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bstract

olloid processing and subsequent pressure filtration were used to prepare 14.3 mol% TiO2 doped Bi2O3 (Bi12TiO20, 14BTO) as solid oxide fuel
ell electrolyte. Materials characterization and electrical behaviors of 14BTO samples were investigated by X-ray diffraction (XRD), scanning
lectron microscopy (SEM) and two-point probe DC conductivity. A pure 14BTO with a cubic sillenite single phase was prepared at the sintering

◦ ◦
rocess of 850 C with a high relative sintered density of 96.82%. In situ and batch-type long-term conductivity measurements at 600 C were
arried out to verify the possible reason of degradation. Additional reduction–oxidation tests under CH4 atmosphere by thermogravimetric analysis
TGA) revealed possible application temperature of 14BTO electrolytes below 700 ◦C.

 2011 Elsevier Ltd. All rights reserved.
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.  Introduction

�-Cubic Bi2O3 is well known for its exceptional ionic con-
uctivity of oxygen ions. The material has been extensively
xplored through analytic computer simulations and experi-
ental analysis to access its applicability for SOFC electrolyte

pplications. The problems of using Bi2O3 as SOFC electrolyte
urrently consists of low chemical stability in reduction atmo-
pheres and narrow phase stability temperature range. It has been
eported that Bi2O3 becomes unstable when the oxygen partial
ressure is below 10−6 Pa at 700 ◦C.1 As a result, an additional
arrier layer is required to prevent Bi2O3-based electrolyte sur-
ace from being reduced. Through suitable doping, the high ionic
onduction phase can be stabilized to broaden the working range
o lower temperatures.1–4

The trivalent M3+ lanthanides were largely exploited their
hase stability and conductivity on the doped structures.5–7 In
he work by Wachsman et al.,8,2 substitution of lanthanides
xides with various ionic radii reduced the polarizability of the

onic structure were reported elsewhere. Experiments have also
hown that the trivalent doped structures were prone to a conduc-
ivity decay over long-term aging.2 Some referred the decay is
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ue to the ordering of dopant cations,9,10 while others proposed
he ordering of oxygen vacancies revealing forms of superlat-
ice structure from electron diffraction patterns,11,12 both act to
educe the high disorder of anion lattice structure that accommo-
ate for high O2− mobility. Nevertheless, the lanthanide dopants
re capable of stabilizing the cubic �-structure while maintain-
ng conductivity as high as 0.23 S/cm at 600 ◦C for 20 mol%
r2O3-doped Bi2O3 system.13

The tetravalent and pentavalent doped Bi2O3 were each sur-
eyed few decades ago by Esaka and Iwahara et al.14,15 Unlike
he trivalent dopants, the aliovalent dopants would result in
efect balance equations that fill up the pre-existing oxygen
acancies, hence stabilizing the high temperature bismuth oxide
tructure. A dominant defect balance for doping tetravalent MO2
xides into �-Bi2O3 structure would appear as:

MO2 +  V••
O →  2M•

Bi +  4OX
O (1)

Due to stoichiometry of the tetravalent oxides, it would fill
p one oxygen vacancy per two M4+ cation dopants. Of the
our different tetravalent cations (Te, Ti, Sn, Zr) reported,14

i4+ presented a relatively small ionic radius at 0.60 Å. At
◦
00 C, Bi2O3 doped with 57–75 mol% TiO2 exhibited con-

uctivities in the order of 10−5 S/cm.14 The conductivity values
ere far from satisfactory. In TiO2–Bi2O3 binary phase diagram,

 cubic structured Bi12TiO20 with 14.3 mol% TiO2 (14BTO) is

dx.doi.org/10.1016/j.jeurceramsoc.2011.04.039
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resent and stable from room temperature up to its melting point
∼875 ◦C).16 Bi12TiO20 is a common photocatalyst material of
ody-centered cubic (bcc) structure with a combination of inter-
sting optoelectronic properties.17–21 However, little is known
n the conductive properties and stability properties as SOFC
lectrolyte.

In this study, the material investigated is strictly focused
n preparation and characterization of 14BTO. According to
ur previous work, colloid processing followed with pressure
ltration22,23 was executed to obtain the samples with a higher
uality. XRD and SEM were used to examine the microstruc-
ural morphology, crystal structure, and surface porosity of the
intered pellets. Archimedes method was applied to measure the
elative densities of the samples. In situ and batch-type long-term
onductivity measurements as long as 1344 h at 600 ◦C were car-
ied out to verify the possible reason of degradation. Additional
eduction–oxidation tests under CH4 atmosphere by TGA were
ccomplished to estimate possible application temperature of
he samples.

. Experimental

Bi2O3 powder (99.9%, Solartech, Taiwan) and TiO2 powder
99.9%, Alfa Aesar, USA) were used to prepare TiO2-doped
i2O3 samples by colloidal process-pressure filtration. As pur-
hased TiO2 and Bi2O3 powder were separately dispersed in
e-ionized water with 1 wt% (based on oxide powder) of D-134
ispersant (ammonium salt homopolymer with a 2-propenoic
cid group, Dai-Ichi Kogyo Seiyaku Co. Ltd., Japan) and then
all-milled for 24 h to ensure well-mixed slurries. The powders
ere verified by XRD to be �-monoclinic Bi2O3 and tetrago-
al anatase TiO2. By SEM, the diameters of the starting powder
ere 2–3 �m for Bi2O3 and sub-micron for TiO2. After 1 day
f ball-milling, narrower distributions were obtained at 2.2 �m
nd 0.5 �m for Bi2O3 and TiO2, respectively. Stoichiometric
4.3 mol% of titania slurry was then added into the Bi2O3 slurry
or another 2 h of ball-mill mixing and then pressure filtrated in

 self-designed acrylic mold at 10 atm followed by 2 h sintering
f the green disks at 775 ◦C, 800 ◦C, 825 ◦C, and 850 ◦C with a
eating rate of 10 ◦C min−1. 14BTO powder was also prepared
or the die-pressing at 140 MPa as the comparison.

.1.  Microstructural  analysis  and  conductivity
easurement

The exact crystal phases of the material were obtained by
IGAKU RTP 300 XRD. The incident beam was Cu K�  charac-

eristic X-ray at 40 kV and 100 mA. Secondary electron images
rom SEM were used to observe the microstructural morphol-
gy and grain size of the sample. The sintered densities of the
4BTO disks were then derived by the Archimedes relations.

Conductivities of the samples were measured at temperatures
anging from 500 ◦C to 700 ◦C. Platinum electrodes of 0.1 cm

iameter were secured via Heraeus CL11-5100 Pt adhesive paste
n either sides of the sample pellet and held at raised temper-
ture for 1 h. Two-point probe DC conductivity was measured
ccordingly. Long-term conductivity measurements at 600 ◦C

w
t
w
B

ig. 1. XRD spectra of 14BTO samples sintered at various temperatures for 2 h.

y in situ and batch-type methods are carried out to verify the
ossible reason of degradation of 14BTO samples. In situ long-
erm conductivity measurement was continuously recorded in
4 h. Aging test of 14BTO samples placed at the furnace with
n aging temperature of 600 ◦C was performed for the batch-
ype long-term conductivity, and each sample was taken out
rom the furnace in the specific time for the further conductivity
easurement.
The behaviors of reduction–oxidation of 14BTO samples at

emperatures of 700–800 ◦C under CH4 atmosphere was carried
ut by TGA. The ramping process was firstly heating to the
xed temperature under N2 atmosphere. Then, 20% CH4 inlet
as with a flow rate of 20 sccm was introduced to TGA chamber
or the reduction stability test. After at least 1 h reduction, air
as was subsequently introduced to oxide the samples. In order
o prevent the combustion reaction between CH4 and O2 gases
uring the operation, N2 purge gas was necessarily introduced
or 10 min prior to the inlet of air gas.

. Results  and  discussion

.1.  Structural  identification

Sintered samples at temperatures of 775 ◦C, 800 ◦C, 825 ◦C,
nd 850 ◦C were examined by XRD from the pressure filtration
rocess as shown in Fig. 1. All the cases revealed a single phase
i12TiO20 with a cubic sillenite structure (JCPDS # 34-0097)
nd the strongest diffraction peak of (3 1 0) plane is recorded
t the 2θ  of 27.7◦. Additionally, 14BTO treated at 850 ◦C for

 h shows the smallest mismatch on peak location with single
rystal 14BTO produced by Czochralski technique (JCPDS #
4-0097).

The strongest peak of the samples shifted to the lower diffrac-
ion angle, implying the lattice constant of 14BTO increased
ith the increasing sintering temperature. The calculated lat-
ice constants for each case are shown in Fig. 2. In comparison
ith the lattice parameter of 10.175 Å from the single crystal
i12TiO20 (JCPDS # 34-0097), the sintered 14BTO showed
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ig. 2. Lattice constants of 14BTO samples sintered at various temperatures for
 h.

maller lattice parameters which decreases with sintering tem-
erature from 10.164 Å at 850 ◦C to 10.115 Å at 775 ◦C. The
ariation in the lattice parameter can be an indication of the
efect concentration in the crystal structure associated with
hange of temperature. TiO2 is a material well known for the
resence of its intrinsic defects at raised temperatures. It is
ossible that in the structure of Bi12TiO20 there are also an
ncreased number of structural defects present at higher tem-
eratures. The higher concentrations of lattice defects locally
istort the lattice structure which leads to the average expan-
ion of the lattice parameter as temperature increases. As such,
xplaining the variation of peak position for the four separately
intered samples.

.2. Sintered  densities

The densities of the samples were separately measured
ccording to Archimedes method. The relative densities of the
amples sintered from 775 ◦C to 850 ◦C are 50.02%, 52.66%,
6.50%, and 96.82%, respectively Comparing to die-pressing
amples, the highest sintered density is 93.03% under 850 ◦C/2 h
eat treatment, which is lower than the case by pressure filtra-
ion. Tekeli et al. previously reported on the investigation of
ie-pressed and pressure filtration sintered densities for mixed
owders.24 It has been shown that pressure filtration resulted in
elatively higher sintered densities with a more uniform packing
ehavior. For maximized density of sintered pellet, sufficient
emperature using pressure-filtration technique is preferred.

Plane view and cross sectional SEM images of the sintered

amples are shown in Fig. 3. The grain sizes increased on average
f 1.8–6.5 �m as sintering temperature increased from 775 ◦C
o 850 ◦C. It is also evident that the porosity of 850 ◦C sin-

a
e
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ered sample corresponded to a high sintered density obtained
y Archimedes method. The porosity derived from Archimedes
ethod was 7.99% at a bulk density of 8.346 g cm−3, while the

orosity from the 2-D SEM micrograph was calculated to be
.90%.

.3. Electrical  properties

Fig. 4 shows the Arrhenius plot of the conductivity of 14BTO
ample determined by two-probe DC method. Bulk 8YSZ and
i2O3 and single crystal Bi12TiO20 samples are also used for

he comparison.4,25,26 The conductivity of 14BTO sample was
ubpar to the common SOFC electrolyte material, i.e., 8YSZ
hich is capable of a few orders higher, but is higher than the
ure �-monoclinic Bi2O3 below 730 ◦C. Above 730 ◦C, one-
tep conductivity feature of 14BTO sample represented a stable
hase without any phase transition compared to pure Bi2O3. The
rystalline structure of the Bi12TiO20 is sillenite, having tetra-
edrally coordinated Ti4+ cations occupying the bcc sites while
he Bi3+ taking the hepta-coordinated positions. The atom posi-
ions are relatively fixed compared to that of ionic conducting
i2O3. Oxygen anions are considered to exhibit little mobility.

n a study of similarly structured Bi2O3 based sillenites, those
hat represent perfect lattices have shown to result in the lowest
onductivity values.27 Apparently, this phenomenon was also
rue for Bi12TiO20 sillenites.

Several suggested the presence of intrinsic defects that may
nvolve misplaced cations at higher temperatures.28–30 The
ntrinsic defect may involve titanium-vacancy complex or bis-
uth cations misplacing the titanium cations at the bcc sites. The
isplaced bismuth cations induce charge imbalance suggesting

lectron holes paired with bismuth cations at titanium cation
ites. The defect-hole pair would result in a p-type electronic
onduction. In the experimental analysis by Lanfredi et al.,25,26

ctivation energy (Ea) of 0.99 eV which closely resembled that
f semiconducting characteristics, is lower than that of 850 ◦C-
intered 14BTO sample in this study (Ea: 1.09 eV). However,
he conductivity of single crystal Bi12TiO20 obtained by Lan-
redi et al.,25,26 revealing the higher values range from 5 ×  10−6

nd 9 ×  10−4 S cm−1 in the temperature range of 400–700 ◦C
s compared to our prepared samples. In our previous study, the
rain boundaries of electrolytes possess a blocking effect of ionic
onduction throughout the layers.31 Thus, the lower conductiv-
ty can result as a greater disorder introduced to the sillenite
tructure due to introduction of grain boundaries. Disorder in
he grain interior is also possible. In disordered 14BTO, where
ismuth cations take up the bcc positions such as that of ioni-
ally conducting �-Bi2O3,32 there could be a mixed conduction
ue to oxygen vacancies. Either way, the conductivities were
mproved over the pure �-monoclinic Bi2O3 at the intermediate
emperature range.

.4.  Long-term  stability  of  Bi12TiO20
In addition to the thermal stability test, many studies that
ssess Bi2O3 based electrolytes seek long term stability. Jiang
t al.2 conducted experiments demonstrating conductivity decay
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Fig. 3. SEM surface morphology of 14BTO samples sintered for 2 h at (a) 775 ◦C, (c) 800 ◦C, (e) 825 ◦C, (g) 850 ◦C, and cross-sectional microstructures sintered
for 2 h at (b) 775 ◦C, (d) 800 ◦C, (f) 825 ◦C, and (h) 850 ◦C.
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Fig. 4. Arrhenius plot of the conductivity as a function of temperatures for
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50 ◦C-sintered 14BTO (Bi12TiO20) samples, bulk Bi2O3, YSZ and single crys-
al Bi12TiO20 samples.

ver extended heating periods in the trivalent doped structures.
n this study, 14BTO was held at 600 ◦C and two-probe DC
onductivity was in situ measured up to 24 h. The variation of
otal conductivity with time is shown in Fig. 5. The conductiv-
ty experienced a drastic drop within the initial 6 h. Prolonged
eating past 6 h became stabilized at about 0.7 ×  10−4 S/cm.
Jiang et al.2 thoroughly demonstrated a series of character-
stic drastic initial downfall of the conductivity curves of M3+

ig. 5. Variation of total conductivity of 14BTO samples measured at 600 ◦C as
 function of time.
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oped Bi2O3 at raised temperatures as a reinvestigation of the
ork by Fung et al.33–35 The M3+s showed sign of greater

onductivity degradation with decreasing dopant cation radii
hich was later proposed as the effect of the extent of cation
olarizability.10 The drastic initial down fall of the conductiv-
ty in the first 6 h was also characteristic with those structures
eported in the literature.8,2 This phenomenon was described by
ung et al. as structural ordering as a result of the face centered
ubic (fcc)-rhombohedral transformation specifically conducted
n their study of RE2O3–Bi2O3 (RE = Yb, Er, Y, or Dy) systems,
hich the rhombohedral phase in the RE2O3–Bi2O3 system

esulted in a lower conductivity.33–35 In the work conducted by
iang et al.,2 there were no apparent structural changes over the
ourse of conductivity decay. Yet, the behavior may well reveal
ome kind of ordering or relaxation which can be reversed at the
rder–disorder transition temperature.2 Starting with highly dis-
rdered fcc based bismuth oxides, the transition behavior may
e best represented in cation ordering and anion or vacancy
rdering. Cation ordering was proposed based on elastic dif-
use neutron scattering that the Yb3+ cations may have restricted
lacements on the cube corners to lower the symmetry of the bis-
uth fcc lattice.9 In addition, the polarizability of oxygen was

ound to have no effect on diffusion from classical mechanic
imulations.10 This means that ordering of the less polar dopant
ations could result in the immobility of oxygen anions more so
han the ordering of oxygen anions itself. In long term annealing,
owever, the ordering of oxygen vacancies will occur.11,12

For 14BTO sillenites, the conductivity decay can be associ-
ted with: (1) relaxation and reduction of the defect and disorder
ntroduced at the grain boundaries, or (2) possibly interfacial
eaction with the electrode materials. In order to verified the
ossible reasons of conductivity degradation, batch-type con-
uctivity measurement from 400 ◦C to 700 ◦C as long as 1344 h
ere conducted as shown in Fig. 6. The results show no sig-
ificant change neither in conductivity nor in activation energy,
epresenting no phase separation or defect ordering was occurred
uring long-term treatment at 600 ◦C.

The furthermore examinations of crystalline structure by
RD with different treatment period at 600 ◦C were carried out

s shown in Fig. 7. Even underwent 1344 h treatment at 600 ◦C,
ample performed the same Bi12TiO20 sillenite phase. Compar-
ng to batch-type conductivity measurement results as shown
n Fig. 6, it is believed that the conductivity degradation from
n situ experiment is due to interface interaction between sample
nd electrode. Therefore, the conductivity experienced a dras-
ic fall within the initial 6 h. Once the interface formed a stable
econdary phase, it became stabilized at about 0.7 ×  10−4 S/cm
s shown in Fig. 5.

.5.  Stability  of  Bi12TiO20 under  CH4 atmosphere

For practical application of SOFC electrolyte, the mate-
ial should be stable in reduction atmosphere conduction. The

◦
eduction–oxidation tests of 14BTO at 700, 750 and 850 C
nder 20% CH4 atmosphere were carried out as shown in Fig. 8.
eight loss monitor for each case reveal an obvious loss of

.5%, 3.5% and 5.6% for 700, 750 and 800 ◦C cases, respec-
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Fig. 6. Arrhenius plot of sintered 14BTO samples aging at 600 ◦C with different
a

t
c
w
7
w
(
b

F
t

ging time.

ively. It means 14BTO would be reduced under this atmosphere
ondition. If pure air was purged into the chamber again, the
eight of 14BTO would recover to its original condition at
00 ◦C (Fig. 8(a)). However, the non-reversible phenomenon
ere occurred at the conditions of 750 ◦C and 800 ◦C (Fig. 8

b) and (c)), which are due to the reduction form of metallic

ismuth species observed by XRD (not shown herein). Thus, it

ig. 7. XRD spectra of 14BTO samples aging at 600 ◦C with different aging
ime.

Fig. 8. Reduction–oxidation behaviors of 14BTO samples under various reac-
tion temperatures; (a) 700 ◦C, (b) 750 ◦C, and (c) 800 ◦C.
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ould be concluded that the practical application of 14BTO as
lectrolytes should be below 700 ◦C under CH4 atmosphere.

. Conclusions

14BTO (Bi12TiO20) with a sillenite single phase was pre-
ared through suitable colloid processing-pressure filtration
ethods and subsequent sintered at 775–850 ◦C for 2 h. The high

elative sintered density of 96.82% was obtained at the sinter-
ng temperature of 850 ◦C. Conductivity measurement showed
ne step feature with the activation energy of 1.09 eV, repre-
enting 14BTO as a stable material at the range of operation
emperatures of 500–775 ◦C without possible phase transition.
he degradation on in situ conductivity measurement could
e recognized as the higher interfacial resistance by the inter-
ction between 14BTO and Pt electrode. Thus, both in situ
nd batch-type long-term conductivity measurements at 600 ◦C
ould illustrate the behavior of a good thermal stability of 14BTO
amples without any sign of phase separation. Additionally,
eduction–oxidation tests of 14BTO by TGA revealed possi-
le upper application temperature is below 700 ◦C under CH4
tmosphere.
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