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Abstract

V,05 in the Bi,O3-TiO, system (14BTO) is used as an electrolyte material for solid oxide fuel cell (SOFC) applications. Material
characterization and electrical behavior of 10VO, and 25VO, 50VO molar (mol) ratio doped 14BTO specimens were investigated by
X-ray diffraction (XRD), field emission scanning electron microscopy (FE-SEM) and two-probe DC conductivity measurement method.
The XRD results show that cubic sillenite single phase (Bi;;TiO,) is observed in the 14BTO-10VO and 14BTO-25VO specimens and
two phases (BijxTiO,y and BisV;5TigsO10gs) in the 14BTO-50VO specimen. In situ and batch-type long-term conductivity
measurements at 600 °C were conducted to verify the possible reason of degradation which may have occurred in the 14BTO samples

in this study.

© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Solid oxide fuel cells (SOFCs) are highly efficient
producers of electricity, through the direct oxidization of
fuels. Thermodynamic analysis of an SOFC system based
on an oxygen ion conductor has shown that the maximum
efficiency varies from 68 to 82 within a temperature range
of 600—1000 °C [1]. Bi,O3 has a -cubic composition, which
contributes to its exceptional ionic conductivity of oxygen
ions. This material has been extensively investigated
through computer simulations and experimental analyses
in order to assess its suitability for SOFC electrolyte
applications. The problems associated with using Bi,Oj3
as an SOFC clectrolyte include low chemical stability in
reduction atmospheres and phase stability within a limited
temperature range. It has been reported that BiyO;
becomes unstable when the partial pressure of oxygen is
below 10~¢Pa at 700 °C [2]. Thus, an additional barrier
layer is required to prevent the surface of the Bi,O3z-based
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electrolyte from being reduced. Suitable doping can stabi-
lize the high ionic conduction phase at a broader working
range, which includes lower temperatures [2-5]. A number
of oxides have been shown to possess an acceptable level of
photonic conductivity [6]. These oxides are applicable as
electrolytes in an SOFC. However, since atmosphere
at elevated temperatures is not stable in oxides (i.e.,
BaCeO, SrCeO and CaZrO), it is not suitable for practical
applications. SOFCs can be used with a wider range
of fuels than other types of fuel cells [7-9] because
they operate at relatively high temperatures [10]. This
study proposes an SOFC using V,0s-doped Bi,O;-TiO,
(Bi;,Ti05y, 14BTO) to compensate for the poor conduc-
tiVity of Bi203—Ti02.

This study focused entirely on the preparation and
characterization of V,0s-doped 14BTO at various concen-
trations. In accordance with our previous work [10,11], we
employed colloidal processing followed by pressure
filtration to obtain specimens of higher quality. X-ray
diffraction (XRD, RIGAKU RTP 300) and field emission
scanning electron microscopy (FE-SEM, JEOL JSM-6390
LV) were used to examine the microstructural morphol-
ogy, crystal structure, and surface porosity of the sintered
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pellets. The Archimedes method was applied to measure
the relative density of the samples. In-situ and batch-type
long-term conductivity measurements were carried out at
600 °C for as long as 24 h to investigate the reasons for
degradation.

2. Experimental procedures
2.1. Material preparation

Bi,O; powder (99.9, Solartech, Taiwan), TiO, powder
(99.9, Alfa Aesar, USA) and V,0s5 powder (99.9, Merck,
KGaA, Darmstadt) were used to prepare V,Os-doped
Bi,O5-TiO, specimens by colloidal process-pressure filtra-
tion. The purchased TiO,, Bi,O; and V,05 powders were
separately dispersed in de-ionized water with 1 wt (accord-
ing to oxide powder) of D-134 dispersant (ammonium salt
homopolymer with a 2-propenoic acid group; Dai-Ichi
Kogyo Seiyaku Co. Ltd., Japan) and then ball-milled for
24 h to ensure well-mixed slurries.

2.2. Material characterization

The powders were verified by XRD to be monoclinic
Bi,O3 and tetragonal anatase TiO,. Characterization of
powders was investigated using an FE-SEM. Stoichio-
metric 14.3 mol of titania slurry was then added into the
Bi,03 slurry for another 2 h of ball-mill mixing, forming
Bi,O53-TiO,. Following the same method, stoichiometric
28.3 mol of V,Os slurry was added in various molar ratios
into Bi,O3-TiO; slurry and ball-milled for another 2 h; the
slurry was then pressure filtrated in a self-designed acrylic
mold at 10 atm. This was followed by sintering of the green
disks for 2 h at 850 °C with a heating rate of 10 °C min .
For comparison, 14BTO powder was also prepared by die-
pressing at 140 MPa. The exact crystal phases of the
materials were obtained by XRD. The incident beam was
Cu K characteristic X-ray at 40 kV and 100 mA. Secondary
electron images (i.e., SEI image) from FE-SEM revealed
the microstructural morphology of the specimens. The
densities of the sintered 14BTO disks were derived by
Archimedes relation. Conductivities of the specimens were
measured at temperatures ranging from 500 to 700 °C.
Platinum electrodes of 0.1 cm diameter were secured to
either sides of the sample pellet using Heraeus CL11-5100
Pt adhesive paste and held at high temperature for 1 h.
Two-probe DC conductivity was measured. Long-term
conductivity measurements at 600 °C by in situ and
batch-type methods were conducted to verify the possible
reason of degradation of 14BTO samples. In situ long-term
conductivity measurement was continuously recorded for
24 h. Aging test was performed for 14BTO samples placed
in a furnace with an aging temperature of 600 °C for the
batch-type long-term conductivity measurement, and each
sample was removed from the furnace at a specific time for
further conductivity measurements.

3. Results and discussion
3.1. X-ray diffraction analysis

Specimens sintered at a temperature of 850 °C were
examined by XRD after the pressure filtration process as
shown in Fig. 1. All the specimens revealed a single phase
Bi;,TiO,o with a cubic sillenite structure, and the strongest
diffraction peak of the (310) plane was at a 26 of 27.7°
(note that the structure had the smallest mismatch in peak
location). Furthermore, for 14BTO doped with 10, 25 and
50 mol V,Os (hereafter, 14BTO-10VO, 14BTO-25VO, and
14BTO-50VO, respectively) and treated at 850 °C for 2 h,
the peaks shifted slightly towards right from about 27.7° to
27.8°. In particular, the structure of a single crystal doped
with 10 M ratios of V,0s5 (i.e., 14BTO-10VO) remained
unchanged. An increase in the molar (mol) ratio beyond 25
(i.e., 14BTO-25VO) resulted in a significant shift in the
peak position. The Bi;»TiO,g and BisV;5Tig 501085 phases
coexisted in 14BTO-50VO specimens. An increase in V,0j5
molar ratios also reduced the peaks.

As discussed above, the strongest peak shifted to a lower
diffraction angle, implying that the increased lattice con-
stant of 14BTO was correlated with an increase in the
molar ratio of V,0s. The calculated lattice constants for
each case are shown in Fig. 2. Compared with the lattice
constant of 10.164 A from the single crystal Bij;TiO,g, the
sintered 14BTO specimens showed a larger lattice para-
meter (i.e., 10.164 A), which decreased with the molar ratio
of V,0s: from 10.175 A for 10VO, to 10.144 A for 50VO.
Defect concentration is associated with a change in molar
ratio. Thus, the variation in lattice constants is an
indicator of the concentration of defects in the crystal
structure. V,0Os is well known to cause intrinsic defects at
increased molar ratios. It is possible that the number of
structural defects in Bi;»,TiO»y may also increase at higher
temperatures. A higher concentration of lattice defects
locally distorts the lattice structure, which leads to an
expansion of the average lattice parameter following an
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Fig. 1. XRD spectra of 14BTO, and 14BTO-10VO, 14BTO-25VO and
14BTO-50VO specimens.
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Fig. 2. Lattice constants of 14BTO as a function of V,O5 dope concentration.

increase in molar ratio. This would explain the variation in
the peak position of the four separately sintered specimens.

In addition, the densities of the sintered specimens
measured using the Archimedes method (AM) showed
various molar ratios of V,0s, which can be inferred from
the porosity of the 850 °C sintered specimens, correspond-
ing to a high sintered density for all doped conditions. The
densities of the specimens were separately measured using
AM. The relative densities of the 14BTO, 14BTO-10VO,
14BTO-25V0O, and 14BTO-50VO specimens sintered at
850 °C were 54.50, 67.98, 94.96, and 96.82, respectively.
Comparing with the die-pressed specimens, the highest
sintered density is 96.82 under 850 °C for 2h of heat
treatment, which is lower than that for the case by pressure
filtration [10,12]. This result is similar to that previously
reported on the basis of the investigation on densities of
die-pressed and pressure-filtration sintered mixed powders.
Therefore, it has been shown that pressure filtration results
in relatively higher sintered densities with a more uniform
packing property.

3.2. Microstructural and sintered density analysis

Microstructure (i.e., SEM images) examination indi-
cated that the application of a ball-mill narrowed the
distribution to 2.2, 0.5, and 1.6 m for Bi,O3, TiO,, and
V,0:s, respectively. (Note that the average diameters of the
starting powders were 2-3 m for Bi,Os, in the sub-micron
limit for TiO,, and 1-2m for V,0s.) In addition, plane
view and cross-sectional SEM images (i.e., secondary
electron images (SEI image)) of the sintered specimens
are shown in Fig. 3. The porosity derived from AM was
6.24 at a bulk density of 8.346 g/cm?, while that from the
SEI image was calculated to be 14.40. It is also evident that
the porosity of sample sintered at 850 °C corresponded
well with the high sintered density obtained by AM
(see Table 1). In addition, the microstructure of the polished
surfaces of sintered 14BTO, 14BTO-10VO, 14BTO-25VO,
and 14BTO-50VO specimens were observed. For 14BTO

specimens, a homogeneous solid solution was confirmed by
SEI mode. For 14BTO-10VO and 14BTO-25VO specimens,
the existence of single phase microstructure can be observed
in the SEM images; the grey area in the figure is the
Bi;,TiO,, matrix. However, porosity was significantly
increased between the 14BTO-10VO and the 14BTO-
25VO specimens (i.e., 14BTO-25VO significantly increased
compared with that of 14BTO-10VO). Finally, in the
14BTO-50VO specimen, the tendency towards an increase
in porosity with V,0s5 molar (mol) ratio was also evident in
the SEM image, due to the existence of a two-phase
microstructure., The white particles in the figure represent
Bi4V5Tiy 501085, and the grey area represents the Bij,TiO5
matrix. These microstructural changes within the V,Os-
doped 14BTO may be indicative of a suitable SOFC
electrolytic material, as we see a good microstructural
morphology and high sintered density for the 50VO molar
dope conditions.

3.3. Electrical properties

Fig. 4 shows the Arrhenius plot of the conductivities of
14BTO-10VO, 14BTO-25VO and 14BTO-50VO specimens
determined by the two-probe DC conductivity measure-
ment method. Bulk YSZ, Bi,O; and 14BTO specimens
were also measured for comparison [10]. The conductivity
of 14BTO specimen is lower than that of the common
SOFC electrolyte material, i.e., YSZ, which has a few
orders higher conductivity. But conductivity of 14BTO
specimen is higher than that of Bi,Os;. A one-step con-
ductivity feature of the 14BTO specimen represents a
stable phase without any phase transition as observed in
Bi,Os3. However, the conductivities of 14BTO-10VO and
14BTO-25VO specimens are higher than that of the
14BTO specimen. A further doping to 50VO molar (mol)
ratio in 14BTO causes an increase in the conductivity to
higher than that of YSZ. Due to the sillenitic crystalline
structure of the BisVis5Tips0195s5, tetrahedrally coordi-
nated Ti*" cations occupy the bee sites while the Bi®™
assume the hepta-coordinated positions. However, an
increase in the V,0s molar (mol) ratio increases the
likelihood that the bec sites will be occupied, due to the
octahedrally coordinated V3 transfer to V** (i.e., under
high temperature conditions) [13]. The atom positions are
relatively fixed compared with that of conducting ionic
Bi;03. Oxygen anions are considered to exhibit mobility.
In a study of similarly structured Bi,O3 based sillenites,
those that have lattice structures are seen to exhibit the
lowest conductivity values [10,14]. By contrast, BisVs.
Tip 5010 g5 sillenites increased to a doped molar (mol) ratio
of 50VO in 14BTO, due to the presence of inner defects.
Note that at higher temperatures, this involved the mis-
placement of titanium or vanadium cations by titanium-
vacancy complex, vanadium-vacancy complex, or bismuth
cations at bcc sites [15,16]. The misplaced bismuth cations
induce charge imbalance, suggesting that electron—holes
pair with bismuth cations at vanadium cation sites.
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Fig. 3. SEM surface morphology of (a) 14BTO, (c) 14BTO-10VO, (e) 14BTO-25VO, (g) 14BTO-50VO specimens sintered at 850 °C for 2 h, and cross-
sectional microstructures of sintered (b) 14BTO, (d) 14BTO-10VO, (f) 14BTO-25VO and (h) 14BTO-50VO specimens.

The defect-hole pair would result in an n-type electronic
conduction. In experimental analyses of [17,18], the
activation energy (Ea) of 0.99 eV, closely corresponding
to the activation energy of semiconductors, is lower than
that of the 14BTO-50VO specimen sintered at 850 °C in
this study (Ea=1.46 eV). However, the conductivity of
BisV5Tig 501085 is higher than that of our specimens (see
Table 2) in the temperature range of 400-700 °C, which

could be due to mixed conduction because of increased
oxygen vacancies [13,19].

In addition to the thermal stability test, many studies
that assess BiyV(5Tip 501935 electrolytes seek long-term
stability. For this, the 14BTO-50VO specimen was held
at 600 °C and in situ two-probe DC conductivity was
measured up to 24 h, as shown in Fig. 5. The conductivity
was found to decrease drastically within the initial 6 h (i.e.,
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prolonged heating past 6 h resulted in 3.5 x 1072 S/cm); in
contrast, the conductivity decreased with an increase in
heating time. As discussed above, the possible reasons of
conductivity degradation occurred in the phase separation
or defect ordering processes. In [20,21], it was reported
that the radical drop in conductivity in the first 6 h is
characteristic of these structures. In that study of RE,O;—
Bi>O;5 systems, structural ordering was the result of face
centered cubic (fcc)-rhombohedral transformation, which
resulted in lower conductivity [10,17]. In addition, because
no structural changes were observed throughout the course
of conductivity decay [10,11,20-23], the properties may
have underwent a form of ordering or relaxation, which
can be reversed at the order—disorder transition tempera-
ture. Beginning with highly disordered fcc based bismuth
oxides, the transition behavior may be best represented by
cation ordering and anion or vacancy ordering. Cation

Table 1
Properties of V,05 doped 14BTO sintered at 850 °C for 2 h.

Conditions of Shrinkage Bulk density Porosity  Relative
sintering (%) (g/em®) (%) density (%)
14BTO 34.10 8.35 7.99 96.82
14BTO-10VO —15.24 4.68 49.43 54.50
14BTO-25VO —4.66 5.65 35.53 67.98
14BTO-50VO 43.09 7.93 6.24 94.96
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Fig. 4. Arrhenius plot of conductivity as a function of temperature for
14BTO, 14BTO-10VO, 14BTO-25VO and 14BTO-50VO specimens, as
well as bulk Bi,O3; and YSZ.

ordering was proposed due to elastic diffuse neutron
scattering. The Yb; cations may be restricted to the
corners of the cubes, reducing the symmetry of the bismuth
fce lattice. In addition, in classical mechanic simulations,
the polarizability of oxygen has been shown to have no
effect on diffusion [13]. This means that the ordering of
fewer polar dopant cations could have a greater influence
on the immobility of oxygen anions than on the ordering
of oxygen anions. However, in long term annealing, the
ordering of oxygen vacancies will occur.

4. Conclusions

The present experimental results have shown that the
14BTO-10VO, 14BTO-25V0O, and 14BTO-50VO speci-
mens (note that 14BTO-10VO and 14BTO-25VO have a
sillenite single phase and 14BTO-50VO has two phases)
were prepared through a suitable colloidal process fol-
lowed by the pressure filtration method and subsequently
sintered at 850 °C for 2 h. A number of studies have shown
that 14BTO-50VO (Bi]zTiOzo and Bi4V15Ti0.5010.85) is
associated with high relative sintered density and improved
conductivity. Thus, control of the solid state electrolyte
formation process by manipulating solidification proces-
sing variables such as the composition (molar ratio),
sintering temperature and time can be applied as an
alternative method to produce components that achieve
optimal properties.
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Fig. 5. Variation of total conductivity of 14BTO samples measured at
600 °C as a function of time.

Table 2
Total conductivities and activation energies of V,0s-doped 14BTO electrolytes.

G700 G600 0500 0450 T400 Ea (eV)
14BTO 9.13x 104 8.70 x 105 7.62% 10~ 1.41x10°¢ 2.21x1077 1.62
14BTO-10VO 6.73x 1074 1.37x10°* 1.83x1075 505x10°° 1.22x10°° 1.26
14BTO-25V0 2.06x 1073 548 x 104 9.11x 105 2.67x 105 7.92 x 10~ 1.12
14BTO-50VO 2.08x 1072 3.71x1073 3.49x 1074 6.68x 105 1.46 x 105 1.46
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