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Abstract

Bismuth oxide systems exhibit high oxide ion con-
ductivity and have been proposed as good electrolyte
materials for applications such as solid oxide fuel
cells and oxygen sensors. However, due to their
instability under conditions of low oxygen partial
pressures there has been di�culty in developing these
materials as alternative electrolyte materials com-
pared to the state-of-the-art cubic stabilised zirconia
electrolyte. Bismuth oxide and doped bismuth oxide
systems exhibit a complex array of structures and
properties depending upon the dopant concentration,
temperature and atmosphere. In this paper we com-
prehensively review the structures, thermal expan-
sion, phase transitions, electrical conductivity and
stability of bismuth oxide and doped bismuth oxide
systems. # 1999 Elsevier Science Limited. All rights
reserved
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1 Introduction

The major component of an electrochemical cell is
the electrolyte, which is the ionically conducting
membrane that separates the two electrodes. At
present electrolyte materials used in electrochemical
devices are based on doped zirconia systems which
typical operate at temperatures above 900�C. Yttria
stabilised zirconia, YSZ (Zr1ÿxYxO2ÿx/2) is a
typical electrolyte material which exhibits a high

oxygen ion conductivity at high temperatures and
is stable under reducing atmospheres. However,
electrolytes based on zirconia have a low ionic
conductivity compared to bismuth oxide based
electrolytes at comparable temperatures. For
example d-Bi2O3 is 1±2 orders of magnitude higher
conductivity than YSZ. Replacement of YSZ with
an intermediate-temperature oxide ion conductor,
in for example solid oxide fuel cells, would give a
signi®cant reduction in the material and fabrication
problems together with an improvement in the e�-
ciency and longevity of the cell. The search for a sui-
table intermediate temperature electrolyte based on
bismuth oxide has been carried out over many years.
The aim of this paper is to comprehensively

review the literature on the properties of oxide ion
conducting electrolytes based on bismuth oxide.
The properties of structure and conductivity are
described for these systems.

2 Pure Bi2O3

2.1 Structure
The work was reviewed prior to 1964 by Levin and
Roth, and has been the subject of a number of
investigations for almost 100 years.2±12 Four poly-
morphs of Bi2O3 have been reported in the litera-
ture, viz: �; �;  and �-phases.
The phase transition from the monoclinic �-phase,

to the high temperature cubic �-phase, at approxi-
mately 730�C, has been observed by a number of
authors1,6,8,9. The �-phase was also found to be stable
up to its melting point of approximately 825�C.1±12

The data regarding the enthalpy of the � to � phases
are, however, inconsistent;6,8,9,13,14 in fact the extre-
mely large value given by Gattow and Schroder of
28 kcalmolÿ1 has been shown to be incorrect, since
it is based on contradictory information;3,6,14 a
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value of 7.06 kcalmolÿ1 is considered as correct,
even though it is still 2.7 times the heat of fusion.15

The results for the transition temperatures have
been found, therefore, to also be somewhat con-
tradictory. In fact, the values for the transition of �
to � have varied from 7176 to 740�C.8 The more
recent work of Harwig and Gerards,15 who showed
that the transition occurred at 729±730�C, is gen-
erally now accepted as the transition temperature.
On cooling from the high temperature �-phase to

room temperature, a large hysteresis has been
observed, with the possible occurrence of two inter-
mediate metastable phases8±11 viz: the tetragonal �-
phase4,5,8 or the bcc -phase.1±5 The tetragonal
�-phase occurs at approximately 650�C on cooling,
while the -phase is formed at approximately
640�C. The -phase has also been shown to persist
to room temperature, when the cooling rate is kept
very low.15 The �-phase, however, has not been
stabilised to room temperature but instead decom-
poses to the �-phase. Table 1 summarises the tran-
sition temperatures, observed by a number of
authors, for the transitions of Bi2O3.

2.2 The structure of �-Bi2O3

The crystal structure was ®rst determined by Sil-
len,4,16,17 from Wissenberg photographs. The Bi
positions were determined from Patterson analysis,
and the possible oxygen positions were given from
the space considerations. Malmos,18 using single
crystal X-ray di�raction, determined more informa-
tion regarding the oxygen positions, and con®rmed
the positions of the bismuth atoms, and two of the
oxygen atoms observed by Sillen. However, one of
the oxygen atoms was found to be in a di�erent
position to that observed by Sillen. Later work by
Harwig and Gerards,15 using high temperature
powder X-ray di�raction, agreed with the ®ndings
ofMalmos,18 and con®rmed the cell to bemonoclinic,
with cell parameters a=5.8486(5) AÊ , b=8.166(1) AÊ ,
c=7.5097(8) AÊ , and �=113.00(1)�. Later work by
Harwig,19 using neutron di�raction, con®rmed the
cell dimensions to be a=8.8496(3) AÊ , b=8.1648(4)
AÊ , c=7.5101(4) AÊ , and �=112.977(3)�, and that
the spacegroup was P21/c (b as an unique axis). The
atomic co-ordinates for �-Bi2O3 have also been

determined by Harwig,19 Malmos18 (using single
crystal X-ray di�raction), Malmos and Thomas20

(powder X-ray di�raction), and Cheetham and Tay-
lor21 (Neutron di�raction). The �-Bi2O3 structure
consists of layers of bismuth atoms parallel to the
(100) plane of the monoclinic cell, separated by
layers of oxide ions. Strings of voids were shown to
be present in the oxygen sheets in the direction of
the c-axis.19,22

2.3 The structure of �-Bi2O3

The monoclinic to cubic phase transition (�ÿ �)
occurs at approximately 730�C, as described
above. �-Phase is stable from this temperature until
the melting point of Bi2O3 at approximately 825�C.
Sillen reported that the structure of Bi2O3, using
powder X-ray di�raction on quenched samples, was
a simple cubic phase. The simple cubic structure was
shown to be related to the ¯uorite structure, but
with ordered defects in the oxygen sub-lattice in the
direction. Gattow and Schroder showed, using
high temperature powder X-ray di�raction, that �-
Bi2O3 crystallises in the space group Fm-3m.
Gattow and Schroder6 also showed that the sys-

tem belongs to the CaF2-type structure, and has an
oxygen-defective lattice, although they rejected the
ordered defect sub-lattice described by Sillen4, and
preferred to describe the system as one in which
75% of the oxygen sub-lattice sites are ®lled. The
system can be described by the simple Fm-3m
space group.
The high ionic conductivity in �-Bi2O3 supports

the view that there is an average occupation of oxide
ions in the oxygen lattice sites, which canmove from
site to site through the bismuth sub-lattice. Willis,
using neutron di�raction studies, showed that the
CaF2

23, UO2
24 and ThO2

24 systems could not be
described by the ideal ¯uorite structure. The
author explained that a better description of his
data assumed that the ¯uorine atoms are displaced
slightly towards the centres of the interstices, which
surround each ¯uorine tetrahedrally. Since there is
a high degree of disorder in �-Bi2O3, this model
could be used to describe its structure. Figure 1
shows a diagrammatic representation of the ¯uor-
ite-related models for �-Bi2O3.

Table 1. Bi2O3 phase transition temperatures reported the literature

Transition Levin and
McDaniel13

Gattow and
Schroder6

Gattow and
Schutze8

Levin and
McDaniel12

Rao et al.9 Harwig and
Gerards15 (DTA)

Harwig and
Gerards15 (TGA)

�! � ± 717 710±740 730 727 729 730
�! L 825 824 842 825 ± 824 ±
�! � ± ± 660±640 ± 630 650 649
�! � ± ± ± ± ± 662 667
�! � ± ± 640±430 543 652±534 576±497
�!  ± ± ± ± ± 639 643
 ! � ± ± ± ± ± 663 652
 ! � ± ± ± ± ± 639±543 604±562
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Verkerk and Burggraaf,25 using neutron di�rac-
tion on (Bi2O3)0�8(Er2O3)0�2, showed that the Sil-
len17 model was less satisfactory than the Gattow
and Schroder6 or Willis23 models in describing the
structure of �-Bi2O3; they concluded that there is
no long range <111> ordering of vacancies.
However, Zav0yalova and Imamov,26 using elec-
tron di�raction studies, and later, Madernach and
Snyder27 using calculations, showed that the
vacancies are ordered in the <111> direction,
although the di�raction patterns would have a very
low intensity. Other models to describe the �-Bi2O3

structure have been proposed by Kilner and Fak-
tor,28 who describe a <110> arrangement of
vacancies in small completely regular domains (see
Fig. 1). Jacobs and Mac Donaill,29 using computer
simulations, showed that an ordered array of oxy-
gen vacancies, in �-Bi2O3, aligned along the
<111> planes, as described by Sillen,17 are more
stable than vacancy arrays aligned along <110>
or <100>. However, Jacobs and Mac Donaill29

also showed that defects aligned along <110> are
present in large numbers, and can be described by
a disordered Sillen model. Jacobs and Mac
Donaill,30±32 looked at a number of models to
describe the disorder and high oxygen ion con-
ductivity in �-Bi2O3 and used computational simu-
lations to investigate the models.

2.4 The structure of � and -Bi2O3

The transition to the metastable �-Bi2O3, on cool-
ing from the high temperature �-phase (or from the
liquid phase), can occur at approximately 650�C15

as described in Fig. 2.33 Harwig and Gerards15

have shown, using high temperature X-ray di�rac-
tion, that the �-phase is tetragonal, with cell
dimensions a=7.738(3) AÊ , and c=5.731(8) AÊ , at

643�C. Further work by Harwig19 revealed that the
voids in the oxygen sublattice of the structure were
ordered in the (001) direction.
A transition to a metastable bcc phase is also

possible on cooling �-Bi2O3, or from the melt, to
639�C.15 This phase is known as -Bi2O3, and can
persist down to room temperature. Harwig19

showed that -Bi2O3 had a cell dimension of
10.268(1) AÊ at room temperature, which was also
in agreement with the work of Levin and Roth.1

The authors also found that -Bi2O3 was iso-
morphous with the system Bi12GeO20.

2.5 Thermal expansion of �;�; and �-Bi2O3

The thermal expansion coe�cients were ®rst
examined by Gattow and Schroder6 who found a
very high value of 43.6�10ÿ6 �Cÿ1 for �-Bi2O3.
Levin and Roth1 found a value that was half as
large as that found by Gattow and Schroder. The
typical values of the thermal expansion coe�cients
have been summarised in Table 2.
The thermal expansion data is a very important

value to realise, particularly when fabricating elec-
trochemical devices from it, as it may impact on
the heating and cooling characteristics of that
device. In fact, it is quite apparent from Table 2
that the transition from �-Bi2O3 to �-Bi2O3 is
accompanied by a large volume change, and thus
the mechanical integrity of the material would be
suspect.

2.6 The electrical properties of Bi2O3

Mans®eld,36 and later Hau�e and Peters37 exam-
ined �-Bi2O3, and observed p-type conductivity at
room temperature, which transformed into n-type

Fig. 1. Structure models for �-Bi2O3 (Ref. 19); (a) Sillen model
showing ordered defects in the <111> direction; (b) Gattow
model: average distribution of 6 oxygen atoms about the sites
(Sc) of Fm3m (xxx, x=1/4); (c) Willis model: average dis-
tribution of 6 oxygen atoms about the sites (32f) of Fm3m

(xxx, x=1/4+�).

Fig. 2. The stable and metastable regions found in Bi2O3

(Ref. 33).
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at approximately 550�C and at oxygen partial
pressures below 1.3�10ÿ5 atm. Rao et al.9 sug-
gested that the n-type conduction occurs above
650�C, even in air. They explained their ®ndings in
terms of the band model, where the Fermi level
moves upward with increasing temperature, accom-
panying the loss of oxygen from the lattice. They
went on to describe that the increase in con-
ductivity from �-Bi2O3 to �-Bi2O3 was due to a
large broadening of the bands. Takahashi et al., 38

however, reported that in �-Bi2O3 oxygen ions were
the majority charge carrier, with an increase of
over a factor of 3 being observed from the low
temperature �-phase to the high temperature �-
phase.
Later, Harwig and Gerards39 systematically

measured the conductivities of �; �;  and �-phases
of Bi2O3. Figure 3 shows some typical plots of
conductivity versus temperature for Bi2O3, during
repeated heating and cooling runs. The con-
ductivity was found to increase 3 orders of magni-
tude at the � to � transition at 729�C; in fact the
highly disordered state (approximately 75% of the
liquid state) reached in �-Bi2O3 accounts for the
high conductivity. In the cooling direction, a hys-
teresis of 80±90�C was observed which preceded
the transition to either the � or -phases, as
described above. Harwig and Gerards39 and later
Shuk and Mobius40 described that the conductivity
in the �; , and �-phases is mainly ionic, with oxide
ions being the main charge carrier. The �-phase
was found to be up to 3 orders of magnitude
greater than the two intermediate phases. The
conductivity of the �-phase was also found to be
independent of the oxygen partial pressure, at least
down to 10ÿ3 Pa. The �-phase, however, varied
with oxygen partial pressure PO2

1/4, and thus it can
be concluded that holes are the majority charge
carrier.
Mairesse41 has recently summarised the reasons

for the relatively high oxygen ion conductivity in �-
Bi2O3 as:

(i) 1/4 of the oxygen sites are vacant in the
¯uorite-type lattice;

(ii) the electronic structure of Bi3+ is char-
acterised by the presence of 6s2 lone pair
electrons, leading to high polarisability of the
cation network, which in turn leads to oxide
ion mobility;

(iii) the ability of the Bi3+ to accommodate
highly disordered surroundings.

The conductivities of the phases are summarised
in Table 3.42

The structure of the high temperature �-Bi2O3

has been examined recently using EXAFS,35,43±45

and has shown that most of the oxide ions are dis-
placed from the tetrahedral sites and are situated
nearly at the triangular centres of a Bi-tetrahedra,
and the amount of displacement becomes larger
with increasing temperature.

3 Doped Bi2O3 Systems

3.1 Bi2O3±M2O3 (whereM=Y or rare earth oxide)
Most of the solid solutions of Bi2O3±M2O3, that
are used as ionic conductors, are based on either
the fcc �-Bi2O3 form (such as found in Bi2O3±
Y2O3), or the rhombohedral structures (such as
that found in Bi2O3±La2O3). The type of structure
formed depends on the dopant type (primarily the
ionic radius of the dopant) and the concentration.
The system Bi2O3±Gd2O3 belongs to both the fcc
and rhombohedral phases, which are very good
ionic conductors. In general, it is found that the

Table 2. Thermal expansion coe�cients for Bi2O3

Temperature
(�C)

Expansion coe�cients
(10ÿ6/�C)

Reference

� �  �

100±200 12.2 ± ± ± 6
200±400 12.4 ± ± ± 6
400±575 14.2 ± ± ± 6
575±675 14.8 ± ± ± 6
675±750 ± ± ± 43.6 6

Room temp. ± ± ± 22.6/22.5 34/35
25±730 11.0 ± ± 1
730±825 ± 23.0 ± ± 1
640±25 ± ± 20.0 ± 1
650±500 ± ± ± 24.0 1

Fig. 3. Electrical conductivity of Bi2O3 as a function of tem-
perature (Ref. 33).
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rhombohedral phase is formed in the case of rela-
tively large M3+ ion, and the fcc structures are
usually formed in the case of a relatively small
cation radius. The lanthanide elements increase in
cationic radii from 0.97 AÊ for Lu3+ to 1.18 AÊ for
La3+.47 Iwahara et. al46 showed the regions of the
rhombohedral and fcc phases present in M2O3±
Bi2O3 system, and are shown in Fig. 4.

3.2 Bi2O3±Y2O3

Datta and Meehan48 reported that the system
Bi2O3±Y2O3 showed a fcc solid solution, whose
structure was related to the defect ¯uorite-type and
was stable over a wide range of temperatures. The
phase that is formed is related to the high tem-
perature modi®cation of Bi2O3, and is sometimes
designated �*. Both � and �* crystallise in appar-
ently the same fcc structure, and due to its highly
defective nature, contains a large concentration of
intrinsic oxygen vacancies.4,49 Thus, from this pre-
liminary work, stabilisation of the high tempera-
ture �-phase to low temperatures is very e�ective,
and has thus been studied by a number of
groups.50±59 Datta and Meehan48 studied the phase
equilibrium diagram of Bi2O3±Y2O3 and showed
that samples containing 25mol% Y2O3 formed the
stable �-phase at temperatures below 400�C. The
original phase equilibrium diagram given by Datta
and Meehan is shown in Fig. 5. The authors sug-
gested that at 25mol% Y2O3, a compound,
Bi3YO6 is formed which has an fcc structure, stable
to room temperature. However, the later work of
Watanabe and co-workers,57,60 suggested that the
phase diagram proposed by Datta and Meehan did
not show the equilibrium state, because the fcc
phase is the high temperature modi®cation, in
much the same way as that of the intrinsic �-Bi2O3.
Watanabe and Kikuchi57 identi®ed a hexagonal
phase with a layered structure as the low tempera-
ture modi®cation, which converts to the fcc struc-
ture at approximately 720�C. The system also has a
very narrow solid solution range of between 21.5
and 23.5mol% Y2O3 at 650�C. Watanabe60 went
on to suggest that the hexagonal layered structure
of the low temperature stable phase is isomorphous
to the alkaline earth-doped Bi2O3 systems. It was

also suggested that the formation of the hexagonal
layered structure is what gives the material its good
ionic conductivity properties.61 Another phase that
was recently found was that of a triclinic structure
which formed a solid solution with a composition
of 47.5 ± 49mol% Y2O3. The triclinic structure is
based on pseudo-fcc subcells and transforms into
the �-form at 1010�C. Hence, Watanabe62 sug-
gested that the formation of the hexagonal and
triclinic forms imply that the Y2O3-stabilised �-
phase is no more than a quenched-in metastable

Table 3. Conductivity parameters observed for Bi2O3phases

Phase Existence
domain
(�C)

Conductivity
at 600�C
(Scmÿ1)

Conductivity
at 650�C
(Scmÿ1)

�-Bi2O3 0±730 ca. 10ÿ4 ca. 3�10ÿ4
�-Bi2O3 648 down to 500 ca. 10ÿ3 ca. 2�10ÿ3

500 down to 663
-Bi2O3 650 down to 600 ca. 3�10ÿ3 ca. 5�10ÿ3
�-Bi2O3 Greater than 730 N/a ca. 1

Fig. 4. Formation range of the rhombohedral and fcc phases
in the ionic radius of Ln3+ versus composition diagram;
rhomb = rhombohedral, and fcc=face centred cubic, in rela-

tion to �-Bi2O3 (Ref. 46).

Fig. 5. Phase equilibrium diagram for the system Bi2O3±Y2O3

(Ref. 83).
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high temperature form. Thus, the author re-exam-
ined the phase equilibrium diagram and proposed
that shown in Fig. 6 to be the correct form of the
Bi2O3±Y2O3 phase equilibrium diagram. In fact he
proposed 4 low temperature stable intermediate
phases; at 21.5±24mol% Y2O3, 31.5±35mol%
Y2O3, 47.5±49mol% Y2O3, and 57±58mol%
Y2O3. Kruidhof et al.58 investigated the thermo-
dynamic stability of Bi2O3 containing 22±
32.5mol%, and suggested that solid solutions con-
taining less than 31.8mol% Y2O3 had the fcc
structure and were metastable below 840�C. The
authors observed a sluggish transformation from
cubic to hexagonal, when annealed at 650�C. The
hexagonal phase was also observed to decompose into
the fcc structure above 740�C.
Takahashi and co-workers,50,63±65 demonstrated

that high ionic conductivity can occur in Y2O3-
doped Bi2O3 due to the stabilisation of the high
temperature �-phase to lower temperatures. They
found a stability range of 25 ± 43mol%. The ionic
conductivity of (Bi2O3)1ÿx(Y2O3)x was thoroughly
examined by Takahashi et al.,50,51 and the data is
summarised in Fig. 7. There are a number of issues
that can be raised from the plots. Firstly, the ionic
conductivity of Bi2O3 doped with more than

25mol% Y2O3 does not go through the same
transition as observed in pure Bi2O3, and thus does
not show a jump in conductivity with increasing
temperature. However, samples containing less
than 25mol% Y2O3 show an abrupt increase in the
conductivity, due to a phase transition. Secondly,
samples containing less than 25mol% Y2O3

showed a signi®cant hysteresis, with a di�erence of
between 50 and 100�C observed between the heat-
ing and cooling cycles.
The phase transition observed in samples con-

taining less than 25mol% Y2O3 was discussed by
Takahashi et al.,50 however, they did not ascribe a
phase relation nor did they give any crystal-
lographic data of the lower temperature phase.
Thus, it was not until the work of Watanabe and
Kikuchi,57 and later Watanbe,60 that the low tem-
perature phase was found to be hexagonal. Dordor
et al.61 examined the low temperature hexagonal
phase, Bi1�55Y0�45O3, and looked at the ionic con-
ductivity, as showed in Fig. 8. As described above,
many previous authors considered that the �-phase
was stable to room temperature, however, as was
shown by Watanabe and co-workers, the �-phase
was only metastable, and was really only a quen-
ched-in phase which slowly converted to the hex-
agonal phase. However, what Watanabe also
showed was that the conductivity of the hexagonal
phase is approximately 1 order of magnitude lower
than that of the metastable phase.
As has already been explained, �-Bi2O3 has a

defective ¯uorite structure in which 43% of the
regular anion sites are randomly occupied, and the
remaining 1.28 oxygen's per unit cell are displaced
from their ideal positions along the <111> axis. It

Fig. 6. Alternative phase relations in the system Bi2O3±Y2O3.
I, II, III, and IV represent the low temperature stable inter-
mediate phases with the composition of x=0.215-0.24, 0.315±
0.35, 0.475±0.49, and 0.57±0.58 respectively, in Bi1-xYx O1�5,

L=liquid, �=�-Bi2O3 and �=�-Bi2O3 (Ref. 62).

Fig. 7. Conductivity of (Bi2O3)1ÿx(Y2O3)x in air; the values
for x are 1=0, 2=0.05, 3=0.2, 4=0.25, 5=0.33, 6=0.425,

7=0.5, 8=0.6 (Ref. 51).
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has, thus, been observed by Battle et al.,66,67 using
Bragg and di�use neutron scattering studies, that
in (Bi2O3)1ÿx(Y2O3)x the number of <111> dis-
placed anions decreases when Y3+ is introduced,
and decreases with increasing Y3+, although the
extent of short range ordering on the anion sub-
lattice was found to increase. The authors also
suggested that Y3+ stabilises the ¯uorite structure
by ordering the vacancies on the oxygen sublattice
in chains along the <111> and <110> direc-
tions. Infante et al.,68 using powder neutron dif-
fraction, suggest that most of the oxygen's in the
lattice (78%) are in sites displaced 0.335 AÊ along
directions from the normal ¯uorite positions, while
a smaller number (22%) are displaced 0.80 AÊ along
<111> directions, and that no oxygen remains in
normal positions. They also suggested that a smal-
ler displacement occurs along the <111> direc-
tion, of 0.25 AÊ , for the cations.
Takahashi et al.50 described the e�ect of tem-

perature on the conductivity maximum between 500
and 700�C, as seen in Fig. 9. What was observed is
that at lower temperatures, the conductivity exhi-
bits 2 maxima, where the conductivity of 25mol%
Y2O3-doped Bi2O3 at 500

�C, is greater than that of
17mol% Y2O3-doped Bi2O3. The second maxima
was described as being due to the lower limit at
which the fcc phase is stabilised, however, the ®rst
maxima has not been fully explained, although it
has been postulated as being due to the lowest
content of the Y3+ ion within the range of the sin-
gle-phase solid solution formation; x=0.17±0.25 in
(Bi2O3)1ÿx(Y2O3)x.

Takahashi et al.53 Verkerk and Burggraaf,25,52

showed that the equilibrium partial pressure of
stabilised Bi2O3 is quite low; at 900K, for example,
it was shown to be 10ÿ12 atm. In fact they sug-
gested that the material could be reduced to
metallic Bi metal. However, later work by Jurado
et al.,69 Wang et al.55 and Duran et al.70 showed
that the oxygen partial pressure stability range was
much greater. Figure 10 shows that the dependence
of the conductivity on oxygen partial pressure for
(Bi2O3)0�70(Y2O3)0�30 was constant to below
10ÿ14 atm, (Bi2O3)

0�725 (Y2O3)0�275 was found to be
stable to below 10ÿ20 atms, with negligible hole or
electron conductivity. Now, the partial pressure of
oxygen for Bi/Bi2O3 equilibrium is of the order of
10ÿ13 atm; this value may be a little higher for sta-
bilised Bi2O3, however not enough for the very low
partial pressures observed above. Wachsman et
al.72 tried to explain this discrepancy using ac con-
ductivity, and found that the doped sample (in this
case Er2O3-doped Bi2O3) was stable to oxygen
partial pressures lower than 10ÿ20 atm, using a zir-
conia oxygen pump to obtain the oxygen partial
pressures. However, when the authors annealed the
sample in H2/H2O (10ÿ21 atm O2), or used H2/H2O
to obtain the oxygen partial pressures, they found
that Bi metal was formed. They showed that the
di�erences were due to kinetic versus thermo-
dynamic stability. Thus, they explained, that when
a fuel, such as H2, is present, reduction is observed,
and that the stability in the absence of H2 is due to
slow heterogeneous kinetics. This does not, however,
explain the ®ndings of Wang et al.55 and Jurado et
al.69 who used H2/H2Omixtures in their experiments.

Fig. 8. Temperature dependence of the bulk conductivity of
the polymorphs of Bi1�55Y0�45O3; ®lled circles=hexagonal

phase, ®lled triangles=cubic phase (Ref. 61).

Fig. 9. Oxide ion conductivity isotherms of (Bi2O3)1ÿx(Y2O3)x
in air, as a function of temperature (Ref. 50).
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Whatever the reasons, a lot of work has been
undertaken to reduce the e�ect of H2 on the sam-
ple, particularly in relation to solid oxide fuel cell
systems. These have included using a double layer
of zirconia/stabilised bismuth oxide,73 where the
zirconia-coated side is exposed to the fuel gas, and
the use of double-stabilisers.74±76 Doped-bismuth
oxide systems are also known to age at 600�C, as
has been described above, and in fact the formation
of the rhombohedral phase causes a vast reduction
in the ionic conductivity of the system.71±73,77 Fung
et al.73 suggested that the addition of small
amounts of ZrO2 or ThO2 to stabilise the Bi2O3±
Y2O3 could be added (at quantities less than
5mol%). Huang et al.76 suggested that the addi-
tion of CeO2 also suppresses the aging of Bi2O3±
Y2O3.
Fully stabilised zirconia (FSZ) has also been

added to fcc yttria stabilised bismuth oxide, to
form a composite material, added to alleviate some
of the problems described above, and to increase
the mechanical integrity of the material.78±82 The
e�ect of zirconia additions on the oxygen ion con-
ductivity is shown in Fig. 11.

3.3 Bi2O3±Er2O3

As can be seen from Fig. 12, the minimum value
of x required to stabilise the fcc structure in
(Bi2O3)1±x (M2O3)x versus the ionic radii of the
Ln3+ ion, is quite marked. There appear to be two
opposing tendencies; ®rstly, the ionic conductivity
increases with increasing ionic radii, and secondly,
the value for xmin increases with increasing radii.
However, a high value for xmin produces a low
ionic conductivity. Hence, as is shown in Fig. 13,
the lowest value for xmin is for Er2O3 stabilised
Bi2O3, which has been shown to have the highest
oxygen ion conductivity,83 as described in Fig. 12.
Verkerk et al.84 and Keizer et al.85 examined the
oxygen ion conductivity of (Bi2O3)1ÿx(Er2O3)x,
and showed that the fcc structure was stable
between 17.5 and 45.5mol% Er2O3. Below and
above these values, the sample existed as a multi-
phase material. The conductivity of the samples

decreased with increasing Er2O3 content, as shown
in Fig. 14. The existence of a fcc structure for
3Bi2O3

.Er2O3 observed by Datta and Meehan48

had, therefore, been con®rmed by Verkerk et al.84

However, the authors admitted that the existence
of the fcc phase for Bi2O3

.Er2O3, as suggested by
Nasonova et al.86 was not proven. The authors

Fig. 10. Dependence of the conductivity on oxygen partial
pressure for (Bi2O3)0�725(Y2O3)0�275 at constant temperature

(Ref. 55).

Fig. 11. Composition dependence of the conductivity in
BYxZY1x measured for (open circles) normal sintered, and
(open squares) hot-pressed specimens; dashed lines show

solubility limits (Ref. 82).

Fig. 12. The conductivity of (Bi2O3)1x(Ln2O3)x for x=Xmin

versus the ionic radius of the Ln3+ ion at 737K (®lled circles)
and 973K (open circles) (Ref. 25).

1808 N. M. Sammes et al.



also showed that (Bi2O3)0�8(Er2O3)0�2 had an ionic
conductivity of 0.023Scmÿ1 at 773K, and 0.37Scmÿ1

at 973K, with an ionic transference number equal
to unity. Jurado et al.69 also investigated the dc
electrical properties of (Bi2O3)1ÿx(Er2O3)x and
showed that one of the highest conductivities was
for (Bi2O3)0�8(Er2O3)0�2. Later work by Bouwmeester
et al.,87 using oxygen permeability experiments, in
conjunction with EMF measurements, con®rmed
that (Bi2O3)1ÿx(Er2O3)x remained a solid electro-
lyte, under the conditions prevalent in their
experimental work, with an ionic transference
number close to unity.
Work by Verkerk et al.88 showed that the elec-

trode conductivity of Pt on a Bi2O3±Er2O3 electro-
lyte, was very much higher than for zirconia based
electrolytes, and the di�usion of atomic oxygen on
the oxide surface was the rate-determining step.
Nagamoto and Inoue89 later looked at Pt, Ag and
La1ÿxSrxCoO3 electrodes on (Bi2O3)1ÿx(Er2O3)x,
using current interruption techniques. The electrode
resistance of the noble metals was approximately
proportional to PO2

ÿ1/2, suggesting that the rate
determining step was a di�usion process of the
adsorbed oxygen, while the oxide electrodes varied
from PO2

ÿ1/4 to PO2
ÿ1/2, indicating that both

charge transfer and di�usion processes are rate
determining.
Verkerk and Burggraaf25 showed that the con-

ductivity of (Bi2O3)0�8(Er2O3)0�2, in the temperature
range 300±1100K, displayed a bend in the Arrhe-
nius behaviour. The activation energy was found to
change from 115 to 62 kJmolÿ1. Neutron di�raction
was then performed on the system, and the authors

described that at low temperatures, short-range
ordering in the oxygen lattice was apparent, while
at higher temperatures the short-range ordering
diminishes. This brings about an increase in the
lattice constant and a subsequent decrease in the
activation energy. Verkerk et al.,90 using neutron
di�raction, concluded that (Bi2O3)1ÿx(Er2O3)x
showed no long range ordering of the vacancies
between 300 and 1100K. At temperatures above
870K, the lattice disorders and all the oxygen ions
take part in the conduction process, while below
870K, the activation energy of the conductivity is
determined by the concentration of (Bi3, Er)-tetra-
hedra.
Vinke et al.91 investigated the oxygen pumping

characteristics of (Bi2O3)1ÿx(Er2O3)x using Au and
Pt electrodes, and found that the material had very
good pumping characteristics. Vinke et al.92 inves-
tigated the electrode resistances of solid solutions
of (Bi2O3)0�75(Er2O3)0�25 with sputtered and co-
pressed gold electrodes. The results showed that
the electrode con®guration had only a minor role
in the electrode resistance. The authors also found
that the electrode reaction was not limited to the

Fig. 13. Xmin as a function of ionic radius (rion) of the dopant
ion (Ref. 83).

Fig. 14. Conductivity of (Bi2O3)1ÿx(Er2O3)x in air; (&)
x=0.2, (X) x=0.25, (~) x=0.3, (!) x=0.35, (*) x=0.4,
(*) x=0.455, (~) x=0.5, (!) x=0.6; the broken line repre-

sents the conductivity of pure Bi2O3 (Ref. 84).
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triple phase boundary, instead that the electrolyte
surface is very active; the electrode was postulated
as only acting as a current collector. Vinke et al.93

also showed a similar behaviour when sputtered Pt
electrodes were used.
In a similar fashion to Y2O3-doped Bi2O3, the

cubic phase of Er2O3-doped Bi2O3 also transforms
into a hexagonal phase during annealing.94 Later
work by Kruidhof et al.95 showed that the cubic
solid solution of (Bi2O3)1ÿx(Er2O3)x is metastable
below 740�C, when x<0.275; the sample was
found to gradually transform to the hexagonal
phase during long term annealing at 650�C.
Battle et al.44,96,97 using neutron scattering tech-

niques, showed that the disorder described above
for yttria-doped Bi2O3, can be used for (Bi2O3)1ÿx
(Er2O3)x systems, and explained that the con-
ductivities of the 2 materials should be very similar.
This is approximately found to be the case in the
literature, and any large di�erences, the authors
suggested, was due to preparation technique and
powder source.
In trying to derive a model for the system

(Bi2O3)1ÿx (Ln2O3)x, Verkerk et al.90 proposed that
an ordered unit is possible, and used the system
(Bi2O3)1ÿx(Er2O3)x as an example. The authors
suggested that in a highly defective structure a
completely random arrangement of vacancies is
unfavourable and is only possible in very small
domains, as suggested by Barker et al.98 A model
for the short range-ordered microdomains was
given, and is shown in Fig. 15. Every tetrahedron
consists of three Bi3+-ions and one Ln3+-ion, and
was denoted as a (Bi3-Ln) tetrahedron. The ®gure
shows the oxygen ions of a (001) plane at Z=3/4.
The cations above and below this plane are also
indicated. The cations are displaced in the direction
of the lanthanide ions (as given by the Willis-type
model, described above). This model ®ts well with
the results observed for the knee in the Arrhenius
plot of the Er2O3, Y2O3, Gd2O3 and Dy2O3-doped
systems, which was reported as a change in the
defect structure. However, as is seen in the model,
there are 2 di�erent O±O distances, one at
0.268 nm and one at 0.290 nm; the activation
energy is determined by the strength of the LnÿO
bond and the energy necessary for oxygen ions to
migrate through the tetrahedral planes.

3.4 Bi2O3±La2O3

The cationic radii for La3+ is 1.18 AÊ , and as such
(Bi2O3)1ÿx(La2O3)x based solid solutions were
found by Takahashi et al.38 to correspond to a
rhombohedral-type structure, rather than the fcc
structure found in (Bi2O3)1ÿx(Er2O3)x, for exam-
ple. Cahen et al.,99 and the earlier work of Gattow
and Schroder,6 Levin and Roth1 and Datta and

Meehan48 could not ®nd any fcc-stabilisation in
(Bi2O3)1ÿx(La2O3)x. Takahashi et al.

38 showed that
the ionic transport number was approximately 0.9,
in the temperature range 550±750�C. Iwahara et
al.46 measured the ratios of the EMF of the con-
centration cell O2 (0.21 atm), Agj(Bi2O3)1ÿx(La2O3)

xjAg, O2(1 atm), and showed the following results,
as given in Table 4.
The oxygen ion conductivity values were plotted

as a function of temperature for the cells, and are
shown in Fig. 16 (which includes a number of other
samples, including Nd2O3, and Er2O3-doped
Bi2O3; the samples are also compared to fully sta-
bilised zirconia). What the authors suggested was
that rhombohedral (Bi2O3)1ÿx(La2O3)x has one of
the highest ionic conductivities of the bismuth
oxide based systems. At high temperature, the
material has a higher ionic conductivity than erbia-
doped bismuth oxide, particularly in respect to
15mol% La2O3-doped Bi2O3. The highest con-
ductivity in this material was also found at the
lower limit of La2O3 content, as shown in Fig. 12.
Mercurio et al.100 examined the Bi2O3±Ln2O3±

TeO2 (Ln=La, Sm, Gd, and Er) from a conductivity
and phase composition context. The authors
showed, using powder X-ray di�raction, the pre-
sence of 5 non-stoichiometric phases, as well as 2
low temperature phases; Bi10Te2O19 and Bi16Te5-
O34. The composition domains are shown in
Fig. 17, and show the 5 phases labelled:

(i) Q-phase; a tetragonal phase, isostructural
with Bi2O3;

(ii) 2 fcc ¯uorite related solid solutions (F and
F 0);

(iii)An " phase, isostructural with the rhombo-
hedral phase;

Fig. 15. A model of the ordered unit for (Bi2O3)0�75(Ln2O3)0�25.
(&)=Bi3+ion, (&)=Ln3+ ion, (*)=O2ÿ ion, (*)=O2ÿ

vacancy; a=unit cell dimension (= 5.529 AÊ ) (Ref. 90).
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(iv) A solid solution labelled R, whose rhombo-
hedral cell corresponds to a slight distortion
of the fcc ¯uorite cell (a=5.5689AÊ ,
a=92.35�).

The authors also suggested that the more highly
distorted phases, the F;F 0 and " had a higher ionic
conductivity than the less disordered Q and R
phases. In fact it was shown that the R-type
(Bi2O3)0�90(La2O3)0�06(TeO2)0�04 had a higher ionic
conductivity, of 5�10ÿ3 S cmÿ1, than (Bi2O3)0�8
(La2O3)0�2 at 350�C.
Mercurio et al.101 have also solved the structure

of the "-phase for the composition Bi0�7La0�3O1�5,
using X-ray and neutron di�raction techniques,
and the schematic of the cell is shown in Fig. 18;
the 2 possible pathways for the oxide ions are also
given. The major drawback of the (Bi2O3)1ÿx
(La2O3)xÿy(TeO2)y solid solution is that there is a
strong possibility that the Te4+ ion may reduce
even at relatively high oxygen partial pressures,
causing a degradation in the electrolytic properties
of the material.

3.5 Bi2O3±Dy2O3

The occurrence of the fcc phase in (Bi2O3)1ÿx
(Dy2O3)x was ®rst reported by Datta and Mee-
han48 for the phase 3Bi2O3

.Dy2O3, and for the
phase Bi2O3

.Dy2O3 by Nasanova et al.86

Verkerk and Burggraaf102 examined the phase
diagram and oxygen ion conductivity of the
(Bi2O3)1ÿx(Dy2O3)x system. The sample containing
5mol% Dy2O3 has a tetragonal structure. The
samples containing between 10 and 25mol%
Dy2O3 were rhombohedral at room temperature,
although a metastable high temperature fcc phase
could be formed at room temperature by quench-
ing. Samples containing between 28.5 to 50mol%
Dy2O3 had the equilibrium fcc structure at room
temperature. The results of Verkerk and Burg-
graaf102 did not, therefore, agree with the results of
Datta and Meehan;48 it is possible that Datta and
Meehan had measured the non-equilibrium fcc
structure.
Verkerk and Burggraaf102 also investigated the

ionic conductivity of the material, and suggested
that all the cations in (Bi2O3)1ÿx(Dy2O3)x occupy
their normal sites in the ¯uorite structure in a unit
cell; Bi4(1ÿx)Dy4xO6&2, where & is an oxygen

vacancy. Figure 19 shows the ionic conductivity of
(Bi2O3)1ÿx(Dy2O3)x from x=0.25 to 0.6. It is
apparent that the highest conductivity, for a stable
fcc structure, was reported for the sample
x=0.285, with a value of 7.1�10ÿ3 Scmÿ1 at
500�C, and 0.14 Scmÿ1 at 700�C.
The ionic transference number was measured

using an oxygen concentration cell on samples
containing between 25 and 60mol% Dy2O3. Only

Table 4. EMF values for doped bismuth oxide

Sample E/E0

500�C 600�C 700�C 800�C

(Bi2O3)0�8(La2O3)0�2 0.96 0.95 0.94 ±

Fig. 16. Arrhenius plots of conductivity of sintered oxides of
the system (Bi2O3)1ÿx(Ln2O3)x; (1) x=0.1, Ln=Nd; (2)
x=0.15, Ln=La; (3) x=0.25, Ln=Er. The broken line
represents the conductivity of (ZrO2)0�9(Y2O3)0�1 (Ref. 46).

Fig. 17. Composition domains at 800�C and at room tem-
perature for the phases isolated in the Bi2O3-rich region of the
pseudo-ternary Bi2O3±Ln2O3±TeO2 systems; (a) Ln=La; (b)
Ln=Sm; (c) Ln=Gd; (d) Ln=Er. (± ± ±) slow cooling to
room temperature, (Ð) quenching from 800�C (Ref. 100).
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at samples containing 50mol% Dy2O3 or greater
was there any appreciable electronic component. It
was postulated that the high electronic component in
the 60mol%Dy2O3 was due to amulti-phase sample,
containing a Dy2O3-rich phase, which is known to be
an electronic conductor.103 Iwahara et al.46 and

Verkerk and Burggraaf25 who also examined
(Bi2O3)1ÿx(Dy2O3)x as part of work on the
sequence (Bi2O3)1ÿx(Ln2O3)x, found similar results
to that of the work of Verkerk and Burggraaf,102

and showed good ionic conductivity in the sam-
ples. However, both authors agreed that the best
conductivity was found for the samples containing
Er or Tm as the dopant.
Watanabe104 investigated the polymorphism of

Bi1ÿxLnxO1�5 (where Ln=Sm, Eu, Gd, Tb and Dy,
and x=0.38, 0.375, 0.275±0.4, 0.275±0.35, and 0.3±
0.35, respectively). Thus, the author examined
(Bi2O3)1ÿx(Dy2O3)x from 0.3 to 0.35, and showed
that the material contained a novel phase, C-phase.
The C-phase was only apparent after a repetitive
heat treatment cycle, in fact for Bi0�675Dy0�325O1�5,
the sample only formed the C-phase after 4 heat
cycles at approximately 815�C/417 h. The C-phase
was a low temperature bcc phase crystallised with
the space group I2I3, where a=10.987 AÊ and
Z=32.105 The C-phase was also found to have a
very low ionic conductivity, of approximately
10ÿ3�9 S cmÿ1 at 700�C. In conclusion, Wata-
nabe104 suggested that �-Bi2O3 stabilised with
Ln2O3 (Ln=Sm, Eu, Gd, Tb, and Dy) is always
metastable at low temperatures, and that the true
stable low temperature phase has a C-type rare-
earth oxide related structure, and transforms, on
heating, to the �-phase at approximately 900�C.

3.6 Bi2O3±Gd2O3

As shown in Fig. 13, earlier, the maximum amount
of Gd3+ required to stabilise Bi2O3 is approxi-
mately 35mol%, which would suggest that, due to
the relatively high percentage, that the Bi2O3±
Gd2O3 system would have one of the lowest ionic
conductivities of the M2O3 doped systems; this is
con®rmed in Fig. 12.
Datta and Meehan48 investigated the equilibrium

relationships in the system Bi2O3±Gd2O3, and
observed the formation of the fcc phase over a
wide range of compositions and temperature. They
also noted that when the unit lattice parameter of
the fcc phase was plotted against mol% Gd2O3, a
discontinuity occurred. This was explained as being
due to the formation of Bi3GdO6, with cell dimen-
sions of 5.525 AÊ . Takahashi et al.64 showed that
the fcc structure observed by Datta and Meehan48

was unstable at low temperatures, and reverted to
a tetragonal structure between 5 and 10mol%
Gd2O3, and to a rhombohedral structure between
10 and 30mol% Gd2O3. The authors also sug-
gested that both the fcc and rhombohedral phases
were good oxide ion conductors. Koto et al.106

used single crystal X-ray di�raction to investigate
the structure of (Bi2O3)1ÿx(Gd2O3)x. The authors
showed that the displacement of oxide ions from

Fig. 18. (a) Schematic view of the Bi0�7La0�3O1�5 crystal struc-
ture; (b) possible di�usion pathways for the oxide ions in the

Bi0�7La0�3O1�5 phase (Refs. 100, 101).

Fig. 19. Conductivity of (Bi2O3)1ÿx(Dy2O3)x in air; (*)
x=0.25, (~) x=0.285, (!) x=0.35, (&) x=0.4, (~) x=0.45,
(!) x=0.5, (&) x=0.6; the broken line represents the con-

ductivity of pure Bi2O3 (Ref. 25).
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the normal tetrahedral sites decreases with increas-
ing x, and was found to be zero at x=0.32. They
also found that the fcc phase could be quenched in
when x=0.1±0.3, although the phase was not fcc
for x=0.02±0.05. Watanabe,104 however, observed
the C-type structure in Gd2O3-doped Bi2O3

between dopant concentrations of 27.5± 40mol%.
As was the case for Dy2O3 doped Bi2O3, described
above, the bcc C-phase was also suggested as being
the stable phase in this system, and that the fcc �-
phase is only metastable. The conductivity of the
C-phase was also shown to be lower than that of
the metastable fcc phase.
Takahashi and Iwahara50 showed that the con-

ductivity curves of (Bi2O3)1ÿx(GdO1�5)x at x<0.35
showed an abrupt increase in the conductivity due
to the phase transformation from tetragonal (or
rhombohedral) to cubic. At x>0.35, a single linear
correlation was observed. The conductivity of these
samples was examined in the range 1±10ÿ5 atm
oxygen partial pressure, and was observed to be
purely ionic in nature.

3.7 Other Bi2O3±Ln2O3 (Ln=Sm, Eu, Tb, Ho,
Tm, Yb, Lu)
A variety of these oxide dopants have been claimed
to be able to stabilise the fcc �-Bi2O3 to room tem-
perature. The work has been summarised in Table 5
and as is observed by the table, there is much con-
fusion about the ability to stabilise the fcc struc-
ture, or not.
Cahen et al.99 discussed the electrical con-

ductivity of �-Bi2O3 stabilised by rare-earth oxides.
The authors showed that all the rare earths, from
Tb to Lu (atomic numbers from 65 to 71), proved
to stabilise the fcc structure at 25mol% dopant, as
reported by Datta and Meehan earlier.48 However,
Cahen et al.99 showed that Gd3+ could not stabi-
lise the fcc structure, whereas Datta and Meehan
found a stable fcc structure. Verkerk and Burg-
graaf83 investigated the e�ect of ionic radius on the
electrical conductivity of (Bi2O3)1ÿx(Ln2O3)x for
xmin (as described above). They showed that the
ionic conductivity increases with increasing ionic
radius, and that the value of xmin increases with

increasing ionic radius; a high xmin results in a low
ionic conductivity. Thus, the best value was found
from Ln=Er3+, as described in Figs 12 and 13.
Watanabe,104 however, found that the C-phase was
present in Bi1ÿxLnxO1�5 (Ln=Sm, Eu, Gd, Tb, and
Dy), which had the bcc structure and was formed
when the sample had been annealed at 800�C. The
ionic conductivity of the C-phase was lower than
that of the fcc phase. Watanabe108 also observed a
hexagonal structure in the (Bi2O3)1ÿx(Ho2O3)x
system. The phase formed a solid solution Bi2ÿ2x-
Ho2xO3 (x=0.205±0.245 at 650�C), having a
Bi0�765Sr0�235O1�383-type layered structure with hex-
agonal symmetry. This phase was found to trans-
form reversibly into the high temperature �-Bi2O3

between 715 and 735�C depending on the value of
x. The author also found that the hexagonal struc-
ture had good ionic conductivity.
Esaka and Iwahara107, following on from the

work of Datta and Meehan48 and Cahen et al.99

investigated the properties of Tb2O3�5.Bi2O3 systems.
The authors showed that oxide ion conduction was
observed in the low temperature �-rhombohedral
phase, and the high temperature fcc phase when
less than 20mol% Tb2O3�5 was used. At dopant
concentrations greater than 30mol%, the authors
claimed that the fcc structure could be stabilised to
lower temperatures; the authors also showed that
electronic conduction (due to electron holes)
appeared in those samples containing between 30
and 50mol% Tb2O3�5.
In summary, Table 6 summarises typical con-

ductivity values at a number of temperatures, and
structures, of some (Bi2O3)1ÿx(Ln2O3)x systems.

3.8 (Bi2O3)1ÿx(M2O5)x (M=V, Nb, P, Ta)
Takahashi et al.109 examined the electrical con-
ductivity, ionic transference number, and phase
equilibrium of Bi2O3±M2O5 (M=V, Nb, and Ta).
Table 7 summarises the phase equilibrium the
authors observed for a number of annealed and
quenched samples.

Table 5. Literature describing no fcc and fcc stabilisation of
bismuth oxide

Ln References
showing no fcc
stabilisation

References
showing fcc
stabilisation

Sm 1,5=6,48,104 ±
Eu 48,104 ±
Tb 104,107 48,107
Ho 108 48
Tm ± 99
Yb 48 99
Lu 1,48 99

Table 6. Conductivity values at various temperature, observed
fro structures of (Bi2O3)1ÿx(Ln2O3)x systems

Composition Temperature
(�C)

Structure Conductivity
(S cmÿ1)

Reference

Bi2O3 800 fcc 2.3 1
Bi0�75Y0�25O1�5 600 fcc 4.38�10ÿ2 55
Bi0�65Y0�20O1�5 600 fcc 2.5�10ÿ2 55
Bi0�65Gd0�35O1�5 650 fcc 5.6�10ÿ2 51
Bi0�8Tb0�2O1�5 650 fcc 0.28 107
Bi0�715Dy0�285O1�5 700 fcc 0.14 102
Bi0�75Ho0�25O1�5 650 fcc 0.17 99
Bi0�80Er0�20O1�5 600 fcc 0.23 69
Bi0�80Er0�20O1�5 700 fcc 0.37 75
Bi0�75Tm0�25O1�5 650 fcc 8.0�10ÿ2 99
Bi0�65Yb0�35O1�5 700 fcc 6.3�10ÿ2 51
Bi0�7Gd0�3O1�5 700 fcc 1.0�10ÿ2 25
Bi0�75Lu0�25O1�5 650 fcc 3.7�10ÿ2 99
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The fcc phase was analogous to the high tem-
perature fcc �-Bi2O3 phase observed in the
annealed samples of Bi2O3±Nb2O5 (15±25mol%),
and in Bi2O3±Ta2O5 (18±25mol%). The authors
observed no single phase in Bi2O3±V2O5, suggest-
ing that the fcc phase had a very narrow composi-
tion range, or that some metastable phases were
mixed in. In fact, a number of investigators have
reported intermediate phases present in the Bi2O3±
V2O5, as well as the Bi2O3±P2O5, systems. Table 8
summarises the ®ndings of the Bi2O3±V2O5 systems
from a number of authors. Figure 20 shows the
revised phase equilibrium diagram for Bi2O3±
Nb2O5, taken from Powers who suggested that the
pure fcc structure was not observed at high con-
centrations of Nb2O5. Levin and Roth1 suggested
that a fcc phase, analogous to the Bi2O3±Nb2O5

system, could exist in Bi2O3±Nb2O5, although the
authors did not put forward any phase equilibrium
diagrams.
Watanabe118 observed that the phases

Bi23V4O44�5 and Bi23P4O44�5, had the triclinic
structure based on the pseudo-fcc subcell. The
author also observed very high ionic conductivity,
particularly for Bi23P4O44�5; approximately 10ÿ2 S
cmÿ1 at 600�C. Takahashi et al.109 also observed
very high ionic conductivity in the samples, parti-
cularly those that contained the fcc phase,
although the authors found that the maximum
conductivity was found at the lower limit of the fcc
solubility range (12.5mol% for V2O5, 15mol% for
Nb2O5, and 18mol% for Ta5O5), and decreased
with increasing dopant concentration. However,
Powers110 suggested that the solid solutions con-
taining 10±14mol% Nb2O5 were only the fcc-
phase, while those containing 15±21mol% Nb2O5

consisted of 2 phases; the fcc �-phase, and another
phase similar to the fcc phase, labelled �0. Wata-
nabe,60 however, reported that the fcc-phase could
not be stabilised with Nb2O5, Ta2O5 or V2O5 as
dopants in Bi2O3. In V2O5, a sillenite phase was
recognised at approximately 6.5mol% V2O5; above
this composition a two phase region containing and

an unknown phase was observed. The high tem-
perature �-Bi2O3 could be quenched to room tem-
perature in the system Bi2O3±Nb2O5, however it
decomposed on annealing to a low temperature
stable modi®cation �-Bi2O3. In the system Bi2O3±
Ta2O5, several phases were formed depending on
the composition. At approximately 2mol% Ta2O5,
a �-modi®cation was formed and the fcc phase was
observed at approximately 8mol% Ta2O5. Both
phases, however, decomposed when annealed.
In the (Bi2O3)1ÿx(M2O5)x system, Takahashi et

al.109 observed that the highest ionic conductivity
was for the system (Bi2O3)0�85(Nb2O5)0�15, having
an ionic conductivity of 1.9�10ÿ1 S cmÿ1 at 700�C,
although the material was unstable in reducing
environments. Powers,110 however, found that the
maximum conductivity was observed at 9mol%
Nb2O5, and showed that the ionic conductivity of

Table 7. Phase equilibria observed for various of annealed
and quenched samples of doped bismuth oxide systems

M Mol% M2O5 Phases observed

Annealed sample Quenched sample

V 5±9 fcc+bcc fcc
V 10±20 fcc+? ?
Nb 5±12.5 fcc+mon fcc
Nb 15±25 fcc fcc
Nb 30 fcc+tetragonal fcc+tetragonal
Ta 3±7.5 tetragonal fcc
Ta 10±16 fcc+tetragonal fcc
Ta 18±25 fcc fcc
Ta 33 fcc+? fcc+?

Table 8. Summary of the ®ndings of the Bi2O3±V2O5 systems
from a number of authors

Composition (mol% V2O5) Formula Reference

12.5 Bi7VO3 111
22.222 Bi14V4O31 112
14.286 Bi12V2O23 113
20 Bi8V2O17 113
12.5 Bi7VO13 114
16.667 Bi5VO10 114
22.222 Bi14V4O31 114
14.286 Bi12V2O23 115, 116
20 Bi8V2O17 115, 116
22.222 Bi14V4O31 115, 116
14.286 Bi12V2O23 117
14.815 Bi23V4O44�5 118

Fig. 20. Phase equilibrium diagram for the Bi2O3±Nb2O5

system (Ref. 110).

1814 N. M. Sammes et al.



(Bi2O3)0�85(Nb2O5)0�15 was much lower than that
observed by Takahashi et al.,109 Meng et al.74

(1.9�10ÿ1 S cmÿ1 at 700�C for (Bi2O3)0�8
(Nb2O5)0�2), and Joshi et al.56 (4�10ÿ2 S cmÿ1 at
700�C for (Bi2O3)0�85(Nb2O5)0�15). Thus, there is
still much controversy over the ionic conductivity
of these phases, particularly at the higher tempera-
tures. In fact Joshi et al.56 did suggest that these
systems were preferable for applications at tem-
peratures lower than 650�C.
A detailed study of the Aurivillius-like phases of

Bi2Vnÿ1BnO3n+3 (B=metal cation on the B-site,
such as Ti4+, Nb5+, Ta5+, etc.) and related struc-
tures, will be examined in the next section.

3.9 BIMEVOX and Aurivillius phases
Lu and Steele119 investigated the ionic conductivity
of the scheelite oxide BiVO4 with and without
1mol% CaO, and showed the material to be an
oxygen ion conductor, with a relatively good ionic
conductivity, particularly at lower temperatures,
although p-type conductivity was suggested at high
temperature. The initial work of Debreuille-
Gresse120 for the phase equilibrium of Bi2O3±V2O5

showed a scheelite phase, BiVO4, which had been
well characterised by a number of authors.121±123

Ramadass et al.124 reported that, depending on the
stoichiometry of BiVO4ÿx, it showed p-type or n-
type mixed conductivity. Vinke et al.,125 following
on from the work of Boukamp et al.126 and Burg-
graaf et al.127 examined the electrical conductivity
of BiVO4, and observed that the total conductivity
was approximately 1 order of magnitude lower than
yttria stabilised zirconia, with an ionic transference
number of 0.65 at 810K and 0.25 at 940K. They
also showed, using Seebeck measurements that the
material was an n-type mixed conductor.
Following from the work on BiVO4, Abraham et

al.128 were possibly the ®rst to thoroughly examine
the phase Bi4V2O11, and showed that the material
consisted of Bi2O2 layers interleaved with V2O7

sheets, and has three reversible transitions at 720,
840 and 1150K. These phase transitions were
noted as being:

1. � to � at 720K on heating;
2. � to  at 840K on heating;
3.  to  0 at 1150K on heating;
4. liquid at 1160K.

�-Bi4V2O11 was indexed to the face centred orthor-
hombic cell, with cell parameters a=0.5533(1)nm,
b=0.5611(1)nm, and c=1.5288nm. �-Bi4V2O11 was
indexed to a tetragonal cell, with parameters
a � b=1.1285(8) nm, and c=1.542(1) nm at
775K. -Bi4V2O11 was found to be tetragonal,
with cell parameters a=0.3988(2) nm, and

c=1.542(1) nm at 885K, with space group I4/
mmm.129

On cooling, an intermediate phase was formed at
680K, called �;0. The ionic conductivity appeared
to be very good for the high temperature mod-
i®cation, , with a transport number very close to
unity.
Bi4V2O11, belonging to the Aurivillius layered-

perovskite family,130 has [Bi2O2]
2+ layers alternating

with (VO3�5(VoÈ )0�5)2- oxygen de®cient perovskite
slabs. The oxygen vacancies are responsible for the
high ionic conductivity observed in the material;128

Fig. 21 shows the ideal structure of -Bi4V2O11.
Lee et al.131 investigated the phase-equilibrium of
the system Bi2O3±V2O5, and the results are shown
in Fig. 22. The work was, in part, undertaken due
to the confusion of the earlier work on the phase
equilibrium.114 The authors showed the existence
of the phase Bi4V2O11 and its polymorphic transi-
tions at approximately 450 and 550�C, although
they observed a slightly V2O5-de®cient phase at
most temperatures. The existence of the high tem-
perature phase  0 was refuted, and the authors
suggested that the transition is associated with the
onset of melting at the solidus temperature.

Fig. 21. The schematic representation of the ideal structure of
-Bi4V2O11 phase (Ref.150).
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As has been described above, the high tempera-
ture -Bi4V2O11 has a high ionic conductivity due
to the high disorder in the material, however at
lower temperatures, the structure becomes ordered,
the unit cell much larger, and the conductivity
appreciably lower. Thus, Abraham et al.129 con-
sidered the possibility of partial substitution of the
vanadium by other metal ions such as Cu and Ni.
The acronym BIMEVOX (BI=bismuth, ME=m-
etal ion, V=vanadium, and OX=oxide) was given
to this new family of materials. Abraham et al.129

studied the BICUVOX series, using Cu as the sub-
stitute metal ion, Bi2V1ÿxCuxO5�5ÿ3x/2 from x=0±
0.12. From x=0 to 0.07, the cell was found to be
orthorhombic and isotypic with the �-Bi4V2O11,
however from x=0.07 to 0.12, the sample was
observed as being tetragonal, and of the -
Bi4V2O11 type. The conductivity of Bi2V0�9
Cu0�1O5�35, for example, was found to be 3�10ÿ3 S
cmÿ1 at 510K. Iharada et al.132 investigated the
partial substitution of Cu and Ni for Bi4V2O11, and
showed high ionic conductivity and an ionic trans-
port number close to unity, although they observed
signi®cant n-type behaviour at low oxygen partial
pressures for both metal substitutions. Although
the variation laws of conductivity versus oxygen
partial pressure were not studied in detail, the
authors suggested that the system was possibly in a
transition between two regimes. Reiselhuber et

al.133 observed the e�ect of grain size and synthesis
route on the ionic properties of BICUVOX, and
showed a di�erence in the conductivity between
large grains and small grains in the ®red ceramic
material. Anne et al.134 and Pernot et al.135 also
studied the structure and conductivity of BICU-
VOX and BINIVOX materials, and showed that
the high temperature phase could be stabilised to
room temperature. Francklin et al.,136 using
EXAFS, studied Bi4V2O11 and BICUVOX materi-
als, and showed that the oxygen ion is the mobile
species at moderate temperature, however they
suggested that the migration process is not via
simple vacancy hopping.
Sharma et al.137 substituted up to 10 atm% of

Li+, Zn2+, Al3+, Ti4+ and Ge4+ for V in
Bi4V2O11, and the conductivities are summarised in
Table 8. They observed that the best ionic con-
ductor was for Bi4V1�8Ti0�2O10�9, and explained that
the ionic potential of the substituting cation was
more important than the oxygen vacancy con-
centration in determining the oxygen ion con-
ductivity of the material. Goodenough et al.138

showed that they could not substitute Mo6+ nor
W6+ for V5+ in Bi4V2O11, but could substitute Nb,
over the compositional range of x=0±1.0 in
Bi4V2ÿxNbxO11. Among the phases investigated by
the authors, only Bi4V1�8Ti0�2O11ÿd, Bi4V1�8
Nb0�2O11 and Bi3�8Pb0�2V1�8Nb0�2O11ÿd showed fast
oxygen ion conduction comparable to that found
with Bi4V1�8Cu0�2O11ÿd, discovered by Abraham et
al.129. Vannier et al.,139 however, showed that the
phase Bi2V1ÿxMoxO(11+x)/2 could be formed up to
x=0.225. with high oxide ion conductivity. Vannier et
al.140 also studied the phases Bi2V1ÿxPbxO(11ÿ3x)/2,
with x up to 0.1, Bi2-yPbyVO(11ÿy)/2, with y up to 0.2,
and Bi1�9Pb0�1+xV1-xO(10�9ÿ3x)/2, with x up to 0.12,
and showed that the material was isostructural with
Bi4V1�8Cu0�2O11ÿd, with good ionic conductivity at
high temperature, however greatly reduced con-
ductivity at low temperature. The oxide ion transport
number was found to be between 0.9 and 0.95
between 720 and 1120K; slightly lower than those
observed for the Cu substituted materials.
Vannier et al.141 studied the double substitution

either on the Bi site, or on the V-site using a variety
of double dopants. There was no improvement of
the ionic conductivity over that of the singly doped
BICUVOX system.
Over the last few years, a number of authors

have investigated the ionic conductivity of a range
of BIMEVOX systems, including: Cr,142,143 Fe,142

Co,143±146 Zn,147,142 Ni,147 La,148 Y,148, Mg,148

B,148 Sb,149,142 Nb,149,143 Ti,143,150 W,143,151 Ta,143

Mo,132 Zr,150 Sn,150 Pb,150 and U.152 The ionic
conductivity of a range of these systems is sum-
marised in Table 9.

Fig. 22. Stoichiometry-stability of Bi4V2O11 solid solutions:
(
) melting temperatures of the pellets, (X) DTA transition
temperatures on heating (*) single phase, and (*) multi-
phase samples, as shown by X-ray di�raction on quenched

samples. The identity of X is unknown (Ref. 114).
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There is still much controversy as to the major
factors that a�ect the ionic conductivity of the
Bi4V2ÿxMxO11ÿx/2 system. It is not clear whether it
is due to the oxygen vacancy concentration, or the
nature of the substituent ions, or some other vari-
able that is most e�ective in stabilising the highly
conductive phase. Some systematic studies have
been undertaken. Yan and Greenblatt150 showed
that the -phase can be stabilised by using Ti, Zr,
Sn and Pb and at x>0.2 in Bi4V2ÿxMxO11ÿx/2. In
general the authors found that the conductivities, at
500K, decreased in the order Ti>Sn>Zr>Pb, for
a given -composition. Lazure et al.143 undertook a
similar study on a wide range of materials, and
observed that the maximum conductivity values
are obtained when x values are close to the lower
limit of the solid solution with the -type structure.
A number of phase equilibrium diagrams have
been examined Bi2O3±V2O5±UO3,

152 Bi2O3±V2O5±
TiO2,

143 and Bi2O3±V2O5±ZnO,142 for example.

3.10 Bi2O3±MO (M=Ca, Sr, Ba, and Pb)
Figure 23 shows the typical Bi2O3±CaO phase
equilibrium diagram.153,154 It can be seen that the
domain of the �-fcc solid solution does not extend
below 680�C, while the -bcc solid solution is not
stable below 800�C. Only the �-rhombohedral
solid solution is stable over a wide range of tem-
perature. Similar phases are observed in the SrO-
doped and BaO-doped systems with a number of
minor di�erences.1,38,155 The -phase in the SrO
doped system is tetragonal, with the Bi and Sr ions
ordered on di�erent sites of the tetragonal space
group I4/m. The appearance of the �-phase in all
three systems has allowed for a number of papers
to have been published on the 3 dopants.
Boivin and Thomas153 showed that the unit cell

parameters (in AÊ ) of Bi1ÿxMxO1�5-x/2 are as shown
in Table 10.

The authors also showed that the layers of
cations are stacked along the c-axis with the fol-
lowing sequence; ±Bi±Bi±(M, Bi)±Bi±Bi±(M, Bi)±.
Two kinds of oxide ions were detected inside the
blocks consisting of a mixed layer surrounded by
two Bi layers. The conduction properties were
ascribed to the migration of the remaining anions
in the space between two successive Bi layers. The
authors also produced conductivity curves for Ca
and Ba-doped systems, and showed that the Ca
had the superior oxygen ion conductivity
(approximately 1 S cmÿ1 at T>1000K). Boivin
and Thomas,156 using XRD on single crystals of
Bi1ÿxMxO1�5ÿx/2 (M=Ca, Ba, Sr), suggested the
existence of conduction planes, and the preserva-
tion of the cation network. Con¯ant et al.154 deli-
neated the Bi2O3±CaO system in terms of 4
incongruently melting compounds (Bi14Ca5O26,
Bi2CaO4, Bi10Ca7O22 and Bi6Ca7O16), and the four
solid solutions described above (fcc, bcc and two
rhombohedral (b1 and b2)).
Con¯ant et al.154 described how the b1 to b2

transition (observed in the phase equilibrium dia-
grams for CaO, SrO and BaO doped Bi2O3) does
not alter the cationic stacking. The early work of
Takahashi et al.38,53 suggested that Bi1ÿxMxO1�5ÿx/2
(M=Ba, Sr, and Ca) is a good anionic conductor;
the results have been described in an earlier sec-
tion.
Suzuki et al.158 investigated the system

(BaO)x(Bi2O3)1ÿx with Ag or Pt paste electrodes.
The authors observed that the electrode con-
ductance varied with oxygen partial pressure
PO2/PO2

0�362 at 450�C in the PO2 region of 1±
10ÿ5 atm, for the Ag paste electrode.
Sillen and Aurivillius159 showed that the system

Bi2O3±SrO had a wide range of solid solutions; the
solid solution was ascribed a rhombohedral lattice
structure, later con®rmed to be correct by a num-
ber of other authors as described above.
Figure 24 shows a typical conductivity plot of

Bi1ÿxMxO1�5-x/2 (M=Ba, Sr, and Ca). At lower
temperatures, the conductivity of Bi1ÿxCaxO1�5ÿx/2
was found to be less than that of Bi1ÿxMxO1�5ÿx/2.
This was explained by Takahashi et al.38 to be due
to the cation size e�ect; the radius of Ca2+ is
smaller than Sr2+. A common feature of these
systems, is the abrupt jump in conductivity at
approximately 600�C. This was attributed to the �1
to �2 transition within the rhombohedral phase.
BaO was observed as having the lowest transition
temperature, and one of the highest ionic con-
ductivities of the Bi2O3-based systems; 8.8�10ÿ1 S
cmÿ1 at 600�C for 16mol% BaO doped Bi2O3.

160

In this section of MO doped Bi2O3, special men-
tion should be made to the PbO-doped Bi2O3 sys-
tems as a lot of work has recently been undertaken

Table 9. Ionic conductivities reported for BIMEVOX systems

Sample Temperature
(K)

Ionic
conductivity
(S cmÿ1)

Reference

Bi4V1�7Sb0�3O11 590 10ÿ2 149
Bi4V1�7Nb0�3O11 590 10ÿ3 149
Bi4V1�7Ti0�3O10�85 500 4�10ÿ4 150
Bi4V1�8Pb0�2O10�9 500 2.5�10ÿ6 150
Bi4V1�8Zr0�2O10�9 500 4.1�10ÿ6 150
Bi4V1�8Sn0�2O10�9 500 4.4�10ÿ6 150
Bi4V1�8Ti0�2O10�9 500 6.3�10ÿ5 150
Bi4V1�8La0�2O10�8 573 1.4�10ÿ 148
Bi4V1�8Zn0�2O10�70 500 1.28�10ÿ4 147
Bi4V1�8Ni0�2O10�70 500 3.05�10ÿ4 147
Bi4V1�8B0�2O10�8 573 2.0�10ÿ5 148
Bi4V1�8Y0�2O10�8 573 1.0�10ÿ4 148
Bi4V1�8Mg0�2O10�7 573 1.1�10ÿ3 148
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on this material. Early work carried out by Levin
and Roth1 suggested that a bcc structure could be
stabilised at low PbO dopant concentrations, while
Sillen and Aurivillius159 showed the presence of a
tetragonal phase, with a very broad homogeneity
area, ranging from about 29 to about 53% Pb (as a
percentage of Pb in the total number of metal
ions). The original Bi2O3±PbO phase equilibrium
diagrams,161±164 reported, used powder X-ray dif-
fraction analysis on bulk materials. The results
were, in part, misleading and it was not clear whe-
ther the data was obtained from quenching the
sample or from equilibrium cooling. The latest
work was performed by Sammes et al.,165 and the
phase equilibrium diagram is shown in Fig. 25.
Sammes et al.165 used powder X-ray di�raction,
Raman spectroscopy and infrared spectroscopy to
analyse the bulk samples after having been quen-
ched from a range of temperatures. All the phase
equilibrium diagrams showed the following fea-
tures. Above approximately 590�C (although this
depends upon the PbO concentration) a bcc phase
(�) is present, and is stable over a wide range of

homogeneity (approximately 30±70mol%). The
high temperature bcc form cannot be quenched in
and transforms, on cooling, into either a tetragonal
�2-phase (at dopant concentrations greater than
50mol%) or a monoclinic �1-phase. At
55.55mol% PbO, tetragonal-�2, (lattice parameters
of a=4.041(1) AÊ , and c=5.023(1) AÊ ) were found
to be stable between room temperature and 450�C.
Between 450 and 590�C, the �2-phase starts to
decompose into the de®nite compound �-
Bi8Pb5O17 with the bcc structure, via a mixed
phase. Honnart et al.166 also showed that the ionic
conductivity of Bi8Pb5O17 was in excess of 1 S
cmÿ1 at temperatures greater than 590�C, after the
provisional work of Boivin,167 and Demonchy et
al.,168 who showed that the high temperature bcc
phase was a good ionic conductor. Sammes et
al.169 investigated the ionic conductivity of
(Bi1ÿxSbx)8Pb5O17 (x=0±0.2). With increase in x,
the temperature at which the �2-phase decomposed
into the mixed phase was reduced, but an increase
in the temperature of the �-phase formation resul-
ted. The ionic conductivity data, as a function of
temperature, is shown in Fig. 26. The authors also
noted that the ionic conductivity of the �-phase
altered when Sb2O3 was changed for the oxides of
Tm, Gd, or Dy, although not a large e�ect, the
conductivity increased in the order Dy>Gd>
Tm>Sb in the system examined, at a level of
10mol% dopant. The e�ect of Sb2O3 on the
mechanical properties has been examined, and has
been shown to greatly increase both the modulus of
rupture and the fracture toughness of thematerial;170

Fig. 23. Sub-solidus phase diagram of the system Bi2O3±CaO (Ref. 153).

Table 10. Unit cell parameters (in AÊ ) for Bi1ÿxMxO1�5ÿx/2
where M=Ca, Sr and Ba

M=Ca M=Sr M=Ba

x 0.13 0.235 0.156
a 3.950 3.971 4.006
c 27.87 28.42 28.58
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this is quite an important issue as the mechanical
integrity of Bi8Pb5O17 was shown to be very
poor.
As has been stated above, the highly conductive

�-phase is not stable below approximately 590�C,
and cannot be quenched in. The phase transition
from the �-phase to the �2-phase, on cooling
Bi8Pb5O17 to room temperature, is via a series of
intermediates which have been labelled � by Fee et
al.171 the authors also found, that � could be sta-
bilised to room temperature. When Bi8Pb5O17 was
heated to below 470�C, or heated above 590�C,
and cooled to room temperature, the tetragonal �2-
phase was formed. However, when the material
was re-heated to intermediate temperatures, and
cooled to room temperature, the intermediate �-
phase was observed. The authors suggested that
the thermal expansion of � matches that of stain-
less steel and MgO, and could, therefore, be used in
the fabrication of thin supported membranes.
Raman spectra also con®rmed these ®ndings.172

Sammes et al.173 showed the e�ect of oxygen
partial pressure on the conductivity of
(Bi1ÿxSbx)8Pb5O17. They described how the oxygen
ion domain (the partial pressure of oxygen at
which the electronic and ionic conductivities are
equal) increased from approximately 10ÿ11 atms of
oxygen at x=0, to 10ÿ13 atms of oxygen, at
x=0.1. At x>0.1, the ionic domain was found to
drop o� again. Sammes et al.174 observed two

room temperature phases in Bi8Pb5O17, rather than
just one. They noticed that as well as �2, a second
phase, Bi1�23Pb0�77O2�62 (labelled �3) was always pre-
sent; in fact the authors showed that a third phase,
Bi6Pb2O11 could also be produced when ethanol
was used as a milling medium. For the system
(Bi1ÿxSbx)8Pb5O17, the phase Bi3SbO7 was present
at Sb2O3 concentrations greater than 2.5mol%.
The phase equilibrium for this system was later
investigated by Sammes and Du.175 Dumelie et
al.176 discussed the suitability of Bi0�571Pb0�428O1�285
as an oxygen separation membrane, due to its high
conductivity at low temperature. The authors
observed that the material was quite weak, and that
the mechanical properties could be enhanced by
making a composite with zirconia. The optimised
membrane was capable of operating continuously up
to 300mAcmÿ2 at 600�C. Fee and Long177 described
how Bi8Pb5O17 could be doped with a metallic ele-
ment such as Ni or Cu, and produce a single phase
mixed ionic/electronic electrolyte with an ionic con-
ductivity close to that of the original material. The
ionic transference number (ti) was observed to be
between 0.5 and 0.9, dependant upon the dopant
concentration. The authors considered that the
material could be used as an oxygen separation
membrane, without the requirement for electrodes.
This was a very useful feature because, as discussed
by Bettahar et al.,178 platinum metal reacts with
Bi8Pb5O17 to form a ternary BiPbPt oxide.

Fig. 24. Conductivity of Bi1ÿxMxO1�5ÿx/2 (a) (M=Sr) rhombohedral solid solutions; (b) (M=Ba, Ca) rhombohedral solid solutions
(Ref. 153).
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Other ternary systems have been examined
including Bi2O3±Y2O3±PbO

179 and Bi2O3±CaO±
PbO, which are also mixed oxides.180 Omari and
co-workers180,181 observed that the Pb+ ion could
be used as a very good stabiliser for the high tem-
perature modi®cation, �-Bi2O3.

3.11 Other doped Bi2O3 systems
Bi2O3±MoO3 has been studied, and has been found
to have relatively high oxygen ion con-
ductivity.181,182 Takahashi et al.181 found the
Bi2O3±MoO3 system to be stable as a tetragonal
phase between 22 and 28mol% MoO3. The
authors showed that the tetragonal phase was the
conducting phase. Above approximately 30mol%
MoO3, the system was found to be predominantly
monoclinic, with poor ionic conductivity. The
compound Bi6Mo2O15 has been studied in great
detail by Boon and Metselaar,183 who showed that
there are two modi®cations of the compound, a
high temperature and a low temperature form.
However, the authors found that the material was
not stable over a long period of time, and thus they

Fig. 25. Temperature/composition phase diagram of the system (Bi2O3)1ÿx(PbO)x, with speci®c quench lines and stabilised room-
temperature phase ranges (Ref. 165).

Fig. 26. Oxygen ionic conductivity, as a function of tempera-
ture, for the (Bi1ÿxSbx)8Pb5O17 sample (Ref. 169).
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suggested that it was not an appropriate material
for use in an electrochemical device.
Hoda and Chang184 have published the latest

phase equilibrium data for Bi2O3±WO3, and have
shown that there are 4 intermediate phases present:
(Bi2O3)7(WO3), (Bi2O3)7(WO3)2, (Bi2O3)(WO3),
and (Bi2O3)(WO3)2. (Bi2O3)7(WO3) is tetragonal at
room temperature, and transforms to the fcc
structure at 784�C, while (Bi2O3)7(WO3)2
(22.22mol% WO3) was shown to exist in the fcc �-
form (with an extensive solid solution range) at
room temperature. However, Watanabe60 sug-
gested that the tetragonal unit cell consists of
pseudo-fcc subcells, as shown in Fig. 27 then the
phase was erroneously identi®ed as the stabilised �-
phase; thus, the author suggests, �-Bi2O3 cannot be

stabilised in this system. Watanabe et al.185 also
revealed that the phase (Bi2O3)7(WO3)2 crystallises
in the tetragonal symmetry with the space group
I41/a.
Takahashi and Iwahara63 investigated the ionic

properties of (Bi2O3)1ÿx(WO3)x (x=0.05±0.5), and
found very high oxygen ion conduction in the fcc
structure. (Bi2O3)0�78(WO3)0�22, for example, was
shown to have an ionic conductivity of 1.5�10ÿ1 S
cmÿ1 at 880�C, with an oxygen transport number
close to unity (down to at least 10ÿ15 atm oxygen
partial pressure).
Bi2O3±Pr6O11 has also been studied in detail by

Esaka et al.186 and Sammes and Gainsford.187 The
material was found to have oxide ion conductivity
in the rhombohedral �-phase, present at composi-
tions less than 35mol% Pr2O11/3. P-type con-
ductivity was observed in compositions containing
more than 40mol% Pr2O11/3, (where the rhombo-
hedral phase was of the type LaOF) and was
thought to be due to a change in the oxidation
state of the Pr ion. The mixed conductivity was
also observed by Shuk et al.,188 at concentrations
greater than 50mol% Pr2O11/3.
Other systems that that are worth mentioning

include: Bi2O3±TiO2, Bi2O3±SnO2, Bi2O3±ZrO2,
Bi2O3±TeO2, and Bi2O3±Re2O7. Esaka et al.189

examined the oxide ion conductivity in Bi2O3±MO2

(M=Ti, Sn, Zr, and Te), and observed that at all
the compositions employed, the �-phase could not
be stabilised. Table 11 summarises the crystal form
and the conductivity at 600�C, for the samples
examined by Esaka et al.186

Thus, all the samples showed low conductivity,
in fact this was observed at all temperatures below
700�C.
Recently, Bi2O3±Re2O7 was studied190 as a pos-

sible electrolyte material, and the system Bi2x
RexO3+2x was observed as having a defect-¯uorite
structure, however the conductivity was not exam-
ined in this work.

4 Conclusions

This paper has summarised the literature on the
conductivity, structure and properties of the
doped-Bi2O3 system. Doped-Bi2O3 is a very inter-
esting material, and forms a vast array of solid
solutions, having very high oxygen ion con-
ductivity's, with many other metal oxides (MO,
M2O3, M2O5, for example), although the system
studied in most detail is that of Bi2O3±M2O3

(M=Y or a rare earth oxide). Most of the Bi2O3±
M2O3 solid solutions are either fcc �-Bi2O3, or
rhombohedral, depending upon the dopant type.
However, as has been shown, it is quite apparent

Fig. 27. Schematic representation of the relations of the unit
cell axes of solid solution having the 7Bi2O3

.2WO3 structure.
Heavy solid lines indicate the tetragonal cell (a,c) and weak
solid lines outline the pseudo-fcc subcells (a0), where a0�5.6 AÊ ,

a�p5a0, and c�2a0 (Ref. 187).

Table 11. Crystal structure and the conductivity at 600�C,
for the samples of doped bismuth oxides examined by

Esaka et al.186

M in
(Bi2O3)1 ÿx
(MO2)x

x in
(Bi2O3)1 ÿx
(MO2)x

Crystal
form

Conductivity at
600�C (S cmÿ1)

Te 0.33 Rhomb+Mon 2�10ÿ4
Te 0.46 Rhomb+Mon 1.7�10ÿ4
Te 0.57 Rhomb 1.1�10ÿ3
Te 0.67 Tetrahedral 2.7�10ÿ3
Ti 0.57 Orthorhombic+x 5.1�10ÿ5
Ti 0.67 Orthorhombic+x 4�10ÿ5
Sn 0.57 Cubic+x 7.3�10ÿ4
Sn 0.67 Cubic+x 1.7�10ÿ4
Zr 0.57 Tetrahedral+x 5.6�10ÿ4
Zr 0�67 Tetrahedral+x 3�10ÿ4
Zr 0.75 Tetrahedral+x 3�10ÿ4

Rhom=Rhombohedral, Mon=Monoclinic, and x=Unknown.
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that there is some controversy over the stability of
�-Bi2O3, and a lot of the provisional work showing
that the system could be stabilised to room tem-
perature has been disputed in later work. Whether
�-Bi2O3 can be stabilised to room temperature or
not, does not alter the fact that Bi2O3±Er2O3, for
example, has been shown to have one of the high-
est oxygen ion conductivities of the doped-Bi2O3

systems in air; approximately 0.4 S cmÿ1 could be
realised at 973K for (Bi2O3)0�8(M2O3)0�2, postu-
lated as being due to the low value of dopant
necessary for stabilising the fcc �-Bi2O3 (although
this latter statement is still under scrutiny).
A number of other doped-Bi2O3 were examined

in this paper, however, a new family known as
BIMEVOX and Aurivillius phases are worth men-
tioning. These are based on Bi4V2O11, with a metal
ion (Cu or Ni, for example) replacing some of the
V in solid solution. Bi2V0�9Cu0�1O5�35, for example,
was found to have an oxygen ion conductivity of
3�10ÿ3 S cmÿ1 at 510K.
Finally, the paper examines some of the newer

systems, and shows that the structures are very
complex, although a lot of exciting work is still
being undertaken to try and realise a stable high
oxygen ion conductor.
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