly induced. Specif-
ically, the SR-MO ageing cycles lead to mixed oxides with
enhanced low-temperature reducibility, whereas the SR-SO
ones induce the opposite effect, i.e. a loss of redox activ-
ity. Later on, several other authors have reported quite similar
findings [16-18,26,27]. Most of these studies have been car-
ried out on oxide samples with Ce/Zr molar ratios typically
ranging from 50/50 to 70/30, those with Ce/Zr=50/50 having
received a very special attention [14,16-18,24]. Accordingly,
the phenomenon should be nowadays considered as a well
established characteristic feature of the redox chemistry of
ceria-zirconia mixed oxides with intermediate Ce/Zr molar
ratios.

2.2. Structural studies on thermally aged ceria-zirconia
mixed oxides

The likely existence of a close relationship between the
chemical effects briefly summarised in Section 2.1 and the
structural nature of the thermally aged ceria-zirconia samples
was soon recognized. Accordingly, a considerable research
effort has been devoted to gain a deeper understanding of the
structural changes induced on the oxides by the ageing cycles
mentioned above. A number of techniques, including X-ray
diffraction (XRD) [13,14,18,20,23,24,31], EXAFS [29,30,31],
Raman spectroscopy [14,17,18,24], High Resolution Electron
Microscopy (HREM) [21,22,25,26] and High Angle Annu-
lar Dark Field Scanning-Transmission Electron Microscopy
(HAADF-STEM) [25] have been applied in these structural
investigations. Among them, XRD, Raman spectroscopy, and
more recently HREM and HAADF-STEM have been the most
extensively applied ones.

As a consequence of the acknowledged structural complexity
of ceria-zirconia mixed oxide systems with intermediate chemi-
cal compositions, a variety of phases has been reported to occur
in the thermally aged samples; among them those referred to as
t, t', t/, t* and k, have often been considered in the literature
[13,14,18,24-26]. Despite the difficulty inherently associated
to the eventual occurrence of such a large variety of phases,
there are some structural facts which may be considered as well
established. As outlined by a number of authors [13,18,20,23,26]
order <> disorder phenomena induced on the Ce—Zr cationic sub-
lattice by the SR-MO and SR-SO ageing treatments would play
an essential role in determining their redox response. In effect, it
is generally acknowledged that associated to SR-type reduction
treatments an oxygen deficient, cation-ordered, pyrochlore-type
phase, is formed. If this reduced phase is further re-oxidised
under mild conditions (MO), the cationic sub-lattice remains
unmodified and a highly active oxidized pyrochlore (k-like
phase) is formed. The occurrence of Ce—Zr ordering in the k-like
phase is experimentally evidenced by the appearance of charac-
teristic super-structure features in the XRD diagrams [18,20,23],

as well asin the HREM [25,26] and HAADF-STEM [25] images
of this phase. Fig. 1A—C report on the HAADF-STEM study
supporting this statement.

On the contrary, a severe re-oxidation treatment (SO) would
destroy the ordered cationic structure, thus leading to an oxide
sample with a random distribution in its Ce—Zr sub-lattice.
Fig. 1D and E show, respectively, HREM images corresponding
to SR-MO and SR-SO mixed oxide samples. In good agree-
ment with the proposal above, the image contrasts and digital
diffraction patterns (DDP) for the SR-MO sample, Fig. 1D, show
the occurrence of the superstructure features characterising the
ordered phase. These features can hardly be observed in the case
SR-SO sample, Fig. 1E. Also noticeable in Fig. 1D and E is the
remarkable difference of morphology exhibited by the SR-MO
and SR-SO aged oxides [26].

2.3. Recent results on the relationship existing between
nano-structural properties and redox behaviour of
ceria-zirconia mixed oxides

In recent years several authors [13-18,20,24,26] have inves-
tigated the relationship existing between structural properties
and reversible changes of reducibility observed in ceria-zirconia
samples submitted to successive ageing cycles in which SR-
MO and SR-SO routines were alternatively applied. As a result
significant progress has been made in the understanding of
this very challenging phenomenon. Thus, in ref. [26], a sys-
tematic nano-structural and chemical characterisation study
of two thermally aged (SR-MO and SR-SO) Ce ¢2Zr9 3302
samples is reported. In addition to HREM imaging, tempera-
ture programmed reduction-mass spectrometry (TPR-MS), H,
volumetric chemisorption and oxygen storage capacity (OSC)
measurements were performed.

Fig. 2 shows the traces recorded for Hp (m/e=2) and
H>O (m/e =18) in the corresponding TPR-MS experiments. As
expected, the reducibility of the SR-MO sample is significantly
better. Also remarkable, no delay in the H>O formation as com-
pared to the H, consumption can be observed. This constitutes a
first indication of the role of hydrogen adsorption in the control
of the overall low-temperature redox response of the samples. To
confirm this hypothesis, two additional studies were performed
[26]. Firstly, the hydrogen chemisorption on both SR-MO and
SR-SO samples was investigated. As discussed in ref. [26], a
clear correlation could be established between low-temperature
reducibility of the oxides, as revealed by TPR-MS, Fig. 2, and
their capability to activate the H, molecule, much larger in the
case of SR-MO sample. This conclusion is further supported by
the dramatic enhancement of the low-temperature reducibility
of both SR-MO and SR-SO samples upon dispersing a small
amount of rhodium on their surface [26]. As exemplified in
bottom part of Fig. 3 by the TPR-MS study carried out on
a 0.3%Rh/SR-SO sample, in the presence of Rh, an alterna-
tive, more efficient, mechanism of hydrogen activation leading
to atomic hydrogen chemisorbed on the support, the spillover,
appears. Consequently to this, a drastic shift towards lower tem-
peratures is observed in the main peak of the corresponding
TPR-MS diagrams.
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Fig. 1. Electron microscopy studies on thermally aged ceria-zirconia mixed oxides. HAADF-STEM of a Ceq 3Zr 3,02 SR-MO sample [25]. Experimental image
(A). Computer simulated image (B) and structural model (C) of pyrochlore-type ordered cationic sub-lattice used as input in the image calculations. Projections along
the [1 1 0] direction. Differences of contrast intensity in both the experimental (A) and simulated (B) images are interpreted as due to the occurrence of three types
of cationic columns containing, respectively: Ce, Ce +Zr and Zr (Ce—Zr ordering). HREM images showing the remarkable structural and morphological differences
existing between the Ce 2Zrp 3302 SR-MO (D) and SRpSO (E) samples [26]. The characteristic super-structure features of the k-like phase can only be observed

in the image and DDP recorded for SR-MO sample (D).

The oxygen storage capacity data do also provide with some
very relevant pieces of information, Fig. 3. From the analysis of
data reported in this figure, a number of interesting conclusions
can be drawn.

As deduced from Fig. 3A, for the bare oxides, throughout the
whole range of investigated reduction temperatures, the SR-MO
sample always shows higher OSC values than the SR-SO one.

In the presence of Rh, Fig. 3B, a very significant increase of
the low-temperature OSC values is observed on both SR-MO
and SR-SO samples. This suggests that, in the low-temperature
domain, for the bare oxides, the OSC values do not account for
true equilibrium reduction states, i.e. they are mainly determined
by kinetic factors associated with their respective capabilities for
activating the H, molecule. As suggested by both the TPR-MS

diagrams, Fig. 2, and the OSC values, Fig. 3B, the presence of
Rh would remove this kinetic restriction, thus allowing that OSC
values much closer to the thermodynamic limit are obtained.
If so, even at the lowest reduction temperature, 473 K, surface
creation of oxygen vacancies or its diffusion into the bulk of
the oxide should not represent kinetic limitations to the overall
reduction process. By contrast, the high-temperature OSC val-
ues for the bare oxides and the supported Rh samples are much
closer, thus suggesting that, in this domain of reduction tem-
peratures, the recorded OSC values are mainly determined by
thermodynamic factors.

Regarding the origin of the differences of redox behaviour
found in the bare oxide samples, a clear distinction should there-
fore be made between high- and low-temperature domains. In
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Fig. 2. TPR-MS traces for Hp (m/e =2) and H,O (m/e = 18) corresponding to
a Ceq 627103302 sample submitted, respectively, to SR-MO and SR-SO ageing
routines. To facilitate the comparison between H, and H,O traces, hydrogen
consumption is plotted as a positive signal. The effect of supported Rh on
the reducibility of the oxides is exemplified by the diagrams recorded for the
0.3%Rh/SR-SO sample, bottom part of the figure.

the low-temperature region, the differences of reducibility would
be determined by kinetic factors, whereas at the highest reduc-
tion temperatures they would reflect the intrinsic thermodynamic
differences existing between SR-MO and SR-SO samples. We
should conclude, accordingly, that order <> disorder phase tran-
sitions induced by the SR-MO and SR-SO ageing routines have
a double effect. First, they strongly modify the surface proper-
ties of the resulting oxides, thus affecting their capability for H
activation, and therefore their low-temperature redox response,
much better in the case of the SR-MO sample. Second, the age-
ing protocol does also modify the bulk structural properties of
the oxides, and consequently, their thermodynamic properties.
As very recently discussed in ref. [32], entropy factors play a key
role in determining the thermodynamic stability of the different
aged phases.

In good agreement with some earlier studies [24], the results
reported here show that, from a thermodynamic point of view,
the reducibility of the SR-MO, the one mainly consisting of
an ordered phase, is higher than that of the SR-SO sample, the
one exhibiting a random distribution in the Ce—Zr cationic sub-
lattice.

Fig. 3A includes some additional interesting OSC data. They
correspond, respectively, to the SR-MO sample further treated

100 T T T T

@
o
T

[e2}
o
T

B
o
T

SR-S0 (1st Series)
SR-SO (2nd Series) |
SR-MO-(02 1073K)
SR-MO

Reduction percentage (%)
N
(=]

TErae

-
o
o

D o]
o o
T T

Reduction percentage (%)
Py
o

@® SR-SO (1st Series)
20 b O RhISR-SO -
m SR-MO
O Rh/SR-MO
0 _I_‘ 1 1 1
400 600 800 1000 1200 1400

Temperature (K)

Fig. 3. Ultimate OSC data corresponding to a Ceg ¢2Zr0330; sample submit-
ted, respectively, to SR-MO and SR-SO ageing routines. Bare oxides (Part A);
influence of highly dispersed Rh (Part B). OSC values were determined by O,
chemisorption at 473 K of samples reduced for 1 h, in a flow of 5%H;/Ar, at the
indicated temperatures. See ref. [26] for further experimental details.

with 5%0,/He, for 30 min at 1073 K and to the SR-SO sample
resulting from a first series of OSC measurements, i.e. further
reduced for 1h at 1223 K in a flow of 5%Hj/Ar, and finally
re-oxidised at 473 K. The behaviour of these two additional
samples is fully consistent with the model suggested in the previ-
ous paragraphs. In effect, compared to the SR-MO and SR-SO
oxides, from which they were obtained, these samples show
significantly different low-temperature OSC data, i.e. those
determined by the surface properties of the oxides. By contrast,
the high-temperature OSC values, i.e. those determined by their
thermodynamic bulk properties, are much closer. We should
conclude, accordingly, that the additional treatments applied,
respectively, to the SR-MO and SR-SO samples essentially mod-
ify their surface properties without significant modification of
their bulk structure. In the case of the SR-MO sample, the addi-
tional short oxidation treatment at 1073 K, would thus produce
a surface-modification of the k-like phase, with inherent loss
of its hydrogen activation capability. In the case of the SR-
SO one, on the contrary, the additional reduction treatment at
1223 K, followed by a mild re-oxidation at 473 K, might well
induce a surface regeneration of the ordered phase, mainly
affecting the capability of the sample for activating the Hp
molecule, with inherent enhancement of the low-temperature
reducibility [26].
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