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Abstract

Bismuth oxide in 8-phase is a well-known high oxygen ion conductor and can be used as an electrolyte for intermediate temperature solid oxide
fuel cells (IT-SOFCs). 5-10 mol% Ta,Os are doped into Bi,Oj; to stabilize d-phase by solid state reaction process. One Bi,O; sample (7.5TSB) was
stabilized by 7.5 mol% Ta,Os and exhibited single phase 8-Bi,O3-like (type I) phase. Thermo-mechanical analyzer (TMA), X-ray diffractometry
(XRD), AC impedance and high-resolution transmission electron microscopy (HRTEM) were used to characterize the properties. The results showed
that holding at 800—850 °C for 1 h was the appropriate sintering conditions to get dense samples. Obvious conductivity degradation phenomenon
was obtained by 1000 h long-term treatment at 650 °C due to the formation of a-Bi, O; phase and Bi; TaO5, and (1 1 1) vacancy ordering in Bi; TaO;

structure.
© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

Bismuth oxide (Bi;O3) was considered to be a potential
ceramic material used as an electrolyte in intermediate tem-
perature solid oxide fuel cells IT-SOFCs) because of its high
symmetric fluorite structure and high percentage of oxygen
vacancies.! In the past century, numbers of the investigation
results have been published and discussed on phase transition
and related ionic conductivity of the polymorphism of pure
and doped-Bi»03.2* In summary, at room temperature, the
monoclinic a-phase is the stable phase. During heating, it trans-
forms to fcc 3-phase at about 730 °C, which is stable up to its
melting point at 825 °C. When cooling, a large thermal hystere-
sis occurs. Two possible intermediate metastable phases may
appear, either a tetragonal (3-phase at 650 °C or a y-phase in bce
structure at 640 °C. The a-, B-, and y-phases exhibit relatively
low ionic conductivity, whereas the 8-phase performs very high
ionic conductivity, two orders of magnitude higher than that of
yttria-stabilized zirconia (YSZ).

The main problem for the use of 3-Bi; O3 is the thermal sta-
bility, which allows the use of this material only between 725 °C
and 825 °C. The preservation of Bi» O3 in the fluorite structure
to lower temperatures is of great interest, particularly to recent
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development of IT-SOFC. Many researchers have reported their
efforts on how to stabilize the cubic phase to low temperature,
mainly by substitution with alkaline and/or rare-earth elements.
One well-known system is Bi;O3-VO, (BiMeVO,), where Me
is an oxide dopant. The structure might transform to BiVOy,
which is one of bismuth vanadates.> Additionally, in some cases
high valence elements as dopants for stabilizing the cubic struc-
ture are used, i.e. [Mo®],467 [W6+] 8.9 [Ta3+] #8.10=13 [p5+] 9
[Nb3*],48 [Sn*+],14 [Zr*+],815:16 [Ti** 1,17 which results in the
loss of oxygen vacancy.

TayOs-stabilized Bi;O3 (TSB) systems in a wide Ta-doping
ratio, from 1.64 mol% to 50 mol%, have been well studied*10:12
concerning their crystal structure aspect. Several phases or inter-
mediate compounds were identified, including

(1) P (tetragonal) structure, in the range of 1-4% TSB;

(2) type Istructure (fluorite-like cubic structure) with2 x 2 x 2
superstructure derived form 8-Bi» O3, normally found in the
range of 5-10% TSB;

(3) typelIlstructure (fluorite-like cubic structure) with 8 x 8 x 8
supercell based on 3-Bi; O3, normally found in the range of
10-25% TSB,;

(4) type IT* structure with distorted fluorite-like or pyrochlore-
like TagO;g tetrahedral clusters in the main structure,
normally found around 30TSB;

(5) type III structure in monoclinic symmetry and a composi-
tion of 33.3% TSB, which is not a stable phase, but exists
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between type II* and IV, if treated at high temperature, e.g.,
1000 °C for 24 h;

(6) typelV structure in monoclinic symmetry and acomposition
of 35% TSB. The structure shows a stepped superstructure
belonging to one of Aurivillius families.

Additionally, the superior conductivity results, i.e. greater
than 10! S/cm at or below 650 °C, in the range of 3—12 mol%
TayO5 dopant concentration (as abbreviated as 3TSB to 12TSB),
have also been reported and are acceptable for IT-SOFC.!!-12
If the Ta concentration is less than 5mol%, the sample
shows two-step conduction mechanism because of its phase
transformation.'? Furthermore, the conductivity decreases with
the increasing Ta doping amount accordingly.!? The suitable
doping level of Ta; Os should be controlled in this region to pre-
vent the formation of a second phase and stabilized to maintain
8-like phase to temperatures lower than 650 °C.

In the present work, three samples (STSB, 7.5TSB and
10TSB) have been selected as the study subjects. We conducted
long-term stability tests at 650 °C, which is the main issue to
discuss and report.

2. Experiment procedure

Reagent grade starting powders, Bi»O3 (>99%, Solartech,
Taiwan) and TayOs5 (>99%, SIGMA Lot 61H3532) with size
distributions of 1-2 wm and 0.2-0.5 wm, respectively, were pre-
pared according to the composition of 5, 7.5 and 10 mol% Ta;Os
doped Bi;O3 (5TSB, 7.5TSB and 10TSB).The two starting
oxides were dispersed separately in de-ionized water with 1 wt%
ammonium salt homopolymer with a 2-propenoic acid group
(D-134, Dai-Ichi Kogyo Seiyaku Co., Ltd., Japan) as dispersant
and with 2 mm ZrO, balls as the milling media in a turbo-mixer.
After milling for 24 h, the two slurries were mixed together for
additional 4 h milling. The well mixed slurries were dried by
a rotary vacuum evaporator (EYELA, Japan). Thereafter, 1.5¢g
dried mixture was die-pressed to disk. The detail processing
steps are similar as reported in a previous publication.'® All the
samples in this study were sintered and cooled in a furnace with-
out “quenching” step, which was used in the cases reported by
others.*!2

As-polished and fractured surfaces of the sintered sam-
ples were investigated by field-emission-gun scanning electron
microscope (FEG-SEM, LEO Instrument, Cambridge, UK)
equipped with X-ray energy dispersive spectroscopy (EDS,
DX-4,EDAZ Co., USA). The crystalline phases were also inves-
tigated by X-ray diffractometry (XRD, X’ Pert Pro, PANalytical
Co., Netherlands) with Cu Ka radiation, and analytical transmis-
sion electron microscopy (TEM, Tecnai F20, Philips Co., The
Netherlands). Sintering behavior of the samples was character-
ized by thermal mechanical analysis (TMA, Setsys TMA 16/18,
Setaram Co., France).

Real-time phase transformation of the samples was charac-
terized by high temperature XRD (Rigaku TTRAX 3, Japan) to
differentiate the effects of heating rate and holding time. The
samples for high temperature XRD test were in powder state.
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Fig. 1. XRD patterns of 5TSB, 7.5TSB and 10TSB annealed at 800 °C for (a)
1 and (b) 10h. The line markers located on the bottom of (b) represent the
diffraction intensity of pure 8-Bi; O3 phase (JCPD#74-1374).

Electrochemical characterization was performed on symmet-
ric cell configuration. Ag paste electrodes were painted onto
each surface of sintered disk and calcined at 400 °C for 30 min.
Electrochemical impedance spectroscopy (EIS) measurement
was executed in the temperature range of 400-650°C by a
potentiostat (Reference 30000, Gamry Instruments, Inc., US)
in the frequency range 10 mHz—10° Hz. The heating rate was
10°C/min and holding for 10 min at each 50°C interval. An
inductance loop in the impedance plots was subtracted to obtain
the corrected impedance spectra. Conductivity is calculated from
the value of bulk resistance, which is obtained from the intercept
of the impedance spectra with the Z' axis.

3. Results and discussion

Fig. 1(a) shows the room temperature powder XRD pat-
terns for 5STSB, 7.5TSB and 10TSB, annealed at 800 °C for
1h (slowly cooled in air furnace). Two phases, 8-BioO3 (type
)'? and Bi3TaO7 (type I1)!° can be observed in the pattern of
10TSB, which is identical to Zhou’s!® and Saito’s!2 reports.
Additionally, no Ta;Os phases are indexed. Type I and type II
structures show the different space groups Pn3m (225) and
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Fig. 2. SEM micrograph of as-fired 10TSB sintered at 800 °C for 1 h.

Fm3m (224), and lattice parameters 5,47.1 pm and 5,52.5 pm,
respectively. Therefore, the 26 difference of the strongest peak
(111) for type I and type II is approximately 0.3° (27.948° and
28.227° for type I and type II, respectively). The tiny intensity of
type Il phase is still differentiable in the XRD pattern of 7.5TSB,
indicating that the sample is not pure yet.

Fig. 1(b) reveals the three cases annealed for 10 h, where the
pattern of 7.5TSB shows only type I structure, implying that
the solid solution limit of TayOs in Bio O3 structure is less than
10 mol%. As the doping amount was 5 mol%, tetragonal (3-type
phase appeared. If the doping level is less than 4.5 mol%, a dis-
torted tetragonal structure would be formed.!? Zhou'? reported
that two phases, type I and B-Bi»O3, can co-exist if the Ta;Os
doping level is less than 4 mol% and higher than 2.5 mol%.

The needed amount of TayO5 to stabilize cubic 6-Biy O3 is
between 5% and 10%. This stabilization region is similar to that
of yttria stabilized zirconia (YSZ) system, if the doping amount
of Y,03 decreases from 8 mol% (8YSZ) to 3 mol% (3YSZ),?
the phase changed from cubic to tetragonal. The pattern of 7TSB
reported by Saito and Midda'? was indexed as cubic structure
with a slightly large cell parameter of a=5,53.1 pm.

Fig. 2 shows SEM as fired surface image of 800°C/1h
sintered 10TSB. Two distinct features can be observed, fine
grains in bright contrast and large grains in dark contrast. SEM-
EDS in semi-quantitative analysis revealed that Ta/Bi ratio was
28.3/71.7 or 6.9/93.1 at regions A and B, respectively. Compar-
ing with XRD results in Fig. 1, the bright small grains could
be the type II phase and darker grains with larger grain size are
type I phase. XRD result (not shown here) of 10TSB calcined at
800°C for 10h, then ground to powder and sintered at 850 °C
for 20 h, two phases were obtained as expected.

Thermo-mechanical analysis were carried out in order to get
a fully dense single phase TSB sample. Fig. 3 shows the fast
shrinkage point located at 745 °C and kept sintering until to
850 °C. Therefore, 850 °C is an appropriated temperature to sin-
ter 7.5TSB system. 96.5% theoretical density (T.D.) sample can
be obtained through this process.

SEM micrographs of as-polished surfaces and cross sec-
tional microstructures of 850 °C/1h sintered 7.5TSB samples
are shown in Fig. 4. Large grain size, around 20 wm can be
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Fig. 3. TMA test of 7.5TSB sample, revealing the temperatures 745-800 °C to
be the appropriate sintering temperature.

observed at low magnification (Fig. 4(a-1)). The sample is fully
dense, no pores are noted. Several small triangular precipitates
(~200nm) were observed in the enlarged image (Fig. 4(a-2)).
However, no precipitates were found in the cross sectional image
(Fig. 4(b-2)), implying these small precipitates only exist on the
surface of the sample. SEM-EDS cannot distinguish the com-
positional difference between the precipitate and matrix phases
because the size of the precipitates is too small to identify. This
precipitates can be observed in STSB in this study and 5 mol%
Sb,03-doped Bi, 03 system reported by Fruth et al.!!

TEM investigation of the sintered 7.5TSB sample is shown in
Fig. 5. The small precipitates observed in SEM image (Fig. 4(a-
2)) are not found in the TEM, except nano-pores and other
interesting crystalline information. The high-resolution TEM
image reveals that nano-pores, about 5 nm in diameter exist in the
grain. The diffraction pattern confirms that the grain is type I (or
cubic-fluorite structure) showing a super-lattice (as correspond-
ing pattern pointed by arrows in Fig. 5(b)) with the diffraction
along the (1 00) direction, implying long-range ordering of oxy-
gen sublattice (in other words, the ordering of oxygen ions and
vacancies). Both features, ordering of oxygen vacancies and
formation of nano-pores contribute to the decrease of electric
conductivity.

The results of EIS measurements and electrical properties of
sintered 7.5TSB are shown in Figs. 6 and 7. Fig. 6 shows the
Nyquist plots of the sample varied with testing temperatures. A
Warberg-type impedance, which is apparent at low-frequency
range,”? can be observed at 400 °C, implying gas diffusion at
electrodes. The bulk resistance of 7.5TSB decreased with the
increase of the temperature. After normalization of electrode
area and thickness of the sample, the conductivity of 7.5TSB is
0.31 (or 10793) S/cm at 650 °C, which is comparable with the
conductivity of 7TSB reported by Saito and Miida.'?

The conductivity change of the sintered 7.5TSB is shown in
Fig. 7 as a function of the annealing time at 650 °C. The bulk
and interface resistances increase with the annealing time. The
increase of bulk resistance may be attributed by the formation
of new phases.

A decrease in the conductivity, 10% lower than the original
value, was noted after annealed for 40h. Similar phenom-
ena of conductivity degradation are also observed in several
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Fig. 4. SEM micrographs of 850 °C/1 h sintered 7.5TSB. (a-1) and (a-2) As-fired surfaces, (b-1) and (b-2) fracture surfaces, which are next to the as-fired surface in

(a).

cases, for instance, STSB case reported by Saito and Midda,!?
and in Bi;O3-Er,03 (or Gd,03),'0 Bix03-Er,03-PbO%° or
Bi;03-M;03 (M represents rare earth elements).21 Fungetal. 16
considered the degradation in conductivity resulted from cubic to
rhombohedral transformation, and proposed that could be sup-
pressed by the addition of ZrO;. This thermodynamic phase
change for Bi»Oz-based materials is one of few disadvantages
for the application as SOFC electrolyte. Jiang and Wachsman?!

regarded the time-dependent conductivity decay was due to
order (fcc-rhombohedral)—disorder (relaxed fcc-rhombohedral)
transition for cubic “phase-stabilized” bismuth oxides.

In order to realize the phase transformation during thermal
treatment, high temperature XRD was applied to examine this
behavior. Fig. 8 shows high temperature XRD patterns of cal-
cined 7.5TSB powder by various holding times, 30 or 10 min,
and heating/cooling rate, 3 °C/min or 10°C/min before each

Fig. 5. (a) TEM image and (b) diffraction pattern of 7.5TSB treated at 850 °C for 1 h. The inset is a HETEM micrograph illustrating the structural details in the

square in (a).
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Fig. 6. Nyquist plot of 850 °C/1 h sintered 7.5TSB as a function of temperature.
Heating rate is 10 °C/min, holding for 30 min before each measurement.
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Fig. 7. Nyquist plots of 850 °C/1 h sintered 7.5TSB as a function of time tested
at 650 °C up to 80 h. The inset is the conductivity, which is calculated from bulk
resistance read from the Nyquist plots of this case.

measurement. The pattern show that B3T (type II) phase formed
as low as 600°C. After cooling down to 50°C, B3T phase
remained in the pattern, indicating that the formation of B3T
phase is thermally non-reversible. Comparing to the case treated
at 850°C for 100h, no B3T phase but pure type I phase was
detected, which represents that type I phase of 7.5TSB is not ther-
modynamic stable at 700 °C and has metastable type I with other
two phases, similar Er03-Bi,03'® and Bi»O3-Er,03—PbO?°
systems.

Measurement with slower heating rate (Fig. 8(b)) shows that
v-Bi; O3 was found at 650 °C during heating. After cooled down
to 50 °C, three phases co-existed. The results of high tempera-
ture XRD depicts that new phases at 600-750 °C may occur.
Three reasons, oxygen vacancy ordering, nano-pore formation,
and (B3T + v-BipO3) phase formation, result in the conductivity
degradation of 7.5TSB at 650 °C.

The effect of long-term annealing is tested. The dense 7.5TSB
sample underwent 1000 h annealing at 650 °C, the stable phases
were indexed as a-BipO3 (#65-2366)*? and type II, as shown
in Fig. 9(c). This implies that the y-Bi,O3 phase observed by

2 The phase was named “Sillenite” after the founder Sillen reported in Z.
Kristallogr. 103 (1940) 274-290.
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Fig. 8. High temperature XRD patterns of pre-calcination 7.5TSB (850 °C/1 h)
with heating and cooling rate of (a) 10 °C/min, the test was conducted after held
for 10 min at specified temperature. (b) At a heating rate of 3 °C/min, the test was
conducted after held for 30 min at specified temperature. The testing samples
are in powder state.

HT-XRD is not a thermodynamic stable phase, opposite to o-
Bi;O3. Furthermore, those two phases disappeared if the sample
was heated to 850 °C for 1 h again (Fig. 9(d)).

The samples of 2—7 mol% Gd, O3 doped Biy03%2 were cubic
(8-) phase at higher temperature (800 °C), and transformed into
tetragonal B-phase during cooling. Their cases showed the sam-
ples annealing at <660 °C for several hundred hours, tetragonal
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Fig. 10. Diffraction pattern of 850 °C/1 h calcined 7.5TSB annealed at 650 °C
for 1000 h, indicating (1 1 1) vacancy ordering in structure. T means transmitted
electron beam.

phase decomposes into monoclinic and rhombohedral phases,
meaning tetragonal polymorph is a metastable phase. Their case
is similar to the transformation of y-Bi;O3/a-BiyO3 phases by
long-term treatment in this study.

Electron diffraction patterns of a 650°C/1000h annealed
sample (the same as Fig. 9(c)) is shown in Fig. 10. Superlat-
tice reflection align in (1 11) for the phase of B3T, represents
the vacancy defects to be ordered in (1 11). Abrahams et al.l3
have reported the conductivity properties of type Il phase, which
is obvious one to two orders lower than 8-Bi; O3. As a result, the
degradation of conductivity at 650 °C might be due to the phase
separation and vacancy defect ordering in type II phase.

4. Conclusion

Bi> 03 samples doped with 5-10 mol% Ta; O3 were prepared
and characterized in this study. Single-phase dense 7.5TSB can
be prepared by sintering at 850 °C for 1 h and performs accept-
able conductivity at 650 °C. However, the results of the sample
by long-term annealing at 650 °C showed that the conductiv-

ity degraded one to two orders of magnitude, due to the phase
transformation to y-BipO3/a-Bi; O3 phases.

Long-term heat treatment resulted in thermally stable o-
BiyO3 and type II phases. However, the 8-phase can be retrieved
by heating to 850°C. Electron diffraction of type II phase
revealed defect ordering in (1 1 1) after annealing at 650 °C for
1000 h. As a result, the degradation of conductivity at 650 °C is
induced due to the phase transformation and vacancy ordering
in type II phase.
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