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ABSTRACT

Yttria-stabilized zirconia (YSZ) is an important material with wide industrial applications particularly for its good conductivity in oxygen
anion transportation. The conductivity is known to be sensitive to Y concentration: 8 mol. % YSZ (8YSZ) achieves the best performance,
which, however, degrades remarkably under ~1000 °C working conditions. Here, using the recently developed SSW-NN method, stochastic
surface walking global optimization based on global neural network potential (G-NN), we establish the first ternary Y-Zr-O G-NN potential
by fitting 28 803 first principles dataset screened from more than 10 global potential energy surface (PES) data and explore exhaustively the
global PES of YSZ at different Y concentrations. Rich information on the thermodynamics and the anion diffusion kinetics of YSZ is, thus,
gleaned, which helps resolve the long-standing puzzles on the stability and conductivity of the 8YSZ. We demonstrate that (i) 8YSZ is the
cubic phase YSZ with the lowest possible Y concentrations. It is thermodynamically unstable, tending to segregate into the monoclinic phase
0f 6.7YSZ and the cubic phase of 20YSZ. (ii) The O anion diffusion in YSZ is mediated by O vacancy sites and moves along the (100) direction.
In 8YSZ and 10YSZ, despite different Y concentrations, their anion diffusion barriers are similar, ~ 1 eV, but in 8YSZ, the O diffusion distance
is much longer due to the lack of O vacancy aggregation along the (112) direction. Our results illustrate the power of G-NN potential in solving
challenging problems in material science, especially those requiring a deep knowledge on the complex PES.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5142591

. INTRODUCTION

The Y>03-doped ZrO,, also known as Y-stabilized ZrO, (YSZ),
is a prominent family of functional and structural ceramics' ® with
many crystal structures, e.g., the monoclinic phase at low Y con-
centrations and the tetragonal or cubic phase at high Y concentra-
tions.”” Among them, the cubic phase (fluorite structure) is most
used, particularly as oxygen sensors and catalysts in fuel/electrolysis

cells for its high oxygen anion conductivity. The role of doping Y,
the element with a larger ionic radius and a lower valency compared
to Zr, is known not only to stabilize the cubic structure by cation
substitution, but also to introduce anion vacancies (Oy) for allowing
oxygen diffusion.”'’ It is found that the 8 mol. % Y (8YSZ) achieves
the highest conductivity,1 15 which, however, drops remarkably1 o-18
within less than 1000 h under the 1000 °C working condition.
Despite extensive studies in the past 35 years, it remains elusive
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why the highest conductivity occurs at 8YSZ, instead of those with
higher Y concentrations that should contain more O, and what is
the origin for the rapid drop in the ionic conductivity of 8YSZ. Both
questions are critical for the design of new materials with better
performances.

One of the key challenges in the field is to determine the atomic
structure of YSZ, especially for low Y concentration YSZ, i.e., to
characterize where the Y and Oy reside in the lattice. Taking 8YSZ
as an example, there is an astronomically large number of possible
configurations in a 316-atom cube (a 3 x 3 x 3 ZrO, cubic super-
cell): 108 cation sites (92 Zr and 16 Y) and 216 anion sites (208 O and
8 0y) allow C}5s x C3,¢ = 5.55x 10** permutations. It is, therefore, no
wonder that even some simple questions, e.g., whether Oy prefers to
reside near Y,'” " remains not concluded. While most studies indi-
cate that the vacancy favors to bind with the host Zr cations until the
Y level above 40 mol. %,” " a recent study by Kawata™ also found
that at the Y concentration level as low as 10 mol. %, the Oy near Y as
the nearest neighbors (1NN) is also evident according to the nuclear
magnetic resonance (NMR) spectrum.

Because of the structural uncertainty of YSZ systems, the
debate on the mechanism for the conductivity peak at 8YSZ con-
tinues for three decades. Two popular mechanisms were proposed
in the literature to account for the decrease in conductivity above
8 mol. %. (i) The increase in vacancy concentration leads to the
ordering/clustering of Oy that inhibits the diffusion of oxygen. Using
neutron and x-ray diffraction analysis, Goff et al.”’ found that the
Oy preferentially arrange along the (111) direction below ~15YSZ
and as the Y concentration increases, these (111) vacancy pairs
pack together in (112) directions to form aggregates. Later molec-
ular dynamics (MD) simulations by Marrocchelli et al.”’" confirm
that the (111) arranged Oy is beneficial to the O diffusion, although
their theoretical models have Y concentrations of at least 9.6 mol. %.
(ii) The increase in Y-O-Y and Y-O-Zr local structure patterns at
elevated Y concentrations inhibits the O anion diffusion. Several the-
oretical calculations showed that the O, diffusion following the path
along the Zr-Zr edge has a much lower reaction barrier (~0.6 eV)
compared to those along Y-Y (1.8 eV) or Y-Zr (1.2 eV) edges.n‘“
By using isotope '*O tracer, Kilo et al.”" measured the activation
energy for Oy diffusion in YSZ with Y concentrations ranging from
8 mol. % to 24 mol. % at 650-1200 K, and found that the activation
energy is rather constant, ~ 1 eV. The inhibition effect was attributed
to the decrease in the Zr-O-Zr pattern concentration along the Oy
diffusion pathway. However, this constant activation energy is not
consistent by theoretical studies by a number of groups, who pre-
dicted that the activation energy has a nearly linear increase with
the increase in the concentrations.” ™’ A possible explanation is the
initial structures utilized in modeling might not correspond to the
realistic structure in the experiment.

Furthermore, the origin for the decrease in conductivity with
aging is also highly controversial. By observing the microstructure
evolution using selected area electron diffraction (SAED) and trans-
mission electron microscopy (TEM) techniques, Butz, et al.”” found
that the tetragonal precipitates grow during the aging process from
about 1 nm up to approximately 15 nm in 8YSZ at 950 °C and,
thus, suggests that the phase transformation from cubic to tetrago-
nal reduces the conductivity. The similar idea was also suggested by
several other groups.'”'” On the other hand, Kondoh et al.,” "’ by
using extended x-ray absorption fine structure (EXAFS), observed
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the decrease in the INN coordination number of Zr ions (from 8
to 5.6) in the aging experiment of 8YSZ, and suggests that the short
range ordering of Oy occurs. The Oy aggregation may explain the
decrease in conductivity.

The above puzzles can be generalized as the problems related
to the great complexity of the PES in the Y-Zr-O system. The tradi-
tional PES sampling techniques such as MD simulation, often start
from a pre-guessed configuration and, due to the limited time scale,
e.g., normally <5 ns, are frustrated to reveal the rare events on the
structural phase transition, including the cation diffusion, the Oy
aggregation, and the aging of 8YSZ occurred in reality. It does not
even mention that the empirical force field potentials’ ** utilized
in these simulations are known to predict incorrectly the ordering
for low energy states in YSZ, as benchmarked against first principles
calculations.

Here, we aim to provide deeper insights into the microstructure
of YSZ at different Y concentrations by using the recently developed
machine learning based global PES exploration technique, namely
stochastic surface walking"”** global exploration with global neural
network potential (SSW-NN).” " We construct the first Y-Zr-O
ternary global NN (G-NN) potential, establish the thermodynamic
convex hull diagram for YSZ with Y concentrations from 5.3 mol. %
to 40 mol. % and identify the atomic structure for the most stable
phase, the so-called global minimum (GM), at each Y concentration.
The long-standing puzzles on the stability and the conductivity of
YSZ are, thus, resolved from our thermodynamics and kinetics data.

Il. METHODOLOGY AND CALCULATION DETAILS

All simulations based on neural network potential were car-
ried out by using our recently developed LASP software,”” Large-
scale Atomic Simulation with neural network Potential (webpage
www.lasphub.com), which implements the data-generation using
SSW global optimization,"f‘ls training, and evaluation of G-NN
potentials.”’ In addition to G-NN functionalities, LASP provides
various interfaces to the common first principles density func-
tional theory (DFT) packages as well as multiple modules (e.g.,
SSW) for PES exploration. The methodology of SSW global opti-
mization and reaction sampling (SSW-RS) has been detailed pre-
viously and also introduced in the supplementary material, part
1. Here, we will review briefly the procedure to construct the
global NN potential for the Y-Zr-O ternary element system,
and benchmark our G-NN calculations with DFT and force field
calculations.

The ternary Y-Zr-O G-NN potential is obtained by self-
learning of the SSW global PES dataset that covers a wide range
of YaxZri—»xOs—x compositions with different structural types (e.g.,
bulks, surfaces, and clusters). The dataset is calculated by plane-
wave DFT calculations as implemented in VASP (Vienna Ab-initio
Simulation Package)”” at the high accuracy setups (see below).
The typical procedure and the hyperparameters utilized in G-NN
training can be found in our recent publications.”””* Specifically,
more than 107 structures on YxZr1—5x0;-x global PES were visited
by SSW-NN during NN potential generation and the final train-
ing dataset of YaZr1-2xO2—x consists of 28 803 structures that are
selected to represent the global PES. The G-NN follows the feed-
forward NN architecture with five-layers (188-60-50-50-1) for each
element, reaching 71103 fitting parameters in total.”>”* The details
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on the training dataset are shown in the supplementary material,
Table S1, which covers pure Zr, ZrOy, Y,03, and Y/Zr ~1:9 to ~4:3
mixed oxides. For the final G-NN potential, the root-mean-square
(RMS) errors for the energy and the force reach 7.674 meV/atom
and 0.165 eV/A, respectively. This G-NN potential is now included
in the G-NN library of LASP™ (accessible from LASP webpage,
www.lasphub.com). We have also benchmarked the G-NN accuracy
against the DFT results for important structures, which shows that
the energy RMS is 1.38 meV/atom for the low energy structures and
pathways in this work (see the supplementary material, Table S2).
This small error suggests that the G-NN PES is a good approxima-
tion to DFT PES and can be utilized to expedite the global structure
search and pathway determination.

The G-NN potential training relies on the DFT calculated
energy, forces, and stresses of structures.””* To achieve the high
accuracy and the data consistency, our DFT calculations in VASP
utilize the following standard setups in LASP G-NN library genera-
tion: DFT functional at the level of generalized gradient approxima-
tion (GGA-PBE);” the kinetic energy cutoff being 450 eV; the pro-
jector augmented wave (PAW) pseudopotential® to describe ionic
core electrons; the fully automatic Monkhorst-Pack K-mesh with
25 times the reciprocal lattice vectors’” for the first Brillouin zone
k-point sampling.

For interests, we also benchmarked the results using G-NN, the
force-field potential where the ion-ion interaction is described by
the Buckingham potential’” and the Coulombic potential, and DFT
calculations. We compared the energy of five low energy structures
of 8YSZ and the results are listed in the supplementary material,
Table S3. It shows that the energy error between empirical poten-
tial and DFT reaches ~10 meV/atom, while the energy error is
within 1.7 meV/atom between G-NN potential and DFT. In addi-
tion, the force-field potential finds the wrong GM and vyields the
wrong energy ordering.

All the transition states (TS) are searched using double-ended
surface walking method (DESW). The DESW method™ operates
with two structural images starting from the reactant and the prod-
uct, respectively, to walk step wisely toward each other. The surface
walking involves the repeated bias potential addition and local relax-
ation with the biased-CBD method to correct the walking direction,
in a manner similar to the SSW*' and BP-CBD methods.”” The
identified TS structure will finally be retrieved using the Gonzalez-
Schlegel IRC method” by extrapolating the TS structure toward
the reactant and the product. The TS is confirmed via the phonon
analysis with one and only one negative frequency.

Ill. RESULTS

A. Thermodynamics convex hull and GM
structures of YSZ

Our investigations start from the phase space scan for bulk
YoxZri—2xOz—x structures with eight different Y concentrations
(Y203% = Y203/(Y203 + ZrOz) = X/(l - X) = 5.3%, 6.7%, 8.0%,
10.0%, 14.3 mol. %, 20.0 mol. %, 33.3 mol. %, and 40.0 mol. %) using
the SSW-NN method. For each composition, we generally run in
parallel a number of SSW-NN search, where more than 40 000 min-
ima are visited using different supercells up to 316 atoms per cell (the
supercell size for each composition studied are detailed in the sup-
plementary material, Table S4). From these global PES data, the GM
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is, thus, obtained for each composition (all structure coordinates
listed in the supplementary material).

Taking the energetics of GM, we can plot the thermodynamic
convex hull for Y.Zr;_»xOs_x, as shown in Fig. 1(a), where the
relative formation energy (AE) of YxZr1.2xO2« is plotted against
Y>03%. The AE is defined in Eq. (1), which is the energy per O
anion with respect to the bulk Y,03; and ZrO, (both in the cubic
phase). It should be mentioned that the GM of 5.3 mol. % is +7 meV
per O anion less stable than the pure phases and, thus, not shown in
Fig. 1(a),

AE = EYszrlfszzfx - (xiYiO; + (1 - Zx)EZI‘Oz) . (1)

It is obvious that the diagram has three convex points at
6.7 mol. %, 20 mol. %, and 40 mol. %, i.e., 6.7YSZ, 20YSZ, and
40YSZ. The convex points in the convex hull diagram are the ther-
modynamic stable phases, where the phase segregation to the neigh-
boring phases is not favored thermodynamically. We note that the
most concerned 8YSZ is not a convex point, indicating that the
phase segregation from 8YSZ to the neighboring 6.7YSZ and 20YSZ
is exothermic. Indeed, this energy is calculated to be —12 meV per
anion.

By inspecting the GM structures, we found that with the
increase in Y,03%, more Y atoms replace the Zr positions and the
GM of YSZ becomes more cubic like. This can be seen clearly from
the simulated x-ray diffraction (XRD) patterns for the GM struc-
ture at each composition. As shown, 6.7YSZ is a typical monoclinic
phase with the major peaks (20) at 27.5°, 31.1°, 34.1°, 40.1°, 49.1°,
and 53.2°, which correspond to the crystal plane indices of (111),
(111), (002), (211), (220), and (300) of the monoclinic ZrO,. With
the increase in Y,03%, the monoclinic (211) and (300) peaks at
20 = 40.1° and 53.2° disappear, and the monoclinic (111) and (111)
peaks at 260 = 27.8° and 31.1° merge gradually to one (111) peak
at 20 = 29.5° of the cubic phase, which is the characteristic peak in
cubic symmetry. The phases in between 6.7% and 20% are distorted
cubic phases and above 20%, the YSZ exhibit the clean cubic phase
characteristics.

In fact, for 33.3YSZ and 40YSZ, they are new ordered phases,
namely, Zr,Y>0y, a cubic pyrochlore structure (FD-3M, No. 227)
for 33.3YSZ and Zr3Y40O12, a thombohedral structure (R-3, No. 148)
for 40YSZ named § phase in the experiment. We note that the exper-
iment’ has shown that as early as ~20% Y concentration, the & phase
(40YSZ) starts to appear. This, in fact, also suggests that the structure
with Y concentration in between 20% and 40% are thermodynam-
ically unstable, which agrees with the prediction from our convex
hull. For the low Y concentration below 20%, both monoclinic and
cubic phases are observed in the experiment, again in agreement
with the dual convex points at 6.7% (a monoclinic phase) and at 20%
(distorted cubic phase) from the theory.

B. Oy distribution in YSZ

For the importance of Oy to the conductivity of YSZ, we have
analyzed the Oy distribution in the GM structures for Y concentra-
tions above 8%. The Oy in these cubic structures can be identified
readily; its position is defined numerically as the center of the tetrag-
onal void surrounded by four neighboring cations. In Fig. 2, we plot
the radial distribution functions (RDF), g(r), for Zr-Oy, Y-Oy, and
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structures in each composition is shown as the color bars. (b) The atomic structures of four GMs at low Y concentrations. (c) Simulated x-ray diffraction patterns of the GM

structures that are compared with the standard ZrO; phases.

0O,-0Oy pairs (in fact, we have also plotted g(r) for Zr-O and Y-O
pairs, and because they are quite similar to those of Zr-Oy and Y-Oy,
they are only shown in in Fig. S2). The g(r) is computed as

1 Ny
VN Zici M0y,
4mriAr

gx-o,(r) = )

Nojo,

where X represents the centering Zr, Y, or Oy; no,, is the number
of Oy situated in between the distance r to r+Ar from the centering
X atom. All g(r) has been normalized by dividing the total number
of centering atom, the number of anionic sites N0, in the perfect
cubic lattice (= No + No,), and the volume of the cell (V).

The RDFs of Zr-O, and Y-Oy in Fig. 2 show that the cation-
Oy peaks appear at the similar positions, i.e., 2.2-2.5 A for the first
Oy-cation peak, 4.1 A for the second, and so on. This implies that
Y-O/Oy and Zr-O/O, distances are close, and thus, Y/Zr is
exchangeable. However, at the different Y concentrations, the rel-
ative magnitude and the distribution of the Zr-Oy and Y-O, peaks
differ. In particular, one can see that the first Y-Oy peak at 2.3 A start
to appear above 20YSZ and increase further in intensity in 40YSZ.
This indicates clearly that the Oy avoids to be the INN of Y cations
until the high Y (20%) concentration.

In addition, we also examined the cation-O RDFs (shown in
Fig. $3) and found that these RDFs are similar with each other, irre-
spective of the Y concentration. We note that the first peak of the
Zr-0O pair (~2.2 A) appears slightly earlier than that of the Y-O pair
(~2.4 A), consistent with the general knowledge that the Zr cation
radius is smaller than the Y cation radius. From the RDF of both

cation-Oy and cation-O pairs, we cannot identify obvious difference
between 8YSZ and other YSZs.

For the RDF of O,-Oy pairs (Fig. 2), the distributions are more
complex, and 8YSZ now exhibits distinct features. In 8YSZ, the first
0,-0y peak appears at a long distance ~5.8 A, which is along the
(210) crystallographic direction, and the second Oy-O, peak is at
8.8 A along the (222) direction (note that (222) is in the same direc-
tion as (111) but the separation is doubled in space). There is a large
empty gap in between 5.8 A and 8.8 A. We note that other YSZs
(10YSZ to 40YSZ) generally have more homogeneous distribution
in Oy, particularly at high Y concentrations. They all have the Oy-
Oy peak at 6.2 A, which is along the (112) direction, but have very
low (or zero) intensity at the (222) direction. In particular, a very
strong (112) intensity appears at both 20% and 40%, the two convex
points, which indicates the preferential alignment of Oy along this
direction at high Y concentrations. Only at the highest Y concentra-
tions, 33.3% and 40%, the shortest distance Oy-Oy peak occurs at
4.4-4.8 A, which is an indication of (111) and (200) alignments,
where two Oys appear in the INN shell of the same cation, e.g.,
Oy-Zr-0y in six-coordinated Zr.

C. Global PES of 8YSZ

Since our bulk thermodynamics data suggests that 8YSZ is not
thermodynamically stable, we have examined in detail the global
PES of 8YSZ. We collected the global PES data for 8YSZ, where
more than 80 000 minima visited by extensive SSW-NN search with
three different supercells, i.e., the 79-atom, 158-atom, and 316-atom
supercells. After removing the duplicate minima (e.g., permutation
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FIG. 2. Radial distribution function g(r) of the cation-O, (left panel) and O,—-Oy
(right panel) pairs in the GMs of YSZs at different Y concentrations.

isomers), we finally obtain 25907 distinct minima, including both
crystals and amorphous structures. To visualize these structures, we
project them on a two-dimensional structure fingerprint —energy
contour plot in Fig. 3(a). The structure fingerprint (x-axis) utilizes
the distance-weighted Steinhart order parameter’’ with the degree
I = 4 (OPy) (also see the supplementary material for details) that
is found to best distinguish different structures. The color scheme,
from red to blue, is utilized to indicate the density of states (DOS)
of the structural minimum. As there are already a substantially large
number (2032) of distinct minima below 80 meV per O, we focus on
the enlarged global PES plot in the 0-80 meV energy window and
the plot of the whole energy range is shown in the inset.

To understand the global PES structures, we also calculated the
average coordination numbers of cations in the INN bonding shell
and the next nearest neighbor (2NN) bonding shell. The average of
coordination numbers (CN) is defined as

o Si fo,

CN(X) = Ny (3)
where X represents Zr or Y; no, is the number of oxygen atoms situ-
ated in INN or 2NN of X; and N is the number of X cations in the
cell. As a reference, in cubic ZrO, CN(Zr) = 8 for the 1NN shell and
CN(Zr) = 24 for the 2NN shell.

Figure 3(a) shows that the GM of 8YSZ has close energy with
many other cubic minima, i.e., more than ten distinct minima within
12 meV per O. The nearly degeneracy in energy also suggests that
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8YSZ has a smooth PES and can be a mixture of different local struc-
ture patterns at high temperatures.””"’ We marked six representative
low energy minima with black dots and triangle in Fig. 3(a), namely
GM, Str-1 to Str-6 from low to high in energy, which are all cubic
lattice structures but with different distribution for Y cations and
Oy. Four of them, i.e., GM, Str-1, Str-4, and Str-5, are highlighted
in Fig. 3(b) and two (Str-2 and Str-3) are shown in Fig. S2 for their
similarity with Str-1.

For the lowest energy minima (GM, Str-1, Str-2, and Str-3),
they are very similar in structure (as shown in the RDF of cation-
Oy, Oy-Oy, and Y-Y in Fig. S4). In all these minima, all Oy locates
at the 2NN of Y with an O,-Y distance being at least 4.2 A. The
calculated CN(Y) is 8.0 at the INN and ~22.4 at the 2NN. The Oy dis-
tributions of these structures are compared in Fig. S4, which shows
that all the Oy distribute along (210) and (222), but not along (112),
which are the same as that in GM (Fig. 2). The Y distribution is the
main difference between minima and elaborated below.

GM: The Y cations are paired in the GM [Fig. 3(b)] with the
shortest Y-Y distance being 3.7 A and the pair-pair distance being
at least 6.3 A. The Y distribution align along (110), as seen from
the main peak in the RDF of Y-Y (see the supplementary material
Fig. S4).

Str-1: It is 1.9 meV per O above GM. Four Y cations connect in
a “Z” shape and the Y4 cluster is at least 6.5 A away from the other
Y, cluster. Similarly, the Y cations align in the (110} direction.

Str-2 and Str-3: They are 4.9 meV and 6.5 meV above GM,
respectively. For Str-2, three Y cations form a triangle shape, which
is atleast 6.3 A away from a single Y cation. The Y3 triangle locates in
the {111} plane. For Str-3, four Y cations distribute homogeneously
in the cell without the Y-O-Y connection. The Y distribution no
longer aligns along (110) and the shortest Y-Y distance is 5.1 A.

Further increasing the energy, we note that the Oy distribu-
tion becomes different. For Str-4 and Str-5, which are 8.5 meV and
11.9 meV per O above GM, they start to have the (112) peak in
Oy-Oy RDFs. On the other hand, the Y cations of them are also
paired, the same as GM structures with the shortest Y-Y distance
being 3.7 A and the pair-pair distance being 6.3 A. All Oy still locates
at the 2NN of Y.

About 20 meV per O above from GM, the global PES enters
into a large DOS zone, where many energy degenerate structures
are present. These structures are generally cubic-like structures, but
locally with the features of the monoclinic phase [We can distinguish
the monoclinic phase according to (i) the local CN(Zr) at INN drops
to 7 and (ii) the appearance of 26 = 28° and 31° in the simulated
XRD pattern]. We show two such typical structures in this zone in
the supplementary material Fig. S2, as indicated by the red dot in
Fig. 3(a). From the global PES, it is unlikely that 8YSZ can transform
uniformly to the monoclinic phase due to the high energy cost.

We can now summarize some key findings on the structures of
YSZ as follows: YSZ adopts the monoclinic crystal structure below
8% and the cubic structure above 8%. The most concerned 8YSZ
is thermodynamically unstable and the phase segregation into the
6.7YSZ and 20YSZ is exothermic by 12 meV per O atom. In 8YSZ,
Y cations tend to form Y-O-Y pairs and the homogeneous distri-
bution of the Y cation is less stable by at least 6.5 meV per O atom.
The Oy prefers to locate at the 2NN of Y and align along (210) and
(222) directions. The structure with Oy along the (112) direction is
less unstable by at least 8.5 meV per O atom. The Oy distribution
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FIG. 3. (a) Global PES for low energy structures using the OP4~E contour plot that is enlarged from the same plot in the inset covering the full energy range from the
SSW-NN PES data. OP;: the structure order parameter with / = 4. Some representative structures mentioned in the text are labeled by black/red dots and triangles, and their
coordinates (OP4, E) are listed: black dots: GM (0.217, 0.00); Str-1(0.242, 1.9); Str-2 (0.234, 4.9); Str-3 (0.248, 6.5); black triangles: Str-4 (0.225, 8.5); Str-5(0.224, 11.9); and
red dots: Str-6 (0.243, 29.8), and Str-7 (0.222,34.7). (b) Atomic structures of GM, Str-1, Str-4, and Str-5, showing different Y and O, distributions. The shaded polyhedron
indicates the Y coordination. The distance labeled is in A. The dotted circles in Str-6 indicate the local pattern of the monoclinic phase characteristics. Y: dark-green ball; Zr:

green ball; O: red ball; and Oy: white ball.

in 8YSZ is distinct from YSZs with higher Y concentrations, which
generally have Oy aligned along the (112) direction.

It is of significance to discuss our theoretical findings in the
context of previous experimental observations. On the structural
aspects, two key information on Oy were often referred to in the
experiment, i.e., the Oy-cation relationship and the Oy distribution.
From the identified GM for different YSZs, we show that Oy has a
strong tendency to locate only the nearby Zr cation as the INN until
33.3YSZ, and appear as the 2NN to the Y cation as early as 8YSZ.
While most experimental observations do confirm the Oy prefer-
ence with Zr, one ¥Y MAS NMR experiment detected Oy near Y
at Y concentrations above 10 mol. %. We, however, note that the
experiment was performed by sintering samples at high tempera-
ture (1600 °C), a temperature much higher than the typical working
temperature of YSZ (~1000 °C). Our global PES data indicate that
the energy difference between the two structural patterns, i.e., Y-Oy
and Zr-Oy in the 1NN position, is not large, within 9 meV per O in
14.3YSZ and 20YSZ. The increased configurational entropy at high
temperatures should be responsible for the observation of the Y-Oy
pattern.

As for Oy distribution, we show that Oy sites tend to avoid each
other, i.e., the Oy-O, distance is at least ~4.8 A. This fact leads to
that the Oy distribution prefers (210) and (222} at 8YSZ, but shifts to
(112) at higher Y concentrations. Indeed, the experiment by Goff™’
observed the Oy aggregates in (112) directions with the increase in
Y concentrations. The Oy,-Oy and Oy-Y repulsion play critical roles
in the Ov diffusion kinetics, as identified in Sec. I11 D.

D. O anion diffusion in 8YSZ and 10YSZ

To provide deeper insights into the unique high conductiv-
ity of 8YSZ, we have investigated the anion diffusion kinetics
in 8YSZ and 10YSZ by examining the lowest energy pathway of
anion migration mediated by Oy sites. Our calculations for finding

diffusion pathways focused on the GM configuration that should
have the largest population from statistics, and adopted large super-
cells to avoid the Oy interaction with its images, i.e., 158-atom super-
cell for 8YSZ and 128-atom supercell for 10YSZ. The SSW reac-
tion pathway sampling”*’ (SSW-RS, also see the supplementary
material for details on methodology) was utilized to sample the likely
pathways by tracking the disappearance of Oy from its original posi-
tion at the GM. Specifically, our SSW-RS starts from GM of 8YSZ or
10YSZ, defined as the initial state (IS), and explore exhaustively the
likely structures nearby (>5000 minima), defined as the final states
(FS), until a significant number of IS/FS pairs (>300) were collected.
The pathways between all these IS/FS pairs can then be established
facilely by using the DESW method to locate the TS, and the reaction
barriers can, thus, be determined. Because of the different chemical
environment of vacancy, the reaction barrier of vacancy migration
determined from more than 300 different pathways (397 for 8YSZ
and 683 for 10YSZ) spans in a window, which is 0.96-1.15 eV for
8YSZ and 0.95-1.69 eV for 10YSZ. For comparison, in the follow-
ing, we focused on the lowest energy barrier pathway for the vacancy
diffusion in the GM configuration.

In Table I, we summarized the main results from the lowest
energy pathways for 8YSZ and 10YSZ. Two lowest energy pathways
in 8YSZ involve Oy diffusion to the 2NN positions labeled 8-P1 and
8-P2. Because Oy in 10YSZ can only diffuse to the INN position
in the lowest energy pathways (labeled 10-P1 and 10-P2), we also
listed the lowest energy pathways to the 2NN positions for com-
parison, labeled 10-P3 and 10-P4. From these pathways, we found
that (i) not surprisingly, no cation movement occurs, indicating that
the cation movement is kinetically unlikely; (ii) the O, diffusion
generally occurs along (100) directions, apparently because the O
anions at these directions are the closest to the Oy site (INN position,
~2.5 A) in the cubic lattice.

For 8YSZ, both lowest energy pathways involve the O, diffu-
sion directly to the 2NN position, with the overall distance of anion
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TABLE I. Lowest energy pathways for the anion diffusion in 8YSZ and 10YSZ.#

Species Pathway E. AE Distance

8YSZ 8-P1 0.96 0.79 3.6
8-P2 1.15 1.06 3.6

10YSZ 10-P1 0.96 0.69 2.5
10-P2 1.15 0.95 25
10-P3 1.57 1.43 3.6
10-P4 1.69 1.61 3.6

*Listed data include the O, diffusion reaction barrier (E,, eV), the energy difference
between the FS and the GM structure (AE, eV), and the overall distance of anion
diffusion with respect to GM (Distance, A).

migration being 3.6 A. The reaction barrier of the diffusion is 0.96 eV
and 1.15 eV and the reactions are endothermic by 0.79 eV and
1.06 eV considering that the FS structures deviate from the GM.
On the other hand, in the lowest energy pathways of 10YSZ, the
Oy can only diffuse to its INN position with the overall distance
for anion migration being 2.5 A. The reaction barriers are close to
those in 8YSZ, being 0.96 eV and 1.15 eV. Interestingly, the dif-
fusion to the 2NN position in 10YSZ is kinetically more difficult,
requiring a much higher overall barrier, up to 1.69 eV (see Table I).
The high barrier is consistent with the highly unstable nature of the
FSs, which are up to 1.61 eV more unstable compared to the GM.
Therefore, the key difference between 8YSZ and 10YSZ lies in the
diffusion distance in the lowest energy pathways. Apparently, sig-
nificant repulsion interactions are present in 10YSZ to restrict the
anion diffusion.

By closely inspecting these pathways, we can understand how
oxygen anions migrate as mediated by Oy sites. As the representa-
tive, in Fig. 4, we illustrate the low energy pathways for 8-P2 diffu-
sion in 8YSZ. This is an elementary reaction involving two oxygen
atoms cooperative movements, labeled 1 and 2 in figure. In the reac-
tion, oxygen 1 that coordinates with Y first moves along the [100]
direction to fill the neighboring Oy. As a result, an Oy appears near
Y at the TS, the pattern that is known to be unstable from our global
PES data. Next, a nearby oxygen 2 that coordinates only with Zr
shifts to this newly formed Oy site along the [001] direction. Finally,
an Oy site appears at the site initially occupied by oxygen 2, lead-
ing to an overall distance of 3.6 A for O diffusion to a 2NN position
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FIG. 5. Radial distribution function g(r) of the cation-O, (left panel) and O,—O,
(right panel) pairs in the IS and FS of the pathway 8-P2 (8YSZ) and the pathway
10-P3 (10YSZ).

along the [101] direction. It can also be seen from Fig. 5 that plots
the RDF of cation-Oy and Oy-Oy from IS to FS. We note that Oy
becomes more homogeneously distributed at the FS with several
additional peaks. In particular, the (112) peak that originally is not
present in the GM of 8YSZ now has a small intensity.

We would like to emphasize that despite the difference in diffu-
sion distance, the oxygen anion diffusion in 10YSZ behave similarly
as those in 8YSZ. In all cases, the diffusion is along the (100) direc-
tion, where an O anion at the 1NN position to the Oy migrates to
fill the Oy. To migrate to the 2NN, two O anions are involved, first
along [100] and second along [001], resulting in the net movement
of Oy along [101].

It is important to understand why the O anion diffusion to the
2NN positions is frustrated in 10YSZ. To this end, we have compared
the geometrical features of the FS structures since the FS of the Oy
diffusion to the 2NN position (10-P3 and 10-P4 in Table I) are highly
unstable compared to its GM in 10YSZ. As also shown in Fig. 5, we
found that compared to the GM, the Zr cations in the FSs of 10YSZ
gets closer to the Oy, as reflected by the first peak intensity increase
in the Zr-O, RDF. By contrast, there is no significant change in
Zr-Oy RDF in the FS of 8YSZ. This implies that the redistribution of
Oy in 10YSZ leads to the closer contact of Zr-Oy, which destabilizes
the FS structures.

a) ;]

FSQNN) 4
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] FS(ZNN)
0384
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FIG. 4. (a) The energy profile for the lowest energy pathway (8-P2) of the anion diffusion in the GM of 8YSZ. (b) Snapshots of the structures along the pathway shown in (a).
The distance labeled is in A. Y: dark green ball; Zr: green ball; and O/reacting O: red/yellow balls.
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With this knowledge, the difficulty of O anion migration in
10YSZ can now be understood as follows. Our global PES data show
that the Oy distribution in the GM of 10YSZ starts to align along
the (112) direction, in addition to the main (210) direction (Fig. 2).
Since Oy diffusion must occur along the (110) direction to its 2NN
position as required for the lowest energy pathway, the Oy diffusion
in 10YSZ is expected to be restricted to few directions in order to
avoid both the short contact between Oy (e.g., along (200)) and the
local formation of the Y-Oy pattern. Indeed, we found that the Oy
diffusion to the 2NN position increases further the ordering of Oy
along (112), but reduces the ordering of Oy along (210), as seen from
Fig. 5. The more homogeneous distribution of Oy pushes effectively
the Zr cations toward Oy sites (see Zr-Oy RDF in Fig. 5), leading to
the energy increase in the FS.

IV. GENERAL DISCUSSIONS
A. Stability and structure of 8YSZ

Our convex hull results show that 8YSZ has a cubic phase
as the GM, but is thermodynamically unstable and the degrada-
tion of 8YSZ into monoclinic (low Y) and cubic (high Y) phases
is energetically favorable. The poor thermodynamics of 8YSZ con-
firms the previous suggestion by Predith et al.”* based on DFT cal-
culations for YSZ concentration from 12.3 mol. % to 80.2 mol. %.
The monoclinic phases at 8YSZ itself is highly unstable, at least
29.8 meV per O above the GM [red dot in Fig. 1(a)], which sug-
gests that the solid phase transition with only short-range Y diffu-
sion is unlikely. We, therefore, expect that the slow solid-to-solid
phase transition with the long-range Y migration is the main cause
to the remarkable degradation in conductivity. This is supported
by the experimental observations that tetragonal precipitates grow
during the aging process from about 1 nm up to approximately
15 nm in 8YSZ at 950 °C."” It should be mentioned that the mon-
oclinic phase of 8YSZ is only more stable than the tetragonal phase
at lower temperatures (<600 °C),” and thus, the tetragonal phase
is observed at the experiment temperature. On the other hand, our
lowest energy pathways in bulk also demonstrate that the cation dif-
fusion is unlikely kinetically due to too high energy barrier, which
is consistent with the previous knowledge.””  The degradation of
8YSZ, thus, should initialize from surfaces and grain boundaries,
which implies that the surface engineering is critical to stabilize
8YSZ.

Furthermore, our global PES data show that there are at least
6 minima energetically close (within 12 meV per O) to the GM
(such as GM-1, Str-2, and Str-3), which implies that the GM con-
figuration may not be the only structural pattern for 8YSZ under
the working conditions, i.e., 1000 °C, but more likely as a mixture
with many configurations, mainly differing in the Y-Y distributions.
Indeed, from Boltzmann law and partition function, we can derive
the occupancy rates of the low energy minima at experimental tem-
peratures. The results show that the four low-lying structures (GM,
Str-1, Str-2, and Str-3) have rather equal contribution (~12%) with
the overall occupancy about ~50% in the total distribution. We, thus,
conclude that the 8YSZ in reality should be best considered as a glass
frozen at various local metastable configurations. Some experiments
do support our conclusion. YSZ systems exhibit non-Arrhenius
dependence of ionic conductivity with lower conductivity at high
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temperatures. Ribes et al.”’ showed that this behavior is best fitted
by the Vogel-Fulcher-Tammann equation of glassy kinetics, instead
of the combination of Arrhenius equations of single or multiple
diffusion processes/paths.””*""

B. Conductivity mechanism of YSZ

Our results on the lowest energy pathways for Oy diffusion in
8YSZ and 10YSZ show that the individual Oy diffusion has the sim-
ilar reaction barrier, ~1 eV, in the lowest energy pathway, which
always moves along the (100) direction. No obvious preference
is found for the diffusion over different cation-cation edges, i.e.,
Zr-Zr, Zr-Y (Oy is not near Y, and thus, no Y-Y edge diffu-
sion channel is found). With the increase in Y concentration from
8 mol. % to 10 mol. %, we observe the Oy diffusion is limited to the
INN position. This O anion migration picture could have profound
implications on the conductivity mechanism of YSZ, as summarized
below.

First, the O anion migration has to be coupled with each other
and move sequentially. One individual Oy can only allow an O anion
to diffuse to INN or 2NN position, which will immediately severely
destabilize the system due to the unfavorable local structure pattern.
The subsequent O anion movement has to occur at the other Oy
sites, which, when completes, provides energetically more favorable
structures. The cation movement in bulk is unlikely as no low energy
pathways are found from the theory.

Second, the O anion diffusion barrier is rather constant, being
~1 eV and the local structural pattern can be either Y-O-Zr or
Zr-O-Zr. The increase in Y concentrations will restrict the individ-
ual diffusion length for each O,. The O, diffusion length can be at
least 3.6 A to the 2NN position in 8YSZ, but is only 2.5 A to the INN
position in 10YSZ. This is the key reason why 8YSZ is better than
other YSZ with higher Y concentrations.

The above mechanism explains the experimental observation
by Kilo et al,” who found that the apparent activation energy for
Oy diffusion in YSZ with Y concentrations ranging from 8 mol. % to
24 mol. % at 650-1200 K was rather constant at ~1 eV, independent
of the concentration. Overall, the low conductivity of YSZ with high
Y concentrations can be attributed to the Oy aggregation along the
(112) direction that limits significantly the diffusion length for each
O, diffusion. This effect is an entropy effect due to the configuration
of Oy distribution in YSZ.

V. CONCLUDING REMARKS

By constructing the first Y-Zr-O ternary global NN potential
and performing extensive SSW-NN global optimization, this work
collects the global PES data for an important functional material,
Y-stabilized ZrO,, with Y,03 ratio from 5.3 mol. % (Y,Zr13039) to
40 mol. % (Y4Zr3O12). The Y-Zr-O G-NN is obtained by training
28 803 first principles global PES dataset and achieves the final accu-
racy of 7.674 meV/atom and 0.165 eV/A for RMS energy and force,
respectively. The 8YSZ is focused particularly because it achieves the
highest conductivity for anion transportation but is not stable under
working conditions. The thermodynamics stability and the kinetics
of anion diffusion are determined for 8YSZ based on the structures
and the lowest energy pathways from global PES exploration. Our
main results are outlined as follows:
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(1) Only above 6.7 mol. % YSZ adopts the cubic lattice structure
as the GM. 6.7YSZ, 20YSZ, and 40YSZ are three thermody-
namic stable phases, which are monoclinic, cubic, and cubic
lattice structures, respectively.

(2) Oy prefers to locate near Zr cation (INN position) in general,
and only above 33.3% Oy can appear near Y as the INN in the
GM structure.

(3) 8YSZ is thermodynamically unstable, and the phase segrega-
tion into the 6.7YSZ and 20YSZ is exothermic by 12 meV
per O atom. In the GM of 8YSZ, Y cations tend to be paired,
forming the Y-O-Y local structure pattern: the homogeneous
distribution of Y cations is less favorable by at least 6.5 meV
per O atom.

(4) The Oy distribution in 8YSZ differs from that in other cubic
YSZs with higher Y concentrations. The Oy aligns along (210)
and (222) in 8YSZ, but the Oy alignment along (112} is a
major feature in other YSZs.

(5) The O anion diffusion is mediated by Oy and always along the
(100) direction in the lowest energy pathway. The reaction
barrier is ~1 eV for both 8YSZ and 10YSZ, but the diffu-
sion distance is longer, being 3.6 A for 8YSZ and only 2.5 A
for 10YSZ. This difference is attributed to the presence of Oy
aggregation along the (112) direction in 10YSZ that hinders
the O anion diffusion. The conductivity is, thus, expected to
be achieved via coupled O anion movement under working
conditions, as also suggested previously,”””" where multiple
O anions near different Oy diffuse sequentially.

SUPPLEMENTARY MATERIAL

See the supplementary material for construction of the Y-Zr-O
ternary G-NN potential; definition of distance-weighted Steinhart
order parameter; benchmark of G-NN potential against DFT calcu-
lations; automated SSW-RS to search for anion diffusion pathways;
supercells utilized in SSW global optimization and the representative
structures in 8YSZ; RDFs of cation-O pair for GMs of YSZs at dif-
ferent concentrations; RDF of cation-Oy, Oy—-Oy and Y-Y pairs for
four low-lying minima in 8YSZ; and XYZ coordination of all GM
structures and the anion diffusion pathway of 8YSZ
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