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ABSTRACT: Scandia (Sc) and yttria (Y) codoped zirconia
(ScYSZ) emerged as a promising candidate for high-performance
solid electrolyte materials utilized in intermediate-temperature
solid oxide fuel cells (IT-SOFCs). While it exhibits a record-high
ionic conductivity (~0.10 S/cm at 800 °C), the physical origin of
the superior performance remains poorly understood, limiting the
further optimization and the application in IT-SOFC. Here, we
construct the Sc—=Y—Zr—O global neural network potential and
explore systematically the thermodynamic landscape of ScYSZ
across 65 different compositions (6.7—14.3 mol % dopants). From
millions of candidate structures, we identify a thermodynamically
stable cubic phase region at Sc/Y < 1 with Y,03 > 8 mol %. Large-
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scale molecular dynamics simulations further show that ScYSZ at Sc,0; = 3 mol % and Y,0; = 8 mol % yields an exceptional ionic
conductivity of 0.13 S/cm at 800 °C, surpassing conventional 8 mol % Y-stabilized zirconia (YSZ) by an order of magnitude. Our
analysis reveals that the presence of Sc not only increases the O, concentration by allowing (111) O,—O, pairs but also reduces the
oxygen migration barriers markedly. Our results not only pinpoint the optimal ScYSZ composition for IT-SOFC applications
theoretically but also establish a general framework for the rational design of advanced solid electrolyte materials.

1. INTRODUCTION

The development of energy-efficient solid oxide fuel cells
(SOFCs) hinges on the discovery of electrolyte materials with
high ionic conductivity at intermediate temperatures (~800
°C).!— Among all candidates searched,”” ZrO,-based electro-
Iytes, particularly yttria-stabilized zirconia (YSZ) at 8 mol %
Y,0; (8Y), remain the leading choices due to their robust
mechanical properties. The presence of the Y>* dopant helps to
create an O vacancy (O,) and allow the O anion diffusion
(conductivity). However, their operating temperatures are
prohibitively high (>1000 °C) to achieve optimal conductivity
(>0.1 $/cm).*~"% In contrast, scandia-doped zirconia (ScSZ)
can achieve the highest conductivity of all ZrO,-based
electrolytes but suffers from poor stability with a detrimental
cubic-to-thombohedral (ff phase: no. 146, R3) crystal phase
transition.'”'> These limitations have spurred persistent
interests in searching for optimal ternary metal oxides,
particularly Sc—Y—Zr—O (ScYSZ), to simultaneously enhance
conductivity and structural stability."*~'°

Whether there is an optimal Sc/Y/Zr ratio, ie., Sc,0;/
Y,0;/ZrO,, remains a fundamental question. The uncertainty
originates from the conflicting reports from experimental data
on ScYSZ conductivity synthesized from different meth-
ods.”*~"® For instance, Ciacchi et al. reported a monotonic
increase in conductivity (from 0.17 to 0.29 S/cm conductivity
at 1000 °C) with increasing Sc/Y ratio (1:7 to 7:1) at fixed
total dopant levels (8—9 mol %).'”*° Similar trends were
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observed in the 10 mol % dopant level.">*"** Others found,
however, conductivity peaks at specific compositions:' >’ e.g,,
0.0589 S/cm conductivity for 95c2Y (11 mol % dopants) at
800 °C," or a maximum conductivity of 0.13 S/cm at 900 °C
for 7Sc3Y, decreasing to 0.09 S/cm for 9Sc1Y."” Kondoh et al.
identified 3Sc8Y as the optimal ratio (~0.17 S/cm at ~1000
°C) when partially substituting Sc into 8Y.

The discrepancies in these findings highlight the need for
atomic-scale insights into the dopant/vacancy concentration,
position, and atomic ordering, which experiments cannot
resolve clearly.”* However, this information is also difficult to
obtain from traditional theoretical methods, which rely on
empirical force-field-based simulations (e.g., Buckingham
potentials®). The computed conductivity can deviate sig-
nificantly from experiments (e.g.,, 0.20 S/cm vs 0.07 S/cm for
8.95c2.2Y at 885 °C),”"***” which may be caused by their
assumed atomic models without considering thermodynami-
cally preferred cation/vacancy ordering” and utilizing rigid
cation valences (e.g, Zr*') that neglect polarization
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properties.

Here, we overcome these limitations by developing a
quaternary Sc—Y—Zr—O global neural network (G-NN)
potential, enabling systematic exploration of the energy
landscape across 65 critical compositions (6.7—14.3 mol %
dopants). Through large-scale molecular dynamics (MD), we
identify the thermodynamically stable cubic phases and reveal
a peak conductivity (0.13 S/cm at 800 °C) at 3Sc8Y,
surpassing traditional 8Y by an order of magnitude.
Mechanistically, we demonstrate, for the first time, that Sc,
while being Sc**, being more like Zr*, facilitates O, local
accumulation along the (111) crystallographic direction in
forming six-coordinated Sc and facilitates O diffusion by
stabilizing the key Y—O, pairs.

and can lead to unphysical averaging of

2. METHODOLOGY AND CALCULATION DETAILS

2.1. Global Neural Network Potential

All simulations based on G-NN potential were carried out by
using LASP code, large-scale atomic simulation with neural
network otential (www.lasphub.com)®” developed by our
group. LASP integrates the global potential energy surface
(PES) data generation using SSW global optimization,30'3l G-
NN potential training and large-scale atomistic simulations
using G-NN potential.

The G-NN potential employs the many-body function-
corrected neural network (MBNN) architecture® utilizing the
power-type structure descriptor (PTSD)* as the input layer.
The MBNN follows the atomic NN architecture proposed
early by Behler and Parrinello,”>*® but allows the atomic NN
to output a vector for constructing different many-body
functions. Further details on the G-NN method and the SSW-
NN method can be found in Supporting Information Section
S1.

The Sc—Y—Zr—O quaternary G-NN potential was trained
by learning the global PES data generated by SSW global
optimization. It has a five-layer (489—112—80—80—5) feed-
forward NN structure, in total 265,348 fitting parameters,
where five many-body functions include one single-body
(atomic energy from NN output), two two-body (15 and 3
A cutoff radius, respectively), and two three-body functions (all
3.5 A cutoff radius). The short-range two-body term primarily
prevents atom clashes during simulations. The training Sc—Y—
Zr—O data set consists of 46,587 structures, encompassing
pure Zr, ZrO,, Y,03, Sc,0; and mixed oxides with Y/Zr ratios
ranging from ~1:9 to ~4:3 and Sc/Y/Zr ratios ranging from
~14:1:86 to ~1:14:86, that were calculated by plane-wave
density functional theory (DFT) calculations®” (see Support-
ing Information Table S1). The root-mean-square (RMS)
errors for the energy and the force of the Sc—=Y—Zr—O G-NN
are 3.711 and 0.118 eV/A, respectively.

To validate the G-NN potential, we benchmarked its
accuracy against DFT results for low-energy structures relevant
to this work. The low-energy benchmarking structures
correspond to physically realistic SCYSZ systems at the target
dopant concentrations and were largely excluded from the
training data set, thereby providing an unbiased validation of
the G-NN potential. The energy RMS error for these
structures is 2.44 meV/atom (Supporting Information Table
S2), confirming that the G-NN PES provides a high-fidelity
approximation to the DFT PES. This accuracy enables efficient
global structure searches and pathway determinations.
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2.2. DFT Calculations

All plane-wave DFT calculations were performed using the
Vienna Ab-initio Simulation Package (VASP) code.”® The
calculation setup is as follows: DFT functional at the level of
generalized gradient approximation (GGA-PBE);” the kinetic
energy cutoft being 450 eV; the projector 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;
convergence criteria for SCF energy and ionic relaxation force
as 1 X 107 eV and 0.01 eV/A, respectively.

2.3. Global Minimum Exploration

To identify the global minimum (GM) for different low-
doping ZrO, systems, we started by performing the random
substitution of Sc, Y, and Zr cations in a large supercell (>320-
atom) of cubic ZrO,, while maintaining the charge-neural
condition using the formal charges of ions. The substitution is
thus either Y/Sc or jointly, which generates more than 10,000
likely configurations. By optimizing all these configurations, we
selected >100 lowest-energy structures for the subsequent
SSW global optimization. For each low-energy structure, over
5000 minima were visited by SSW, and in total, more than
3600,000 structure candidates are obtained (more detail in
Supporting Information Table S3), from which the GMs at
each composition are finally determined. It should be noted
that at elevated Sc concentrations, the thermodynamically
most stable structures may deviate from the cubic fluorite
phase and evolve toward competing or mixed phases, such as
the f phase or the monoclinic phase, as widely reported
experimentally. Therefore, SSW was employed to perform an
unconstrained global exploration of the PES at each dopant
concentration without enforcing the fluorite framework, which
is essential for reliably identifying thermodynamically stable
ScYSZ structures.

2.4. MD Simulations and Conductivity Calculations

To identify the equilibrated volume (lattice), the initial
structure at a target temperature for a given Sc/Y
concentration was always relaxed using variable cell MD, i.e.,
the isothermal—isobaric (NPT) ensemble for 1 ns. The ion
motion was then simulated by using the Nose—Hoover
thermostat™** (NVT) canonical ensemble at the fixed cell.
Thanks to the high speed of G-NN potential calculations (>4
orders of magnitude faster than DFT calculations™), we can
carry out the long-time MD simulation for these large systems
up to S ns with a time step of 1 fs. The first 0.5 ns of the NVT
simulation was assigned to equilibrate the system, and the
statistical average of the anion diffusion was calculated over the
remaining time. For analysis, the local relaxation was utilized to
obtain the intrinsic structure for the structure snapshots taken
from MD trajectories until the maximal force on the atom was
below 0.01 eV/A. The structural analysis methods are detailed
in the following.

2.4.1. Radial Distribution Function. The average radial
distribution functions (RDF), g(r), for Zr—0,, Y=0,, Sc—0,,
and O,—O, pairs can be computed using eq 1

1 Ny
V N Z,-:l no,,i

B NO/OV dnr*Ar

8x-0,(7)
’ (1)
where X represents the centering Zr, Y, Sc, or O,; nq,, is the
number of O, situated in between the distance r to r + Ar from
the centering X atom. The g(r) is normalized by dividing the
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Figure 1. ScYSZ phase map from machine-learning global optimization. (a) Formation energy contour plot for the ternary phase diagram of the
GM at varied Sc,0;/Y,05/ZrO, (Sc,0;5 + Y,05 + ZrO, = 100) composition. (b) Simulated X-ray diffraction (XRD) patterns of GM structures
from low-to-high Sc/Y ratio together with those of the standard monoclinic and cubic ZrO, phases. (c) Different types of cations categorized by the
coordination number. The labeled distance between vacancies is in A. (d) The atomic structures of three typical GMs (Sc/Y ratio = 0:8, 3:8 and
6:8) with key cation coordination types indicated, including 8-coordination Zr, Y, and Sc (Zrg,, Yg,, Scg.), 7-coordination Zr and Sc (Zr,,, Sc;.) and
6-coordination Zr and Sc (Zrg (111) and Sce. (111)). Note that in GMs, there is neither Y, nor Y.

total number of centering atoms in the cell, the number of
anionic sites N, in the perfect cubic lattice (= N + Nog,),
and the volume of the cell (V).

2.4.2. O, Location Analysis. In a perfect fluorite (cubic)
structure, each O should be surrounded by four cations, i.e., at
the center of a tetrahedron. We therefore identify O, positions
by identifying all tetrahedra formed by cations, each containing
either one anion or one oxygen vacancy. To compute the RDF
related to O,, the vacancy coordinate can be determined by
calculating the average value of the four nearby cations’
coordinates.

2.4.3. Kinetics and Conductivity. The Einstein relation
was used to determine the oxygen diffusion coefficients (D)
from the slopes of mean square displacements of the oxygen
atom (Ar?) plotted versus simulation time (t)

<Ar(t)*>
6t

D = lim

t— o0 (2)

The activation energies for oxygen diffusion (E,) were

computed by fitting the calculated diffusion coeflicients to the
standard Arrhenius equation

i)

D = DoeXP(—E

(©)

The fitted E, values were used to characterize the
dependence of average diffusion barriers on different YSZ
compositions. The conductivity of oxygen ions ¢ was finally
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derived from the Nernst—Einstein relation with the diffusion

coefficient D

where N, is the Avogadro constant, q is the charge of the
mobile jon (2 for oxygen), N is the number of oxygen atoms,
and F is Faraday’s constant.

F2

_ ¢'DN
B RT

VN,

o

(4)

3. RESULTS

3.1. Ternary Phase Diagram of ScYSZ and GM Structures

We started by exploring the phase space of bulk
S¢,. Yo, 211 520050 structures: over 3.6 million structures
(see Methods 2.3) were searched, covering the composition
Sc/Y ratios, ie., a/b (Sc,05 %/Y,05 %), ranging from 14:0 to
0:14 at the total dopant concentrations from 6.7 to 14 mol %,
in total 65 different compositions. Following the convention,
we name Scy,Y,pZ115,0504..5 as aScfY, where a/f indicates
Sc/Y concentration in mol %, i.e., @ = 2a, f = 2b. GM atomic
structures of ScYSZ at these compositions are thus obtained,
and the energetics of them are utilized to plot the ternary phase
diagram for Sc,,Y,,Zr; 5, 10,.,1 in Figure la. The color in
Figure la reflects the relative formation energy (AE) of
S¢.YobZr) 2,260, defined in eq S below, the energy per O
anion relative to the cubic phase of bulk Y,0;, Sc,0;, and
Zr0,.

https://doi.org/10.1021/acs.jpcc.5c08205
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Figure 2. Analysis of 3Sc8Y structure features. (a) Average proportions of (Sc)Zrg, (Sc)Zr,, and (Sc)Zrg, sites as a function of Sc,0;
concentration, based on the ten lowest-energy structures. The coordination of Y remains fixed at 8 and is not shown. The purple line indicates the
variation in the Scy, site concentration, while the green line shows the trend in Zr,, site concentration. (b) Radial distribution function, g(r), of O,—
O, pairs in different SCYSZ GMs at various Sc/Y ratios. The top panel corresponds to that of 3Sc8Y. (c) Global PES for 3Sc8Y using the OPs ~ E
contour plot from the SSW-NN PES data and the inset shows an enlarged view of the region below 0.5 eV. OPy: the structure order parameter with

I = 6 (see OPg calculation details in Supporting Information).
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Figure la shows that the low-energy structures of ScYSZ,
materials tend to occur in the Y-rich region at the bottom left
corner (deep blue zone). Specifically, from left to right, as the
concentration of Sc by substituting Y increases, the color shifts
from blue to green, indicating a rise in formation energy. For
example, at a typical total dopant concentration of 8 mol %,
starting from 1Sc7Y with AE —50.0 meV/O, the straight-right
end composition 7Sc1Y has the higher AE of —36.7 meV/O,
but as more Y substitutes Zr, the 1Sc13Y at the bottom has a
much lower AE of —84.5 meV/O. On the other hand, with
more Sc substituting Zr in the Y-rich region, as indicated by
three parallel black dotted lines, no appreciable change in color
occurs (all AE below —48.0 meV/O), reflecting that AE
decreases only slightly after adding Sc. These results indicate
that Y doping plays an important role in stabilizing cubic ZrO,,
and the energetically preferable doping mode of Sc is to
replace Zr instead of Y. In other words, interestingly, Sc**
cations function more like Zr*" in forming ScYSZ ternary
oxides.

By inspecting carefully the GM structures, we found that the
crystal phases do vary upon the change of Sc/Y ratio. We
outline roughly the phase transition region using the red
dashed curve in Figure la, where the compositions on the left,
corresponding to Y-rich systems with Sc/Y < 1, prefer the
cubic phase as the GM, the same as YSZ at the same dopant
concentration (see our previous work for YSZ phases®); the
composition on the right, with the Sc/Y ratio greater than or
equal to 1:1, representing Sc-rich systems, has the GM
structures being close to that of ScSZ at an equivalent dopant
concentration (Supporting Information Figure S2).

This trend of structure variation can be visualized in the
simulated XRD patterns of ScYSZ compositions, as shown in
Figures 1b and S3. At the low Sc/Y ratio, e. g., 35¢8Y, the XRD
pattern exhibits the typical cubic crystal features, with the
major peak (20) at ~30.0°, corresponding to the crystal plane
indices of (111) of the cubic ZrO,. As the Sc,05 concentration
increases to Sc/Y = 1:1, eg, 4Sc4Y, the XRD pattern
resembles that of 8Sc and displays the multiple primary peaks
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at 24.9°, 30.3°, 35.5°% and 53.3°, which can be assigned to the
(110) planes of the monoclinic phase, the (111) plane of the
cubic phase, and the (110) plane and the (1&#x305; 10) plane
of the rhombohedral () phase, respectively, indicating a
mixed-phase formation. The further increase of Sc,O; content,
Sc/Y > 1:1, e. g, 8Sc3Y, leads to the features predominantly
belonging to the monoclinic phase and f phase, namely, the
major peak at 28.2° of the (111) plane and 30.9° of the (111)
plane of the monoclinic phase, and the 31.5° of the (100)
plane and the 53.3° of the (1&#x30S5; 10) plane for the f8
phase. Additionally, the XRD pattern also reflects the crystal
lattice change at different Sc/Y ratios; in particular, the
characteristic cubic (111) peak right-shifts with the increase of
the Sc/Y ratio. For example, it is at 30.0° in 3Sc8Y and shifts to
30.3° in 4Sc4Y; at 29.5° in 1Sc7Y and shifts to 30.5° in 7SclY
(Supporting Information Figure S3). This is consistent with
the fact that the ionic radius of Sc3* (0.75 A) is smaller than
that of Y** (0.90 A), leading to a contraction of the lattice
parameters when Y is replaced by Sc.

Now, we focus on the atomic structures of the cubic phase in
Y-rich systems with Sc/Y < 1:1 that have the lower formation
energy. There are three distinct Zr coordination environments,
as shown in Figure lc, namely, the predominant 8-fold
coordination (Zrg,), the characteristic cation coordination in
the bulk cubic phase; the 7-fold coordination (Zr,.) with a
single O, nearby; and the less common 6-fold coordination
(Zrg.) with two O, nearby. This coordination classification is
also applicable to Sc and Y cations. Notably, the six-
coordinated cations Mg may adopt three possible geometrical
configurations with reference to the perfect eight-coordination
cubic ZrO,, i.e, a linear 180° O,-O, arrangement with an O,—
O, distance of ~4.4 A that aligns along the (111)
crystallographic direction, as reflected in the O,—O, RDF
(Supporting Information Figure S4); a O,-cation-O, 109.5°
angle arrangement with a O,—O, distance of 3.6 A that aligns
along the (110) plane; and a O,-cation-O, angle of 70.5°
arrangement with the shortest O,—O, distance of 2.5 A that
aligns along the (100) plane. Among them, only the (111)-
aligned six-coordinated configuration is observed in the GM
structures, indicating the repulsive nature of the O, pair. This is
supported by the absence of (110) and (100) features in the
O,—O, RDF (Supporting Information Figure S4).
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Table 1. Computed ScYZrO Material Properties at Selected Key Compositions”

Nomenclature Formula AE(meV/0) Crystal phase”
8Y Y,Zr;05, -54.3 c
3Sc8Y SceY 162160505 —53.0 c
48c9Y ScgY 13713, 0503 =52.7 c

4Sc4Y ScgYZrg, 0505 —40.7 c(P) + m/p(M)

6Sc3Y SceY 1321900507 -50.3 m/p(P)+ c(M)
-32.7° c

10SclY Scy0Y2Zrss0500 -52.5 m/p(P)+ c(M)
—21.5° c

5 (1000 °C, S/cm) 8% (1000 °C, S/cm) References
0.17 0.16 ~ 0.19 19,51
0.01” 0.05"

0.29 0.10-0.21 13,23,52
0.13” 0.06”

0.27 -

0.23 0.22 14

0.001 0.24 20

0.34 - -

0.04 0.16 13,17,53,54
0.35 0.05 ~ 0.20°

“Letters in parentheses indicate P: Predominant; M: Minority. The solid phases include cubic (c), monoclinic (m), and rhombohedral (/) phases.
The conductivity at 800 °C to compare with those at 1000 °C. “Selected high-energy phase for the purpose of comparison with the GM phase
(the one above with the lower AE). “Listed data includes computed formation energy AE, crystal phase, and the conductivity from our MD

simulations 5! and experiments 6 (see listed references).

Figure 1d illustrates the atomic structures of three
representative compositions (8Y, 3Sc8Y, and 6Sc8Y) and
highlights the distinct coordination of cations. In 8Y, Zr exists
as Zrg. and Zr,, while Y remains exclusively Yy, i.e., no O,
nearby Y. 3Sc8Y introduces (111)-aligned Zrs. and Sc4.
configurations. At higher O, concentrations, such as 6Sc8Y,
O, forms exclusively near Zr, resulting only in Zr, and
eliminating all six-coordinated species. This shift is reflected in
the cation-O, RDF, where O, becomes increasingly associated
with Zr (Supporting Information Figure S4).

With this interesting finding on the emergence of Zr,. and
Scgy we selected ten lowest energy structures of aSc8Y (a =
0—6) and obtained the cation statistic for each coordination
type, as shown in Figure 2a. The initial emergence of six-
coordinated cations does occur at the 3Sc8Y composition,
where the population of Zr,, peaks at 2.33% (the green curve)
and that of Scg. is 16.7% (the purple curve). The population of
Sce. peaks at 45c8Y, reaching 25% of all Sc. Different from Sc
and Zr, Y remains strictly eight-coordinate across all
compositions (Figure 2a). This preferential O, affiliation
with Sc instead of Y could be attributed to two factors: (i)
electrostatic effects. Our Bader atomic charge analysis reveals
that Sc has an averaged lower Bader charge (+2.05 lel) than
both Y (+2.20 lel) and Zr (+2.58 lel), which suggests a lower
energy cost in creating O, formation nearby; (ii) Steric
flexibility. Sc** has a smaller ionic radius (0.75 A) compared to
Y** (0.90 A), which allows the greater bond-length variation
and the release of O,-induced local strain in accommodating
O,. Indeed, we note that the Sc—O bond length can vary
largely in one single system; for instance, 12.8% in 3Sc8Y,
being much larger than that of the Y—O bond length in the
same structure, 6.3%.

Along with the cation coordination number variation, the O,
distribution in the solids also changes at different Sc/Y ratios.
We plot the contour maps of the O,—O, RDF for the aSc8Y
series in Figure 2b, which indicates the O, intensity using a
color from blue to red. The original RDF for 3Sc8Y is shown
on the top of the figure. We note that a distinct feature of the
compositions from 3Sc8Y to 5Sc8Y is a prominent (111)-
oriented peak at 4.4 A, followed by secondary peaks at 5.8 A
(210) and 6.2 A (112). This contrasts sharply with 8Y, where
only a single peak at 5.8 A (210) is observed. The new vacancy
ordering at (111) stems from the preferential localization of O,
at first-nearest-neighbor (INN) sites of Sc, as further
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corroborated by cation-O, RDF analysis (Supporting In-
formation Figure S4).

To understand how the stability of ScYSZ is influenced by
the cation coordination and O, distribution, we examined in
detail the global PES of the material. As shown in Figure 2c,
taking 3Sc8Y (ScgY ZrgsOa0s) as the example, we projected
5882 distinct structures collected from our global PES search
within an energy window of <6 eV per formula unit onto an
energy vs structure-fingerprint contour plot, with color (red —
blue), indicating the local minima density. The high-density
(blue) region corresponds to amorphous-like, high-energy
states, which are S eV per formula unit (f.u.) above the GM. In
the low-energy crystalline structure region, we identified five
lowest-energy structures, labeled as GM and 1—4, which share
the same cation position but different anion arrangements,
suggesting that the cation position is critical to the oxide
stability. Indeed, the higher-energy structures A and B (see the
figure inset) start to change the cation distribution and are at
least 0.45 eV per fu. less stable than the GM.

As for the anion distribution, we note that if introducing a
Y-O, configuration (O, nearby Y) in the GM of 3Sc8Y by
altering a single O, position, e.g,, the structure 4 (Figure 2b),
the energy rises by ~0.39 eV; if modifying the O, arrangement
from the (111)-aligned configuration in GM to a structure with
enhanced (210) orientation intensity, as in structure 2, the
energy increases by ~0.24 eV; if there are only local distortions
without changing the anion arrangement of GM, as in structure
1, there is only a ~0.10 eV energy increase. These results
indicate that the formation of the Y—O, configuration is
energetically most unfavorable in varying the anion location.

It is interesting to review the structure features observed in
the experiments for the oxides. While there is no report on the
structural features of Sc—Y codoped systems, several groups
did report the O, environment on single-doped ScSZ and YSZ.
Using **Sc and '’O NMR spectroscopy,*® Huang et al. noticed
that 8ScSZ has a significant accumulation of O, around Sc.
Using extended X-ray absorption fine structure (EXAFS),
Kondoh et al. showed that the 8YSZ system has the presence
of low-coordinated Zr atoms.*” These studies support the
direct adjacency of Zr or Sc to O,, consistent with our
theoretical findings from the GM search.

3.2. Conductivity Behaviors

With the GM structures and the thermodynamics phase
diagram, we are now in a position to compute the conductivity
for ScYSZ materials. To this end, a series of long-time MD
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Figure 3. Conductivity behaviors obtained from MD simulations. (a) Conductivity contour plot at 1000 °C for 38 compositions; (b) radar chart of
the influence of five factors on conductivity using the data in (a). The weights were determined using a random forest model.

simulations on 38 selected compositions were conducted, from
which the O anion diffusion coefficients and the conductivity
data are obtained following eq 4 (all conductivity values are
provided in Supporting Information Table S4). These 38
compositions include mostly thermodynamically favored (low
AE) cubic-phase compositions (Y-rich) and also several Sc-
rich mixed-phase compositions that are utilized for compar-
ison. Table 1 lists the key data of several typical compositions,
including 3Sc8Y and mixed phases at high Sc compositions.

The conductivity data are plotted in Figure 3a as a contour
map against the compositions, which shows, interestingly, a
pronounced high-conductivity “hotspot” (red regions) cen-
tered around 8Y compositions. Notably, 3Sc8Y emerges as the
optimal composition, achieving 0.29 S/cm at 1000 °C, nearly
double the conductivity of 8Y (Table 1). At a lower
temperature of 800 °C, 3Sc8Y still maintains a high
conductivity of 0.13 S/cm, substantially surpassing that of 8Y
(0.01 S/cm). Its neighbor composition 4Sc8Y also has a good
conductivity, 0.27 S/cm at 1000 °C. The computed
conductivity of 8Y and 3Sc8Y aligns well with the experimental
data from Kondoh et al.*® This result, on one hand, confirms
the previous conclusion on the critical role of Y, where 8Y
achieves the fastest O diffusion among single-doped zirconia
(Supporting Information Figure SS), and, on the other hand,
indicates that the promotional role of the second dopant, Sc
cations, in enhancing ionic transport lies in, quite anti-
intuitively, its substitution of Zr cation sites without interfering
with the optimal concentration and the role of Y cations.

To disentangle the factors with competing influences on
conductivity, we employed a random forest model to assess
five critical variables: the crystalline phase type, the O,
concentration, the Sc,O; concentration, the Y,0; concen-
tration, and the Sc—O, distribution. The relative contributions
obtained from the model can be visualized in the radar chart in
Figure 3b. The chart highlights the impact weights of these
factors, with each radial axis representing a specific variable and
the length of the axis indicating its relative contribution to
conductivity. It shows that the order of importance follows
crystalline phase (29.3%) > Sc,0; concentration (26.7%) >
Sc—0, distance (22.7%) > O, mol % (13.1%) > Y,05 mol %
(8.2%). Not surprisingly, we see that the crystalline phase
dominates the conductivity modulation, as the cubic phase
provides the fastest channel for oxygen diffusion and the
monoclinic phase is simply not a qualified oxygen con-
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ductor."*® As for the importance of Sc, the concentration of

Sc,0; has a greater influence on the conductivity than the
overall dopant concentration, underscoring the critical role of
Sc-substitution for Zr in enhancing the conductivity.
Conversely, Y,O; primarily stabilizes the cubic phase rather
than directly enhancing conductivity with its least importance
in the sequence. It is worth noting that these multiple factors
collectively reflect the key mechanisms previously proposed for
YSZ systems, including the effects of O, concentration and
cation- O, interactions,” > which have been discussed in
detail in our previous works."”** Here, we bring these
contributions together and quantitatively evaluate their relative
importance within a single coherent framework, extending the
analysis to the more complex ScYSZ system.

Our conductivity map establishes a theoretical framework to
interpret the long-standing discrepancies in experimental
conductivity data for high-Sc compositions. In particular, the
experimental conductivity values for 10SclY at 800 °C
measured by different groups differs surprisingly by up to 4-
fold'>**3%>* (Table 1), which, according to our radar chart in
Figure 3b, should most likely be attributed to the synthetic
procedure that produces samples with different/mixed crystal
phases.">*>*® The computed conductivity data in Table 1
shows that the conductivity of the monoclinic/rthombohedral
phase is ~1—2 orders of magnitude lower than that of the
cubic phase, even at the same composition (e.g, 0.04 for
monoclinic-dominated 10SclY vs 0.35 for cubic-dominated
10Sc1Y). Any local accumulation of Sc may be particularly
detrimental in order to form the ideal cubic phase according to
our results in Figure la. Structural analyses by several
experimental groups indeed demonstrate that Sc-rich compo-
sitions predominantly crystallize into monoclinic/rhombohe-
dral phases with embedded cubic/tetragonal inclusion.>” >’
Politava et al. reported that the increase of the f-phase content
in 10SclY by only ~6% reduces the conductivity by 11.5% at
800 °C, i.e., from 0.052 to 0.046 S/cm."? This underscores the
importance of the phase equilibrium among monoclinic, cubic,
and f-phases, which largely dictates the conductivity.

3.3. Anion Diffusion Mechanism

To elucidate the origin of the Sc-enhanced conductivity at
relatively low temperatures, we further analyzed anion diffusion
kinetics for two representative materials, 8Y and 3Sc8Y. The
diffusion rates were obtained over a temperature range of 800—
1000 °C, and the corresponding apparent activation energies
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Figure 4. Oxygen anion migration mechanisms and pathways. (a) Arrhenius plot of the conductivity § of 8YSZ and 3Sc8Y with respect to
temperature from 800 to 1000 °C. (b) Average cation-oxygen RDF for 3Sc8Y at 1000 °C, highlighting the enhanced bond length flexibility of Sc—
O compared to Zr—0O/Y—0. (c) Reaction pathways obtained from MD trajectories at 1000 °C by plotting the density of the Euclidean distances of
the pathways. (d) Y—O RDFs for 7-coordinated Y (Y,) sites in the FS structure of 8YSZ and 3S5c8Y, corresponding to the Path-1 mechanism. The
inset shows the FS structure of Path-1 of 3Sc8Y, highlighting the shortened Y—O (2NN) distance at 3.83 A. (e) Representative snapshots (100 fs
intervals) of the dominant anion diffusion pathway type (Path-1) in 3Sc8Y, with relative energies (eV) indicated; two views along the (010) and
the <110) directions were shown to elucidate the structure evolution. Distances shown in the figure are given in A.

were then extracted through Arrhenius fitting, as shown in
Figure 4a. Not surprisingly, a substantial drop in the activation
energy is found when Sc is added, i.e., from 0.83 eV in 8Y to
0.57 eV in 3Sc8Y. This kinetics data confirms that the presence
of Sc does help to promote O diffusion and enhance the
conductivity.

By comparing the MD trajectory with and without Sc, we
found that 3Sc8Y has a more flexible cationic framework,
where the Sc—O bond distance exhibits a large distribution.
Figure 4b shows the averaged RDF of the cation-O pair in the
MD trajectory at 1000 °C in 3Sc8Y. Compared to Zr—O and
Y—O, Sc—O RDF has broader INN and 2NN peaks, reflecting
a greater variability of the bond length. In addition, the
averaged Sc—Sc RDF (Figure S6) shows a broad distribution
in the first and second peaks, also reflecting the dynamic

2135

flexibility of the cationic framework. This characteristic
facilitates a soft lattice rearrangement during oxygen migration.
In contrast, the cation—O pairs in 8Y exhibit narrower peaks
with sharply defined distance distributions, showing cations
largely constrained to their ideal lattice sites (see Supporting
Information Figure S7). It reflects the fact that both the Zr—O
and Y—O bonds are rather rigid during O diffusion compared
to Sc—O bonds.

We then examined in detail how the O diftusion is affected
by the Sc dopant. By taking structures from MD trajectories at
1000 °C every 100 fs over a 40 ps simulation window, we
relaxed them to their intrinsic states (local minima) and then
connected them to generate 400 consecutive diffusion
pathways, which form consecutive initial states (IS) and final
states (FS). Finally, we searched the reaction pathways to
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identify the reaction transition state (TS), if available, by using
the doubled-ended surface walking (DESW)® method.

Among 400 pathway candidates, we captured 68 O diffusion
events from 3Sc8Y, nearly three times more than that (24)
from 8Y. The rest of the pathways have no O diftusion but only
local structure distortive motion. These O diffusion pathways
are summarized in Figure 4c by plotting the IS-FS distance, i.e.,
the O diffusion distance, versus the density of the states (DOS)
of the pathway. It shows that most O diffusion pathways in
3Sc8Y have the IS-ES distance at ~3.2 A, labeled as Path-1 in
the figure, suggesting a multi-ion cooperative migration within
100 fs, while in 8Y it primarily occurs at ~2.5 A pathways,
labeled as Path-2 in the figure, reflecting a single O diffusion
along the (100) direction (also see Figure S8a). Apart from the
major peak position, the DOS of pathways in Figure 4c for all
distances in 3Sc8Y are consistently larger than those in 8Y,
indicating all O diffusion events occur much more frequently
in 3Sc8Y.

By inspecting closely the O diffusion pathways, we observe
that Sc dopant amplifies particularly the chance for migration
of Y sites near Y sites appreciably: 20 events occurring near Y
INN sites in 3Sc8Y, while only 4 events in 8Y. This is
consistent with the fact that O, has a higher chance to be at the
INN neighborhood of Y in the MD trajectory at 1000 °C in
3Sc8Y, as reflected by the increased density of the first peak in
the Y—O, RDF (Figure S9). It suggests that while O, dislikes Y
as the first neighbor in the GM structure, the Y—O,(1NN) pair
plays an important role in the O diffusion kinetics. The
presence of Sc helps to stabilize O,—Y INN pairs and thus
promote the diffusion.

We selected one representative O diffusion pathway to
understand how Sc stabilizes the O,—Y structure, as shown in
Figure 4d,e. Path-1, a representative pathway occurring in
3Sc8Y, involves two O cooperative migrations, and the
pathway involves both the coordination changes of nearby
cations (e. g, Zre/Y;/Sce.) and transient interstitial
occupation of anions. This process comprises two elementary
steps: first, the first O atom (O1) migrates along the (100)
direction, bypassing a transition state (TS1) with a 0.13 eV
barrier, forming intermediate IN1, where Ol occupies an
interstitial site. Next, O1 migrates further with a nearby Y—
INN O2 migration along (100) cooperatively to achieve the
second transition state (TS2, 0.32 eV barrier), ultimately
yielding the final state (FS) featuring Y. coordination. We
note that the analogous dual-O migration pathway in 8Y has a
much higher barrier of 0.56 eV (Figure S8b).

Figure 4e shows clearly that the cooperative O diffusion in
Path-1 of 3Sc8Y involves unusually significant Scg,—O bond
length fluctuation, ~2.1—2.9 A, although the Sc is not directly
linked with the O diffusion center. This further affects the
geometry flexibility of the distal (second-shell) O that also
contracts from 4.57 to 4.27 A in the distance to Sc (Figure 4e).
For the Y, in the reaction center, its distance with the 2NN O,
Y—O(2NN) pairs, has a lowest value of 3.83 A at the FS, as
reflected by the Y,.-O RDF in Figure 4d: a new peak (marked
by a red circle) appears by splitting from the conventional ~4.3
A peak. Apparently, this compressed 2NN shell enhances the
electrostatic interaction of the Y’ center (a better charge
screening), thereby stabilizing the otherwise unfavorable Y—0O,
configuration. Overall, the flexibility of Sc—O bonds softens
the local phonon modes, flattening the energy landscape of the
oxygen cooperative migration by allowing a closer contact of
Y,. with O(2NN). The synergistic effect lowers the

C

reorganization energy at TS2, explaining the reduced 0.32 eV
barrier in 3Sc8Y compared with the 0.56 €V in 8YSZ.

To recap, our MD simulations and pathway analyses reveal
the kinetic origin of the conductivity enhancement caused by
Sc doping. The presence of Sc enhances oxygen mobility by
stabilizing the key intermediates, the Y—O, pairs, promoting
cooperative multi-ion transport through a more flexible Sc—O
framework, and thereby lowering the oxygen diffusion barrier
and opening more long-range diffusion channels.

4. CONCLUSIONS

By developing the first global neural network (G-NN)
potential for the Sc—Y—Zr—O quaternary system and
conducting extensive stochastic surface walking (SSW) global
optimization, this study systematically maps the PES of Y, Sc
costabilized ZrO,, spanning millions of structures across 65
compositions (6.7—14.3 mol % dopants). We identify a
thermodynamically stable cubic phase region (Sc/Y < 1, Y,04
> 8 mol %), within which the Sc/Y = 3:8 composition achieves
exceptional ionic conductivities of 0.13 S/cm at 800 °C. This
enhancement arises from two synergistic effects. First, Sc*
cations stabilize the close-contact O,—O, (111) pairs by
forming Scg,. cations, indicating Sc can effectively help Zr to
accommodate O, at a higher concentration, a key thermody-
namic condition to achieve higher oxygen conductivity;
second, Sc can reduce the O migration barrier kinetically by
offering a flexible cation-O framework, which helps to stabilize
the key Y,.-O intermediate state. The critical roles of Sc can be
understood as the consequence of its smaller ionic radius and
smaller cationic charge compared to those of Y. Our findings
establish the theory of Sc cation promotion on YSZ
conductivity, offering general design guidance for IT-SOFC
electrolytes and a framework for accelerating complex oxide
discovery.
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