
Understanding the Enhancement of Ionic Transport in
Heterogeneously Doped Zirconia by Heterointerface Engineering
Mehmet Emin Kilic and Aloysius Soon*

Department of Materials Science and Engineering, Yonsei University, Seoul 03722, Korea

*S Supporting Information

ABSTRACT: Zirconia-based ceramics have been the most
promising oxide electrolyte material with high ionic
conductivity for solid oxide fuel cell (SOFC) applications.
Even though yttria-stabilized zirconia (YSZ) and scandia-
stabilized zirconia (ScSZ) are typically used for the SOFC at
high temperatures, their performance is not optimal at
operating temperatures with respect to their ionic con-
ductivity and stability. The literature has focused largely on
ionic diffusion dynamics in bulk YSZ and ScSZ, whereas their
heterogeneously doped alloy and heterolayered superlattices
are less investigated. In this work, using molecular dynamics
simulations and diffusion dynamics analysis, we examine and consider five main mechanisms that may contribute to the
enhancement of the overall ionic conductivity of these doped zirconia, namely, the influence of cation size, concentration,
distribution, the crystal orientation and direction, and lastly, the degree of atomic roughness at the interface in the heterolayered
structures. Our results support that heterointerface engineering at the atomic scale greatly reduces local lattice distortions
(commonly seen in the bulk phases) while inducing an in-plane strain and thus leading to an overall enhancement of the ionic
conductivity and stability for SOFC applications.

1. INTRODUCTION

Solid oxide fuel cells (SOFC), as electrochemical devices that
convert chemical energy into electrical energy, consist of three
main elements: the cathode, the electrolyte, and the anode.
The electrolyte must be stable under reducing and oxidizing
environments, in addition to having high ionic conductivity
with low electronic conductivity. Zirconia-based ceramics have
been the most favored electrolyte with high ion conductivity
for SOFC.1

Pure zirconia (ZrO2) is monoclinic (m) at low temperatures.
Upon increasing the temperature, the material exhibits phase
transitions from the m phase to the tetragonal (t) phase and
then the cubic (c). Eventually, melting occurs at 2870 K.2

These phase transitions, under SOFC operating conditions,
give rise to drastic changes in both volume and conductivity,
which makes the pure material unsuitable for applications.
For most practical applications, it is often doped with other

oxides, e.g., yttria (Y2O3) and scandia (Sc2O3), to aid
stabilization, resulting in the formation of yttria-stabilized
zirconia (YSZ) and scandia-stabilized zirconia (ScSZ). By
considering their formal oxidation states, they will include
oxygen anion vacancies to be charge balanced.
Indeed, these oxygen vacancies and their interactions with

other vacancies or cations dramatically affect the structural,
thermal, mechanical, and electrical properties of doped
zirconia. Hence, these inclusions provide not only a way to
gain stabilization in zirconia but also a means to direct ionic

conduction where the ion transportion is directly attributed to
the movement of these atomic defects (oxygen vacancies).3−7

YSZ and ScSZ are extensively used as the electrolyte because
of the high oxide ion and low electronic conductivity, as well as
their stability under reducing and oxidizing atmospheres.8−10 It
is well known that the ionic conductivity of single-crystal c-
phase YSZ and ScSZ depends on the content of doped cations,
exhibiting a maximum at around 8 mol % for YSZ11−14 and 8−
9 mol % for ScSZ.15

The ionic conductivity of ScSZ (reported as 0.30 S/cm) is
higher than that of YSZ (reported 0.13 S/cm) at high
operating temperatures (typically 1000 °C). This is most
probably due to the close similarity of the ionic radius of Sc3+

and Zr4+ (i.e., rSc3+/rZr4+ = 1.03).16

On the other hand, to improve long-term chemical and
mechanical stability and reduce operational cost, it is beneficial
to lower the operating temperature of SOFCs from this
technical point of view. In this aspect, the utilization of YSZ is
not optimal at intermediate temperature. At intermediate
temperatures, although ScSZ also exhibit high ionic con-
ductivity (0.13 S/cm at 800 °C),17 there are some challenges
such as high cost (due to its rarity and difficulties in
separation), poor long-term stability, and polyphase features
when compared with YSZ. Thus, ScSZ has also not been
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extensively explored in SOFC applications in spite of its
potential.
To improve the overall ionic conductivity and stability of

electrolyte materials, researchers are seeking more sustainable
alternatives, such as heterogeneous doping and heterolayered
structures with the following requirements satisfied: long-term
stability, short term startup response, and low cost in addition
to high ionic conductivity.
There is indeed considerable scientific and practical interest

to study different compositions of YSZ-ScSZ for the improve-
ment and enhancement of ionic conductivity and overall
stability. For instance, to avoid the unwanted phase transitions
and to further stabilize the c phase, the partial substitution of
Sc3+ by Y3+ in ScSZ has been explored and studied.18−23 The
characteristics of the local environment of the oxygen ion is
crucial for stability and ion transport, which may also affect the
total number of mobile vacancies.24,25 Of late, Xue et al. have
suggested that interfaces formed in ScSZ electrolytes
contribute to good cubic phase stability, low grain boundary
resistance, and high ionic conductivity at intermediate
temperature.26

In this study, using an atomistic model, we examine the ion
diffusion in Y/Sc-doped zirconia-based systems via performing
molecular dynamics (MD) simulations with well-tested (i.e.,
determined on the basis of the lattice parameters, lattice elastic
properties, and high- and low-dielectric constants) interatomic
potentials for YSZ and ScSZ.27−29 We will focus on the
oxygen-ion conductivity of inhomogeneously and heteroge-
neously doped zirconia and heterolayered doped zirconia by
considering five main mechanisms contributing to the
enhancement of ionic diffusion at the interface: (1) the
influence of type of cations with respect to the ionic size, (2)
the influence of cation concentration, (3) the influence of
cation distribution, (4) the influence of crystal structure, and
(5) the nature of the interfaces.

2. METHODOLOGY

2.1. Interatomic Potentials. The classical MD and lattice
dynamics (LD) simulations are performed using the
LAMMPS30 and GULP code,31 respectively. The effective
potential of interatomic interaction between i and j ions is
considered as a Buckingham-type with a long-range Coulombic
term

V r
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ij
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where qi holds for the charge of ion i (and likewise, qj holds for
ion j), rij is the interionic distance, and other Aij, ρij, and Cij
parameters are used to represent the short-range terms for each
element.
The potential parameters for Zr−O, Y−O, Sc−O, and O−O

pairs are obtained from refs 27 and 29, which are given in
Table 1. In the case of cation−cation interactions, forces are
assumed to be purely Coulombic. The Coulomb interactions
are summed up using Ewald’s method32 with the formal
charges of the ions. The analysis of the electronic structure of
zirconia shows that zirconia is fairly ionic.33,34 For this
consideration, it is assumed that the considered zirconia-
based systems are fully ionic, where the ionic charges are
chosen to be 4+, 3+, 3+, and 2− for Zr, Y, Sc, and O,
respectively.

The time step used for the integration of Newton’s
equations of motion is set to 0.5 fs. The temperature and
the pressure are controlled via the Nose−́Hoover thermostat
and barostat, respectively.35−37 The Buckingham-type potential
model has already been successfully employed to describe the
dynamic properties of zirconia-based materials and in the
literature.11,38−40

2.2. Statistical Averaging Approach. In the construction
of models, the statistical approach is assumed to better
reconcile with experimental findings since the distribution of
ions and defects in crystalline electrolytes are strongly
inhomogeneous (or random). Keeping this in mind, the
(inhomogeneous) positions of dopant ions in zirconia are
considered via a random number generation method. The
distribution of doped ions in homogeneous (order) and
inhomogeneous (random) systems is illustrated in Figure S1 of
the Supporting Information.
Hence, a series of randomly distributed doped zirconia-

based structures are constructed instead of ordered doped
zirconia systems. To average and minimize statistical
fluctuations, five different random configurations (i.e., each
one is generated as random distributions of doped ions) are set
up for all models and the calculations are then repeated and
averaged. From this averaging procedure, we suggest that five
randomized models for each considered system may provide a
good estimate of its intrinsic diffusivity.
Thus, to determine the statistical average, error bars are set

for the five different random structures for each model. In the
present work, each reported data is thus taken as the average
over the populations of five different configurations.

2.3. Atomic Geometries of Bulk Models. For the bulk
systems, inhomogeneously doped YSZ and ScSZ, and
heterogeneously doped YScSZ, the MD simulation cell is
composed of a (9 × 9 × 9) supercell (taken with respect to the
conventional fluorite crystal), with a cell length of 46.04 Å and
contains 8748 atoms with periodic boundary conditions.
These bulk systems are studied within different dopant

concentrations, i.e., 6, 8, 10, and 12 mol % for YSZ, 8 and 9
mol % for ScSZ, and 8 mol % for YScSZ. For the case of 8 mol
% YScSZ, three different relative compositions of Y:Sc are
modeled: (1) 2 mol % Y2O3 and 6 mol % Sc2O3, (2) 4 mol %
Y2O3 and 4 mol % Sc2O3, and (3) 6 mol % Y2O3 and 2 mol %
Sc2O3.
More details about the explicit number of ions for the

considered systems are given in Table 2. For instance, for 8
mol % YSZ structure (denoted as YSZ), 432 of Zr4+ ions are
randomly substituted by Y3+ doped ions and 216 of O2− ions
are randomly substituted by oxygen vacancies (VO). Every two
3+ dopant ions in the system will require one VO to maintain
the electrical neutrality of the system.

2.4. Atomic Geometries of Interface Models. For the
interface models, three-dimensional fluorite-based superlattice
structures are considered. They are composed of (9 × 9 × N);
where N represents the number of unit cells in the z-axis of the

Table 1. Interionic Potential Parameters Used for the
Doped Zirconia Systems

i−j Aij (eV) ρij (Å) Cij (eV Å6) refs

O−O 9547.96 0.224 32.0 27
Zr−O 1502.11 0.345 5.1 27
Y−O 1366.35 0.348 19.6 27
Sc−O 1575.85 0.3211 0.0 29
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corresponding superlattice. Two types of interface models
(namely, sharp and rough) are deliberated, and are based on
the nature of interfaces constructed.
For Y3+ ions that are abruptly separated from that Sc3+ ions

at the interface region, we denote this interface model as the
sharp interface model. For the case where the Y3+ and Sc3+ ions
are inhomogeneously distributed within the same region near
the interface, such an interface model is denoted as the rough
interface model.
The number of dopant atoms and the concentration ratio for

both superlattice models are taken the same. Both sharp and
rough interface models are constructed from [001], [110], and
[111] of the bulk cubic fluorite crystal and hence denoted as
(100)s, (110)s, and (111)s, and (100)r, (110)r, and (111)r,
respectively (see Table 2).
For instance, the (100)s superlattice, which is constructed

from the [001] crystal direction when considering a (9 × 9 ×
18) supercell, contains 4968 Zr4+, 432 Y3+, 432 Sc3+, and 11
232 O2− ions and 432 VO. The regions that are YSZ-dominant,
interface, and ScSZ-dominant within the (100)s are then
further denoted as (100)sYSZ, (100)sI and (100)sScSZ,
respectively.
To simulate superlattice models, the elementary domain is

divided into five zones for both sharp and rough interface
models, as illustrated in Figure S2 of the Supporting
Information. The concentration of each zone is taken the
same as 8 mol %; i.e., for (100)s sharp model, two half layers of
(100)sYSZ surround one (100)sScSZ layer, in which the doped
concentration of (100)sYSZ, (100)sI, and (100)sScSZ is 8 mol
%. For each superlattice, periodic boundary conditions are also
applied in all three directions.
2.5. Radial Distribution Function (RDF) and Coordi-

nation Number. The radial distribution functions (RDF) for
these zirconia-based systems are derived to characterize their

atomic geometries. The averaged number of target atoms (α)
is counted when they are positioned within a distance range of
r to r + δr, centering for each given α atom.
In this approach, δr is taken as a small perturbation to the

distance, r. In other words, the RDF (gαβ(r)) is a mathemati-
cally rigorous approach to describe the density probability for
an atom of the α species to have a neighboring β species atom
at a given distance r. This can be elegantly expressed as

g r
n r

r r
N
V

( )
d ( )

4 d2π
=αβ

αβ α
(2)

here, V represents the volume of the periodic simulation cell
and Nα is equal to cαN, where cα is the concentration of species
α and N is the total number of atoms in the cell.
The coordination number (CN) for these zirconia-based

systems is defined as the number of neighboring atoms with
specified atom type that are within the specified cutoff distance
from the central atom. Here, the cutoff distance is determined
by the RDF analysis.

2.6. Quenching Process. Ionic diffusion analysis is
performed using the thermally quenched structures. More
specifically, all structures are first exposed to total energy
minimization and then the quenching process.
First, each initial configuration has been optimized by the

conjugate gradient energy minimization, which relaxes the
position of ions to a lower energy configuration. After the
energy minimization process, a quenching process is set to
accelerate the equilibration process for each system under a
temperature gradient. This approach directs the positions of
vacancies and ions to the global minimum in avoidance of
artificial defect formation.
The quenching process is performed as follows: The system

is first heated to 2000 K using a constant pressure and
temperature ensemble (NPT) to ensure thermal equilibrium is

Table 2. Number of Ions and Vacancies in Different Bulk and Superlattice (with Interface Regions) Models for Doped
Zirconia-Based Systemsa

model M2O3 (mol %) Zr4+ Y3+ Sc3+ O2− VO dz (Å)

Bulk
6YSZ 6.04 2584 332 0 5666 166 46.04
YSZ 8.00 2484 432 0 5616 216 46.04
ScSZ 8.00 2484 0 432 5616 216 46.04
9ScSZ 9.01 2434 0 482 5591 241 46.04
10YSZ 10.04 2384 532 0 5566 266 46.04
12YSZ 12.07 2288 628 0 5518 314 46.04
YScSZ 8.00 2484 108 324 5616 216 46.04
4Y4ScSZ 8.00 2484 216 216 5616 216 46.04
6Y2ScSZ 8.00 2484 324 108 5616 216 46.04

Superlattice
(100)sd20 8.00 1104 96 96 2496 96 20.46
(100)sd30 8.00 1656 144 144 3744 144 30.70
(100)sd50 8.00 2760 240 240 6240 240 51.16
(100)s 8.00 4948 432 432 11 232 432 92.09
(110)s 8.00 4416 384 384 9984 384 86.82
(111)s 8.00 3680 320 320 8320 320 88.61

Interface Region
(100)sI 8.00 552 48 48 1248 48 10.27
(110)sI 8.00 552 48 48 1248 48 10.85
(111)sI 8.07 490 43 43 1109 43 11.82

aHere, M2O3 (in mol %) is the percentage mole fraction of dopant (where M denotes either Y3+ or/and Sc3+) in the host ZrO2 matrix, and dz (in
Å) is the length of considered simulation cell in z-axis, defined as the thickness for superlattice illustrated in Figure S2 of the Supporting
Information.
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reached for the desired temperature. Thereafter, the constant
volume and energy ensemble (NVE) is enforced, and the NVE
MD simulation runs for 500 ps. Subsequently, the system is
then rapidly cooled down (hence, quenched) from 2000 to
300 K with the NPT ensemble for 50 ps and then further
relaxed for another 200 ps with the NVE ensemble.
Finally, the system is equilibrated with NPT and NVE

ensembles at 300 K temperature. Figures S3−S5 indicate that
the considered systems preserve their crystalline structure and
cubic phase stability during each step of the quenching process.
With this quenching process, the quenched atomic structures
for a given target temperature are then used for further
analysis.
2.7. Mean Square Displacement and Diffusion

Coefficient. The calculated ion diffusion coefficient (D) for
all zirconia-based models is computed for the quenched
structures via the consideration of the mean square displace-
ment (MSD), ⟨R2⟩. The ⟨R2⟩ is calculated and collected
throughout each MD run as a function of the simulation time
(t). The D for each system is subsequently determined
according to the Einstein relation41

R
N

R t t R t D t t B
1

( ) ( ) 6 ( )
i

N

i i
2

1
0 0

2∑⟨ ⟩ = ⟨[ + − ] ⟩ = +
=

(3)

where B is a constant and the brackets and ∑ represent taking
an average over all simulation times and the summation over
all ions, respectively.
The diffusion coefficient D can be related to the conductivity

σ and it is then calculated according to the Nernst−Einstein
relation given in eq 4

Z
k T

D
H

2

B R
σ ρ= −

(4)

where Z and ρ are the ionic charge and the number density of
the conducting ions, respectively, and HR is the Haven ratio.
For cubic fluorite structures with a low vacancy/defect
concentration,42 HR may be taken as 0.65 and this value is
commonly reported in the literature for stabilized zirco-
nia.11,43,44

Next, the activation energy barrier Ea of oxygen-ion diffusion
is determined using the Arrhenius equation45

D D
E

k T
exp0

a

B
= −

i
k
jjjjj

y
{
zzzzz (5)

where T corresponds to the target temperature, kB is the
Boltzmann constant, and D0 is the temperature-independent
prefactor. This can be linearized to the following

Figure 1. (a) Total energy (E) versus volume (V) relations for (a) ZrO2 with three different crystal structures, namely, the monoclinic (m),
tetragonal (t), and cubic (c) phases, and (b) M2O3, with M = Y or Sc, with three different crystal structures, namely, the monoclinic (m), hexagonal
(h), and cubic (c) phases. The m, t (h), and c phases are represented by orange, blue, and red colors, respectively. Each marker on the graphs
represents a calculated data point, whereas the lines show the best fit. (c) The unit cell of c-ZrO2, with the three different crystal directions (i.e.,
[100], [110], and [111]) represented by the yellow, orange, and blue planes, respectively. (d) The unit cell of c-M2O3, with M = Y or Sc. Here, the
Zr, O, and dopant (Y or Sc) atoms are shown in blue, red, and orange, respectively.
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D
E
k T

Dlog
1

loga

B
0= − +

(6)

3. RESULTS AND DISCUSSION
3.1. Inhomogeneously and Heterogeneously Doped

Zirconia. 3.1.1. Structural Properties and Analysis. Before
discussing the doped zirconia systems, it is necessary to
mention about the phase property of the pristine ZrO2 and
M2O3 (where M = Y or Sc). It is known that the pristine
zirconia has three different crystal polymorphic expressions,
depending on its temperature and pressure. From experiments,
at room temperature, the most stable phase of zirconia is the
monoclinic structure (m phase) and stays stable over a very
large temperature range of up to 1170 K; under ambient
pressure and high temperatures, t- and c- phases (at 1478 and
above 2650 K, respectively) become thermodynamically
stable.46 However, at room temperature, the effective
stabilization of the c and t phases can be achieved with
aliovalent doping.
Likewise, M2O3, with M = Y or Sc, crystallizes in three

different lattice structures, namely, the m, h- (hexagonal), and
c phases. As can be seen from Figure 1a,b, the energetically
most stable phases (at T = 0 K) for ZrO2 and M2O3 are the m
phase and c phase, respectively. Given that our discussion will
be centered around the technical operating conditions of
SOFC (i.e., ambient pressures and high temperatures), the
cubic phases of both ZrO2 and M2O3 (as illustrated in Figure
1c,d) will be used to build the atomic models in this study.
The optimization of the lattice parameters of the zirconia-

based structures is first performed at both T = 0 K and T ≠ 0 K
using LD and MD simulations, respectively. First, the lattice
constants (a, b, c, α, β, γ), volume (V), density (d), and energy
(E) of the systems are studied at T = 0 K using LD simulations.
It is found that the lattice constant a of the pure c-ZrO2 is 5.08
Å, which agrees well with the experimental values of 5.08,47

5.09 Å48 (at T = 300−600 K), and theoretical value of 5.11 Å
at T = 0 K.49

As listed in Table 3, the corresponding structural parameters
for the five randomized models of YSZ, ScSZ, and YScSZ are
provided. The lattice parameter a for YSZ, ScSZ, and YScSZ is

found to be in the range of 5.11−5.12, 5.08−5.09, and 5.09−
5.10 Å, respectively, which indicates the influence of the ionic
size of the doped cations on the crystal lattice. Kim et al. have
reported that there is indeed a correlation between the lattice
parameter and the ionic size of the dopant cations for fluorite-
structured oxides.50 Given that the ionic radius of Sc3+ is very
similar to that of Zr4+ (rSc3+/rZr4+ = 1.03), their a values are
comparable. We also notice that the a and E values for the
randomized models do not change dramatically for each
system.
Using these structural parameters (as determined from the

LD simulations at T = 0 K), we next proceed to perform MD
simulations at different elevated temperatures. The temper-
ature for each MD run is raised from room temperature (300
K) to 1800 K under constant pressure within an NPT
ensemble (which accommodates volumetric changes). The a
lattice parameter increases linearly with temperature, indicating
expansion of the lattice cell (as shown in Figure 2). We note
that higher fluctuations in the a lattice parameter expansion
(with increasing temperature) can be seen for the heteroge-
neously doped YScSZ as the larger difference between the radii
of Y3+ and Sc3+ leads to a more dramatic lattice distortion,
which may reflect poorer structural integrity at the operating
temperature for SOFC.
Next, to provide an insight into long-range (dis)order

analysis in these zirconia-based systems, the pair radial
distribution function (RDF), ρ(r) for each system (at elevated
temperatures) is calculated and plotted in Figure 3 and Figure
S6 of the Supporting Information. The RDF of c-ZrO2 at T = 0
K (in Figure S6a) is provided as a reference. Referring to the
RDF of c-ZrO2 at T = 1000 K (in Figure S6d), we find that the
ρ(r)Zr−O (shown in black lines) has high-intensity peaks at r =
2.202 and 4.218 Å, whereas the ρ(r)O−O (in orange) exhibits
the highest peak at 2.538 Å, followed by much lower peaks of
intensity after 3.594 Å. These peaks can be explained by the
nearest and the next-nearest neighboring distances in crystal
lattice, with an ideal lattice constant, a. In the ideal cubic
fluorite structure, these distances can be defined as a√3/4 and
a 11 /4 for the cation−oxygen distances, whereas a/2 and a/
√2 can be assumed for that of oxygen−oxygen distances,
respectively.

Table 3. Structural Parameters of Inhomogeneously Doped YSZ and ScSZ, and Heterogeneously Doped YScSZ Bulk Systems
with 8 mol % Dopant Concentrationa

a (Å) b (Å) c (Å) α (deg) β (deg) γ (deg) V (Å3) d (g/cm3) E (eV/atom)

c-ZrO2 5.082 5.082 5.082 90.0 90.0 90.0 131.289 6.234 −37.334
YSZ1 5.114 5.114 5.110 89.9 90.0 89.9 133.637 6.049 −36.061
YSZ2 5.113 5.113 5.114 90.1 90.0 90.0 133.710 6.045 −36.062
YSZ3 5.114 5.121 5.117 90.2 90.0 89.9 133.978 6.033 −36.062
YSZ4 5.117 5.112 5.116 90.2 89.9 90.0 133.834 6.040 −36.061
YSZ5 5.114 5.116 5.116 90.0 90.0 89.9 133.851 6.039 −36.065
ScSZ1 5.078 5.080 5.080 90.0 90.0 89.9 131.062 5.837 −36.256
ScSZ2 5.082 5.082 5.085 90.0 90.0 90.1 131.314 5.826 −36.250
ScSZ3 5.081 5.083 5.086 89.9 90.0 90.0 131.358 5.824 −36.251
ScSZ4 5.081 5.078 5.083 90.2 89.9 90.1 131.123 5.835 −36.250
ScSZ5 5.080 5.081 5.081 89.8 90.0 89.9 131.134 5.834 −36.252
YScSZ1 5.094 5.096 5.096 90.0 89.8 90.1 132.297 5.946 −36.160
YScSZ2 5.099 5.097 5.097 89.9 90.1 90.0 132.477 5.938 −36.157
YScSZ3 5.104 5.099 5.102 90.0 90.1 90.0 132.792 5.924 −36.152
YScSZ4 5.099 5.101 5.104 90.1 90.1 89.8 132.761 5.926 −36.151
YScSZ5 5.099 5.095 5.098 89.9 89.9 89.9 132.447 5.940 −36.153

aHere, the superscript label (from 1 to 5) represents a series of five randomized models for each system.
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Likewise, in the case of the inhomogeneously and
heterogeneously doped zirconia systems, we examine the
ρ(r) (at T = 1273 K) for the constituent ions in YSZ (Figure
3a), ScSZ (Figure 3b), and YScSZ (Figure 3c). The ρ(r)Zr−O
for YSZ, ScSZ, and YScSZ are found to have the highest peak
at r = 2.094, 2.105, and 2.118 Å, respectively, whereas the

ρ(r)O−O peaks at r = 2.610, 2.575, and 2.586 Å for the
corresponding doped systems. The most intense peak for
Y(Sc)−O bond pair RDF is located at r = 2.310 Å (2.286 Å),
whereas those for the Y−O and Sc−O bond pair RDF of
YScSZ are at 2.185 and 2.154 Å, respectively. In agreement
with the literature,51 the first highest peak in ρ(r)Y−O is at a
much larger distance than that of the first highest peak in
ρ(r)Zr−O and ρ(r)Sc−O. Due to the difference in ionic radii of
Y3+ and Sc3+, the relative difference in the maximum peak for
the Zr−O bond pair is indeed smaller than that of the Y−O
pair (0.17 Å) and the Sc−O pair (0.13 Å). This is clearly
reflected in the RDF of ScSZ (Figure 3b) where the main
peaks are generally left-shifted when compared to those of the
other systems. Thus, the RDFs of anion−cation pairs exhibit
two, (almost) one, and three main peaks for YSZ, ScSZ, and
YScSZ systems, respectively, due to the ionic size difference
between host and doped cations. In the light that there is only
one type of cation−anion pair in cubic undoped ZrO2, the
existence of three different anion−cations pairs for the YScSZ
may well account for the higher structural distortions and thus
lower structural integrity in YScSZ.
Furthermore, we do find that the RDF of cation−anion and

anion−anion pairs generally indicates some loss of long-range
order due to a mobile oxygen sublattice. To illustrate this, we
have calculated the RDF for heterogeneously doped zirconia
system at a higher temperature of 2000 K in Figure S6f. Here,
we observe that the vibrational amplitude of ions increases
with increasing temperature (i.e., the width of the peaks) but
the locations of the RDF peaks are essentially temperature
independent. The O−O bond distance is much more affected
by the increase in temperature, and some renormalized minor
peaks are observed around the more intense peaks due to the

Figure 2. a Lattice parameter (in Å) of YSZ, ScSZ, and YScSZ with 8
mol % dopant concentration as a function of temperature T (in K).
These zirconia-based systems are heated from 300 to 1800 K with an
increment of 100 K. The pressure is set to 1 atm within the NPT
ensemble, which accommodates for volumetric changes in the system.
The red, yellow, and blue markers represent the data points for YSZ,
YScSZ, and ScSZ, respectively. The distribution of the dopant ions
(dark red and dark blue spheres for Y3+ and Sc3+, respectively) in the
randomized models for each system is depicted in the atomic
structures shown on the right.

Figure 3. Radial distribution function (RDF) ρ(r) and coordination number (CN) of doped zirconia systems: (a, d) YSZ, (b, e) ScSZ, and (c, f)
YScSZ at T = 1273 K. The ρ(r) for the Zr−O, O−O, Y−O, and Sc−O bond pairs are represented by the black, orange, red, and blue, respectively.
Here, the first intense peak for each pair is also shown in the inserts. The CN of oxygen to Zr4+, Y3+, and Sc3+ ions as a function of time is
represented by the black, red, and blue lines, respectively.
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existence of oxygen vacancies. As expected, all peaks in the
ρ(r) are broadened as the temperature is increased. The
broadening of subsequent peaks at larger bond distances
suggests greater disorder and increased oxygen diffusion at
higher temperatures.
In addition to the RDF, the coordination number, CN has

been computed for different pairs of ions within the specified
cutoff distance, which is determined by the first intense peak
found in the RDF. We examine the CN (at T = 1273 K) for
the cations in YSZ (Figure 3d), ScSZ (Figure 3e), and YScSZ
(Figure 3f). The CN of Zr4+ ions in the ideal fluorite oxide
structure is 8. The calculated CN of Zr4+ for all doped systems
is found to be lower than 8, which indicates the presence of
vacancies. The distribution and preferential sites of oxygen
vacancies are also investigated under finite temperature (at T =
1273 K) for 750 ps. We note that the average CN of Zr4+ ions
is lower than that of Y3+ for YSZ system, which confirms that
the oxygen vacancies prefer to bind closer to the Zr4+ cations,
agreeing with the previous literature.14

More generally, our results indicate that the oxygen
vacancies prefer to bind to the smaller cations in doped
zirconia system. For the ScSZ system, the CN of Zr4+ is very
close to that of Sc3+. An increase in the number of preferred
vacancy sites is typically associated with an increase in the
number of mobile vacancies, i.e., enhancing the overall
structural stability and improving the oxygen-ion mobility of
the system. Here, the vacancies do not seem to have a clear
preference, which corroborates well with the observed
increased ion mobility (with minimized lattice strain). This
is also very much inline with reported experimental and
theoretical results28,52,53 where the minimum binding energy
for cation−oxygen vacancy is indeed for the Sc4+ cation (when
compared with cations of In, Yb, Y, Gd, Sm, Ce, and La).
Thus, we can conclude that the total number of mobile
vacancies is higher than that of YSZ system, which improves its
ionic mobility.
For the YScSZ system, the CN of Zr4+ and Sc3+ is found to

be very similar to that for the ScSZ system, with the CN of Y3+

increasing slightly. It is worth noticing that from the CN
analysis, the total number of mobile O vacancies for YScSZ is
lower than that for YSZ and ScSZ, which suggests dominant

vacancy−vacancy and vacancy−defect interactions. We argue
that the immobile oxygen vacancies in heterogeneously doped
YScSZ may tend to localize due to these deleterious
interactions under technical conditions, which can lead to
structural instability of heterogeneous-doped systems. It is
noted that the the fluctuation of CN for heterogeneous-doped
YScSZ is higher than that for inhomogeneous-doped YSZ and
ScSZ at 1273 K for 750 ps. These fluctuations are associated
with larger differences in cationic charges and radii, which
leads to the discussed excessive lattice strain.
Thus, the RDF, CN, and binding energy (vacancy−cation)

analysis clearly reveal that the radii of the dopant cations do
indeed play an important role in the distribution of oxygen
vacancies, crystal lattice strain, and ion mobility in doped
zirconia.
To account for the effect of configurational entropy

accurately for these large heterogeneously doped YScSZ and
heterolayered YSZ/ScSZ systems is nontrivial. For instance, for
the case of 8 mol % YScSZ in a 3 × 3 × 3 supercell, it will
contain 92 Zr ions, 16 doped-metal ions, and 208 O ions and
the total of configurations in this system will easily reach 5.55
× 1042 (when doped ion is only Y or Sc), which becomes
intractable very quickly. However, to estimate the possible
effect of configurational entropy in our systems, we use a
smaller model system of YSZ where 4 Y ions and 2 O vacancies
are considered to reduce the number of configurations. Using
the site occupancy disorder program,54 we construct 100 000
different configurations of Y and O vacancy positions. The
resulting energies of these 100 000 configurations (as a
function of different Y-ion distributions in the lattice) are
shown in Figure S7 in the Supporting Information where each
vertical column depicts almost 2000 configurations of O
vacancies (for a fixed Y-ion distribution). Thus, given that the
contribution of configurational entropy from this smaller
model already reflects a rather small contribution and agreeing
with a recent study that claims the configurational entropy for
8 mol % YSZ at T = 1000 K is less than 0.03 eV,55 we argue
that its effect on the overall stability maybe negligible and will
not change the conclusions drawn from this work.

3.1.2. Ionic Diffusion and Conductivity. The distribution of
ions and defects (e.g., vacancies) in crystalline electrolytes is

Figure 4. Mean square displacement, ⟨R2⟩ (cf. eq 3 in Å2) of oxygen ions as a function of time (t, in ps) in YSZ, ScSZ, and YScSZ at T = 2000 K.
(a) 6, 8, 10, and 12 mol % YSZ (denoted as 6YSZ, 8YSZ, 10YSZ, and 12YSZ, respectively) and 8 and 9 mol % ScSZ (denoted as 8ScSZ and 9YSZ,
respectively). Their corresponding data points are represented by green, red, brown, pink, blue, and sky blue, respectively. (b) 8 mol % YScSZ with
different Y/Sc ratios. Here, YScSZ, 4Y4ScSZ, and 6Y2ScSZ are denoted in blue, orange, and red, respectively.
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usually strongly inhomogeneous. To examine the influence of
the type (doped ion size) and distribution of doped ions on
the mobility of oxygen ions and vacancies in these zirconia-
based electrolytes, inhomogeneously doped YSZ and ScSZ, as
well as the heterogeneously doped YScSZ bulk systems are
investigated using MD simulations.
First, the mean square displacement, ⟨R2⟩, of oxygen ions at

different dopant concentrations (i.e., 6, 8, 10, and 12 mol % for
YSZ, 8 and 9 mol % for ScSZ, and 8 mol % for YScSZ) are
calculated at T = 1800 K for 500 ps (Figure 4). The ⟨R2⟩
values increase with time for all given concentrations, reflecting
the diffusion of mobile oxygen ions in our MD simulations.
Most importantly, as illustrated in Figure 4a, the slope of the
⟨R2⟩ as a function of time shows that the highest mobility is
exhibited at 8 mol % dopant concentration for both YSZ and
ScSZ. This is in good agreement with earlier reports in the
literature where a maximum ionic conductivity is observed for
8 mol % YSZ and 8−9 mol % ScSZ.11−15

Indeed, naively, one may expect that increasing the number
of oxygen vacancies by introducing more dopants may simply
increase oxygen-ion mobility. However, defect−defect inter-
actions (namely, the vacancy−vacancy and cation−vacancy
interactions) will play an important role in the mobility of ions.
From this point of view, in the case of YSZ, vacancy−cation
interaction is predicted to be more dominant since the ionic
radius of Y3+ is larger than that of Zr4+. As mentioned above,
the oxygen vacancies in YSZ prefer to locate at the nearest
neighboring site of the smaller cations (Zr4+). Due to this
preference of the position of oxygen vacancies, increasing of
the dopants (beyond a certain threshold, in this case, 8 mol %)
will induce a stronger attraction between the oxygen vacancies
and the cations, reducing the total number of mobile vacancies
and thus reducing their overall mobility.
On the other hand, in the case of ScSZ, cation−vacancy

interaction is not as dominant due to the similarity in cationic
sizes between Sc3+ and Zr4+ (cf. rZr = 0.79 Å, rSc = 0.81 Å).16

This may not dramatically impede the migration of oxygen
ions. However, given that ScSZ is sensitive to the polymorphic
phase transition with increasing dopant concentration, oxygen
trapping at certain lattice sites may occur, which is commonly
found in zirconia-based ceramics.56

The ⟨R2⟩ is also calculated for 8 mol % YScSZ with a varying
Y/Sc ratio (see Figure 4b). It is found that the ionic diffusion
increases with the lowering of Y3+ dopants due to the increased
amount of free space in the crystal, as supported by previous
theoretical57 and experimental22 studies, upholding our
argument that a more severe lattice distortion for high Y3+

concentrations is expected to impede oxygen-ion mobility. By
simply comparing the ⟨R2⟩(t) slope computed for all dopant
concentrations of YSZ, ScSZ, and YScSZ discussed here, it is
clear that the expected order of the highest oxygen-ion
mobility should be ScSZ, followed by YSZ, and then the
hetero-YScSZ, where the dopant concentration of 8 mol % for
each system exhibits the highest oxygen-ion mobility.
Now, focusing our attention only on the dopant

concentration of 8 mol % for all zirconia-based systems in
this work, we will simply refer to them as YSZ, ScSZ, and
YScSZ accordingly hereafter for the ease of discussion/
notation. In Figure 5, for the range of temperatures (i.e.,
from 700 to 2000 K with an increment of 100 K), the ⟨R2⟩(t)
for each system is evaluated at each temperature (for 500 ps)
and is found to be varying linearly. From the linear slope of
these ⟨R2⟩(t), the diffusion coefficients (D) for these systems
(which are given in Table S1 of the Supporting Information)
are then determined via eq 3 and the ionic conductivity σ is
determined via eq 4.
From the perspective of ionic conductivity, it is worth

mentioning that σ at low temperatures is found relatively small
compared to that at high temperatures. On average, the values
of σ for YSZ and ScSZ are calculated as 0.1 and 0.2 S cm−1,
respectively, which are in good agreement with the
corresponding reported experimental values of 0.13 S cm−1

for YSZ and 0.24 S cm−1 for ScSZ at technical conditions (T =
1000 °C).17 Details of the calculated σ values for other
zirconia-based systems can be found in Table 4 where the
statistical error bars for the five randomized models for each
system are provided as well.
In comparison, for the hetero-YScSZ system, σ is calculated

to range between 0.013 and 0.156 S cm−1, which is lower than
that of YSZ and ScSZ when considering T = 1000−1800 K.
Indeed, one would expect the σ of YScSZ to be of an
intermediate value between that of YSZ and ScSZ. The
heterogeneously doped YScSZ system includes three different

Figure 5.Mean square displacements (⟨R2⟩(t)) of oxygen ions in (a) 8 mol % YSZ, (b) 8 mol % ScSZ, and (c) 8 mol % YScSZ (with 2 mol % Y2O3
and 6 mol % Sc2O3). Here, the MD runs are conducted at various finite temperatures, ranging from T = 700 to 2000 K, with an increment of 100 K.
The ⟨R2⟩(t) values as a function of T for YSZ, ScSZ, and YScSZ are monochromatically scaled in red, blue, and orange, respectively.
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types of cations Zr4+, Y3+, and Sc3+, with ionic size difference of
0.79, 0.96, and 0.81 Å, respectively (as illustrated in Figure 3a).
Here, we argue that the existence of the different characters of
the anion−cation pairs (i.e., their charges, ion sizes, and bond
distances) may lead to breaking of the pristine cubic symmetry
and the loss of octahedral interstials for oxygen-ion trans-
portation. The excess defects and lattice distortions may then

cause a larger barrier and hindrance to ionic transport of
oxygen.26,58 This can be inferred from the fluctuations in the
lattice parameters (at T = 300 K and higher temperatures),
measured energies, and the CN.
Here, we rationalize the decrease in σ for YScSZ is primarily

due to the excessive lattice distortions that hinder ionic
diffusion58 and the decrease in the total number of mobile
vacancies. As already seen in Figures 2 and 3, the larger a
lattice fluctuations, the peak separations in RDF, and the CN
fluctuations of YScSZ (as compared to those of YSZ and ScSZ)
support this argument.
To further examine the ionic diffusion for cations, we

calculate the ⟨R2⟩ for Zr4+, Y3+, and Sc3+, which is found to be
almost close to zero and does not vary with time, even at T =
1800 K, (as illustrated in Figure 6a−c). The transport at
operating temperatures for cations has been reported as more
than one trillion times slower than that for anions in the
zirconia-based electrolytes.59,60 Hence, it is reasonable to
conclude that these metal cations are not expected to diffuse
(even for very high temperatures) and will only exhibit
vibrational features on their lattice sites.

Table 4. Ionic Conductivity σ (cf. Equation 4, in S cm−1) of
YSZ, ScSZ, and YScSZ for Temperatures Ranging from
1000 to 1800 Ka

σ ± Δσ (S cm−1)

T (K) YSZ ScSZ YScSZ

1000 0.015 ± 0.001 0.032 ± 0.002 0.013 ± 0.001
1200 0.041 ± 0.001 0.076 ± 0.006 0.036 ± 0.002
1400 0.084 ± 0.003 0.143 ± 0.002 0.069 ± 0.002
1600 0.136 ± 0.004 0.218 ± 0.005 0.110 ± 0.003
1800 0.198 ± 0.005 0.294 ± 0.004 0.156 ± 0.003

aNote that for each system, five randomized structural models have
been used for statistical averaging and the statistical error bar (Δσ) is
also reported.

Figure 6. ⟨R2⟩(t) for Zr4+, Y3+, and Sc3+ cations (shown in black, red, and blue, respectively) for (a) YSZ, (b) ScSZ, and (c) YScSZ as a function of
time at T = 1800 K. (d) ⟨R2⟩(t) for oxygen ions (resolved into the orthogonal x direction (Ox), y direction (Oy), and z direction (Oz)) for YSZ (in
gradated red lines), ScSZ (in gradated blue lines), and YScSZ (in gradated orange lines) at T = 1800 K. (e) The Arrhenius plots of the diffusion
coefficient (logD) as a function of 1000/T for YSZ, ScSZ, and YScSZ, where for each system, five randomized structural models have been used for
statistical averaging. The red, blue, and orange lines are obtained from a linear regression fit for each data set of YSZ, ScSZ, and YScSZ, respectively.
From this, the calculated diffusion activation energy barrier Ea (cf. eq 6) for YSZ, ScSZ, and YScSZ is 0.62 ± 0.01, 0.55 ± 0.02, and 0.60 ± 0.01 eV,
respectively.
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Specifically, for the YSZ, ScSZ, and YScSZ systems, very
small displacement and oscillation amplitude of cations are
indeed observed in our MD simulations. On this note, we
postulate that a higher cation oscillation in the system may
then explain its lower stability. We note that the oscillation
amplitude of cations in YScSZ is higher than that of YSZ and
ScSZ, which then reflects its reported instability. In addition, in
Figure 6d, by resolving the ⟨R2⟩(t) into the three orthogonal
directions of the simulation cell, namely, the x, y, and z
directions, we examine the direction-dependent ionic diffusion
at T = 1800 K and find that the oxygen-ion diffusion in YSC,
ScSZ, and YScSZ is rather isotropic about the orthogonal
⟨100⟩ directions considered.
It has been previously reported that the ionic diffusion

coefficient D is proportional to temperature T, whereas the
diffusion activation energy barrier Ea may somewhat vary for
different temperature regimes.61,62 Especially at low temper-
atures, the calculated Ea may fluctuate with larger statistical
errors and these errors are greatly reduced at higher
temperatures. This is mainly attributed to the dominant
vacancy−dopant and vacancy−ion interactions at low temper-
atures, and with increasing higher temperatures, this
interaction energy barrier may be overcome to stabilize the
mobility of ions.
Thus, to examine this temperature-dependent diffusion

phenomena, we proceed to calculate Ea (cf. eq 6) for YSZ,
ScSZ, and YScSZ. Using the Arrhenius relation, we plot the
diffusion coefficient (logD) as a function of 1000/T in Figure
6e to determine Ea. Here, we note that for each system, five
randomized structural models have been used for statistical
averaging and the statistical error bars (as shown in small
vertical bars) can be used to probe the dominance of vacancy−
dopant and vacancy−ion interactions in each case. A larger
error bar in D will indicate higher fluctuations in the calculated
Ea values. The calculated Ea for YSZ, ScSZ, and YScSZ is 0.62
± 0.01, 0.55 ± 0.02, and 0.60 ± 0.01 eV, respectively, and
agrees well with the experimentally determined values for YSZ
and ScSZ.63−65

Our results show that the fluctuations in D seen at higher
temperatures are indeed significantly reduced as compared to
those found for lower temperatures. Interestingly, when
comparing these fluctuation trends in the statistical errors of
D, the heterogeneously doped YScSZ exhibits the smallest
error bars even at the low-temperature regime, suggesting that
some entropic disorderedness in the metal cation distribution
might assist in the overcoming of the vacancy−dopant and
vacancy−ion interactions at low temperatures. To understand
how the randomized heterogeneity of YSZ and ScSZ in YScSZ
can affect its ionic diffusion and conductivity, we proceed to
explore these transport phenomena in heterolayered YSZ and
ScSZ interfaces.
3.2. Heterolayered YSZ/ScSZ Interfaces. The diffusion

transport properties across the YSZ and ScSZ heterolayered
interface (denoted as YSZ/ScSZ) have been evaluated at
various temperatures. All possible heterolayered structures
(e.g., with different thicknesses of YSZ and ScSZ regions,
different directions of the heterointerface formed, and different
interface roughness) are considered and studied systematically
using a superlattice model.
We first analyze the relationship between the atomic

structure and ionic diffusion by considering three-dimensional
superlattice models constructed from the [100], [110], and
[111] directions of the cubic fluorite crystal lattice. Next, the

ionic conductivity of these YSZ/ScSZ models is calculated as a
function of the space across the interface and specifically the
atomic roughness of the interface is described via a sharp and
rough interface profile.
Four different YSZ/ScSZ models (in the [100] direction) of

different superlattice thickness dz are considered: (100)sd20,
(100)sd30, (100)

sd50, and (100)s where dz = 20.46, 30.70,
51.16, and 92.09 Å, respectively. The total dopant concen-
tration is kept the same at 8 mol %. The ⟨R2⟩(t) has been
calculated from MD runs for 750 ps at T = 1800 K, and the D
values as a function of dz are then determined, as shown in
Figure 7.

We find that the D value increases with increasing values of
dz. The lowest value seen in (100)sd20 may be due to an
interface−interface interaction at too small a dz value, whereas
(100)s (with dz = 92.09 Å) may be taken as a good converged
reference point to discuss the region-dependent transport
properties across the YSZ/ScSZ interface. On the other hand,
the ⟨R2⟩(t) of cations in YSZ/ScSZ is very close to zero, as
indicated in Figure S8 of the Supporting Information, with a
small oscillation amplitude reflecting its stability.
To further understand the region dependence of diffusion in

the (100)s model, we calculate the ⟨R2⟩(t) for oxygen ions in
the dominantly YSZ region (labeled as (100)sYSZ), the
interface region (labeled as (100)sI), and the dominantly ScSZ
region (labeled as (100)sScSZ), as shown in Figure 8 (a) and
illustrated in Figure S2 (left) of the Supporting Information.
Our results show that the mobility of oxygen ions is the highest
in the ScSZ-dominated region ((100)sScSZ), whereas it is the
lowest in (100)sYSZ. This is clearly reflected in the Arrhenius
plots (Figure 8b), where the calculated Ea for (100)sYSZ,
(100)sI, and (100)sScSZ is 0.61, 0.59, and 0.55 eV,
respectively.

3.2.1. Lattice Strain and Distortions. With regard to the
structural parameters of these YSZ/ScSZ [100] superlattices,
we find that, at elevated temperatures, the in-plane unit cell a

Figure 7. Mean square displacements (⟨R2⟩(t)) of oxygen ions for
different YSZ/ScSZ heterolayered models: (100)sd20 (shown in
black), (100)sd30 (shown in red), (100)sd50 (shown in blue), and
(100)s (shown in brown), where the corresponding superlattice
thickness dz = 20.46, 30.70, 51.16, and 92.09 Å, respectively, for 750
ps at T = 1800 K. For each (100)sYSZ/ScSZ model, the calculated D
value (in m2 s−1 × 10−12) is also provided in parentheses. YSZ/ScSZ
superlattice structures with different thickness (as defined by dz) are
illustrated on the right.
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lattice parameter of YSZ/ScSZ is calculated to be 5.15 Å at T =
1000 K, whereas that of bulk ScSZ is 5.13 Å. Thus, under this
consideration, the ScSZ-dominant region ((100)sScSZ) of the
superlattice will experience an in-plane biaxial strain. It has
been reported for zirconia-based systems, lattice strain can
significantly improve transport properties and enhance the
stability of the strained system.66−68 This lends support to the
idea of using mechanical strain to tune the ionic conductivity
in doped zirconia via such heterolayered interfaces for ionic
transport applications.

Furthermore, from the RDF analysis of YSZ/ScSZ super-
lattice (at T = 1273 K), the peak profiles for the cation−anion
and anion−anion pairs are more similar, showing that the
characteristic peaks are located near the same positions (see
Figure 9 (region by region analysis for (100)s) and Figure S9
of the Supporting Information (all interface regions (100)sI,
(100)rI, (110)sI, (110)rI, (111)sI, and (111)rI).
For instance, the first peaks of ρ(r)Zr−O in (100)sYSZ,

(100)sI, and (100)sScSZ are located at 2.106, 2.094, and 2.106
Å, and those of the ρ(r)O−O are at 2.586, 2.598, and 2.586 Å,

Figure 8. (a) Region-dependent ⟨R2⟩(t) of oxygen ions for YSZ/ScSZ (100)s: The dominantly YSZ region (in red and labeled as (100)sYSZ), the
interface region (in orange and labeled as (100)sI), and the dominantly ScSZ region (in blue and labeled as (100)sScSZ), respectively, for 750 ps at
T = 1200 K. (b) The Arrhenius plots of the diffusion coefficient (logD) as a function of 1000/T for (100)sYSZ, (100)sI, and (100)sScSZ, where
five randomized structural models have been used for statistical averaging. The red, orange, and blue lines are obtained from a linear regression fit
for each data set of (100)sYSZ, (100)sI, and (100)sScSZ, and their calculated Ea values are provided in the parentheses.

Figure 9. Radial distribution function (RDF), ρ(r) of the (a) Zr−O, (b) Y(Sc)−O, and (c) O−O. Here, (100)sYSZ, (100)sI, and (100)sScSZ are
illustrated by red, yellow (black), and blue, respectively, at T = 1273 K. The first intense peaks of each pair are also shown in the inserts. (d) The
model for heterolayered YSZ/ScSZ superlattice with atomically sharp interface (100)s. Here, the model is divided into five zones where the
dominantly YSZ region (labeled as (100)sYSZ), the interface region (labeled as (100)sI), and the dominantly ScSZ region (labeled as (100)sScSZ)
are shown. The Y3+, Sc3+, and anion vacancies are indicated in red, blue, and brown.
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respectively. Moreover, from doped ion−anion RDF analysis,
the first peaks for Y−O and Sc−O are now found at 2.25 and
2.22, respectively, in interface region ((100)sI) of YSZ/ScSZ
whereas the corresponding values are 2.286 and 2.154 Å in the
heterogeneously doped bulk YScSZ. This may indicate that the
excessive lattice distortions in bulk YScSZ can be greatly
reduced by forming heterolayered YSZ/ScSZ interfaces.
Similarly, the RDF for two other heterointerface models in
the [110] and [111] directions (denoted by (110)s, and
(111)s, respectively) is also constructed for both the sharp and
rough interfaces. All ρ(r) have peaks in similar positions (even
interface regions), which are shown in Figure S9 of the
Supporting Information.
Following the RDF analysis, the CN of the cations for YSZ/

ScSZ superlattice has been separately computed (at T = 1273
K) in the dominantly YSZ, interface, and dominantly ScSZ
regions, which are illustrated in Figure 10. The CN of Zr4+ is
found to be almost the same for each region. We also note that
the fluctuations in the CN of Y3+ and Sc3+ in (100)sYSZ and
(100)sScSZ are mainly detected near the interface region
((100)sI). From the point of view of both lattice strain and
local lattice distortion, the YSZ/ScSZ heterointerfaces may
offer more stability, as well as an enhancement in the ionic
conductivity σ when compared with bulk YScSZ. The
calculated values of σ for YSZ/ScSZ superlattices are found
in Table 5 (in contrast to those for YScSZ in Table 4).
3.2.2. Crystal Direction Dependence. Now, turning our

attention to the possible influence of crystal directions on ionic
transport in YSZ/ScSZ, we construct two other heterointerface
models in the [110] and [111] directions: (110)s and (111)s,

where the dz values for these two models are taken as 86.82
and 88.61 Å, respectively. Using the same MD analysis
approach for the [100] YSZ/ScSZ heterointerface, we have
calculated the ⟨R2⟩(t), the diffusion coefficient (logD) as a
function of 1000/T, and the Ea values for (110)

s and (111)s.
The crystal direction-resolved σ values are listed in Table 5,

whereas their region-dependent σ values are determined for
various temperatures and their interface-dominant values of σ
are listed together with those of (100)s in Table 6. Our results

indicate that there is a rather weak dependence on crystal
orientation for ionic diffusion, and this isotropic diffusion
behavior corroborates well with the isotropic trend in the
orthogonally resolved ⟨R2⟩(t) of oxygen ions in the bulk doped
systems in Figure 6d.

3.2.3. Atomic Interface Roughness. Lastly, we will briefly
comment on the likely influence of the roughness profile of the
interface in YSZ/ScSZ. We note in passing that the roughness
profile of the interfaces considered to this point is taken as
atomically sharp, i.e., no mixing of ions across the interface is
intended (and thus the superscript “s” for sharp interface). To
mimic and model a rough interface (hereafter labeled with a
superscript “r”, i.e., (100)r, (110)r, and (111)r, accordingly), we
have constructed a so-called mixed interface model (see Figure
S2, right) and repeated our full set of MD analysis, as described
above, for the atomically sharp YSZ/ScSZ heterostructures
detailed above.
Structurally, we find very little difference in the ionic pair

distributions, as reflected in the RDF plots for (100)r, (110)r,
and (111)r (see Figure S9 of the Supporting Information).
There, the primary peaks in the RDF plots are located in very

Figure 10. Region-dependent oxygen coordination number for Zr4+, Y3+, and Sc3+ ions (shown in black, red, and blue, respectively) for the
heterolayered YSZ/ScSZ superlattice: (a) The dominantly YSZ region (labeled as (100)sYSZ), (b) the interface region (labeled as (100)sI), and
(c) the dominantly ScSZ region (labeled as (100)sScSZ), respectively, for 750 ps at T = 1273 K.

Table 5. σ Values (in S cm−1) of YSZ/ScSZ in the [100],
[110], and [111] Directions (Denoted by (100)s, (110)s,
and (111)s, Respectively) for Temperatures Ranging from
1000 to 1800 Ka

σ ± Δσ (S cm−1)

T (K) (100)s (110)s (111)s

1000 0.014 ± 0.001 0.014 ± 0.001 0.015 ± 0.001
1200 0.039 ± 0.002 0.038 ± 0.001 0.038 ± 0.002
1400 0.073 ± 0.001 0.072 ± 0.002 0.071 ± 0.002
1600 0.118 ± 0.002 0.115 ± 0.003 0.115 ± 0.004
1800 0.165 ± 0.003 0.158 ± 0.001 0.159 ± 0.004

aNote that for each system, five randomized structural models have
been used for statistical averaging and the statistical error bar (Δσ) is
also reported.

Table 6. σ Values (in S cm−1) for the Interface Region (I) of
YSZ/ScSZ in the [100], [110], and [111] Directions
(Denoted by (100)sI, (110)sI, and (111)sI, Respectively) for
Temperatures Ranging from 1000 to 1800 Ka

σ ± Δσ (S cm−1)

T (K) (100)sI (110)sI (111)sI

1000 0.014 ± 0.003 0.012 ± 0.002 0.012 ± 0.002
1200 0.037 ± 0.005 0.036 ± 0.003 0.037 ± 0.003
1400 0.073 ± 0.004 0.068 ± 0.004 0.070 ± 0.007
1600 0.118 ± 0.006 0.114 ± 0.007 0.113 ± 0.005
1800 0.163 ± 0.006 0.155 ± 0.006 0.158 ± 0.006

aNote that for each system, five randomized structural models have
been used for statistical averaging and the statistical error bar (Δσ) is
also reported.
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similar positions for both the sharp and rough interfaces.
Interestingly, by the virtue of heterointerface engineering of
these doped zirconia systems at the atomic level, regardless of
the atomic roughness at the interface region, the local lattice
distortions seem to be lifted otherwise seen in the doped bulk
YScSZ. When comparing their direction-dependent and
region-dependent sigma values in Tables S2 and S3 of the
Supporting Information, respectively, our results seem to also
support that the degree of interface roughness will not have a
significant effect on the overall ionic conductivity of the
heterolayered YSZ/ScSZ electrolyte.

4. SUMMARY
In summary, using molecular dynamics simulations and
diffusion dynamics analysis, we have constructed various bulk
and heterointerface models of doped zirconia, namely, YSZ,
ScSZ, YScSZ, and YSZ/ScSZ. We have performed three main
analyses to examine the structural integrity of zirconia-based
materials: (1) RDF analysis for the phase, (2) the CN analysis
for the vacancies, and (3) mean square displacement (⟨R2⟩)
analysis for the cations and anions. Regarding the conductivity,
we have identified that an overall dopant concentration of 8
mol % is optimal to achieve very high ionic conductivity and in
the case of bulk doped ZrO2, ScSZ yields the best results. The
calculated ionic conductivity value for YScSZ is lower than that
for YSZ and ScSZ (rather than their intermediate value) due to
the structural instability of the heterogeneously doped system.
Moreover, the oxygen-ion diffusion for all systems is rather
isotropic about the orthogonal ⟨100⟩ directions considered. By
heterointerface engineering at the atomic scale, we have
introduced a superlattice model YSZ/ScSZ where the
unwanted local lattice distortions are removed and desired
in-plane strain effects are induced. The overall ionic
conductivity in the heterolayered YSZ/ScSZ is robust with
regard to crystal orientations and atomic roughness at the
interface regions, providing a significant advantage over
heterogeneously doped bulk YScSZ in terms of stability and
enhanced ionic conductivity as electrolyte materials in SOFC
applications.
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