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ABSTRACT: The influence of local ordering of the anion vacancies and ~ 8°7
cation—anion vacancy interactions on the ionic conductivity of the anion- 501
Y,016 (0.0 < x < 02) system have been I il
investigated using impedance spectroscopy, molecular dynamics (MD) T
simulations, and reverse Monte Carlo (RMC) analysis of neutron powder
diffraction data. At 1000 K, the ionic conductivity decreases by a factor of ~2as *° |
x increases from 0.0 to 0.2, while the oxygen anion partial radial distribution 10 1
function, goo(r), remains similar across the entire solid solution, even though 4, |
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the cation—oxygen interactions change with increasing Y,0; content. These 10 30 5.0 7.0 %0 10

experimental data are used to validate the MD simulations, which probe the
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details of the vacancy—vacancy interactions within the x = 0.0 and x = 0.2 end members. Both possess similar vacancy—vacancy ordering that
favors the formation of pairs along (111) directions. Significantly, an increased proportion of the oxygen vacancies are associated with the
Zr* cations in ZrogY 0,01 6, while in Zrg §S¢020 o they show no significant preference for being nearest neighbor to a St or aZr™" cation.
Thus, it is concluded that the lower jonic conductivity at x = 0.2 is predominantly a consequence of the larger size of the Y** cation, which

induces strain in the lattice and hinders diffusion of the O*

, rather than changes in the local ordering of the anion vacancies.
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1. INTRODUCTION

Fuel cell technology currently attracts significant attention
since these devices show considerable potential for efficient power
generation in stationary, portable, and transport appljcations.1 Their
main advantage is the combination of low emissions of pollutants,
coupled with a high efficiency for the conversion of chemical energy
into electrical energy. For example, the use of solid oxide fuel cell
(SOFCs) systems running on conventional fossil fuels producing no
emissions of sulphurous, nitric, and hydrocarbon pollutants, plus a
greatly reduced CO, emission, gives significant environmental
advantages over conventional power generation systems. The core
component within an SOFC is the impermeable solid electrolyte,
which consists of a polycrystalline oxide ceramic operating at
temperatures between 1000 and 1300 K." The high SOFC operating
temperature means, for example, that conventional hydrocarbon
fuels can be used without the need for expensive catalysts. However,
it also places severe demands on the materials used for SOFC
components such as the interconnect, cathode, anode, and solid
electrolyte, since the use of complex (and expensive) ceramics and
alloys becomes necessary. Operating at lower temperatures would
allow for low chromium content steels to be utilized and so reduces
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risk of degradation from chrome poisoning.” As a consequence,
there is significant motivation to reduce the SOFC operating
temperature to an intermediate range of around 800—1000 K,
and a substantial research effort is currently focused on developing
improved ceramic electrolytes to meet such applications.

The current SOFC electrolyte of choice is yttria stabilized
zirconia (YSZ, Zr, .Y, O,—,,») which, for x > 0.16, adopts the cubic
fluorite phase® (see Figure 1), in which a fraction (x/4) of the anion
sites are vacant to compensate for the lower charge of the dopant
Y*" cation compared to the host Zr**. The oxygen anion con-
ductivity, 0, increases with increasing x, until a maximum value
(o~1072 Q_l em” " at 1000 K) is reached at an yttria concentration
close to the lower stability limit of the cubic fluorite phase.* The ionic
conductivity of zirconia doped with aliovalent cations is now widely
accepted to occur via the migration of isolated anion vacancies.
However, a simple picture of uncorrelated diffusion of anion
vacancies through the crystal lattice cannot account for the variation
of o of systems such as Zr; Y, O,_,/, with dopant concentration x.
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Figure 1. Cubic fluorite structure (Fm3m) with cations at the 4(a) sites
at0, 0, 0, etc., and the oxygen atoms at the 8(c) sites at 1/4, 1/4, 1/4, etc.

In particular, the decrease in the ionic conductivity above x ~ 0.16 has
provided a challenge to both experimental and theoretical ap-
proaches. X-ray®> '° and neutron'"" '* diffraction studies show that
significant fractions of the ions are displaced off their regular lattice
sites. Pronounced diffuse scattering has been interpreted by Goff et
al'® in terms of short-range correlations between anion vacan-
cies, which preferentially form pairs in (111) directions and aggregate
to hamper ionic diffusion at high values of x. However, these studies
provide little insight into the role of interactions between the anion
vacancies and the host/dopant cations, largely due to the low contrast
in the X-ray and neutron scattering powers of Zr*" and Y>*. Early
theoretical studies by Hohnke' showed that a simple model of a
bound dopant cation—anion vacancy pair could reproduce the peak
in g, while Catlow™ demonstrated that the aggregation of dopant
cations creates deep traps which immobilize vacancies. More recent
computational work by Bogicevic et al*! has shown that the larger
strain component associated with the dopant cations results in a
preferential binding of vacancies to the smaller (Zr*") cations.
Alternatives to YSZ which show higher o at lower temperature
include gadolinium-doped ceria,”>** lanthanum based gallates,”* >’
and a number of bismuth based electrolytes.”® However, it is also
possible to increase the anion conductivity in YSZ by substituting
Y** by Sc**° and scandium stabilized zirconia (SSZ) electrolytes
show good potential for use in SOFCs operating at temperatures
below ~1000 K. From the crystal structure point-of-view, SSZ is
rather more complex than its YSZ counterpart, and the stability field
of the highly conducting cubic fluorite structured phase is more
limited in composition and temperature. As a result of the highly
refractory nature of the scandia zirconia system it can be quite
difficult to achieve thermodynamic equilibrium, and hence there are
some apparent disagreements about phase equilibria in the literature;
however, the system is broadly understood. The room temperature
monoclinic (P2,/c) phase is stable with scandia content below x ~
0.04, with increased doping favoring a tetragonal (P4,/nmc) phase
which is pure from ~0.10 < x < 0.15. Slightly higher levels of Sc>*
doping result in a mixed phase system containing both a poorly
conducting rhombohedral (R3) phase (the so-called [-phase)
and the highly conducting cubic (Fm3m) phase with a fluorite
structure. > Even higher scandia contents, above x ~ 0.19, results
in phases such as ZrsoSc;;0115 (x = 0.194), Zr,Sc,0y;, (x =
0.222),%° ZrsSc,045 (x = 0.286),* and Zr3Sc,04, (x = 0.571)*% in
which the anion vacancies are predominantly ordered over long

distances. Politova and Irvine®* showed that the highly conducting
cubic modification of SSZ can be stabilized at room temperature as a
single phase by the addition of Y,0;, with only x ~ 0.02 in
ZroSco2—YxO1 9 required to suppress the 3-phase. However, the
ionic conductivity of the solid solution decreases with Y>* content x.
This study uses a combination of impedance spectroscopy, neutron
powder diffraction, and molecular dynamics (MD) simulations to
probe the anion vacancy ordering in ZrygSco2—,Y,O19 and assess
the roles of vacancy—vacancy and cation—vacancy interactions in
determining the ionic conductivity of the system as a function of x. A
subsequent MD study®® will extend this methodology to probe the
effects of vacancy—vacancy clustering and size mismatch between
host and dopant cations on the ionic conductivity in stabilized
zirconias, Zr,—,M,O5_,/» (M = Sc or Y).

2. EXPERIMENTAL AND COMPUTATIONAL METHODS

2.1. Sample Preparation. Zr,gScy,—,Y,O,9 powder samples
with x = 0.0, 0.04, 0.08, 0.12, 0.16, and 0.2 of typical volumes of 2.5 cm?®
were prepared by mixing stoichiometric amounts of the previously dried
binary oxides ZrO,, Sc,05, and Y,03 supplied by the Aldrich Chemical Co.
and of stated purities 99.99%, 99.999%, and 99.99%, respectively. High
purity HfO,-free zirconia powder was used to avoid the significant neutron
absorption caused by hafnium contamination. The starting powders were
mixed and thoroughly ground by a planetary ball mill using zirconia balls
and a zirconia jar for 8 h and thereafter pressed into pellets that were heated
at 1873 K for 16 h. The sintered pellets were subsequently crushed, ball
milled again, pressed, and sintered at 1873 K for another 16 h to obtain
homogeneous samples. Samples used for neutron diffraction were subse-
quently crushed and ground into a fine powder. After the neutron diffraction
experiments the samples were resintered into pellets at 1773 K for 10 h and
used for impedance spectroscopy studies.

2.2. Impedance Spectroscopy. The total (bulk plus grain
boundary) ionic conductivity of the ZrggSco,—,Y,O1o samples with
0.0 < x < 0.2 was measured on sample pellets of approximately 10 mm
diameter and 1 mm height using platinum electrodes and a voltage of
50 mV. Platinum paste was used to ensure good contact between the
electrodes and the sample. The samples were then heated to 1173 K in
air, and the complex impedance spectroscopy was performed during
cooling at 50 K intervals, using a Solartron SI 1260 frequency response
analyzer over a frequency range from 1 Hz to 13 MHz. The total
conductivity was determined by least-squares equivalent circuit fitting to
the frequency dependent impedance data using the program ZVIEW.

2.3. Neutron Powder Diffraction. Neutron diffraction experi-
ments were performed at the Polaris diffractometer of the ISIS facility,
Rutherford Appleton Laboratory, UK,,*® using the backscattering detector
bank (covering scattering angles of 130° < 26 < 160°), the ~90° detector
bank (85° < 26 < 95°), and the low angle detector bank (28° < 26 < 42°).
These cover approximate ranges of scattering vector Q (where Q = 277/d and
d is the interplanar spacing) of 2—30 A™', 1.5—20 A~ and 0.8—12 A",
respectively. Each powder sample was encapsulated in a cylindrical 6 mm
diameter thin-walled (40 #m) vanadium can and measured for approxi-
mately 12 h to obtain counting statistics of sufficient statistical quality to
allow analysis of the total (Bragg plus diffuse scattering components)
scattering. Preliminary Rietveld analysis of the averaged structures using
only the Bragg scattering was performed using the GSAS software.””

2.4.Neutron Total Scattering. After correction for the effects of
background scattering and beam attenuation, the diffraction data from
each detector bank was merged to a single spectrum covering a wide Q
range using the program Gudrun.>® This process also puts the scattered
intensity onto an absolute scale of scattering cross-section. The resultant
normalized total scattering structure factor, S(Q), was used to generate
the corresponding total radial distribution function, G(r), via a Fourier
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where p, is the average atom number density in atoms A3 (for details,
see Keen39).

The G(r) can also be expressed in terms of the individual partial radial
distribution functions, gi]-(r), weighted by the concentrations of the two
species, ¢; and ¢;, and their coherent bound neutron scattering lengths,
b; and by, so that

n _ n _
G =Y aqbibgy(r)/ > (cbi)’

iyj=1 i=1 2)

where 7 is the number of ionic species. The partial radial distribution
function is in turn given by

gi(r)

_ 1 n(r)
47r2 Ar p;

(3)

with n;;(r) equal to the number of atoms of type j located at a distance
between r and r + Ar from an atom of type i and p; the number density of
atoms of type j, given by p; = ¢;00. These individual partial distribution
functions, g;(r), can be obtained from RMC modeling, which simulta-
neously probes both the long-range and short-range structural properties.

2.5.RMC Modeling Details. RMC analysis*° of the neutron total
scattering data (Bragg peaks plus diffuse scattering components) was
performed using the RMCProfile software.*! Each RMC model, one for
each sample stoichiometry, used a configuration box of 10 x 10 X 10
unit cells (i.e., contains a total of 4000 7 /83T /Y3 cations in their
stoichiometric ratio and 7600 O>” anions, with all ions randomly
distributed over their regular crystallographic sites). A bond valence
sum (BVS) soft constraint** was used to ensure that individual cation—
anion coordination environments remain chemically reasonable, with
parameters taken from Brese and O’Keeffe.*> The RMC modeling used
both reciprocal space data, S(Q), and real space data, G(r). The former
emphasizes the long-range ordering while the G(r) focuses on the short-
range interactions. Additionally, the S(Q) is broadened by convolution
with a box function to reflect the finite size of the configuration box (for
details, see*"). The broadened Sp,.(Q) is used in the RMC method, and
the comparison between the calculated functions and the experimental
data is assessed using an agreement factor given by

Yrvc” = Z X,‘Z (4)
J

where sz is the individual agreement factor for data type j.

2.6. Interionic Potentials. The interaction potential used in this
study is the dipole polarizable ion model (DIPPIM), and since the
procedure for parameter optimization has been thoroughly described
elsewhere,"** only a brief overview will be provided here. The model
allows the ionic species to carry their formal valence charges (Zr**, S¢**,
Y**, and OZ_) , and polarization effects, resulting from the induction of
dipoles on the ions, are included. The parameters of the interaction
potential for the Zr( gSco,— Y, O1 9 System were obtained by a force- and
dipole-matching procedure aimed at reproducing a large set of first-
principle (DFT) reference data on the condensed phase.** More than
2000 data points, comprising the three Cartesian force components of
each ion and the three components for the dipole, were used in this
procedure. Such potentials have been shown to provide an accurate and
transferable representation of the interactions in a number of oxides
(see, for example, studies related to the Z1,Y,0,—Y;NbO,*4¢ system
and GeO,"*). One potential deficiency is that the parent DFT
calculations do not accurately represent the dispersion interactions
between the ions, requiring an empirical adjustment to obtain the

Table 1. Parameters for the DIPPIM Potentials with Values
Given in a.u.”

0-0 Y—-0 Zr—0 Sc—0
AV 0.00 83.11 65.50 59.19
a’ 5.00 1.294 1.206 1.275
B/ 50000 50000 50000 50000
b’ 1.00 125 1.50 1.50
a 14.33 1.90 2.33 1.20
cl 66 15 7 7

ci 1200 300 150 150
bllisp 12 1.9 1.9 1.9
b9 © 1.736 by 1.817

S ° 0.874 S 1.720

by 1.700 by Y 1.926

S 1.559 & ¥ —1.766

by S 1.832 by © 1.700

s 1.666 o © —2.486

by Se 1.926 by © 1.832

S —1.766 & —2.797

ba 1.135 ba 0 1.817

T 0.373 O —2.499

“ Only those short-range parameters not equal to zero are reported. See
Norberg et al.*® for further information concerning the DIPPIM
potential parameters.

correct density. The parameters used in this study are reported in
Table 1.

2.7. MD Simulation Details. All the MD simulations on the
Zro8Sco2—YO19 system were performed, unless stated otherwise,
using a cubic configuration box of 4 X 4 X 4 unit cells, that is, 256
cations and 486 oxygen anions. The ions were randomly distributed over
their average positions, as for the RMC modeling (see Section 2.5). The
time step used was 1 fs. Coulombic and dispersion interactions were
summed using Ewald summations, while the short-range part of the
potential was truncated to half the length of the simulations box (usually
~10 A). High temperature runs, used to evaluate the ionic conductivity
of these materials, were performed at constant volume and temperature
(NVT ensemble). Room temperature runs, used to obtain structural
information such as the radial distribution functions, were performed at
constant pressure and temperature (NPT ensemble). The latter were
obtained by first equilibrating the system at 1800—2000 K for 50 ps and
then slowly cooling to 300 K, with a cooling rate of 34 K/ps.

3. RESULTS AND DISCUSSION

3.1. lonic Conductivity. Figure 2 shows the temperature
dependence of the total conductivity data for the ZrogSco,—Y,O19
samples with 0.0 < x < 0.2. These data are in excellent agree-
ment with those reported previously for the case of Zr, Y(,0,
and ZrygSco.016°" and indicate the presence of a phaée transi-
tion to the cubic fluorite structured phase in the latter material at
~900 K (see below). At temperatures of ~1000 K there is a clear
trend of decreasing o with increasing Y*" content x, which forms
the focus of this study.

3.2. Rietveld Refinement. Long-range average structure
models were determined for the Zrj gScy,—, Y019 samples with
x > 0 using conventional Rietveld refinement.*’ In the case of
ZrosSco2019, the diffraction data indicated the presence of
rhombohedral, cubic, and at least one other unidentified phases
and it was not possible to perform a successful refinement for the
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Figure 2. Total conductivity plots for the ZrpgSco,— Y019 com-
pounds. Increasing amount of Y>" decreases the conductivity at high

temperatures.
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Figure 3. Rietveld fit to the neutron powder diffraction data collected
from (top) ZrpsY0,0;0 and (bottom) ZrgsSco 12Y00sO1.9, with the
dots showing the experimental data and the solid line showing the fitted
profile. The short vertical lines indicate allowed Bragg reflections, and
the difference between observed and calculated is plotted below.

small fraction of unknown phase at room temperature. The
refined parameters consisted of a scale factor, an extinction
factor, the cubic lattice parameter g, isotropic thermal vibration
parameters for each crystallographic site, tc,ion, and uo, plus 36
coefficients of a shifted Chebyshev polynomial describing the
undulating background scattering and two coefficients describing
Gaussian and Lorentzian contributions to the Bragg peak shapes.
Excellent fits were obtained using cation ratios based on the

Table 2. Experimental Values of the Cubic Lattice Parameter,
cxpy at Ambient Temperature and the Corresponding Values
Obtained from the MD Simulations at 300 K, aym”

dexp (A) ayp (A)
Zr0.85¢0201.9 5.08379(2) 5.135
Zr0.85¢0.16Y0.0401.9 5.10069(2) 5.146
Zro85¢0.12Y0.0801.9 5.11188(2) 5.166
Zr0.85¢0.08Y0.1201.9 5.12371(2) 5.173
Zr0.85¢0.04Y0.1601.9 5.13686(2) 5.182
Zrp5Y0201.0 5.14878(2) 5.195

“ Fluorite bond distances: M—O = a+/(3/4); 0—0 = a/2; M—M = a//2.

18.0
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Scattering vector, Q (A™)

Figure 4. Experimental S(Q) values for the ZrysSco,—,Y,O9 com-
pounds, from x = 0.0 (bottom) to x = 0.2 (top).
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Figure 5. Experimental total radial distribution functions, G(r), as
calculated by Fourier transform of the normalized total scattering

data, S(Q).

sample preparation (see the example of ZrygY(,0,0, and
Zro85¢0.12Y0.0801.9 in Figure 3), and the refined values of the
lattice parameters listed in Table 2 show the marked increase in a

with x which reflects the larger ionic radius of Y>* compared to
g3+ 50

3.3. Total Scattering Analysis. Figure 4 shows the normalized
total scattering function S(Q) for all the samples, from Zr(gSco,01.9
(bottom) to ZrysY02O1 (top), and Figure S illustrates the corre-
sponding total radial distribution function G(r) obtained by Fourier
transform of S(Q) (eq 1). Note that the changes in the G(r) patterns
show a clear trend across all measured samples, even though the
S(Q) for the mixed phase ZrgSco,019 sample differs significantly
from the other (cubic structured) samples. This suggests that the
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Figure 6. Spox(Q) and the G(r) fits obtained by RMC modeling for
Zr§S¢92019. The dots show the experimental data, and the solid line
shows the calculated profile.
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Figure 7. Spox(Q) and the G(r) fits obtained by RMC modeling for
Zro§Y0,019. The dots show the experimental data, and a solid line
shows the calculated profile.

local structure is relatively unchanged with «, irrespective of the long-
range (crystallographic) arrangement. The most noticeable change
is the continuous narrowing of the peaks at 2.14 and 2.58 A as x
decreases, which indicates a successively more uniform cation oxygen
bond length distribution.

Turning to the RMC analysis, the quality of the final fit to both
the Spox(Q) and the G(r) for the x = 0.2 and x = 0.0 end members
of the series ZrggScor— Y O19 is shown in Figures 6 and 7,
respectively (see Table 3 for a comparison of the '~ values obtained
for the fits to S(Q) and G(r) for all ZrygScyr—Y~O1o members).
Figure 8 shows the cation—anion partial radial distribution functions
for these two compounds, extracted from the final RMC

Table 3. Comparison of the ¥ Values for the Fits to $(Q) and
G(r) for All Samples

S(Q) G(r)
Zro§Sc02019 16.2 11.6
Zr0.85¢0.16Y0.0401.9 44.8 16.3
Zr085¢0.12Y0.0801.9 48.7 14.9
Zr85¢0.08Y0.1201.9 59.7 13.2
Zr085¢0.04Y0.1601.9 44.2 14.3
ZrogY02019 50.0 13.5
10 - 10 +
+ ZrysSco2019 ZrosY02019
8 M 8
S 6 6 J
s‘ 1
80 4 a '
1
2 1 2 \
U \
0 : 0
1.0 3.0 5.0 1.0 3.0 5.0
Distance, r (A)

Figure 8. Partial radial distribution functions, gjk(r), as determined by
RMC modeling. Zr(gSc2019 (left): gz.o(r) and gs.o(r), solid and
dashed line, respectively; ZrosY0,0, o (right): gz:0(r) and gyo(r), solid
and dashed line, respectively.

5
4
= /\ Zry5S¢9.2019
B34 i\ ZrySco.16Y0.4019
5% ZrySco.12Y0.0801.9
2 \ ZrosSco.08Y0.12019
| Zro35¢0.04Y0.1601.9
14 Zry3Y 2019
0
1.0 2.0 3.0 5.0 6.0 7.0 8.0 9.0

a0
Distance, r (A

Figure 9. Partial radial distribution function, goo(r), for the Zryg
Sco2—4Y,O1.9 samples, as determined by RMC modeling.

configurations. In the case of ZrogScy,019, the first peak in the
gz:0(r) and gs.o(r) indicates average bond distances of 2.188 A and
2209 A, for Zr*"—0?" and ST -0, respectively. However, for
ZrosY0201 the first peak in the g7,0(r) and §YO r) gives average
bond distances of 2.195 A and 2.330 A, for Zr' T —0*> and Y>'—
07, respectively. Thus, there is a significant mismatch between the
anion environment around the dopant and host cations in the latter
sample, which is consistent with the ionic radii for these cations, that
is, Zr' " 0.84 A, S* 0.87 A, and Y*" 1.02 A,* and is reflected in the
average cation—oxygen bond distances of 2.20 A (Zr,§Sco,01 0) and
223 A (ZrysY(,01) obtained from the Rietveld refinements.

For the anion—anion correlations, Figure 9 shows the goo(r)
partial radial distribution functions extracted from the RMC
analysis for the Zr gSco,— YO} o series. There are no significant
changes in the goo(r) from one end member to the other,
suggesting that any preferential short-range ordering of the
vacancies is very similar in all the samples (see next section).
The position of the first peak in goo(r) is at roughly 2.58 A for all
the Zro §Sc2— Y019 samples, which agrees well with the value
of 2.55 A to 2.57 A obtained from the Rietveld analysis. Thus, on
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Figure 10. Comparison between the experimental (dotted line) and
simulated (solid line) total G(r) values for the Zr gScg— YO o System
at 300 K.
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Figure 11. Partial radial distribution functions, gj«(r), obtained by MD
simulations at 1200 K for (a) ZrySco»01.6 and (b) ZrysY,01.0.

a local scale, the ionic arrangement is very similar to the long-
range average (cubic fluorite) structure in these materials. This
contrasts with the case of the closely related Y,Zr,O,—Y;NbO,
series,® in which the addition of Nb>* causes a significant local
distortion of its surrounding anion shell toward an octahedral
coordination, with a significant shift in the first peak in goo(r).

3.4. Validation of the Interionic Potentials. The cubic
lattice parameter, g, given by the MD simulations at 300 K is
in good agreement with those obtained experimentally (see
Table 2). Furthermore, Figure 10 compares the final G(r) values
generated from the MD simulations (using eq 2) with those
obtained from the neutron diffraction experiments, while
Figure 11 plots the partial radial distribution functions for both
Zrp$Sc02019 and ZrysYp,0;0. The differences between the

£ 015 +
<@

%
= 0.10 §
[}

0.05 T
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Figure 12. Comparison of experimental (1158 K, dashed line) and
calculated (1200 K, solid line) oxygen anion conductivity for
Zro.85¢0.2-+YxO1.9.

gz:0(r) and gyo(r) in the latter material observed in the RMC
analysis of the neutron diffraction data collected at room
temperature are clearly reproduced. The good level of agreement
between the experimental and simulated G(r) and g,-j(r) values
indicates that the DIPPIM potentials provide an accurate description
of the interactions between the ions in the ZrSc,—,Y,O19 system
and can confidently be used to provide an insight into the local
structural properties.

Turning to the ionic diffusion properties, the ionic conductiv-
ity can be estimated from the MD simulations using the Nernst—
Einstein formula

ONE = CzpD/kBT (5)

where ¢ is the charge of the mobile species, p is the system
density, D is the diffusion coeflicient, kg is the Boltzmann
constant, and T is the temperature. The diffusion coeflicient,
D, can be calculated from the slope of the mean square displace-
ment of individual ions versus time at long times, that is,

D = lim; - . ﬁ ( ]Z [r;(t) — rj(O)]2> (6)

Figure 12 shows that the calculated ionic conductivities
successfully reproduce the observed trends in the experimental
data with «, providing further validation of the reliability of the
model for the interionic potentials adopted here.

3.5. Oxygen Vacancy Ordering. In principle, it is possible to
extract information concerning any local ordering of the anion
vacancies using the RMC analysis of the total neutron scattering
data. While this process has been successfully applied to materials
with relatively high vacancy concentrations (such as reduced ceria,
Ce0,_s>"), tests showed the relatively small number of vacancies
present in the ZrogSco2— Y, O1o (5% of the anion sites) precludes
such an approach here. Therefore, information concerning the
short-range correlations between the vacancies has been extracted
from the MD simulations performed at a temperature of 1200 K,
which is chosen to mimic the conditions experienced by a solid
electrolyte material in an operational SOFC.

The cations within the cubic fluorite crystal structure form a
face centered cubic array. Within this sublattice there are tetra-
hedral (two per cation) and octahedral (one per cation) inter-
stices and, in the case of an ideal stoichiometric fluorite com-
pound, the former are fully filled with anions and the latter are
completely empty. Thus, it is possible to assign each anion with
an MD configuration to a particular cavity using the instanta-
neous positions of the cations within the simulation and, ignoring
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Figure 13. Vacancy—vacancy partial distribution function, gy,c—vac(r),
determined from the MD simulations at 1200 K for Zr( gScy,0; 9 and
Zro5Y02010-

Table 4. Relative Population of Vacancy Pairs in Zr, gScy 01 9
and Zr gY(,01.9 As Determined by MD Simulations

Zr85¢0201.9 ZrgY02019
T (K) N(100) {110y Ny {100y {110y 111y
random 0.23 0.46 0.31 0.23 0.46 0.31
1000 0.01 0.21 0.77 0.06 0.10 0.84
1100 0.06 0.21 0.74 0.16 0.18 0.66
1200 0.13 0.25 0.62 0.17 0.19 0.65
1500 0.19 0.25 0.50 0.24 0.23 0.53
2000 0.28 0.33 0.39 0.24 0.30 0.46

the octahedral cavities (which are only very rarely occupied, even
at the highest temperatures), define the locations of the anion
vacancies as the centers of those tetrahedra which do not contain
an anion. These locations can then be used to generate a
vacancy—vacancy partial radial distribution function, gyac—vac(7)
for each simulation. As shown in Figure 13, the two end members
Zr, Sco2019 and ZrygYo,0;9 possess very similar g, —vac(r)
values, with a strong tendency to form pairs in (111) directions,
rather than (110) or (100). This indicates that significant
repulsive forces exist between individual anion vacancies and is
consistent with diffraction studies of anion-deficient fluorite
oxides'®*! and so forth and the structural properties of ternary
derivatives of zirconia.*>**3?

The temperature dependence of the relative population of the
vacancy pairs in the (100), (110), and (111) directions is given
in Table 4 for both ZrygScy,019 and Zry3Y,0,0. Both
materials show a strong variation with temperature, but there
is no significant difference between the behavior of the Sc-
doped and Y-doped materials, and the preference for vacancy
pairs along (111) direction is maintained at the temperature
range appropriate for SOFC applications, that is, 1000—
1200 K. The data given in Table 4 can be used to calculate
differences in the energies of different vacancy pairs, if it is
assumed that the temperature dependence of their population
follows an exponential behavior (as in a van’t Hoff equation).>”
Taking the case of (111) and (110) vacancy pairs, it is possible
to write

Ny (_E<111> - (110))
= Ay X exp| ————— 7
nan) ’ P ks T @)

where A is a constant, kg Boltzmann’s constant, and T the tempe-
rature in degrees kelvin. The energy difference, E¢111y—(110y can be

25
20 o
-
_~ //”
S 1s _-
= " 2] ——a
5 _--a 1 _
= 10 -7 -
| - —_—
= _- _ -
////-,’/”
—
05 —
0.0 4 ' }
05 0.6 07 08 09 10

1000/7 (K™

Figure 14. Logarithm of 117,/ fy—ya for Zrp Y2019 (solid black line)
and the logarithm of 1¢;11y/1¢110) for ZrogYo>01.9 (black dashed line) and
Zr0,55¢0201.0 (gray dashed line), versus reciprocal temperature.
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Figure 15. Cation—vacancy partial radial distribution functions deter-
mined by MD simulations at 1200 K for Zr §Sc 0, 9 and Zry Y0 ,0; 9.

extracted from the data in Table 4 using a plot of the logarithm of
n¢111y/ M1 10y against the inverse temperature. As shown in Figure 14,
the linear fit confirms the validity of the above assumption and
gives the energy difference E¢;11y—(110y as 0.20 and 0.23 eV for
Zr§Sco201.9and Zry gY(,01 g, respectively, with the latter value
in good agreement with that reported by Bogicevic et al.>*

3.6. Cation—Vacancy Interactions. As illustrated in
Figure 185, the cation—anion vacancy partial radial distribution
functions are quite different between ZryScy,0;9 and
Zr05Y02019. While both the Zr*t and the Sc*T cations in
Zr0.5¢0,019 have an equal probability of being associated
with a neighboring vacancy, Zr Y, ,0 ¢ shows a significantly
increased probability for its Zr*" cations to attract an anion
vacancy. The latter clearly indicates a strong interaction bet-
ween the Zr*" cations and the oxygen vacancies and suggests
that this effect plays a major role in the decreased conductivity
across the Zrg gScy,—,Y,O1 ¢ series.

Table § lists the percentage of vacancies located next to the
host and dopant cations within ZrygY,,0, 9, as extracted from
the MD simulations performed over the temperature range from
1000 to 2000 K. These data can be used to estimate the difference
in energy associated with an anion vacancy located next to a
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Table 5. Percentage Number of Vacancies Next to Y and Zr,
Respectively, in Zry Y2019 As Determined by MD
Simulations

T (K) fy—yac (%) 1z1—vac (%)
1000 29 71
1100 30 70
1200 31 69
1500 34 66
2000 41 59

specific cation type, in a manner analogous to that used in the
previous section for the case of vacancy—vacancy pairs. Thus,

Ir — vac E['_
nz _onexp<z > .

and a plot of the logarithm of 117, ,./fy—y,c against the inverse
temperature gives a linear trend (see Figure 14) and an energy
difference of Ez,—y = 0.09 eV. This value is also in good
agreement with that reported by Bogicevic et al.>® In the case
of ZrygScy,0,9, no significant preference for vacancies to be
located close to either the Zr*" or Sc*' is observed, which
corresponds to an E,_g. that is almost zero.

4. CONCLUSIONS

In this paper we assess the role of two processes, local ordering
of the anion vacancies and their preference to reside close to a
specific cation species, across the fluorite structured solid solu-
tion ZrggScpr—,Y,O19 for 0.0 = x < 0.2. The former appears
largely independent of x, while there is a clear tendency for the
vacancies to be located near to the host Zr** cations at the Y>*
rich end. Since the host and dopant cations are randomly
distributed over all the cation sites, one might intuitively
expect the two effects to be related. As an illustration, the
alternative case of vacancies preferentially residing close to the
(randomly distributed) Y>" might then favor a more random
distribution of vacancies, hinder the formation of vacancy
pairs, and enhance the ionic conductivity. However, by
associating with the more populous Zr* ™" species there is little
restriction on the spatial distribution of vacancies, and their
tendency to form pairs in (111), driven by their strong
repulsion at closer distances, dominates at all x. The decreas-
ing ionic conductivity with increasing x is, therefore, domi-
nated by cation—anion vacancy interactions and is associated
with the presence of extensive strain within the lattice caused
by the significant mismatch in size between the host Zr*" and
dopant Y cations (as demonstrated by the partial radial
distribution functions (see Figure 8)).

This paper demonstrates the ability of MD simulations, using
interionic potentials developed with a strong ab initio basis and
validated with respect to experimental data for the long-range
structure, short-range ion—ion correlations, and ionic conduc-
tivity, to successfully probe the factors which influence the ionic
diffusion processes. Indeed, it is particularly impressive in this
case, given that the change in ionic conductivity across the
ZrosSco2—xY,O1 0 series is only a factor of around two. In a
subsequent paper”> we will extend this methodology to probe the
effects of vacancy—vacancy clustering and size mismatch be-
tween host and dopant cations in more detail and the presence of

a maximum in the ionic conductivity of stabilized zirconias as a
function of dopant concentration.
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