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Improving the Redox Response Stability of Ceria-Zirconia
Nanocatalysts under Harsh Temperature Conditions.
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Pérez-Omil,H Maria P. Yeste™*

"Departamento de Ciencia de los Materiales e Ingenieria Metalurgica y Quimica Inorgénica. Facultad de Ciencias. Universi-
dad de Cadiz, Campus Rio San Pedro, Puerto Real, 11510-Cédiz, Spain

HInstituto Universitario de Investigacion en Microscopia Electronica y Materiales (IMEYMAT). Facultad de Ciencias. Uni-
versidad de Cadiz. Campus Rio San Pedro, Puerto Real, 11510-Cadiz, Spain

YEMAT, University of Antwerp, Groenenborgerlaan 171, B-2020 Antwerp, Belgium

ABSTRACT: By depositing ceria on the surface of Yttrium-Stabilized Zirconia (YSZ) nanocrystals and further activation under
high temperature reducing conditions, a 13% mol. CeO,/YSZ catalyst structured as subnanometer thick, pyrochlore-type, ceria-
zirconia islands has been prepared. This nanostructured catalyst depicts not only high Oxygen Storage Capacity (OSC) values but,
more importantly, an outstandingly stable redox response upon oxidation and reduction treatments at very high temperatures, above
1000°C. This behavior largely improves that observed on conventional ceria-zirconia solid solutions, not only of the same composi-
tion but also of those with much higher molar cerium contents. Advanced Scanning Transmission Electron Microscopy (STEM-
XEDS) studies have revealed as key not only to detect the actual state of the lanthanide in this novel nanocatalyst but also to ration-
alize its unusual resistance to redox deactivation at very high temperatures. In particular, High Resolution X-Ray Dispersive Energy
studies have revealed the presence of unique bilayer ceria islands on top of the surface of YSZ nanocrystals which remain at surface
positions upon oxidation and reduction treatments up to 1000°C. Diffusion of ceria into the bulk of these crystallites upon oxidation
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at 1100°C irreversibly deteriorates both the reducibility and OSC of this nanostructured catalyst.

It is widely accepted that the introduction of Zr*" in the crystal
lattice of CeO, increases the reducibility and oxygen storage
capacity (OSC), as well as the thermal stability and electrical
conductivity of the fluorite structure, thus making ceria-
zirconia mixed oxides excellent materials for a wide range of
applications.'” In fact, these oxides represent the state-of-the
art of OSC materials for TWCs (three-way catalysts).” They
have also been extensively investigated as catalysts and cata-
lyst supports of noble metal nanoparticles for a variety of
chemical processes related to the production of hydrogen for
fuel cells (reforming, methane partial oxidation, CO oxidation,
PROX, low temperature water gas shift, among others) or
even as a component (cathode, anode or electrolyte) in solid
oxide fuel cells (SOFC) fabrication.* After proper selection of
the synthesis methods (including thermochemical treatments
of the as-prepared samples), the chemical composition is a
critical aspect to determine OSC, considered as a key de-
scriptor of the catalytic performance of ceria-zirconia materi-
als in the aforementioned applications.” Thus, in a theoretical
DFT study about the influence of composition on the redox
properties of these mixed oxides, Wang et al. conclude that a
Ce/Zr ratio close to unity is a requisite for Ce;Zr,O, solid
solutions to depict outstanding OSC properties.® However,
recent reports published by different national agencies and
expert working groups on defining critical raw materials and
strategies to cope with their supply risks have clearly recom-

mended a reduction in the usage of rare-earth materials in
current technologies.” Taking this fact into account, it seems
reasonable that optimizing the total amount of ceria in ceria-
based formulations arises as an issue of great interest in the
fields of heterogeneous catalysis and fuel cell fabrication.”” At
least two strategies can be pursued to reach this optimization
goal. On one hand, it is clear that limiting the total amount of
the lanthanide in the preparation of the mixed oxide would
contribute to a more limited usage whenever the prepared
materials provide the same or, even better, improved, perfor-
mance on a per unit mass base. Likewise, extending the life-
time of the materials in the application of interest appears as
an interesting alternative.

The last approach connects with stability under working con-
ditions, which is one of the major concerns in the design of
improved formulations of TWC components. In fact, increas-
ingly stringent regulations, requiring lower emission stand-
ards, have lead to higher temperature of emissions,'” which
promote faster deactivation of the TWC components, particu-
larly in terms of OSC."

A variety of strategies have been assayed to improve stability
under high temperature working conditions, including: (1) the
use of modified synthesis procedures of the CeO,-ZrO, mixed
oxide;"” (2) mixing at the nanoscale to prepare composites
both of ceria-zirconia/alumina ' "° and of ceria-zirconia
with two different compositions '® or (3) doping the mixed
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oxide with other metallic elements.'”"® In the case of nano-
composites with alumina, the underlying stabilization concept
is that of creating a diffusion barrier ' between neighboring
mixed oxide particles, which allows for maintaining dispersion
and OSC.

Anchoring isolated ceria-zirconia nanostructures onto the
surface of a carrier material, by supporting them onto a sup-
port, constitutes an alternative way of implementing this diffu-
sion barrier concept, as long as diffusion at high temperature
into the bulk of the carrier material is actually limited. In fact
supported ceria ** and ceria—zirconia *'** have been reported
to be highly resistant to sintering under reduction—oxidation
treatments.

In this context, the question arises whether materials with low
total cerium content, high reducibility and OSC as well as high
stability under high temperature conditions can be prepared.

Kaspar et al. reported on a Ce,Zr,30, oxide, synthesized by
coprecipitation, which showed good OSC and reducibility at
low temperatures.23 Nevertheless, the stability of the redox
properties of these oxides upon high-temperature oxidation
treatments (>900°C) was not investigated by the authors.

Likewise, in a previous paper, we reported on a new family of
ceria-yttria-stabilized zirconia oxides (CYSZ), with low Ce
content (<20%) exhibiting very high OSC values and out-
standing reducibility at very low temperature (150°C).”> The
strategy to prepare this material relied on depositing ceria on
the surface of yttria-doped zirconia (YSZ) nanocrystals and
benefiting from the structural and chemical interactions that
can be established between ceria and zirconia after proper high
temperature redox treatments.” **** We showed that the redox
functionality of this CYSZ catalyst was highly dependent on
the thermochemical history of the sample, particularly on the
application of high temperature treatments.

Thus, a CYSZ catalyst depicting optimum redox properties
was obtained after three consecutive reducing-oxidizing cy-
cles, where reduction steps were performed under Hy/Ar, at
950°C (1h) (Severe Reduction or SR) and followed by oxida-
tion under O,/He, either at 500°C (1h) (Mild Oxidation or
MO) or 950°C (Severe Oxidation or SO). The singular redox
properties exhibited by the CYSZ-SRMO-SRSO-SRMO cata-
lyst were associated to the formation of sub-nanometer thick
Ce,Zr,0; pyrochlore structures at the surface of the YSZ par-
ticles during the reduction treatment, which were transformed
into Ce,Zr,0y during the MO steps.22

In this contribution we focus now on studying the stability of
the redox response, in terms of both reducibility and OSC, of
this promising material under high temperature aging treat-
ments consisting of reduction-oxidation cycles at increasing
temperatures. Results evidence a high resistance and reversi-
bility of the redox behavior, which starts only to decay after
prolonged (10h) oxidizing treatments at 1100°C. Moreover,
such high resistance has been fruitfully correlated with analyt-
ical studies, performed at atomic scale using state-of-the-art
aberration-corrected equipment, which provide evidences of
the limitation of diffusion of Cerium species into the bulk of
the catalyst nanoparticles.

EXPERIMENTAL

The material used as support, YSZ (99.961% pure, Sger 89 m’
g") with 15% molar of Y, was supplied by Tecnan-Nanomat
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S.L. A 13% mol CeO,/YSZ catalyst was prepared by incipient
wetness impregnation of the YSZ oxide (25 g), in three suc-
cessive steps, using an aqueous solution of Ce(NO;);.6H,O
(1.2 M). After impregnation, the sample was dried in air, in an
oven, overnight at 110°C and further calcined, also under air,
at 500°C for 1 h. the specific surface area of the supported
catalysts was 73 m” g,

To obtain the material with optimum redox properties, this as-
prepared CYSZ catalyst was sequentially submitted to the
following three redox-aging steps:

(1) SRMO, Severe Reduction (SR) followed by Mild Oxida-
tion (MO) treatment, consisting of: heating under a flow of
H,(5%)/Ar (60 cm’ min'l) from room temperature up to 950°C,
at a heating rate of 10 °C min" and followed by 2 h of iso-
thermal treatment at 950°C. Next, the gas flow was switched
to He (60 cm’ min™), for 1 h, and the sample was cooled down
to 25°C under inert gas flow (60 cm’ min™). After this severe
reduction (SR) step, the aging cycle was closed by applying a
mild re-oxidation, MO, routine. To prevent overheating of the
reduced mixed oxides, this part of the cycle started with a re-
oxidization at 25°C, by pulsing an O,(5%)/He mixture until
there was no evidence of further oxygen consumption. The
sample was then heated in a flow of 0,(5%)/He (60 cm’ min™")
up to 500°C, the temperature at which the oxidation treatment
was prolonged for 1 h. Finally, the sample is cooled down
under the same atmosphere to room temperature.

(2) SRMO-SRSO: the as-prepared catalysts were first submit-
ted to a SRMO treatment. Then a second SR treatment is ap-
plied. The redox cycle is closed by a Severe Oxidation, SO,
treatment. This SO step included the room temperature pulse
re-oxidation using O,(5%)/He, and further ramp and isother-
mal heating under the same atmosphere but up to a final tem-
perature of 950°C, which was maintained during 1h.

(3) SRMO-SRSO-SRMO: in this case portions of the initial as
prepared catalysts were successively submitted to first a
SRMO cycle, then to a SRSO one and, finally, to a second
SRMO treatment.

A pictorial description of all these treatments has been includ-
ed in Figure S1 of supporting information.

This CYSZ-SRMO-SRSO-SRMO catalyst, which features
optimum OSC and reducibility under H,, is the starting point
in all the deactivation studies under oxidizing conditions at
high temperature investigated in this work. For the sake of
brevity, it will be referred in the following as CYSZ-3C. The
deactivation studies consisted of heating under O,(5%)/He to a
final temperature of 950°C, 1000°C or 1100°C during 10h.

A conventional Ceg 521,30, mixed oxide, in which Ce is
distributed at bulk level and used as a reference (Sggr 40 ng'
", was provided by Rhodia.

Textural properties of the samples were determined by N,
adsorption at -196 °C using a Quantachrome Autosorb iQ
automatic device. Before measurement, samples were pre-
evacuated at 200°C for 2 h.

Inductively coupled plasma-atomic emission spectrometry
(ICP-AES) was employed to determine the Ce loadings of the
catalysts. X-ray diffraction (XRD) analyses of the catalysts
were carried out using a Bruker diffractometer Model D8
ADVANCE operated at 40 kV and 40 mA employing Cu Ko
radiation.
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TPR-MS studies were performed in an experimental device
coupled to a Pfeiffer, model Thermostar QME-200-D-35614,
quadrupole mass spectrometer using 200 mg of sample, a 5%
H,/Ar flow rate of 60 cm’ min™' and a heating ramp of 10 °C
min”'. Prior to all the H,-TPR runs, the samples were cleaned
by heating up to 500°C under 5% O,/He flowing at 60 cm’
min™', at a heating rate of 10 °C min™'; then, they were kept for
1 h at this temperature and further cooled down to 150°C un-
der the flow of diluted oxygen and finally to 25°C in He. The
results are presented in the form of water evolution
(mass/charge ratio=18) vs temperature, during the reduction
process. Consistency with hydrogen consumption profiles was
in all cases confirmed.

Ultimate OSC values were obtained from oxygen volumetric
chemisorption experiments. The isotherms were recorded at
200°C on a Micromeritics ASAP 2020 instrument in the oxy-
gen partial pressure interval 0-300 Torr. The samples (400
mg) were pre-reduced by heating in a flow of 5% Hy/Ar (60
em’ min™) at 10 °C min™', from 25°C up to the selected reduc-
tion temperature (T,.q,); they were kept at T,.q, for 1 h under
flowing 5% H,/Ar; then they were evacuated for 1 h (residual
pressure < 1.107 Torr at Ty, or 500°C if T,.q, was lower than
500°C) and were finally cooled down to 200°C under high
vacuum. These evacuation conditions ensure the elimination
of any significant amount of hydrogen chemisorbed on the
oxides.

Samples for TEM/STEM analysis were obtained by dissolving
the nanocrystal powder in ethanol and dropcasting the solution
onto carbon-coated TEM grids at room temperature.
TEM/STEM characterization was performed using different
microscopes. A JEOL2010F microscope (not aberration cor-
rected) equipped with a Field Emission Gun, a 80 mm® Oxford
X-Max SDD detector for XEDS analysis was used to record
HRTEM, HAADF-STEM and STEM-XEDS at resolutions
above the angstrom level. Aberration-Corrected High Resolu-
tion STEM (HR-STEM) images were acquired using a FEI
Titan’ microscope operated at 300 kV. A semi convergence
angle of ~21 mrad was used together with a camera length of
115 mm. Energy Dispersive X-ray Spectroscopy (XEDS)
measurements with a resolution at the nanometer scale were
performed using a FEI Tecnai G2 electron microscope operat-
ed at 200 kV. X-EDS experiments at the atomic scale were
carried out using an aberration corrected FEI Titan’ micro-
scope operated at 300 kV and equipped with a ChemiSTEM
system.”” Analysis was performed using the Bruker ESPRIT
software.

X-ray Photoelectron Spectra were obtained using a Kratos
Axis Ultra DLD instrument, and recorded with monochro-
matic Al Ka radiation (1486.6 eV). The instrument was oper-
ated in the fixed analysis transmission mode (FAT), using pass
energy of 20 eV. The Kratos coaxial charge neutralization
system was used to compensate charging effects, and the bind-
ing energy scale was calibrated with respect to Zr 3d5/2 com-
ponent at 182.64 ¢V.”' The spectrometer was connected to a
catalytic cell which allowed the reduction of samples and their
anaerobic transfer to the analysis chamber.

RESULTS AND DISCUSSION

The main focus of the present study was determining the actu-
al stability of the CYSZ-3C catalyst against redox cycling at
high temperatures. To this purpose, it was submitted to an

additional reducing-oxidizing cycle in which the reducing part
of the cycle was again performed at 900°C, but the final oxida-
tion temperature was either increased above 950°C, up to
1100°C or prolonged in time (10h) at 950°C. In the following,
we will describe changes in the textural, redox and structural
properties of the catalyst after these treatments. Concerning
redox properties both reducibility under H, and OSC have
been followed to monitor deactivation. Regarding structure,
the macroscopic and atomic scale details have been tracked by
combining XRD and TEM/STEM analysis in aberration-
corrected equipment, respectively. Likewise, compositional
changes at the surface (XPS) as well as at nanometer and
atomic scale have been monitored through STEM-XEDS
measurements.

Texture: Surface Area

Concerning textural properties, Table 1 gathers the BET sur-
face area values of the different materials. Note that the prepa-
ration of the CYSZ-3C catalyst involves a large drop of sur-
face area, from 70 in CYSZ down to 22 m” g™, in spite of what
the redox properties improve significantly. Note that the ap-
plication of an additional SRSO cycle in which oxidation is
performed at 950°C during 1h, does not affect the surface area.
At this temperature, oxidation has to be prolonged for 10h to
decrease further the surface area (17 m” g'). Nevertheless the
largest drop takes place when oxidation is performed at
1100°C, after which the surface area is negligible, 1 m’ g'l.

Table 1. BET surface area values.

SAMPLE Sper (m* g™
CYSZ 73
CYSZ-3C 22
CYSZ-3C SRSO (950°C 1h) 26
CYSZ-3C SRSO (950°C 10h) 17
CYSZ-3C SRSO (1000°C 10h) 13
CYSZ-3C SRSO (1100°C 10h) 1
Ce.15Z19.8502 40
Cey.15Z10.550, SRMO-SRSO 37

In terms of texture, the reference bulk catalyst with similar
composition, Cey5Zr,5s0,, retains better its surface area.
Thus, after the SRMO-SRSO 950 (1h) cycle it only drops
from 40 down to 37 m> g It will be important to take into
account this fact when we compare later the redox perfor-
mance of this catalyst with that of CYSZ-3C.

Redox Behavior

Concerning changes in reducibility it pertains to recall first,
for a more comprehensive understanding, the changes taking
place during the preparation of the CYSZ-3C catalyst. Thus
Figure 1, collects the H,-TPR diagrams obtained on the CYSZ
catalyst as prepared, plot 1(a), after a first SRMO treatment,
plot 1(b), and, finally after the complete SRMO-SRSO-SRMO
treatment, i.e thereafter labeled as CYSZ-3C, plot 1(c). Note
how the evolution of water, which corresponds to oxygen
abstraction from the sample by H,, changes dramatically after
the first SRMO treatment. Thus from an evolution in a wide
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temperature window located at intermediate-high temperature
values (400-800°C) in the CYSZ sample, it changes to, mostly,
a major peak at roughly 250°C which is followed by a tail and
a secondary, minor, peak at 500°C. Still a further improvement
in reducibility is observed in the CYSZ-3C oxide, whose H,-
TPR diagram shows only an intense peak at roughly ~220°C,
tailing asymmetrically towards the high temperature end. This
redox behavior contrasts with that of the bulk oxide, whose
H,-TPR diagram after an SRMO-SRSO-SRMO treatment, plot
1(f), does not differ two much from that of the original, un-
treated sample, plot 1(d), and/or SRMO treated one, plot 1(e).
In the cycled bulk oxide reduction takes place in the middle-
high temperature range, peaking at 500°C.

CcYsz

CYSZ-SRMO

CYSZ-3C

Cep.152rp.8502

MS signal for m/e

(UL

Cep.152rg.8502-SRMO

Ceq.15Zrp.8502 -3C

0 200 400 600 800 1000
Temperature (°C)

Figure 1. H,-TPR diagrams for the CYSZ and Ceg5Zry550,
oxides submitted to different aging treatments.

The effect of the SRSO cycles under stringent conditions on
the CYSZ-3C material is illustrated in Figure 2. The reference
H,-TPR in this case is, of course, that of CYSZ-3C, plot 2(a).
Thus, when the SRSO treatment is applied at 950°C for 1h, the
reducibility changes dramatically, the H,-TRP diagram show-
ing now only a very narrow peak centered at about 500°C, plot
2(b), which suggests the formation of a very well-defined
phase, whose oxygen is much more tightly bonded to the
mixed oxide than in the CYSZ-3C sample. This low-
reducibility state can nevertheless transform reversibly back
into the initial high-reducibility one by a further SRMO treat-
ment, plot 2(c).

When the SRSO treatment at 950°C is extended for 10h the
result resembles that described previously, plot 2(d). Again the
reducibility worsens after oxidation at high temperature. In
this case, a wider oxidation peak centered at about 400°C is
observed.

An increase of the SRSO final temperature up to 1000°C, for
10h, results once more in a thin reduction peak at 500°C, plot
2(e), which transforms back into a low temperature peaking
profile upon SRMO treatment, plot 2(f). Therefore, the revers-
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ibility to an optimum redox response is still maintained after
such severe oxidation.

CYSz-3C

18 (a.u.)

CYSZ-3C-SRSO (950°C 1h)

CYSZ-3C-SRSO (950°C 1h)-SRMO

CYSZ-3C-SRSO (350°C 10h)

MS signal for m/e

CYSZ-3C-SRSO (1000°C 10h)

d

e

f

2__/\\' CYSZ-3C-SRSO (1000°C 10h)-SRMO
h ‘_/l\l/\_ﬂ

CYSZ-3C-SRSO (1100°C 10h)

CYSZ-3C-SRSO (1100°C 10h)-SRMO

0 200 400 600 800 1000
Temperature (°C)

Figure 2. H,-TPR diagrams for the CYSZ-3C material submitted
to SRSO cycles under stringent conditions.

Nevertheless, when the SRSO treatment is performed at
1100°C this reversibility is definitely lost. The reduction
events in the H,-TPR diagram appear now at much higher
temperatures, in the 500-800°C range, in the form of two over-
lapped and broad peaks, plot 2(g). Moreover, when an addi-
tional SRMO treatment is applied to this state, plot 2(h), two
broad peaks appear; the first one locates at much higher tem-
perature than in previous cases, with maximum at 400°C, and
the second resembles the situation in the SRSO-1100°C sam-
ple. This evidence only a partial recovery of reducibility but to
a state neatly different from that prevailing in all the SRMO
samples commented up to this point.

Summarizing the H,-TPR results, the CYSZ-3C -catalyst
demonstrates a remarkable resilience in its low temperature
reducibility when submitted to cyclic redox aging up to
1100°C. This temperature marks a breakpoint above which
redox response is irreversibly degraded, in terms of recovery
of low temperature reducibility.

Ultimate OSC measurements allow establishing quantitative
comparisons of reducibility at different temperatures among
the whole set of samples. Figure 3 gathers OSC data measured
after reduction at low (350°C) and intermediate (500°C) tem-
perature. The results are presented as bar graphs to allow for a
direct, visual, comparison. Numerical values, expressed both
as umol-O/g of catalyst and as percentage of Ce’" can be
found in Table S1 in Supporting Information.
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Figure 3. OSC values after reduction at 350°C and 500°C.

To a large extent, the H,-TPR described above anticipate the
OSC results gathered in this Figure. Starting with the compari-
son between the conventional, bulk type, Ce5Zr,550, and
CYSZ-3C catalyst, it becomes clear that the latter exhibits
higher OSC values, especially after reduction at low tempera-
ture. Only in the fresh state the bulk sample stores more oxy-
gen. This latter result is not surprising since in the as-prepared
state the supported CYSZ catalyst consists of CeO, nanostruc-
tures supported on the YSZ crystallites, whereas in the bulk
sample ceria is already forming a mixed oxide with zirconia,
which is well established to improve the redox behavior of
pure ceria. This last observation can therefore be considered as
indication that in the as-prepared CYSZ catalyst ceria and
zirconia have not formed a mixed phase yet. Further character-
ization data support this interpretation.

Concerning the effect of redox treatments, it appears clear the
benefiting effect of the initial SRMO protocol on both sam-
ples, but especially on the CYSZ catalyst, which exhibits full
Ce reduction at 500°C and a 92% Ce’" content at 350°C. The
corresponding values in the bulk sample are just 73% and
29%. When a complete SRMO-SRSO-SRMO treatment is
applied to the CYSZ catalysts, as observed by its H,-TPR, the
OSC values slightly enhanced now showing full Ce reduction
at 500°C and a 95% Ce’* content at 350°C.

After aging at 950°C for 10h the OSC values of the CYSZ-3C
catalyst are also above those of the bulk sample. Moreover,
very large differences are observed in terms of storage at low
temperature, 68% and just 7% for CYSZ-3C and
Ceg.15Z19850,-SRMO-SRSO, respectively. This moderate
aging treatment severely deteriorates the redox response of
conventional bulk formulations but does affects only in a very
limited extent to the CYSZ one. For this reason, further, much
more severe aging treatments were only applied to CYSZ-3C.
Note at this respect that increasing the temperature of the
aging, oxidizing, treatment up to 1000°C, also for 10h, does
not affect the oxygen storage capacity of this material, which
still presents Ce”" contents close to 70 and 80% after reduction
at 350 and 500°C.

As already observed in the H,-TPR traces, a dramatic change
takes place when the aging process is applied at 1100°C for
10h. After this treatment, OSC drops down to roughly 25%
and 10% at 500 and 350°C, respectively. Therefore, OSC
measurements confirm that 1100°C under oxygen are limiting
working conditions for the CYSZ catalyst prepared in this
work.

Structural Characterization

An in-depth characterization study was performed to under-
stand the correlation of the redox behavior of the CYSZ cata-
lyst with structural features. At macroscopic level, the corre-
sponding XRD diagrams were recorded after the different
redox aging treatments; Figure 4 and Table S2 gather the
corresponding information. The diffraction peaks observed in
the XRD diagram of the YSZ oxide used as support can be
assigned to a tetragonal type oxide with the cell parameters
shown in Table S2. A tetragonalization ratio (c/a) just 1%
larger than that expected for the tetragonal description of the
cubic fluorite cell (c/a=y 2=1.414) is observed. Taking into
account that, in terms of the unit cell parameters, the phase is
quite close to a cubic one, we can index the reflections in
reciprocal space either on the basis of the tetragonal cell or the
“nearly-cubic” cell. The relationship between the axis of the
two unit cell are the following: a=1/2(a.-b.), b=1/2(a,+b,),
¢=c¢., where “t” and “c” sub-indices refer to the tetragonal and
cubic unit cells.
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Figure 4. XRD diffractograms of the YSZ (a) and CYSZ samples
submitted to different redox aging treatments: CYSZ (b), CYSZ-
3C (¢), CYSZ-3C-SRSO (950°C 1h) (d), CYSZ-3C-SRSO (950°C
10h) (e), CYSZ-3C-SRSO (1000°C 10h) (f) and CYSZ-3C-SRSO
(1100°C 10h) (g)

Apart from subtle changes in position and narrowing, these
peaks remain visible in the whole set of XRD diagrams, this
indicating that the structure of the YSZ crystallites remain
mostly unchanged. After deposition of ceria onto the surface,
the peaks corresponding to this phase are clearly detected in
the CYSZ as-prepared catalyst, in good agreement with the
OSC results previously described. No change in the c/a ratio
takes place either. After the SRMO-SRSO-SRMO treatment
that leads to the CYSZ-3C material, these pure CeO, peaks are
no longer visible, this clearly indicating mixing of this compo-
nent with the YSZ support.
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The enlargement of the 20 range corresponding to the {011}
planes of the tetragonal phase, between 28-31°, shows an
asymmetric peak tailing towards the low angle range. This
would be consistent with the presence of a bulk, Zr-rich, YSZ
phase and a surface type Ce-Zr phase.

The application of the high temperature redox aging treat-
ments SRSO to the CYSZ-3C catalyst tend to erase this
asymmetry, especially at the highest oxidation temperatures

Chemistry of Materials

(>950°C), this suggesting, as expected, that mixing between
the two components of the catalyst increases with oxidation
temperature. The peak becomes fully symmetric after oxida-
tion at 1100°C. In parallel, the (101) peaks become narrower,
especially after the treatment at 1100°C, which clearly corre-
lates with the large drop in surface area after this severe treat-
ment.

Figure 5. (a) HAADF-STEM image and (b) a more detailed high resolution STEM image of the starting CYSZ catalyst. Two
regions are indicated in (b), showing d-spacings and angles allowing to index a YSZ region (1) and a CeO, fluorite-region (2).
XEDS maps (c) and (d) show the presence of ceria nanoparticles (green) attached to the surface of an yttria-stabilized zirconia
nanocrystal, in which zirconium is presented in red (c) and yttrium in blue (d).

The atomic scale structure of the CYSZ catalyst after the most
relevant treatments was investigated by a combination of
advanced STEM techniques. Figure 5, contains information
representative of the structure of the starting CYSZ catalyst.
Thus, Figure 5(a) shows a medium magnification HAADF-
STEM image of CYSZ. A more detailed, high resolution view
is presented in Figure 5(b). Since in this imaging mode the
intensity scales both with the atomic number of the elements
in the imaged area (with roughly a dependence of the type
Z"*) and thickness, Figures 5(a) and (b) suggest that the depo-
sition of ceria results in the formation of nanosized 3D parti-
cles on the surface of the YSZ nanocrystals. Those observed in
this figure are only between 2-4 nm in diameter. Diffraction
spots observed in the FFT taken from regions support (1) and
the supported particles (2) agree, within experimental error,
with those expected for YSZ and CeO,. In any case, the pres-
ence of these cerium-containing nanoparticles was confirmed
by energy dispersive X-ray spectroscopy (XEDS), Figures 5(c)
and (d). The cerium signal is indicated in green in the XEDS
map in Figure 5(c) and (d). From both maps, it is clear that the
nanoparticles, made only of CeO,, are attached onto the yttria-
stabilized zirconia nanocrystal (Zr: red, Y: blue) surfaces.

The use of an yttria-stabilized zirconia as ceria support has
been suggested because of their expected structural coherence,
as both components have a cubic crystal lattice (21). Note at
this respect how the 3D CeO, nanoparticles grow epitaxially
on the YSZ support, as it can be confirmed through the aligned
reflections in the FFTs coming from both areas in Figure 5.
Thus, in Figure 5(b) it is clear that the [001]; structure visible
in the YSZ support crystallite is coherently prolonged into the
two CeO, particles observed on the edge of the YSZ crystal-
lite, being quite difficult to establish an interface between the

two regions of the material. This result confirms the hypothe-
sized structural coherence between the two components of the
CYSZ catalyst.

Images shown in Figure 5 evidence an additional key question
that must be taken into account in the STEM characterization
of this type of catalysts. This is the difficulty to detect the Ce-
containing nanostructures on the HAADF-STEM images. In
fact, given the close structural relationship between the two
components, CeO, and YSZ, the discrimination of the 3D
CeO, nanoparticles observed in Figure 5(b) can only be
achieved on the basis of nanoanalytical data, as that shown in
Figures 5(c) and (d). Without high resolution STEM-XEDS
data the atomic scale analysis of this type of materials is out of
reach.

After the SRMO-SRSO-SRMO treatment, which leads to
CYSZ-3C, significant structural changes take place. Figure 6
shows representative HAADF-STEM images of this material.

& SR

y

Figure 6. (a,b) High resolution HAADF-STEM images of CYSZ-
3C nanocrystals.
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Figure 7. (a) High resolution HAADF-STEM image of a CYSZ-3C nanocrystal, where (b) indicates the area where XEDS maps were
recorded; (c) Averaged X-EDS maps of Zr, Ce and Y; (d) line profile along the perpendicular to the edge of the CYSZ-3C nanocrystal.

Note how extended, flat, surfaces are now observed in the
support. The crystallites are imaged along the [100] zone axis
of the tetragonal YSZ unit cell, which corresponds to the [110]
zone axis of the fluorite-type cubic unit cell. The edges of the
images correspond to {011} tetragonal, {111} cubic, planes.
Previous HAADF-STEM electron tomography experiments
have evidenced”” ** that SRMO treatments lead to ceria-
zirconia crystallites in which {111}, type surfaces represent
the major contribution to their exposed area. This seems to be
also the case in the YSZ support.

Note also that now there is no evidence of 3D, nanoparticle-
like, structures. Morcover, there is no direct evidence about
the location of Ce atoms. The image contrasts are rather uni-
form all over the areas occupied by the crystallites, from bulk
to surface positions. In this case, only direct chemical analysis
at the atomic scale is able to reveal the actual spatial distribu-
tion of Ce in CYSZ-3C, Figure 6.

Thus, Figure 7(a) shows a HAADF-STEM image of one of the
crystallites along [100], The STEM-XEDS map shown in
Figure 6(c) was acquired in the area boxed in (a) and shown as
enlargement in Figure 7(b). Note the atomic resolution
achieved in the analytical map, which suggests at first sight a
uniform distribution of Ce (green), Y (red) and Zr (blue) dots
all over the imaged area. Nevertheless, intensity profiles of
these three chemical signals along a line perpendicular to the
{111}, surface lying horizontally, Figure 7(d) clearly reveals
the details of the distribution of these elements. It is important
to highlight at this respect that the Ce signal is very intense
just at the position of the first plane at the very surface of the
CYSZ-3C crystallite. A second atomic plane containing Ce,
but in a lower amount, is observed. More to the interior of the
crystallite, Ce is also observed but in lower amounts. Zr and Y
signals are less intense at the first planes at the surface and
then steadily increase from the third atomic plane on. A few
remarks are worth being further commented with respect to
these results.

First, it seems even clearer now, the absolute need of using
advanced analytical tools, with atomic-scale resolution, to
reveal the structure of this type of materials. To an extent,
atomic resolution HAADF-STEM images are “blind” to the
distribution of Ce in this particular type of nanostructures, in
spite of the difference in atomic number values between Zr

(Z=40), Y (Z=39) and Ce (Z=58). The intensity profiles of Zr
and Y suggest a steep crystal thickness increase along the
normal to the surface. Such thickness variation, which is in
fact expected for the type of crystals detected after SRMO
treatments in ceria-zirconia based materials, could compensate
for the difference in atomic number between Ce and Zr-Y and,
therefore, render the intensity of the atomic columns at the
surface enriched in Ce similar to that of the Zr-Y columns at
the bulk of the YSZ crystallites.

Second, it becomes clear that Ce concentrates at the very 1-2
first atomic planes at the surface of the material. This means
that Ce atoms in the CYSZ-3C catalyst are at purely surface or
subsurface positions. The first atomic plane is richer in Ce
than in Zr or Y and the second one depicts a slightly larger
concentration of the latter. In > the analysis at nanometer scale
of this material showed islands with Ce/Zr ratios close to 1,
which is compatible with the much more detailed, atomic
scale, data presented in Figure 6. Finally, since the Ce signal
does not fall to zero at bulk positions, an extended coverage of
the YSZ crystallites is expected.

Third, Ce wets better the surface of YSZ after this treatment
and adopts the form of flat extended nanostructures grown, as
evidenced by the comparison between HAADF-STEM and
STEM-XEDS data, epitaxially onto the YSZ support. There-
fore, it seems that the textural change taking place in the sup-
port, which increases exposure of {011}, type facets ({111},),
promotes a morphological change of the 3D islands observed
in the starting CYSZ catalyst into this flat, subnanometer
thick, unique nanostructures. Similar bilayers have already
been detected in CeO,/MgO catalysts after reduction at high
temperatures,” though in that case HAADF-STEM images

were enough to reveal the presence of such nanostructures.

As evidenced in ® ***® large improvements in the reducibility

of ceria-zirconia oxides submitted to the same SRMO-SRSO-
SRMO treatments are related with the formation of a pyro-
chlore type superstructure phase. Complete transformation of
ceria-zirconia solid solutions, in which both metallic elements
are disordered within the cationic lattice, into the totally or-
dered pyrochlore requires temperatures as high as 1300°C in
the case of mixed oxides consisting of micron sized crystal-
lites.” Nevertheless, it seems quite reasonable that such trans-
formation completes at much lower temperatures when the
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mixed oxide phase is in the form of subnanometer thick bi-
layer structures, as it is the case of the CYSZ-3C catalyst.

Figure 8 illustrates the spatial distribution of Ce, Zr and Y in
the CYSZ-3C catalyst after being submitted to the mildest
redox aging protocol used in this study, i.e. SRSO at 950°C.
Note that in spite of the oxidation at high temperature, Ce
remains concentrated at the surface as quite thin nanostruc-
tures, Figures 8(b) and (c). This is more directly observed on
the intensity profiles of the different elements recorded along
the paths marked on Figures 8(b) and shown in Figures 8(d)
and (e), respectively.

In spite of remaining at surface positions, previous studies on
bulk ceria-zirconia oxides have proved that this type of treat-
ment drives an order-disorder transition that destroys the pyro-
chlore superstructure.” This could possibly explain the occur-
rence of a quite sharp reduction peak in this material, Figure
2(b), at a temperature higher than that of the CYSZ-3C sam-
ple. In the latter, the ceria-zirconia structures reside also at the
surface but as an Ce-Zr ordered pyrochlore type phase.

-Zr
Ce
=Y

Distance Distance

Figure 8. (a) HAADF-STEM image of a CeYSZ-3C sample
submitted to a SRSO (950°C) treatment. (b) XEDS map showing
the presence of Zr, Ce and Y, from Ce XEDS map is shown in (c).
Line profiles obtained through the particle (d,e) suggest that Ce is
present as a layer around the nanostructure.

Increasing the temperature of the oxidizing step of the SRSO
treatment up to 1000°C, for 10h, induces some changes in the
spatial distribution of Ce, as shown in Figure 9. In this case,
Figure 9(a) shows a HAADF-STEM image of a particle of the
catalyst after this treatment. It is clear that the particle mor-
phology is not so well defined. In the elemental distribution of
Ce and Zr by XEDS map, Figure 9(b), Ce is still observed to
cover the surface of the crystallite but, as suggested by the Ce-
XEDS map in Figures 9(c), it is clear that now Ce diffuses in a
limited extent into the nanoparticle volume. This is more di-
rectly observed on the intensity profiles of the different ele-
ments recorded along the paths marked on Figures 9(b) and
shown in Figures 9(d) and (e), respectively. The thickness of
the cerium-containing layer observed in these profiles is only
of a few nanometers. The accumulation of cerium still in posi-
tions close to the surface may explain the small difference of
OSC with respect to the sample treated at 950°C for 10 h,
Figure 3, and the reversibility observed in the H,-TPR after the
ulterior SRMO step, Figure 2.
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Figure 9. HAADF (a) and XEDS maps (b,c) of the CeYSZ-3C
sample submitted to a SRSO (SO at 1000°C, 10 h). Line profiles
obtained through the particle (d,e) show the presence of Ce on the
surface and the on-set of Ce diffusion into the bulk of the oxide
nanoparticles.

The extent of Ce diffusion into the bulk of the YSZ crystallites
changes dramatically after the SRSO 1100°C-10 h treatment,
(see Figure 10). In this case, the results of the STEM-XEDS
experiments show an important distinct feature: Ce has com-
pletely diffused into the bulk of the YSZ crystallites, depicting
an homogeneous distribution throughout the mass of the sam-
ple. This is clearly observed in the XEDS maps shown in
Figures 10(b) and 10(c), as well as in the intensity profiles of
the different elements shown in Figures 10(d) and 10(e). Note
how Ce covers now the entire volume of the nanoparticles.
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Figure 10. (a) HAADF-STEM image of a CeYSZ-3C sample
submitted to a SRSO (1100°C, 10 h) treatment. (b) XEDS map
showing the presence of Zr, Ce and Y, from Ce XEDS map is
shown in (c). Line profiles through the particle (d,e) suggest that
Ce distributes homogeneously throughout the oxide nanoparticle.

Further evidence is provided in Figure 11, which compares the
quantification of STEM-XEDS studies performed on the
CYSZ-3C SRSO 950-1h and CYSZ-3C SRSO 1100-10h cata-
lysts. The experiments consisted in this case in acquiring
XEDS spectra along lines crossing the catalyst particles from
the surface into the bulk, as marked on Figures 11(a) and (c).
The results of the quantification of Ce, Zr and Y along the
selected paths are plotted in Figures 11(b) and(d).

In the case of the sample treated at 950°C, Ce signal shows
clear peaks at surface locations, on both sides of the catalyst
crystallite, with concentrations in the order of 20% mol at
surface and below 5% in bulk positions, which is a reasonable
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value considering the thickness of the YSZ crystallite in this
image. A full, uniform coverage of all the YSZ is not expected
since the average, macroscopic, composition of the catalyst is
13% mol Ce. In any case this is not strange, given the large
heterogeneity of nanopowder type materials.
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Figure 11. HAADF-STEM images recorded on the CYSZ-3C
catalyst after SRSO at (a) 950°C 1h and (c) 1100°C -10h,
together with their quantification by lineprofiles (b,d) of Ce,
Zr and Y from the XEDS spectra along the paths marked in
yellow arrow on their corresponding HAADF images. (e)
HREM image of the crystal analyzed in (c,d) from which a
nanostructural analysis is performed over a selected are by
means of its corresponding Digital Diffraction Pattern shown
in (f).

In contrast, in the catalyst treated at 1100°C for 10 h the Ce
intensity profile appears uniform throughout the path, with an
average Ce composition in the order of 10% mol, i.e. close to
the nominal value of 13%. It becomes clear therefore, from the
comparison of the two sets of concentration profiles that in-
creasing the oxidation temperature in the SRSO treatment up
to 1100°C allows, as expected, a more efficient diffusion of Ce
inside the YSZ crystallites. This homogenization of the Ce
distribution must be responsible of both the deterioration of
the reducibility of the CYSZ-3C catalyst and the lack of re-
versibility in the redox response after the additional SRMO
treatment. Moreover, the nanostructural analysis performed by
HREM, Figure 11(e), confirms that the incorporation of Ce to
the original tetragonal YSZ support, lead to the stabilization of
a cubic Ce-doped YSZ phase, as clearly suggests the crystal-
lographic results obtained from the analysis of Digital Diffrac-
tions Patterns, Figure 11(f). Angles and d-spacings measured
for the reflections observed in these DDPs are unequivocally
indexed as cubic, while no reflections from a tetragonal phase

are detected, in good agreement with XRD data, where the c/a,
ratio for this sample is very close to v 2, as expected for a
cubic phase, see Table S2 in the Supporting Information".

It seems reasonable that once an uniform, solid-solution type,
material has been formed, any further treatment at high tem-
perature may reverse the situation to a surface type phase like
the one existing in the original CYSZ-3C catalyst, which is not
fully but largely maintained after the SRSO treatments at
lower temperatures.

To obtain a macroscopic view of the extent of the diffusion
process, XPS analysis was performed on the different samples
after SRSO treatments. Table 2 gathers the evolution of the
Ce/Zr ratios, as calculated taking into account both the Ce(3d),
Ce(4d) and Zr(3d) signals. Note how the initial values, close to
0.25. This ratio is above that expected for the nominal compo-
sition of the catalyst (Ce/Zr molar ratio=0.18), which clearly
means that Ce is accumulated at surface positions. Note also
how this value does not modify during the SRSO treatments
when the oxidation is performed up to 1000°C, for 10h. Only
when the oxidation temperature raises up to 1100 a decrease in
the ratio is observed, which now comes to values close to the
expected, nominal, average (0,18). Therefore, surface chemi-
cal analysis by XPS strongly support the observations made by
STEM analysis.

Table 2. Ce/Zr ratios at the surface as determined by XPS

CATALYST Ce/Zr % mol. Ce

CYSZ-3C SRSO (950°C 1h) 0,25 20,2

CYSZ-3C SRSO (950°C 10h) 0,26 20,4

CYSZ-3C SRSO (1000°C 10h) 0,23 19,0

CYSZ-3C SRSO (1100°C 10h) 0,17 14,8

CONCLUSIONS

The CYSZ-3C catalyst investigated in this work does not only
depict outstanding oxygen exchange capabilities, both in terms
of reducibility under H, and of OSC, particularly at low tem-
peratures, but also a remarkable resistance against deactivation
under high temperature conditions. A reversible change be-
tween low reducibility and high reducibility states is observed
upon redox cycling. Such reversibility is maintained whenever
the maximum temperature remains below 1100°C, which is in
fact a quite meaningful value in relation to the actual condi-
tions during TWC operation.*

The combination of advanced STEM-XEDS techniques has
proven key to rationalize the origin of such outstanding redox
properties. Particularly, STEM-XEDS analysis has revealed as
a requirement to detect the nanostructures into which the lan-
thanide component incorporates and to discriminate them from
the underlying YSZ support. Thus from an initial nanostruc-
ture in which the supported CeO, phase is present as 3D nano-
particles epitaxially grown onto the YSZ surfaces, extended
pyrochlore-type bilayers mixing Ce, Zr and Y are formed upon
the SRMO-SRSO-SRMO treatment leading to the material
that features the best oxygen handling capabilities. It seems
that textural changes on the support favoring the exposure of
{111}, facets promotes wetting by the Ce-containing phase.
Both the 3D nanoparticles and, especially, the bilayers could
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only be unambiguously detected from the STEM-XEDS anal-
ysis.

Likewise, STEM analysis of the materials resulting from re-
dox SRSO cycling at increasing temperatures has evidenced
that Ce remains at surface locations as long as the oxidation
temperatures during the SO step does not exceed 1000°C. The
set of XEDS data obtained on the cycled catalysts illustrate the
large potential of this type of studies in the investigation of
materials chemistry at the nanoscale, in particular of diffusion
processes, which is also a quite remarkable result from this
investigation.

XEDS line-profiles through the reconstructed volumes of the
Ce and Zr signals, evidence that upon oxidation at 1100°C, the
surface of the catalyst nanoparticles becomes Zr-rich whereas
Ce has totally diffused into the bulk of the catalyst particles.
XPS data confirm, at macroscopic level, the transition from a
Ce-enriched surface to a solid-solution situation. Mixing of
Ce, Zr and Y at atomic scale throughout the entire bulk of the
catalyst nanoparticles precludes the recovery of reducibility of
the CYSZ-3C SRSO-1100°C-10h catalyst upon further SRMO
treatment.

The present work sheds also some light onto possible strate-
gies to design novel ceria-zirconia materials. First, it becomes
clear that changes increasing the diffusion barrier effect of the
support should lead to further improvements in the resistance
against redox aging of the supported pyrochlore phase. Such
modification would be desirable as long as the intrinsic oxy-
gen handling capabilities of the supported pyrochlore are not
negatively affected.

It also becomes clear that it would be desirable finding routes
to reach and rebuild the pyrochlore state upon less severe
reduction treatments; below 900°C. This would allow retaining
better textural properties of the supported phase. At this re-
spect two factors appear important; first the presence of a
support mainly constituted by {111}, facets and, second, find-
ing means to facilitate ordering between Ce and Zr into the
pyrochlore superstructure. Both the use of morphologically
controlled nano-oxides and the choice of more convenient Ce
precursor appear as possible ways for a further insight into
these questions.

Finally, and recovering concepts previously proposed for
conventional ceria-zirconia materials, the use of the diffusion
barrier approach by mixing with nano-alumina constitutes an
interesting route to be explored but now on the basis of CYSZ
as starting material.
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