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ABSTRACT: Stabilized Bi,O; has gained a considerable
amount of attention as a solid electrolyte material for low-
temperature solid oxide fuel cells due to its superior oxygen-
ion conductivity at the temperature of relevance ( 500 °C).
Despite many research e orts to measure the transport
properties of stabilized Bi,Os, the e ects of grain boundaries
on the electrical conductivity have rarely been reported and
their results are even controversial. Here, we attempt
quantitatively to assess the grain boundary contribution out
of the total ionic conductivity at elevated temperatures (350
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500 °C) by fabricating epitaxial and nano-polycrystalline thin Ims of yttrium-stabilized Bi,Os. Surprisingly, both epitaxial and

polycrystalline

Ims show nearly identical levels of ionic conductivity, as measured by alternating current impedance

spectroscopy and this is the case despite the fact that the poly Im possesses nanosized columnar grains and thus an extremely
high density of the grain boundaries. The highly conductive nature of grain boundaries in stabilized Bi,Os is discussed in terms of
the clean and chemically uniform grain boundary without segregates, and the implications for device application are suggested.
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INTRODUCTION

Solid electrolytes with high oxygen-ion conductivity are of
signi cant interest for many applications, such as solid oxide
fuel cells, gas sensors, and permeation membranes. Over the
past several decades, numerous studies have been conducted on
the e ect of grain boundaries on the process of increasing the
ionic conductivity of solid electrolytes." * For materials with a

uorite structure (i.e., yttria-stabilized zirconia (YSZ) or
acceptor-doped ceria), grain boundaries are known to interfere
with the transport of oxygen ions, particularly when the oxygen
ions move across them. The loss of symmetry at the grain
boundary relative to the bulk induces the segregation of
dopants or impurities to constrict the migration path of oxygen
ions.> ’ Furthermore, the space-charge region formed around
intrinsically charged grain boundaries often inhibits the
movement of oxygen ions.® ' Given that nanocrystalline
thin or thick Ims have been investigated in relation to lowering
the operating temperature of solid electrolytes to less than 500
°C,** 3 more rigorous and quantitative assessments are
necessary to determine how the oxygen-ion transport character-
istics are a ected by the numerous interfaces formed from a
high density of nanograins.

Stabilized Bi,O4 has attracted much attention as a promising
electrolyte because it has remarkably high oxygen-ion
conductivity even at relatively reduced temperatures. This
high conductivity is attributed to the inherently large number of
oxygen vacancies (one out of four oxygen sites) and to the high
oxygen-ion mobility caused by the high polarizability of Bi**
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with its lone-pair 6s? electrons in addition to the ability of Bi**
to accommodate highly disordered surroundings.* However,
unlike other electrolyte materials, the grain boundary e ect of
stabilized Bi,O5 on the transport properties has rarely been
reported and thus remains unclear.”™ * This is mainly due to
the remarkably conductive nature of the grain boundaries of
Bi,O; and the technical di culties involved in analyzing the
grain boundary properties precisely. A common means of
determining the contribution of the grain boundaries to the
overall conductivity of a solid electrolyte is to make a dense
polycrystalline pellet with metallic electrodes on both sides and
analyze the impedance response with the frequency. According
to the literature, in the case of stabilized Bi,O5;, however, the
impedance spectra corresponding to the bulk interior and grain
boundaries were not distinguished.*>*"?*?? Considering the
relatively large interfacial capacitance of the grain boundary
itself, this indicates that the speci ¢ conductivity of the grain
boundary is too high to be detected. Moreover, the typical
analytical method mentioned above makes it di cult to
separate the conductivity of the grain boundary from the bulk
as the temperature rises (usually above 350 °C) due to the
limitations of the frequency range of the measuring instru-
ment.® Therefore, even if one succeeds in analyzing the low-
temperature conductivity of grain boundaries, this value is likely
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Figure 1. X-ray di raction data for the Y-stabilized Bi,O5 (YSB) thin Ims grown on single-crystal Al,O; substrates with di erent orientations. Out-
of-plane di raction patterns (2 scan) of the Ims (a) on C-Al,O5 (0001) and (b) on R-Al,O; (1102). (c) In-plane di raction patterns (  scan) of
the C-Al,O; substrate and the YSB Ims (X-ray di raction data for the di erent thicknesses are plotted in Figure S1).

to come from a phase with lower symmetry rather than a cubic
uorite structure ( -phase) because Bizoi undergoes a variety
of phase transitions at low temperatures.>* 2 Serious errors in
extrapolating large temperature di erences also cannot be
ignored. Therefore, to resolve these issues, new techniques
which accurately analyze the bulk and grain boundary transport
properties of samples while maintaining the -phase at the
desired elevated temperatures (e.g., 350 500 °C) are needed.

In this study, we fabricated both epitaxial and polycrystalline
thin Ims of Y-stabilized Bi,O5 (YSB) on two di erent single-
crystal substrates (C-plane Al,O; (0001) and R-plane Al,O4
(1102)) and measured their in-plane ionic conductivity values
over a wide range of oxygen partial pressures (pO,) and
temperatures. The remarkably high grain boundary density of
the poly Ims with vertically oriented, nanosized columnar
grains is expected to enhance the contribution of the grain
boundaries signi cantly, relative to the total conduction.
Furthermore, the use of substrate-constrained thin- Im samples
inhibits further phase transitions, allowing us to measure the
conductivity of the targeted cubic uorite structure. Here, we
observed that the ionic conductivity of the grain boundaries,
especially when oxygen ions migrate across the grain
boundaries, was too high to detect any di erence in conduction
characteristics between epitaxial and nano-polycrystalline YSB

Ims within a reasonable degree of measurement error. This
extremely highly conductive behavior of stabilized Bi,O5 grain
boundaries is discussed in regard to the microstructure and
dopant/impurity segregation.

EXPERIMENTAL METHODS

Sample Preparation. Y,:Big750; (25 mol % Y,0,-stabilized
Bi,O;, YSB) thin Ims were prepared by means of pulsed laser
deposition (PLD) from oxide targets of the respective materials. The
targets were prepared by solid-state synthesis of powder mixtures: the
Bi,O3 (99.9995%, Alfa Aesar) and Y,03 (99.99%, Alfa Aesar) powders
were used. The powder mixtures were zirconia ball-milled with a high-
purity ethanol media in a polyethylene bottle for 24 h and dried in air
for 24 h. The mixed powders were then calcined in air at 800 °C for 5
h and isostatically cold-pressed at 200 MPa, followed by sintering
under air at 890 °C for 16 h to create a PLD target. A at cylindrical
ceramic target having a diameter of 2.54 cm (1 in.) and a thickness of 1
cm was used for the Im deposition. The distance between the target
and substrate was 6 cm. Thin Ims with thickness ranging from 60 to
450 nm were prepared by means of PLD on single-crystalline sapphire
substrates with di erent orientations of C-plane Al,O, (0001) and R-
plane Al,O, (1102) substrates, with a size of 10 x 10 x 0.5 mm®
(MTI). The PLD system was operated with a KrF excimer laser,
emitting at 248 nm (Coherent COMPex 205), at pulsed laser energy

of 300 mJ and a laser repetition rate of 5 Hz. The substrates were
heated to 700 °C during deposition, and O, working pressure was kept
at 10 mTorr. After the deposition process, all of the samples were
annealed at 700 °C, 1 Torr of O, working pressure for 30 min to
ensure that they were fully oxidized.

Physical Characterization. X-ray di raction (XRD) measure-
ments were conducted to investigate the crystal structures of deposited
YSB Ims using a Bragg-Brentano di ractometer (Rigaku Ultima IV,
Tokyo, Japan, Cu K wavelength (= 1541 A)). In-plane re ections
through high-resolution X-ray di raction measurements were taken for
precise analysis of the growth structure and crystallinity of the
deposited Ims using a di ractometer (X Pert-PRO MRD, PAN-
alytical) operated at 45 kV and 40 mA with a xed Cu anode.

The grain size, morphology, and surface roughness of the thin Ims
were characterized by an atomic force microscope (AFM) analysis
using a Bruker (Innova) device in tapping mode. The cross sections of
the resulting Ims were examined using a (S-4800, Hitachi) scanning
electron microscope. Bright- eld transmission electron microscopy
(TEM) and Z-contrast high-angle annular dark- eld scanning
transmission electron microscopy (HAADF-STEM) images were
taken with a transmission electron microscope (Titan cubed G2 60-
300, FEI) at 300 kV, with a spherical aberration (Cs) corrector (CEOS
GmbH). Chemical line scan with energy-dispersive spectrometry
(EDS) was carried out in a transmission electron microscope (Talos
F200x, FEI) operated at 200 kV. A four windowless silicon drift
detectors EDS system (Super X) was used as EDS detector.

In-Plane Conductivity Measurement. In-plane conductivity
measurements were undertaken using alternating current impedance
spectroscopy (ACIS, VSP-300, Biologic) at frequencies ranging from 5
MHz to 1 Hz, with AC amplitude of 200 mV. An AC amplitude of 200
mV was used after con rming that this voltage lies within the linear
regime of the sample s current voltage response.®*"?” Two platinum
electrodes (130 nm in thickness) were sputtered onto the Ims using a
metal shadow mask. The spacing between the two Pt electrodes was

xed at 1 mm, which is much larger than the thickness of the YSB  Ims
(60 430 nm), to prevent the constriction e ect. The measurements
were carried out at temperatures of 350 500 °C and pO, of 2 x
10 4 1 atm, in which the pO, values were controlled by mixing
oxygen and argon gases in a tube furnace. Each sample was considered
to reach equilibrium at a given temperature and pO,, after con rming
that the changes in the impedance spectra lie within 2% error between
sequential measurements separated in time by 10 min.

RESULTS AND DISCUSSION

Physical Characterization of the YSB Films. Figure 1
shows the X-ray di raction patterns of YSB thin Ims grown on
C-plane Al,O5 (0001) and R-plane Al,O4 (1102) single-crystal
substrates. The out-of-plane results (2 scan) indicate that

Ims with high crystallinity are successfully obtained with a
cubic uorite structure ( -phase) without any amorphous or
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Figure 2. AFM micrographs of (2) an epitaxial Y-stabilized Bi,O5 thin Im with the thickness of 182 nm on C-Al,O; (0001) and (b, ¢) columnar
Ims with the thickness of (b) 135 nm and (c) 430 nm on R-Al,O; (1102).

secondary phase. Indeed, the Im on the C-plane substrate
shows only the (111) peak, indicative of coherent Im growth,
whereas several peaks corresponding to both the (111) and
(200) peaks are observed from those on the R-plane substrate.
In-plane di raction patterns in Figure 1b provide further
evidence of the epitaxial growth of YSB Ims. Unlike the
polycrystalline Im without any peaks in the in-plane -scan
results, the Im on the C-plane shows sharp in-plane peaks with
a 3-fold rotational symmetry of 120°, which con rms the good
alignment registry between the Im and the substrate. Similarly,
the deposition of epitaxial stabilized BiZO% (111) Im on C-
Al,0, (0001) was also reported elsewhere.*’

AFM images of the surfaces of the YSB Ims are shown in
Figure 2. The lateral dimensions all samples span 1 m; the
vertical dimension in the image is indicated on the z-axis scale
as 10 nm. Figure 2a shows the surface of the epitaxial YSB thin

Im, which is too at to con rm the presence of grain
boundaries. In contrast, in the polycrystalline Im shown in
Figure 2b,c, nanoscale grains can be clearly identi ed; here, as
the thickness of the Im increases, the grain size increases, and
thus the density of the grain boundary decreases. For example,
thin  Ims with a thickness of 135 =+ 7 nm have a grain size of 29
+ 7 nm, whereas with an increase in the thickness at 430 + 3
nm, the grain size increases to 56 = 9 nm. See Figure S2 for
more information on measuring the average grain size and grain
boundary density. It is noteworthy that the root mean square
surface roughness remains less than 2 nm in all samples. Such

at and dense layers cannot be realized with the oxide pellets
used in a conventional bulk ceramic process.

The chemical compositions of PLD targets and the deposited

Ims were also investigated via inductively coupled plasma mass
spectrometry. Considering the loss of bismuth in the high-
temperature and high-vacuum conditions of the PLD
process,’"?® we analyzed the composition of the thin Ims
using targets with three di erent Y/Bi cation ratios (Figure S3).
As a result, it was con rmed that the PLD target with 18% of Y
cations could produce the YSB 25 (25% of Y) thin Im used in
this study.

Impedance Spectra of YSB Films. The oxygen-ion
conductivity of YSB thin Ims was measured at 350 500 °C
via ACIS. Figure 3 shows the typical impedance spectra
obtained for both epitaxial and columnar Ims. The impedance
response, plotted in Nyquist form, always exhibits a nearly ideal
semicircle for all samples; thus, the semicircle is modeled using
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Figure 3. Typical impedance spectra of epitaxial (triangle) and
columnar (circle) Y-stabilized Bi,O5 thin  Ims with a similar thickness
measured at 500 °C and pO, = 0.21 atm.

a RQ subcircuit, where Q is a constant-phase element with
impedance Zq equal to 1/Q(i )", nis a constant, and  is the
frequency. Consistent with the near-ideal shape of the
impedance response, the tted n value was found to fall within
the range of 0.94 0.96. Several features of the resistive part of
the impedance are consistent, with the source being the ionic
conduction of the YSB Ims. This includes the resistance value
of the YSB Ims, which linearly decreases as the Im thickness
increases (see Figure S4), and the fact that the resistance value
remains constant despite the change of the oxygen partial
pressure between 2 x 10 #and 1 atm (inset graph in Figure 4).

Furthermore, the magnitude of conductivity, calculated on
the basis of the Im thickness, the distance between the Pt
electrodes, and the measured resistance values, was in good
agreement with the literature data™**® for the ionic conductivity
of YSB (Figure 4). One can thus evidently conclude that the
impedance feature should be attributed to the oxygen-ion
conduction of YSB Im. Note that the electronic leakage
currents through the insulating substrates can be neglected, as
the measured conductivity of the bare substrates is several
orders of magnitude lower than that of the YSB thin Im
(Figure S5).

Turning to the capacitive part of the impedance, the
measured values show a very large capacitance ( 10 1° F)
and are constant regardless of the thickness of the deposited
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Figure 4. Arrhenius plot of the electrical conductivity of epitaxial
(triangle) and columnar (circle) Y-stabilized Bi,O; thin Ims
compared with works taken from Dordor'® and Wachsman.?®
Double-logarithmic plots (insets) of the electrical conductivity of the
Ims vs pO, at 500 °C, showing the Ims are fully oxygen-ion
conductors.

Ims. These observations were frequently reported when
measuring the electrical conductivity of a thin Im on a
dielectric substrate, and they are attributable to the substrate
stray capacitance, whose value is several orders of magnitude
higher than the capacitance levels of the bulk and grain
boundary of the YSB Ims. Accordingly, due to the substrate
capacitance connected in parallel with the YSB capacitance, the
impedance spectra corresponding to the bulk interior and grain
boundaries cannot be distinguished and only the sum of both
resistive contributions was measured in this study.

The measured oxygen-ion conductivity values for both
epitaxial and polycrystalline Ims are shown in Figure 4. The
error bars shown are average values measured for thin Ims
with three di erent thicknesses. Because the poly Im has both
bulk and grain boundary e ects on the impedance, the
resistance value is expected to be larger than that of the
epi Im. However, surprisingly, we could not nd any signi cant
di erence in the conductivity between the epitaxial and
columnar Ims within the error range of 11%. This is the
case despite the fact that the polycrystalline samples have very
small grain sizes (29 56 nm) and thus very large grain
boundary densities (18 33 (1/ m)). The activation energy
corresponding to the oxygen-ion conduction was constant in all
samples, regardless of the presence or absence of grain
boundaries, which is also consistent with the values reported
(1.25eV) in the literature, i.e., 1.22 eV for the epitaxial and 1.21
eV for the polycrystalline types (Table 1). Previously, we
assessed the speci ¢ grain boundary conductivity of acceptor-
doped CeO, using thin- Im samples akin to those used in this
study. There, the di erence in the resistance between epitaxial

Table 1. E, (eV) and Conductivity ( (S/cm)) of Epitaxial
and Columnar Y-stabilized Bi,O; thin Ims®

sample E, (eV) (S/cm)
epitaxial 122 £ 011 0.019 + 0.002
columnar 121 +£0.12 0.017 + 0.002

#The conductivity values were obtained at 500 °C and pO, = 0.21 atm.

and nano-polycrystalline ceria Ims was more than double and
the activation energy values between the two Ims were
remarkably di erent (i.e, 0.75 and 1.23 eV for the bulk and
grain boundary of Sm-doped CeO,, respectively).’> One can
therefore conclude that the grain boundary of YSB is notably
conductive to oxygen ions; these observations contradict those
of the commonly used YSZ or doped ceria electrolytes, where
the grain boundary acts as a blocker to prevent oxygen
migration.?®

By the way, it needs to be noted that there are two possible
pathways in which oxygen ions migrate at grain boundaries in a
polycrystalline electrolyte: (1) across the grain boundary and
(2) along the grain boundary. In this study, owing to the large
substrate capacitance, only one impedance semicircle was
observed in the YSB thin- Im samples; hence, the conductivity
values corresponding to those pathways could not be separated.
However, we are certain that our observations correspond to
the process of oxygen ions crossing the grain boundaries for the
following two reasons. First, in the path along the grain
boundaries, oxygen ions must travel a much longer distance
through a much narrower section than a path across the grain
boundaries. Speci cally, the columnar thin- Im structure greatly
limits the number of paths along the grain boundaries (see
Figure S6). Second, the conduction characteristics of the both
epitaxial and columnar Ims cannot be precisely matched if the
overall conductivity of the columnar Im is predominantly
determined by oxygen ions along the grain boundaries, as
oxygen ions moving along the grain boundaries do not pass
through the bulk grain interiors, implying that there is no
reason for the bulk properties of the epitaxial Im to appear in
the polycrystalline Im.

Atomic-Scale Analysis of the YSB Grain Boundary. To
understand the excellent grain boundary conductivity of the
YSB thin Im, we attempted an atomic-level analysis using
TEM. Figure 5 shows a STEM Z-contrast image of the grain
boundaries of the columnar-grown YSB Im on a R-Al,O4
substrate. As shown in the enlarged magni cation, a very clean
grain boundary between two adjacent grains is observed
without any amorphous layer or secondary/impurity phase.
The EDS line scan results for the thin- Im cross-section exhibit
no local compositional changes of the Bi and Y contents near
grain boundaries, indicating that Y does not selectively
accumulate at the grain boundaries. More information on the
compositional distribution of the YSB Im is provided in Figure
S7. These observations are quite di erent from those with other

uorite electrolytes (i.e., YSZ or acceptor-doped ceria), where
dopants such as Y and Gd are easily segregated at the grain
boundaries.**%* %> Note that the powder synthesis and
sintering temperature of YSB is in the range of 800 890 °C,
and the Im deposition temperature of 700 °C used in this
study is su ciently high for local cation migration, considering
the decomposition temperature (or melting temperature) of
the material. Therefore, the uniform composition distribution
around the grain boundaries observed in this study is not due to
low deposition temperature.

There are two main reasons for the inhibition of oxygen-ion
transport across the grain boundary in the oxide electrolyte.5%
The rstis the formation of space-charge regions, where oxygen
vacancies are de cient around the grain boundary due to a grain
boundary core with a relatively excess positive charge. The
second is the selective segregation of the dopant or impurity
into the grain boundary and the formation of insulating phases,
which physically constricts the oxygen-ion currents by blocking
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Figure 5. Cross-sectional microstructure and atomic structure of
adjacent grains and grain boundary revealed by HAADF-STEM
images. (a) Cross-sectional image shows distinguishable columnar
grain boundaries in the Y-stabilized Bi,O; Im. (b) EDS compositional
pro le of Y and Bi elements measured across several grains and grain
boundaries. (c) The magni ed image of yellow rectangle in the above
side reveals the crystal crystal interface without any amorphous
intergranular phases.

migration paths. Given that YSB has a very high carrier (oxygen
vacancy) concentration of 25%, the space-charge e ect will be
negligible. Thus, in this study, it is suggested that the presence
of a clean and chemically uniform grain boundary, as con rmed
by the TEM analysis, would result in surprisingly high speci c
grain boundary conductivity.

The solute segregation phenomenon at the grain boundary of
a solid solution is usually explained by two causes: elastic and

electrostatic e ects. If the di erence in radius between a dopant
and a host atom is large, the host atoms cannot fully cope with
the strain due to the introduction of an excessive amount of
dopant; thus, the dopants will more likely di use from the
grains into the grain boundaries, which have a relatively open
structure and a low strain eld.**** Arora et al. calculated the
average segregation energy in several types of uorite structures
(CeO,, Zr0,, and UO,) as a function of the dopant radii and
reported that the weakest segregation tendencies appeared
when using dopants with ionic radii most similar to that of the
host cation.*> However, in this study, the size mismatch
between Y** and Bi*" cations (r[Y*] = 102 pm; r[Bi**] = 117
pm),*® is only 13%:; thus, the driving force to release Y** to the
grain boundary is not likely to be su cient. Moreover, the high
polarizability of Bi** with its lone-pair 6s* electrons makes it
possible to accommodate the local strain fully around Y3*. Next,
selective solute segregation can occur when the solute cations
are e ectively charged in the lattice compared to that in the
host.”*"*® However, in this study, the electrostatic e ect is
expected to be insigni cant because Y** is an isovalent dopant,
which is substituted in the Bi** cation site. Above all, unlike
zirconia or ceria electrolytes, where the segregation of the
aliovalent dopants and subsequent phase separation occur, Y-
stabilized Bi,O; can maintain a more homogeneous local
composition, which plays an important role in the conductive
nature of grain boundaries. However, it should be noted that
Bi,O4 reacts easily with impurities such as silica and alumina,
which come from conventional high-temperature ceramic
processes, with high solubility.®® Therefore, the development
of fabrication techniques to prevent contamination, such as the
vacuum deposition process used in this study, can maximize the
advantages of oxygen-ion conduction characteristics at Bi,O3
grain boundaries.

SUMMARY

In this study, we con rmed the high oxygen-ion conductivity of
the YSB grain boundary through highly controlled sample
preparation and high-resolution analysis steps with a high level
of accuracy. Both epitaxial and polycrystalline YSB Ims were
grown via PLD on single-crystal Al,O5 substrates with di erent
orientations, in this case the C-plane (0001) and R-plane
(1102) types. The ACIS results showed nearly identical levels
of ionic conductivity in both the epitaxial and polycrystalline

Ims, indicating that the extremely high grain boundary
densities do not signi cantly a ect the oxygen-ion conduction.
These observations suggest that stabilized Bi,O; is a powerful
thin- Im electrolyte capable of producing high-performance
outcomes without any deleterious e ects, even when used with
nanoscale thin Ims having extremely high density levels of the
grain boundaries.
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The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsami.7b16875.

Additional physical, chemical, and electrical character-
izations on Y-stabilized Bi,O; thin Ims and targets
(Figures S1, S3 S5, and S7); illustrations and schematics
applied to support our explanations (Figures S2 and S6)
(PDF)
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