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During the last three decades, a large number of investigations has been reported pertaining to 
the science and technology of solid oxide fuel cells (SOFCs) based mainly on the yttria-stabil- 
ized zirconia (YSZ) electrolyte. Because of the problems associated with the high temperature 
of operation ( ,-~ 1 000 ~ of the YSZ-based cells, there has been a substantial effort to de- 
velop alternative electrolytes with ionic conductivity comparable to that of YSZ at relatively 
lower temperatures. This review presents a systematic evolution in the area of the development 
of new electrolytes based on bismuth sesquioxide for fuel cell applications at moderate tem- 
peratures. 

1. I n t r o d u c t i o n  
The modern scientific and technological approach in 
the area of energy production is to develop inexpens- 
ive devices, which would satisfy the current drive for 
cleaner and more efficiently distributed power, 
particularly in combined heat and power systems. In 
this context, fuel cells represent a promising and viable 
alternative for large-scale generation of electricity, 
with minimal undesirable chemical, thermal and 
acoustic emissions. A fuel cell is a device that directly 
converts the chemical energy of reactants (a fuel such 
as hydrogen, natural gas, methane or methanol, and 
an oxidant, air or oxygen), into low-voltage d.c. elec- 
tricity. Fuel cells are often classified according to the 
kind of electrolyte they incorporate and also the tem- 
perature range of their operation. Among the initially 
developed devices, the widely used ones are the low- 
temperature phosphoric acid fuel cells [1] and those 
based on aqueous alkaline electrolytes [2]. However, 
the aqueous electrolytes may flood the porous elec- 
trodes, evaporate, undergo compositional changes, 
decompose and eventually lead to poor performance. 
Attempts to overcome some or all of these shortcom- 
ings would result in a rather complex design. More- 
over, because the relatively low temperature of opera- 
tion restrains the kinetics, expensive platinum-based 
catalysts are used at the electrolyte-electrode inter- 
face. 

The fuel cells operating at elevated temperatures 
( ~  700 ~ or above) employ either a mixed molten 
carbonate or ceramic solid oxide as the electrolyte and 
are accordingly known as the molten carbonate fuel 
cells (MCFCs) and the solid oxide fuel cells (SOFCs), 
respectively. Some of the salient characteristics of 
these two types of fuel cells are compared in Table I. 
Both these devices can use hydrocarbon fuels, re- 
formed internally on the electrodes, with ordinary air 
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as the oxidant; both are of comparable efficiencies, 
which are higher than those of Carnot heat engines, 
and both are cool enough to prevent NOx formation 
[3]. The main distinction between the two cells, how- 
ever, lies in the choice of electrolyte. Obviously, a 
system having molten salt as the working medium is 
more prone to creep and corrosion than metals and 
ceramics. On the other hand, a ceramic-based system 
is subjected to the risk of thermal shock and undesir- 
able gas permeation. Nevertheless, there have been 
major improvements in the development of fuel cells, 
and the long-term stability of single cells has been 
demonstrated. Recently, Minh [4, 5] has exhaustively 
discussed and reviewed the critical issues pertaining to 
the science and technology of ceramic fuel cells. The 
emphasis was given to the zirconia electrolyte, anode, 
cathode, interconnect material, design and processing 
techniques and the electrode reactions involving gas- 
eous fuels. 

SOFCs have an edge over MCFCs in that [6-8]: 
(a) they allow the fuel cells to run at higher temper- 

atures; 
(b) expensive precious metal catalysts are not 

needed to promote reaction between hydrogen 
and oxygen; 

(c) methane is readily reformed into hydrogen and 
carbon monoxide; and 

(d) the waste heat from the cell is useful in powering 
heaters, boilers and air conditioners. 

It is interesting to note that at the upper end of its 
temperature range, unlike the MCFC, SOFC is an all- 
ceramic system, which signifies the prospect of mini- 
aturization of the device without sacrificing the effici- 
ency. Miniaturization principally stems from the 
availability of the well-developed techniques of thick- 
and thin-film printing, where the components could be 
laid in microlayered structures. Another advantage of 
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TABLE I Comparison of solid oxide fuel cells (SOFCs) and 
molten carbonate fuel cells (MCFCs) 

Property/ SOFC MCFC 
characteristic 

Electrolyte YSZ Lithium/potassium 
carbonate 

Fuel Methane/ Methane/methanol 
methanol 

Oxidant Air Air 
Pressure (atm) 1 3 
Temperature (~ 700-1000 650-850 
Anode Nickel/zirconia Nickel 
Cathode Lanthanum Nickel oxide 

manganite 
Interconnect Lanthanum Stainless steel 

chromite 
Maximum power 25 100 
(kW) 
Maximum life (h) 50 000 10 000 
Efficiency (%) 50-60 45-50 
Problems Leaks, thermal Corrosion 

shocks 

1000~ 1/2 02 [air] 

[ ~  ; ~ :i ~,i,',;t (~ Porous 
r - ~ ;  cathode 

YSZ 
l electolyte 

28- ~ ! ~  ili- ~ !i ~;ii iii!i ~ Porous 
....... T ~, (~) anode 

H2 H20 

Cathode: 1/2 02 + 2e- --->O 2- 

Anode: H 2 + O 2- -+H20 + 2e- 

Cell: H 2 + 1/2 02 ---~H20 

(CO + 1 / 2 0 2 - + C O  2) 

Figure I Electrode reactions in a solid oxide fuel cell. 

the SOFC over the MCFC is that there is a problem of 
electrolyte migration in the latter, while no such prob- 
lem exists in the former [6]. Furthermore, the kinetics 
of the present-day SOFCs are faster than their molten 
carbonate counterparts. The electrode reactions in a 
typical SOFC are schematically represented in Fig. 1. 

The material hitherto used as the solid electrolyte in 
most of the experimental fuel cells is yttria-stabilized 
zirconia (YSZ), because of its higher conductivity and 
desirable stability in both oxidizing and reducing 
atmospheres. The electrolytic and material properties 
of stabilized zirconia have been extensively studied 
and a number of excellent reviews on the subject are 
available [9-14]. Stabilized zirconia, however, re- 
quires an operation temperature of ~ 1000 ~ due to 
conductivity requirements. Various problems are 
associated with such a high temperature: thermal 
stresses at the electrolyte-electrode and electrode- 
interconnect interfaces, interdiffusion between elec- 
trodes and electrolyte and degradation of the elec- 

trodes due to demixing. A substantial effort has been 
made to develop electrolytes, alternative to stabilized 
zirconia, with higher ionic conductivity at lower tem- 
peratures. Lowering the temperature would also ex- 
tend the operating life of fuel cells and ensure a shorter 
heating time before the start-up. With this aspect in 
view, quest for the development of new electrolytes has 
been revitalized. 

Several studies [15-25] have shown that curia 
(CeO2) doped with alkaline-earth or rare-earth oxides 
exhibits ionic conductivity up to two orders of magni- 
tude higher than zirconia at comparable temperatures. 
Curia has the same fluorite structure as thoria and 
doped zirconia, but is different in that pure CeO z 
undergoes large departures from stoichiometry at el- 
evated temperatures, leading to appreciable electronic 
conduction, which is undesirable. Yahiro et al. [26] 
overcame this problem by coating the CeO2-based 
electrolyte with a film ( ,-~ 1 pm) of YSZ. The resulting 
"composite solid electrolyte" exhibited high ionic 
transport number, an output voltage close to the 
theoretical value, and higher conductivity than a sin- 
gle-phase YSZ in the range 600-800 ~ 

Metastable tetragonal zirconia polycrystals (TZP) 
have been shown to exhibit ionic conductivity higher 
than YSZ below 400 ~ and are poor electronic con- 
ductors [27-29]. Yttria-doped tetragonal zirconia has 
been tested as a component of a composite electrolyte 
with 20 wt % A120 3 [30, 31]. Addition of the insulat- 
ing phase has been found to enhance the conductivity. 
Alumina is believed to act as a scavenger of the glassy 
phase that is usually encountered at the grain bound- 
aries in pure TZP; this glassy phase hinders the trans- 
port of ions at the grain boundaries. Tetragonal 
CeOz-ZrO 2 ceramics, though they may suffer from 
partial electronic conduction in reducing atmo- 
spheres, possess good fracture strength and fracture 
toughness [32-34]. 

A replacement of YSZ by an intermediate-temper- 
ature oxide ion conductor in SOFCs would mean 
significant reduction in the material and fabrication 
problems and improvement in the cell reliability dur- 
ing prolonged operation. In this connection, several 
doped-perovskite solid electrolytes such as DyA103, 
CaAlo .TTio .303 ,  BaTbo.9  In0 .103 ,  BaCeo.9 G d o . l O 3 ,  
BaTho.9Gdo.lO3, and SrZro.9Sco.lO3, etc., have been 
identified [35-37]. However, several of these materials 
(most of which are protonic conductors) do not pos- 
sess long-term phase stability as manifested in un- 
steady operating potential as a result of ageing under 
intermediate-temperature fuel cell operating condi- 
tions [38]. 

Goodenough et al. [-39] and Steele [40] have out- 
lined the strategies to develop inexpensive oxide ion 
conducting materials, related to fluorite (or fluorite- 
type), perovskite (or perovskite-type), brownmillerite 
and pyrochlore structures that promise acceptable 
performance at temperatures in the range 400-800 ~ 
Some of the compounds related to brownmillerite, 
which have been envisaged to be new solid electrolytes 
are Ba2In205 [39], Ca2Cr205 [41] and Ba2Gdlnl_x 
GaxO5 (x = 0, 0.2, 0.4) [42]. Despite the discovery of 
newer electrolytic materials, it should be pointed out 
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that other relevant properties such as the electrolytic 
domains, mechanical and thermal stability, coefficient 
of thermal expansion, etc., are needed to be thor- 
oughly investigated and optimized before these novel 
materials can become economically viable alternatives 
to the well-established stabilized zirconia-based elec- 
trolytes in fuel cell applications. 

In cells where hydrogen is likely to be used as the 
fuel, protonic conductors instead of oxide electrolytes 
could as well be used. Iwahara et al. [43-45] have 
found that the perovskite-type oxides based on 
SrCeO3 and BaCeO3 with partial substitution of 
Ce 4+ by some of the rare-earth ions (Ln 3+) are ex- 
cellent high-ternperature proton conductors. Heed 
and Lunden [46] had demonstrated that a fuel cell 
could be operated with a solid sulphate (such as 
lithium sulphate) electrolyte. Recently, Lunden et al. 

[47] have examined the performance of lithium sulph- 
ate in a fuel cell using hydrogen and town gas as the 
fuel. 

Yet another promising material is stabilized bis- 
muth sesquioxide on which scientific literature still 
continues to grow. Stabilized bismuth oxide (Bi203) 
exhibits the highest ionic conductivity at comparable 
temperatures. This greater ionic conductivity of stabil- 
ized Bi20 3 offers the possibility of its use as an 
electrolyte in SOFCs operated at lower temperatures 
( < 1000 ~ It is the purpose of this paper to review 
some of the developments in the area of bismuth 
sesquioxide-based solid electrolytes. 

2. Bismuth sesquioxide-based 
electrolytes for fuel cells 
Pure bismuth sesquioxide has two thermodynami- 

cally stable crystallographic polymorphs [48-54]. 
One is ~-Bi203, which is stable below 730 ~ and has 
a monoclinic structure, which shows p-type conduc- 
tion [55]. The other is 6-BizO3, which is stable above 
730 ~ up to its melting temperature of 825 ~ and 
crystallizes in the fluorite (cubic, CaF2) structure. In 
addition to these phases, tetragonal (J3-BizO3) and 
body-centred cubic (y-Bi203) crystallographic modifi- 
cations are also known to exist below 650~ as 
metastable phases. 

The CaF2-type 5-Bi20 3 contains 25% of the anion 
sites (one oxygen site per formula) vacant, and as a 
result exhibits very high O 2- ion conductivity 
( ~ 1 s cm- 1 near the melting point). The conduct- 
ivity is up to two orders of magnitude greater than 
that in the stabilized zirconia. The high polarizability 
of the Bi 3 + ion with its lone pair of electrons has been 
viewed as a conductivity-enhancing factor [56]. An- 
other possibility could be the existence of a weaker 
metal-oxygen bond between bismuth and oxygen as 
compared to that between zirconium and oxygen; this 
might promote a greater mobility of the vacancies in 
the lattice. 

However, the high conductivity phase is stable over 
a very narrow range of temperature (730-825~ 
Further, the volume change associated with the 8 --* 
transition leads to cracking and severe deterioration 
of the material. Thus, for application of Bi20 3 as a 
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Figure 2 Temperature dependence of oxide ion conductivity in 
selected ceramic oxides [31]. 

solid electrolyte in fuel cells, it is imperative that the 
high-temperature cubic phase be stabilized. The tem- 
perature dependence of conductivity of various solid 
oxide electrolytes is shown in Fig. 2. It is clear that the 
Bi203-based materials stand out as superior oxide 
electrolytes. However, the main drawback of this ma- 
terial is its small oxygen potential range of ionic 
conduction (electrolytic domain). Stabilized Bi20 3 is 
prone to reduction into metallic bismuth, even at 
moderately low oxygen partial pressure. 

A large number of studies has shown that the high 
conductivity 6-phase in Bi203 could be stabilized at 
lower temperatures, by the addition of dopants (see 
the subsequent sections). However, doping (by various 
di-, tri-, tetra-, penta- or hexavalent cations) also 
lowers the ionic conductivity. In some cases, doping 
leads to transformation into a more conducting 
rhombohedral phase which, however, undergoes de- 
composition with a concurrent decrease in the ionic 
conductivity at temperatures below 700~ [57, 58]. 
The extent and nature of the phase structure of the 
doped Bi20 3 (i.e. fc c or rhombohedral or a mixture of 
both), depends on the ionic radii of the dopants, their 
proportion (mole fraction) in the host material and 
thermal history. Recent work by Fung and Virkar 
[58] has shown that stabilization of the high-conduct- 
ivity phase in doped Bi20 3 can further be achieved by 
adding a second dopant such as calcia, strontia, zir- 
conia or thoria. However, like ceria-based electrolytes, 
the low decomposition oxygen potential of Bi/O 3 
precludes its direct contact with the fuel and, in real 
applications, the fuel-side surface of the electrolyte 
should be coated with a thin layer of more stable 
electrolyte, such as YSZ. This would prevent the 
reduction of the electrolyte, while the overall internal 
resistance (and hence the iR drop, where i is the 
current and R the resistance) can be substantially 
lower compared to an all-zirconia electrolyte. 
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Recently, Virkar [59] has pointed out that the logic 
behind depositing a thin YSZ layer could be an over- 
simplification, as the coating does not necessarily 
ensure the stability of the electrolyte itself. Whether 
the electrolyte is or is not stable, will depend mainly 
on the oxygen chemical potential that would exist at 
the interface between the protective layer and the 
electrolyte. The oxygen potential, in turn, depends 
upon a number of operational parameters of the fuel 
cell, of which the most important is the conduction 
characteristics of the two-layer composite electrolyte. 
The interfacial oxygen chemical potential and thus the 
stability of the electrolyte and of the SOFC has been 
shown [59] to depend critically on the transport 
characteristics of the interface. Cathodic potentials of 
- 0.64 V (po2- ~ 10 -13 atm) at 600~ are sufficient to 

produce rapid degradation of stabilized Bi20 3 electro- 
lytes [60]. Thus from a practical point of view, the use 
of stabilized Bi203 as an alternate SOFC electrolyte is 
questionable, unless techniques are developed to pro- 
tect the electrolyte from direct exposure to such tow 
Po2 environments, by means of compositing or thin- 
film deposition with more stable material with com- 
parable ionic conductivity. In other words, for viable 
applications, the thermodynamic stability of the pro- 
posed electrolyte in reducing atmospheres as well as 
phase stability at lower temperatures must be en- 
hanced. 

In the following sections, various investigations per- 
taining to the stabilization of 5-Bi20 3 through doping 
are reviewed. For simplicity and clarity, the discussion 
is divided according to the charge of the dopant 
cations. 

2.1. Bi203-MO (M = Ca, Sr, Ba) system 
Levin and Roth [61], Takahashi et  al. [62] and 
Conflant et  al. [63] studied the phase equilibria in 
these pseudobinaries. Takahashi et  al. also studied the 
electrical characteristics of the BizO3-CaO solid solu- 
tions. Conflant et  al. could delineate this system 
in terms of four incongruently melting compounds 
( B i l g C a 5 O z 6  , B i 2 C a O 4 ,  B i l o C a v O z z  and Bi6Ca7016  ) 
and four solid solutions (fc c, b c c and two rhombo- 
hedral). They also observed that the rhombohedral 
solid solution in calcia-stabilized Bi20 3 was isostruc- 
tural with BizO3-CdO, investigated earlier by Sillen 
and Sillen [64]. Takahashi et al. [62] found that the 
rhombohedral phase showed high oxygen ion con- 
ductivity. 

The X-ray diffraction studies of Sillen and Aurivil- 
lius [65] showed that SrO has a wide range of solid 
solutions with Bi/O3, beginning at 14 tool % SrO. The 
solid solution was ascribed a rhombohedral lattice 
structure, with vacancies in the anion sublattice, which 
was later confirmed by Levin and Roth [61], Taka- 
hashi et al. [62] and Conflant et al. [66]. Neuimin et 

al. [67] investigated the electrical conductivity of solid 
solutions of Bi20 3 with 15-20 tool % SrO in the range 
400-600~ The electrical conductivity in the iso- 
structural solid solution BizO3-CdO was studied by 
Hauffe and Peters [68], who observed that the con- 
ductivity was a strong function of the partial pressure 
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Figure 3 Conductivity of rhombohedral phase in alkaline earth- 
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(0)  Ba [85]. 

of oxygen in the gas phase. Therefore, despite the 
presence of a large number of oxygen ion vacancies in 
the crystal lattice, the conductivity was predominantly 
electronic. The experimental results of Neuimin et  al. 

1-67] with Bi/O3-SrO solid solutions as the electrolyte 
in fuel cells indicated that in an atmosphere with a 
relatively high oxygen partial pressure (oxygen versus 
air), these phases had a considerable fraction of ionic 
conductivity, which increased with an increase in tem- 
perature. On the other hand, when air at the anode 
was replaced with a fuel mixture of 66% CO and 34% 
CO2, the e.m.f, indicated the presence of electronic 
conductivity in the electrolyte (0.8 Bi20 3 -I- 0.2 SrO), 
which increased with an increase in temperature. In 
another set of experiments, they investigated the fol- 
lowing fuel cell in the temperature range 500-650 ~ 

NiO, air/0.85 Bi20 3 + 0.15 SrO/CO, Ni 

The i-V (V is the voltage) characteristics of these cells 
indicated that while there was little polarization of the 
electrodes at 600 and 650~ it was significant at 
500 ~ Short-circuit currents were also found to be 
unsteady with time in the case of both these electro- 
lytes. Post-experiment examination of the solid elec- 
trolyte made of 0.8 Bi20 3 + 0.2 SrO and 0.85 Bi20 3 
+ 0.15 SrO showed air holes and fused metallic 

globules (bismuth) on the fuel side, indicating reduc- 
tion of Bi20 3 by the fuel gas. 

The fact that the conductivity in the rhombohedral 
phase containing SrO was somewhat higher than that 
in the CaO analogue was explained by Takahashi 
et al. [62] in terms of the cation size effect (the radius 
of Sr / + is larger than that of Ca 2 + ). Moreover, it led 
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to the speculation that the rhombohedral phase in the 
baria-doped bismuth oxide could possess even higher 
conductivity. Substitution of Bi 3 + ions by the alkaine- 
earth metal ions of increasing size is likely to favour 
atomic rearrangements, leading to a transition from 
the more ordered fcc to the relatively less ordered 
rhombohedral structure. From this point of view, the 
electrical conductivity measurements in the solid solu- 
tions of BizO3-BaO pseudo-binary in the range 
10-67 mol % and 12-32 mol % BaO, were conducted 
by Takahashi et al. [62, 69] and Suzuki et al. [70], 
respectively. The variation of conductivity with tem- 
perature for CaO-, SrO- and BaO-doped bismuth 
oxide is shown m Fig. 3. A common feature of these 
plots is the abrupt jump in the conductivity at 

600 ~ This was attributed to the 131 ~ 132 trans- 
ition within the rhombohedral structure. It could also 
be seen that among the three alkaline-earth oxide 
dopants, BaO has the most benign effect in that it 
has the lowest transition temperature and the 
conductivity of the high-temperature modification, 131, 
is 0.01 fU 1 cm- 1 at 500 ~ (20 mol % BaO [69]) and 
0.88 fU 1 cm- 1 at around 600 ~ (16 mol % BaO 
[70]): one of the highest among the Bi2Oa-based 
oxides. An interesting observation made by Suzuki et 
al. [70], was that the grain orientation and conductiv- 
ity of the slowly cooled samples were better than those 
of the quenched ones. 

The effect of doping by alkaline-earth metal ions 
can be very well appreciated by knowing the compon- 
ent thermodynamic activities in the corresponding 
solid solutions. For example, there are several inter- 
mediate stoichiometric compounds in the MO-Bi20 3 
systems. On the basis of solution thermodynamics, 
compound formation indicates a lowering of activity 
of a given component. In other words, it is a measure 
of negative deviation of thermodynamic activity from 
ideality. Thus, in such systems, there would be com- 
positions which would exhibit activity coefficient 
(7 = aMo/XMo) less than unity, and hence better ther- 
modynamic stability in a reducing atmosphere (aMo is 
the activity of MO). Back and Virkar [71] recently 
used solid fluoride electrolyte-based galvanic cells for 
the determination of activity-composition relations in 
the MO-Bi20 3 systems, employing the following 
typical cell configuration 

Ag/air, MF2, (Bia03) 1 _:, (MO)~/ 

MF2/MFz,MO, air/Ag 

The compositions studied were 0.26 ~< x ~< 0.31 for 
the CaO-Bi20 3 system; 0.23 ~< x ~< 0.43 for the 
SrO-Bi20 3 system and 0.26 ~< x ~< 0.33 for the 
BaO-Bi20 3 system. The directly measured activity of 
MO, auo, in these solid solutions is given by the 
Nernst equation 

aMo = exp ( -- 2 F E / R T )  (1) 

where F is the Faraday constant and E represents the 
electromotive force of the galvanic cell. R and T have 
their usual meanings. From the measured activities of 
MO, those of Bi203 in these solid solutions have been 
derived, as a function of compositions, with the help of 

Gibbs-Duhem integration. The activity of Bi203 for 
the richest MO compositions at 630 ~ were reported 
to be 0.56 in CaO-Bi20 3 (Xc,o=0.31), 0.t2 in 
SrO-Bi/O a (Xsr o = 0.43) and 0.56 in BaO-Bi20 3 
(XB, o = 0.33). The activity of BizO 3 is the lowest (0.12) 
in the SrO-Bi20 3 system. Accordingly the rhombo- 
hedral phase in the strontia-doped bismuth oxide 
system with the highest dopant concentration would 
be the most stable phase in reducing atmosphere. At 
670 ~ the lowest oxygen partial pressures for which 
pure Bi203 and (SrO)0.43 (Bi203)0.57 are stable are 
3 x 10-12 and 6 x 10-13 atm, respectively. Thus from 
the standpoint of thermodynamic stability, the alkal- 
ine-earth oxide-stabilized gi203 is preferable to pure 
Bi203, with the SrO-stabilized rhombohedral phase 
(XSr o = 0.43) being the most stable [723. 

2.2. Bi203-RE203 (RE = Y and/or 
rare-earth metal) system 

The ceramic alloys of bismuth oxide containing rare- 
earth cations have been most extensively investigated, 
both from the viewpoint of establishing accurate 
phase relationships and to explore their conduction 
characteristics. One of the most interesting features of 
the rare-earth stabilization of BizO 3 is that unlike in 
the case of alkaline earth-Bi203 system, for which the 
high conductivity phase is rhombohedral, the cubic 
(fc c) phase is more conducting and can be retained at 
lower temperatures ( ,-~ 400 ~ for longer periods by 
addition of second dopants. This aspect of phase 
stability has a direct bearing on the long-term applica- 
tion of these phases in fuel cells over a large number of 
thermal cycles. Of these, the Y203-Bi203 system has 
been studied in most detail. 

2.2. 1. Stabilization with one rare-earth oxide 
2.2.1.1. Bi203-Y203 system. The electrical and 
thermal properties of the 5-phase stabilized by Y203 
have been measured by several investigators [73-82]. 
Levin and Roth [83] and Datta and Meehan [84] 
investigated the Y2Oa-Bi20 3 phase diagram. These 
workers indicate that the ~-phase in samples contain- 
ing 25 mol % Y203-75 mol % Bi203 is stable below 
400~ Takahashi and Iwahara [85] suggested that 
this composition might be the most desirable one for 
practical use of this electrolyte as an oxide ion conduc- 
tor in fuel cells. According to their study, this composi- 
tion had the lowest yttria content at which no trans- 
formation occurred and had the highest conductivity 
over a wide range of temperature. The phase equilib- 
rium study of Datta and Meehan [831 showed that the 
6-phase, forming a limited solid solution could be 
stabilized thermodynamically towards room temper- 
ature. However, based on their study in the limited 
composition range (21.5-23.5 mol % yttria), Watan- 
abe and Kikuchi [80] and recently, Watanabe [86] 
showed the existence of a new low-temperature stable 
phase having hexagonal (or rhombohedral) symmetry 
in the same composition range. They reported that 
this low-temperature stable hexagonal phase trans- 
forms reversibly around 720 ~ into the high-temper- 
ature, oxygen-deficient fluorite-type structure. Several 
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subsequent phase equilibrium studies have indicated 
this diagram to be incorrect. For instance, the diagram 
clearly leaves the region between 0 and 2 wt % Y203 
uncertain. On the basis of an argument based on the 
relation between the size of the dopant cation and the 
general shape of the BizO3-rich portion of the phase 
diagram, Powers concluded that the diagram of Datta 
and Meehan is incorrect [87, 88]. Moreover, the 
presence of a wide range of solid solution for tetrago- 
nal phase and the absence of any rhombohedral phase 
in the Bi/O3-rich region in their phase diagram has 
also been refuted in the literature. Joshi et al. [79] 
observed that in the work of Datta and Meehan, the 
use of ultra-high-purity materials might be the princi- 
pal factor which prevented the establishment of equi- 
librium conditions and led to erroneous phase rela- 
tionship. They pointed out that if the two component 
oxides are very pure, so will be the resultant solid 
solution. This means that very few point defects would 
be available for mass transport. Thus in the solid 
solution, "near intrinsic" conditions might have pre- 
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vailed, thereby rendering the kinetics of mass trans- 
port very sluggish. 

Powers [-88] redetermined the BizO3-Y20 3 phase 
diagram by high-temperature X-ray diffraction (XRD) 
and differential thermal analysis (DTA) techniques 
(Fig. 4). For comparison, Datta and Meehan's results 
are also shown in the same figure by broken lines. 
According to this diagram, at ~ 725 ~ or lower, the 
cubic solid solution would decompose. Kruidhof et al. 

[81] recently investigated the thermochemical stabil- 
ity of yttria-stabilized Bi/O 3 solid solutions, contain- 
ing 22-32.5 mol % Y203 . They reported that the solid 
solutions containing less than 31.8 mol % Y203 were 
cubic (fc c), and were metastable at temperatures be- 
low ,-~ 840 ~ During annealing at 650 ~ a sluggish 
transformation (cubic ~ hexagonal) occurs. The hexa- 
gonal phase is transformed rapidly into the cubic 
phase above 740~ These observations are in con- 
formity with those of Powers [88]. 

The conductivities of the sintered Bi203-Y20 3 
solid solutions (in the range 0-60 mol % Y203) in air, 
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Figure 5 Conductivity of (Bi203) 1 _x(Y203)x in air [71]: the num- 
bers represent the mole fraction (x) ofY20 3 in the solid solutions, 1: 
0.0; 2: 0.05; 3: 0.20; 4: 0.25; 5: 0.33; 6: 0.425; 7: 0.50; 8: 0.60. 

reported by Takahashi et al. [74] are shown in Fig. 5. 
Some interesting observations could be made from 
this figure. First, the conductivity of pure Bi20 3 is 
relatively low below 730~ above this temperature 
the phase transformation from monoclinic to cubic is 
attended by a sudden increase (jump) in conductivity 
[89, 90]. Second, the conductivity of sintered samples 
containing less than 25 mol % YzO3 showed signific- 
ant hysteresis. For example, the temperatures at which 
such samples (curves 2 and 3 in Fig. 5) showed a jump 
in conductivity, differed by ~ 50 100 ~ in the heat- 
ing and cooling cycles. Third, the magnitude of the 
jump in conductivity decreased, and eventually disap- 
peared as the amount of yttria in the sintered samples 
increased (curves 3-8). In these cases, the discontinuity 
(observed clearly for 25 mo l% Y 2 0 3  samples) was 
ascribed to a second-order phase transition in the 
stabilized g-phase. Takahashi et al. [74, 85], however, 
did not identify the exact phase relation, nor did they 
report any crystallographic data for the other phase. 
As pointed out earlier, Watanabe and Kikuchi [80] 
and later Watanabe [86] identified the low-temper- 
ature stable phase for the composition 25 mol% 
Y 2 0 3  to be hexagonal. Their d.c. conductivity results 
for the hexagonal and cubic phases, having the com- 
position (Bi203)0.775 (Y203)0.225 show that the con- 
ductivity of the hexagonal phase is about an order of 
magnitude lower than that of the metastable phase. 

The dopant concentration versus conductivity iso- 
therms, determined by Takahashi et al. [74] are 
shown in Fig. 6. In the temperature range of 700 ~ 
and above, where the fcc single phase is stable, the 
conductivity decreases monotonically with increasing 
dopant concentration. The change in the slope at 

40 tool % Y 2 0 3  has been ascribed to the saturation 
solubility limit of Y 2 0 3  in the fcc  phase. At lower 
temperatures, the conductivity exhibits two maxima: 
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Figure 6 Oxide-ion conductivity isotherms of (Bi203) a_x(YzO3)x 
in air as a function of composition 1-74]. 

one at ~ 17mo1% Y203 and the other at 
25 mol % Y203. The conductivity of the 25 mol % 

Y203-Bi20 3 solid solution is higher than that of 
17 tool % Y203-Bi203 solid solution. The conductiv- 
ity is seen to decrease rather sharply on either side of 
these two maxima. While the maximum in conductiv- 
ity at 25 mol % Y203 has been explained to be due to 
the composition being on the lower end of the solubil- 
ity limit of yttria in the fc c phase at these temper- 
atures, that at < 17 mol % yttria has not been ex- 
plained yet. The occurrence of a conductivity max- 
imum at a certain composition of the dopant, is 
similar to the general trend for stabilized zirconias, 
where the composition possessing the highest oxide 
ion conductivity lies at the lowest content of the 
second cation within the range of a single-phase solid 
solution formation. The investigation of the solid 
solution ( B i 2 0 3 ) l _ x - ( Y 2 0 3 )  x in the range of 
x = 0.17-0.25 at temperatures up to 700~ and the 
exploration of the origin of the dip in the conductivity 
versus composition curves may lead to ways to sup- 
press and/or eliminate it. The decrease in conductivity 
beyond the second maximum is suggestive of signific- 
ant interaction energy between the oxide ion vacancy 
and the dopant cation (and not due to that among the 
oxide ion vacancies) [85]. 

As will be seen later in this paper, the destabilization 
of high-conductivity cubic phase into a low-conduct- 
ivity rhombohedral phase over some composition 
range appears to be a general feature of the rare-earth 
oxide-bismuth oxide systems, and the high conductiv- 
ity cubic phase may, in fact, be a metastable one below 

700 ~ This is a serious shortcoming of the stabil- 
ized bismuth oxide electrolytes in that many of these 
"high conductivity" compositions may be of little 
practical use for applications involving isothermal 
operations below ~ 700 ~ for periods of the order of 
several hundred hours or more. In order to enhance 
the stability of the cubic phase at lower temperatures, 
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Fung and Virkar [58] have suggested the use of CaO, 
Sro, ZrO 2 and ThO 2 as the aliovalent stabilizing 
dopant in the 25 mol % Y203-75 mol % Bi20 3 solid 
solutions. 

Contrary to the observation by Takahashi et al. 
[60] and Verkerk and Burggraaf [91], that an oxygen 
partial pressure of the order of 10-12-10 -13 arm 
would result in the reduction of bismuth oxide to 
metallic bismuth, Wang et al. [78] and, subsequently, 
Duran et al. [92] and Jurado et al. [93] reported ionic 
conductivity in the stabilized Bi20 3 over an extended 
range of oxygen partial pressure (up to 10 -21 atm) at 
700 ~ This discrepancy calls for the re-examination 
of the thermodynamic stability of the pure and the 
doped bismuth oxides by the solid-state galvanic cell 
technique, vapour pressure measurements and calori- 
metric methods. 

2.2.1.2. Bi203 La203 system. Takahashi et al. [62] 
first investigated the ionic conduction characteristics 
of sintered oxide solid solutions of Bi20 3 containing 
10-30 mol % LazO3. The E / E  o values (representing 
oxide ion transport number), measured by a stand- 
ard concentration cell (Po~ = 1.0atm versus Po2 
= 0.21 atm) employing the lanthanum oxide-doped 

Bi203, were found to be greater than 0.9 (0.92-0.95) in 
the temperature range 550-750 ~ However, the elec- 
trolytes in this system are prone to reduction in lower 
oxygen partial pressure domains, where electronic 
conduction would dominate. The phase relationships 
in the Bi203-La203 and the Bi203-LazO3-TeO2 
system were studied by Watanabe [86] and Mercurio 
et aI. [94], respectively. As mentioned earlier, Watan- 
abe identified a hexagonal (rhombohedral) layered 
structure as the low-temperature stable modification, 
which showed good oxide-ion conductivity. However, 
these structures are prone to gradual decomposition 
in humid environments even at room temperatures 
[95]. Mercurio et al. [94], who studied the pseudo- 
ternary system over a wide range of rare-earth oxide 
and TeO 2 composition, identified as many as five solid 
solutions labelled Q (tetragonal), F, F' (cubic), and 
and R (rhombohedral) in the BizO3-La203-TeO2 
system. It has been shown that the electrical character- 
istics within different domains of these solid solutions 
are essentially dependent on (i) the nature of rare- 
earth cation (Ln 3 + ), (ii) the amount of rare-earth oxide 
dopant, (iii) the amount of TeO 2 and (iv) the structure 
of the solid solution. 

The best electrical properties were shown to be 
possessed by the anion-deficient fluorite-like F and F' 
phases; the conductivity was highest for the phase 
(Bi203)o.9o(LazO3)0.o6(TeO2)o.o4. At 350~ the 
conductivity was 0.0050 ~ -  1 cm-  1. In the molar con- 
centration range higher than 10% for the rare-earth 
oxide, the conductivity decreased as the La203 con- 
tent increased. The conductivity also decreased with 
increase in TeO2 content. This is possibly due to the 
decrease in the oxygen ion vacancy concentration. The 
higher conductivity exhibited by the rhombohedral 
phase, in comparison to the f cc  phase, at temper- 
atures lower than 200~ has been ascribed to the 

lower activation energy of migration of oxygen ions in 
that phase. However, the oxygen potential in TeO2 is 
lower than even that in the host Bi20 3, and hence 
exposure of solid electrolyte based on this system even 
to a relatively moderate oxygen partial pressure may 
tend to reduce the Te 4 + cations. This reduction may 
eventually result in the degradation of the electrolytic 
properties of these materials. 

2.2.1.3. B i zOa-Gd203  system. Datta and Meehan 
[84] studied the phase diagram of the pseudobinary 
BizO3-Gd20 3 system, while Takahashi et al. [96] 
investigated the phase relationships as well as the 
electrical conductivity in the sintered bodies of 
Bi20 3 G d 2 0  3 solid solutions, with gadolinia content 
ranging from 5 50 mol %. In contrast to the observa- 
tion of a single fc c phase by Datta and Meehan in the 
composition range 10-'50 mol % G d 2 0  3 over a wide 
temperature range, Takahashi et al. showed that in the 
5-30 mol % G d 2 0  3 range, the high-temperature fc c 
phase is unstable at low temperatures. The solid solu- 
tions containing 5-10 mol % Gd203 transformed into 
tetragonal and those containing 10-30 tool% 
Gd203,  into rhombohedral phase, as the temperature 
was lowered. 

The conductivity curves of the sintered Bi20 3- 
G d / O  3 solid solutions were qualitatively similar to 
those observed by the same authors in Bi /O3-Y203 
solid solutions [74]. For samples containing less than 
35 mol % Gd203,  the conductivity showed an abrupt 
rise corresponding to the phase transformation from 
tetragonal (or rhombohedral) to cubic. It may be 
noted that the temperature at which conductivity 
showed a jump shifted to values less than 730 ~ (for 
monoclinic to cubic in pure Bi203) for compositions 
up to 10 mol % Gd203,  but to higher than 730 ~ for 
samples containing gadolinia in the range 
0.10 < x < 0.35. These temperatures are considered to 
be the transition temperatures from tetragonal to fc c 
in the first case and from rhombohedral to fc c in the 
second. For the GdzO3-rich (x > 0.35) compositions, 
the single linear correlation between log cy-1/T, where 
c~ is the conductivity, is suggestive of the existence of a 
single f cc  phase from room temperature up to 

900 ~ 
The conductivity of these solid solutions measured 

in the range 1 -10 -Sa tm oxygen partial pressure, 
indicated that the conduction was purely ionic and 
due only to oxide ions over the temperature range 
600-800 ~ Moreover, the conductivity was found to 
be independent of the phase transformation. In terms 
of magnitude, these conductivities were comparable to 
those in the Bi203-Y20 3 system. At 600 ~ the con- 
ductivities of the rhombohedral (Bi20 3)o.9 (Gd203)o.1 
and the fcc  (Bi203)o.65 (Gd203)o.35 are 0.045 and 
0.024 f l -  1 cm-  1, respectively: about an order of mag- 
nitude higher than those in YSZ at the corresponding 
temperature. 

Recently, Su and Virkar [97] investigated the ionic 
conductivity by the a.c. impedance technique, and the 
kinetics and sequence of phase transformation in 
(BizO3)o.86(GdzO3)o.a4 by microstructural analyses 
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Figure 7 Conductivity of equilibrated samples of (Bi203)o.86 
(Gd203)o.14, showing Arrhenius behaviour [97]. Regions 1 and 4 
correspond to single-phase cubic and rhombohedral solid solutions; 
regions 2 and 3 correspond to two-phase mixtures: 2. rich in cubic 
and 3 rich in rhombohedral phase. 

using XRD and transmission optical microscopy, both 
as a function of temperature and time. The choice of 
this composition was based on the observation that at 
high temperatures this composition corresponds to a 
single-phase fc c material, while at low temperatures it 
corresponds to a single-phase rhombohedral material, 
as noted by Takahashi et al. [96]. It was observed that 
above 760 ~ the samples are fully cubic and below 
610 ~ they are entirely rhombohedral. In the temper- 
ature range between these two extremes the equilib- 
rium state corresponds to the two-phase field contain- 
ing the cubic and the rhombohedral phases. In accord- 
ance with these microstructural and phase analyses 
findings, there were four distinct regions in the meas- 
ured log cr versus 1/T plots (Fig. 7); two single-phase 
and two two-phase regions. One of these two-phase 
regions corresponds to a regime where the high-con- 
ductivity cubic phase is contiguous. The equivalent 
circuit model suggests the conduction behaviour to 
follow a parallel path in this region. The other region, 
which occurs at lower temperatures, has been envis- 
aged as that containing the high conductivity phase in 
isolated pockets. In this regime the equivalent circuit 
model for the requisite conduction conforms to that 
for series paths. This investigation is an important 
contribution to the understanding of conduction be- 
haviour of stabilized bismuth oxide systems in terms 
of the evolution of different phases and their conduc- 
tion characteristics, as a function of time and temper- 
ature. These observations also emphasize the need to 
study the implications of the transformation from the 
rhombohedral to the cubic phase and vice versa in real 
fuel cell applications. 

2.2.1.4. Bi203 Oy203 system. Verkerk and Burg- 
graaf [98] investigated the phase diagram and oxygen 

ion conductivity in this system, in the composition 
range 5-60 tool % Dy/O3. The samples containing 
5 mol% Dy203 had a tetragonal structure up to 
640~ above which it transformed into the high- 
temperature cubic (fc c) phase. Annealing for ~ 350 h 
at 550 ~ resulted in some minor phases, in addition to 
the main tetragonal structure. The samples containing 
10-25 mol % Dy20 3 were mainly cubic at high tem- 
peratures, as deduced from quenching experiments, 
whereas the low-temperature modification was 
rhombohedral from about 15 25 tool % dysprosia. 
The equilibrium monophase cubic structure was 
stable at low temperatures for the solid solutions 
containing 28.5-50 mol % Dy203. This result contra- 
dicts the observation of Datta and Meehan [84] who 
reported the existence of the fc c phase for the com- 
position (Bi203)0.75 (Dy203)0.25 at low temperatures. 
However, as noted above in the case of the solid 
solutions of BizO 3 with yttria, this error is probably 
due to the non-attainment of equilibrium conditions 
in the experiments of Datta and Meehan. On the other 
hand, the investigations of Verkerk and Burggraaf 
confirmed the observation of the fcc phase in the 
solid solution (Bi2Oa)o.5o(Dy203)o.5o reported by 
Nasanova et al. [99]. Samples containing 60 mol % 
Dy20 3 showed the existence of an unknown phase 
together with the fcc phase. In the range 
10-25mo1% dysprosia, the temperature of the 
rhombohedral (low-temperature) ~ cubic (high-tem- 
perature) phase transition showed a monotonic in- 
crease from 575~ (for (Bi203)o.9o(Dy203)o.lo) to 

745 ~ (for (Bi203)o.75 (Dy203)o.25), as deduced from 
DTA experiments. These results also showed one-to- 
one correspondence with the conductivity measure- 
ments, as shown in Fig. 8, for example, for the solid 
solution (Bi203)o.75 (Dy203)o.25. 

The discontinuity at ,-~ 740 4- 15 ~ in the conduct- 
ivity-temperature plot is attributed to the structural 
change from rhombohedral to fcc (,-~ 745~ The 
change in slope in the conductivity plot for the fc c 
phase at ,~ 600 ~ has been correlated to changes in 
the oxygen ordering in the cubic lattice. In the case of 
the cubic samples containing 25-60 mol % DyzO3,  
the discontinuity in the conductivity versus temper- 
ature curves occurs at about 600-680 ~ for the solid 
solutions containing 25-30 mol % DyzOa; the sam- 
ples containing 40-60mo1% Dy20 3 are cubic 
throughout the temperature range of measurements 
(300-780 ~ The highest conductivity characteristics 
were reported for the composition (Bi203)o.715 
(Dy203)o.285: 0.744 fUlcm -1 at 500~ and 
15.1 f U l c m  - 1 at 700 ~ 1-98]. These values are more 
than an order of magnitude higher than for YSZ at the 
corresponding temperatures. The samples containing 
Dy20 3 in the range 0.25 ~ x ~ 0.40, were predomin- 
antly oxygen ion conductors, while those containing 
50 t1"101% DyzO 3 exhibited small partial electronic 
conduction and 40 Bi203-60 Dy20 3 solid solutions 
were electronic conductors. Based on a correlation 
between the observed conductivity and the size of 
Ln 3+ ions and the concentration of the additive, 
Verkerk and Burggraaf envisaged that the composi- 
tions exhibiting highest oxygen conductivity with the 
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Figure 8 Conductivity of (BizO3)o.75(Dy203)o.25 in air [98]: (O) 
cubic; (�9 rhombohedral. 

solid solution. However, the overall structure of the 
solid solution was found to be cubic. In contrast to 
this, (Bi203)o. 7 (Er203)o. 3 solid solutions with lower 
conductivity did not exhibit any of these features and 
hence may be better materials from the viewpoint of 
mechanical stability of the electrolyte. 

Following the reported improvement in the elec- 
trode performance of the PbO-stabilized Bi/O 3 elec- 
trolyte [104], Vinke et al. [105, 106] recently studied 
the oxygen transport characteristics of solid solutions 
containing 75 mol % Bi203-25 mol % Er203 with 
sputtered as well as co-pressed gold electrodes. The 
results showed that the electrode material, geometry 
and configuration had only minor influence on the 
rate of oxygen transfer in this electrolyte. Similar 
observations were earlier made by Verkerk et al. 
[101]. They studied the mechanism of oxygen transfer 
on stabilized zirconia-, ceria- and BizO3-based elec- 
trolytes with platinum electrodes. It was found that 
the electrode resistance on BizO3-Er203 was several 
times lower than on stabilized zirconia and ceria 
electrolytes. Moreover, on zirconia- and ceria-based 
electrolytes, diffusion of atomic oxygen on the 
platinum electrode was thought to be the rate-deter- 
mining step in the electrode process, whereas for 
bismuth sesquioxide-based electrolytes, diffusion on 
the oxide surface was the rate-determining step. Such 
conclusions, however, are not substantiated by paral- 
lel investigations nor are based on firm scientific 
understanding of the electrode processes in these 
cases.  

lowest dopant concentration necessary to stabilize the 
fc c phase, would be in Er/O3 or TmzO3-based Bi/O3 
solid solutions. 

2.2.1.5. Bi203-Er203 system. Verkerk et al. [100, 
101] and Keizer et al. [102] investigated the system 
Bi203-Er20 3 over a wide range of compositions. For 
solid solutions containing 17.5-45.5 tool% Er/03, 
they observed a single fc c phase, with a slight dilata- 
tion (a ~-0.54-0.55 nm) as the erbia content decreased. 
Below 17.5 tool % and above 45.5 mol % erbia, the 
solid solutions were essentially multiphase in nature. 
The samples could be sintered to densities near 95% 
theoretical at 1200 ~ In the entire temperature range 
of measurements (400-800 ~ the oxygen conductiv- 
ity was found to be the highest in the 
(BizO3)o.s(Er203)o.2 solid solutions, among all the 
Bi203-based electrolytes as well as the zirconias. 
Jurado et al. [93] also investigated the d.c. conduct- 
ivity in ( B i 2 0 3 ) o . s 2 ( E r 2 0 3 ) o . 1 8  and (B i203)o .  s 
(Er203)o. 2 cubic solid solutions. The latter composi- 
tion was found to be more conductive. Kruidhof et al. 
[103] reported that the solid solutions containing up 
to 25 tool% Er20 3 show a slow transition from a 
cubic to hexagonal (rhombohedral) phase upon heat- 
ing at 625 ~ This rhombohedral phase was stable up 
to 725~ where it re-transformed into the cubic 
modification. Long-term annealing at 500 ~ caused 
the formation of traces of tetragonal Bi20 3, which was 
thought to be a result of slow decomposition of the 
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2.2.1.6. Bi203 Ho203 system. Although the ionic 
radii of Ho 3+ and y3+ ions are virtually the same 
[107], the number of studies on the solid solutions of 
BizO 3 containing Ho/O3 is very small. The phase 
relationships in this system have been studied by 
Datta and Meehan [84] and Cahen et al. [108], 
who found the fcc 6-phase to have the composition 
( B i 2 0 3 ) o . 7 5 ( H o z O 3 ) o . 2 5  while in a recent study, 
Watanabe [109] observed hexagonal (rhombohedral) 
symmetry for the solid solutions containing 
20.5-24.5 mol % holmia, annealed at 650~ These 
low-temperature stable hexagonal modifications were 
reported to have transformed into the high-temper- 
ature cubic phase upon annealing at 850~ The 
transformation was found to be quite fast in the 
heating mode, while the reverse (cubic to rhombo- 
hedral) was much more sluggish in the cooling direc- 

t i on ,  and therefore, the quenched fcc phase is a 
metastable one at lower temperatures. 

Meng et al. [110] studied the temperature depend- 
ence of conductivity of the solid solutions containing 
21.5 and 22.5 mol % H O 2 0 3  . Although the conductiv- 
ity of the hexagonal phase is also believed to stem 
from oxygen ion migration, the conductivity values 
reported were lower than those of the fcc phase. 
Watanabe ascribed this difference to the crystallo- 
graphic anisotropy and polymorphic transition in the 
hexagonal samples. It is believed that the movement of 
oxygen ions is excessively blocked in the anisotropic 
polycrystalline sintered material (hexagonal), in 



comparison with the isotropic fc c material. Investiga- 
tions related to the stability and the kinetics of phase 
transformations in this system, and their eventual 
effect on the overall conductivity of the solid solutions, 
would be an interesting area to explore, because the 
conductivities in the temperature range of interest are 
quite significant. 

As can be seen from the foregoing discussion, there 
is a tendency of destabilization of the cubic phase in 
several of the BizO3-RE203 systems. However, no 
systematic studies have been reported in the literature 
on the mechanism of destabilization, or on the sup- 
pression of the kinetics of phase destabilization. Re- 
cently, the suppression of phase transformation kin- 
etics by the addition of 5 tool % ZrO2 in yttria-, erbia-, 
gadolinia- and samaria-doped Bi203 systems has been 
rationalized by Fung et  al. [72], on the premise that 
cation interstitials are more mobile in comparison to 
the cation vacancies. Incorporation of aliovalent do- 
pants in TiO2-SnO2 [111-114] and LiA15Os- 
LiF%O8 [115] systems has been found to affect the 
kinetics of phase transformation drastically. On the 
basis of these observations, Fung et al. [72] envisaged 
that the dopants which enhance the interdiffusion, 
accelerate the transformation kinetics while those 
which suppress the cation interdiffusi0n, hinder the 
transformation. 

2.2.2. Stabi l izat ion wi th  two  or more 
rare-earth oxides 

Meng et  al. [110, 116-117] showed that the fcc 
structure in the Bi~O3-based solid solutions with two 
rare-earth oxide dopants could be stabilized down to 
room temperature, with much lower content of double 
dopant oxides than that of a single oxide. This co- 
operative effect was attributed to the increase in en- 
tropy of the resulting ternary system as a consequence 
of mixing. The transition of a highly symmetric struc- 
ture stable at high temperatures into a lower sym- 
metry structure stable at low temperatures would be 
accompanied by a significant entropy change. Based 
on this thermodynamic argument, these investigators 
envisaged that it is favourable for the high-temper- 
ature fc c phase to be "frozen" at low temperatures. A 
general observation made by these authors is that the 
presence of the second dopant in smaller concentra- 
tion, retained the fc c structure and also resulted in an 
increase in conductivity, especially in the lower tem- 
perature regions. The conductivity, however, was 
shown to decrease as the second dopant content 

T A B L E  I1 Transference numbers for (Bi203)1 zx(Y203)x 
(PrzO11j3):, solid solutions 

Transference number,  to~- 

Temperature x = 0.075 x = 0 . I 0 0  x =0.125 x =0.150 
(~ 

500 0.6971 0.7481 0.9844 0.9987 
700 0.5903 0.6680 0.9955 0.9986 

increases. This behaviour for the ( B i 2 0 3 ) o . 7 6 ( Y 2  

0 3 ) o . 2 4 _ x ( G d 2 0 3 )  x system was explained in terms of 
the appearance of a second phase (probably the 
rhombohedral) with lower conductivity. The conduct- 
ivity of the fcc solid solutions containing mixed do- 
pants was found to increase with temperature for a 
given composition. In addition, the oxygen trans- 
ference number also showed an increase with increas- 
ing dopant content as well as with the temperature for 
x < 0.1. This trend is typified in Table II which shows 
data for ( B i 2 0 3 )  1 _ 2 x ( Y 2 0 3 ) x ( P r 2 O l l / 3 ) x  �9 

Hu et  al. [118] reported the conductivity variation 
in Bi/O3-based oxides doped with mixed rare-earth 
oxides. The dopant consisted of a raw lanthanide 
oxide material, containing as many as seven rare-earth 
metals, whose composition was: Gd(7.5 mol %), Tb 
(7.5 reel %), Dy (37.5 reel %), He (12.4 reel %), Er 
(18.8 reel %), Tm (4.9 reel %) and Yb (12.3 reel%). 
The mole fraction (x) of the mixed rare-earth oxide 
dopant ranged from 0.05-0.80. Their high-temper- 
ature XRD and DTA results indicated that the limits 
for the single fcc phase field were 0.15 < x < 0.51. 
This is clearly manifested in the conductivity plots 
shown in Fig. 9, for various levels of dopant concen- 
tration. For example, curve a (x = 0.05) shows two 
distinct knees: one at ~ 350~ and the other at 

650 ~ The first knee could be due to the mono- 
clinic to rhombohedral transition, while the other to 
the rhombohedral to cubic one at higher temperature. 
With increasing dopant concentration (curve b and so 
on), the low-temperature discontinuity in the conduct- 
ivity versus temperature plot disappears, giving an 
approximate lower limit of the mixed oxide dopant 
concentration, necessary for stabilizing the rhombo- 
hedral phase down to below 300~ For the solid 
solutions containing rare-earth oxides in the range 
x = 0.15-0.20, the inflexion in the conductivity plots 

1 

EO r 

v 
> -  

g 
~-2 
-m 

c-  

o 

9 - 3  
0 

_ d  

-4 

-5 I 
0.8 1.0 

Figure 9 Temperature of 

(~ 
800 600 400 300 

! ! I ! ! 

~ \ ( c )  
\ ldl 

) 

(g) 
I I I 

1.2 1.4 1.6 .8 2.0 
10 3 / T ( K  -1) 

dependence of conductivities 
(Bi203)l_x(mixed-RE203) ~ solid solutions [118]. x: (a) 0.05, (b) 
0.10, (c) 0.15, (d) 0.20, (e) 0.33, (f) 0.60, (g) 0.80. 

4145 



TABLE III Conductivity characteristics of some of the typical solid oxide electrolytes 

Electrolyte Conductivity (f~ 1 cm- 1) 

500 ~ 700 ~ 

Transference 
number 
t o  z - 

(Bi203)0. 8 (Er203)o, 2 2.2 87.1 0.98 
(Bi203)o.715 (Dy203)o.28 0.744 15.1 0.98 
(Bi203)o.75 ( Y 2 0 3 ) o . 2 5  0.013 0.16 0.97 
(Bi203)o.65 (GdzO3)o.35 0.005 0.1 0.95 
(ZrO2)o.ss(CaO)o.15 7.1 X 10 -4 5.5 X 10 -3 1.00 
(Zr02)0.91 (Y203)0.09 4.6 x 10 -4 4.5 x 10 3 1.00 

occurs at about 550 ~ which we may recall, is akin to 
that observed in the simple alkaline-earth as well as 
single and double rare-earth oxide-doped Bi20 3 solid 
solutions. Hu et al. extrapolated the speculation of 
Meng et al. [110], that this behaviour is due to the 
order-disorder transition of the oxygen vacancies; the 
higher binding energy of the RE O bonds compared 
to that of Bi -O bonds in the structure, contributes to 
the oxygen ion conduction in the low-temperature 
region. 

It is evident from Fig. 9 that the solid solu- 
tion having the nominal composition (Bi203)o.s5 
(RE203)o.15 exhibited the highest conductivity up to 
the order-disorder transition temperature. The 
sample (BizO3)o.8o(RE203)o.2o showed higher con- 
ductivity in the temperature range above the trans- 
ition. Comparison of the typical conductivity values in 
the mixed rare-earth oxide-stabilized Bi20 3 with 
those listed in Table III, for some of the most promi- 
sing candidate materials, readily shows that while 
these are comparable or marginally higher than those 
in (BizO3)o.715(Dy203)o.285 system, the values are 
much lower than those reported in the erbia-doped 
solid solutions. At 700~ the conductivities are 
(Bi203)o.85(Dy203)o.15 15.1 ~2 -1 cm -1, (Bi203)o.85 
(RE203)o.15 20.0 f~- 1 cm-  1 and (Bi203)o.85 
(Er203)o.15 87.1 f~-i  cm-1 

2.3. B i 2 0 3 - M 2 0 5 ( M  = V, Nb, Ta) system 
A number of phase equilibria and electrical conductiv- 
ity investigations has been carried out in the 
BizO3-M20 5 systems. The phase diagram published 
by Levin and Waring [119] was recently revised by 
Powers [88], particularly with respect to the structure 
of the C' phase (subsequently designated 5' by 
Powers), and the position of the tie line at ~ 605 ~ 
She investigated the phase relationships and measured 
the electrical conductivity, in solid solutions contain- 
ing up to 25 mol % Nb20  5, using XRD, DTA and 
two- and four-probe d.c. conductivity techniques. 
Pure f cc  phase has not been observed at higher 
concentrations of Nb2Os. The revised phase diagram 
in the Bi203-NbzO5 system for compositions 
~< 24 mo l% Nb205 is shown in Fig. 10. Though 

Levin and Roth [120] suggested that an f cc  phase, 
analogous to that in BizO3-Nb205 could exist in the 
Bi203-V20 5 system, they did not propose a detailed 
phase diagram. 
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Figure 10 Revised phase diagram for the Bi203 Nb205 system for 
compositions ~< 24 tool % Nb205 [88]. ( - - - ,  ) Levin and 
Waring [119]. 

Recently, Abraham et al. [121] predicted high ionic 
conduction in the compound Bi4V2Otl (2Bi20 3. 
V205). This compound has a layered structure and 
undergoes several structural transitions between 
405 ~ and the congruent melting point, 887 ~ Taka- 
hashi et al. [122] and Takahashi and Iwahara [85] 
investigated the electrical conductivity characteristics 
in the vanadia (5-20 mol %)-, niobia (5 30 mol %)- 
and tantala (3-33 mol%)-stabilized bismuth oxide 
solid solutions, over a wide temperature range. Re- 
cently, Meng et  al. [110], Watanabe [86] and Joshi et  

al. E79] also studied the phase stability and oxygen ion 
conductivity in pentavalent cation-stabilized Bi20 3 
solid solutions. According to Takahashi et al. [85, 
122], the best oxide ion conductor among the Bi-Nb 
oxides was (Bi203)0.85 (Nb205)0.15 with conductivity 
comparable to that found in (Bi203)o.75(Y203)0.25 
(Tables III and IV). However, the conductivity data of 
Powers showed a maximum at 9 mol % Nb205. She 
reported conductivity values for (Bi203)o.85 
(Nb205)0.15 which are an order of magnitude lower 
than those given by Takahashi et  al., Meng et  al. and 
Joshi et  al. While the agreement among the latter 



T A B L E I V Conductivity Values of Nb2Os-stabilized Bi203 electrolytes 

Electrolyte Conductivity (YU i c m -  1) 

500 ~ 700 ~ 

Transference 
number, 

Reference 

(Bi203)0.85 (Nb205)o.15 0.011 0.19 0.99 [122] 
(Bi203)o.85 (Nb2Os)o.l 5 0.017 a 0.04 - [79] 
(Bi203)o.8o (Nb205)o.2o 0.0012 0.019 0.90 [110] 
(Bi203)o.91 (Nb205)o.o9 0.018 - - [86] 
(Bi203)o.85 (Nb2Os)o. 15 0.006 - - [88] 

a At 600 ~ 

groups of investigators was excellent at 500 ~ they 
differed quite appreciably at 700~ as seen from 
Table IV. Based on the time dependence of the decay 
in current density under an applied d.c. voltage, Joshi 
et al. concluded that the niobia-stabilized electrolytes 
were preferable for applications at 650 ~ or lower, to 
the more conducting yttria-stabilized ones, because 
the decay of current density in the former was lower. 

From the Arrhenius plots (log G - 1 / T )  in the 
Bi203-M205 systems, Takahashi et al. concluded 
that the minimum content of the pentavalent dopant, 
needed to stabilize the single-phase fc c in the corres- 
ponding solid solution was 12.5 mol% for V205, 
15 mol % for Nb205 and 18 mol % for Ta205. Thus, 
it appears that the threshold concentration of the 
dopant for the stabilization of 6-phase is a function of 
atomic number of the pentavalent metal. Incidentally, 
according to these authors, these values correspond to 
the lower composition limit of the fc c solid solution 
ranges at least for Nb205 and Ta2Os; in the 
Bi203-V20 5 system, the fcc phase was not recog- 
nized as being single phase over the investigated range 
of composition. The slngle-phase fcc structure is 
stable over 15 25 tool % Nb20 5 and 18-25 mol % 
Ta20 5 [110, 122]. On the contrary, Powers suggested 
that the solid solutions containing 10-14mo1% 
Nb205 were only 6, while those in the range 
15-2t tool% Nb205 were mainly 6 but also con- 
tained the 6' (structurally similar to 6) phase. The 
similarity in structure between the two phases creates 
some difficulty in distinguishing 6 from 6'. At this 
juncture it is worth mentioning that Joshi et al. [79] 
also reached a similar conclusion that niobia-stabil- 
ized bismuth oxide, though primarily cubic, might be a 
mixture of two cubic solid solutions of slightly differ- 
ing lattice parameters. 

However, Watanabe [86] reported that the fcc 
phase could not be stabilized by adding Nb20 s or 
Ta205 to Bi203. In the Bi203-rich region of the 
Bi203-Ta205 system, a I]-Bi203 (metastable modi- 
fication) type phase appeared around ,-~ 2 mol % 
Ta205 [117]; at 8 m01% Ta205, an fcc phase was 
identified. Both these phases have been reported to 
form limited solid solutions and tend to decompose 
upon annealing. Watanabe, therefore, concluded that 
the 6-Bi203 phase cannot be stabilized by a single 
oxide addition. 

From the foregoing discussion, it is clear that the 
phase relationships in the pseudobinary Bi203-M205 

systems are not quite clear and somewhat reliable 
conductivity data are available only in the niobia- 
stabilized Bi203 solid solutions. However, because the 
conductivity values in the fcc phase in this system 
also are at best comparable to the yttria-stabilized 
Bi203, which in turn are much inferior to the erbia 
analogues, any further research in the Bi203-M205 
systems would be of only academic interest and no 
significant technological advantage could be achieved. 

2.4. Bi203-RE203-Nb205 (RE=Y, Sm) 
system 

As pointed out in Section 2.2.2, Meng et al. [110] 
observed that the addition of two dopants instead of 
one seems to exert a cooperative effect in stabilizing 
the fc c structure in Bi2Oa-based solid solutions down 
to room temperatures, with much lower concentration 
of the two dopants combined. Apart from using two 
rare-earth oxide dopants, they have also studied the 
systems Bi2Oa-YzO3-Nb205 and BizO3-Sm203- 
Nb205. In two groups of samples, (Bi203)0. 8 (Y2Oa) ~ 
( N b 2 0 5 ) o . 2 _  x (x = 0 - -  0.15)  and (Bi203)0.75 (Y203) x 
( N b z O 5 ) o . z 5 - x  (x = 0 . 0 0 - 0 . 2 0 ) ,  a l l  t h e  s o l i d  s o l u t i o n s  

were found to be single-phase fcc. Based on the 
conductivity-temperature behaviour of these samples 
it was concluded that a total amount of yttria and 
niobia as low as 20 mol % was sufficient to stabilize 
the 6-phase, while maintaining the high conductivity. 
The best sample in the Bi203 Y203- Nb205 system 
was of the composition (Bi203)0. 8 (YzOa)o.x 
(NbzO~)o.1, having the conductivity values of 0.014 
and 0.19fUlcm -t  at 500 and 700~ respectively. 
However, the oxygen ion transference number meas- 
urements in the solid solutions (Bi203)o.75 (Y203)x 
(Nb2Os)o.zs-x in the temperature range 500-800 ~ 
are contradictory to the above mentioned observa- 
tions. The latter data clearly show that the sample 
designated as (Bi203)0.75 (Y2Oa)0.20 (Nb205)0.05 was 
essentially an ionic conductor (to 2- ~ 1.0) in the entire 
temperature range (to 2- is the transference number). 
Thus from these investigations it would be rather 
appropriate to conclude that the solid solution 0.75 
B i z O 3 - 0 . 2 5  ( Y 2 0 3  + Nb2Os) might be the best choice 
in this system in terms of the conductivity, especially 
at higher temperatures. The conductivity of the 
( B i 2 0 3 ) o . s 4  ( 8 m 2 0 3 ) 0 . 0 4  (Nb205)o.12 solid solution 
was found to be even higher, compared to pure yttria- 
or pure niobia-doped bismuth oxide samples. 
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Powers [88] studied the phase equilibria and 
conduction characteristics in the Bi203-Y20 3- 
Nb205 system in the composition range 0-24 mol % 
dopant. The isothermal section of the phase diagram 
at 550~ is shown in Fig. 11. Its most prominent 
feature is the wide range of solid solution. The solid 
solution containing the single-phase 8-structure lies 
predominantly above ~ 15mo1% total dopant. 
Within the cubic field between 3 and 9 tool % niobia, 
the presence of an unknown minor phase was detec- 
ted, whose concentration remained rather constant 
over the entire range of composition mentioned 
above. Powers outlined three likely possibilities for the 
occurrence of the second-phase impurity: (i) transition 
to superionic conductor at temperature near or below 
550 ~ (ii) order/disorder transition, and (iii) instru- 
mental artefact or presence of foreign impurities in the 
sample. 

Powers showed that the highest conductivity value 
was observed for the sample containing 12 mol% 
(yttria + niobia) and was virtually constant for 
12-15 tool % dopant. This is nearly half as much as 
reported by Meng et  al. [110], for the best conducting 
solid solution in this system. Moreover, the higher 
niobia compositions showed substantially lower con- 
ductivity than the compositions containing compar- 
able amounts of yttria. However, because these meas- 
urements were made by the two-probe technique at 
relatively low temperatures (200-400 ~ it may not 
be possible to extrapolate these data to higher temper- 
atures without significant errors. It is, therefore, 
worthwhile to carry out the conductivity measure- 
ments afresh, in the composition range mentioned 
above, over the temperature region 500-900~ 
Powers' work also identified the incompatibility of 
Bi203-YzO3-Nb20 5 solid solutions with platinum 
electrodes, under prolonged heating in air. 

2.5. Bi203-MO 3 (M = W, Mo) system 
According to the latest phase diagram, published by 
Hoda and Chang [123], four intermediate phases 
exist: 7B203.WO a (12.5mo1% WO3), 7Bi20 3. 
2WO3 (22.2 mol % WO3), Bi203" WO3 (50.0 mol % 
WO3) and BizO3.2WO 3 (66.7mo1% WO3). The 
7Bi203 "WO3 is a tetragonal phase which transforms 
to the fcc structure at 784 ~ while 7Bi203"2WO3 
has the ~-Bi203-type fcc structure and forms an 
extensive range of solid solutions (up to ~ 32 mol % 
WO 3 at 965 ~ The remaining two compounds are 
orthorhombic. Gal'perin et  al. [124] reported that the 
fcc phase was stable in the compositions from 
(Bi203)0.67 (W03)0.33 to (BizO3)o.Ts (W03)o.22 over a 
wide range of temperatures. On the other hand, Wa- 
tanabe et  al. [125] recently reported that the solid 
solution containing 22.2 mol % WOa, in fact crystal- 
lizes in a tetragonal symmetry and has a limited solid 
solution range of 21.3-26.3 tool % WO 3 at 700 ~ as 
opposed to the observation of Hoda and Chang, who 
earlier assigned an fc c symmetry to this composition. 
Watanabe [86] argued that because this tetragonal 
unit cell consisted of psuedo-fc c subcells, it was erro- 

Ternary phase diagram 

550~ Isothermal section 

\ / 

Nb205 6 V J 6  Tetr y203 

Bi203 

Figure lI  Equilibrium diagram for the Bi203-Y203-Nb2Os tern- 
ary at 550 ~ [88]. 

neously identified as the stabilized 5-phase in the X- 
ray diffraction pattern. 

Takahashi and Iwahara [126] investigated the ionic 
conduction in the sintered oxides of (Bi203)1_ x 
(WO3) x, (0.05 ~< x ~< 0.50). Exceptionally high oxygen 
ion conductivity was observed in the phase 
3BizO3"WO 3, which had the fcc structure over a 
wide range of temperature, up to at least 850 ~ and 
its solid solution ((Bi203)o.78 (W03)0.22 at ~ 700 ~ 
The conductivities in (Bi203)o.Ts (W03)o.22 were typi- 
cally 0.01 and 0.15 f2-1cm -x at 500 and 880~ re- 
spectively. The single-phase fcc structure could be 
stabilized at x >/0.20 over the range 400-900 ~ Solid 
solutions containing up to 14.3 tool % WO3, showed 
significant hysteresis in the log cy-1/Tplots, due to the 
transformation from monoclinic to cubic structure, as 
was evinced in other cases too, as a general feature of 
stabilized 5-Bi/O 3 solid solutions in the lower regime 
of dopant concentration. The oxygen ion transference 
number was very close to unity for the specimen 
having single ~-phase over a wide range of temper- 
ature (600-800~ and was almost independent of 
oxygen pressure, when the latter was varied between 1 
and 10-6atm at the anode. It was concluded that 
(Bi203)o.76(WO3)o.24 was essentially an oxide ion 
conductor at 600~ even under a Po2 ~ 10-15 atm. 
However, at higher temperatures, the phase was prone 
to be reduced under low Po2, such as CO/CO2 mix- 
tures. This may result in the onset of considerable 
electronic conduction. 

Takahashi et al. [127] investigated the ionic 
conduction in the system Bi203-MoO 3 in the com- 
position range 20-50 mol % MoO 3. Unlike the fcc 
phase in Bi203-WO 3 system discussed above, the 
tetragonal single phase was found to be stable in the 
range 22-28 mol % MoO 3. Accordingly, in this com- 
position range the tetragonal phase is the conducting 
phase. Over the range of 30 to ~ 45 mol % MoO3, 
the structure was found to be predominantly mono- 
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clinic and conductivity was somewhat lower, com- 
pared to that in the tetragonal phase. 

2.6. Other Bi203-based systems 
Frit et al. [128, 129], Demina and Dolgikh [130] and 
Kikuchi et al. [131] studied the phase equilibria in 
Bi/O3-TeO2, while Mercurio et al. [94] determined 
the compositional domains of several solid solutions 
in Bi20 3 REzO3-TeO z systems. Based on the results 
of these investigations, both the compositional do- 
mains and the crystallographic characteristics within 
the Bi203-TeO2 system seem to depend strongly on 
the synthesis temperature, thermal treatment and Po2 
in the ambient. Kikuchi et al. showed that the 6- 
BiaO3-type fcc phase (which extended up to 
40 tool % TeOa) could be quenched, but below 700~ 
it decomposes into r and a new compound 
Bi6Te2015 (3Bi203 �9 2TeO3) having an orthorhombic 
structure. No conductivity data have yet been re- 
ported in the Bi/O 3 TeO z system. 

Recently, Bloom et al. [132] reported to have syn- 
thesized new compounds in Bi203-A1203 and 
BizO3-LazO3-AlzO 3 systems and tested them in oxy- 
gen concentration cells in the range 500-800 ~ Un- 
doped BizA1409 was found to have an intrinsic con- 
ductivity of 0.01 ~ -  1 cm- 1 at 800 ~ The compound 
Lao.TBio.3AIO 3 containing 5mo1% Zn has been 
shown to have high conductivities, of the order of 
0.i Q-Xcm-~ at 800~ 

3. Conclusion 
Bismuth sesquioxide-based solid electrolytes have 
higher conductivity than the conventional and more 
popular stabilized zirconia systems, in the temper- 
ature region of contemplated operation of solid oxide 
fuel cells. One of the most striking features of this 
family of electrolytes is that doping with an oxide of 
practically any stable valency metal in the periodic 
table (barring the actinides) appears to stabilize the 
much sought after 8 (fc c)-phase. Several high oxygen 
ion conducting compositions in various systems have 
been identified. These materials can serve as solid 
electrolytes in fuel cell devices, provided that allied 
problems, such as the compatibility with intercon- 
nector materials, stability with respect to the electrode 
materials, stability with respect to the fuel environ- 
ment, etc., are addressed. However, the instability of 
the bismuth oxide-based electrolytes under moderate 
reducing atmosphere may seriously limit their ap- 
plications in fuel cell environments. Owing to rather 
easy transition into various other crystallographically 
different phases in different temperature regions as 
well as upon ageing at a given temperature, mechan- 
ical instability of the electrolyte made out of these 
materials may also pose challenges in real appli- 
cations. Usage of composite electrolytes based on the 
stabilized bismuth oxide material with a thin coating 
of YSZ seems to be the ultimate solution to avoid 
degradation of the former in long-term applications, 
without significantly affecting the overall conductivity 
across the YSZ membrane. It is also surprising to note 
that in all the research efforts on Bi203-based oxide 

electrolyte systems, no systematic attempt has been 
reported in the literature, to determine or even estim- 
ate the electrolytic domain boundaries for the most 
promising candidate materials by constructing the 
classical three-dimensional log c~-logpo 2 l I T  Patter- 
son diagrams. It would be worthwhile to generate 
these diagrams for Po2 ranging from 1 atm to that 
corresponding to CO/CO2 and/or H z / H 2 0  mixture 
in the temperature range 500 900 ~ Also, the tough- 
ening of the electrolyte can be achieved by precip- 
itation of a second phase in the electrolyte. This 
additional phase might enhance the conductivity as 
well, as is the case with the alumina-toughened TZP 
electrolytes. Finally, experiments are needed to be 
carried out with stabilized bismuth oxide electrolytes 
in simulated and actual fuel cell configurations over 
extended periods of time. This exercise would enable 
the researchers to estimate and then improve the shelf- 
life of this material by compositing with more stable 
zirconia films. 
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