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High-resolution electron microscopy, high-angle annular dark field images, electron tomography data, and
density functional theory calculations are presented that show the occurrence of significant structural and
surface modifications in a nanocrystalline sample of cerizimconium mixed oxide upon high-temperature
reduction with hydrogen followed by mild oxidation. Our findings may lend further support to a recently
proposed model in accordance with which the enhanced reducibility exhibited by the mixed oxide after this

treatment is due to parallel modifications occurred in its surface chemistry.

Introduction

The incorporation of ceriazirconia mixed oxides to three-

way catalysts has represented a major breakthrough point in

automotive aftertreatment technolob/After that, a continuous
growing interest in their catalytic application in other fields has
been seef:®> The oxygen exchange capability of the €&
mixed oxides is a key feature lying behind most of their catalytic

applications. As such, numerous studies have been devoted t

better understanding their very challenging redox propéttis.

recent findings related to this topic using high-resolution electron
microscopy (HREM), high-angle annular dark fieldcanning
transmission electron microscopy (HAADF-STEM), and elec-
tron tomography techniques. Likewise, to arrive at a finer
interpretation of the experimental data, density functional theory
(DFT) and computer imaging calculations have also been used.

0Experimen'[al Methods

The fresh, low surface area, §:87r0 30, sample investigated

It is well established that heating these materials in hydrogen in this paper has been kindly provided by Grace Davison. The

at high temperature (Tredr 1173 K) followed by a mild
reoxidation treatment (Treoxn 873 K) (i.e. a severe reduction
+ mild oxidation (SR-MO)) leads to oxide samples with
enhanced reducibilit§-16

As shown in some recent electron microscopy stu#ie,
the SR-MO treatment induces the occurrence of a diserder
order transition in the cationic sublattice of the cerzrconia
mixed oxides. As a result, an ordered arrangement 6f @ed
Zr*t cations, like the one exhibited by pyrochlore-related
structures, is observed2! On the other hand, it has been
reported also very recently that the improvement in the low-
temperature reducibility induced after a SR-MO cycle is closely
related to the capability of the resulting oxide surfaces for
activating the hydrogen molecule dissociatiénPrevious

SR-MO cycle consists in two steps: first step (SR), was
reduction under flowing Kat 1223 K for 5 h followed by
evacuation in a flow of He at the same temperature for 1 h;
and second step (MO), after cooling in He the sample was
reoxidized, first at 298 K with @ pulses until no further
consumption was observed, and later on by heating under
flowing O, (5%)/He at 773 K for 1 h. The BET surface area of
the fresh and SR-MO-treated samples were 2qynt and 16

m? g~1, respectively.

HREM and HAADF images were recorded on a JEOL 2010-
FEG TEM/STEM electron microscope equipped with a JEOL
HAADF detector. The HREM and HAADF images simulations
were performed using the EM&Sand Kirkland’$2 programs,
respectively. The structural supercells needed for simulation

methanol adsorption studies point to surface cation rearrange-were built using Rhodius softwaefrom the University of

ment after the redox cyclé81? For these reasons there is a
major interest to investigate at atomic level the influence of
the cationic sublattice disordeorder transformation on the

Caiz.
HAADF STEM tomography was performed on a 200 kV FEI
Tecnai F20 TEM/STEM electron microscope. Image alignment

surface structure of these mixed oxides. This work I'eports SO0Megnd reconstructions were performed using the FE| software
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Inspect 3D and visualized using Ami#a.

Results and Discussion

Figure 1 shows HREM images of a §&&72r.380, sample
before (a) and after (b) the SR-MO treatment. The structure of
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refine the structure using the free energy functional me#fiég.

To within atom displacements lower than 1 pm the final
structure was found to belong to the space grbdpm setting

2 (relaxed lattice parameteg = 1.050 nm) and the following
asymmetric unit: Ce (16c), Zr (16d), O (4&= 0.386224), O
(8a), and O (8b), see Figure 2a. The HREM image simulations
calculated using EMS software from this model for 50/50 and
62/38 Ce/Zr molar fractions are in good agreement with the
experimental ones reported in this paper and elsewiidre.
the case of a 62/38 molar fraction, 0.235 and 0.765 structural
occupation factors for Ce and Zr, respectively, were considered
for the 16d sited! The FT obtained along the [110] zone axis
(Figure 2c) shows the presence of the {111} intermediate
spots in addition to those due to the fluorite structure.

A comparison of the two HREM images in Figure 1 also
reveals that after a SR-MO treatment some changes in the
surface of the oxide particles take place. Low-magnification
TEM views clearly reveal a transition from roundedlike crys-
tallites to well-faceted oxide particles. A statistical analysis of
the surface planes, performed on the basis of HREM images,
indicates an increase of the extension of {fi¢1} faces from
35% in the fresh oxide sample, up to about 60% in the
SR-MO-treated oxide.

For a number of particles showing superstructure features,
the fresh sample corresponds to that of a solid solution with a like that in Eigure 1b, tomographic recon§tructions were obtained
fluorite type structure and a random distribution of Ce and zr from a series of HAADF images acquired betweer0 and
in the cationic sublattice. Fourier transforms (FTs) obtained from /0" @very 2 and were processed using the FEI software Inspect
these images, such as the one in the inset in Figure 1a, showdD->* These tomograms reveal a shape very close to that of an
spots corresponding to only the cubic or tetragonal polymorphs octahedron (see Figure 3a). This observation is in good
of the mixed oxide. In contrast, after SR-MO, the presence of a@greement with the observed increasg{ 11} facets in the

1/2 {111} superstructure spots, characteristic of a pyrochlore- SR-MO sample. Measurement of the angles between the
related phase, are clearly identifigekt exposed faces in a central slice through the nanocrystal (Figure

20 nm”

Figure 1. Representative HREM images for the fresh (a) and
SR-MO-treated (b) Ce/Zr mixed oxides. Insets show FT of the
nanocrystal lattices.

The structure of a fully oxidized pyrochlore-related cerium
zirconium mixed oxide has been modeled using-€Rarrinello
molecular dynamic3? as implemented in the CPMD code.

3b) confirms this fact, showing the values of 70 and “1ttt
are typical for octahedral morphology.

An important feature of thg111} facets in the SR-MO

The electronic structure has been described in the frameworksample was revealed by high-resolution HAADF-STEM images
of the DFT within the local density aproximation. The valence (Figure 4a). The intensity profile of this HAADF image recorded
electrons wavefunctions are expanded in a plane wave basisalong a line normal to th¢111} fringes (Figure 4b) shows an
set with an energy cutoff fixed to 60 Hartrees, and the core- alternating intensity sequence. To provide an interpretation to
valence interactions were accounted through norm-conservingthis contrast feature, we created a supercell, using Rhodius
pseudopotentials. A 2 2 x 2 fluorite-like superstructure with  program?* projecting the DFT calculated structure along a
a pyrochlore-like Ce/Zr sublattice ordering was used as starting general direction perpendicular to a (111) surface (Figure 5a).
structure. Several molecular dynamics calculations were appliedAs seen in the projection, two different types{d11} plane
reducing the initial temperature (300 K) and scaling the ionic exist in this cation-ordered phase, the difference between them
velocities to find the minimum energy situation. The final being the molar ratio of Ce/Zr species: 4/1 in the Ce-rich one
relaxed model was achieved when the energy of the system wago 2/3 in the Zr-rich variant for a G&aZro.3€0, mixed oxide.
decreased 79.7 kJ mdlof oxidized pyrochlore. Wavefunction =~ So in accordance with the strong dependence of the intensity
and geometry optimization routines were applied afterwards to of HAADF contrasts on the average Z values in the atomic

Figure 2. DFT calculated structure for a fully oxidized pyrochlore structure (a), HREM image simulations along [110] direction for a 12 nm

thickness and Scherzer (43 nm) defocus (b), and its corresponding FT (c). The image simulations were carried out using the parameters for the

JEOL 2010-FEG electron microscope.



Letters

Figure 3. HAADF STEM tomogram (a) of a treated €&£Zro3d02
nanocrystal. A single central slice through the nanocrystal is shown in
(b). The angles indicate the nanocrystal is octahedral in shape.
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Figure 4. HAADF image (a) and its corresponding intensity profile
along a direction perpendicular to the surface (b) of a SR-MO-treated
CeysZro380, nanocrystal. The fringe spacing, 0.61 nm, corresponds
to the fluorite-like 1/2{111} spots as seen in Figures 1b and 2c.

planes®! the lower intensity fringes in the HAADF image can
be assigned to the Zr-richl1l} planes, whereas the higher
intensity lines would correspond to Ce-rich planes.

Most importantly, a close inspection of Figure 4a and the
intensity profile in Figure 4b reveals that for the uppermost
surface plane, th€111} fringe corresponds to a low-intensity
line (i.e., to a Zr-rich{ 111} plane). This is a general observation
in all the analyzed HAADF images of the SR-MO sample.

To confirm the interpretation of the experimental HAADF
data, image simulatioAshave been performed from several
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Figure 5. Super-cell (a) of the crystal structure projected through the
[110] direction considering a 4.8 nm thickness crystal and ltihg

along [1-11]. The HAADF image simulation (b) and the intensity
profile along a direction perpendicular to the surface (c) are also
included. Solid blue arrows indicate Ce-rich planes, dashed red arrows
indicate Zr-rich planes.

supercells like the one shown in Figures 5a. In this case, a
constant thickness and a Zr-richl11} -ended surface is
considered. Both the calculated image (Figure 5b) and their
intensity profile along [111] (Figure 5c) show all the contrast
features observed in the experimental image of Figure 4.

A qualitative interpretation of the presence of Zr-rictil 1}
surfaces in the SR-MO-treated sample could be as follows:
during the high-temperature reduction treatment (SR) the
pyrochlore structure is formed exposing the Zr-righl1}
surfaces. These are the ones containing a higher concentration
of oxygen vacancies according to the bulk structure, and they
are probably the most stable ones. These Zr-rich surfaces are
oxidized during the MO step of the treatment, refilling the
corresponding oxygen vacancies, but without the possibility at
such low temperature to rearrange the cation sublattice. Surface
energies DFT calculations are currently underway to confirm
this interpretation and to investigate from the theoretical point
of view the most stable morphology and surface chemical
composition for this kind of materiafé.

To summarize, the cation-ordering phenomena induced by
the SR-MO treatment affects the surface of the fresh mixed
oxide in two different ways: first, by increasing the percentage
of exposed{111} type surfaces, and second, by imposing a
specific type of{111} surface with a defined structure and
chemical composition (Zr-rich). These changes could be key
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factors in understanding the distinct chemical behavior, for  (10) Montini, T.; Hickey, N.; Fornasiero, P.; Graziani, M.; Baas, M.

instance the capability for activating the hydrogen molecule égo'g"alr;"”flzéﬁ_“ffgé M. V.. Alessandri, I.; Depero, L. Ehem. Mater.
. s . , .
dissociatiort? observed in the SR-MO sample. We should also ™" 11) Montini, T.. Bdrares, M. A.; Hickey, N.; Di Monte, R.; Fornasiero,

highlight the very interesting capabilities of HAADF-STEM  P.; Kaspar, J.; Graziani, MPhys. Chem. Chem. Phy2004 6, 1—3.
imaging and tomography in the surface characterization of (12) Fornasiero, P.; Montini, T.; Graziani, M.; Kaspar, J.; Hungria, A.

nanocrystalline mixed oxides and the DFT calculations for the ?1) '\fzgf'l%gA”aS’ A.; Conesa, J. ®hys. Chem. Chem. Phy2002 4

modeling of complex structures. (13) Baker, R. T.; Bernal, S.; Blanco, G.; Cordon, A. M.; Pintado, J.
M.; Rodriguez-Izquierdo, J. M.; Fally, F.; Perrichon, &hem. Commun.
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