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ABSTRACT: The temperature and composition dependence of GM®YSZ) In(oT) (S/em K)

the ion conductivity for yttria-stabilized zirconia (YSZ) have been
hotly studied over the past 50 years. Due to the sluggish oxygen
anion diffusion and the low doping of oxide, the computation of
ion conductivity traditionally has to be performed with empirical
force field potentials in order to achieve the required long
timescale, which, however, fails to reproduce some critical
observations in experiment, e.g, the conductivity maximum
achieved at 8 mol % YSZ at the operating temperatures. Here by ¢4 oz oy
using our recently developed Y—Zr—O global neural network (G-

NN) potential, we are able to carry out a series of long-time molecular dynamics simulations for YSZ at 6.7, 8, 10, and 14.3 mol %
over a wide temperature range (800—2000 K). This finally quantitatively resolves the effects of temperature and composition on the
ion conductivity. We confirm the key experimental findings that (i) 8 mol % YSZ has the highest ion conductivity, 0.16—0.51 S/cm,
at 1200—1600 K, agreeing with 0.16—0.55 S/cm in experiment, and the maximum conductivity shifts to the higher Y composition
above 1600 K and (ii) over the wide temperature range (800—2000 K) the ion conductivity of 8YSZ exhibits the non-Arrhenius
behaviors with two different activation energies. The physical origin for these peculiar phenomena is revealed at the atomic level by
analyzing the MD pathways. The presence of monoclinic phase and the aggregation of oxygen vacancy along (112) are two key
factors to retard oxygen diffusion. For 8 mol % YSZ, the oxygen movement is dominated by local vibrations below 1000 K but
becomes delocalized above 1000 K, which results in the gradual aggregation of oxygen vacancy along a new (112) direction. Our
results demonstrate that the G-NN potential from unbiased machine learning of the global potential energy surface can meet the
high standard in both accuracy and speed required for material simulation.
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1. INTRODUCTION energies (E,) according to the Arrhenius plot."*~'” The high
Yttria-stabilized zirconia (YSZ, Y,,Zr,_,,0,_,) is one of the temperature (>1073 K) barrier in 8YSZ is 0.70 eV'*'" but
most important ion conducting solids, widely used in solid increases to 0.96—1.16 €V in 8YSZ at low temperatures (<973
oxide fuel cells (SOFCs), solid oxide electrolysis cells I<)-l6'18 Because of the difficulties in determining atom
(SOECs), and oxygen sensors.' ¢ Chemically, the ion position and tracing atom motion in solid from experiment,
conduction in YSZ can be understood as the consequence of it remains largely unclear on how O anions transport in YSZ.
the motion of oxygen vacancies (O,) that are present due to Theoretical simulations have been the major tool in the field
the charge balance required by doped Y** cations to replace to understand the conductivity phenomena at the atomic level,

Zr**. The ever-increasing observations on the measured
conductivity from experiments are, however, far more
intriguing than one’s expectation. To name two of key
significance: (i) the ion conductivity peaks at a particular
low Y—Zr ratio’"" at the operating temperatures (below 1670 Received: May 14, 2020
K), i, 8 mol % Y,05(8YSZ) with typically 0.1-0.2 S/cm at Revised:  June 18, 2020
1273 °C,"* but not at those with higher Y concentration and Published: June 22, 2020
stochiometrically more O,; (ii) while the conductivity

increases with the lift of temperature, the high temperature

and the low temperature regions exhibit distinct activation

mainly using molecular dynamics (MD) based on empirical
force field potentials (e.g, in the form of Born—Mayer—
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Huggins (BMH) potential'**°). This situation is certainly a
compromise because the low doping YSZ (e.g., 8YSZ) involves
large cells in modeling and the slow oxygen transportation asks
for long-time simulation. It has been well documented that, in
contradiction to experiment, the computed diffusion coef-
ficient reaches the maximum generally below 8 mol % Y,O;
below 1700 K (e.g, 6—8 mol % below 1125 K by
Devanathan;>' 4 mol % below 1500 K by Araki;** 6.4 mol %
at 1250 K by Marrocchelli;**7 mol % at 1273K by Chang;**
5—7 mol % below 1700 K by Sizov;** 4—6 mol % below 1600K
by Huang;’® more summarized in Table S1). As for the
temperature dependence of conductivity, again few simulations
can reproduce the experimental phenomena. Ngai et al.””**
and Li. et al.”’ proposed that the observed non-Arrhenius
dependence of the conductivity was due to the glassy
nature”” " for 8YSZ using Vogel—Fulcher—Tammann law.*’
The barrier reduction from low to high temperature has been
tentatively explained by many groups”'»'®?** as the
consequence of, for example, the likely Y—O, pairing below
900 K that constrains the motion of O,, and the effect of the
grain boundary on conductivity at low temperatures.'®**
These, however, were not evidenced directly by simulations.
The above puzzles between theory and experiment may be
attributed to 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.”*° (ii) the
uncertainty on the exact YSZ structures in experiment,
including the phase (monoclinic, cubic, tetragonal), the Y
(Zr) cation distribution, the defect, and phase boundaries.
Considering that the Y distribution in YSZ was long believed
to influence strongly the O, diffusion, it is essential to
determine that in stable structures of YSZ in priori, which was,
however, not feasible using MD-based techniques based on
force fields. The previous simulations generally assume the
fluorite cubic crystal structure and utilize the random Y/Zr/O,
distributions in cubic lattice as the initial configuration.

To solve the above puzzles, we recently developed the first
machine learning potential for the Y—=Zr—O ternary system,
ie, the YZrO global neural network (G-NN) potential,36
which was validated by DFT calculations. Using stochastic
surface walking””*® global optimization based on G-NN
potential (SSW-NN),””~*' we have identified the atomic
structure for the most stable phase, the so-called global
minimum (GM), for a series of YSZ with different Y
concentrations, and thus established the thermodynamic
convex hull diagram for YSZ. Fundamental knowledge on
the atomic structure was thus established; for example, the
pairing of Y cations with a Y—O=Y pattern is quite common in
the GM of YSZ; O, prefers to locate the nearby Zr cation as
the first nearest neighbor (INN) in 6general and align along
particular crystallographic directions.’

In this work, we continue our efforts to determine
quantitatively the O anion transportation kinetics at elevated
temperatures using machine learning simulation. Differently
from previoius work, we are now at a better position: first,
equipping with a reliable Y=Zr—O G-NN potential; second,
having a good knowledge on the GM structures and thus their
cation positions. By performing extensive MD simulations for
YSZ systems from 6.7YSZ to 14.3YSZ that are most relevant to
engineering applications over a wide temperature range (800—
2000 K), we obtain their ion conductivity and identify the
oxygen diffusion pathways. In general, the machine learning

simulation results are quantitatively consistent with the known
experimental data. The physical origin of the non-Arrhenius
behavior is resolved by analyzing the O, motion trajectory at
different temperatures.

2. METHODS

All simulations based on G-NN potential were carried out by
using our recently developed LASP code, Large-scale Atomic
Simulation with neural network Potential (released at www.
lasphub.com),* which imPIements the data generation using
SSW global optimization,‘7’38 training, and evaluation of G-
NN potentials.”” The Y=Zr—O ternery G-NN potential was
trained by learning the global potential energy surface (PES)
data generated by SSW global optimization, as reported
previously.’® In brief, the Y—Zr—O global data set consists of
28 803 structures, covering pure Zr, ZrO,, Y,0;, and Y/Zr ~
1:9 to ~4:3 mixed oxides, that were calculated by plane-wave
DFT calculations™ at the high accuracy setup. The G-NN
potential has a five-layer (188—60—50—50—1) feed-forward
NN structure, in total 71103 fitting parameters. The root-
mean-square (RMS) errors for the energy and the force of the
G-NN are 7.674 meV/atom and 0.165 eV/A, respectively, for
the global data set.

In order to identify the equilibrated volume (lattice), the
initial structure relaxation was always carried out for 1 ns using
the isothermal—isobaric (NPT) ensemble at the target
temperature for YSZ systems at different Y concentrations.
The ion motion was then simulated by using a Nose—Hoover
thermostat***> at the canonic ensemble for YSZ systems
ranging from 282 to 2528 atoms per supercell. Thanks to the
high speed of G-NN potential calculations (>4 orders of
magnitude faster than DFT calculations*®), we are able to carry
out the long-time MD simulation for these large systems up to
10 ns with a time step of 1 fs. The first 1 ns of the NVT
simulation was assigned to equilibrate the system and the
statistic average of the anion diffusion was calculated over the
remaining time. For the purpose of analysis, the local relaxation
was utilized to obtain the intrinsic structure for the structure
snapshots taken from MD trajectories until the maximal force
on atom below 0.01 eV/A.

The terms that are utilized and computed in this work are
introduced as follows. The average radial distribution functions
(RDF), g(r), for Zr—-0O,, Y-0,, and O,—O, pairs can be
computed using eq 1,

1 Ny
VvV Ny Zi:l nOv,i

4nr’Ar (1)

r) =
gX—Ov( ) NO/OV

where the X represents the centering Zr, Y, or O; Moy, 18 the
number of O, situated between the distance r to r + Ar from
the centering X atom. g(r) is normalized by dividing the total
number of centering atoms in the cell, the number of anionic
sites N, ., in the perfect cubic lattice (=N, + N,,), and the
volume of the cell (V). In the luorite (cubic) structure, each O
should be surrounded by four cations, i.e., at the center of a
tetrahedron. The O, analysis is thus basically to identify all
tetrahedra formed by cations, each containing either one anion
or one 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.

The Einstein relation was used to determine the oxygen
diffusion coefficients (D) from the slopes of mean square
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Figure 1. (a) GM structures of four YSZ systems determined in our previous work.*® Important Y=Y distances are labeled in A. (b) Oxygen
diffusion coefficient D of oxygen vs the concentration of Y,0; at different temperatures. (c) Arrhenius plot of the conductivity ¢ of 8YSZ with
respect to temperature from 800 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.

displacements of oxygen atom (Ar?) plotted versus simulation
time (t):

(Ar(1)*)

D = lim

t— o0 t

)

The activation energies for oxygen diffusion (E,) were
computed by fitting the calculated diffusion coefficients to
the standard Arrhenius form using the following relation:

Ea
D=0 QXP(_E) 3)

The E, values thereby obtained were used to characterize the
dependence of averaged diffusion barriers on different YSZ
compositions. The conductivity of oxygen ions ¢ was finally
derived from the Nernst—Einstein relation with the diffusion
coeflicient D:

qZDN( FZ )
o= S
VN, | RT (4)

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

3. RESULTS AND DISCUSSIONS

Models and Structures. Instead of using random cation
distribution, our MD simulations start from the GM structures
of Y,,Zr,_,,0,_, obtained in our recent work,*® which have
been confirmed by DFT calculations. Four low Y concen-
trations (Y,0;% = Y,0,/(Y,0; + ZrO,) = /(1 — x) = 6.7,

15087

8.0, 10.0, and 14.3 mol %) are chosen to understand the
peculiar conductivity at 8YSZ. For convenience, these GM
structures are also shown in Figure la and briefly introduced
below.

We have found that, except for the GM of the lowest
concentration, 6.7YSZ, that adopts the monoclinic lattice, the
other three concentrations (8YSZ, 10YSZ, and 14.3YSZ) have
the cubic phase GM. These results on the phase of GM are
consistent with the phase diagram (at ambient temperature)
reported in experiment.”” With the increase of temperature,
the monoclinic phase may transform to tetragonal/cubic
phases (also see results below). It should be emphasized that
in these GMs, the positions of Y cations are not random (see
ref 36 for details). For example, in 8YSZ, every two Y cations
tend to form pairs, in a Y—O-Y local pattern. The empirical
force field potentials predict wrongly the GM where unpaired
Y cations are preferred.

lonic Conductivity. By performing long-time MD
simulation using LASP, we have obtained the anion diffusion
coefficient for the four YSZ samples within 400 atoms per cell,
ie., 6.7YSZ:Y,Zrg,0,94, 8YSZ:Y sZry,0,05, 10YS-
Z:Y,,Z1,050,5,, and 14.3YSZ:Y3,7Z1r960,40- In order to check
the supercell size effect on the diffusion constant, the systems
with more than 2000 atoms per cell were also performed at
1400 K. It shows that the diffusion coefficients obtained from
the larger system is similar to the results obtained from the
smaller cell (e.g., for 8YSZ at 1400 K the difference is 0.003 X
107 m?/s). Therefore, the oxygen diffusion coefficients
reported here were calculated from the simulations within
400 atoms. This allows us to fast compute every YSZ
composition for up to eight different temperatures with a

https://dx.doi.org/10.1021/acs.jpcc.0c04331
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long timescale up to 10 ns. Typically, a few nanoseconds are
found to be long enough to converge diffusion coefficient D at
the operating conditions (example shown in the Figure S1).

The calculated diffusion coefficient D is plotted against the
concentration of Y in Figure 1b from 1200 to 1800 K. For the
first time, we show by simulation that the D of the oxygen
anion peaks correctly at 8YSZ for a wide temperature range
below 1600 K, reproducing the key finding in experiments.'”
With the increase of temperature to 2000 K, the maximum of
the D curve shifts from 8 mol % to the higher dopant
concentrations. This trend was also noticed by Nakamura et
al.>' and Weller et al.”” in experiment (the temperature higher
than 1600 K is out of the operation temperature of YSZ). Two
important findings can be gleaned from our simulations: (i)
the cubic phase enhances significantly the conductivity; (ii) the
cationic distribution is also important to the conductivity.
They are elaborated below.

As we stated above, 6.7YSZ prefers the monoclinic lattice in
the GM. In simulation, we observe that 6.7YSZ remains as the
monoclinic phase below 900 K, which could be distinguishable
from simulated XRD pattern with the major peaks (26) at
28.1°and 30.1° and the calculated D value is 60% less than
that of 8YSZ (see Figure S2). But, it does undergo the phase
transition to the cubic phase above 1200 K and thus the D
difference with 8YSZ is reduced to 9.6% only. For comparison,
we also examined the D value for an even lower dopant
concentration, 5.3YSZ at 1400 K, which remains mostly as the
monoclinic phase. Our results show that the D value is 100
times smaller than that of 8YSZ at 1400 K.

In our simulation, we never observe the cationic movement
for all compositions up to 2000 K. This is understandable since
the cationic movement has a very high barrier, ~5 eV.>>>*
Because we adopt the cationic distribution as the GM, it is
natural to wonder whether it is the random cationic
distribution utilized previously by empirical force field
calculations that shifts the conductivity peak to lower Y
concentrations. Indeed, by using the same initial structure and
BMH potential, we have repeated the same MD simulations as
we did using the G-NN potential, and the results are shown in
Figure S3. We found that, interestingly, the 8YSZ is still the
peak composition with the BMH (Brinkman) potential,"’
which confirms the importance for the correct cationic
distribution on the conductivity. By comparing the results
from G-NN (experiment) with those from BMH potential, we
can see that the major difference occurs at the 6.7YSZ, where
the force field predicts much too low D. Again, this should be
caused by the lack of the natural phase transition from
monoclinic to cubic due to the poor description of monoclinic
phase by the force field.

Activation Energy. Our calculated conductivity ¢ values
(using eq 4) for 8YSZ at different temperatures are shown in
Figure 1c, and the available experimental data are also plotted
in the figure for comparison. It can be seen that both theory
and experiment show the transition of conductivity at ~1000
K, although the theoretical one appears to be much more
abrupt (discussed below). At the operating temperature of
YSZ, i.e., from 1200 to 1600 K, the simulated conductivity of
8YSZ ranges from 0.16 to 0.51 S/cm, well consistent with the
experimental results' "> from 0.16 to 0.55 S/cm. As listed in
Table 1, the agreements between theory and experiment are
also good for the other dopant concentrations at these
temperatures. However, at the low temperatures, ie., below
1000 K, the calculated data from theory are orders of

Table 1. Comparison of Selected Calculated Oxygen
Conductivity in This Work with G-NN Potential, the
Calculated Values from the Literature, and the Available
Experiment Data

PES method composition T (K) o (S/cm)

G-NN potential (this work) 6.7YSZ 1600 0.44
8YSZ 1200 0.16

1300 0.23

1500 0.42

1600 0.51

10YSZ 1600 0.32

14.3YSZ 1600 0.35

BMH (Brinkman)*® 8YSZ 1200 0.26
1600 0.34

10YSZ 1600 0.26

BMH (modified Brinkman)?® 8YSZ 1200 0.16
1400 0.28

1600 0.39

10YSZ 1600 0.33

BMH (Schelling)** 8YSZ 1300 0.11
1500 0.18

BMH (Brinkman)>* 8YSZ 1300 0.28
1500 0.31

BMH (refitted)* 8.1YSZ 1500 0.13
9.9YSZ 1500 0.49

experiment 6.7YS2*° 1670 0.45
8ysz'! 1223 0.16

8Ysz'? 1273 0.19

8Ysz'? 1473 0.47

8YSZ'? 1573 0.55

10YSz" 1573 0.50

14.3YSZ*° 1670 0.30

magnitude lower than the experimental data. This may not
be surprising since the diffusion of oxygen becomes extremely
low in the perfect bulk (1072 m?/s or smaller) below 1000 K
and even a small amount of defect sites (e.g, phase
boundaries) in the real material may become overwhelmingly
important to the condutivity. In fact, this result is not new as
the empirical potential calculations also find the low
conductivity at the low temperatures.”

By using the Arrhenius plot to correlate the conductivity o
with temperature, we have determined the activation energy E,
of anion diffusion for 8YSZ from the slope of the linear fit
according to eq 3. Clearly, our data can only be approximated
by two linear-fitted lines, one at high temperatures above 1000
K and one at low temperatures below 1000 K. From the fitted
line, E, is 0.63 eV above 1100 K and is 0.87 eV below 1000 K.
These data compare well with the experimental data, i.e., 0.70
and 0.96—1.16 eV for the high and low temperature regions.
Similarly, we also analyzed the Arrhenius behavior for 10YSZ
and 14.3YSZ and found that all of them exhibit the
temperature dependence of E, The high temperature and
the low temperature E, are 0.84 and 1.21 eV for 10YSZ, while
it is 1.0$ and 1.73 eV for 14.3YSZ.

It should be noted that E, fitted from an Arrhenius plot may
suffer from a certain uncertainty, in particular, at the low
temperature region (<1000 K) due to the slow convergence of
the diffusion coefficient D. For example, 23% decrease in
conductivity in 800 K may lead to the increase of E, to 0.96 eV
(increase 12%). We do observe that the D at 800 K has a high
difficulty in convergence: even with a long simulation, 10 ns,

https://dx.doi.org/10.1021/acs.jpcc.0c04331
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the value still oscillate by +25%. Nevertheless, because of the
too low conductivity from the perfect bulk calculations that is
beyond the numerical uncertainty, we can conclude quite
safely that the presence of defects should dominate the low
temperature measurement in reality and leads to the apparent
discrepancy in conductivity between theory and experiment at
low temperatures.

For now, our simulations succeed in reproducing three key
facts observed in experiments, namely, the existence of
diffusion coefficient maximum at 8YSZ below 1600 K,'* the
temperature dependence of the conductivity maximum,*” and
the temperature dependence of the activation energy.'® To
provide deeper insights into the above observations, we need
to further analyze the structure evolution with the change of
temperature and composition.

Structure Evolution for Different YSZ at 1400 K. Since
the conductivity of YSZ is related to O, motion, we have first
analyzed the evolution of O, distribution during the MD
simulation. To do so, the structure snapshots taken every 20 ps
from MD trajectories are fully relaxed to quench to the local
minima, the so-called “intrinsic structure”, from which the
vacancy position based on the ideal cubic lattice can be
identified (see our previous work’®). The RDF associated with
O, can then be calculated by averaging the structure snapshots
obtained over the equilibrium time. In Figure 2, we show the

Y-Ov -— GM Ov-Ov —_— GM
SYSZ — 1400K| 8y 57 210> — 1400K
112
A “ <110
10YSZ 10YSZ
z O
3 §
= -]
so oL
P
14.3YSZ 14.3YSZ
Ao MM,
6 2 4 6 8 10 12

r (distance, A)

Figure 2. Radial distribution function g(r) of the Y—O, (left panel)
and O,—O, (right panel) pairs at 1400 K from MD simulation and
those of the GM for 8YSZ, 10YSZ, and 14.3 YSZ.

Y-O, and O,—O, RDFs for 8YSZ, 10YSZ, and 14.3YSZ from
MD trajectories at 1400 K (red lines), together with the same
RDFs of the GM structures (black lines). The Zr—O RDFs are
shown in the Supporting Information in Figure S4 only since
they are not sensitive to both the Y concentration of YSZ and
temperature.

The RDFs of Y—O, shows that the Y—O, peaks appear at a
series of characteristic positions for different YSZs, i.e., the first
peak at ~2.3 A, the second peak at ~4.1 A, and so on. By
comparing the RDFs at 1400 K with the RDF of GMs, we can
see that the high temperature leads to the occurrence of Y—O,
peaks at ~2.3 A for all three YSZ compositions, indicating the
O, starts to populate at the first nearest neighbor (1NN) of Y,
forming the Y—O, pattern. This is obviously caused by the
oxygen migration. Considering the low intensity of the 1NN

peak, most O, remain to locate near Zr. Furthermore, by
comparing different YSZs, we find that the intensity of the first
peak decreases with the increase of Y concentration from 8 to
14.3YSZ. This is in fact consistent with the O, in 8YSZ having
the highest diffusion coefficient and having the higher chance
to appear near Y cations at 1400 K.

In line with the Y—O, RDFs, the O,—O, RDFs shown in the
right panel of Figure 2 reflect clearly a more homogeneous
distribution of O, at 1400 K compared to those of GM,
yielding a rather continuous curve in RDF. Two key features of
0,—O, RDFs are summarized as follows.

(i) The close contact between O, as reflected by the peaks
related to the (100) (~2.5 A) and (110) (~3.6 A) directions
are not favorable and only 8YSZ and 10YSZ show small peaks.
Since O, is generally near Zr, it suggests that the six-
coordinated Zr with two O, appearing in its INN shell, i.e.,
0,~Zr—0,, are indeed present, although with a low
concentration, at the operating temperatures of YSZ.

(ii) The two peaks at the (210) (~5.8 A) and (112) (~6.2
A) directions form the primary feature in all three YSZ
systems. For 8YSZ, the (210) peak remains as the highest peak,
although the (112) peak is originally not present in the RDF
for the GM of 8YSZ. By contrast, for 10YSZ and 14.3YSZ, the
(112) peak is the highest. Since O, tends to avoid O, in oxygen
diffusion, it is expected that the larger diffusion coefficient of
8YSZ arises from its preference of the (210) direction over the
(112) direction. This is consistent with the knowledge
obtained previously,® where the lowest energy pathway of
oxygen diffusion in the GM is found to follow the (100)
directions and thus has a chance (i.e., [001]) to avoid the
nearby O, when O, is not present in the (112) direction.

In experiment, Kondoh et al.>> by using extended X-ray
absorption fine structure (EXAFS) observed the decrease in
the INN coordination number of Zr ions (from 8 to 5.6) of
8YSZ at 1273 K for 1000 h. It suggests that the O, aggregation
near Zr occurs, i.e, O,—Zr—0,, in agreement with our results
in 0,—O, RDF. Goff et al.,*° by using the neutron and X-ray
diffraction, showed that the O, preferentially arranges along
the (111) direction below ~15YSZ and, as the Y concentration
increases, these (111) vacancy pairs pack together in (112)
directions to form aggregates, which is detrimental to the
conductivity. This finding also supports our results that the
high intensity of the (112) peak would hinder the oxygen
diffusion.

Structure Evolution of 8YSZ at Different Temper-
atures. Next, we focused on the structure evolution of 8YSZ
at different temperatures in order to understand why the
conductivity increases rapidly above 1000 K. Similarly, we have
plotted in Figure 3 the Y—O, and O,—O, RDF for 8YSZ from
800 to 1400 K on the basis of the intrinsic structures from MD
trajectories (the results above 1400 K are not particularly
different from that at 1400 K and are shown in Figure S5).

The RDFs of Y—O, shows clearly the abrupt emergence of
the peak at ~2.3 A above 1000 K, where the Y—O, has the
close contact. With the increase of temperature, this peak
grows gradually in intensity, which is consistent with the
increase of oxygen mobility at the higher temperatures. Except
for the first peak, the temperature dependence of Y—O, RDF is
not dramatic, only exhibiting the peak broadening at high
temperatures.

For the RDF of O,—0,, similarly, they are largely the same
as that of the GM when the temperature is below 1000 K. In
parallel with the emergence of the new Y—O, peak at 2.3 A
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perfect cubic structure (left), the missing one O, (middle) and the addional one O, (right) identified in intrinsic structures from MD trajectory. All

views are along the (110) direction.

above 1000 K, the O,—O, RDFs also experience a transition
from 1000 to 1200 K: a new (112) peak appears in accompany
with the shrinking of the (210) peak. In the meantime, the
(110) peak (~3.6 A) with the smallest separation between O,
starts to emerge at 1200 K, suggesting the tendency toward the
homogeneous distribution for O, above 1000 K.

In fact, due to the migration of O, (oxygen anions) at high
temperatures, the apparent number of O, for the high-
temperature structure snapshots along MD trajectory can
oscillate, i.e, no longer constant as 8 per supercell, the
stochiometric number per Y,4Zry,0,0g formula. Because the O,
can only be identified by matching with the perfect cubic
lattice, the change of the O, number implies the local
distortion of the cubic structure obtained from MD
simulations. As shown in the right panel of Figure 3a, we
have plotted the variation of the apparent number of O, with
time. It is interesting to note that at low temperatures (800 and
1000 K), the apparent number of O, is constant, being the
nominal number 8. Above 1000 K, the number of O, fluctuates
and on average the number is below 8, specifically, deceasing
from 7.97 at 1200 K to 7.88 at 1400 K, and finally to 7.14 at
2000 K.

To illustrate how the apparent O, number oscilate, we have
collected the local coordination patterns for the structures with
unconventional O, numbers in Figure 3b. The structure with
one less O, (missing 10v) is due to the oxygen anions
movement along [110] direction: the two oxygen atoms near
the original O, position move along [110] direction that makes
the original vacancy seemingly to disappear. By contrast, the
structure with the O, number increasing by one (addional
10,) is caused by one O atom moving along (001) direction
by half O—O lattice length (~1.3 A), producing two vacancies
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(V1 and V2 in Figure 3b) near the central cation. Both
phenomena stem from the local structural distortion away from
the perfect cubic structure.

All these features confirm that O, start to have a high
mobility only above 1000 K. This is a consequence of the
highly activated O migration: the high temperature contributes
to the entropy gain and helps to overcome the high energy cost
to move O, away from their positions at the GM. It is thus
expected that the two distinct apparent barriers in Figure 1c
corresponding to the low and high temperatures are related to
two different types of O, motion: below 1000 K the lattice site
vibration is dominated, while the long-range migration occurs
above 1000 K. To confirm this, in the following we examine
the pathways of oxygen motion at different temperatures.

Vacancy Migration Pathway. Finally, we inspected
closely the MD trajectories for 8YSZ at 800 and 1400 K to
understand how the O, move at different temperatures, The
structures every 100 fs from MD trajectories in a total 20 ps
window were collected. By fully relaxing these structures to
their intrinsic structures, we have obtained 31 reaction pairs for
800 K and 198 for 1400 K, where each reaction pair constitute
two consecutive structures in MD trajectory, the initial (IS)
and the final state (FS), but being different in their atom
positions. Then, the reaction pathways between these reaction
pairs were connected using double-ended surface walking
(DESW) method,”” and the transition states were located. In
Figure 4, we show the reaction energy (the energy difference
between FS and IS) versus the Euclidean distance (A, the sum
of the displacement of atoms) between the pair for the 800 and
the 1400 K pathways.

We found that the reaction pairs at 800 K are generally close
in geometry, distance below 2.2 A, and the reaction energy is

https://dx.doi.org/10.1021/acs.jpcc.0c04331
J. Phys. Chem. C 2020, 124, 15085—15093


https://pubs.acs.org/doi/10.1021/acs.jpcc.0c04331?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c04331?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c04331?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c04331?fig=fig3&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c04331?ref=pdf

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

1.5 b=
N, Path_800K .
® Path_1400K
1.0 4 ;“0 o T
L ] L ]
%M s % 1 :
= ®e o % ® s ®
& 0® § [ ]
= e ®o 0 O
20.0 vy A, ". ‘...,J’o ® .
": §oo ’.:‘...‘ ° " ® :
.E_ v o e L)
g 0.5 @ v}.. ..‘..
@ ® Y S 9
-7 o *°%%
-1.0 «®, o
.. @
I'S— L L 1 s s 1 A i '}
b)
72]
(=}
(=]
2N
0 1 2 3 4 5 6 7 8
Distance (A)

Figure 4. (a) Reaction pathways obtained from MD trajectories at
800 and 1400 K by plotting the reaction energy versus the Euclidean
distances (the top panel). The reactions are those with structural
changes in 100 fs by recording the two consecutive configurations
from MD trajectories. (b) Density of the distances of the pathways.

generally lower than 0.4 eV in magnitude. Considering that the
O, diffusion to its INN position must involve an O atom
diffusion of ~2.3 A, there is essentially no O, migration within
100 fs at 800 K but only the atomic vibration around their
cubic lattice position. By contrast, at 1400 K, many reaction
pathways have a long distance, up to 7.5 A, as shown by the
scattered red points in Figure 4a and the reaction energy can
be as large as 1.6 eV in magnitude. The reactions with the
distance ~4.7 A are most populated, where the main peak
occurs according to the calculated density of the states for the
pathways (Figure 4b). These reactions can be different types,
for example, a single O, anion diffusion to its 3NN position
along (111) direction (distance 4.4 A) and a more than one O,
anion move to its INN position along (100) direction. In
Figure S6, we illustrate such a reaction, where two O, move
within 100 fs, one jumping to its 2NN position along (110)
and another to its INN position along (100). After the
reaction, a Y—O, pair forms at the FS and the reaction costs
1.09 eV. Since both IS and FS are the quenched intrinsic
structure from the MD trajectory, it confirms that the large
enthalpy cost due to the formation of Y—O, pattern has been
overcome by the entropy gain at 1400 K.

The above data explain that the measured activation energy
for the ion conductivity at the operating temperature differ
from that at the low temperature. The reaction switches from
local vibration dominated movement to the long-range
diffusion above 1000 K. The local nature of the oxygen
movement at low temperatures is consistent with the very low
ion conductivity calculated from theory, which in turn suggests
that the experimental measured ion conductivity below 1000 K
cannot be related to the bulk oxygen movement. At high
temperatures, oxygen anions are no longer restrained to the
lattice position, leading to intriguingly new features that are not
present at low temperatures: (i) the formation of Y—O, pairs;
(ii) the increasing peak intensity at (112} direction; and (iii)
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the oscillation of the apparent O, number, leading to an
apparent lower O, population than that in stichometry.

4. CONCLUSION

With the advent of G-NN potential technique, this work
revisits the ion conduction of YSZ at finite temperatures to
understand the key puzzles in the field. Long-time MD
simulations are carried out for four low doping YSZ systems up
to 2000 K, starting from the GM configuration identified by us
previously.’® The simulated conductivity data reproduce
quantitatively the key experimental findings, particularly, the
highest conductivity achieved at 8YSZ below 1600 K. By
analyzing the MD trajectories and the reaction pathways, we
identify two factors that are critical to ion conductivity of YSZ:
(i) the monoclinic phase that is the GM for YSZ with Y
concentration less than 8 mol % can strongly hinder the
oxygen diffusion; (ii) the O, agglomeration along (112) that
are typical for YSZ with Y concentration higher than 8 mol %
retards the oxygen diffusion due to the strong O,—O,
repulsion. These two factors are temperature- and composi-
tion-dependent and thus lead to 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.

With the encouraging agreement between theory and
experiment, this work demonstrates the great promise for
future material simulation based on G-NN potentials as
implemented in LASP (www.lasphub.com). This is because the
current Y=Zr—O G-NN potential was established by learning
the SSW global optimization data*® that is from blind searches
without any prior knowledge on the system, not by training
limited high-temperature MD trajectories as done traditionally.
With the good transferability, the high accuracy, and the high
calculation speed provided by the G-NN potential, we believe
that the G-NN potential can be an ideal alternative workhorse
to reshape the simulation of large-size systems with a long
timescale.
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