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Abstract

Fast oxygen-ion conductors for use as electrolyte materials have been sought for energy conversion and storage.
Bi,Os-based ionic conductors that exhibit the highest known oxygen-ion conductivities have received attention for
use in next-generation solid electrolytes. However, at intermediate temperatures below ~600 °C, their conductivities
degrade rapidly owing to a cubic-to-rhombohedral phase transformation. Here, we demonstrate that physical
manipulation of the grain structure can be used to preserve the superior ionic conductivity of Bi,Os. To investigate the
effects of microstructural control on stability, epitaxial and nanopolycrystalline model films of Ery5Big 75015 were
fabricated by pulsed laser deposition. Interestingly, in situ impedance and ex situ XRD analyses showed that the grain
boundary-free epitaxial film significantly improved the stability of the cubic phase, while severe degradation was
observed in the conductivity of its polycrystalline counterpart. Consistently, the cation interdiffusion coefficient
measured by the Boltzmann-Matano method was much lower for the epitaxial thin film compared to the
polycrystalline thin film. Furthermore, first-principles calculations revealed that the presence of grain boundaries
triggered the structural resemblance between cubic and rhombohedral phases, as evidenced by radial distribution
functions. Additionally, phase transition energetics predicted that the thermodynamic stability of the cubic phase with
respect to the rhombohedral counterpart is reduced near grain boundaries. Thus, these findings provide novel insights
into the development of highly durable superionic conductors via microstructural engineering.

Introduction

Extensive research has been conducted on the potential
of oxygen-ion conductors for use as solid electrolytes in
electrochemical devices such as oxygen sensors"?, solid
oxide fuel cells®, and oxygen pumps®. To date, most
studies of oxygen-ion electrolytes have been focused on
oxide materials with cubic fluorite structures, such as
doped ZrO,’, CeO,*7*°, and Bi,O5'' 2. Among these, the
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0-Bi;O3 polymorph, stands out as a promising electrolyte
because of its high oxygen ionic conductivity (~1 S-cm™*
at 800°C); this stems from the high concentration of
disordered oxygen vacancies, which account for 25% of
the anion sublattice'*.

Despite the superior ionic conductivity of §-Bi,O3, the
thermodynamic stability of the 6 phase is confined within
a narrow temperature range (729-824 °C); outside of this
temperature range, the structure undergoes phase tran-
sitions to structures with reduced symmetries, such as the
tetragonal B or monoclinic o phases, which exhibit
insufficient ionic conductivities at lower temperatures'®.
Such phase transitions severely limit the application of 8-
Bi,O3 and have inspired multiple attempts to stabilize the
cubic phase across a broader temperature range by doping
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with rare earth oxides'®™°. In particular, Er,O; is fre-
quently selected because it allows fast ionic conduction
(=0.35 S-cm ™" at 700 °C). Notably, an Er,O3 concentration
of ~15% is sufficient to stabilize the cubic phase, while
associations among the dopant and oxygen vacancies are
lower than those of alternative dopants®'.

However, it has been reported that when erbia-
stabilized Bi,O3 (ESB) is exposed to reduced tempera-
tures (below ~600 °C), the conductivity deteriorates dra-
matically due to a phase transformation to a
rhombohedral structure that involves breaking the high
symmetry of the cubic phase®”. Therefore, studies have
been conducted to sustain the cubic structure and fast
ionic conductivity of stabilized Bi,O3°*">*. A recent study
reported that the cubic phase was maintained by doping
aliovalent cations and may enhance the long-term beha-
vior™®. Specifically, it was demonstrated that the phase
transition kinetics were highly associated with diffusion of
cations by investigating the time-dependent ionic con-
ductivities of acceptor- and donor-doped systems. Con-
sequently, it was suggested that the control of cation
diffusion enhanced the stability of Bi;Os.

In parallel, for many ionic-conducting polycrystalline
oxides, grain boundaries (GBs) often interfere with rapid
ionic diffusion, particularly during the transfer of ionic
carriers®®, This is the case for fluorite-based electrolytes
such as doped zirconia and ceria, which has led to many
attempts to improve the conductivity by increasing the
grain size and thereby reducing the GB density*”*®, How-
ever, unlike other fluorites, the GBs of stabilized Bi,O3 are
remarkably conductive and, therefore, have little effect on
the overall ionic conductivity®®. Partly due to these unique
interfacial properties of Bi,Os, there have not been many
attempts to control the microstructure of the Bi,O3 elec-
trolyte and manipulate the density of the GBs. Considering
the influence of GBs on phenomena involving atomic
movement and recrystallization®* 7, such as grain growth,
precipitation, and phase transitions, a systematic study
elucidating the correlations between GBs and the phase
stability of stabilized Bi,O3 would suggest new insights.

In this study, we used pulsed laser deposition (PLD)
techniques to investigate how the long-term phase stabi-
lities of ESBs change depending on rigorously controlled
grain boundary conditions. Both epitaxial and polycrystal-
line thin films of Er(,5Big750;5 (25ESB) were prepared on
two different single crystal substrates (SiO, (001) and
C-plane AlL,O3; (0001)). These polycrystalline films with
nanosized columnar grains are expected to clarify the
contribution of GBs to cubic phase stability when compared
to the GB-free epitaxial counterpart. The surface
morphologies and crystallographic structures of the fabri-
cated model samples were characterized through atomic
force microscopy (AFM) and X-ray diffraction (XRD),
respectively. Next, the time-dependent behavior of the ionic
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conductivity was analyzed in situ using electrochemical
spectroscopy (EIS). To elucidate the effects of GBs on the
phase transition kinetics, the cation interdiffusion coeffi-
cient was measured by the Boltzmann—Matano method. An
atomic-level understanding of the stabilities of ESBs arising
from the presence of GBs was obtained by density func-
tional theory (DFT) calculations with a focus on local
atomic geometries, electronic structures of the GB region,
and phase transition energetics. To the best of our knowl-
edge, the current work provides the first indication of how
the grain boundary condition affects the long-term beha-
viors of ESBs with a thin-film model study.

Materials and methods
Sample preparation

The ESB thin films and CeO, interlayer were prepared
using PLD from oxide targets of the respective materials.
The ESB target was prepared via a conventional solid-
state reaction in which a mixture containing stoichio-
metric amounts of Bi,O3 (99.99% pure, YeeYoung Cer-
achem) and Er,O3 (99.99% pure, Alfa Aesar) was ball-
milled for 24 h with zirconia media in a HDPE bottle. The
powder mixture was calcined at 800 °C for 16 h before the
calcined powder was crushed finely with a mortar and
pestle and sieved with a 45 pm mesh. The CeO, target was
prepared using micron powder (99.9%, Alfa Aesar).
Finally, the ESB and CeO, powders were uniaxially
pressed under a pressure of 50 MPa to obtain the disk-
shaped PLD target with a diameter of 2.54 ¢cm (1 in.) and a
thickness of 1 cm. The final ESB and CeO, targets were
obtained after sintering at 890 °C for 16 h and 1400 °C for
6 h, respectively.

Polycrystalline thin films were grown on a single-crystal
SiO, (001) substrate with a CeO, interlayer to prevent
diffusion of Si. The effect of the interlayer is described in
the Supporting Information and Fig. S1. Epitaxial thin films
were grown on C-plane Al,O3 (0001) substrates. The PLD
system was operated using a KrF excimer laser with an
emission wavelength of 248 nm (Coherent COMPex 205)
at a pulsed laser energy of 270 m]J and a laser repetition rate
of 5Hz for a selected duration. During the laser ablation
process, the substrate temperature and O, working pres-
sure were kept at 700 °C and 10 mTorr, respectively. After
the deposition process was completed, the chamber was
kept at 700 °C under an O, working pressure of 1 Torr for
30 min to facilitate oxidation of the films. It was confirmed
in Fig. S2, which shows XRD results obtained before and
after heat treatment, that the ESB films were prepared well
and without any oxygen deficiency.

Characterization

To investigate the crystal structures of the deposited
ESB films, XRD measurements were conducted using a
Bragg—Brentano diffractometer (Rigaku Ultima IV,



Jeong et al. NPG Asia Materials (2022)14:53

Tokyo, Japan, Cu Ka wavelength of 1.541 A). The in-plane
reflections recorded in the high-resolution XRD mea-
surements were utilized to perform a precise analysis of
the growth structures and crystallinities of the deposited
films using a diffractometer (X'Pert-PRO MRD, PANaly-
tical) operated at 45 kV and 40 mA with a fixed Cu anode.
An AFM (Park Systems XE-150) was used to study the
surface morphologies of the specimens.

The electrical conductivities of the ESB thin films were
evaluated using two-probe electrochemical impedance
spectroscopy (EIS, Biologic VMP-300). The details of the
experimental setup and analytical method for the in-plane
conductivity measurements are given in the Supporting
Information and Fig. S3. The impedance of each specimen
was measured under ambient air conditions (balanced by
mixing O, and Ar gas flows) over a frequency range of
5 MHz to 0.05 Hz and an amplitude range of 100—400 mV.
In addition, the measurements were carried out based on a
carefully controlled heating schedule, considering the
degradation occurring at elevated temperatures. The details
are included in the Supporting Information and Fig. S4.

A focused ion beam (FIB, Hitachi NB 5000) was used to
prepare trenches for the thin films, and a composition
analysis was performed at each location using transmission
electron microscopy combined with energy-dispersive X-
ray spectroscopy (TEM EDS, Hitachi HF-3300). The
impurity diffusion profiles of the polycrystalline ESB thin
film samples were analyzed by time-of-flight secondary ion
mass spectrometry (ToF-SIMS; TOF-SIMS5, Germany)
after the annealing process. Here, 30 keV Bi* clusters with
a raster of 256 x 256 measured points scanned over an area
of 100 x 100 um* were used to generate negatively charged
secondary ions, and the secondary ion intensity levels of all
relevant isotopes and clusters were analyzed simulta-
neously. For depth profiling, 1keV Cs™ ions (300 x
300 um?) were used in noninterlaced mode (analyze 1
frame, sputter 3 s, pause 4 s) for sequential ablation of the
surface between measurements of the mass spectra.

Computational details

DFT calculations were performed using VASP****, The
generalized gradient approximation (GGA-PBE) was cho-
sen for the exchange-correlation functionals. Projector-
augmented-wave (PAW) potentials with valence config-
urations of 4f5d'°6s’6p> and 2s*2p* were applied to
describe Bi and O, respectively. Plane waves with an
energy cutoff of 450 eV based on the convergence test
within 0.02 eV/fu. were used to expand the electronic
wave functions. We used 1 x 1 x 1 and 2 x 2 x 2 k-
meshes” within the Monkhorst—Pack scheme for the GB
and bulk models, respectively. The k-point settings were
optimized by energy convergence tests based ona 1 x 1 x
1 Bi;O3 unit cell. The convergence threshold for the
electronic self-consistent iterations was set to 10™* eV/cell.
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The atomic positions and cell parameters were relaxed
until the residual force reached 107 eV/A. We obtained a
lattice constant of x =y =2z=5.7 A for the 1 x 1 x 1 unit
cell after fitting the calculated total energy as a function of
the unit cell volume to the Birch—-Murnaghan equation of
state®®. This yielded good agreement (~3%) with the
experimental result®” extrapolated to 0 K (5.553 A), which
was within the typical overestimation calculated by GGA
functionals. Based on the lattice constant of the grain
condition, a tilt ¥3[110]/(111) GB model was generated
because it was reported based on previous calculations to
have a lower GB formation energy compared to other
models for fluorite systems®® *°, A slab model with a
vacuum region was developed to depict the atomic
structure of the GB region with a sufficient bulk region.
The GB model was constructed by mirroring and shifting
the (111) plane, which featured 240 atoms and had
dimensions of 8.06 x 8.06 x 98.98 A3 We used slabs
sandwiched by a vacuum region of approximately 20 A
along the z-direction to simulate the GBs. To minimize the
effects of surface electronic redistribution on the GB area
and to describe the bulk region adequately, three terminal
atomic layers were fixed (one stoichiometric Bi,O3 (111)
trilayer). In addition, two oxygen layers were fixed at the
center of the GB model to prevent the structure from
being fully relaxed along the GB region because the GB
blurs and dissipates owing to facile relaxation of oxygen
ions originating from the disordered nature of the anion
sublattice in Bi;O3. To approximate the disorder of oxygen
vacancies, the special quasi-random structure (SQS)
method from the Alloy Theoretical Automated Toolkit
(ATAT) was used. In the SQS approach, oxygen ions are
arranged on the anion sublattice so that their most rele-
vant radial correlation functions imitate those of the
reference structure, which is perfectly random*'. Doublet
and triplet clusters are considered as proposed from pre-
vious studies***3, and the generated structures showed
energy convergence to within 0.1 eV/f.u. However, addi-
tional consideration of quadruplets did not lead to
improvements. Furthermore, the maximum cutoff radius
within the supercell was used to ensure that all possible
ranges of clusters were covered. The effective coordination
number (ECN) was calculated by weighting the individual
bond lengths between the central ion and the nearby ions
in comparison to the minimum bond length of the central
ion**, The ECN was calculated by summing the weights as
follows:

ECszi:exp(l— <lj,im>6> (1)

where /; denotes the bond lengths between the central and
nearby i ions, while /,;, denotes the minimum bond
lengths from the central ion.
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Results and discussion
Grain boundary manipulation via thin-film deposition
Two types of thin films with different microstructures
were used as model samples to confirm the effect of GBs
on phase stability and ion conductivity. Figure 1a shows a
schematic drawing of the epitaxial and columnar growth
of the ESB thin films. Figure 1b, ¢ present AFM images of
the as-deposited surface morphologies of the epitaxial
ESB thin film (Epi-ESB) and polycrystalline ESB thin film
(Poly-ESB), respectively. Epi-ESB had a smooth surface
(Rq = 0.686 nm) without GBs, whereas Poly-ESB exhibited
widespread surface irregularities (R, =2.737 nm) corre-
sponding to GBs over an area of 1 um x 1 pm. Figure 2a
shows the out-of-plane XRD patterns (w-26) for Epi-ESB
and Poly-ESB. The crystalline cubic fluorite structure (&
-phase) was observed for both films without any second-
ary phase formation. Indeed, Epi-ESB showed only the
(111) peak, which, as reported elsewhere, was indicative of
coherent film growth. The in-plane diffraction patterns
shown in Fig. 2b provided further evidence for epitaxial
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growth of Epi-ESB. In contrast to Poly-ESB, for which no
peaks were observed in the in-plane ¢-scan results, Epi-
ESB showed sharp in-plane peaks with a six-fold rota-
tional symmetry of 60°, thus confirming the strong
alignment registry between the film and the substrate.
These crystallographic features of epitaxially grown ESB
films on C-Al,O3 (0001) substrates were repeatedly con-
firmed in previous studies**®, Alternatively, several
orientations, namely, (111), (200), (220), and (331), were
observed for Poly-ESB, indicating the polycrystalline
growth of ESB. The possibility of a phase change for SiO,
at high temperature was reported in a previous study®.
However, as seen from the high-temperature real-time
XRD results of the z-cut SiO, substrate in Fig. S5, the
phase change of SiO, was negligible and certainly had no
effect on the growth of Poly-ESB films.

Furthermore, additional characterization of the Epi-ESB
film was performed by means of high-resolution TEM
(HR-TEM), as shown in Figs. S6, 7. First, the cross-
sectional HR-TEM image (Fig. S6d, e) of the ESB film
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region and ESB|Substrate interface region revealed that
the dense ESB thin film was well grown and without any
grain boundaries. Figure S6b, ¢ shows the selected area
electron diffraction (SAED) patterns for the film area and
interface region, respectively, as marked in Fig. S6a. The
heteroepitaxial relationship between the ESB thin film and
the C-Al,O3 substrate is clearly shown, and the highly
oriented and crystalline growth feature of Epi-ESB was
confirmed. The strong spots are the Bragg reflections of
fluorite-like structures, while the other spots are satellite
reflections, as reported elsewhere®*%,

Figure 2c presents the ionic conductivities of Epi-ESB
and Poly-ESB alongside that of bulk ESB in the Arrhenius
plots. The conductivity values were derived by investi-
gating the origin of the resulting impedance spectra, and
the detailed process is included in the Supporting Infor-
mation and Figs. S3 and S8-S10. Initially, measured ionic
conductivities and calculated activation energies of bulk
(1.1eV), Epi- (1.1eV), Poly-ESB (1.0eV) matched each
other well and agreed with the results of our previous
work, which demonstrated that GBs in ESB serve neither
as preferential paths for oxygen diffusion nor as obstacles
to oxygen conduction’*’, In summary, these results
emphasize that the thin films fabricated herein were well
defined, thereby maintaining the inherent transport
properties of ESB.

Time-dependent conductivity behavior

Figure 3 shows how the ionic conductivity and crystal
structure of ESB change over time at 600 °C. Specifically,
Fig. 3a shows the Nyquist plots for Epi-ESB and Poly-ESB
annealed for 20 h. Surprisingly, the ohmic resistance was
maintained in Epi-ESB, whereas a dramatic increase in the
resistance was observed for Poly-ESB. Figure 3b presents
the time-dependent conductivity behaviors of ESB thin
films heated at 600 °C for 100 h: the conductivity of Poly-

ESB decreased by 94.6% from 9 x 107 to 1x 107> S/cm
after approximately 20 h of operation, while the initial
conductivity (~7 x 1072S/cm) of Epi-ESB remained
almost constant during annealing for up to 100h (~6 x
1072S/cm). Furthermore, additional experiments were
performed to investigate the effect of lattice strain on
conduction characteristics and long-term phase stability.
Under identical PLD process conditions with different
durations of deposition, films with three different thick-
nesses (140, 500, and 780 nm) were grown on identical
Al,O3 substrates. As seen from Fig. S11, all of the films
showed epitaxial growth features with highly preferred
orientations in the (111) direction. In Fig. S11b, the
thinner the film was, the greater the influence received
from the substrate, and a larger peak shift was observed
compared to that of the fully relaxed ESB25 bulk. Based
on the (111) peak shift value, the respective strain level
was evaluated as shown in Table S1 by referring to the
previous method®®!, Next, conductivity measurements
and long-term stability tests at 600 °C were performed on
the thin films, as shown in Fig. S12. The conductivity
values of the strained films were slightly lower than that of
the bulk, but the conductivity value of the 500 nm film
was similar to that of the bulk. Furthermore, the results of
the long-term stability tests shown in Fig. S12b indicated
that all three epitaxial thin films underwent sluggish
degradation with rates several orders of magnitude slower
than that of the polycrystalline thin film. In this regard,
enhancement of the long-term durabilities of epitaxial
films did not show a significant correlation with the
thicknesses (and lattice strain) of the epitaxial films. Thus,
it was demonstrated that, regardless of their thickness,
epitaxial ESB films exhibited long-term phase stability
much superior to that of polycrystalline ESB film. Figure
S13 shows the ToF-SIMS analysis of possible Ce diffusion
due to the CeO, interlayer in Poly-ESB after the



Jeong et al. NPG Asia Materials (2022)14:53

Page 6 of 10 53

\.

p
(@) sxt08 (b) T . . . .
2x108 B
o ©
o o
o ]
25104 1x10 o:o o °°° g °
a 6 |e
= 8 3 22 °
N o o 1x106 2x10°  3x10°¢ ° °
1x104 % M © Epi-ESB Poly-ESB 4 g .
(o] -
QQ {0 o #0h  Ooh @ Epi-ESB
o #®5h  Osh -
oioh Oon @ Poly-ESB |
0 & 15h O 15h
1x104 3x104 5x104 0 20 40 60 80 100
Z(Q) Time (h)
(c) (d) _
Cubic Cubic 3
S g
= =3 Al,0, ';
o &
> 2
€ £
30 40 50 60 30 40 50 60
20 (Degrees) 20 (Degrees)
Fig. 3 Time-dependent ionic conductivities and crystal structure changes. a Nyquist plots of epitaxial and polycrystalline ESB thin films. b Time-
dependent conductivities of epitaxial and polycrystalline ESB thin films. XRD spectra of ¢ epitaxial and d polycrystalline ESB thin films after long-term
operation. The asterisks indicate artifacts attributed to the aged X-ray tube.

conductivity measurement. However, the level of Ce
content in the interior of the ESB thin film was only at the
noise level, indicating the absence of chemical reactions
or intermixing of chemical species.

After the long-term stability tests, XRD analyses of both
samples revealed that the long-term heat treatment led to
a clear difference between the films, as shown in Fig. 3¢, d.
Overall, the cubic phase was maintained for Epi-ESB,
except for growth of a negligible rhombohedral peak
(Fig. 3c); however, for Poly-ESB, several rhombohedral
peaks were formed after 30 h of heat treatment, while
minor peaks for the cubic structure vanished, and only the
(111) oriented peak remained (Fig. 3d). This result sug-
gested that the degraded conductivities of the films fol-
lowing long-term annealing were mainly due to a
transition from the conductive cubic phase to the resistive
rhombohedral phase, as reported in our previous work™”.
In the XRD spectra of Poly-ESB, it appeared that cubic
and rhombohedral phases coexisted. Specifically, as a
substantial transition occurred, the (111) peak of the cubic
phase dropped in intensity and widened, whereas the
(211) peak, which is the main peak of the rhombohedral
phase, became relatively larger. In the XRD spectra of Epi-
ESB, cubic peaks remained, and only a minor rhombo-
hedral peak was observed, indicating significant suppres-
sion of the phase transition. Effects related to nanoscale
structural evolution, such as amorphous phases and local

dislocations, were not considered in this study, and fur-
ther studies may be necessary.

Cation interdiffusion coefficient

An association between cation diffusion and phase
transition kinetics has been suggested in previous stu-
dies®***, and we used microstructural control to deter-
mine whether there exists a corresponding correlation in
this study. The interdiffusion coefficients of Bi cations
were measured via the Boltzmann—Matano method. To
this end, films with different compositions were deposited
sequentially to establish bilayered diffusion couple speci-
mens (40ESB|15ESB) for each of Epi-ESB and Poly-ESB.
After subjecting each diffusion couple specimen to heat
treatment at 700 °C for 10 h, specimens for transmission
electron microscopy (TEM) analysis were fabricated by
using an in situ lift-out technique with a FIB. Figure 4a
shows the detailed steps of sample preparation. The layer
at the diffusion couple interface was obtained by FIB
etching and attached to the grid. The Bi concentration as
a function of distance was then quantified using the
energy-dispersive X-ray spectroscopy (EDS) capability of
the TEM system. The concentration profile was drawn
with x» = 0 representing the Matano interface, that is, the
interface where the mass is balanced and the diffusion-
induced loss on one side equals the corresponding gain on
the other side. The concentration profiles after heat
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treatment of Epi-ESB and Poly-ESB are shown in Fig. 4b.
Upon inspecting the changes in slopes near the Matano
interface, the change in the Bi concentration gradient was
found to be significantly lower in Epi-ESB than in Poly-
ESB. This implied that the diffusion coefficient of Bi in the
epitaxial specimen was smaller than that in the poly-
crystalline specimen. The diffusion coefficient of Bi was
quantitatively determined via the Boltzmann—Matano

method, as follows:
1 [/dx ¢
(4 / #dC
2t (dc> CcxJ Co

where ¢ denotes a specific time, Cy is the Bi concentration
at the end of the diffusion couple, and C” represents the Bi
content at a specific position. The composition-
dependent Bi interdiffusion coefficients were measured
for Epi-ESB and Poly-ESB with this method, and they
were plotted in Fig. 4c. The measured interdiffusion
coefficient of Epi-ESB observed for the 25ESB composi-
tion (0.02 nm?/s) was 71% lower than that of Poly-ESB
(0.07 nm?/s). This result indicated that cation diffusion
can be controlled by microstructural manipulation. Thus,
slower diffusion of Bi cations would result in effective
suppression of a phase transition for stabilized bismuth
oxide.

D(C)= - (2)

Role of grain boundaries in phase transitions

To further understand the stability of the cubic phase in
the presence of GBs, the atomic-level behavior was
simulated using DFT calculations. The GB model was
envisaged as alternating O and Bi planes, as shown in

Fig. 5a. To explore how the atomic structure of the grain
condition changed due to the presence of GBs, a struc-
tural model containing slab layers representing the bulk
and GB conditions was developed (Fig. S14). Then, a
gradual change due to the presence of GB was observed.
The local geometry of the GB model was analyzed from
the perspective of Bi cations, and the ECNs** of the Bi
ions (ECNp;) were averaged for each layer of the GB
model. The ECNpg; gradually decreased as the Bi ions
approached the GB, as shown in Table S2, implying that
interactions of Bi with O were weakened near the GB.
This might free Bi cations to move from the initial sub-
lattice and thereby speed diffusion of Bi ions, as observed
in Poly-ESB, which contained numerous GBs. To under-
stand the changes in stability resulting from reduced
interactions between Bi and O upon moving from the
bulk condition toward the GB condition, two sets of cubic
and rhombohedral structures are prepared with varying
degrees of oxygen occupation. One set represented the
bulk condition with minimal GB influence (Epi condi-
tion), and the other represented the GB condition with
maximal GB influence (Poly condition). Cubic and
rhombohedral phases for each condition were denoted Xy
(X = Cubic, or Rhom; Y = Epi, or Poly) for consistency
with the experiments. The reproducibilities of the two sets
for each condition were verified from the atomic and
electronic perspectives, and details are described in the
Supporting Information. The schematic processes used
for calculations are depicted in Fig. S15.

Figure 5b, ¢ shows the bonding characteristics of the
cubic and rhombohedral phases for each condition, as
analyzed using radial distribution functions. The
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frequencies of the Bi—O bonds were described as a function
of distance within the first coordination shell. The most
dominant bond lengths were marked with red and blue
circles for the cubic and rhombohedral phases, respectively.
While there were significant bonding differences between
the cubic and rhombohedral phases in the Epi condition,
the bonding distributions of the two phases in the Poly
condition were more closely aligned, as evidenced by the
overlapping red and blue circles. From this structural
resemblance between the cubic and rhombohedral phases
in the Poly condition, it can be inferred that transformation
from the cubic to the rhombohedral phase became easier
with less structural deformation near the GBs. Figure 5d
shows the density of states and corresponding charge
density maps for Cubicp,l,. While the states in the lower
energy range (Fig. 5d, green data below —1 eV) showed

results similar to those for Cubicgy; (Fig. S17a), the states
below the Fermi energy (purple data from —1 to 0eV)
showed antibonding characteristics, which implied
instability of the cubic phase under Poly conditions. This
behavior can be attributed to the distinctive tendencies
observed for atomic relaxation (represented by ECNp;). As
shown in Table S3, the ECNp; of the rhombohedral phase
underwent a greater change on going from Epi to Poly than
the ECNp; of the cubic phase. Specifically, while the ECNpg;
of the rhombohedral phase (4.13) was higher than that of
the cubic phase (3.99) under the Epi condition, the reverse
was true for the Poly condition, where the ECNp; of the
rhombohedral phase (2.87) was lower than that of the cubic
phase (3.04). This indicated that rhombohedral Bi,O;
responded more readily to changes in the local atomic
environment than its cubic counterpart.
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In Fig. 5e, the calculated DFT energy, AEper (= ERRSM™ —
ESic), predicts the energy cost for transformation from
the cubic to the rhombohedral phase under each condition.
Under the Epi condition, represented by the red bar, AEpet
is positive, signifying that the cubic phase is likely to be
maintained. However, under the Poly condition (blue bar),
AEppr becomes negative, which indicates that the trans-
formation from the cubic to rhombohedral phase is ener-
getically favorable. In other words, it is predicted that the
cubic structure is more stable than the rhombohedral
structure in the absence of GB effects; the rhombohedral
structure becomes energetically favorable with respect to
the cubic structure when there is a grain boundary effect.
Even taking the finite-temperature error (~meV/fu.) into
account®®®?, the difference in energy of ~3 eV (0.25eV/fu.)
for the two conditions is distinguishable, indicating that the
phase stability is highly sensitive to the grain boundary
condition. These predictions indicate that the presence of
GBs induces a phase transition for Bi,O3 and these results
strongly support our experimental data.

Conclusion

In this study, the long-term stability of the Bi,O3-based
superionic conductor was enhanced significantly via pre-
cise manipulation of GBs. While the conductivity of the
poly-ESB thin film declined rapidly from 9 x 107> to 1 x
107 S/cm at 600°C due to the cubic-to-rhombohedral
phase transformation, the Epi-ESB thin film maintained
its initial conductivity for 100 h without a phase transi-
tion. Successful modification of cation diffusion was
investigated with the interdiffusion coefficient of Bi, and a
proportional relationship was observed between cation
diffusion and phase transition kinetics. Furthermore, DFT
calculations revealed that under the influence of GBs, a
strong structural resemblance was observed between the
cubic and rhombohedral phases; antibonding character-
istics were observed for the cubic phase, implying high
feasibility of transformation from the cubic to rhombo-
hedral phase in ESB. These observations suggest that the
superionic conductivity of stabilized Bi,O3 can be effec-
tively secured by physically manipulating GB conditions
in the bulk, such as by elongating heat treatment condi-
tions, applying a thermomechanical treatment, or adding
sintering agents. Thus, our findings provide novel insights
for the development of highly conductive and durable
solid electrolytes for next-generation energy applications.
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