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Abstract: Ceria is an important component in three-way catalysts for the treatment of automobile exhaust

gases owing to its ability to store and release oxygen, a

property known as the oxygen storage capacity.

Much effort has been focused on increasing the OSC of ceria, and one avenue of exploration is the ability
to fabricate CeO,-based catalysts, which expose reactive surfaces. Here we show how models for a
polycrystalline CeO, thin film, which expose the (111), (110), and dipolar (100) surfaces, can be synthesized.
This is achieved by supporting the CeO, thin film on an yttrium-stabilized zirconia substrate using a simulated

amorphization and recrystallization strategy. In particular,

the methodology generates models which reveal

the atomistic structures present on the surface of the reactive faces and provides details of the grain-

boundary structures, defects (vacancies, substitutionals,

and clustering), and epitaxial relationships. Such

models are an important first step in understanding the active sites at the surface of a catalytic material.

Introduction

Ceria is an important component in three-way catalysts for
the treatment of automobile exhaust gasexause of its ability

to store and release oxygen. This property of ceria called the

oxygen storage capacifOSC) represents the ability of ceria
to shift from Cé" to Ce" in reducing atmosphere and from
Ce** to Ceé under oxidizing conditions with charge compensa-
tion facilitated via oxygen vacancies. Accordingly, CO and
hydrocarbons can be oxidized simultaneously with the reduction
of NO.

Experimental and theoretical studiezhave shown that the
reducibility of CeQ can be modified via the introduction of
dopant cations, such as“Zy into the material. The resulting
solid solution facilitates a defective fluorite structure with
improved oxygen mobility.

An alternative mechanism for enhancing the OSC of ceria is
to support a thin film of the material on an oxide substrate.
One rationale underlying this strategy is the ability to stabilize
reactive CeQ surfaces. For example, while the C£0OL1)
surface is the most stalileand consequently the one which is

energy required to create oxygen vacancies on the surface of
Ce((111), which is directly related to the OSC of the material,
is greater as compared with that of G€010)2 In addition, a
theoretical study by Sayle et @lsuggested that CeQwhen
supported on AlO3(001), exhibits a lower oxygen formation
energy as compared with the unsupported £&perimental
studies have identified weakly bound surface oxygen species
on ceria films deposited on ADs;, which are not present on
the unsupported Cef111)” Moreover, yttrium-stabilized zir-
conia (YSZ), when used as a substrate, was found to be more
efficient at promoting ceria reducibility tham-Al,O; or
polycrystalline zirconid:® Theoretical studies by Sayle et al.
have shown that when supported, the overlying thin film
responds structurally to both the lattice misfit associated with
the system and the interfacial interactions. This can lead to the
evolution of a variety of structural modifications induced into
both the thin film and the underlying substrate material and may
include dislocations arrays, grain boundaries, point defects
(vacancies, interstitials, and substitutionals), low interfacial ion
densities, lattice slip, epitaxial configurations, and associated
relaxation of the lattices resulting in local and global changes

predominantly exposed, it is also inherently less reactive as iy geometry (bond distancel)H Clearly, within a material with

compared with the (less stable) C£D010). In particular, the
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catalytic properties, these types of structural features can
influence positively the catalytic properties of the material. For
example, grain boundaries facilitate the exposure of less stable
surfaces and encourage oxygen ion migration and exchange near
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the surface, increasing the O$€Grain boundaries in CeQ and G ions, and Sayle et dlfor Ce*". These potentials have been
systems were identified by Vallet-Regi et!alusing spray employed to model lattice parametéfsthermal expansivitie%,
pyrolysis and by Bankovaet al24 for ceria films deposited on ~ conductivity, and diffusion propertigsfor CeQ~ZrO;, Zro,—M,0,
sapphire. It was also found that the ceria pyrosol spheres and@"d €€@-M.0y solid solutions in accord with experiment.. _
the ceria thin films exhibit (111) and (100) oriented crystallites, ' "¢ dynamical simulations, which employ three-dimensional peri-
which are distributed randomly. In addition, a simulation study odicity, were performed using the DL_POLY coffeand therefore a

- . void, 60 A in size, normal to the surface was introduced to represent
by Baudin et al. suggests that when Gel® supported on the free surface. The simulation cell contains ions distributed in two

a-Al:05(0001), the mean square displacements of ions at the regions2s region | comprises the thin film and the first six repeat units
interfacial region increase-23 times as compared with the  of the support, and ions within this region are allowed to move under
component Ce@and o-Al,03 slabs!® dynamical simulation, while region Il comprises ions (four repeat units

Supporting a thin film on a substrate material can thus be of the support) that are kept fixed to ensure the correct crystalline
associated with two roles, which may help improve the catalytic environment.
properties of the materials: first, to facilitate the exposure of  In addition, a mean field strategfywas employed to represent the
potentially reactive surfaces, which may not be possible if fixed ions comprising the yttr_ium-stabili_zed zirconia suppo_rtin region
unsupported and, second, to introduce structural modifications ! The ZY1-02-2 represc_anfmg the region Il of the SquS” IS assfmecj
into the supported thin film, which leads to an increased lability to contain a S.'ngle.’ hy.b”d cationic species bet\{veeﬁ Znd Ys

. . . 7 (10% of the zirconium ions are replaced with yttrium). Accordingly,

gnd mobll!ty of surface oxygen species. The reductlop of ceria the short-range potential parameters describing all of the interactions
is also facilitated by contact between ceria and a precious metalinvowing the new “hybrid” species can be calculafédhis strategy
such as Rh and Pt¢in the presence of a reducing agent (CO, s discussed in more detail elsewhéte.
Ha, or hydrocarbons). It has also been shown that the OSC can  |n this study, models for the CefYSZ(110) system are generated
be improved by thermal treatment of the catalyst. using a simulazed amorphization and rec(rystazllizyation stréﬁé’ggyhich

In a previous study, we employed simulation techniques to was employed successfully in a previous study on the0687(111)
explore the structure of CeQhin films supported on a YSZ- systemt” Essentially, the method entails a controlled amorphization
(111) substrate. The resulting Ceéxposed the Cef111) at pf the thin f_ilr_n followed py re.cryg,tallization. _Whgn gmorph_qus, the
the interface and surface and comprised a variety of structural ©"S comprising the ceria thin film have high ionic mobility and
modificationst” including misfit dislocation arrays with peri- therefore are able to rearrange into a low-energy configuration within

dicities i d with . t In thi t stud the (limited) time scales accessible to typical dynamical simulations.
odiciuies In accord with experiment. In this present study, We ., jnq,ce amorphization, the thin film is constrained initially under

extend our previous work to explore the influence of supporting ¢,nsigerable compression and placed on top of the support. The thin
a CeQthin film on a YSZ(110) substrate. The aim is to facilitate  fjim responds, under dynamical simulation, to the huge initial pressure
exposure of the more reactive C£010) surface to help further  of this configuration and relieves it via a transition from a crystalline
our understanding of surface active sites and to induce structuralto an amorphous structure. Prolonged dynamical simulation results in
modifications into the supported thin film, which may help the recrystallization of the thin film together with the evolution of
improve the catalytic properties of the material. Because it has structural modifications as the system responds to the lattice misfit and
been shown that by supporting Ce6n a substrate material ~ interaction potential of the support.
the catalytic properties may be enhanced, elucidating the Construction of the Model. To generate the Cef¥SZ(110)
structural features, which evolve upon supporting the material, interface, four Ce@110) repeat units (thick) were placed directly on

. . . - . top of 10 repeat units of a 40 20 ZrO,(110) support (six repeat units
will have important implications for catalytic systems.

. . . . included in region | and four repeat units included in region Il), using
We consider in this study the Ce¥SZ(110) systemwitha 5 «cype-on-cube” methodolog§.The “40 x 20 corresponds to 40

level of yttrium doping equal to 9.24 mol % ;®;, which and 20 zirconium ions along each side of the simulation cell, which
enables high ionic conductivity'9and stability of the zirconia  results in a surface area of 14 573 énd comprises 41 496 ions. The
cubic phase at low temperaturs. CeQ, was then compressed by 31%. The compression imposed upon
the CeQ is quite critical to the success of the amorphization and
Methodology recrystallization strategy. If it is much lower than 31% (i.e., 20%), then

In this section, the potential models used in the study are presentedthe_ thin film _fails to recrystallize, and th(? thin film, after. regrystalli_—
together with a description of the simulation code, followed by a zation, remains amorphous. Conversely, if the compression is too high,

discussion of the amorphization and recrystallization strategy employed the simulation fails catastrophicafiowing to the considerable velocity
to generate models for ceria thin films on a YSZ(110) substrate. of the ions under dynamical simulation.

Potential Models. The calculations presented in this study are based The second step was to intrqduce the m_ean field “hybrid” i‘?”s into
on the Born model for ionic solids, with potential parameters taken €gion Il of the support (effectively changing the Zr6upport into

from Lewis and Catlo#* for Y3+, Dwivedi and Cormack for Zr4*
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Figure 1. Schematic illustrating the amorphization and recrystallization strategy as applied to th&/SEQ10) system. At the top left of the figure, the
starting configuration is shown with the Ce@dopting its natural fluorite-type structure. Top middle depicts the system after the application of dynamical
simulation, which results in an amorphous structural transition. Top right shows the atom positions of part of hieilC&® at the end of the simulation

and shows that the Ce®as recrystallized into the fluorite structure. The figures along the middle (left to right) illustrate the initial compression imposed
upon the Ce@to effect the amorphous transition, the relaxation of the ions comprising the i@@Qlirection normal to the interfacial plane as the system
attempts to remove the high compressive strain, and the final structure of the simulation cell. At the bottom of the figure, the correspo@diadi&le
distribution functions for the starting configuration (after 0.005 ps of dynamical simulation), the amorphous structure (0.25 ps), and thetfinalse

shown with interatomic separations measured in angstroms. Cerium is colored pink, oxygeh i€C@®en, oxygen (YSZ) is red, zirconia is blue, and
yttrium is yellow.

YSZ) and to scale the entire simulation cell to the new lattice parameter. throughout. This prevents the large buildup of kinetic energy as the
Specifically, the cell was scaled on the basis of the relative lattice thin film evolves from the highly strained initial configuration, via an
parameters for the parent Zs(5.057 A) and the YSZ (5.106 A). The ~ amorphous transition, to a crystalline phase with reduced strain and a
latter was calculated using the GULP cé8léccordingly, the interfacial range of defects.
area increases to 14 74%.A
Finally, yttrium species were introduced into region | by replacing Results
10% of the Zf ions with Y®* (480 yttrium ions), corresponding to o o )
9.24 mol % Y;0s. Next, 240 oxygen ions were removed to maintain Amorphization and Recrystallization. Figure 1 shows a
charge neutrality of the system. The MDPREP progfamas used to schematic illustrating the simulated amorphization and recrys-
introduce yttrium ions and oxygen vacancies at random into the zirconia tallization strategy as applied to the G£€57(110) system.
lattice. The whole simulation cell comprises finally 41 256 ions. The procedure was also followed by calculating the-Oeadial
Dynamical simulation, with a time step of 5 102 ps, was then distribution functions (RDF) for the supported Cetin film.

applied to the system for 325 ps at 2500 K, 155 ps at 2000 K, 85 ps These are presented after 0.005 ps, 0.25 ps, and at the end of
at 1500 K, 20 ps at 1000 K, 85 ps at 500 K, and 260 ps at 0 K; the the simulation at the bottom of Figure 1.

later acts effectively as an energy minimization. For each temperature,
the dynamical simulation was performed until the system was no longer After 0.005 ps, the RDF shows peaks at 1.9, 3.2, and 4.2 A,

evolving structurally nor energetically. which cor_respond to the parent Cg_@h?n film) under 31%

All simulations were performed within the NVE ensemble: constant Compression. After 0.25 ps, the Cefin film loses long-range
number of particles, constant volume, and constant energy with Order, indicating the amorphous transition. During the prolonged
instantaneous velocity scaling to the simulation temperature used dynamical simulation, the thin film starts to regain long-range

order after about 150 ps (RDF not shown), indicating recrys-
E%% \(/szllfsofu %Jv%hfn%gg%lfa/&ag%gﬁg? E?’gérggﬁ ?02? the Preparation and tallization of Fh_e thin film. Flnall_y, at th_e end of the §|mu|at|on,
Analysis of Molecular Dynamics Simulations, 2002. the RDF exhibits sharp peaks, indicating a crystalline structure.
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Figure 2. Graphical representation of the atom positions comprising the finabf&2(110) system (plan view). The various misoriented nanocrystallites
are colored to aid interpretation of the structure. Indices of the planes exposed at the surface by the various misalignadoCe@Gtallites are also
indicated on the figure.

However, it is clear that the structure has rearranged significantly face with a peak-trough distance, calculated perpendicular to
as shown by a shift of the RDF peaks to 2.3, 4.5, and 5.9 A, by the surface, of about 6 A. In addition, (110) and (100) surfaces
comparison with the initial strained structure. are expressed (regions “3” and “4”, respectively). It appears
Structural Characterization. During the amorphization  that the surface has facetted, rather than existing simply as a
process, the CeQhin film expands along the surface normal, termination of the bulk. Similar behavior has been observed in
transforming structurally from four CeQepeat units within MgO .32
the preparatory configuration to nine Cef@peat units with a Experimentally, Wang et al., who explored the structure of
final thickness of approximately 40 A. The final Cetin film epitaxial CeQ@ grown by metal-organic chemical vapor deposi-
has a polycrystalline structure with incomplete surface layers tion at 540°C on YSZ substrate¥, determined that the root-
(layers eight and nine), which comprise clusters and isolated mean-square roughness of the G&0ns is approximately 4.3
CeQ groups. In Figure 2, a plan view of the final structure of A, in accord with this study. Close inspection of the Geain
the CeQ/YSZ(110) system is presented; a perspective view of particles revealed “tetragonal-pyramidal shaped hillocks”, which
the system is shown in Figure 3, which depicts more clearly the authors suggested expressed (111) planes.
the surface topography and low coordinative saturation of the In Figure 5, the Ce and Zr ion densities, as a function of
surface species. distance normal to the interfacial plane, are presented for the
Inspection of the final structure, Figure 2, reveals that the CeQ/YSZ(110) system. The ion densities have been calculated
CeQ thin film comprises various nanocrystallites. Surprisingly, using the MDPREP codgto indicate any changes in the layers
the CeQ does not expose wholly the Cg(@10) surface at the  of the fluorite structured lattices. The ion densify), is defined
interfacial and surface planes, that is, GEQ0)/YSZ(110); as the number of atoms of a given type, within a range of
rather, nanocrystallites exposing C£0L1), CeQ(110), and perpendicular positions in the simulation cell and normalized
Ce(y(100) are observed. These are enlarged to aid interpretationto the average density:
in Figure 4a-c, respectively. Moreover, the nanocrystallites, vV 1
which range from about 50 to 35002An area, are also Z(X) :——DZ d(x—x) O (1)
misoriented by various angles and are separated by regions of NAOX 4
CeQ,, which appear amorphous (regions colored blue in Figure

i whereV is the simulation cell volume\l is the number of atoms
2). The exposure of the CeQO00) surface is somewhat

of the given type,A is the area of the interfaceq is the
Sperpendicular height of atom anddx is the histogram width
over which thed function gives one. A value of 1.0 thus
represents the average density for that species within the entire
simulation cell (including the vacuum), with larger values
indicating increased density and the formation of well-defined
crystal planes.

compared with either Cefl10) or especially Ce111)4
Conversely, it is also the most important because it is likely to
be the most reactive.

Inspection of Figure 3, using graphical techniques (simple
observation of the image is difficult), reveals a surface roughness
of about 2-6 A. One can observe that the Ce@in film
exposes the (111) plane, which lies parallel with the interfacial (32) watson, G. W.; Kelsey, E. T.; de Leeuw, N. H.; Harris, D. J.; Parker, S.
plane (region “1” in the figure). In region “2”, there appears a C. J. Chem Soc, Faraday Trans 1996 92, 433.

A k K (33) Wang, A.; Belot, J. A,; Marks, T. J.; Markworth, P. R.; Chang, R. P. H,;
pyramidal shaped hillock, which exposes (111) surfaces at each ~ Chudzik, M. P.; Kannewurf, C. RPhysica C1999 320, 154.
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Figure 3. Sphere model representation with perspective of the surface of thgC&x§110) thin film depicting the surface roughness and low coordinative
saturation of the surface ions. Color notation is as in Figure 1.

The first six (blue) peaks in Figure 5, located at a depth from segments (regions 1, 2, and 3 in Figure 6a) are shown in Figure
—30 to —20 A, correspond to Zr ions within region | of the  7a—c, respectively. From Figures 6 and 7, it is apparent that
simulation cell and reflect the YSZ(110) substrate directly below the nanocrystallites, comprising the Ge@in film, are not
the overlying Ce®thin film. The remaining 89 peaks, colored interconnected by amorphous regions; rather, a complex network
red, correspond to Ce ions within the Ge@anocrystallites.  of grain boundaries and grain junctions exists, which demon-
One can observe from the blue trace in Figure 5 that as onestrates localized disorder.
approaches the interfacial plane (located at a depth of about Clearly, Figure 2 gives the erroneous impression that

—20 A_)’ the Zr peaks broaden, indicating increased ionic 4morphous regions exist within the Ce@in film. This can
relaxation at the near interface region. Moreover, the trace doesyg rationalized in that the CeQhin film comprises various

not rgtgrn to zero for th? three Zr pegks nearesF to the,interface'misorientednanoparticles interconnected by a complex grain-
Specifically, within the interfacial region, there is considerable boundary structure. If one then inspects a two-dimensional

_sttructutr_al disorder tss_tlrt]e f'°’.‘5| rflelax toFmat\|>q<|m|ze lfqvorgblg (rather than 3D) representation of the film (as portrayed in
Interactions across the interfacial planes. For the overlyingte Figure 2), certain regions are necessarily misaligned to the

thin film, the p?"?"‘s are well resol_ve(_j and sharp. This is viewing angle, giving the impression of amorphicity. Grain-
somewhat surprising because the thin film appears structurallyboundary and grain-junction disorder, particularly with respect

(Figures 2.and 4) to comprise crystalline nanoparticles, intercon- to the oxygen sublattice, compound this difficulty in interpreta-
nected by amorphous regions. One would expect therefore totion

observe broad peaks with poor if not intractable resolution ] ] -~ )
corresponding to the amorphous regions. Conversely, the This section exemplifies the fact that the molecular graphical

presence of sharp peaks indicates a thin film, which exhibits téchniques employed are not solely to provide a flavor of the
well-defined layers. various structures; rather, they are very powerful analytical tools
To help rationalize the apparently contradictory evidence in rationalizing the atomistic _structure of such systems, and
presented by Figures 2 and 5, that is, whether the regionsconsequently they form a major component of such a study.
connecting the nanocrystallites are amorphous or crystalline, In contrast to a previous study on the G€11)/YSZ(111)
graphical techniques were employed to cut parallel with the system, no dislocations within the Ce@anocrystallites were
interfacial plane, a thin slice through the Get@in film. The identified to have evolved. We suggest that the polycrystalline
Ce and O sublattices, comprising the slice, are presented as plarstructure facilitates increased relaxational freedom at the plethora
views in Figure 6a and b, respectively. In addition, small of grain boundaries and grain junctions, which enables any

J. AM. CHEM. SOC. = VOL. 124, NO. 38, 2002 11433
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Figure 4. Molecular graphical representations of the various nanocrystallites observed within the&¥ SEQ10) system (Figure 2): (a) CeQ11); (b)
Ce((110); (c) Ce®(100). The inset at the bottom right-hand corner of each figure shows the crystalline structure corresponding to the perfect fluorite
lattice for comparison. To improve clarity of the figures, the underlying YSZ(110) substrate is not shown.

both CeQ(111) and Ce@100) surfaces in accord with this
present study. For ceria deposited on a sapphire substrate (r. f.
— sputtering), the as-deposited Gd@yers comprise small mosaic
— 2R blocks (about 200 A in size), which are twisted with respect to
each other by an angle of@°; (111) and (100) oriented grains
can be obtained at 64®8(°. In accord with experiment, the
30 20 10 o simulated models presented in this study can also be seen to
DEPTH have rotated by angles of about50° (for example, Figure
Figure 5. Cerium (red) and zirconium (blue) ion densities, calculated as a 4c).
function of distance (in angstroms) normal to the interfacial plane within ~ Defects.A layer-by-layer analysis, using molecular graphical
the CeQ/YSZ(110) system. The ionic densities were integrated over a techniques, of the CeQhin film and YSZ support indicates
g:(s;z;r:ge of 0.1 A. The surface of the Cefin film is located at a depth the presence of vacancies: approximately 10% of the Ce and
' 4% of the Zr lattice sites are vacant and exist predominantly as
residual strain within the lattice to be quenched without requiring vacancy clusters. These calculated defect concentrations, which
the evolution of dislocations. are determined by inspection of the various slices, are necessarily
Experimental studies of Ce@btained by spray pyrolysis approximate owing to structural perturbations arising from the
and r. f. sputterinyf revealed the presence of polycrystalline various grain boundaries within the thin film. In addition, 12%
CeQ particles and surfaces. Ceria particles obtained using sprayof the cerium lattice sites (thin film) are occupied by zirconium
pyrolysis contain crystallites, randomly distributed, exposing and yttrium, with 7% of the zirconium/yttrium lattice sites in

DENSITY
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Figure 6. Sphere model representations of the atom positions within a thin slice cut parallel with the interfacial plane through ttenGid®@: (a) Ce
sublattice; (b) oxygen sublattice. The slice is 10 A thick and cut at a depti7ab —17 A (see Figure 5) from the surface of the Ge8in film.

the underlying substrate occupied by cerium. Specifically, one polycrystalline Ce@thin film, in which the various nanocrys-
can observe (Figure 5) that the blue trace, which correspondstallites comprising the thin film expose (111), (110), and (100)
to Zr ions, extends as far as the third Cg@dane. Moreover, surfaces at both the interfacial plane and the surface, perturbs
underlying the first red peak (CeGnterfacial plane), there is  the underlying YSZ more strongly than a wholly (111) oriented
a blue peak, which indicates that the Zr ions migrate across thesingle crystal.
interfacial plane and occupy Ce lattice positions within the  Limitations associated with the simulations dictate that any
interfacial region. The Ce ions displaced can be adjudged to relaxation or atomistic disorder cannot be observed further than
have migrated into the substrate and occupy Zr lattice positionsthe first six Zr layers (Figure 5) because ions within this region
within the two interfacial Zr@ planes. (region 1) are held fixed. While it is conceivable that the
Elucidation of the final structure using graphical techniques disorder might extend further than this, one can observe from
reveals that the first five planes of the underlying YSZ support Figure 5 that the peaks become sharper as one traverses the
exhibit structural changes. This is in contrast to a previous study substrate (i.e., depth from20 to —30). Indeed, the resolution
on the Ce@(111)/YSZ(111) syster¥, in which only the first of the peak corresponding to Zr ions located at the bottom of
two layers of the substrate were observed to be defective; theregion | is almost perfectly sharp, indicating convergence with
Ce(Q, comprised also a single crystal. We suggest that the respect to region size.
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Figure 7. Ball-and-stick model representations of segments (indicated in Figure 6a) of theti@e®@Im depicting the grain-boundary structures, which
separate the various misoriented Ge@noparticles comprising the thin film. Parts a, b, and c correspond to regions “1”, “2”, and “3", respectively, of
Figure 6a. Cerium is colored yellow, and oxygen is colored blue and red, the latter to indicate more clearly the positions of the grain-boundary planes

Epitaxial Considerations. In Figure 8, the Ce sublattice 2[Nageo, — Mays,]
(Figure 6a) is shown in plan view overlaying the cation (Zr, Y) — e S
sublattice of an equivalent slice cut through the underlying YSZ [naCeQ + ma,g;]

substrate. One can observe from this figure that in certain

regions, the Ce@lies aligned with respect to the underlying whereaceo, andaysz are the lattice parameters of the overlying
YSZ. These regions are then separated by regions of,CeO CeQ lattice and YSZ substrate, respectively, andndm are
which fall out of alignment. For example, the area enclosed by the number of spacings between coincident sites for the,CeO
the blue line comprises a region in which the GEQO) overlies and YSZ, respectively. At the midpoint between “1” and “2”,
the YSZ(110). If one then traverses from position “1” in the the lattices are misaligned. Clearly, the driving force for the
figure, a region where the two lattices are aligned (coincident), evolution of such a commensurate relationship is the reduction
to position “2” where the sublattices again become coincident, in strain energy. Specifically, if the two lattices were to remain
one can adjudge that there are 16 spacings between the Ce ionsompletely coherennf= n) across the region, the two lattices
and 17 spacings between the underlying zirconium ions; the would have to be strained to accommodate the fitfl.5%
periodicity for atomic stacking dislocations is calculated to be misfit.

about 56 A (the distance between points “1” and “2”). On the =~ Dmowski et al}2who studied the structure of ultrathin CeO
basis of lattice parameters of 5.42 and 5.13 A for the L@ overlayers (16-40 A) on single crystals of YSZ(111), (110),
YSZ, respectively, the lattice misfif;, associated with this  and (100), found that CeJormed epitaxial thin films orien-
configuration can be calculated to b#.6% following: tationally matched with the substrate. They also found that the
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Figure 8. Sphere model representation of a thin slice cut parallel with the interfacial plane through thehte@m (Figure 6a; Ce sublattice only)
together with a corresponding slice (cation (Zr,Y) sublattice only) cut through the underlying YSZ substrate. A plan view of the system is depicted to
illustrate regions of alignment and interconnecting regions of misalignment between thehi@re@m and underlying YSZ substrate. Cerium is colored
yellow, and zirconium and yttrium are colored blue.

YSZ lattice parameter was higher than that expected for a 9.5%a polar surface is avoided by surface reconstruction with oxygen
yttrium-doped zirconia (5.13 A). Moreover, the authors suggest in the topmost layer.
that there is some inhomogeneity in the YSZ crystal, which  For the model Ce@YSZ(110) system considered in this
results in a change in lattice parameter as a function of depth. present study, the surface of a particular g&Q00) grain, shown

In this present study, the calculated lattice parameter for the in Figure 9, can be seen to be highly defective in accord with
YSZ interfacial layer is 5.37 A, which compares with a bulk ~ e€xperiment. Specifically, the two surface layers are incomplete
value of 5.106 A for the parent oxide. Moreover, this value for With surface oxygen ions contracting into the surface.
the interfacial YSZ lattice parameter is closer to that of the It has been shown, theoretically, that the (dipolar) &601)
overlying CeQ thin film, which is calculated from the RDF  surface is less staSfthan either the (111) or the (110) surfaces,
data to be 5.44 A; the lattice parameter for the g@arent which are not associated with a perpendicular dipole. Because
oxide is 5.42 A. We suggest that the underlying YSZ support this (001) surface is less stable, it is likely to be inherently more
relaxes significantly to improve the interaction across the reactive and consequently more important with respect to the
interface and helps minimize the strain gradient as one traversegatalytic properties of the system.
the interface. In addition, in the top two layers of the GeO Discussion

thin film, smaller values for the lattice parameter are identified, | this study, we have employed a simulated amorphization
as compared with bulk values, indicating low coordination of and recrystallization strategy to explore structures supported on

ions comprising these layers. a substrate. In particular, we have used the simulation code,
The Dipolar CeO,(100) Surface.Itis surprising to observe  DL_POLY, that performs simulations using three-dimensional
that the simulation generated crystallites exposing EHID) periodic boundary conditions, to simulate thin films, which are

because this surface is considered unstable because of the dipolessentially a two-dimensional problem. While two-dimensional
generated perpendicular to3ft.However, while such polar  periodic surface codes are availafflethe reason for using
surfaces were assumed not to exist experimentally previously, DL_POLY is that it offers a considerable speed advantage for
recent studies have identified that dipolar surfaces can beour particular simulations. In particular, the vector, introduced
stabilized via substantial surface reconstructiéhas predicted perpendicular to the surface to generate the vacuum above the
theoretically by Tasket In particular, it was shown experi-  thin film, is our smallest vector, which facilitates a very efficient
mentally, for CeQ@ supported on SrTig) that a Ce@001) 3D summation. Many simulations of surfaces performed using
surface can be fabricated with 0.5 monolayers of oxygen 3D codes are inefficient due to the large sampling of reciprocal
terminating the Ce@100) surfacé’*¥Norenberg and Harding, lattice vectors perpendicular to the surface in the Ewald
who studied the surface structure of GE1) single crystals summation as compared with the other two directions.

using scanning tunneling microscopy, observed a/ﬁ(a X Previous studies have been performed to ensure consistency
2)R45 reconstruction of the surfag@he authors suggest that between the two (2D versus 3D) approaches. Specifically, the
models generated by the two codes exhibited no appreciable

(34) Tasker, P. WJ. Phys C 1979 12, 4977.

(35) Oliver, P. M.; Watson, G. W.; Parker, S. Bhys Rev. B 1995 52, 5323. (38) Herman, G. SSurf Sci 1999 437, 207.
(36) Noguera, CJ. Phys: CondensMatter 200Q 12, R367. (39) Conesa, J. CSurf Sci 1995 339 337.
(37) Herman, G. SPhys Rev. B 1999 59, 14899. (40) Gay, D. H.; Rohl, A. LJ. Chem Soc, Faraday Trans 1995 91, 925.
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Figure 9. Graphical representation of the surface of a g&Q0) nanocrystallite. To the left of the figure, a plan view is presented, and to the right, a side
view is depicted. The latter includes a small inset, which depicts a side view of the perfect lattice. For the plan view, the defective natureackti@nsurf
(colored white; cerium are the smaller white spheres and oxygen the larger spheres) is shown. Cerium is colored pink, and oxygen is colored green.

differences with respect to relative stabilities (thin film energies) Ce(Qy(111)/YSZ(111) system, dislocations were observed to
and structural featuré8jndicating that the application of three- have evolved to help alleviate the misfit. Conversely, in this
dimensional periodic boundary conditions with a void to present study, grain boundaries, which separate the various
represent the free surface was a valid approach. Details of thenanocrystallites exposing (110) and (100) facets at the surface,
simulations performed using two-dimensional periodicity (ex- enable the overlying Cef@o accommodate the strain associated
ploiting the Parry method) and three-dimensional periodicity with the systent?
(Ewald summation) can be found in refs 9 and 11, respectively.  Clearly, additional competing factors may contribute to the
In a previous study? we suggested that Ce@hin films, observed behavior. These may include, for example, nucleation
which expose (111) surfaces, could be generated when supporte@dnd growth (as the thin film recrystallizes), the nature or surface
on a YSZ(111) substrate. However, as compared with thexCeO roughness of the substrate, and thin film (critical) thickne4ses.
(110) surface, the Cefl11) surface has been shown to be more Accordingly, further work needs to be undertaken to secure a
stable and less reactivdt is therefore desirable to identify  definitive understanding of the behavior.
mechanisms for generating the (more reactive) £&D) The study demonstrates why and how intrinsically unstable
surface. Previous studies have shown that the substrate can bébut desirable), highly reactive surfaces can be expressed. In
exploited to act as a template in directing the structure of a addition, it offers the possibility of “fine-tuning” the substrate
thin film deposited thereoft: Accordingly, it is pertinent to to optimize the amount of reactive surface, providing a
suggest, and indeed the impetus underlying this present study prediction for materials chemistry.
that the Ce@110) surface might be exposed if a thin film of
CeQ is supported on YSZ(110); both materials exhibit a fluorite
structure. A simulated amorphization and recrystallization strategy has
The results from this study demonstrate clearly that the YSz been employed to observe the evolution of structural modifica-
acts as a template in directing the exposure of the D) tions that arise in the Cef¥SZ(110) system. The rationale
at the surface of the thin film. For example, supporting a £eO underlying this study was to generate models, which include
thin film on YSZ(111) resulted in CeOthin films exposing ~ the exposure of the more reactive GEI10) surface by
(111) surfaced’ while on a YSZ(110) surface, Ce(10) supporting a Cegthin film on YSZ(110); a previous study in
surfaces are exposed. Remarkably, for the latter, the,CeO Which CeQwas supported on YSZ(111) resulted in G&11)
exposed also the highly reactive and dipolar @@00) surface.  films.1” Surprisingly, when supported on YSZ(110), the GeO
We suggest that the structure (surface exposed) and associateflin film evolved into a polycrystalline structure comprising
misfit between the Cegxhin film and underlying YSZ are, in ~ (111), (110), and (100) crystallites separated by many grain
part, responsible for the exposure of the GAQ@0) and dipolar ~ Poundaries and grain junctions. The exposure of the (100) is
CeOy(100) surfaces. For example, with regards to the structure, S|gn|f_|cant in 'Fhat it is dipolar and consequently pote_nt|al!y more
it is desirable for the overlying thin film to adopt the same reactive and important catalytically as compared with either the
orientation as that expressed by the substrate, as this behaviofL11) or the (110). Moreover, the surface of the GE00) was
maximizes favorable interactions across the interfacial region. °Pserved to be highly defective with low coordinative saturation
In particular, ions comprising the Ce@hin film lie in registry of the surface ions, which may influence their lability or
with respect to the underlying substrate (Figure 8, top right). alternatively the lability qf nelghborlng ions with |mp||cat|ons_
However, on the basis of the 5.5% misfit associated with the for the OSC of the material. The atomistic models generated in
CeQJ/YSZ system, the strain energy terms associated with tr_lis study are therefore important in helping rationa_lize the a_lctive
maintaining such registry across the entire interfacial area areSIt€S that are present on the surface of a catalytic material.
prohibitive and cannot be maintained. Accordingly, within the

Conclusions

(42) Schiotz, J.; Di Tolla, F. D.; Jacobsen, K. Wature 1998 391, 561.
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