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The application of strain to yttria-stabilized zircorfidSZ), which can be realized by sandwiching

a thin YSZ film epitaxially between layers of a material with larger lattice constants, is proposed as
a means to enhance oxygen ion mobility. The possible mechanism of such an enhancement was
investigated by molecular dynamics using a Ge®SZ superlattice. The calculated diffusion
coefficient of oxygen ions in the superlattice is some 1.7 times higher than in YSZ alone due to a
decreased activation barrier from the strain of the YSZ structure19@8 American Institute of
Physics[S0003-695098)02137-9

Considerable attention has been focused on cubic yttriggensor is constructed for variable cell shape MD. The calcu-
stabilized zirconiaYSZ), (Y503)(Zr0,),_., due, in part, lations were performed for 50 000 steps with a time step of
to its industrial application in fuel cells, sensors, catalysts2.0x 10 °s. All simulations were performed at 1800 °C, as
and ceramic$-3Key to these applications is the high mobil- in previous work$.® A two-body form for the interatomic
ity of oxygen ions which the material supports, any enhancepotential given in Eq(1) was used for all calculations. In Eq.
ment of which will improve the material's performance. (1), the first and second terms refer to Coulomb and ex-
Many studies have pursued the synthesis of YSZ-based m&hange repulsion interactions, respectively,
te_rials with hig_h oxygen ion diffusion and the effects of yt U(rij):ZiZjeZ/rij +fo(bi+by)
tria concentration and temperature on oxygen ion mobility
have been well studied experimentally. The diffusion coeffi- Xexd (aj+a;—ri)/(bj+bj)], @
cient of oxygen ions reaches a maximum at a yttria concen-
tration of c=0.08—0.10. Molecular dynamid$/D) simula-
tions of ion diffusion in YSZ(Refs. 4—6 have also been
reported.

We propose here a different approach to enhancing the
oxygen ion diffusion in YSZ and its evaluation by MD simu-
lations (Fig. 1). By sandwiching a strained YSZ layer be-
tween a material having larger lattice constants than that
YSZ, we propose that the oxygen ion diffusion in YSZ will ;0 qional visualization programsoMoVIE and RYUGA.1°
be enhanced. Epitaxial growth of YSZ on a material with

. ) . X MD simulations were carried out for four different con-
larger lattice constants will result in expansion of the YSZ

lattice constants, together with some change in the loca\iqentrations of ¥Os in YSZ: 4.85, 10.2, 16.1, and 22.7
’ i ol % Y,0,. Figure Za) shows the trajectories of O, Zr, and
Zr-Zr, Zr-Y, and Y=Y distances. Such structural change 6 Y205 Figure 23) show yezion

| h tivation barrier f on diffusi % ions in YSZ at 10.2 mol % of ¥O,5. The cations of the
may fower e activation barrier for oxygen 1on difiusion, ygz sy ctyre(zr and Y iong maintain the face-central-

potentially leading to an increased diffusion rate. Recen aiublc (fcc) arrangement and the oxygen ions are distributed

progress in experimental techniques for achieving epitaxi ver the tetrahedral sites formed by four neighboring cations
growth of metal oxide$,such as laser molecular beam epi-

taxy and chemical vapor deposition, may permit the con-

struction of such strained YSZ superlattices Strained YSZ Superlattice Structure Changes of YSZ Layer
The MD calculations were performed using tiv- <7 Bulk YSZ YSZ Superlattice

DORTO program developed by Kawamutahe Verlet algo- ® ©

where Z; is the atomic chargeg is the elementary electric
charge,rIJ is the interatomic distance, arfg is a constant.
The parametera and b in Eq. (1) represent the size and
stiffness, respectively. The potential parameters were ad-
Justed(TabIe ) so as to reproduce the lattice constants and
the thermal expansion coefficients of Y& mol % Y,05),
03203, and CeQ crystals. The dynamical features of the oxy-

en ion diffusion process were investigated using the three-

rithm was used for integrating the equations of motion, while \:I @ @ © @
the Ewald method was applied for calculating electrostatic [ vz |- @) @ @ @

interactions under three-dimensional periodic boundary ., [ ]
conditions? The temperature and pressure were controlled 4 <] _vsz_|» 4 |@ © @| @ & @
by scaling the atom velocities and unit cell parameters, re- T T_.

spectively. Although this will not lead to an accurate en-

semble, the MD shows qualitatively the right behavior. AFIG. 1. Schematic concept for enhancing the oxygen ion diffusivity in YSZ:
sandwiching YSZ between materials that have larger lattice parameters
leads to a positive strain and increase in the YSZ lattice parameters. It is
dCorresponding author. Electronic mail: miyamoto@aki.che.tohoku.ac.jp proposed to increase oxygen ion diffusivity.

a-axis Expansion
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TABLE |. The potential parameters of Zr, Ce, Y, and O ions. LA L N B L LB L AL

| A45.0%
Atom Z; a /A b; /A 10k |
zr +2.4 1.227 0.070 ~ I ]
Ce +2.4 1.396 0.070 < | ]
Y +1.8 1.327 0.070 a2 | ]
o) -1.2 1.503 0.075 s st ~0.0%
and diffuse between well-defined sites in {H€0], [010], ]
and [001] directions. In order to investigate the effect of P TR
Y,O; concentration on the oxygen ion diffusion, mean- Time (ps)

square displacement$1SD) for all constituting ions were FIG. 3. Mean-square displacemedléSD) of oxygen fons in YSZ at 10.2
. . . . 3. -squ i Xy i i .
calpglated at all dopan.t concentratlons. The self-diffusion CO%1019% Y,0, with 0.0% and 5.0% strain.
efficient D of oxygen ions obtained from the slope of the
. 0 .
MSD values has a maximum at 10.2 mol % ofC% in the larger than that without strain. The introduction of strain ap-

plot of D versus the dopant concentration, in agreement with . e
. . ) . ears to enhance the oxygen ion diffusivity in YSZ. More-
experimental results and previous MD simulatiorfs.The b xygen ion GIuSIVILy |

) e over, Fig. 2 indicates that the mobilities of Zr and Y ions in
0,
oxygen ion diffusion in bulk YSZ at 9.1 mol % 0s Was 7' \yith 500 strain also increase, although they do not

simulated over the temperature range 8001800 °C and tr}%igrate through the YSZ structure under the conditions

?r((:)trlr\:itlr?rr:eﬁirtljesrg)llotfsc,)rogx\ygri:slct)gmdlglrj;tﬁrr:a V_‘;_?]Se ;iltic\?:t"ifndsimulated. The increased mobility of the Zr and Y ions may
P P ' facilitate the greater diffusivity rate of the oxygen ions; in

energy obtained is 15 kcal/mol, in close agreement with th%rder to clarify the mechanism of enhanced oxygen ion mo-

experimental value of 18 keal/mé. bility in the strained YSZ structure, we investigated the dy-

Fpllowmg .thls verlf'|cat|on of t'he SImuIatloq procedures namical structural details in YSZ for the 5.0% and 0.0%
and interatomic potentials, a strained YSZ lattice was simu-

lated to verify our concept of enhanced oxygen ion diﬁusionStram cases. Figure 4 shows the Zr—Zr partial radial distri-
(Fig. 1) and to investigate the role of lattice strain on the bution function{RDF) integrated over the 50 000 MD simu-

YSZ structural dynamics. The strained YSZ structure waslaltlon steps. The first peak, at 3.6 A, in the unstrained case,

. . ; Shifts to 3.7 A when 5% lateral strain is applied. Similar
0,
cpnstr:Jhcted W'.th a X0, conce_ntra(tjl%n qf %O.%ﬁr}noll f; ' which shifts are observed for the second, third, and fourth peaks.
gt|ve? N g]sx |frr\1(usrr£ oiqi%eg |onW| u(s;w y. 1he ia |((j:e dcton— Furthermore, all of the peaks are broadened in the strained
Zggf}sa’&a? tr ?n:A / 2 _5'00;nowi:h\£ 3_vv5er23§x2)anwﬁil ° case, indicative of increased vibrational amplitudes. As a di-

: A stra algo=>.U%, o= ' € rect consequence, the oxygen ions should more easily cross
the lattice constant was fixed at the original value of 5.243 the midpoint of the Zr—Zr vectors when migrating towards a
ﬁ\l,l;hgljsr(;\s/vge;t?(t)?/g zsri;;"etza?'ggf;gg;;ﬁ?&éﬁiﬁﬁgﬁ:t $eighboring tetrahedral site. Previous wdrkkave reported
than those of YSZ, the and b parameters will elongate, hat the maximum barrier along the oxygen ion diffusion

. . ath is located at the center point between two cati{@ns
whereas thec parameter is expected to contact slightly ac-p P t

cording to the Poisson’s ratio. As reduction of th@aram- Zr, Zr=Y, and Y-Y). Our simulations confirm that larger
oter isgrelativel small. its vailue was not chan ped for theaverage cation—cation distances and large vibrational ampli-

. y ' 9 tudes lead to a lowering of the barrier height, which en-
present simulations.

. . . . . hances the oxygen ion diffusion.
Figure Zb) shows trajectories of O, Zr, and Y ions in the . . : o
YSZ structure with 5.0% lateral strain. The oxygen ion dif- CeQ, is a sitable candidate for sandwiching the YSZ

. . . L ) . structure to introduce strain by expandin andb lattice
fusion in this structure is increased relative to that in the y exp gt

. R parameters. Like YSZ, Cefadopts the fluorite structure,
unstrained structure as shown in Figa)2 The MSD values . . o
for oxygen ions in the structure with 0.0% and 5.0% StrainW|th a lattice parameter of 5.411 A, some 5.17% larger than

0 .
are both plotted in Fig. 3. The diffusion coefficient of oxygen that of the YSZ at 10 mol % 305, 5.145 A. Hence, YSZ is
ions in the YSZ structure with 5.0% strain is about 2.7 times

6 T

Radial Distribution Function

0 2 4 .
Zr - Zr Distance /A

FIG. 2. Trajectories of O, Zr, and Y ions in YSZ at 10.2 mol %04 (a) FIG. 4. Zr-Zr partial radial distribution functions in YSZ at 10.2 mol %

with no strain andb) with 5.0% strain. Y,05 (a) with no strain andb) with 5.0% strain.
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00— enhancing the oxygen ion diffusivity in YSZ. The depth pro-
r file of the oxygen ion MSD in the YSZ/Ce(system was
8 .7 YSZ/CeO2 also examined; the oxygen ions located in the middle region
—-_r . of the YSZ component are found to diffuse more rapidly
< Or b than those at the YSZ/CegGnterface.

2 lvysz In conclusion, the oxygen ion diffusion in YSZ is en-
= 4T 7 hanced significantly when YSZ is sandwiched between a ma-
2__ ] terial having larger lattice constants. A YSZ/Ce8rained
L ] superlattice is suggested as a potential candidate for enhanc-

0/"" T R B ing the oxygen ion diffusion in this way.
0 10 20 30 40

Time (ps)
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