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Abstract Following previous reviews of research results
on oxygen ion-conducting materials obtained in the for-
mer USSR, this article addresses the case of Bi,Os-based
compositions. Phase formation in oxide systems with
Bi,O3, thermal expansion, stability, bulk transport
properties and oxygen exchange of bismuth oxide solid
electrolytes are briefly discussed. Primary attention is
focused on oxides with high ionic and mixed conductivity,
including stabilized fluorite-type (5) and sillenite (y)
phases of Bi,O3, y-Bi4V,0;; and other compounds of the
aurivillius series. Another major point being addressed is
on the applicability of these materials in high-temperature
electrochemical cells, which is limited by numerous spe-
cific disadvantages of Bi,Oj-based ceramics. The elec-
trochemical properties of various electrode systems with
bismuth oxide electrolytes are also briefly analyzed.

Key words Bismuth oxide - Solid electrolyte - Mixed
conductor - ITonic conductivity - Electronic transport

Introduction

Oxide solid electrolytes and mixed ionic-electronic
conductors are of great interest for numerous techno-
logical applications such as sensors of various types, solid
oxide fuel cells (SOFCs), electrolyzers, and ceramic
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membranes for high-purity oxygen separation and par-
tial oxidation of hydrocarbons. Among oxygen ion-
conducting materials, oxide phases derived from Bi,O3
deserve special emphasis owing to their high ionic con-
ductivity with respect to other well-known solid electro-
lytes. Examples of such phases are stabilized §-Bi,O3,
having a fluorite-type structure with a very high level of
deficiency in the oxygen sublattice, and y-BisV,Oq; (the
so-called BIMEVOX series), which belongs to the auri-
villius series. At the same time, Bi,Os-based materials
possess a number of specific disadvantages, including
excessively high thermal expansion coefficients (TECs),
thermodynamic instability in reducing atmospheres,
volatilization of bismuth oxide at moderate temperatures,
a high corrosion activity and low mechanical strength.
Owing to this, the applicability of these oxides in
electrochemical cells is considerably limited.

This paper is part IV of our review aiming to improve
the access of Western scientists to the research results in
the field of oxygen ionic conductors obtained in the
former USSR. Since most of these results were published
in Russian, they are still poorly known in other
countries. Three previous parts were focused on zirco-
nia-based ceramics [1], perovskite-like oxides [2] and
materials based on CeO,, ThO, and HfO, [3]. The
present work is devoted to Bi,Os-based phases, which
are only of moderate practical importance owing to the
above-listed disadvantages, but are important from a
viewpoint of fundamental knowledge and as a potential
basis for further development of novel materials.

As for the previous reviews, most attention is given
here to the results considered of interest for the state-of-
the-art electrochemistry of oxygen ionic conductors.
Other work is only briefly listed in order to provide
references for researchers interested in such information.
In particular, only few references on Bi,Os-containing
electroceramics, high-temperature superconductors,
optical materials and protective coatings are included.
Furthermore, no attempt is made to compare the results
obtained in Soviet and Western scientific centers. As any
reader familiar with the subject might conclude from this



paper, such comparison would obviously show enor-
mous coherence between all the research results. This
may be illustrated, for example, by the similarity of re-
cent reviews on Bi,O3-based solid electrolytes [4, 5, 6, 7].
References to papers published in international journals
included in this work were mainly selected to demon-
strate the most important relationships between experi-
mental data sets.

This review consists of nine main sections. The first of
them is devoted to physicochemical and transport
properties of pure bismuth oxide. The next seven
sections analyze information available on various phases
formed by Bi,O3 and other metal oxides; primary em-
phasis is given to materials tested from the viewpoint of
high-temperature electrochemistry, including determi-
nation of partial ionic and electronic conductivities. The
last section considers the results of application tests and
electrochemical properties of Bi,Os-based ionic
conductors, such as oxygen exchange, polarization of
various electrodes in contact with bismuth oxide
electrolytes, and response of potentiometric oxygen
sensors based on these materials.

One should mention that a brief analysis as well as
selected data on physicochemical and electrochemical
properties of BiOs-based solid electrolytes and mixed
conductors can be found in a number of books [8, 9, 10,
11] and reviews [4, 5]. Numerous phase diagrams of
oxide systems containing bismuth oxide have been
collected and analyzed [12, 13].

Bismuth oxide phases and their transport properties
Phase relationships in the Bi-O system

A number of different compounds exist in the binary
Bi-O system, where the oxidation state of bismuth varies
from +2 to +5. In a simplified description, these
compounds may be considered as BiO, Bi,03, Bi,O4 and
Bi,O5 [14]; several polymorph modifications are found
for BiO and Bi,Os;. However, detailed electron diffrac-
tion studies demonstrated the existence of at least five
BiO, separate phases in the range x=1-1.5 [15]. As a
rule, since reduction-oxidation processes in the Bi-O
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high concentrations of specific charged defects are
typical for all bismuth oxide compounds; this may lead
to formation of various ordered structures. The oxidized
phases, where the average oxidation state of bismuth is
significantly higher than 3+, are thermodynamically
unstable under usual conditions. For example, the
formation enthalpy of Bi,Os is approximately equal to
—185 kJ/mol, which is significantly less than the corre-
sponding values for As,Os and Sb,Os, in agreement with
the instability of the pentavalent bismuth oxide phase
[17]. Owing to experimental difficulties in the determi-
nation of the exact oxidation state of bismuth in the
oxide phases, namely volatilization, high corrosion
activity and the low melting point of metallic Bi, the
compound stable in atmospheric air is often assumed to
be bismuth(III) oxide, Bi,O3 [4, 5, 18]. This assumption
will be maintained in all cases where separate determi-
nation of the oxidation state of bismuth cations or
oxygen content was not performed.

Bismuth(III) oxide forms two thermodynamically
stable polymorph modifications, namely the monoclinic
a-phase and the fcc o-phase [18, 19]. The a—d transition
occurs at 978-1013 K [18]; the variation of the transition
temperature in such a wide range is related to the purity
of samples (Table 1), their thermal pre-history [18] and
oxygen stoichiometry [19]. For sufficiently pure bismuth
oxide, the a—d transition takes place at 996-1003 K [18,
19, 20]. Cooling down of the high-temperature o-phase is
accompanied by a large hysteresis, when formation of an
intermediate metastable tetragonal f-phase and a bcc
y-polymorph (sillenite phase) may occur [18, 19]. The
metastability of the - and y-phases is determined by an
excessive length of the metal-metal distances in the lat-
tice, since the chemical bonds in bismuth oxide com-
pounds are formed not only between O and Bi ions, but
also between bismuth pairs [15, 21]. Therefore, appro-
priate doping may lead to shorter Bi-Bi distances,
stabilizing these phases down to lower temperatures [21].
Analogously, the temperatures of the phase transition in
bismuth oxide depend on the oxygen partial pressure
[19], which affects the oxygen content and, thus, inter-
atomic distances.

Detailed electron diffraction studies of bismuth oxide
films with variable oxygen content [14, 15, 22, 23, 24, 25]

system are relatively easy (see, for example, [15, 16]), showed possible oxygen nonstoichiometry of the phases
g;)arb;)eh;seTtl;Z;rgﬁii}rllr;dgl%ggj Purity Atmosphere  Process  Transition Temperature (K) Enthalpy (kJ mol ')  Ref.
>99% Air Heating  0—5 1000 63.4 [18]
Cooling  J—u 923 60.0
299.5% Air Heating a—d 998 72.1 [18]
Cooling J—f 945 58.1
p—a 880 23.7
>99.99%  Air Heating  0—5 996 89.2 [18]
Cooling o—p 940 67.3
B 889 28.1
99.97% O, Heating  0—3 1003 - [19]
Air 1000 78.3
CO, 1000 -
Ar 998 -
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present in air. This conclusion is supported by data [19]
demonstrating that the low-temperature stability limits
of the f- and J-phases are displaced towards lower
temperatures with reducing oxygen partial pressure,
when the oxygen content in the oxides decreases. The
bismuth oxide J-phase [22] was identified as Bi,Os_,
(x £ 0.3); the structure [22] was found to be in agreement
with the model proposed by Sillen [26]. The composition
Bi,0, 5 was ascribed to the tetragonal f-phase [15, 23].
Note that, neglecting the simple relationship between
unit cell parameters of the - and d-phases (af~ad/N2;
cf=ad), this tetragonal structure cannot be considered
as a two-dimensional ordered superlattice of the fluorite-
like cubic d-phase [15]. A rhombohedrally distorted
sphalerite-type [24] and a cubic [27] modification were
reported for the BiO compound which is, in contrast to
other Bi-O phases, stoichiometric. A summary of the
bismuth oxide phases detected by electron diffraction is
given in Table 2. It should be mentioned that the data
[14, 15, 22, 23, 24, 25] obtained using thin-film samples
may differ from bulk properties of corresponding phases
as a result, in particular, of an effect of the substrate on
the film properties. As an example, the maximum oxy-
gen content in Bi,O,, obtained for thin films, was as low
as x=2.7-2.8 [15]. A probable influence of the thin-film
form of the sample on the phase composition has been
noted [28].

Conductivity of Bi,O3 phases

Systematic data on electrical conductivity, Seebeck co-
efficients and oxygen ion transference numbers of Bi,O3
have been reported [18, 29, 30, 31]. Significant activity
was devoted to the electrical and electrochemical prop-
erties of bismuth oxide films (for example, [28, 32, 33,
34]). According to these results, the a-phase is a pre-
dominantly electronic conductor [30]; the ion transfer-
ence numbers of the monoclinic modification of bismuth
oxide are negligible [18, 29, 30]. The electronic conduc-
tivity of this phase depends significantly on impurity
content and oxidation state of bismuth and may be af-
fected by the presence of water vapor in the atmosphere
[18, 30]. As an example, repeated heating-cooling cycles
lead to a considerable increase in the conductivity of
o-Bi,O3 owing to interaction of the samples with the
electrodes, including platinum and gold [18]. Annealing

of Bi,O;3 in a CO atmosphere even at temperatures as
low as 550 K results in the formation of metallic bis-
muth, which increases the total conductivity by 10-15
times [30].

Transition from the o- to the fluorite-like d-phase
occurs with a dramatic increase in the oxygen ionic
conductivity; the ion transference numbers become close
to unity (Figs. 1 and 2). The temperature dependencies
of the total conductivity around the transition can be
approximated as [29]:

at 673 —893 K In(o x T)

= (8.5+£0.3) — (61.4 £2.1)/RT (1)
at 953 — 1053 K In(o x T)
= (1233 £0.08) — (40.2 £ 0.6)/RT (2)

with ¢ x T expressed in S cm ' K and the activation
energies expressed in kJ mol!. Poluyan [18] reported
similar values for the activation energy (63 +3 kJ mol !
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Fig. 1 Temperature dependence of the oxygen ion transference
numbers of bismuth(III) oxide measured by the e.m.f. method
(oxygen pressure gradient, 1.0/0.21 atm): /, data from [18]; 2, data
from [29]. The phase transitions are marked using the results from
(18]

Table 2 Crystal structure

data for bismuth oxide phases Phase Symmetry, Lattice Nu_mber of formula Ref.
space group parameters units, Z
BiO Rhombohedral, C5,—R3m a=0.394 nm, 3 [24]
o=159°

Bir05 753 Tetragonal, D} —14/mmm  a=0.385 nm, 2 [14]
¢=1.225 nm

BirOs354 Tetragonal, Dﬂ —I4/mmm a=0.385 nm, 6 [25]
B ¢=3.510 nm

B-Bi0, 5 Tetragonal, D3, —P42c a=0.775 nm, 4 [23]
¢=0.563 nm

0-BiyO5 Cubic, O} —Pn3m a=0.545 nm 2 [22]
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Fig. 2 Temperature dependence of the total electrical conductivity
in air: 1, BizO3 (9999%) [18], 2, (B1203)0‘77(Y203)0.23 [18], 3,
(Big.75Y0.2501.5)0.95(PrO1 83)0.05 [45]; 4, (Bio.95Z10.05)0.85Y0.1501.5+ 5
[41]; 3, Big.9aNbg 08015+ 5 [40]; 6, BizV9Cuo.1Os.5-5 [48]

for the o- and 38 +2 kJ mol ! for the d-phase). Data on
the electrical conductivity and Seebeck coefficients of
bismuth oxide in the course of melting of the J-phase
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provide no definite information on possible changes in
the conductivity mechanisms [31].

On cooling, the ionic conductivity behavior is similar
to the heating regime, excluding the thermal hysteresis
due to formation of a metastable phase (Fig. 1). The
conductivity of the f-phase is mixed ionic-electronic;
the transition to the a-modification decreases the ionic
transport to zero.

Reduction and thermal expansion of bismuth oxide

According to the results of Poluyan [18], the equilibrium
oxygen pressure over bismuth oxide studied using the
cell:

W, Bi — Bi203|Zr02 + Y203‘02(0.21 atm), Pt (3)

can be approximated in the temperature range 860—
1073 K by the equation:

log p(O,) = — (19600 £+ 200)/T + (14.2 £0.2) 4)
with p(O,) expressed in Pa. These values are significantly
higher than the zirconium dioxide dissociation oxygen
pressure, showing a weaker stability of Bi,O; with re-
spect to zirconia-based electrolytes. A similar conclusion
may be obtained from the values of the Bi,O; decom-
position potential in melted NaOH, which is as low as
0.4V at 723 K [16].

Table 3 Thermal expansion

coefficients for Bi,Osz-based Composition Average TEC values Ref.
ceramics Temperature range (K) a@x 1076 (K1)
Bi»O5 (99%) 400-800/940-1020 12.9/20.0 36]
Bi»05 (99.99%) 400-900/940-1025 10.6/20.2 [18]
930-840 (cooling) 19.2
Bi.95C00.0501 5 300-940 16.1 [37]
(Big.70C00.30)0.90 Y 0.1001.5 400-650/650-1000 14.0/20.9 [38]
(Bi203)0 s(Er203)0.5 400-1090 172 [36]
598-998 19 [39]
Big.9:Nbg 03015+ 5 300-700/700-1020 12.6/26 [40]
Big.9oNbg 1001 545 300-680/680-1040 10.7/20.6 [40]
Big.s4Nbo 1601 5+ 5 300-700/700-1040 10.3/17.5 [40]
(Big.95Nbg.05)0.90H00.1001.5+ 5 340-690/690-1030 13.3/24 [41]
(Big.95Nbg.05)0.85H00.1501 5+ 5 330-690/690-1050 13.1/20.4 [41]
(Big.02Nby 08)0.00H00.1001.5 + 5 340-710/710-1010 12.8/21.1 [41]
(Big.00Pb0.10)0.80 Y0.2001.5 300-540/680-970 10.4/21.2 [42]
(Big.6sPb0.32)0.80Y0.2001.5 300-650/690-890 11.3/21.8 [43]
(Bi503)0.75(Y203)0 25 400-1090 14.6 [36]
598-998 14.3 [39]
400-540/540-710/710-1025 10.7/15.0/19.8 [18]
(Bi203)0.67(Y203)0.33 400-1090 16.8 [36]
(Bio.75Y0.2501 5)0.90(PrO1 833)0.10 450-800/800-950 14.4/20.5 [44]
(Big.75Y0.2501.5)0.85(PrO1 833)0.15 400-800/800-950 12.5/20.5 [44]
(Bio.70Y0.3001.5)0.90(PrO1 833)0.10 400-700/700-950 9.74/16.1 [45]
(Big.70Y0.3001.5)0.85(PrO1 833)0.15 500-750/750-950 10.0/15.5 [45]
(Big.95Z19.0501.525)0.85(YO1.5)0.15 340-900/900-970 12.31/20.11 [46, 47]
(Big.95Z10.0501.525)0.80(YO1.5)0.20 340-900/900-970 13.36/19.28 [46, 47]
(Big.00Z10.1001.55)0.85(YO1.5)0.15 340-900/900-970 14.38/19.19 [46, 47]
Bi,V.90Cu.1005.5 5 300-730/730-1030 15.3/18.0 [48]
Bi; 90Lag.10V0.90Cug.1005.5 5 300-640/640-1000 15.0/17.7 [48]
BaBiO; , 400-670/670-875 13.5/19.3 [18]
Bi»CuO4. 5 300-800/850-1000 56/10-11 [49]
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In contrast to zirconia-based ceramics [1], TECs
of the ionically conductive phases of bismuth oxide
are relatively high (Table 3). For example, average TEC
values for the f- and d-polymorphs are 19.2 x 10°°
and 20.2 x 10°° K, respectively [18]. This behavior
is in agreement with the phenomenological theory of
ionic transport [35], which showed that a high mobility
of ions correlates with a high thermal expansion. TECs
of bismuth oxide depend, as would be expected, on
impurity content. For the a-phase, increasing impurity
content leads to an increase in thermal expansion,
whereas the behavior of the o-phase is the opposite
[18].

Phase transitions in the course of heating-cooling
cycles lead to sharp volume changes of sintered Bi,Os
ceramics [18]. For the transitions «—J, é—f and f—a,
the changes in volume were 6.7, 2.0 and 3.8%, respec-
tively [18].

Fluorite-type solid electrolytes in the systems
Bi»03-Ln,0; (Ln=Y, La, Sm, Dy, Ho, Er)

Phase relationships and stability

After the pioneering work of Takahashi et al. (in par-
ticular, [52]), claiming stabilization down to room tem-
perature of the high-conductive d-phase by addition of
rare-carth elements (REE), numerous research projects
were focused on phase composition, structure and
thermodynamic stability of oxide compounds in the
systems Bi,O3-Ln,03; (Ln=REE or Y). In these sys-
tems, a stabilization of the J-phase down to tempera-
tures significantly lower than the «—d transition
temperature was found for dopants such as Y [18, 39,
47, 51, 53, 54, 55], Dy [51] and Er [39, 50, 51]. However,

Table 4 Low-oxygen-pressure stability limits for some Bi,Os-based
phases

Composition —log p(O,) (atm) Ref.
873 K 973 K

Bi,O, 8.25+0.43 594+040  [18]

10.96+0.03 8.94+0.03 [50]

13.01+0.02 10.80+0.04 [51]

Bio.75Y 050 5 13.45+0.10 11.09 = 0.08 [51]

9.35+£0.43 6.96 +£0.40 [18]

Big70Y 30015 13.80£0.07 11.43+£0.05 [51]

9.244+0.43 6.78 £0.40 [18]

Bio.sY0.170) 5 14.23+0.10 11.80 +0.08 51]

Bi()_g()ET()_zoO] 5 11.47+£0.03 9.04+0.03 [50]

Big.13Er0 270 < 13.63+0.10 11.30+0.08 51]

Bio esEro 1,0 < 14.01+0.10 11.56 +0.08 51]

Bioc3Fro 170 < 14.55+0.10 11.92+0.08 51]

Bio 70DY0 3001 5 13.60 = 0.07 11.18£0.04  [51]

Bi()_g()Er()_loLao_loolj 9.04+0.43 6.66+0.40 [18]

3(Bi»0s){(Ba0) 9.22+0.43 6.86£0.40  [18]

recent studies [56, 57, 58] showed a metastability of the
fce solid solutions in the binary oxide systems at tem-
peratures below 770-870 K, which leads to the decom-
position of the fluorite-like phase with time. Similar
results were also obtained for ternary oxide systems [40,
41, 59]. Thermodynamic results on the Bi,03-Y,03
system [55] confirm partly the conclusion on the meta-
stability of the d-phase at low temperature, at least for
compositions containing more than 37 mol% of yttrium
oxide. Along with phase instability, another reason for
disagreement in the literature on existing phases is the
strong dependence of the phase composition on the
thermal pre-history of the samples [18]. For example,
stabilization of the J-phase in Bi,O3-Y,O3; ceramics,
after annealing and slow cooling in air, was reported to
be in the concentration range 23-40 mol%, while
quenching enlarges these limits up to 10-50 mol% of
yttria [18].

Results of thermodynamic studies on selected
0-Bi,O3-based materials, including the low oxygen-
pressure decomposition limits and the free energy of
formation, have been reported [18, 50, 51, 54, 55]. A
summary of the stability limits at low oxygen partial
pressures (equilibrium oxygen pressures over the metal
oxide mixtures) is given in Table 4. Neglecting the dis-
agreement due to different measurement techniques,
each separate set of the results obtained within a single
research project (e.g., [18, 50, 51]) shows the following
trends:

1. Introduction of REE dopant cations into the bismuth
oxide lattice results in a definite enlargement of the
stability range, with the decomposition limits moving
to lower oxygen pressures with increasing dopant
content.

2. The most effective additions to enlarge the stability
domains are higher-valency metal oxides such as
WOs.

3. No doping leads to a key improvement of the sta-
bility of Bi,Os-based oxides, as their decomposition
still occurs at considerably high oxygen pressures
with respect to solid electrolytes based on ZrO, [1],
HfO, and CeO, [3].

Tonic transport

The pioneering work of Neuimin et al. [60] showed for
the first time the presence of oxygen ionic conductivity
in Bi,Os-based ceramics. In general, as found for the
J-phase of Bi,03, the oxides with stabilized fcc structure
in the Bi,O3-Ln,O; systems (often referred to as
o*-phases) exhibit a very high ionic conductivity (Fig. 2).
The oxygen ionic transport in these materials is pre-
dominant; as a rule, the electron transference numbers
are less than 0.1 [18, 39, 47, 50, 54].

A comment is needed on the d-phase decomposition
processes, caused by the above-mentioned metastability



of the fcc phases. The result of this process is a
degradation of the conductivity with time, but at a rel-
atively slow rate [40, 41, 59]. Therefore, the experimen-
tally observed trends of the ionic conductivity
correspond very often to the phase thermodynamically
stable in the high-temperature range (870-1170 K) but
metastable at lower temperatures. The term ““stabilized
o-phase” relates to such materials. Also, most of the
reported data was not affected by phase decomposition,
since the time required for a single experiment is small
relative to the period needed to reach significant
degradation. For example, the values of the ion trans-
ference numbers of BiygErg-,0; 5 at 573-640 K, mea-
sured by a relatively time-consuming technique (a
modified e.m.f. method, using argon [64]), were found to
be still equal to 0.99-1.00 [50], while a drop in the ionic
contribution would be expected in the case of phase
decomposition. In addition, in many cases the phase
composition was checked both before and after the
experiments [47].

The ionic conductivity of solid solutions with a sta-
bilized fcc structure was found to decrease with in-
creasing concentration of the stabilizing dopant [18, 47],
which is associated with a decreasing unit-cell volume
and an increasing average strength of the cation-anion
bonds. The highest conductivity is found for materials
containing minimum additions necessary to stabilize the
o-phase (the so-called minimum stabilization limit).
Such a trend determines the dependence of the oxygen
ionic conductivity of §-Bi,O3-based oxides on the radii
of dopant cations, discussed in detail in several papers
[4, 5, 6,7, 8, 9]. Namely, the ionic conduction increases
with increasing REE dopant radii, but the minimum
stabilization limit also increases with the radii; the latter
tendency leads to a decrease in ionic transport of the
most-conductive materials with increasing radii of the
stabilizing cations. As a result, the conductivity depen-
dence on the REE radii exhibits a maximum, cor-
responding to Er’* and Y>'. The highest ionic
conductivity in the binary Bi,O3-Ln,O; systems was
reported for the Bi;_Er,O; 5 (x ~ 0.20) and Bi;_,Y O 5
(x=0.23-0.25) solid solutions [18, 39, 47, 50].

Electronic conductivity

Table 5 lists the values of oxygen ion transference
numbers (¢,) for selected Bi,Os-based ceramics at oxy-
gen partial pressures close to atmospheric air, deter-
mined by the e.m.f. method. Significant polarization
resistance of the electrodes [65] and oxygen permeability
of the sample under study [39] may influence the trans-
ference number determinations by this technique. The
effect of polarization resistance leads to measured ¢,
values lower than the true quantities [65], and typically
increases with decreasing temperature. This influence is
certainly important for Bi,Oz-based materials since their
reaction with electrodes [18, 59] may increase the
polarization resistance to a considerable extent. In
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addition, interaction between electrolyte and electrode
materials leads very often to an increase in electronic
transport and to the appearance of a parasitic e.m.f. The
influence of oxygen permeability on the e.m.f. results,
owing to a local deviation of oxygen chemical potentials
from the ideal values, depends on both ionic and elec-
tronic conductivities and increases with temperature
[39]. An additional source of error is the phase meta-
stability, as previously mentioned. As a result, typical
values presented in Table 5 show errors as high as
+(0.02-0.03). Obviously, similar errors are also typical
for other measurement techniques. In particular, the
easy reducibility of bismuth oxide phases may result in
errors in Faradaic efficiency results owing to reduction
of the samples by the applied electric field [41, 48], while
oxygen permeability data may be affected by interaction
of bismuth oxide with other materials from the mea-
suring cells.

Irrespective of the above-mentioned constraints, a
few trends in electronic transport in J-Bi,Os-based solid
solutions can be determined. Firstly, most Bi,Os-based
ceramics are characterized by a significant p-type elec-
tronic contribution in air. This was confirmed not only
by transference number measurements, but also by data
on the oxygen partial pressure dependence of the total
conductivity (for example, see [39]). Such a feature
considerably limits the possible application of Bi,Os-
based materials in sensors, but leads to large oxygen
surface exchange rates with respect to other solid
electrolytes, as described below. Secondly, most bis-
muth-containing ceramics are characterized by a low
activation energy for electronic transport (in comparison
with that of ionic conduction), which results in
decreasing ion transference numbers with decreasing
temperature (Table 5). This tendency is noticed mostly
in materials where a segregation occurs at the
grain boundaries of electronically conducting phases
such as BaBiOj3 s, Bi,CuQOy,. s or PrO,. However, other
oxides also exhibit similar trends. Even the segregation
of a ZrO,-based phase, having relatively low ionic and
electronic conductivities (in the case of Zr-doped
Bi(Y)O, s [63]), provides no abatement of electronic
conduction.

Synthesis and thermal expansion

Data on the kinetics of solid state reactions and poly-
morph transformations in the systems Bi,O3-Ln,O;
(Ln=Y, Sm, Ho, Er) may be found in several papers
[18, 66, 67, 68] and references therein. Among the most
interesting results, one should note an observation [67]
reporting that an external electric field increases the rate
of solid state interaction between Bi,O; and Y,O; at
temperatures below the o—d transition temperature,
while further heating leads to independence of the re-
action rate on electrical potential difference. As for other
oxide solid electrolytes [1, 2, 3], processing conditions
affect transport properties of Bi>,Os-based ceramics to a
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Table 5 Oxygen ion transfer-
ence numbers for Bi,Os-based

ceramics measured by the
e.m.f. method under an oxygen
partial pressure gradient of
1.0/0.21 atm

Composition Phase composition® T (K) to Ref.
Big.90Nbyg.1001.5 0 950 0.97 [40]

923 0.98

860 0.96
Big 8aNbg 1601 5 0 950 0.96 [40]
(Bio.9sNbo.05)0.8sH00.1501.5 0 973 0.96 [41]

928 0.96

882 0.98
Big.75Y0.25015 0 1050 0.99 [61]

850 0.98

750 0.96
Big.75Y0.2501 5 0 973 0.91 [39]

873 0.89

773 0.83
Big.50Er0.2001.5 0 973 0.90 [39]

873 0.88

773 0.85
B1075Y025015+72 mol% CuO o+1 1050 0.91 [61]

950 0.84

850 0.57
Bip.75Y 025015t 21.1 mol% CuO o+1 1050 0.90 [61]

950 0.81

850 0.43
0.9BiYO5;+0.1BaO o+1 950 0.76 [62]

850 0.61

750 0.39
(Big.75Y0.2501.5)0.9(ZrO2)0.1 o+Zr 1053 0.98 [63]

973 0.93

873 0.85
(Big.60Y0.4001.5)0.9(ZrO2)0.1 S+Zr+1 1053 1.00 [63]

973 0.96

873 0.93
(Big.95Z19.0501.525)0.85(YO1.5)0.15 0 873 0.98 [46]
(Bio.95Z10.0501.525)0.80(YO1.5)0.20 0 873 1.00 [46]
(Big.75Y0.2501.5)0.95(PrO1 83)0.05 0 1070 0.92 [44]

950 0.86

793 0.78
(Big.60Y0.4001.5)0.95(PrO1 83)0.05 0 1070 0.93 [44]

950 0.95

793 0.90
(Big70C00.30)0.90 Y 0.1001 5 0 1050 0.96 [45]
(Bio.90Pbo.10)0.80Y0.2001.5 0 950 0.90 [43]

800 0.89
(Big.90Pbo.10)0.75Y0.2501.5 0 950 0.91 [43]

800 0.93
(Big.68Pbo.32)0.85Y0.1501.5 0 800 0.94 [43]

730 0.92

29 corresponds to the fcc phase of Bi,Os; Zr corresponds to the zirconia-based cubic fluorite-type
phase; I corresponds to other phase impurities

considerable extent. For example, the conductivity of
the Big70Y0300;.5 electrolyte prepared by microwave
fusion in a cold container [69] was similar to that of the
most-conducting Bi,03-Y,0j5 solid solutions [18, 54].

Thermal expansion coefficients of stabilized fcc
phases are comparable with those of §-Bi,O3, varying in
the range 14 x 10°° to 24 x 10°® K™' (Table 3). This
considerably limits the number of possible electrode
materials compatible with Bi,Os-based solid solutions
[46]. The only electrode materials having similar TECs
are doped perovskite-type cobaltites, LnCoOj; s [2, 46].
As for pure bismuth oxide, an obvious correlation be-
tween thermal expansion and ionic conductivity of the
Bi,O5-containing ceramics appears in the experimental
data [18, 36, 39, 47].

lon-conducting phases in the systems
Bi-M"'-0 (M=W, Mo)

Phase relationships, stability and crystal structure

Phase diagrams, selected phase relationships and crystal
structures of the separate oxide compounds have been
reported for the binary Bi,O5-WO; [70, 71, 72, 73, 74,
75, 76, 77, 78, 79, 80] and Bi,03-MoO; [73, 74, 79, 80,
81, 82, 83, 84, 85] and ternary Bi,O3-W0O3-MoO; [74, 79,
80] systems. Thermodynamic and structural data on
these oxides can also be found in articles on more
complex systems such as Bi,03-TeO,-WOj; [86], Bi,Os-
TiO,-WO;3 [87], BiaWOg-BiygTizO15 [88], Bi,WO¢-BisN-



b3015 [89], Bi,WO4-Bi,GeOs [90], Bi,M0Og-BiyTiz045
[91] and the sillenite-like phases Bi,O3-MoO3(WO5)-
MeO(Me,0O3) where Me corresponds to various di- and
trivalent metals [92]. Also, the crystal chemistry and
polymorphism of the aurivillius family (Bi,0,)*"
(A,-1B, 03,4+ 1)° layered compounds were discussed us-
ing examples from the Bi,O3-WO; and Bi,O3-TiO,-WO;
systems [93, 94, 95, 96]. Selected data on the kinetics of
solid state synthesis and on the properties of melts and
thin films are available ([97, 98, 99, 100] and references
therein).

In the system Bi,O3-WOj, five compounds
(Bi]zWOz], Bi6W012, Bi4WOg, B12W06 and BiszOg)
were reported [76]. The solid solubility of tungsten oxide
in the monoclinic Bi,O3 a-phase as well as the possible
formation of metastable tetragonal f*- and fcc J*-
phases are found in the Bi-rich part of the phase diagram
[70, 76, 77, 78]. Generally, crystal structures of all Bi,Os-
WO; phases may be considered as fluorite related [78].
The most stable compounds in this system, BisWO, and
Bi;WOyg, which might be of interest as oxygen ionic
conductors, possess relatively narrow solid-solution
domains (~8 mol% and 1-1.5 mol%, respectively) [70,
76, 77, 78]. The unit cell of BigWO, at low temperature
is fluorite-like face-centered cubic with the lattice pa-
rameter a~0.55 nm [70, 73, 78]; at approximately
1170 K, this solid solution shows a phase transition
probably due to disordering [70, 76, 78]. Bi,WOg at
room temperature has a rhombically distorted layered
polar structure (space group Aba2 or Pba2), which
transforms into a monoclinic fluorite-related lattice
(space group C2/m) at 1233 K [75, 76, 80]. Note that the
phase transitions in both BigWO;, and Bi,WOg are as-
sociated with significant volume changes, leading to
sample destruction [75, 76].

In the Bi,O3-MoO; system there are seven com-
pounds with Bi:Mo ratios equal to 12:1, 6:1, 4:1, 3:1,
2:1, 1:1 and 2:3 [13, 80, 83, 85, 101]. Analogously to the
Bi,03-WO3; oxides, the phases BigM 0O, and Bi,Mo0Og
are more stable with respect to other compounds and
exhibit reversible phase transitions when heated; the
polymorph transformation temperatures in this case are
1138 and 873-883 K, respectively [13, 79, 80, 81]. As for
Bi,WOs, the crystal structure of the low-temperature
modification of Bi,MoOyg (the so-called y-phase) is lay-
ered rhombically distorted (space group P2,/c); the
high-temperature polymorph (y"-Bi;M0QOg) has a
monoclinic lattice (space group C2/m) [80]. Such simi-
larity between Bi,WOg and Bi,M0Og leads to significant
mutual solid solubility of these compounds [74, 79, 80].
In particular, the monoclinic y-Bi,Mo(W)Og4 solid
solutions exist up to ~15% tungsten in the molybdenum
sublattice, at 1200 K [80], while in the case of the y-
phase this range is as large as 70% [74]. It should also be
noted that both Bi,WOg¢ and Bi,Mo0Oy are characterized
by cation nonstoichiometry in the bismuth sublattice
[81], which may lead to formation of oxygen vacancies
and/or extended defects, thus increasing the oxygen
mobility.
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If compared to undoped bismuth oxide, materials of
the Bi,O3-WOj; system exhibit a better stability with
respect to volatilization [102] and reduction at low
oxygen pressures (Table 4). However, such improve-
ments are relatively small and do not result in perfor-
mance comparable to zirconia or ceria. For example,
bismuth depletion of the surface layer of (Bi,O3)g 75
(WO3)g.,> ceramics in the course of annealing started at
920 K [102], whereas significant evaporation of bismuth
oxide in the case of undoped Bi,Oj3 starts at approxi-
mately 700 K [103, 104]. Consequently, the Bi,Os-based
materials high-temperature applicability limit in air
corresponds to 920-970 K; decreasing oxygen partial
pressure down to ~1 Pa lowers this limit to values of
about 820 K [102].

Transport properties

In a pioneering article, Yushina and Palguev [105]
demonstrated a high oxygen ionic conductivity in Bi,Os-
MoOj; ceramics, as well as non-negligible ionic transport
in MoO; and PbO. Data on electrical properties were
published for ceramics and single crystals of Bi-W-O [70,
71, 72, 81, 106, 107], Bi-Mo-O [80, 81, 82, 105, 106] and
Bi-W-Mo-O [80] systems, and some complex aurivillius-
type compounds containing bismuth and tungsten ox-
ides [88, 89, 93, 94, 96, 108]. The maximum conductivity,
which is predominantly ionic and decreases with in-
creasing tungsten concentration, was reported for the fcc
solid solutions in the system Bi,O3-WOj5 [70]. However,
the phase stability of these materials at low temperatures
may be questionable. The Bi,WOg phase exhibits a low
conductivity with respect to the fluorite-like solid solu-
tions [72, 81, 107], but the oxygen ion transference
numbers of Bi,WOg in oxidizing conditions are still close
to unity (Fig. 3). Notice that the values of the transfer-
ence numbers given in Fig. 3 were measured using the
e.m.f. method and therefore may be significantly affected
by factors mentioned in the previous section. Decreasing
the oxygen partial pressure down to 102-10° atm
results in a sharp increase in the n-type electronic con-
ductivity of Bi,WOg [81, 107]. Similar dependencies of
transport properties on oxygen pressure are observed
for other phases in the systems Bi-Mo-O (Fig. 4) and
La-W-O [109].

The Bi,03-Mo0O3; compounds, including Bi,(M00Oy4)3
(the so-called a-phase), Bi,Mo0,0Oq (f-phase), y- and y’-
Bi,Mo0Og, possess a mixed ionic-electronic conductivity
in oxidizing conditions at 670-900 K [80, 81, 82]. Their
total conductivity at oxygen pressures close to atmo-
spheric air increases in the sequence Biy(MoQOy); <
BizMOzOg < y'-Bi2M006 < y-BizMOO() < B12W06 [81]
The - and y-phases in these conditions exhibit pre-
dominant ionic conduction, while the o-phase is an
electronic conductor. Such changes in the ionic trans-
port correlate with the catalytic activity and the coor-
dination number of molybdenium cations in the crystal
lattice; a possible explanation for this behavior is the
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Fig. 3 Temperature dependence of the ion transference numbers
measured by the e.m.f. method at an oxygen pressure gradient of
1.0/0.21 atm: I, 7-Bi;MoQyg; 2, BioM0,0¢; 3, 7-Bi;MoOg; 4,
Bi,(M00Oy);3; 5, Bi;WOg. The data from [81] are used in the figure

formation of extended defects from Mo-O octahedra
bonded into chains in the structure of the y-phase [81,
82]. Reducing the oxygen pressure down to 10° atm
leads to a larger n-type electronic conductivity, which
increases as 7' <Bi,WOg < f < y<ua [81, 82].

Lastly, the results on the electrical properties of some
Bi,05-containing solid solutions [89, 93, 96], belonging
to the aurivillius series, demonstrate their relatively high
conductivity, presumably ionic. The crystal lattice of
the oxides of the aurivillius family, (Bi202)2+(An_1
B,Os,1)*, consists of alternating bismuth oxide and
perovskite-like layers; an example of the end members of
this family (n=1) may be represented by Bi,WOg [72, 93,
96]. Significant ionic transport in such compounds may
occur owing to the presence of oxygen vacancies and
extended defects in the perovskite layers. For instance,
the total electrical conductivity at 673 K is as high as
3x 10*Scem ! for BijgTizW5030 [93] or 1 x 10*Sem ™
for 0.88Bi,WO¢-0.12BisNb;O;5 [89]. However, there is
no proof of the fact that this conduction is ionic. In fact,
all conclusions are based on the analysis of the crystal
structure and data on total conductivity.

Bi»03-M>05 systems (M=P, V, Nb, Ta)

Phase diagrams, separate phase relationships as well as
structural, thermodynamic and optical properties of
some oxide phases have been published for the binary
systems Bi>,O3-M»0Os, where M =P [13, 110, 111, 112,
113], V [13, 90, 110, 114, 115, 116, 117, 118, 119, 120,
121, 122], Nb or Ta [40, 73, 123, 124], and for several

more complex systems such as BiyGeVO;ys and
Bi8P4ﬁxGel + x0247x/2 [125], Bi4V201 1-Bi2GCOS and
Bi4V,0,;-Bi,WO4  [90], Bi,03-V,05s-PbO  [114],

Nb-containing aurivillius phases [89, 96] and sillenite-
and pyrochlore-type compounds [118, 126, 127]. Data

0.0

-3 -2 -1 0
log po,(atm)

Fig. 4 Oxygen partial pressure dependence of the total conductiv-
ity at 673 K (1-5) and oxygen ion transference numbers at 1003 K
(6) I, ‘})-BizMOOQ 2, BizMOzOg; 3, “’/-BizMOO(); 4, Biz(MOO4)3; 5
and 6, Bi,WOyg. The data from [81] and [107] are used. The solid
lines are for visual guidance only

on Bi,O3-M,O5 phases are characterized by significant
disagreement, which is associated, in particular, with a
variety of metastable states and possible volatilization of
components such as bismuth, vanadium and phosphorus
oxides in the course of sample preparation. In addition,
the oxidation-reduction processes, which occur easily in
the system Bi-V-O, prevent the treatment of this system
as simple pseudobinary (Bi,03-V,0s), even under
oxidizing conditions [117].

For the bismuth-rich part of the Bi,O3-P,O5 system,
six compounds with Bi:P ratios of 25:1, 12:1, 5:1, 3:1, 2:1
and 1:1 have been reported [13, 113]. In addition, the
compounds 1:2, 1:3, 1:4 and 1:5 (Bi:P) were prepared
from phosphorous acid melts [111]. The sillenite-type
phases Bi24[Bi3+P]O40 and BiyyP,04; exhibit negligible
mutual solid solubility, caused by a high enthalpy of
solid-solution formation when bismuth is substituted
by pentavalent phosphorus [112]. Katkov et al. [110]
reported the existence of Bi,P,0,3; single crystals of
Bi4P>O;; and Bi;»P>0,3 have a monoclinic structure
with space group C2/c or Cc for BiyP,O;; and P2; or
P21/Wl for Bi12P2023 [110]

In the Bi-rich part of the Bi,O3-V,05 phase diagram,
five compounds were found, with the Bi:V ratios equal
to 12:1, 6:1, 3:1, 2:1 and 1:1 [13, 120]. There is also data
on a 4:1 compound, with hexagonal structure [117, 119].
Most of these phases represent solid solutions; their
homogeneity domains vary from 0.5 to 4-5 mol% even
at low temperatures [13, 119, 120]. The Biy4V,0y4; sille-
nite-type phase decomposes at 1033-1038 K, forming
monoclinic Bij;V,0,3 and a fluorite-type §-Bi,O3-based
solid solution [13, 119, 120]. The Bi4V,0;; compound
belongs to the aurivillius family (n=1) and has an



orthorhombic lattice (z-phase) at room temperature,
which can be considered as an ordered modification of
the high-temperature tetragonal y-polymorph [117, 122].
On heating BiyV,0,;, the a—f and f—y phase transi-
tions take place at 713 and 823 K, respectively, while the
large thermal hysteresis on cooling may decrease the
polymorph-transformation temperatures down to 638
and 663 K, correspondingly [117]. Incongruent melting
of this bismuth vanadate occurs at 1153 K [13, 117]. A
brief summary of the Bi,O3-V,Os phases is given in
Table 6.

Metastable solid solutions based on the bismuth
oxide fluorite-like - and sillenite-type y-phases can be
easily obtained in the BiO3-V,0Os system [120]. For
example, quenching of solid phases and melts leads to
formation of the fluorite phase in the range 8.8—11.5 and
7.2-12.1 mol% V,0s, respectively [120]. This suggests
that some results on single crystals, obtained from melts
(for example [119]), correspond probably to a metastable
phase composition.

As for the Bi,03-P,Os and Bi,O3-V,05 systems, the
fluorite-type J-Bi>Os-based solid solutions exist also in
the Bi,O3-Nb,Os system [40, 123]; this phase is, how-
ever, metastable at temperatures below 900 K [40]. After
preparation by the standard ceramic synthesis route, the
minimum addition of niobia necessary to stabilize the
fluorite phase was found to be approximately 10 mol%
[40]. The maximum niobia content in the fcc phase is
23.5 mol% [123, 128]. When annealed at 77<900 K for a
sufficiently long time, all the Bi,O3-Nb,Os solid
solutions exhibit phase decomposition, resulting in a
conductivity drop [40]. Additions of Nb were shown to
increase the stability of bismuth oxide-based materials
with respect to reduction at low oxygen partial pres-
sures, as illustrated by Fig. 5. Figure 5 presents also the
values of the redundant chemical potential of bismuth
oxide Ap*9(Bi,0;) in the (Bi03);_(NbyOs), solid
solutions, calculated as [123]:
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where Au(Bi,Os5) is the chemical potential of bismuth
oxide in the reaction of its dissolution in the fluorite
lattice:

1

~(Bi203),_,_,(ND,05),+Bir05

L.
— — (B1203)1_X(Nb205)x

a—0 o

(6)

The redundant chemical potential characterizes a
deviation from  the ideal solution, where
Ap*99(Bi,05) =0. In contrast to bismuth oxide stabilized
with REE additions [129], the Bi(Nb)O; 5 5 solid solu-
tions are non-ideal, and the deviation from ideality in-
creases with increasing niobia concentration in the
Bi(Nb)O, 5+ 5 phase [123]. Thermal expansion coeffi-
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Fig. 5 Concentration dependencies of the stability limit at low
oxygen partial pressure (/) and the redundant chemical potential of

A,uadd (Bizog) _ A,u(Bi203) _RT ln(l _ x) (5) El;griuth oxide (2) in the (Bi,03);_(Nb,Os), solid solutions at 923 K
Table 6 Properties of oxide - o ) )
ph ases in the system l]?»altl\(/) Structure ]I;;rt;lr(;eeters Ref. Phase changes Ref.
B1,05-V205 Process T(K)
12:1 bce cubic - [120] Decomposition 1038 [120]
6:1 Monoclinic a=2.0007 nm, [110] Congruent 1213 [117]
b=1.1549 nm, melting
¢=1.9836 nm,
£=96.63°
4:1 Hexagonal a=0.381 nm, [119] Incongruent 1193 [117]
b=0.998 nm melting
3:1 Incongruent 1164 [13]
melting
2:1 Orthorhombic a=1.684 nm, [122] Incongruent 1153 [13]
b=1.662 nm, melting
¢=1.530 nm o—>p 713 [117]
p—y 828 [117]
1:1 Orthorhombic - [114] Congruent 1213 [13]
melting
oa—p 528 [117]
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cients of some (Bi,O3);_(Nb,Os), ceramics are given in
Table 3.

Selected results on the transport properties of V-, Nb-
and Ta-containing phases have been published [40, 89,
93, 96, 115, 125, 127, 130, 131, 132, 133]. These oxides
were mainly considered as materials for technical
applications such as electronics, and no detailed elec-
trochemical characterization was carried out. For
the fluorite-like solid solutions (BiyO3);_(NbyOs),,
the conductivity in oxidizing conditions is predomi-
nantly ionic; the oxygen ionic conduction decreases with
increasing niobia content (Table 7). As for 4-Bi,Oj sta-
bilized with REEs [39], p-type electronic conduction is
also typical for Bi(Nb)O, 54 s in air [40]. However, the
electron transference numbers of the niobia-stabilized
phases are less than 0.05 (Table 5).

After the pioneering work of Mairesse et al. [134, 135],
a number of articles [48, 136, 137] were focused on the
properties of y-Bi4V,0;;, which may be stabilized down
to room temperature by partial substitution of vanadium
with other metals such as copper or nickel, resulting in

Table 7 The total electrical conductivity of Bi,Os-based ceramics

unusually high ionic conductivity at 500-800 K. Data on
such materials are considered in the section devoted to
ternary solid electrolyte oxide systems.

Bi»03-MO, oxide systems (M=Si, Ti, Ge,
Se, Zr, Ru, Sn, Te, Ir, Pt)

Thermodynamic and structural data, including phase
diagrams and selected phase relationships, have been
published for the systems Bi,O53-SiO, [13, 138, 139, 140,
141], Bi,O5-TiO, [13, 140, 142, 143], Bi,03-GeO, [13,
141, 144, 145, 146, 147, 148, 149], Bi,03-SeO, [150],
Bi,03-RuO, [151, 152, 153], Bi,O5-SnO, [13, 146, 154],
Bi,03-TeO, [86, 155, 156], Bi,O3-IrO, [157] and
Bi,O5-PtO, [13]. In addition, some results can be
found in articles devoted to ternary systems such as
Bi]zSiOzo-BilzTiOZQ and Bi]zGCOzo-Bi]QTiO]Z [158],
Bi1,S1059-Bi;,Ge0yy  [159], Bi,053-TiO,-PbO  [143],
Bi203-GCOz-M€205 (Me=Nb, Td) [160], Bi203—Ga203—
MO, (M =S8i, Ge) [161], Bi,03-CdO-GeO5, [148], Bi»O3-

Composition Conductivity (S cm™") Activation energy Ref.
700 K 1000 K T (K) E, (kJ mol!)
(Bi,03)0.8(Er;03)0.2 - 0.54 400-550 151 [39]
550-800 58
(B1,03)0.75(Y203)0.25 1.9 % 107° 0.27 600-900 93 [18]
910-1010 72
(B1203)0.70(Y203)0.30 5.6 x 107 0.16 650-950 97 [18]
970-1080 77
(B1,03)0.60(Y203)0.40 23 %107 9.3 %1072 660-980 113 [18]
1020-1100 -
(Bi0475Y0.2501.5)0.95(PrOL833)0.05 1.9 x 10; 0.19 S 6301050 101 [47]
(Big.75Y 0.2501.5)0.85(PrO1.833)0.15 1.9 x 10 2.7x10 6301050 99 [47]
(Big.70Y 0.3001.5)0.90(PrO1 833)0.10 1.6 x 107 2.5 % 1072 600-1050 97 [47]
(Big.60Y0.4001.5)0.90(PrO1 833)0.10 7.2 %107 0.12 \ 560-1100 99 [47]
(Bip.5Y0.501.5)0.70(Z1rO2)0 30 3.3x107° 6.8 x 10~ 610-1050 107 [47]
(Bioyszro.osol.525)0,85(Y01.5)0.|5 1.7 x 1075 0.64 520-1070 89 [46]
(Big.95Z10.0501.525)0.80(Y O1.5)0.20 4.8 x 10° 0.42 520-1070 91 [46]
(B@o_gozro_loOl_55)0_85(Y01,5)0_|5 1.0 x 10’? 0.55 520-1070 87 [46]
(B%0A70C00,30)0A90Y0,1001A5 3.1 % 104 0.32 - - [38]
(B}o.oopbo.10)0.80Yo.2001.5 1.4 x 1074 0.26 - - [43]
(B}ogopbo,10)0,75Y0‘2501.5 3.9 x 1074 0.14 - - [43]
(Big.6sPbo.32)0.80Y0.2001.5 4.4 x 10 - - - [43]
Big9oNbg 08015+ 5 - 0.64 760-840 90 [40]
840-1100 62
Big.90Nby.1001 5+ 5 - 0.27 760-1100 93 [40]
Big54aNbo 16015+ 5 - 0.15 7601100 101 [40]
(Big.95Nbg 05)0.90H00.1001 5+ 5 7.4 %107 0.62 530-800 118 [41]
800-1070 70
(Big.95Nbg 05)0.8sH00.1501 5+ 5 45%107° 0.46 580-810 119 [41]
810-1100 73
(Big.92Nbg 08)0.90H00.1001 5+ 5 2.8 %107 0.32 560-830 108 [41]
830-1080 81
(Bi205)0.50(WO3)0.20 - 5.1 % 10:; - - [70]
(Bi203)0.75(WO3)0.25 - » 6.0 x 10 - - [70]
(Bi03)0.80(Sr0)0.20 5.1 x 10 0 - - _ [60]
Bi,V(.9Cug 10555 2.0 x 10~ 0.17 370-730 66 [48]
730-1020 45
Bi; 9Lag Vo 9Cug 1055 5 1.5x 1072 0.12 370-700 62 [48]
700-1010 48
Bi; oPry1V.oCug 1055 5 9.2x107° 8.7 x 1072 390-690 69 [48]

690-1010 50




Sn0,-MO, (M =Si, Ge) [146, 154], Bi,O3-Nb,Os-TeO,
[156], Bi203-T602-WO3 [86], Bilz,xMexII‘020 and Biz,x_
MGXII'2O7,y (MC:SI', Cd) [162], BizWOG-Bi4Ti3012 [88,
95], Bi4Ti3012-Bi2MOO6 [91], Bi2G605-Bi4V2011 [90,
125] and Bi,GeOs- Bi,WOg4 [90]. Work on various as-
pects of single-crystal preparation, including investiga-
tions on melts and single-crystal properties, can be
found in various papers [159, 160, 163, 164, 165, 166,
167, 168, 169, 170, 171]. Among other results, one
should mention data on the interaction of platinum with
Bi,05-MO, melts [170], showing that the rate of reaction
is determined by the dissolution of PtO, and the thermal
stability of the compounds forming in the liquid phase.
The unique optical, electrical and acoustic properties of
some Bi,O3-MO, (M=Si, Ti, Ge) compounds caused
significant attention with respect to their electronic and
defect structures [149, 158, 172, 173], their various
spectra including IR and NMR [159, 164, 165, 166, 174,
175] and their solid state synthesis kinetics [176, 177].

As for many other oxide systems with bismuth oxide,
the Bi,05-MO, systems are characterized by the forma-
tion of a sillenite phase, Bi;;MO,,, whose stability de-
creases with the increasing radii of the doping cations
[21]. For instance, the Bi;;RuO,, phase is thermody-
namically metastable [153], in contrast to the stable
Bi]zSiOzo, BilzTiO20 and Bi12G6020 Compounds [139,
143, 147, 159, 178]. The crystal lattice of sillenite consists
of tetrahedra, formed by dopant cations and oxygen,
placed at the center and corners of the bcc unit cell; the
BiO5 polyhedra are placed between them [118]. Since the
tetrahedral cationic positions can be occupied not only by
dopant ions but also by Bi*" and Bi®*, formation of the
sillenite phases depends on the oxygen partial pressure
and thermal pre-history, which determine the oxidation
state of bismuth. This feature, and possible stabilization
of metastable states in the course of synthesis from melts
[179], is the source of some disagreement in the literature
on sillenites (e.g., see [138, 144]).

Among other oxides of potential interest as ionic
conductors, one can mention phases with the Bi:M
ratio equal to 2:1 and 4:3. Their formation is common
for M*" cations with moderate radii such as Si, Ge,
Ti or Se [138, 139, 142, 143, 144, 147, 150, 178]. Note,
however, that Bi,SiOs; and Bi,GeOs are metastable,
while the 4:3 phase in the Bi,O3-SeO, system does not
exist. The crystal lattice of Bi,GeOs is close to that of
aurivillius-type compounds [145]; this phase forms
solid solutions with members of the aurivillius family
such as BiyV,0O;; and Bi,WOg¢ [90, 125]. No binary
compound forms in the Bi,03-ZrO, system, and the
mutual solid solubility of monoclinic zirconia and
bismuth oxide phases is negligible [47]. Pyrochlore
phases Bi,M,0O; are formed for M=Sn, Ru, Ir or Pt
[13, 146, 150, 151, 152, 153, 157, 162].

The Bi,05-MO, phases were mainly studied not from
a viewpoint of high-temperature electrochemistry, but
for applications in other fields such as electronics and
optics. Owing to this, no data can be found on transport
properties at elevated temperatures, except for the total
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conductivity. Results on electrical properties of Bi,Os-
MO, oxides and related materials have been published
[125, 131, 149, 158, 159, 162, 173].

The Bi»05-M,0; (M=B, Al, Sc, Ga, In)
and Bi,05-Me0O, (Me=Cr, Mn, Fe, Co, Pr, Th) systems

Formation and properties of the Bi,O3-M,O; phases

Selected phase relationships and phase diagrams in the
Bi,O3-M,05 systems, with M =B [180, 181], Al [182,
183], Ga [183, 184, 185] or In [183, 186, 187] can be
found in the literature. Sillenite phases, where the Bi:M
ratio is 12:1 (B, Al) or approximately 24:1 (Ga, In), form
in all these systems. The latter compounds may be rep-
resented as Bi',,[BiYM"Oy, [118, 186]; the variable
valence of bismuth in such oxides determines the rele-
vance of oxygen pressure and thermal pre-history on
their formation. Owing to this reason as well as to non-
negligible solid-solution domains [13], published data
on sillenite composition are characterized by some
disagreement [13, 106, 143]. As for other systems with
bismuth oxide, the stability of the sillenites decreases
with the increasing ionic radii of M>*. The sillenite
phase in the Bi,O3-In,O3 system is, hence, metastable at
room temperature [186], but may be stabilized by addi-
tions such as P,Os [118]. For M = Al or Ga, formation
of the BiAlO;, Bi,Al;O9 and Bi,Ga,Oy phases was
reported in addition to the sillenite solid solutions [1,
182, 184]. However, formation of the 1:1 phase in the
Bi,O3-Al,0O5 system is questionable [188]. Some data on
Al- and Sc-containing ternary compounds with the py-
rochlore structure have been published [127].

Information available on the transport properties of
the title materials is limited. Oxygen ionic conduction
was studied only for some Bi,O;-In,O; compositions
[187]. The ceramics Bi; ,In, O, s, containing sillenite (y*-
Bi,03) and In,Os-based solid solutions, exhibit a mixed
ionic-electronic conductivity; the oxygen ion transfer-
ence numbers of Ingg7Bip340; 5 are in the range 0.5—
0.6 at 850-970 K [187]. Since the conductivity of indium
oxide is predominantly electronic (for instance, see [189,
190]), this behavior suggests a significant ionic conduc-
tivity of the sillenite phase, which is in agreement with
the data on other sillenites considered below.

Oxides in the systems Bi,O3-MeO,
(Me=Cr, Mn, Fe, Co) and transport properties

For these systems, phase diagrams and data on separate
phase relationships have been published for Me=Cr
[191, 192, 193], Mn [193, 194], Fe [192, 195, 196, 197,
198] and Co [37, 38, 45, 193, 199, 200]. In addition, some
data on Bi-Me-O compounds are also available in work
dealing with the pseudobinary systems BiFeOs;-LnFeO;
(Ln=La, Pr) [201, 202], BiFeO5-LaAlO; [203], Bi,Os-
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LiFesOg [204], and with sillenite [21, 118, 141] and py-
rochlore [127] phases. As a general feature, formation of
the sillenite phases is typical for all Bi,O3-MeO,. systems,
but depends, as could be reasonably expected, on the
oxidation state of bismuth and the transition metal
cations. For example, the composition of the sillenite
phase in the Bi-Mn-O system was reported as
Bi'""L[BiYMn'"O,, [118] and Bi™,[Mn"]0,, [193],
whereas no sillenite phase was mentioned for the Bi,Os-
Mn,0; system [13, 188]. As for other Bi,Os-based
systems, the sillenite phases are characterized by non-
negligible homogeneous solid solution formation
domains. In particular, the bcc solid solution BiOj s-
Co0O;33 was found in the approximate range
(4-7)£ 1 mol% of cobalt oxide [38, 200], which covers
the Bi:Co ratios in the Co-containing sillenite phase of
12:1 [193, 199] and 24:1 [205]. When the transition metal
concentration is insufficient to form the y*-phase, the
tetragonal * and monoclinic « polymorphs exist in the
binary systems. Formation of the perovkite-related
phases BiMeO; was reported for Me=Cr [192], Mn
[194] and Fe [192, 195, 197, 201, 202]; however, the
thermodynamic stability of these compounds is very
problematic (for instance, see [188, 191, 193]). Among
other oxides which might be of potential interest as
mixed conductors, one can list Bi,Fe Oq [192, 195] and
the solid solutions Bi_, Cr,O; 545 (x=0.13-0.25) with
an orthorhombic structure [191].

Electrical properties of the Bi,O3-MeO, phases, in-
cluding the total conductivity and oxygen ion transfer-
ence numbers, have been studied [37, 38, 45, 131, 193,
200, 203, 206, 207, 208, 209]. The sillenite phases as well
as tetragonal Bi;gCrOgo were established to exhibit a
mixed oxygen ionic and p-type electronic conduction in
air [37, 38, 45, 193, 200]; the ionic contribution to the
total conductivity increases drastically with temperature,
especially at 7>900 K (Fig. 6). This behavior is similar
to that of pure bismuth oxide when the polymorph
transformations take place (Fig. 1). However, with
increasing temperature, no phase changes were found by
high-temperature XRD for at least Co-containing sille-
nite [38, 200], suggesting that the increase in ionic con-
ductivity is caused by the oxygen sublattice disordering.
The p-type electronic conductivity of the 7y*-phase-
containing ceramics increases with increasing transition
metal dopant content and oxygen partial pressure [37,
45, 200]. The conductivity of bismuth ferrite, BiFeOs,
and BiFeOs-based solid solutions [131, 203, 209] is, most
probably, predominantly electronic; there are no data
available on ionic transport in this phase.

Mixed conductors of bismuth oxide doped
with praseodymia and terbia

Data on Bi,O3-PrO, and Bi,O3-TbO,. ceramics, includ-
ing crystal structure, electrical conductivity and trans-
ference numbers, as well as estimates on catalytic and
electrochemical activity, have been reported [210, 211,
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Fig. 6 Temperature dependence of the oxygen ion transference
numbers of ceramic samples: /, Bi,O3; 2, Bi;4CrO,7; 3, BisgCrOgp; 4,
Bi»4C0,030; 5 Big9C0g.10 5. The data from [193] and [200] are used

212, 213, 214, 215]. No stabilization of the d-phase was
observed for the system with praseodymia, whilst adding
more than 15% of terbium oxide stabilizes the fluorite
phase [210, 211]. The metastability of the J-phase in
other Bi,O3-Ln,03 systems at low temperatures, con-
sidered above, suggests that the fcc Bi(Tb)O; 5 s solid
solutions are also metastable. As for zirconia-based
ceramics doped with variable-valence cations [1], the
ability to vary the electronic conductivity of bismuth
oxide using praseodymia and terbia additions is limited:
the maximum electron transference numbers do not
exceed 0.2 for Bi»O5-PrO, and 0.5 for Bi,O3-TbO, [210,
211]. The ionic conduction in the Pr- and Tb-doped
ceramics decreases with dopant concentration. When
analyzing data [210, 211] on transference numbers, one
should note the obvious correlation between ionic and
electronic conductivity, which may be caused by exper-
imental errors in transport number determinations, as
previously discussed. In particular, a significant polar-
ization resistance of electrodes in the case of e.m.f.
measurements [211] might lead to underestimated ion
transference numbers [11, 65]; in this case the electronic
conductivity values calculated from the measured
t, values is overestimated and correlates to the total
conductivity, predominantly ionic.

lon- and electron-conducting phases
in the Bi,05-M"0 systems

Phase relationships and electrical conduction
in Bi,03-MO (M =Ca, Sr, Ba, Pb) ceramics

As for most Bi,Os-based systems, the solid state inter-
action of bismuth oxide with bivalent metal oxides are
redox reactions involving oxygen from the gas phase.



Hence, consideration of the title phases in the frame-
work of pseudobinary Bi,O3-MO systems is an over-
simplified approach, and a correct phase analysis should
refer to the ternary Bi-M-O systems. However, experi-
mental results available on the oxygen content in these
oxides are limited, owing to the above-mentioned
experimental difficulties. As a consequence, most data
correspond only to phase compositions equilibrated
with oxygen at a given oxygen partial pressure, such as
in air. The oxidation state of the bismuth cations is,
most often, assumed to be 3+, except in recent data on
Ba-Bi-O phases. This assumption will be adopted in this
review, following previous work.

The literature contains phase diagrams and data on
selected phase relationships, mainly equilibrated with
atmospheric air, for the systems Bi,O3-CaO [216], Bi,Os-
CaO-SrO [217, 218, 219], Bi,O3-SrO [13, 220, 221, 222],
Bi,05-BaO [18, 223, 224, 225, 226, 227] and Bi,O3-PbO
[77, 83, 181, 228]. Some data on BaBiO;_s can also be
found [229, 230, 231, 232]. Note that recent work [220,
223, 225, 226, 232] considers the phase composition and
structure of some complex oxides of these systems in
conjunction with oxygen content and/or oxidation state
of bismuth; in particular, Klinkova et al. [225] reported a
cross section of the BaO-BiO, 5-BiO, 5 phase diagram. It
should be also mentioned that, as for some other phase
diagrams, the results [77, 83, 181, 228] on phase rela-
tionships in the Bi,Os-PbO system are quite old and
much less precise than recent data [233, 234]. For this
system, the phase Bing5017 (Bi0_62Pb0.3801_5i5) may be
considered as a promising basis for further modifica-
tions in order to develop novel ionic conductors with
improved properties [43].

While only magnesia and bismuth oxide phases co-
exist in the Bi,O3-MgO system [13], the phase diagrams
Bi,O53-MO (M = Ca, Sr, Ba) are much more complex and
include, in particular, solid solution domains with
rhombohedral structure (so-called f; and f, phases), a
series of layered perovskite-related phases, as well as
solid solutions based on the «- and J-polymorphs of
bismuth oxide [18, 215, 216, 217, 218, 219, 220, 221, 222,
223, 224, 225, 226, 227]. The concentration fields for
formation of rhombohedral phases, with relatively high
and predominant ionic conductivity, lie in the approxi-
mate range from 20 to 25-35 mol% MO; the upper limit
depends on the temperature and on the oxidation state
of the bismuth cations. A typical feature of the rhom-
bohedral Bi(M)O, 5_s solid solutions refers to the f,—f;
phase transition at 800-1000 K, which is accompanied
by a sharp increase in ionic conductivity (Fig. 7) and
significant volume changes [18]. The temperature of this
phase transformation decreases with increasing radii of
the alkaline-earth dopant cations [13]. In the bismuth-
rich part of the Bi,O3-BaO system, further increase
in barium concentration results in the formation of
the homologous perovskite-related series Ba,,Bi,,,0,;
these compounds are unstable at low temperatures and
decompose, forming the rhombohedral phase and
perovskite-like barium bismuthate, BaBiO;_s [223].
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Increasing barium content in the Bi,O3-BaO ceramics is
associated with a permanent increase in p-type electronic
conductivity (Fig. 7), which becomes predominant for
BaBiO; s [18, 229, 230]. Notice that ionic transport in
barium bismuthate is still considerable, providing a
significant oxygen permeability of BaBiO3 s membranes
[229]. As found for Ba-doped bismuth oxide phases, the
Bi,O5-SrO and Bi,O3z-PbO oxides also exhibit mixed
ionic and p-type electronic conduction in oxidizing
conditions [60, 105, 221]; the oxygen ionic contribution
to the total conductivity increases, as a rule, with
increasing temperature (for example, Table 8). Com-
parative data on the properties of some Bi,O3-MO
compositions are given in Tables 3, 4 and 7.

Compounds of bismuth and divalent transition
metal oxides (M =Ni, Cu, Zn, Pd, Cd)

Phase diagrams in the systems based on Bi,O; and
divalent transition metal oxides are essentially simpler
than those with alkaline-earth metals. For the Bi,Os-
NiO system, there is no evidence for the formation of
binary compounds [235]. In the case of M =Cu or Pd,
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Fig. 7 Temperature dependence of the oxygen transference
numbers (A) and the total electrical conductivity (B) of
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the phase diagrams show the existence of only one
phase, Bi,MOy [235, 236, 237, 238, 239, 240], thermo-
dynamically stable at oxygen pressures close to air. The
compounds Bi,CuO,4 and Bi,PdO, are isostructural and
form a continuous series of solid solutions [235, 238].
The tetragonal crystal lattice of these oxides was
ascribed to the space groups P4/ncc [235, 237, 239] or
P4/mmm [18, 241]. Bismuth cuprate possess oxygen
hypostoichiometry even at low temperatures in air [242];
heating Bi,CuQ,4_; leads to increasing o, which reaches
about 3-4% of stoichiometric oxygen content on
approaching the melting point (~1123 K) in air [235,
239, 243]. The maximum oxygen hypostoichiometry
representing the stability limit of the bismuth cuprate
phase was as high as 6=0.5, corresponding to mono-
valent copper [243]. Contrary to bismuth cuprate,
Bi,PdO, is less stable with respect to oxygen losses and
decomposes into metallic Pd and Bi,O; when heated
even up to 1078 K in air [235]. Notice that some data on
Bi,CuO,4 s and derived solid solutions can be found in
work on the pseudobinary and ternary systems Bi,.
CuOy4-Ln,CuOy4 [49, 244], Biy03-SrO-CuO [245] and
Bi1_5Y0_503-Bi2CUO4 [18, 246]

For the Bi,O3-ZnO and Bi,03-CdO systems, phase
diagrams and the structures of separate phases have
been published [148, 247, 248, 249, 250, 251, 252, 253,
254]. In addition, the crystal structure of several sille-
nite- and pyrochlore-type compounds containing Cd
and Zn was studied [21, 118, 127]. One should also
mention work [255, 256] devoted to the properties of
melts and single crystals of these systems. While for-
mation of Bi,CdOy is observed in the Bi,O5;-CdO sys-
tem, zinc oxide does not form the 2:1 compound (Bi:M)
with bismuth oxide. However, in contrast to the systems
with Ni, Cu and Pd, sillenite phases form when M =Z7Zn
or Cd, with filled d-shells [247, 248, 250, 251]. As for
other y*-Bi,03-based solid solutions, formation of the
sillenite phases depends strongly on the bismuth
oxidation state and, therefore, on the preparation
method and thermal pre-history of the samples; this
causes contradictions in the literature on the exact
cation composition of the bec solid solutions [21, 118,
247, 248, 250, 251]. The cadmium-containing sillenite
phases forming in atmospheric air have a Bi:Cd ratio
equal to 12:1 and 10:3 [148, 248, 249, 250]; the ther-
modynamic stability of these compounds at tempera-
tures below 900 K may be, however, questionable [13].
An interesting feature of the sillenite-type 5Bi,O3-3CdO

is the polymorph transformation at approximately
913 K, associated with a significant decrease in volume,
resulting in the formation of an anion-deficient phase
with a bec structure (space group 7432) [248, 251]. The
crystal lattice of Bi,CdOy is tetragonal (space group 74,/
amd), with infinite channels large enough for oxygen ion
transfer [253].

The literature contains data on transport properties
of Bi,CuO, and solid solutions based on bismuth
cuprate [18, 49, 238, 239, 240, 241, 242, 243], Bi,PdO,
[238], Bi,03-ZnO and Bi,O3-CdO ceramics and single
crystals [248, 253, 257, 258]. According to these results,
the Bi,CuO,4_s phase in oxidizing conditions exhibits a
predominant p-type electronic conductivity, which in-
creases with increasing oxygen content in the oxide [18,
242, 246]. The oxygen ionic contribution to the total
conductivity of bismuth cuprate becomes significant
when the temperature increases up to 900-1000 K, but
the oxygen ion transference numbers still do not exceed
0.05 [18, 239, 242]. The increasing role of ionic transport
in Bi,CuOy4_s with increasing temperature correlates to
oxygen losses, suggesting a vacancy mechanism for ionic
conduction. Doping of bismuth cuprate with Ni, which
leads to oxygen hyperstoichiometry, has no impact on
ionic conductivity [242], unlike in the case of K,NiF,-
type oxides such as La,CuOy, . s where increasing oxygen
hyperstoichiometry results in a higher ionic transport
due to oxygen interstitial migration [259, 260]. Figure 8
shows the temperature dependencies of the total con-
ductivity of some Bi,Oj-based electronic conductors,
including Bi,CuO,4_s. Owing to a high electrocatalytic
activity, bismuth cuprate may be used as a sintering aid
in the fabrication of La(Sr)MnOj; s electrode layers
deposited onto zirconia-based solid electrolytes [241,
261, 262, 263]. Small additions of Bi,CuO4 s to the
manganite electrodes provided considerably low polar-
ization resistances.

As for other sillenites and Bi,MO,4 compounds, ox-
ides of the Bi,O3-CdO and Bi,03-ZnO systems also have
significant ionic contributions to the total conductivity
at temperatures above 900-1000 K [248, 253, 257]. For
instance, the oxygen chemical diffusion coefficient of the
high-temperature Bi;qCd;0,5_s polymorph quenched
down to 823 K, calculated from thermal gravimetry
data, was 6 x 10°® cm? s [248]. The oxygen ionic con-
ductivity of Bi,CdOy increases with lower-valence cation
doping, suggesting a vacancy mechanism for ion mi-
gration; the ion transference numbers of this phase at

Table 8 Transport properties

of Bi,SrO, calculated from the Transport parameter T (K) Ac‘ull/anon1 energy,
results on the total conductivity 1023 K 1073 K 1123 K E, (kJ mol™)
and e.m.f. [221]
Ionic conductivity, 0.11 0.15 0.22 68.6
g, (S cm’l)
Electronic conductivity,  0.067 0.076 0.085 21.2
0. (Scm ™)
Ion transference 0.62 0.67 0.72 -

number, 7,




1020-1120 K vary in the range 0.5-0.8 [253]. In general,
however, practical use of the Bi,O3-MO phases as mixed
conductors seems to be unlikely owing to the relatively
low ionic conductivity as well as numerous phase
transitions.

Solid electrolytes and mixed conductors
of Bi»03s-based multicomponent systems

As demonstrated in the previous reviews [1, 2, 3], the
number of oxide phases in the ZrO,-, HfO,- and CeO,-
based systems is relatively small, and only a few of those
are acceptable for electrochemical applications. Really,
only solid solutions with the cubic fluorite-like structure,
and several doped perovskite- and pyrochlore-type
compounds based on zirconia, ceria and hafnia, may be
considered for practical use. In contrast, bismuth oxide
forms a variety of binary and ternary phases, as briefly
listed above. However, while the applicability of a
material requires an exact knowledge of, at least, partial
ionic and electronic conductivities and stability under
operating conditions, only a limited number of Bi,Os-
based oxides have been properly characterized. For ex-
ample, for many ternary and quaternary compounds of
the aurivillius family, only the total conductivity was
reported [89, 93]; however, these materials presumably
possess a high ionic conduction at temperatures below
700 K. Owing to these constraints, only materials
properly characterized are considered hereafter as solid
electrolytes or mixed conductors. Among such materials,
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Fig. 8 Temperature dependence of the total conductivity of Bi>,Os-
based electronic conductors in air [230, 242]: I, BaBiOs; 2,
BaBi0‘6La0A4O3; 3, BaBio‘(,Pro‘403; 4, BaBiO.2Pr0.803; 5, BizCuO4;
6, BizCU()_gNi()_204
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there are ternary and quaternary phases based on J-
Bi,05 stabilized with REE or higher-valence metal ox-
ides (0*-Bi,05) [18, 37, 38, 41, 42, 43, 44, 45, 46, 47, 53,
59, 102, 264, 265], y-Biy4V,0,; stabilized by partial sub-
stitution of vanadium with transition metals such as Cu
or Ni (BIMEVOX) [48, 136, 137] and dual-phase mixed
conductors consisting of a solid electrolyte phase (typi-
cally, 6*- or y*-Bi,03) and an electronically conducting
phase like BaBiO;_;, Bi,CuO4 s or CoO, [18, 37, 38, 45,
61, 62, 227, 246, 266, 267, 268, 269, 270]. The common
trends for these multicomponent oxides may be
summarized as follows:

1. Incorporation of a third metal oxide into the ceramic
composition has no effect on the stability of the
Bi,O3-based materials with respect to reduction at
low oxygen pressures. For example, no increase in the
stability of Bi,O3-WOs solid solutions is observed
when doping with REE oxides, Mg, Ca, Al or Pb
[102]. Analogously, the stability limits of the solid
solutions co-doped with different REE oxides are
close to those characteristic of the Bi,Os-based
systems containing one single dopant [18].

2. The thermal expansion of most Bi,Os-based phases is
relatively high (Table 3), but decreases slightly with
increasing dopant concentration. This tendency
shows the correlation between thermal expansion and
ionic conduction, which decreases with doping. For
most well-known Bi,Os-based solid solutions, low-
ering of thermal expansion without reduction of ionic
conductivity, by substitution of other metal cations
for bismuth, is impossible. In the case of multiphase
ceramics, thermal expansion is determined by the
volume fractions and TECs of all phases present in
the system.

3. Most of the known single-phase solid solutions based
on bismuth oxide show p-type electronic conductivity
in air. Doping of the Bi,Os-based phases with vari-
able-valence cations such as Co, Mn or Pr leads, as a
rule, to a greater electronic conduction. However,
within the concentration limits of solid-solution for-
mation, the variation of the electron transference
numbers is relatively small, usually not exceeding 0.2.
Only BIMEVOX phases doped with transition metals
or praseodymium oxides show negligible changes in
electronic conductivity ([136], Table 9). In this case,
however, the solid solution formation concentration
ranges are quite narrow.

4. As for binary systems, the ionic conductivity of
ternary and quaternary solid solutions based on
bismuth oxide exhibits a maximum for dopant
concentrations close to the low stabilization limit and
decreases with further substitution of bismuth. For
dopant contents below the stabilization limit, the
ionic conductivity is lower than the conductivity of
completely stabilized phases at temperatures below
the characteristic temperature of formation of
ionically conducting phases; at higher temperatures
the behavior is reversed.
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5. As a general rule, segregation of secondary phases at
grain boundaries of Bi,Os-based ceramics leads to
decreasing ionic conductivity and increasing elec-
tronic transport. This is often associated with the
blocking of ionic conduction at the grain boundaries
and redistribution of the components between phas-
es. For example, doping Bi(Y)O; 5 solid solutions
with BaO leads to formation of BaBiOs 5 and, thus,
to a decrease in bismuth content in the fluorite-type
phase, which results in a lower ionic conductivity [18,
62, 227, 266].

Some of these features are observed also for the
perovskite-related phases of the systems Bi-M"-Co-O
(M =Ca, Sr) [271, 272,273, 274, 275] and Ba(Bi, Ln)O;3 5
(Ln=La, Pr) [229, 230], having predominant electronic
conductivity. However, in this case the dependencies of
the transport properties on composition are more com-
plex. In particular, both ionic and electronic conduc-
tivities of BaBi;_.Ln,Os_s (x=0-0.4) solid solutions
decrease when bismuth is substituted by rare-carth
cations [229]. At the same time, such substitution leads
also to decreasing thermal expansion, which is similar to
the behavior of other Bi,Os-based materials.

Fluorite-like ternary solid solutions

Within experimental error, single-phase solid solutions
and multiphase ceramics in the ternary systems Bi,Os-
Y,05-ZrO; [41, 44, 46, 47, 59, 63], Bi,05-Y,03-La,0;3
[18, 265], Bi,03-Y,05-BaO [18, 62, 227, 266, 267], Bi,O3-
Y,05-PbO [42, 43, 264], Bi,03-Y,03-CuO [18, 61, 246,
268], Bi203-Y203-CaF2 [46, 47], Bi203-H0203-Nb205
[41, 59], Bi,O3-Y,05-PrO, [44, 45, 47, 53] and Bi,O3-
Y,05-Co0, [37, 38, 45, 200, 270] behave according to
the above-mentioned trends. Analysis of data on ternary
solid solutions shows that co-doping of Bi,O3; with two
or more metal oxides may be useful to increase the
conductivity and improve the material’s phase stability.
The increasing ionic transport is associated with the fact
that the minimum dopant concentration necessary to
stabilize the *-Bi,O5 phase is often lower in the ternary
systems than in binary solid solutions. This results in a

Table 9 Oxygen ion transference numbers for BiyV,04;-based ce-
ramics determined by the e.m.f. method under an oxygen partial
pressure gradient of 1.0/0.21 atm [48]

Material Phase T (K) to
composition®

Bi>V.90Cu0.1005.5-5 y 908 0.90
850 0.98
785 0.98

Bij9oLag.10V0.90Cu0.100555 7 908 0.92
846 0.99

Bi;.90Pr0.10V0.90CU0.1005.5-5 y+1 908 0.94
846 0.98

#» and I correspond to the y-Bi4V,01; phase and phase impurities,
respectively

higher conductivity of compositions corresponding to
the low stabilization limit, as observed for the solid so-
lutions Bi(Y, Zr)O; s+ 5 [41, 44, 46], Bi(La, Er)O; 5 [18,
265], Bi(Nb, Ho)O; 5+ s [41] and Bi(Y, C0)O; 5_5[37, 38].
Table 10 lists the values of partial ionic and electronic
conductivities of Bi,03-Y,05-CoO, ceramics, showing
the 6*-phase co-stabilization effect by yttrium and cobalt
oxide additions.

A possible improvement in the stability of the fcc
phase in the multicomponent systems could be achieved
by suppressing the phase transformations, associated
with cation diffusion, by introduction of higher-valence
cations, such as Zr*" or Th*", which decrease the
interdiffusion coeflicients [276]. However, the long-term
Stdblllty tests of Bi203-Y203-Zr02 and Bi203—H0203-
Nb>Os [41, 59] solid electrolytes demonstrated that the
decomposition of the é*-phase still takes place even at
873 K; additions of zirconia or niobia lead only to a
lower rate of phase transformation. Zirconium dioxide is
preferable as dopant (with respect to niobium pentox-
ide), as at 873 K no conductivity degradation was ob-
served with time for Zr-doped materials (Fig. 9). It
should be noted that degradation of the electrochemical
cells may be caused also by interaction between Bi,Os-
based ceramics and electrode layers [18, 59, 200], as
illustrated in Fig. 9 for silver electrodes. These factors
narrow the temperature applicability range of §-Bi,Os-
based solid solutions to approximately 900-950 K; the
lower and upper limits are determined by the phase
stability and interaction with electrodes, respectively.

BIMEVOX-based ceramics

Solid solutions based on y-Bis V5,0, stabilized down to
room temperature by partial substitution of transition
metal cations such as Cu and Ni for vanadium, exhibit
superior ionic conductivity at temperatures below 8§00 K
(Fig. 2); the oxygen ion transference numbers of such
materials are close to unity (Table 9). Compared to the
fluorite-like Bi,Os3-based oxides, doped bismuth vana-
date has an important advantage, namely the absence of
phase decomposition at low temperatures. For instance,
Fig. 10 shows that the conductivity of Bi,V(oCug 055 5
(so-called BICUVOX.10) is independent of time at
temperatures as low as 780 K. This might enable a
significant reduction of operating temperatures of elec-
trochemical cells such as oxygen pumps, resulting in
considerable economic benefits. At the same time,
practical use of bismuth vanadate-based ceramics for
electrochemical applications is complicated owing to an
extremely high chemical reactivity and low mechanical
strength [48, 137]. Improvements in the chemical sta-
bility and strength of these materials can be obtained
when bismuth is partially substituted with REE cations
[48]; however, the solid solubility of lanthanum
and praseodymium in the bismuth sublattice is low,
preventing large changes in the properties of BIMEVOX
phases [48, 136, 137]. In addition, the conductivity of
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Table 10 Phase composition
and partial ionic and electronic
conductivities of (Bi;_yCoy)-,

Cation composition

Phase composition®  Partial conductivities® at 1050 K

1 —1
Y,0, 5_5 ceramics [270] * Y 7o (S em ) o (S cm ™)
0.10 0.10 o+ 0.2 0.01
0.20 0.08 p+9o 0.18 0.01
0.10 o+ 0.27 0.01
0.11 o 0.53 0.03
0.30 0.07 p+dé+Co - -
0.09 d+7y+Co 0.12 0.01
0.10 o 0.41 0.09
0.14 o+ Co 0.47 0.09
0.40 0.07 - 0.28 0.03
0.10 0+ Co 0.38 0.18
0.50 0.05 d+y+Co - -
0.07 6+ Co 0.57 0.13
0.09 d+Co - -
0.10 0+ Co 0.36 0.20
0.12 0+ Co - -
0.14 d+Co 0.39 0.24
0.60 0.10 0+ Co 0.31 0.25
0.14 o+ Co - -
0.70 0.10 0+ Co 0.26 0.53
0.12 6+ Co - -
0.14 d+Co - -

4B, 7, 6 and Co correspond to the tetragonal f-, bee y- and fee d-phases of bismuth oxide and the

Co30, phase, respectively

®The partial conductivities were calculated from the total conductivity and oxygen ion transference
numbers determined by the e.m.f. method under an oxygen pressure gradient of 1.0/0.21 atm

BIMEVOX decreases with doping into both bismuth
and vanadium sublattices. Comparative data on doped
bismuth vanadate ceramics are given in Tables 3 and 7.

Weak mechanical properties are typical not only for
doped y-BiyV,04; ceramics but also for most known
Bi,0O3-based materials, including fluorite-type solid
solutions (e.g., [277]). Along with easy reduction at low
oxygen pressures, this feature essentially limits the
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Fig. 9 Time dependence of the apparent electrical conductivity of
(Big.95Z10.05)0.85Y0.1501.5+5 (I, 2), (Big.93Zr0,07)0.85Y0.1501.5+5 (3)
and (Bi0_95Nb0_05)0_35H00_]50[_5+(5 (4, 5) at 873 K in air: / and 4, Pt
electrodes; 2 and 5, Ag electrodes; 3, electrodes of Lag ;Sry3C00;
cobaltite. Data from [59] are used

applicability in high-temperature electrochemical cells,
usually having to face thermal shocks and mechanical
stresses [9]. These problems might be solved using
multilayer cells with a layer of Bi,Os-based ionic con-
ductors applied on other materials, acting as mechanical
support and protection against reduction. However, the
high thermal expansion coefficients of bismuth oxide
ceramics (Table 3) complicate this solution.

Electrochemical properties and application tests
of Bi,03-based materials

Interaction with electrodes

The high chemical reactivity of Bi,Os-based ceramics
results in numerous technological problems during
fabrication of electrochemical cells and long-term
operation. Most of these problems refer to interaction
between electrolyte and electrode materials, leading to a
perforation of bismuth oxide through the electrode,
decreasing electrical conductivity and electrochemical
activity of the electrode layers, and formation of
diffusion layers between the electrode and electrolyte
[38, 44, 46, 48, 59, 200, 277, 278, 279]. In addition, the
electronic conductivity of the solid electrolyte might
increase owing to diffusion of the electrode material.
Silver electrodes were found unstable in contact with
0*-Bi,Os3- and Bi4V,0; -based ceramics [48, 59]. Layers
of Pt exhibit a better stability (Figs. 9 and 10), but
interaction with bismuth oxide is found also in the case
of platinum [13, 18, 97, 170, 171, 280]. The reaction of
Bi,0s-based electrolytes with perovskite-like cobaltites
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Fig. 10 Time dependence of the apparent electrical conductivity of
Bi,V(.9Cuo.105.5 5 (1) and BijgLag Vo oCup 055 5 (2—4) at 780 K
in air: / and 2, Pt electrodes; 3, Ag electrodes; 4, electrodes of
Lag 7Sr3C00; 5. Data from [48] are used in the figure

of REE and strontium, which are promising electrode
materials for electrochemical cells owing to high con-
ductivity and electrochemical activity [38, 44, 278, 279,
281], occurs firstly in the course of electrode fabrication.
Studies of diffusion layers between Bi(Y)O;s and
La(Sr)CoO;_s showed the formation of perovskite and
fluorite solid solutions and cobalt oxide phases [38,
200]. In contrast with pyrochlore layers forming in cells
with zirconia solid electrolytes and manganite electrodes
[1, 2], the diffusion layers in cells with bismuth oxide
could not be considered as completely blocking, since
the phases formed possess significant mixed conductiv-
ity. At the same time, incorporation of bismuth into the
perovskite phase leads to essentially worse oxygen
transport (Table 11). Also, a decrease in ionic conduc-
tivity of the bismuth oxide ceramics takes place when
the REE concentration increases or the cobalt oxide
phase content becomes high (see [37, 38], Table 10).
Thus, interdiffusion of Bi,O3-based electrolytes and
cobaltite electrodes leads to worse oxygen transport
through the electrode-electrolyte interface and electrical
conduction along the electrode [46, 278, 279]; new
electrodes or fabrication technologies are needed to
avoid this detrimental interaction. As an example,
Fig. 11 shows the temperature dependence of sheet re-
sistance, normalized to the electrode thickness, for
Lag ;Srg3C005_s electrodes prepared by different tech-
niques. The sheet resistance increases with annealing
temperature but is a minimum for layers prepared by
spraying nitrate solutions over heated solid-electrolyte
substrates, when the interaction between materials is
minimized [200, 278].

Interdiffusion of bismuth oxide electrolytes and lan-
thanum-strontium cobaltite and manganite electrodes
takes place also in the course of operation of electro-
chemical cells, even at 970 K [277]. Decreasing operating

temperatures are needed to suppress the interaction. As
mentioned above, this behavior limits the possible use of
0*-Bi,O3-based electrolytes, since at temperatures below
870 K this phase becomes metastable.

Oxygen exchange of Bi,Os-based oxides

Isotopic oxygen exchange (OE) between bismuth oxide-
based solid electrolytes and the gas phase was studied as a
function of temperature, oxygen partial pressure and
electrolyte composition [47, 284, 285, 286, 287, 288, 289,
290, 291, 292]. OE data on Bi-containing high-tempera-
ture superconductors have been reported [289, 293, 294].
Owing to the higher electronic conductivity of Bi,Os-
based electrolytes, their oxygen exchange rates are 50-100
times higher than for stabilized zirconia (Fig. 12). Anal-
ogously, applying porous platinum layers onto the bis-
muth oxide ceramics has no significant effect on the OE
rate, whereas the surface exchange of zirconia can
be dramatically increased by deposition of layers of
electronically conducting materials such as Pt, PrO, or
Lag ;Srg3C005_5[289]. Comparison of exchange currents
of the Pt/Bi goErg 500 s system, measured by the isotopic

Table 11 Electrical conductivity and oxygen permeability of
La; Bi,CoO; s ceramics [200, 282, 283]

X o (Scm ') Specific oxygen permeability,® J(O,)
(mol s' cm™)
1115 K 1115 K 1175 K 1240 K
0 8.75x 10> 3.63x10° 407x10° 4.68x1078
0.05 891x10° 0.62x10° 098x10° 135x10°
0.10 7.24x10* 022x10%  028x10°% 048x 1078

4 The values of the oxygen permeability are averaged in the oxygen
partial pressure range 5 x 10° to 2.1 x 10* Pa
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Fig. 11 Temperature dependence of the sheet resistance of
Lag-SrosCo05 s electrodes (sheet density, 20-24 mg cm 2),
normalized to the electrode thickness (d), in air [38]. The electrodes
were prepared on Big 75Y (250, 5 substrates by firing of the powder
at 1190 K (7), and by spraying of nitrate solution at 950-970 K (2)
and 870-900 K (3)



method and calculated from polarization resistance
measurements, demonstrated that only part of the oxygen
is exchanged via electrochemical reactions over the elec-
trode, clearly indicating a significant contribution of the
electrolyte surface to the total OE rate [289]. Praseo-
dymium oxide doping is responsible for increasing elec-
tronic conductivity [44, 45] but only slightly higher OE
rates [287]; the opposite effect was observed for additions
of ZrO, and CaF,, which result in partial blocking of the
electrolyte surface [47, 284]. In general, data on oxygen
exchange suggests that electrode layers on Bi,Os-based
solid electrolytes play mainly the role of current collec-
tors, as opposed to the case of zirconia electrolytes where
the OE kinetics is determined by the electrodes.

Detailed analysis of data on isotopic exchange ki-
netics of Bi,Os-based electrolytes (e.g., Fig. 13) showed
that the OE rate is kept essentially constant when the
depth of the bulk oxide participating in the OE processes
increases up to 7-40% of the total oxygen content in
the oxide bulk [287]. Such depths significantly exceed
the oxygen monolayer thickness, showing that the bulk
diffusion in Bi,O3-based ceramics is much faster than the
surface exchange [286, 287]. This was confirmed also by
estimates of oxygen self-diffusion rates, which are higher
than the surface exchange rate by ~10° times at 973 K.
Therefore, the limiting stage of the OE reaction in
Bi,0O3-based solid electrolytes is localized on the surface.
Similar conclusions were obtained for Bi-containing
superconducting phases [293].

For the fluorite-type solid solutions based on bismuth
oxide, the dependence of oxygen exchange rate (R) on

log R (mol*cm2#s71)

9 10 11 12 13
1041,k

Fig. 12 Temperature dependence of the interphase oxygen ex-
change rate at an oxygen partial pressure of 1.33x10° Pa [47, 284,
287]: 1, Big75Y02501s5 2, (Big.75Y0.2501.5)0.95(Zr02)00s; 3,
(Big.75Y0.2501.5)0.70(Zr02)0.30; 4, (Big.75Y0.2501.5)0.95(PrO1 833)0.05:
5, (Big.75Y0.2501.5)0.96(CaF2)0.04; 6, Big.g0Er0.2001.5; 7, Z10.9Y.101.95
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temperature and oxygen partial pressure can be
adequately described by the equation [287]:

E.
R = Rop, exp (— R—;) (7)

where m is the exchange reaction order, E, is the
activation energy and R, is the pre-exponential factor.
The activation energy for the oxygen exchange of
0-Bi,Os3-based  electrolytes is in  the range
115-176 kJ mol™'; the reaction order is 0.92 and 0.7 for
Big.75Y0.25015s  and  BiggoErg2001.5,  respectively
(Table 12). When analyzing the isotopic exchange types
[295, 296], Kurumchin et al. [285, 287] found a
prevailing exchange type III for stabilized o-Bi,Os,
involving two oxygen atoms of the oxide surface in the
exchange reaction. Note that the reaction order, which
varies between 0.5 (typical for the dissociative adsorp-
tion mechanism [285]) and 1.0, seems to be in agree-
ment with such a conclusion.

Electrochemical properties of metal
and oxide electrodes in contact
with Bi,Os-based solid electrolytes

Electrode polarization in cells including metals (Ag, Pt),
or perovskites such as Ln(Sr)MeO3_s (Me=Mn, Co) or
SrCo(Fe,Cu)O;_s in contact with yttria- and erbia-sta-
bilized Bi,Os-based electrolytes, has been addressed [18,
37, 38, 44, 46, 47, 200, 277, 278, 279, 284, 297]. Data on
double-layer electrode systems consisting of metallic
layers deposited onto underlayers of mixed conductors,
including BaBiO3,(; [18, 227], (Bi0.3C0047)0_9Y0_101_5

1.5
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Fig. 13 Oxygen isotopic exchange kinetics of the Big75Y0.250; s
solid electrolyte [p(0,)=1.33x10> Pa] at 908 K (I), 873 K (2), 845 K
(3) and 822 K (4), where « is the '®0 isotope concentration in the
gas phase, «° is the starting value of «, and y, is the isotope
concentration at equilibrium between the oxide and gas phase.
Data from [287] are used in the figure
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Table 12 Parameters for oxy-

S R 0 Composton e e ons e R

ased oxides and the gas phase E, (k] mol )
Big.75Y0.2501 5 0.28 115 0.92 [287]
(Big.75Y0.2501.5)0.95(Zr02)0.05 0.16 161 - [287]
(Bio.75Y0.2501.5)0.70(ZrO2)0.30 0.03 157 - [287]
(Bio.75Y0.2501.5)0.96(CaF2)0.04 0.20 135 - [287]
(Big.75Y0.2501.5)0.95(PrO1 833)0.0s  0.77 115 - [287]
Bi,04 0.26 200 - [287]
BirO, 0.20 172 0.6 [291]
Big 30Erg 200 5 0.07 176 0.7 [285]
Big.30Er0.2001.5/Pt - 159 0.7 [288]

[37, 200], BiZCuO4 [18, 246], Bio'gTbo'zo]'Ser‘ and
(Big.75Y0.2501.5)0.95(PrO1 833)0.05 [44, 46, 47], is also
available. The trends observed in most data may be
summarized as follows. Firstly, interaction of electrodes
with the solid electrolyte leads to decreasing electro-
chemical activity (e.g., [46, 200, 277, 279]). In the case of
oxide electrode layers, this is associated with a partial
phase decomposition of both electrode and electrolyte,
and with a decrease in ionic conductivity of the solid
electrolyte surface layer owing to diffusion of rare-earth
and/or alkaline-earth cations [38, 200]. For metal elec-
trodes, probable reasons for the increasing polarization
resistance are metal dissolution in the bulk electrolyte and
penetration of bismuth oxide into the electrode surface,
blocking the active zones. Secondly, no direct correlation
is observed between electrochemical activity of oxide
electrodes and partial electronic and ionic conductivities
of the electrode materials [38, 44, 46, 200]. This feature is
clear, taking into account the data on oxygen exchange,
showing a high surface activity of Bi,Os-based solid
electrolytes. As a consequence, deposition of mixed-
conducting underlayers between electrode and electrolyte
has no effect on the polarization resistance [44, 46, 47].
Thirdly, electrocatalytic and transport properties of ox-
ide electrodes and, probably, of the surface layers of
bismuth oxide electrolytes depend on the applied over-
potential (). As a particular result, usually the classical
Butler-Volmer equation is not observed, and establishing
simple relationships between the polarization at low and
high overpotentials is complicated. For example, the
lowest polarization resistance (|| <10 mV) with respect
to other REE and strontium cobaltites was found for the
composition Lag;Srg3C003_5, whereas at higher over-
potentials (|| >40 mV) the minimum polarization was
found for Ndg 5sSry sC005_5[38, 200, 278]. Notice that the
neodymium-strontium cobaltite has significantly lower
ionic conductivity than La(Sr)CoO;_s and Pr(Sr)CoO5_s,
while the electronic conductivities of these cobaltites are
similar [281, 298]; the high electrochemical activity of
Ndy 5Sry. sCoO;5_s should be attributed, hence, to specific
electrocatalytic activity [46].

Cermet electrode layers consisting of Ndgs Srgs
Co0O;_s and metallic silver demonstrated good perfor-
mance (Fig. 14). For instance, using these cermet elec-
trodes, current densities as high as 1.2 A cm 2 can be
reached without decomposition of the Bi(Y)O,; 5 solid

electrolyte, whilst the maximum currents for the cobal-
tite electrodes were about 0.5 A cm 2 [44, 277]. However,
Ag-containing electrode layers are hardly acceptable
owing to melting of silver at moderate overpotentials,
caused by dissolution of oxygen [299, 300], and inter-
action of Ag with Bi,Os-based electrolytes [59].

For most metal and oxide electrodes in contact with
stabilized bismuth oxide, the polarization resistance (R,)
as a function of oxygen partial pressure in the range 1 Pa
to 2.1x10° Pa and temperature 670-970 K can be ade-
quately described by Eq. 8, similar to Eq. 7 [46, 47, 200,
278, 279, 284]:

w (E
Ry = AoTpg" exp (é)

where A is the pre-exponential factor. Table 13 lists the
regression parameters obtained for the cathodic polar-
ization resistance of various electrodes applied on
Big 75Y 02505 solid electrolytes. Similar data on silver
electrodes in contact with different electrolytes are given
in Table 14. As a rule, the regression parameters (Eq. 8)
for anodic and cathodic polarization are close to each
other, within the experimental error limits [44, 46, 47,
200, 278, 279]. Table 13 presents data on both anodic
and cathodic regimes for silver electrodes.

Finally, one should mention the attempts to use sin-
tering aids, such as CuO [277], or to incorporate copper
into the crystal lattice of Sr(Co,Fe)O3_s perovskites [46,
279, 301, 302] in order to decrease the annealing tem-
perature of the electrodes and, thus, to suppress their
interaction with the electrolyte, in the course of fabri-
cation. However, doping with copper was found to
decrease the electrochemical activity of strontium co-
baltites-ferrites [46, 279], which may be caused either by
formation of the Bi,CuQO,4 phase, blocking ionic trans-
port through the electrode-electrolyte interface, or by
abatement of the Cu-doped perovskites’ ionic and elec-
tronic conductivities [301, 302].

(3)

Response of potentiometric oxygen sensors
composed of Bi,O3-based electrolytes

The dynamic characteristics of potentiometric oxygen
sensors based on Bi;_,Y,O;5 (x=0.25-0.50), (Big75
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Fig. 14 Dependencies of overpotential on current density in
atmospheric air: / and 2, anodic and cathodic polarization of
Ag-Ndg 5Srg.5Co0;3 s cermet electrode at 950 K, respectively [44]; 3
and 4, anodic and cathodic polarization of Ndg sSrgsC0O;
electrode at 950 K, respectively [44]; 5 and 6, anodic polarization of
Lag 7Sry3C00;3_s and SrCog sFey 505 5 electrodes at 910 K, respec-
tively [46]. The solid electrolyte is Big 76Z1( 04Y0.2001.50 (curves 1
and 2) and Biy75Y02501.5 (3-6). Absolute values of the overpo-
tential are given for convenience

Y0.2501.5)1 (CaF,), (x=0.01-0.05) and (Big7s5 Yo.2s
0O1.5)0.95(Zr0»)g 95 solid electrolytes were tested under
conditions of step-type changes in oxygen partial pres-
sure corresponding to “air<»oxygen’ and ‘‘air<nitro-
gen” switching [46, 47, 200, 278]. In order to calculate
the transient parameters, including the 95% response
time (799s), a polynomial approximation of the sensor
e.m.f. was proposed [47]:
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where ¢ is the transformed variable defined as ¢ =exp(—t/
1), t 1s the time elapsed after the experiment started, 7 is
the time required to reach approximately 90% of the
final signal, and » is the polynomial degree necessary to
fit the experimental response to Eq. 9 (as a rule, n=4 or
5). The transient processes revealed the following aspects
[46, 47]:

1. The response on decreasing the oxygen partial pres-
sure is significantly slower than when the oxygen
pressure increases. This may be explained, in partic-
ular, in terms of simple adsorption-desorption mod-
els, where the oxygen sorption rate is proportional
to the oxygen pressure multiplied by the surface
concentration of unoccupied sites [46, 47].

2. The response time decreases with increasing gas flow
rate. This behavior, found for all tested sensors, is
due to the oxygen transport limitations in the gas
phase. Increasing flow rates lead to a decreasing role
of this factor, and the sensor response rates approach
their asymptotic values [47].

3. The response characteristics of the potentiometric
cells are not directly related to the transport and
elecrochemical properties of sensor materials such
as the conductivity of the solid electrolyte, polar-
ization resistance of the electrodes or oxygen ex-
change rates [47]. The observed trends may be only
qualitatively explained in terms of the specific cat-
alytic activity of the electrode and electrolyte ma-
terials. For instance, additions of 4 mol% CaF, to
Biy75Y 9250, 5 lead to a considerable decrease in
response time, which was attributed to formation of
calcium fluoride microcrystals at the grain bound-
aries of the ceramic electrolyte, acting as catalytic
sites [46, 47].

Also, chemisorption and bulk oxygen exchange of the
electrodes result, as a rule, in greater response times. As
an example, the dynamic characteristics of a sensor with

1 : a Lag 7Sry3Co05_s measuring electrode, where relatively
— p B T ’ .
E(§) =Bo+ Z Bi ) slow bulk oxygen exchange takes place with oxygen
i=2
Table 13 Cathodic polarization .
characteristics of dig”erent Electrode Preparaqtlon In(Ao) m E, (kJ mol™)
electrodes in contact with method
32.727\(%50(])1 s electrolyte Ag A ~23.140.7 0.41+£0.02  147+5
v Ag (anodic polarization) A -232+0.4 0.44+0.01 1503
Pt A -25+2 0.18+£0.04 165+15
(Bio.75Y02501.5)0.98(PrO1 533)0.02 A —-20.4+0.1 0.375£0.005 1271
(B10‘75Y0_25O1A5)0A95(P1'01333)0(05 A -20.3+0.3 0.23+0.01 124 +2
By.sTb 201 5 A ~18.9+0.3 0.35+0.01 117+2
Lag.7Srg.3C00; S -19.8+0.4 0.37+0.01 11443
PrO_SSr()_5C003 S -11.6+0.4 0.61+0.02 79+3
Nd()»ssr0>5COO3 S —-13+£2 0.57+£0.09 75+9
SrCoy sFeg 503 S -16.5£0.7 0.354+0.03 99+5
SrCO()_(,Fe()_2CU()_203 S -22.1+1 0.23+0.03 122+9
SIACOO‘6FCO‘2CU0‘203 A -22.4+09 0.26+0.04 130+7
SrCooASFeO_3Cu0AZO3 S -20+1 0.16+0.03 132+9
Bip27C00.63Y0.1001.5 S -19.5+0.5 0.29+0.01 13143

% A corresponds to annealing a layer, deposited using a paste of highly dispersed powder and organic
binder; S refers to spraying the nitrate solution over the heated solid-electrolyte substrate
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Table 14 Cathodic polarization
characteristics of silver

electrodes in contact with
different Bi,Os-based solid
electrolytes [46, 47]

Electrolyte In(Ao) m E, (k] mol™")
(Big.95Z0.0501.525)0.85(YO1.5)0.15 -16.8+0.4 0.31+0.01 101 +2
(Big.95Z0.0501.525)0.80(YO1.5)0.20 -15.7+04 0.33+£0.02 93+3
(Bi0.900Z0.1001.55)0.85(YO1.5)0.15 -19.6+0.3 0.30+0.01 118+2
(Big.75Y0.2501.5)0.95(Z105)0.05 -15.1£0.6 0.32+0.02 87+4
(Big.75Y0.2501.5)0.99(CaF>)g o1 -13.5+1 0.35+£0.03 76+7
(Big.75Y0.2501.5)0.97(CaF»)g.03 -21.9+0.6 0.29+0.02 13743
(Bio.75Y0.2501.5)0.96(CaF2)0.04 -21.2+0.4 0.34+0.01 131+3
(Big.75Y0.2501.5)0.95(CaF2)o.05 -19.3£0.9 0.30+0.01 114+6

pressure changes, are considerably worse than those for
silver electrodes (Fig. 15). At the same time, deposi-
tion of sublayers of mixed conductors, such as
Big 3Tb,0; 5+ 5, between the electrolyte and electrode
has often no significant effect on the response parame-
ters [47]. In this section, one should also mention results
[303] showing that the response rate of potentiometric
sensors can be improved by applying an a.c. voltage
(5-6 V) to the electrodes.

Application tests

Neglecting the above-mentioned disadvantages of
Bi,05-based electrolytes, a number of research projects
was performed to test these materials for practical
applications, including oxygen pumps [44, 304] and
oxygen potentiometric sensors [47, 305]. For miniatur-
ized oxygen sensors with reduced energy consumption,
the construction with a hermetically sealed reference
electrode (Fig. 16a) was chosen [305]. Such a choice
was based on the advantages of Bi,Os-based solid
electrolytes, particularly a higher conductivity than that
of stabilized zirconia at moderate temperatures [305];
when the energy consumption is not extremely limited,
zirconia can be used with obvious advantage. Metal-
oxide reference electrodes such as Cu/Cu,0O, Cu,O/
CuO, Bi/Bi,O; and Pd/PdO demonstrated excessively
prolonged equilibration processes in the heating-cool-
ing cycles. The best reference electrodes were SrCo
(Fe)Os_s solid solutions [305], whose properties have
been reported in detail [306]. The temperature range for
the sensor operation was 783-833 K; the response as a
function of oxygen chemical potential was linear
down to oxygen concentrations in the gas phase of
about 107> vol% [305]. The chosen design provided
reasonable technical characteristics (weight of 2 g, re-
sistance of approximately 100 Q).

Another interesting development refers to an
oxygen pump developed recently at the Institute of
High-Temperature Electrochemistry of the Russian
Academy of Science [304]. A schematic drawing of the
cross-section of this pump is given in Fig. 16b. Such a
cell was reported to provide an average oxygen flux of
52 L h'' with a Faradaic efficiency higher than 95%
[304].
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Fig. 15 Temperature dependence of the 95% response time at
“air—oxygen” switching for the potentiometric sensors with the
solid electrolytes Big.75Y.2501.5 (1-3), (Big.75Y0.2501.5)0.95(Zr02)0.05
(4) and (Big.75Y0.2501.5)0.96(CaF>).04 (5). The measuring electrodes
are from Pt (curve /), Ag (2, 4 and 5) or Lag ;Sry3C00;_; (3). Data
from [46, 47, 200] are used

Final comments

Oxygen ion-conducting materials based on Bi,O; have
limited use for high-temperature electrochemical appli-
cations owing to high reactivity, volatilization of bis-
muth oxide, easy reducibility at low oxygen pressures,
low mechanical strength and high thermal expansion. In
addition, the stabilized J-Bi,O5 fluorite-type phases de-
compose at temperatures below 870 K. The present level
of knowledge on effects of doping provides no direction
to suppress these disadvantages. The only obvious way
to improve the applicability of bismuth oxide phases
might be reducing the electrochemical cell’s operating
temperature. This holds for materials exhibiting no
phase transformation down to room temperature, such
as, probably, the BIMEVOX series, but not to §-Bi,Os-
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Fig. 16a, b Schematic drawing of sample cells with bismuth oxide-
based ceramics. a Potentiometric oxygen sensor: /, Big75Y (2505
electrolyte; 2, silver current collectors; 3, silver measuring electrode;
4, reference electrode; 5, glass sealant. b Cross section of the oxygen
pump wall: 7 and 2, porous and dense parts of the support; 3,
lanthanum-strontium manganite; 4, chromium carbide, Cr3C,; 5,
Bi,03-based solid electrolyte

based solid solutions, metastable at low temperatures.
While fluorite-type oxides have been extensively studied,
many aurivillius-type compounds, which might be more
promising from a viewpoint of moderate temperature
applications, are not yet properly characterized. There is
thus a clear contradiction between the present level of
knowledge and the potential of these materials for fur-
ther developments. On the other hand, one should notice
that lowering the operational temperatures of electro-
chemical cells is also limited by an exponential increase
of electrode polarization resistance with decreasing
temperature; novel electrode materials with higher elec-
trochemical activity are needed for this purpose. New
electrochemical cell concepts compatible with the
utilization of these electrolyte materials under increasing
applied voltages, or under large oxygen chemical
potential gradients, are also needed to improve their
applicability domain. The interest in Bi,O3-based ionic
conductors, considered in this review, is now rather
more academic than practical. However, the high oxy-
gen ionic conductivity of many bismuth oxide phases is a
serious driving force to look for solutions for these
problems in the future.
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