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Ab initio study of yttria-stabilized cubic zirconia surfaces
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First-principles calculations on the main surfaces of yttria-stabilized cubic zirconia of composition
(Y203)0.142r0,)q g6 are presented. While the geometry and surface energy of the né€ltdaland (110
surfaces are comparable with previous results obtained from constrained minimization of the surfaces of pure
c-ZrO,, we have found that on th@00) face the presence of yttrium is crucial to reconaleinitio results
with medium-energy ion scattering data. In fact, our simulations suggest thét & reconstruction of the
(100 surface inferred experimentally is stable only in the presence of yttrium segregation at the surface.
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[. INTRODUCTION found that yttrium segregation at tkig€00) surface is neces-
sary to reconcile the optimizedb initio geometry with
Zirconia (ZrO,) stabilized in the cubic fluorite phase by MEIS data. Results on the optimized geometry of the differ-
the addition of yttria(Y,O3) is a fast oxygen conductor for ent surfaces are presented in Sec. Ill after the brief descrip-
oxygen ions and is the most common solid electrolyte usetion of the computational details given in Sec. Il.
in solid oxide fuel cellsgSSOFQ and oxygen sensotsBe-
side_s_bulk i_onic ponductivity, the su_rface properties of yttria- Il. COMPUTATIONAL DETAILS
stabilized zirconigYSZ) are also of importance for the elec-
trochemical applications of this material. For instance, the We adopted the density functional theory in the local
detailed structural and transport properties of the YSZ surdensity approximation (LDA). Ultrasofé®> and norm-
faces and interfaces with metals are supposed to influenaonserving* pseudopotentials have been used for oxygen
the performances of metal/YSZ composites used as anodesid metal ions, respectively. Semicore states have been in-
in SOFC? Although a great deal of experimental and theo-cluded as valence electrons for yttrium and zirconium. Kohn-
retical data have been reported for the surface properties &ham orbitals have been expanded in plane waves up to a
the monoclinic phase of pure ZsOand for tetragonal- kinetic cutoff of 30 Ry as implemented in the codemp.?®
stabilized zirconia(at lower yttria content® few studies  Within the same framework we have previously modeled
have been devoted to the surface of cubic ¥823For cu-  bulk YSZ. Good comparison with experimental data have
bic YSZ, experimental structural data are available only forbeen achieved for both structural and electronic properties of
the (100) surfacé® from medium energy ion scattering bulk YSZ modeled with a cubic supercell containing 92 at-
(MEIS) measurements which suggeste@la 1) reconstruc- oms at compositiontY ,03).14ZrO5)g g6 (€ight yttrium ions
tion. Theoretical studies of the structural and electronic propand four oxygen vacancies per supenc&iHere, the main
erties of pure Zr@ surfaces have been performed within surfaces of YSZ have been modeled by cutting the bulk
density-functional or Hartree-Fock frameworks for the model of Ref. 16 in a slab geometry whose details are given
monoclinic and tetragonal phases of pure £°G The sur-  in the next section. The periodically repeated slabs are sepa-
faces of pure cubic Zrohave been studied as weft**°but  rated by vacuum 5 A wide. Brillouin zone integration has
the local instability of the cubic phase of pure Zr@t low  been restricted to thE-point only of supercells containing
temperaturg(c-ZrO, is stable above 2650 )Kprevented to up to 138 atoms as described later. Calculations of surface
obtain a reliable relaxed surface structure. energies have been repeated for both the theoretical lattice
In this work we have studied bgb initio methods the constant within the LDAS and the experimental lattice pa-
structure of the main surfacg&l11),(110, and(100)] of a  rameter(a=5.1 A).}7 Surface relaxation has been obtained
bulk model of YSZ of compositioflY ,03) 14ZrO5)ggsthat by combined simulated annealing via Car-Parrinello molecu-
we have generated in a previous wéfKritrium has been lar dynamicg® and geometry optimization with the Broyden-
reported to segregate at the surface of polycrystalline tetrad=letcher-Goldfarb-Shanno algoriththin the Car-Parrinello
onal and cubic YSZ8-2! However, these results have beensimulations we used a time step of 0.24 fs and a fictitious
challenged by a recent experimental wirkvhich reports  electronic mass of 1050 a.u.
that yttrium segregation is not significant at the surface of The yttrium and oxygen vacancies in the slabs have been
cubic YSZ. Yttrium segregation may indeed depend on theénitially assigned to their positions in our bulk modéIPos-
crystalline phasétetragonal or cubicand on the particular sible surface segregation of yttrium has been considered for
surface plane as shown in a receit initio study of the the(100) surface as discussed later. We have considered only
surfaces of tetragonal YSZIn the cubic phase we have stoichiometric surfaces. Recent theoretical calculations on
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FIG. 1. Geometry of our model of the relaxéa) (111) and(b) (110) surfaces of YSZ. Large spheres denote surface atoms. Light gray,
dark gray and black spheres denote zirconium, yttrium and oxygen ions, respectively. Oxygen atoms labeled A and Bn aansisface
atoms nearest neighbor to oxygen vacancies. In therigfit) panels a tofside) view of the two surfaces is reported.
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the surfaces of tetragonal YSZ have shown indeed that onlgancies are distributed in such a way as to be as far as pos-
stoichiometric surfaces exposing oxygen layers are stablsible from each othe¢sixth nearest neighborand at least
within the feasible range of oxygen chemical poterftigln-  next nearest neighbors to yttrium ions. The slab model of the
der normal conditions, water is predicted to adsorb dissocia-111) surface contains three metallic layers with an outer-
tively on the stoichiometric surfac€ddere we consider the most oxygen plangin the sequence O-Zr-O-O-Zr-O-O-Zr
clean stoichiometric surfaces relevant for ultrahigh vacuumQO) and a total amount of 138 aton(Big. 1). One oxygen
UHV or dry conditions. vacancy out of a total number of six vacancies in the slab is
present on each surface of the slab. The surface supercell
contains 16 surface unit cells of the ideal per&rO,. The
(111) surface undergoes minor relaxations. The average sur-
face relaxation with respect to the ideal fluorite structure is
much smaller than the variance of the deviation from the

The (111 and (110 surfaces are neutral and their initial ideal structure in the bulk. On average, the outermost oxygen
configuration has been chosen as the ideal termination of @netallic) atoms relax inwargoutward by ~0.01 A in good
bulk supercell obtained by a replication of the 92-atoms suagreement with previous calculations on the constrained re-
percell of Ref. 16. As discussed in Ref. 16 the oxygen vadaxation of the(111) surface of pure Zr@'*

The (110) surface is neutral as well. The slab is made of

TABLE |. Calculated average vertical relaxatioh) of the two  five layers and a total number of 115 atoms. One oxygen
outermost metallic layers of th@.10) surface of YSZ. Relaxations ~Vvacancy out of a total number of five vacancies in the slab is
are reported with respect to the ideal truncation of the bulk model opresent on each surface of the slab. The surface supercell
YSZ (YSZ) and with respect to the ideal fluorite structyfieorite).
Previous results of Ref. 1drom the LDA calculations with the
largestk-points mesh on the constrained optimization of the sur-
face of purec-ZrO, are also reported. By a positiveegative sign
we refer to an inwardgoutward3 displacement with respect to the
ideal termination of the bulk.

Ill. RESULTS
A. (111) and (110) surfaces

TABLE II. Surface energie$meV/A?) of the relaxed surfaces
of YSZ compared with the surface energies of the unrelaxed sur-
faces of purec-ZrO, as given in Ref. 5. The energy of th&00)
surface refers to the configuration with yttrium distribution equal to
that of the bulk mode(see text

Surface layer YSz Fluorite Pure Zs® Surface YSz c-ZrO,
Zn 0.20 0.15 0.184 (111 65 74
zr, -0.09 -0.10 -0.164 (110 90 143
(100 109 191
a8See Ref. 14.
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FIG. 2. Top and side views of the YSI0) surface in th&a) neutral(1 X 1) reconstruction proposed experiment&lgnd in(b) charged
bulk-like configuration(a full oxygen surface layer is presgniy denotes the distance between the outermost oxygen and metallic layers.
White and black spheres denote metal and oxygen atoms, respectively. Larger spheres are closer to the plane of the figure.
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contains eight surface unit cells of the ideal pav&rO,. The  laxed (111) and (110) surfaces are reported in Table Il and
atomic relaxation of the outermost metallic layers are recompared with the results of previous calculations for the
ported in Table | and are similar to those obtained in previousinrelaxed surfaces of puezZrO,.° The surface energies in
calculations on the constrained relaxation of {h&0) sur-  Table | are obtained from slab and bulk calculations at the
face of pure Zr@.* Average vertical relaxation of the metal experimental lattice parameter. Similar calculations at the
ions with respect to both the ideal fluorite structure and theneoretical lattice parameter provide surface energies which
ideal truncation of the bulk model of YSZ are reported in thegjffer by at most 10% with respect to the data in Table II.
table. The oxygen sublattice is strongly distorted with respec{pe (111) face has the lowest surface energy as one would
to the ideal fluorite structure both at the surface and in thg,5e envisaged by counting the bonds broken by cleavage,
bulk. As a consequence the surface Zr-O plane is bucklegy equivalently the change in the coordination number of
the oxygen atoms on the first layer moving outward by face atoms with respect to the their bulk values. The co-
0.08 A with respe_ct to the |dgal truncation of the YSZ buII_<. ordination number of Zr and oxygen atoms are, respectively,
The average vertical relaxation of the oxygen atoms withg g3nd 4 in the bulk, 7 and 3 on th&11) surface, 6 and 3 on
respect to the ideal fluorite structure is instead a factor of %he(llO) surface, and 6 and 2 on the ideal neutralizb@0)

smaller. However, some surface oxygen atoms which argce[see next section for the structure of {1690 surfacé.
nearest neighbor to vacancies move much more and up to

0.7 A, as shown in Fig. (b) which reports the relaxed ge-
ometry of the(110) surface. Oxygen atom labeled A in the
figure was initially nearest neighbor to a vacancy along the The(100) surface is the only face for which experimental
[110] direction. It relaxes in such a way as to align with the structural data are available. The idéRaD0) surface is polar
metallic row along110] and move outwards above the near-and can be turned into a neutral surface by removing half of
est metal ions. Similarly, the oxygen ion labeled B in Fig. 1the oxygen atoms of the outermost atomic layer. The surface
is nearest neighbor to an oxygen vacancy in the layer undestructure emerged from the analysis of MEIS data is reported
neath and moves inwards. The surface energies of the réa Fig. 2a).!3 The charged surface obtained from the ideal

B. (100) surface
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FIG. 3. (a) Reconstructed geometry of th00) surface proposed experimentally from MEIS datand used as a starting configuration
of our simulations(b) Ideal truncation of the bulk with a row of oxygen ions along [A&1] direction.(c) Final configuration obtained by
relaxing either the experimental structure in pagalor the ideal geometry of panéb). In the left(right) panels a tofside) view of the
slabs are reported. Half of the oxygen atoms are removed from the surface layer to enforce charge neutrality. In the starting geometry of
panels(a) and(b), an additional oxygen vacancy is present due to the particular choice of the surface cut of our bulk model of YSZ. In the
relaxed configuration of panét) the surface vacancy has moved into a bulk oxygen laygidenotes the average distance between the
surface oxygen layer and the metallic layer underneggk.1.275 and 0.93 in panels(b) and(c), respectively. Light gray, dark gray, and
black spheres denotes zirconium, yttrium, and oxygen ions, respectively.

termination of the bulk is shown for sake of comparison inby aligning the oxygen rows along the perpendicuilaitl]

Fig. 2(b). To enforce charge neutrality on the ideal termina-direction. The structure proposed experimentally reported in
tion of the bulk half of the surface oxygen atoms must beFig. 2@ and adapted to our slab geometry in Figa)3or-
removed as shown in Fig(l9 for our slab geometry. In this responds to @1 X 1) reconstruction. The oxygen ions of the
latter geometry, oxygen rows are formed along {bé1] surface layer move from the tetrahedral sites of tfaee-
direction, but an equivalent configuration could be obtainedcentered-cubicmetallic sublattice of the fluorite structure to
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FIG. 4. Reconstructed geometry of tf00) surface with full yttrium segregation at surface. In the (eifjht) panel a topside) view of
the slab is reported. The color code is the same as in previous figure. Only the outermost oxygen and metal layers are shown in the top view
for sake of clarity. Two oxygen vacancies are present on the outermost layer which thus contains six oxygen atoms. In the geometry
optimization, obtained via simulated annealing at 500 K, the two outermost layers of the bottom surface of the slab are held fixed.

the octahedral sites. The interplanar distance between thens at the(100) surface, a depletion of oxygen vacancies
surface oxygen layer and the metallic layer underneath hasith respect to the bulk concentration is foreseeable on the
been assigned to 0(H0.04A from MEIS datal® On the ideal geometry of this face. The surface energy of the relaxed
reconstructed surface the oxygen atoms are coordinated wifd00 surface is given in Table Il. The discrepancy with the
four metal ions while on the ideal termination of the bulk the €xperimental structural data can be partially overcome by
oxygen atoms are twofold coordinated. We optimize the sur@SSuming a segregation of yttrium ions at 60 surface.
face geometry of our slab either starting from the recon/n fact by moving all the eight yttrium atoms of the slab to
structed surface proposed experimentéifig. 3a)] or from the outermost metallic laygwhich precisely have eight me-

: e ; tallic sites per cejl an oxygen distribution more similar to
the neutral ideal termination of the bylkig. 3(b)]. The slab . . .
contains nine layeré0-Zr-0-Zr-0-Zr-O-Zr-O exposing an that of the(1X 1) reconstruction proposed experimentally is

oxygen layer on both surfaces and a total number of 92 atf_ound to be stable. Figure 4 reports the optimized geometry

. ) : of the yttrium-rich (100) surface obtained by starting from
oms. T_he surface supercell contains eight surface_ unit CeII(§xygen atoms in the ideal tetrahedral sites. The presence of
of the ideal purec-Zr0,. To enforce charge neutrality eight the yttrium monolayer induces large strains in the structure

oxygen atoms should be present on each surface of the slgthich relaxes via diffusion of few vacancies. As a result two
in pure ZrQ. In our model of YSZ one oxygen vacancy out gyygen vacancies are present on the relaxed uppermost
of a total number of four vacancies in the slab is present ORttrium-rich surface of the slalisee Fig. 4. The oxygen

just one surface of the slab which thus contains seven oxyatoms on the second layer nearest neighbors to the surface
gen atoms. The resulting vacancy concentration at surface {gacancies move upwards and are 0f65elow the surface
close to that inferred experimentally from MEIS data metallic plane. Although strongly distorted, tligx 1) re-
(10%). Surprisingly, we have found that the reconstructionconstruction proposed experimentally with oxygen atoms in
proposed experimentally is unstable and the surface transhe octahedral sites is clearly recognizable in Fig. 4. The
forms into a structure close to the ideal termination of theoxygen atoms close to the octahedral sites move inwards
bulk but for a disorder in_the position of the oxygen ionslying very close to the underlying metallic layer. On average,
along both thg011] and[011] directions[see Fig. 8)]. A thedy parameter is 0.59 A, still larger than the experimental
similar structure is obtained by starting from the ideal termi-value of 0.11 A inferred from MEIS dafg.0One may envis-
nation of the bulk on both sides of the slab. The averdge age that the real surface might be formed by patches of the
parameter is 0.93 A, smaller than the ideal value for the fluoyttrium-rich configuration in Fig. 4 and of the yttrium-poor
rite structure(1.3 A) but much larger than the experimental geometry of Fig. &). The picture that emerges from the
value of 0.11 A. Moreover, during the simulated annealingsimulations suggests that the geometry of th@0) surface

we have observed the spontaneous migration of an oxygesf YSZ is much more disordered and distorted with respect
vacancy from the surface layer to the oxygen layer underto the (averagg ordered structure proposed experimentdlly
neath. In fact, due to the strong undercoodination of metalvhich might be responsible for the anomalously low surface
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Debye temperature assigned experimentally to fit MEIS dataearrangement to enforce charge neutrality we have found
with the structural model of Fig.(d). that the presence of yttrium is crucial to reconale initio
results with MEIS measuremeftswhich are the only ex-
perimental structural data available on the surfaces of cubic
YSZ. In fact, our results suggest that tffex 1) reconstruc-

In summary we have studied the main surfaces of yttriation of the(100) surface inferred experimentally from MEIS
stabilized cubic zirconia by first-principles calculations. Thedata is stable only in the presence of yttrium segregation at
geometry and surface energy of the neutddll) and(110)  surface. Thus, the comparison between theoretical and ex-
surfaces are comparable with previous results obtained fromperimental structural data provides an indirect evidence of
constrained minimization of the surfaces of pur&rO,.**  the still debated segregation of yttrium at {1€0) surface of
On the contrary on th€l00) face which requires a surface YSZz.18-22

IV. CONCLUSIONS
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