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electrical energy with high efficiency, low carbon footprint, and fuel flexibility. The
electrolyte, typically doped zirconia, is the “state of the heart” of the fuel cell technologies,
determining the performance and the operating temperature of the overall cells. Yttria
stabilized zirconia (YSZ) have been widely used in SOFC due to its excellent oxide ion
conductivity at high temperature. The composition and temperature dependence of the
conductivity has been hotly studied in experiment and, more recently, by theoretical
simulations. The characterization of the atomic structure for the mixed oxide system
with different compositions is the key for elucidating the conductivity behavior, which,
however, is of great challenge to both experiment and theory. This review presents recent
theoretical progress on the structure and conductivity of YSZ electrolyte. We compare
different theoretical methods and their results, outlining the merits and deficiencies of the
methods. We highlight the recent results achieved by using stochastic surface walking global
optimization with global neural network potential (SSW-NN) method, which appear to
agree with available experimental data. The advent of machine-learning atomic simulation
provides an affordable, efficient and accurate way to understand the complex material
phenomena as encountered in solid electrolyte. The future research directions for design
better electrolytes are also discussed.
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I. ELECTROLYTE MATERIALS OF SOFC tention in the past decades for their many advantages

Solid oxide fuel cells (SOFCs) as an electrochemical (high energy conversion efficiency, low operation, and

energy conversion device have received considerable at- malr?tenance cost, -neghglble pollutlon,' ete) [1-3]. It
consists of three primary components, i.e. cathode, an-
ode, and electrolyte, where the solid dense electrolyte is
sandwiched by two porous electrodes (FIG. 1(a)). The
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FIG. 1 (a) The illustration of operating principle of SOFC application. (b) The conductivity of several representative SOFC

electrolyte materials [5].

operating temperature of the overall cells, and thus its
material has been the major concern of research de-
velopment. The basic requirements for an excellent
electrolyte include the high ionic conductivity, the low
electrically conductivity, the chemical and mechanical
stability.
considered for SOFC in history, which can be summa-

A variety of oxide combinations have been

rized as six categories [4] as detailed in the following.
The conductivity of representative electrolytes [5] is il-
lustrated in FIG. 1(b).

A. Doped ceria

CeO- with a fluorite structure, based electrolytes
were recently used as an interlayer together with YSZ
in bi-layer electrolyte to prevent interaction between
cobaltite-based perovskite cathode and YSZ based
electrolyte due to its good compatibility with elec-
trodes, and also become the promising conductors
for intermediate-temperature (600—800 °C) or low-
temperature (<600 °C) SOFC due to its high ion con-
ductivity at low temperature [6]. The dopants are typ-
ically trivalent (Gd3*T, Sm3*, Y3+) or divalent (Ca2")
ions. Charge compensation occurs by the formation of
oxygen vacancies and these defects are mobile species.
The best ionic conductors were found to be GdyOs3-
doped CeOy (GDC) and SmsO3-doped CeOs (SDC)
[7] with the conductivity of 0.030 and 0.041 S/cm at
700 °C, respectively. But doped ceria electrolyte mate-
rials are a mixture of ionic and electrically conducting
(MIEC) oxide and therefore theoretically lead to a de-
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crease in the voltage because of the partial reduction of
Ce*t to Ce3T in the reducing atmosphere.

B. Stabilized bismuth oxide

Stabilized §-BioO3 with a fluorite type structure has
a high ionic conductivity compared to other solid elec-
trolytes, which is due to the highly defective oxygen
sublattice [7].
earth elements such as Y, Dy, Gd, or Er and their com-

The dopants into bismuth can be rare-

binations with higher valence cations, such as V, W or
Nb [8]. The maximum conductivity was reported to be
0.23 S/cm at 650 °C in 20 mol% Er-stabilized §-BizOg
(ESB) [8]. The material cannot be used for intermedi-
ate temperature SOFC due to its low stability in the
reducing atmosphere. It also possess other disadvan-
tages, including volatilization of bismuth oxide at ele-
vated temperatures, a high corrosion activity and low
mechanical strength.

C. LaGaOgj based electrolytes

Perovskite-type LaGaOgs based electrolyte, in the
general formula of La;_,Sr,Ga;_,Mg,03_4 (LSGM),
can have high ionic conductivity and stability in dual
atmospheres, recognized as one of the promising elec-
trolyte for intermediate temperature SOFCs [9]. The
high conductivity in LaGaOg can be achieved by sub-
stituting La3" with alkaline earth elements and/or in-
corporating divalent metal cations, such as Mg?*, into
gallium sublattice, which increases the concentration

of oxygen vacancies (Oy). For example, (Sr, Mg)-
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doped LaGaOs with £=0.10—0.20, and y=0.15—0.20
(Lag.oSrg.1 Gag.sMgp 203_4) reaches the conductivity at
0.11-0.14 S/cm at 800 °C. To date, LSGM electrolyte
is still less employed because of many practical issues,
such as the phase instability, the mechanical stability,
the volatility of gallium at high temperatures and the
reaction with NiO (anode materials) in forming insulat-
ing LaNiO3 phase [5].

D. Proton conducting electrolytes

Perovskite-type proton conducting oxides including
SrZrOgz, SrCeO3, BaCeO3 and BaZrOs-based solid solu-
tions are also regarded as a promising type of solid elec-
Pro-
ton conduction is believed to be based on the exis-

trolyte for intermediate temperature SOFC [7].

tence of proton defects in the oxide, which are created
when oxide-containing oxygen vacancies dissociate and
absorb water from the surrounding wet atmosphere.
The ionic conductivity of the BaOs (ZrOs, CeOsg,
LnO3) perovskite family can reach 0.01-0.1 S/cm at
600—700 °C [10].
terials also impedes the real applications as they are

The chemical instability of the ma-

reactive with COs.

E. CeO2-carbonate composite electrolytes

The composite based on CeO; and its eutectic
mixture of NagCOjz, LioCO3 and Ky;COg3 salts are
well-known electrolytes for low-temperature SOFCs
[11]. The SDC/(Li-Na)3;CO3 is reported to have a
maximum conductivity of 0.1 S/cm at low tempera-
tures (300—600 °C).
ria/carbonate composite is attributed to the multi-ion

This excellent property of ce-

conduction in the fuel cell atmosphere, where the inter-
faces between the constituent phases act as “superionic
highways” for achieving the high ionic conduction [12].
The volatility of the molten carbonate is the key con-
cern in applications.

F. Zirconia-based solid electrolyte

This is the most common and popular electrolyte,
where the conductivity originates from the diffusion of
oxygen ions (O?7). The stabilizing dopants can be
CaO, MgO, Y5203, ScoO3 and certain rare earth ox-
ides such as Nds O3, SmsO3, YboO3 [13]. Among them,
Y203 stabilized zirconia (YSZ) was mostly studied, in
which a tiny amount of element yttrium added to the
zirconia during manufacture can help to achieve a high
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ionic conductivity at high temperatures. Sc-stabilized
zirconia (ScSZ) is another important stabilized zirco-
nia electrolyte material, which has so far the highest
ionic conductivity (0.30 S/cm at 1000 °C with 11 mol%
ScoO3) [14], presumably because of the similar ionic
radii of the Sc®* (0.87 A) and the Zr** ions (0.84 A).
The major limitations of ScSZ are the availability and
cost of Sc element together with the long-term stabil-
ity [15]. In this review, we will focus on YSZ system
that has received most theoretical attentions and is the
testing ground for different theoretical methods.

Il. YSZ ELECTROLYTE

Now we focus on the representative SOFC electrolyte
material, YSZ. The history of YSZ electrolyte can be
dated back to 1960s. It is known that the introduction
of yttria enhances greatly the mechanical and chemical
stability of zirconia under the typical operating condi-
tions (high temperature ~800—1000 °C), which fulfills
the high performance requirement of the electrochemi-
cal system, including the high oxygen ionic conductivity
properties, the high stability of chemical and mechan-
ical resistance [2, 16-20]. However, the high operat-
ing temperature poses a problem to the SOFC durabil-
ity by inducing the degradation of cell components and
also increases the difficulty for the mobile applications.
Therefore, recent decades have seen persistent efforts
to enhance the performance towards lowering the oper-
ating temperature [20, 21]. Various modifications have
been proven to be effective, such as reducing the film
of electrolyte component, introducing the metal oxide
inside the YSZ (e.g. Sc, Y-codoped [22, 23]) and fabri-
cating bilayer electrolyte (e.g. YSZ/GDC, YSZ/SDC).

From a fundamental point of view, a number of key
facts have been gleaned from experimental studies on
the ionic conductivity of YSZ: (i) the ion conductivity
peaks at a particular low Y/Zr ratio [24-28] at the op-
erating temperatures, i.e. 8 mol% Y203 (8YSZ) with
typically 0.1-0.2 S/cm at 1273 °C [29], but not at
the compositions with higher Y concentration and sto-
ichiometrically more Oy; (ii) The conductivity of 8YSZ
drops remarkably [30-32] within less than 1000 h under
1000 °C working condition; (iii) while the conductivity
increases with the lift of temperature, the high temper-
ature and the low temperature regions exhibit distinct
activation energies (E,) according to the Arrhenius plot
[33-37]. The E, in 8YSZ is 0.70 eV at high tempera-
tures (>1073 K) [29, 37], but increases to 0.96—1.16 eV
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at low temperatures (<973 K) [36, 38]. Due to the
limitation of experimental techniques at the high tem-
peratures, it remains largely unclear on how O anion
diffuse in YSZ transport.

These observations have been the subjects of theo-
retical studies with the aim to understand the origin
of the conductivity and to design better materials. A
first step of theoretical studies is to determine the atom
position of YSZ at different composition, which helps
to answer the fundamental questions, such as where
Y and O, reside in ZrOs. The more challenging task
to theoretical simulation is to trace the atom motion
and finally determine the O anion transport properties
at different compositions and temperatures. Indeed, a
large volume of theoretical studies have been performed
on the YSZ system in the past 25 years using different
simulation techniques, from the force field calculations
to first principles calculations and more recently to the
machine-learning potential calculations [39]. The pur-
pose of the review is to overview the theoretical results
from different models and identify the further challenges
to theoretical methods in simulating the complex mate-
rial system. We will show that the SSW-NN provides a
powerful platform to resolve the atomic structure which
can lead to the prediction of ionic conductivity and ion
transport process.

I1l. THEORETICAL STUDIES OF YSZ FROM
STRUCTURE TO CONDUCTIVITY

A. Theoretical methods

Theoretical simulations have been the major tool in
the field to understand the conductivity phenomena
at the atomic level. Most standard simulation meth-
ods have been utilized in this field, such as density
functional theory (DFT) [40-42], kinetic Monte Carlo
(KMCQ) [43], and molecular dynamics simulations (MD)
[44-51]. DFT simulation could achieve high accuracy
in describing the PES, but it is generally limited to
hundreds of atoms and thus fails to describe the mi-
crostructure of low doping YSZ (e.g. 8YSZ) where the
large cells in modeling are required. KMC is an ef-
fective tool to study the diffusion processes involving
infrequent events, but it becomes frustrated when a sys-
tem can undergo a large structural change due to the
discrete on-lattice approximation applied in KMC sim-
ulation.

Not surprisingly, in the past years MD simulations
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based on empirical force field potentials, e.g. usually
in the form of Born-Mayer-Huggins (BMH) potential
[52, 53] was most-widely used to treat the YSZ systems.
This force field potential has the general BMH form
given by Eq.(1) [54]:

—Tij Cij 4iq;

o) = Age (S10) - Tt s g1 ()
It includes three terms, the repulsive potential be-
tween ionic cores, the van der Vaals interaction and
the Coulomb’s interaction. In the equation, r;; is the
distance between a pair of ions ¢ and j, ¢ is the point
charge of an ion, and the parameters A, p, and C can be
determined by fitting to known experimental properties,
or the energy surface determined by DFT calculations,
or a combination thereof. While the potential form is
kept, different sets of parameters have been proposed
for YSZ in different reports, see Table 1. As shown, the
interaction between cations (e.g. Zr—Zr) is generally
described by pure Coulomb potential without consid-
ering the dispersion and short-ranged repulsion terms
(A;;=0). The formal charges are used for all ions, i.e.
—2 for oxygen, +4 for zirconium and +3 for yttrium.
For the simplicity of the mathematic form, large-scale
MD simulations with the BMH potentials can be con-
veniently performed using standard force-field packages,
including LAMMPS, GULP and GROMACS. We will
overview the key results from these simulations in Sec-
tion ITI.C and IIL.D.

The potential parameters from Bulter et al. was used
for simulating the defect structure of ZrO [55], but this
model will collapse when two oxygen ions are too close
to each other due to an overly strong O—O interaction.
Potential parameters from Cormack and Catlow are
derived according to the properties of the tetrahedral
ZrOy [56]. Brinkman model [52] derived by Dwivedi
and Cormack suffers from the problem that the struc-
ture of ZrO, prefers to form the orthorhombic phase
rather than the lower-symmetry monoclinic, which also
exists in Schelling model [57]. The potential parameters
from Lau and Dunlap are found to be unstable for YSZ
systems above 1500 K [58].

As a promising alternative to force-field based meth-
ods, the stochastic surface walking global optimiza-
tion with global neural network potential (SSW-NN)
method [39, 59] developed recently demonstrates its
superior advantages for solving the complex material
problems [60, 61]. Compared to DFT calculations, NN

(©2021 Chinese Physical Society
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TABLE I Parameters of the BMH potential used for the yttrium-stabilized zirconia in literatures.

Doped-Zirconia for Solid Oxide Fuel Cells

Reference Interaction A/(kJ/mol) p/nm C/(kJ-mol~t-nm~9)
Butler et al. [55] Zrit—-0%- 9.7780x 104 0.03764 1.3828x10~4

Y302~ 7.5726x10% 0.03587 0

0?~-0%" 2.0861x10° 0.0149 1.0264x102
Cormack and Catlow [56] Zrit—0%~ 1.3322x10° 0.035 0

Y3+t-02- 7.5726x10* 0.03587 0

02--0%" 2.0861x10° 0.0149 2.55839x 1073
Brinkman et al. [52] Zrit—0%~ 9.5120x10* 0.03760 0

Y3+t-02- 1.2978%10° 0.03490 0

02~ -0%" 2.1960x10° 0.01490 2.6910x1073
Schelling et al. [57] Zrit—0%- 1.4493x10° 0.03450

Y3t -0% 1.3183x10° 0.03480

02~ -02%~ 9.2123x10° 0.2240 1.8911x1073
Lau and Dunlap [58] Zrit -0 1.2474x10° 0.03584 1.8684x 1073

Y3 -02%- 1.5858x10° 0.03532 1.0052x1072

0*~-0%- 1.2638x10° 0.02197 4.7567x1073

potential can be at least four orders of magnitude faster,
and unlike force field potentials, NN potential is able to
describe chemical reactions with high accuracy as long
as the training dataset contains the reactive data. This
provides the unique chance for NN potential to solve
complex atomic movement problems that require both
accuracy and long-time simulation. In particular, SSW-
NN method is a convenient and efficient tool to estab-
lish the global PES for material and obtain the global
minimum (GM). In the past several years our group
has mapped out the PESs for a number of systems, e.g.
single element crystal (boron) [62], molecular crystal
(ice) [63], metal oxide (TiO2) [64], ternary metal oxides
(ZnCrs0y4) [65].

The first machine learning potential for the Y-Zr-
O ternary system, i.e., the YZrO global neural net-
work (G-NN) potential was established recently by us-
ing SSW-NN method.
structures on Yo,Zr|_2,05_, global PES were visited
by SSW-NN during NN potential generation, which
include metallic Zr and different oxide compositions
(ZrOx, YQO3, and ngZrl,ngg,z with Y/ZI:NLQ
to ~4:3) in different morphologies (bulk, surfaces, and

Specifically, more than 107

clusters). The final training dataset consists of 28803
structures that are selected to represent the global PES.
The G-NN potential adopts the feed-forward NN ar-
chitecture with five layers (188-60-50-50-1) for each
element, reaching 71103 fitting parameters in total.
The root-mean-square-error (RMSE) of the potential
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is 7.674 meV/atom and 0.165 eV/A for energy and
force, respectively [60, 61]. SSW-NN method is imple-
mented in LASP program (www.lasphub.com), which
includes a variety of common atomic simulation tools.
As a key feature, LASP provides several T'S search and
SSW global optimization methods, which have been
well tested in heterogeneous catalysis and solid phase
transition [63, 65, 66].

B. PES exploration and atomic structures of YSZ

Because of the structural complexity of YSZ system,
theoretical methods to characterize the atomic struc-
ture need to be fast and reliable to evaluate the ener-
getics of structures and also be highly efficient to ex-
plore the large structural phase space. In fact, there
are only a few attempts to resolve the atomic struc-
tures of YSZ. Based on DFT calculations, Predith et
al. [67] obtained the convex hull of YSZ with the Y
concentration from 12.3 mol% to 80.2 mol% in a small
system size (<40 atom). Although they did not explic-
itly obtain the structure and energetics of 8YSZ, they
suggested that 8YSZ was thermodynamically unstable.
Later, Chen et al. [68]. searched for the ground state of
8YSZ by using empirical potential calculations, reveal-
ing that vacancy favored in the first nearest neighbor
(INN), 3NN and 5NN of Zr for the lowest energy struc-
ture. Parkes et al. [40] studied the atomistic structure
of 6.7YSZ using DFT, and found that oxygen vacancies

(©2021 Chinese Physical Society
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FIG. 2 (a) Thermodynamic convex hull diagram for YozZr1—2,02—, with respect to the cubic-ZrO2 and cubic-Y2O3 (as the
energy zero). The energy spectrum for low energy structures in each composition is shown as the color bars. Adapted with
permission of Ref.[61] (©American Institute of Physics). (b) Radial distribution function g(r) of the Y—O, (left panel) and
Oy—Oy (right panel) pairs at 1400 K from MD simulation and those of the GM for 8YSZ, 10YSZ, and 14.3 YSZ. Adapted

with permission of Ref.[60] (©American Chemical Society.

orientated along the (210) direction.

With the advent of SSW-NN simulation, the global
PES of YSZ can be systematically explored. Re-
cently, we reported the GMs for seven concentrations
of Yo, 7Zr1_2,00_5.
GM structures of YSZ are established, as shown in
FIG. 2(a). It is obvious that the diagram has three con-
vex points at 6.7, 20, and 40 mol%, i.e. 6.7YSZ, 20YSZ
and 40YSZ, corresponding to the thermodynamics sta-
ble phases. While the most concerned 8YSZ is not a
convex point, indicating the phase is thermodynami-

Thermodynamic convex hull and

cally unstable, consistent with previous results based on
DFT [67]. Both 33.3YSZ and 40YSZ are new ordered
phases, namely, Zro Y207, a cubic pyrochlore structure
(FD-3M, #227) for 33.3YSZ and Zr3Y4O12, a rhom-
bohedral structure (R-3, #148) for 40YSZ named as ¢
phase in experiments. We note that the experiment [69]
has shown that as early as ~20% Y concentration, the
 phase (40YSZ) starts to appear. This in fact also sug-
gests that the structure with Y concentration between
20% and 40% are thermodynamically 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 experiments, again in
agreement with the dual convex points at 6.7% (a mon-
oclinic phase) and at 20% (distorted cubic phase) from
theory.

The radial distribution functions (RDF's) can be uti-
lized to understand the ordering of atoms in a real
space. As shown in FIG. 2(b) (black line), the cation-
vacancy RDFs of GM in 8YSZ from SSW-NN method
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show that O, has a strong tendency to locate only
nearby Zr cation as the INN. The O,—0O, RDFs show
that the peaks appear at (210) and (222) direction. In
addition, Y cations tend to form Y-O-Y pairs, aligning
along (110) with the nearest Y=Y distance being 3.7 A
in 8YSZ. With the increase of dopant concentration,
O,—0; RDFs show that the peaks at (112) direction
become strong, but they have very low (or zero) inten-
sity at the (222) direction.

To characterize the atomic structures at finite tem-
peratures, MD simulations have been utilized starting
from large YSZ supercells in a cubic ZrOg structure.
These initial structures are often obtained from the ran-
dom configurations, where the Zr atoms are chosen at
random to be replaced by yttrium and randomly se-
lected oxygen atoms are also removed to ensure the
charge balance [46, 51]. Alternatively, the global op-
timization can be also utilized to determine the most
stable structure of YSZ at different composition, from
which the initial structure is generated.

MD simulations based on force-field potential show
that there is a preference for vacancies to locate at the
nearest neighbors to Zr?" cations at 1200 K [23, 46]
(FIG. 3(a)). The O,—0O, RDFs (FIG. 3(b)) show that
there is a strong tendency for vacancies to form pairs in
(111) directions, which suggests that the O,—O, pairs
tend to be ordered at high temperatures. The similar
trend of vacancy distribution was also found for 11YSZ
at room temperature by MD simulations [51].

In contrast, MD simulations based on G-NN potential
at 1400 K show that the two peaks in O,—O, RDFs at

(©2021 Chinese Physical Society
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FIG. 3 Radial distribution function g(r) of (a) the cation-O.
pairs and (b) O,—Oy pairs at 1200 K from MD simulation
based on empirical potential. Adapted with permission of
Ref.[23] ©American Chemical Society.

the (210) (~5.8 A) and (112) (~6.2 A) are the primary
features in all three YSZ systems (8YSZ, 10YSZ and
14.3YSZ). Importantly, G-NN predicts only (222) peak,
but does not support the presence of (111) peak. As
shown in FIG. 2(b) (red line), the (210) peak remains
as the highest peak as it is in the GM for 8YSZ, but
the (112) peak becomes the highest peak for 10YSZ and
14.3YSZ at 1400 K.

These structural features from theory are generally
consistent with experiment. For example, the prefer-
ence of Oy to be nearby Zr is supported by experiments
that the decrease in the 1NN coordination number of
Zr ions occurs from 8 to 5.6 for 8YSZ at 1273 K over
1000 h using X-ray absorption fine structure (EXAFS)
[70]. The preference of O, along either (111) from force-
field models or (222) from G-NN potential is supported
by the diffraction studies of anion-deficient fluorite ox-
ides in 8YSZ. The tendency to aggregate along (112)
for Oy identified from G-NN potential at higher dopant
concentrations is also supported by Goff et al. [71].

C. Anion diffusion kinetics of YSZ

To provide insights into the conductivity behavior of
YSZ, the anion diffusion barrier has been measured in
experiments using the techniques such as oxygen tracer
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TABLE II Summary of experimental and calculated data
(T, E,) for the activation energy of oxygen bulk diffusion.

Composition Method?® T/K E,° Ref.

6YSZ MD 1125-2500  0.59 [44]
8YSZ MD 973-2000  0.45 52]
8YSZ MD 300—1500  0.79 [72]
8YSZ MD 1000—2000 0.5 [73]
8YSZ MD 1125-2500  0.60 [44]
8YSZ MD 300—1400  0.59 [74]
8YSZ MD 1500—3000 0.71 [75]
8YSZ MD 1000—2000 0.67 [48]
8YSZ MD 1000—2000  0.48 [49]
8YSZ SSW-NN  800—1000 0.87 [60]
8YSZ SSW-NN  1100—1800 0.63 [60]
8YSZ KMC 1000—2200  0.60 [76]
8YSZ SIMS 673—973  0.96 [38]
8YSZ IS 1073—1573  0.70 [29]
8.3YSZ KMC 600—1500  0.70 [41]
9.5YSZ IS 523-833  1.11 [77]
9.5YSZ IS 833—1473  0.89 [77)
9.5YSZ OTD 723-923  0.91 78]
9.5YSZ OTD 923-1373  0.82 78]
9.5YSZ IS 523-1023  1.10 78]
10YSZ MD 1000—2000 0.6 [73]
10YSZ MD 1125-2500 0.73 44]
10YSZ MD 1000—2000  0.55 [49]
12YSZ MD 1500—3000  0.80 [75]
14YSZ MD 1000—2000  0.60 [49]
15YSZ MD 1500—3000 0.88 [75]
8-24YS7Z OTD 650-1200 0.8—1.0 [79]
8-10YSZ OTD 65—1200  0.95 [80]

& KMC: kinetic Monte Carlo, OTD: oxygen tracer
diffusion, SIMS: secondary ion mass spectrometry, IS:
AC impedance spectroscopy.

b F, is activation energy in eV.

diffusion (OTD), AC impedance spectroscopy and sec-
ondary ion mass spectrometry. Theoretical simulations
based on MD and KMC have been carried out to com-
pare with the experimental data, as summarized in Ta-
ble II.

As listed in Table II, theoretical calculations from
MD and KMC methods based on force field calcula-
tions show that the activation energy for oxygen dif-
fusion in 8YSZ is in a range of 0.45—0.71 eV. With
the increase of the dopant concentration, the activa-
tion energy increases almost linearly [41, 49, 75, 81].
The O, diffusion that follows the path along the Zr—Zr
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FIG. 4 (a) Arrhenius plot of the conductivity o of 8YSZ with respect to temperature from 800 K to 2000 K. The activation
energies are obtained from the slope of the linear fitting applied to low and high temperature ranges as indicated in the
figure. Adapted with permission of Ref.[60] (©American Chemical Society. (b) The reaction pathway illustrating how O,
moves in 8YSZ at 1400 K. The Euclidean distance of the pathway is 4.74 A. The reaction energy profile is shown in the top
panel and the corresponding structure snapshots along the pathway are shown in the bottom. Y: dark green ball; reacting
O: yellow balls with numbers (1, 2, 3), other resting O: red balls, vacancy: white balls labeled with V1 and V2. Adapted

with permission of Ref.[60] (©American Chemical Society.

edge has a much lower barrier (~0.6 €V) compared to
those along the Y=Y (1.8 eV) or Y—Zr (1.2 eV) edges
[76, 82]. However, the activation energy measured by
different experiments are generally ~1 eV [38, 79, 80].
For example, by using isotope %0 tracer, Kilo et al.
[79] measured the activation energy for O, diffusion in
YSZ with Y concentration ranging from 8 mol% to 24
mol% at 650—1200 K, and found that the activation
energy is rather constant, ~1 eV.

In general, the inconsistency between MD simulation
and experiment may be caused by two factors: (i) the
inaccuracy of the force field potentials, which has been
known to yield a wrong energy ordering of low energy
structures as benchmarked against density functional
theory (DFT) calculations [40, 61]; (ii) the uncertainty
on the exact YSZ structures in experiment, including
the phase (monoclinic, cubic, tetragonal) and the Y
(Zr) cation distribution. In previous force field simu-
lations, the random initial structures from cubic ZrOq
are generally adopted.

By starting from the GM structures from SSW-NN
simulation, we have shown that the calculated lowest
activation energy barrier at 0 K for 8YSZ and 10YSZ
are the same, being 0.96 eV, involving the O, diffusion
along (100) between the neighboring 1NN positions. By
inspecting the lowest energy pathways for O, diffusion
in 8YSZ, we found that there is the obvious diffusion
over different cation-cation edges, i.e. Zr—Zr, Zr—Y
(Oy is not nearby Y and thus no Y—Y edge diffusion
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channel is found).

At finite temperatures, the activation energies fitted
from NN-based MD simulation for 8YSZ are 0.63 eV
above 1100 K and 0.87 eV below 1000 K, as shown in
FIG. 4(a). The anion diffusion pathways can be differ-
ent from the pathway at 0 K. For example, a single O,
anion diffuses to its 3NN position along (111) direction;
and more than one Oy anion move to its 1NN position
along (100) direction. As shown in FIG. 4(b), we illus-
trate such a reaction, where two O, anions move within
100 fs, one jumping to its 2NN position along (110) and
the other to its 1NN position along (100).

The activation energies from NN simulation com-
0.70 and
0.96—1.16 eV for the high and low temperature regions

pare well with the experimental data, i.e.

respectively. The origin for the change of activation en-
ergy was thus revealed by analyzing the structure evo-
lution of MD trajectory. It is apparent that at high
temperatures, oxygen anions are no longer restrained
to the lattice position, leading to intriguingly new fea-
tures that are not present at low temperatures: (i) the
formation of Y—O, pairs; (ii) the increasing peak in-
tensity at (112) direction; and (iii) the oscillation of the
apparent O, number, leading to an apparent lower O,
population than that in stichometry.

The activation energy from MD simulation for 10
YSZ is 0.84 €V above 1100 K, which is 0.14 eV higher
than that of 8YSZ. This phenomenon is attributed to
the stronger tendency of O, aggregation at high tem-
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FIG. 5 (a) Oxygen diffusion coefficient D of oxygen vs. the concentration of Y203 at different temperatures using different
models: (a) empirical potential from Brinkman model. Adapted with permission of Ref.[49] ©Wiley and (b) G-NN potential

with permission of Ref.[60] ©American Chemical Society.

peratures in 10YSZ, which tends to align along (112)
direction that hinders the O anion diffusion.

D. lonic conductivity of YSZ

The ionic conducitivity is the key property for SOFC
material. Ot can be measured using a DC (direct
current) technique in experiment [83, 84]. In theory,
the conductivity of oxygen ions o is derived from the

Nernst-Einstein relation in Eq.(2),

()

where N, is the Avogadro constant, ¢ is the charge of

_ ¢*DN
VN,

(2)

the mobile ion (2 for oxygen), N is the number of oxy-
gen atoms, F' is the Faraday’s constant and D is the
diffusion coefficient. The coefficient D can be obtained
directly from MD simulation using Eq.(3), which cor-
responds to the slopes of mean square displacements of
oxygen atom (Ar?) plotted versus MD simulation time

(t)-

D= pim AT®%)

t—00 6t

3)

The relations between the calculated oxygen diffusion
coeflicients and YSZ concentrations have been reported
from extensive literatures. All the results reproduced
the two primary trends observed in experiment, i.e. the
existence of a maximum and the dependence of the max-
imum position on temperature, as shown in FIG. 5(a).
However, the positions of the peak from different force
field not only deviate from the 8YSZ composition but
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also differ from each other. For example, the peak oc-
curs at 5—7YSZ using Schelling and Brinkman models
below 1600 K [48, 49], moving to 4YSZ below 1500 K
using Brinkman models [45], and to 9.8YSZ using fitted
parameters below 1300 K [51].

On the other hand, by starting from GM structures
based on G-NN potential, we recently showed that the
NN simulation can well reproduce the experimental ob-
servations. The NN simulation was carried out by per-
forming a long-time MD simulation using LASP up to
2000 atoms with a wide temperature range from 800 K
to 1800 K. As shown in FIG. 5(b), the peak occurs
correctly at 8YSZ for a wide temperature range below
1600 K. With the increase of temperature to 2000 K,
the maximum of D curve shifts from 8 mol% to the
higher dopant concentrations. This trend was also no-
ticed by Nakamura et al. [85] and Weller et al. [80] in
experiment. The calculated conductivity for 14.3YSZ
at 1600 K was 0.35 using NN potential [60], in good
agreement with the experiment value of 0.30 at 1600 K.
The calculated conductivity ¢ from G-NN potential of
8YSZ with 0.16—0.51 S/cm at 1200—1600 K compares
well with 0.16—0.55 S/cm from experiment. This suc-
cess to reproduce experimental data demonstrates the
importance of the PES accuracy and the correct GM
utilized as the initial configuration in MD simulation.

IV. CONCLUSION

This topic review presents recent theoretical progress
on the structure and conductivity of Y-doped ZrO-, a
most utilized SOFC electrolyte material. Thanks to the
rapid advance in theoretical methods, i.e. from force
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fields methods to first principles DFT, and to global
neural network potential, the current understandings on
the mechanism of the anion transport have reached the
atomic level. The two key achievements are as follows.

(i) GM structures at different YSZ compositions are
determined. The monoclinic phase is the GM for YSZ
with Y concentration less than 8 mol%. 8YSZ is not a
thermodynamics stable phase. (ii) Long-time structure
evolution is obtained from MD simulation and the the-
oretical conductivity is derived. The O, agglomeration
along (112) that is typical for YSZ with Y concentra-
tion higher than 8 mol% is the major cause to retard the
oxygen diffusion due to the strong O,—O, repulsion.

These progress leads to understanding the intriguing
phenomena observed in experiment, e.g. the maximum
conductivity shifting to higher Y compositions above
1600 K and the non-Arrhenius behavior of conductivity
around ~1000 K. The other three-element solid ionic
conductors, e.g. ScZrO, ScCeO, SmZrO, SmCeO [6,
13, 86, 87], should now be feasible to explore with the
advent of the SSW-NN method.

Since it is the main goal to lower the operating tem-
perature in SOFC applications, we expect that theo-
retical simulations should direct towards more complex
systems, for example, with more dopants (e.g. Sc, Y-
codoped), containing phase junctions (e.g. YSZ/GDC,
YSZ/SDC), and involving grain boundaries [88]. The
added complexity certainly poses new challenges to cur-
rent theoretical methods. While SSW-NN holds a great
promise in solving the challenging tasks of complex ma-
terials, one must bear in mind that a successful appli-
cation of SSW-NN method relies much on the sampled
dataset to the target problem. With the increase of
structure and composition complexity, the building of
NN potential becomes highly computational demand-
ing. In particular, while the accuracy of NN poten-
tial can be improved, for example, by increasing the
function complexity of structure descriptors to capture
better physics, enlarging the number of fitting parame-
ters in feed-forward NN and utilizing advanced network
architectures, more challenging tasks would be devel-
oping new algorithms to reduce the computational cost
for both quantum mechanics calculations and PES sam-
pling in the coming years.
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