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Since their discovery in 1988, the BIMEVOXes have
been the subject of significant research due to their high
oxide ion conductivity at relatively low temperatures.
The development of these materials is briefly reviewed.
The defect structure of the BIMEVOXes is discussed
and used to construct general defect equations for solid
solution formation. Two limiting models are proposed
by which solid solution formation can occur. In the
Equatorial Vacancy (EV) model, vacancies are located
exclusively in bridging sites in the vanadate layer. In
contrast, the Apical Vacancy (AV) model assumes
vacancies are located exclusively in non-bridging
apical sites in the vanadate layer. The general defect
equations can be used to predict theoretical solid
solution limits for all types of substitutions for vanadium
in BiyV,0;;_;s. These limits are found to vary not only
with the charge of the dopant ion, but also with the
coordination number of the metal dopant. In most
cases it is found that the EV model yields theoretical
solid solution limits close to those observed. The EV
model is also used to present a mechanism for ionic
conduction in BIMEVOXes, which involves movement
of equatorial oxide ions/vacancies between vanadium
octahedra and tetrahedra with the formation of a five-
coordinate vanadium intermediate.

1 Introduction

Solids that show high conductivity in the absence of a significant
electronic contribution are generally known as superionic
conductors or solid electrolytes. Their ionic conductivities are
in many cases comparable to those of the best liquid electrolytes.
Unlike their liquid counterparts, solid electrolytes show conduc-
tion of either anions or cations, but generally not both. While
much research has focussed on materials which show fast
conduction of cations, such as Ag*, Na* and Li", a significant
amount of work has also gone into the development of anion
conducting solids, particularly O?>~ ion conductors. The main
interest in oxide ion conducting systems stems from their
application as electrolytes in fuel cells, oxygen pumps and gas
sensors.! This work has predominantly involved studies on
fluorite related systems, in particular the stabilised zirconias,
which show high conductivities in the order of 107! S cm ™! at
temperatures around 1000 °C.! Bi,Os exhibits a stable fluorite
phase (8) at temperatures above 730 °C,? and much work
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has been carried out on stabilisation of this phase to lower
temperatures through solid solution formation.*”

In 1988 Abraham er al® published their first paper on
BisV,04;. This compound showed remarkably high conduc-
tivity in the order of 1072 S cm™! at temperatures around
600 °C. It was this feature of the new material, which appeared
to offer significant improvements over the stabilised zirconias.
This group also described a new class of O*~ ion conductors
based on cation substitution for vanadium in Bi,V,0;,.” These
materials were dubbed the BIMEVOXes (BI = bismuth,
ME = metal dopant, V = vanadium, OX = oxide) and became
the focus of a great deal of attention over the following years
due to their extremely high conductivities at relatively low
temperatures; in the order of 107> S em™! at 300 °C.

The aim of this article is to bring together some of the work
on the BIMEVOXes and the parent compound, BiyV,0q;_s,
and show how by combining the knowledge gained from
these studies an understanding of the defect chemistry and
conductivity mechanism emerges.

2 Synthetic considerations

Bi4V,0;;_s is the end member of a solid solution that occurs
in the Bi,O3-V,05 system between 66.7 to 70.4% Bi,05.!" In
practice it is difficult to prepare stoichiometric Bi4V,01,_; free
from BiVO, and often excess Bi,Os3 is used in order to obtain
phase pure materials. Synthesis conditions are critical in
determining the oxygen stoichiometry,'""!? with vanadium
exhibiting both +4 and +5 oxidation states in this system. The
degree of reduction is reflected in the value of J. Samples
prepared in air at 850 °C and quenched to room temperature
show significant vanadium reduction, are dark brown in
colour, have strong EPR signals and exhibit weak paramagnet-
ism.'> In contrast, samples that are slow cooled in oxygen
are deep red in colour and show negligible EPR signals and
magnetic susceptibilities. Under suitable reducing conditions
the pure vV system, Biy V>0, can be obtained, which shows V
in a five coordinate environment.'? It should be noted that a
form of this compound has also been synthesised with the
fluorite structure.'® The variations in o are also observed in
the BIMEVOXes,} for example in BIMGVOX, Bi,Mg,V,_ -
Os.5-3.2-5, refinement of oxygen occupancies using high
resolution neutron diffraction data reveal a significant differ-
ence in the value of 6 between slow cooled and quenched
samples (0.040 and 0.076 respectively).'”> Recently some V'V
analogues of BIMEVOX systems have been synthesised such

iThe value of 0 in the conventional formulae of BIMEVOX solid
solutions corresponds to half that in the parent compound,
Bi4V201175.
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as Bizsbxvlf_x05+x/2,l6 BizGele,XO& BizTiJ‘(Vlfxo5 and
BirFe,Vi_,Os_».""

Unlike BiyV,0q,-s5, phase-pure (by X-ray and neutron
diffraction) BIMEVOXes are readily prepared from stoichio-
metric ratios of the parent oxides. Generally polycrystalline
BIMEVOXes have been synthesised by standard solid state
reaction of their parent oxide powders at high temperatures.
However, low temperature routes such as co-precipitation
followed by low temperature firing'® and mechanochemical
activation'*'** have been successfully employed in the synthesis
of fine-grained BiyV,0,,_s. BIMEVOX thin films have been
obtained using sol-gel routes,?! chemical vapour deposition’
and laser deposition,”® while single crystals can be grown
from the melt.>*?° Densification of materials, which results in
minimisation of grain boundary resistances, is usually carried
out through high temperature sintering. However, recent
studies show the potential of other methods of densification
such as melting®® and the addition of a sintering agent like
zirconia.”” Synthesis times of many hours using conventional
methods have been reduced to a few minutes using microwave
radiation.”®

3 Basic structural aspects
3.1 Bi4V2011_5

In order to describe the structures adopted by the BIMEVOXes
it is helpful to start with that of the parent material, Bi;V,O;_5.
The parent compound shows complex polymorphism, with
three principal phases, o, f and y, having been identified. The
room temperature stable phase, o-BiyV,0y; _;, crystallises with
monoclinic symmetry,>®° however low levels of impurities in
the starting materials stabilise an orthorhombic form with cell
dimensions a = 16.6, b = 16.8, ¢ = 15.4 A.2 On heating, phase
transitions to B- (447 °C) and y- (567 °C) polymorphs are
observed in the differential thermal analysis (DTA) trace of
BisV,0,,_s, with corresponding changes in the Arrhenius plot
of conductivity.® The existence of two other phases, one just
before melting on heating, and a second, o, on cooling have
been reported,® however these phases have never been fully
characterised.

The phase transitions are associated with vacancy ordering
in the oxide sublattice and the crystallographic relationships of
the various polymorphs have been characterised with respect to
a mean orthorhombic cell>***! of dimensions a,, ~ 5.53, by ~
5.61, ¢y ~ 15.28 A, viz: a-orthorhombic, ¢ ~ 3am, b ~ by, ¢ ~
¢m; o-monoclinic, a & 6dy, b X by, ¢ & ¢, f = 89.756%; B
(orthorhombic), a ~ 2ay, b & by, ¢ & cn; ¥ (tetragonal), a ~
aml\J2, ¢ ~ ¢y Of interest to most researchers is the fully
disordered tetragonal y-phase, which shows exceptionally high
conductivity at relatively low temperatures.

An idealised structural model of y-BiyV,O;;_s can be
obtained by considering it to be derived from the structure
of «/-BizMoO6.32 The structure of y-Biy Vo015 (Fig. 1) consists
of alternating layers of [Bi»O,],”>" and [VO3s_s o stsl™
(where [J represents an oxide ion vacancy). The [Bi,0],""
layers exhibit Bi in a square pyramidal coordination with four
Bi~O bonds of approximate length 2.3 A. The Bi 6s* lone pairs
are stereochemically active and point to vacant sites between
four corner sharing vanadium polyhedra in the vanadate
layers. The bismuthate layers sandwich the vanadate layers
with lone pair orbitals pointing directly towards each other
through the vacant site in the vanadate layer. This interstitial
site is therefore linearly “coordinated” to two Bi 6s lone pair
orbitals. The inter-layer interaction is essentially ionic in
nature, but it should be noted that in a-Bi;V,0O;,_; there is a
greater degree of covalency evident in the inter-layer contacts
than is seen in the BIMEVOXes.”

In the idealised structure, vanadium is in a regular octahedral
environment with oxygen. Vanadium octahedra share corners
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Fig. 1 Idealised structure of y-Bi4V,0;;_s. Red octahedra represent
VOg, Bi atoms are illustrated by spheres. Equatorial vacancies have
been omitted for clarity.

to give the two dimensional network. However, the incorpora-
tion of significant numbers of vacancies in the vanadate layer
requires lower coordination numbers for some of the vanadium
polyhedra. In the crystal structure of a-BiyV,01_;, significant
deviations from the idealised structure are observed.? In
fact recent studies suggest the likelihood of both four- and
five-coordinate vanadium polyhedra.*® Distortions within
the vanadium polyhedra lead to ferroelectric behaviour with
maximum permitivity at the o«—p phase transition.'*?

3.2 The BIMEVOXes

BigV,0,_s is an unusual compound in that it forms sub-
stitutional solid solutions with most binary metal oxides almost
irrespective of the radius of the substituting metal ion.”>> By
far the most studied BIMEVOXes are the divalent substituted
systems with general formula Bi,M"™ V| _ Os5_3._s At low
values of x (x ca. < 0.10) the orthorhombic o or 3 phases are
stabilised at room temperature. y-Phase stabilisation generally
occurs between x ~ 0.10 to 0.13 for the divalent substituted
systems, although there is some discrepancy between studies
from different groups. Interestingly, the “tetragonal” y-phase
seen in these systems shows weak neutron diffraction peaks
that are attributed to an incommensurate superlattice.>*>’
This incommensurate modulated phase has been termed 7'
On heating, the y'-superlattice peaks disappear and the only
peaks of the commensurate y-phase are seen in neutron diffrac-
tion patterns (Fig. 2).>>¢ The y'—y (order—disorder) transition
can be correlated with a change in the Arrhenius plot of
conductivity (Fig. 3) at around 500 °C.>° Samples quenched
from high temperatures show the regular y-phase structure
with an absence of superlattice reflections and have enabled
detailed studies of the defect structure of the y-phase to be
carried out at ambient temperatures.'>>%3 We believe that the
modulation arises due to small changes in oxygen stoichio-
metry, through V oxidation/reduction. It is interesting to note
that time dependent isothermal measurements of ionic conduc-
tivity in BIZNVOX have shown a lowering of conductivity
with time and seem to support this view.*

Initial studies on tetragonal-BICUVOX indicated significant
disorder in the vanadate layer,” similar to that in the y-polymorph
of the parent material, Bi;V,0;;_s. However, at that time the
nature of the disorder was not well resolved. Subsequent
studies on BICOVOX, using neutron diffraction, confirmed



>>

TOOK | pra— AR

860K

50 20 (deg) 85

Fig. 2 Neutron powder diffraction patterns for BICOVOX.15,
Bi,Cog,15V0.9005.275—5, showing the v’ to y phase transition on heating.
Reprinted from ref. 36 with permission from Elsevier Science B.V.
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Fig. 3 Arrhenius plot of total conductivity for BINIVOX.14, Bi,Niy 14-
Vo0.8605.29—s, showing y'-phase (low temperature) and y-phase (high
temperature) regions.

significant disorder in both apical and equatorial oxygens in
the vanadate layer.’” Fourier maps generated from powder
neutron diffraction data for BIMEVOXes show delocalised
scattering around the vanadate layer oxygen atoms (Fig. 4).
Over a number of years we have carried out detailed
investigations of the defect structures of a range of divalent
substituted y-BIMEVOXes (BICOVOX,*® BINIVOX* and
BIMGVOX'"®) using high-resolution powder neutron diffrac-
tion. Studies on the quenched y-BIMEVOXes have confirmed
that there is significant disorder in the oxide sites in the
vanadate layer and that the high temperature tetragonal
v-phase structure is preserved by rapid quenching. The disorder
is limited to the vanadate layer oxygens, while vacancies appear
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Fig. 4 Fourier maps generated from powder neutron diffraction data
for quenched y-BIMGVOX.10, BiMgg 10V0.9005.35—s, showing diffuse
scattering from oxide positions in the vanadate layer. (a) Section of a—b
plane at z = 0, (b) section of ¢—¢ plane at y = 0.5.

to be concentrated in the equatorial planes of these layers.
Table 1 shows the refined structural parameters for y-Bi,Mgj ;-
V0905 35_5, which are typical.'®> Three vanadate layer oxide
sites have been identified (Fig. 5a). O(2) and O(4) are nominally
apical oxygens and are coordinated to one V/M atom only
(where M is the dopant metal). The ratio of the summed
occupancy of O(2) and O(4) per V/M atom is 2 : 1 and thus the
nominal apical (non-bridging) position is full. O(3) is nominally
an equatorial (bridging) position and may be coordinated
to two V/M atoms. The vacancies are concentrated on the O(3)
site.

Consideration of the refined site occupancies and the
inter-site contact distances allows the defect structure to
be determined. From this two principal types of polyhedra
emerge viz: distorted octahedra (Fig. 5b) and distorted
tetrahedra (Fig. 5¢). O(2) is exclusively associated with the
octahedra, O(4) is exclusive to the tetrahedra and O(3) is
common to both coordinations. The presence of predomi-
nantly two types of V environment has also been confirmed
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Table 1 Refined structural parameters for y-BIMGVOX.10, "> Bi,V(oMgg 05355

Atom Site X y z Occupancy Uiso/ A2
Bi 4e 0.0(—) 0.0(—) 0.16917(7) 1.0(—) 0.0385(5)
V/IMg 2b 0.5(—) 0.5(—) 0.0(—) 0.9/0.1(—) 0.025(—)
o(1) 4d 0.0(—) 0.5(—) 0.25(—) 1.0(—) 0.0342(6)
0(2) 4e 0.5(—) 0.5(—) 0.1097(8) 0.279(10) 0.057(2)
0(3) 8g 0.5(—) 0.0(—) 0.0295(3) 0.319(8) 0.087(2)
04) 16n 0.5(—) 0.3160(24) 0.0920(4) 0.180(3) 0.057(2)

g = 3.93535(5), ¢ = 15.4489(2) A, space group I4/mmm.

0(2) 0(2) 0(4)

0(3)

(a) (b) (c)

Fig. 5 Refined oxygen positions in BIMGVOX.10, Bi,Mgg o-
V0.9005.35—5, corresponding to data in Table 1. (a) Average situation,
(b) distorted octahedron, (c) distorted tetrahedron.

by °'V solid state NMR in the parent orthorhombic
2-BiyV,0;,_5."2 These results also indicate the presence of
small amounts of five-coordinate V in samples prepared under
certain cooling conditions. The exclusivity of O(2) and O(4) to
octahedra and tetrahedra respectively allows the relative
fractions of these vanadium polyhedra to be easily calculated
from the neutron refinements as follows.

Let Fo(n be the fractional occupancy per V/M atom of a
particular oxygen site m. The structure refinements indicate
that the total apical (non-bridging) oxygen per metal atom is
always 2 (eqn. (1)).

Fo@) + Fow = 2 ()
Since the equatorial (bridging) oxygen O(3) is associated with

both tetrahedra and octahedra, the total O(3) occupancy will
have two basic components (eqn. (2)).

Fo@y = Fo@oey T Foaien (2)

The apical oxygen O(2) is associated exclusively with
octahedra. Therefore:

Fozocy = For) (3)

Similarly the apical oxygen O(4) is associated exclusively with
tetrahedra and taking into account relative site multiplicities:

Foaey = Fowy/2 “4)

Therefore the fractions, X, of octahedra and tetrahedra are
given by:

Xoct = Fo@)/2 = Fo@oct/2 5)

Xet = Fow/2 = Foguey (6)

Hence as x increases the number of vacancies increase and
consequently Xy also increases.

In a BIMEVOX system where V is substituted by metal M of
charge /+, then assuming that Bi is only present in the trivalent
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state (which is evident by the coordination adopted), the
overall charge on the [Vl_xMHxO3_5_(5_ Hxi2—sln layer must be
2n— to preserve electroneutrality. Taking this into account,
and subtracting the contribution to the layer charge from M'*
(Ix), the effective valence charge on vanadium, Z., may be
calculated as follows:

2(Fop)+ Foa)+ Fow) — 2+ Ix
Zer= (Foe) +Fow +Fow) —(2+1x) ™

l—x

The value of ¢ may also readily be calculated as follows:
5 = 35— (5 - l)x/2 - (Fo(z) + Fo(3) + F0(4)) (8)

In these calculations it is assumed that substitution is exclusive
to the V site and that there is no incorporation of excess Bi into
the vanadate layer. It is therefore possible to extract quite
detailed information on the local defect structure from a
structure averaging technique such as neutron diffraction.

4 Defect chemistry of the BIMEVOXes

In order to describe the defect chemistry of the BIMEVOXes it
is helpful to introduce a symbolism based on the Kroger—Vink
notation.*' A key to the notation used is given in Table 2.
Note, that the symbols ¢ and e are used to represent apical
(non-bridging) and equatorial (bridging) positions respectively

Table 2 Key to defect notation in BIMEVOX systems

Symbol Description
Vv Vanadium located in its normal lattice site
MG Dopant metal atom located on a vanadium

site with effective charge —(5—1/), where /
is the charge on the metal ion M’*
Oo, Neutral equatorial oxygen in its normal
lattice site
0o.” Equatorial oxygen with effective charge —2
Oo.' Equatorial oxygen with effective charge —1
(EN=5) (CN—4)/2 equatorial oxygens each with
effective charge —(CN—5)
Oou Neutral apical oxygen in its normal
lattice site

O0c,(cn—ay2

Oo." Apical oxygen with effective charge —2

Oo./ Apical oxygen with effective charge —1

Ooucn-4" CN—4 apical oxygens each with effective
charge —2

Ooe Neutral equatorial oxygen vacancy

Ooe™” Equatorial oxygen vacancy with effective
charge of +2

Hoe Equatorial oxygen vacancy with effective
charge of +1

Hou Neutral apical oxygen vacancy

Ood™” Apical oxygen vacancy with effective
charge of +2

Ooa Apical oxygen vacancy with effective
charge of +1

Oisccn—6)n" (CN—6)/2 bridging interstitial oxygens
each with effective charge —2

Oiv.on—6" CN—6 non-bridging interstitial oxygens

each with effective charge —2
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Fig. 6 Schematic representation of possible vanadium coordination
environments in BIMEVOXes involving equatorial and/or apical
vacancies.

and that the symbol [J is used to represent a vacancy in
preference to V' to avoid confusion with vanadium. Starting
from the idealised structure shown in Fig. 1, there are two basic
locations for an oxide vacancy in the vanadate layer. Vacancies
can either be located on the non-bridging apical positions,
Ooa, or the bridging equatorial positions, [o,. Vanadium is
known to adopt coordination numbers of four, five and six in
oxide systems** and there are a number of possible ways in
which vanadium can achieve these coordinations in BIME-
VOXes (Fig. 6). The general formula of the vanadate layer in a
BIMEVOX assuming only substitution of vanadium by M’" is
given by [Vi_.M"" 05 5_s_pavn—sTos+5—n3xsal - Assum-
ing that dopant ions show a preference for a particular
coordination number with oxygen (four to eight), it is possible
to describe the defect chemistry of the BIMEVOXes by
considering two limiting models. The Equatorial Vacancy (EV)
model assumes that all vacancies are located on the equatorial
(bridging) oxygen sites. Similarly the Apical Vacancy (AV)
model assumes that all vacancies are located in the apical (non-
bridging) oxygen sites. Assuming the presence of only octahedra
and tetrahedra, the two models predict different fractions of
octahedra and tetrahedra (X, and X respectively) at parti-
cular vacancy concentrations (Fig. 7). In the parent compound
Bi4V,01,_s, which has an intrinsic vacancy concentration of
0.5 per V atom (assuming J to be negligible), the AV model
predicts a 3 : 1 ratio of octahedra to tetrahedra, while in the
EV model this ratio is 1 : 1. It should be noted that from the
diffraction results there is no way of distinguishing between
five-coordinate vanadium polyhedra and a 1 : 1 average of
vanadium octahedra and tetrahedra. Therefore in the parent
compound, the EV model predicts that the average vanadium
polyhedron is five-coordinate and may be described by
Vv00u200c.1.500c05 While in the AV model the average
vanadium polyhedron has 75% octahedral and 25% tetrahedral
character and is described by VyvOou15004.0500¢2, i.e. an
average coordination number of 5.5.

In order to understand the influences of aliovalency and
coordination number (CN) of the dopant on the defect
chemistry of the BIMEVOXes it is helpful to look at the
example of the divalent substituted systems. When a divalent
metal is introduced to a V site an effective charge of —3 on the

100 -, - X (AV)
\'\\_ ~ Xocl(Ev)“ e
804 N\ s
60 - N T
. ’\’ . AN /
R . ..
40 . AN
N, ~ N
20 i N
. S X AV
"-\_ te((E‘/) RN N
0 T T T T T T T |
0.0 0.5 1.0 1.5 2.0

Vacancy concentration per V atom

Fig. 7 Variations of X, and X, with vacancy concentration in EV
and AV models.

site results. Electroneutrality is maintained by the creation
of 1.5 vacancies in the oxide sublattice. Depending on the CN
of the dopant metal and the vacancy model used, all, some or
none of these vacancies will be trapped on the metal dopant
polyhedron. The various substitution schemes are summarised
in Table 3. In the EV model, when the divalent metal dopant
has a preferred CN of four, electroneutrality dictates that
substitution of two vanadium atoms in octahedral sites is
accompanied by the conversion of a vanadium octahedron to
a tetrahedron (Scheme 1a), while substitution of two vanadium
atoms in tetrahedral sites requires the conversion of three
vanadium octahedra to tetrahedra (Scheme 1b). Substitution of
vanadium in an average vanadium polyhedron gives an overall
effective charge of —2 on the resulting dopant metal tetrahedron
and consequently must be accompanied by conversion of two
further average vanadium polyhedra to tetrahedra. Therefore
on average only one in three vanadium atoms can be substituted
(Scheme lc).

In the AV model, substitution of four vanadium atoms
in octahedral sites is accompanied by the conversion of one
vanadium tetrahedron to an octahedron i.e. the formation of
oxide interstitials (Scheme 2a). In contrast, substitution of four
vanadium atoms in tetrahedral sites yields additional vacancies
in the form of three vanadium tetrahedra (Scheme 2b). Since in
the parent compound there are 75% octahedra, the average
situation is dominated by Scheme 2a resulting in no additional
vanadium octahedra or tetrahedra being formed (Scheme 2c¢).

Similar substitution schemes can be written for all possible

Table 3 Reaction schemes for substitution of V in BIMEVOXes by
M?* ions with preferred coordination number, CN = 4

Scheme 1 EV model.

(a) Substitution for octahedral vanadium

(Vv00,200¢.2) + 0.5(VyOo04200c:2) — (My"00,4.200.J0.") +
0~5(VVOOH,ZOOEDOEN)

(b) Substitution for tetrahedral vanadium

(Vv004,200.00e) + 1.5(Vy004,200¢,2) = (My"004,200.00.) +
1 ~5(VVOO¢1,ZOO() U Oe. .)

(c) Substitution for average vanadium polyhedron

3(Vv004,200¢.1.500e0.5) — (My"004200.Ho.) +
2(VVOOa,200('DO('.)

Scheme 2 AV model.

(a) Substitution for octahedral vanadium

(Vv004200¢,2) + 0.25(Vy04.200¢,2) — (My"Hoas"Ooe2) +
O-ZS(VVOOa,Z”OOe,Z)

(b) Substitution for tetrahedral vanadium

(Vv04u200..2) + 0.75(Vy004,200,2) — (My"[H04200c.2) +
0.75(VvHou2" " O0e2)

(c) Substitution for average vanadium Polyhedron

(VVOOa,l.SDOa,O.SOO()J) g (MV,"DOu,Z -S'OO(',Z)

J. Mater. Chem., 2002, 12, 3351-3362 3355



Table 4 General schemes for substitution of V in BIMEVOXes by M'* ions with preferred coordination number CN (where 4 < CN < 6)

Scheme 3 EV model, 4 < CN < 6, vacancies created.

(a) Substitution for vanadium octahedron, where CN > (I + 1).
V=L (Vy00420002) =My 00420061+ (cN-4)2 Does—cnya )+
(b) Substitution for vanadium tetrahedron, where CN > (I — 1).

CN

=L (Vy004200 Toe ™)

(Vy004200e Hoe) + L= (V0042 00e.2) _’(M(\f7l),OOa,ZOOeOOe,(CN—4)/2” Uoe6-cny2) + LEEL(Vy 004200 Hoe)

(c) Substitution for average vanadium polyhedron, where CN > .

(CN + 1 = D(Vy004200e.1.500e0.5) — (MV(S_l)'OOa,zOOeOOe.(CN—4)/2(CN_5)' DOe.(6—C1\r)/z(5_CN)') + (CN — D(Vv004200.00.")

Scheme 4 EV model, 4 < CN < 6, vacancies consumed.
(a) Substitution for vanadium octahedron, where CN < (I + 1).

(Vy004.200¢2) + B5Y (V004,200 Joc) -(M§ 00420001 +(en-920006-cnyoy + LEL=CN (Vy004200.00.")

(b) Substitution for vanadium tetrahedron, where CN < (/ — 1).

_ ~y, "
LN (Vy 004200, 00)—~(M{y " 004.200¢00¢.(cy 4y Hoe6—cvy2) +

(c) Substitution for average vanadium polyhedron, where CN < [.

(/= CN + 1)(Vy004200e.1.500c,0.5) — (MV(S7I),OOL/,ZOOeOOe,(CN74)/2(CN

Scheme 5 EV model, 4 < CN < 6, no net change in vacancies.
(a) Substitution for vanadium octahedron, where CN = (I + 1).
(Vv004,200¢.2) = My® 0042001 +(cn-ay2 o6 cny™)

(b) Substitution for vanadium tetrahedron, where CN = (/ — 1).
(Vv00,200H00) — My® 00,0000 (cn—ay2" o6 cnym)
(c) Substitution for average vanadium polyhedron, where CN = /.

51y CN-5)
(Vv004,200¢,1.50c,0.5) — (Mv( ) OOa,ZOO('OOe,(CN—4)/2( ) Hoe6-cnn

Scheme 6 AV model, 4 < CN < 6, vacancies created.
(a) Substitution for octahedral vanadium, where 2CN > (I + 7)

= ; & + (VVOOa,ZOOe O Oe”)

- DOe,(e—CN)/z(Sf("N)') + (/ = CN)(Vv004,200.00.)

(S—CN)-)

_a_ —1, . g .
N3] I(VVOOa,ZOO&Z)_’(M(\f "O0u,cn-4 Doas—cn Q0e2)+ 2= (VyOp,5 "Ooe2)

(b) Substitution for tetrahedral vanadium, where 2CN > (I + 3)

(VyJ0a200e2) + 231 (Vy00,200.,2) — ME™" 004 cx-4" Dous—cnOoe2) + NS (VY O, "00e2)

(c) Substitution for average vanadium polyhedron, where 2CN > (I + 6).

N3 5-1), _CN)5-CNYr _CN)CN—3)- N6 .
LN 3-1(V 004,15 006050062) > (M§ 004, cn-aC3 V=N [, 6 oy 55~ CNEN=30, 5) + ZENZ6=1(Vy 002" O0c,2)

Scheme 7 AV model, 4 < CN < 6, vacancies consumed.
(a) Substitution for octahedral vanadium, where 2CN < (I + 7)

(Vy004200.2) + % (Vy004.200¢.2) = My 004 x40 oa6-cn Qo0e2)+ It 12N (VyO0042"00e2)

(b) Substitution for tetrahedral vanadium, where 2CN < (I + 3)

BT22EN (Vy [ 042006.2) > My 7004, cn—4" Doas-cnOoe2) + 22N (VyOo42" Ooe.2)

(c) Substitution for average vanadium polyhedron, where 2CN < (I + 6).

(I + 7 = 2CN) (VvO0u.1.5004050002) — My P00, cx—s®> NN T, o op3 7 NNTI06,0) + (1 + 6 — 2CN)(VyO042" O0e.2)

Scheme 8 AV model, 4 < CN < 6, no net change in vacancies.
(a) Substitution for octahedral vanadium, where 2CN = (7 + /).

(Vv004,200.2) = (My® 004 cn-4T0a6-cn""Oo.2)
(b) Substitution for tetrahedral vanadium, where 2CN = (3 + /).
(Vy04.20062) = My® 004 cn—4"Doas—cnOoc.2)

(c) Substitution for average vanadium polyhedron, where 2CN = (6 + /).

51y, 5.5—CN)(5-CN) 5.5—CN)(CN—3)-
(VVOO(I.].SDO(I.O.SOO?.Z) - (MV( h OO(I,CN*4( e m DOa,SfCN( e ) OOe,Z)

combinations of metal dopant charge and coordination
number. The general forms of these schemes for metal dopants
of charge /+ and CNs between four and six are given in
Table 4.7

For dopant metal CNs between four and six the total
vacancy concentration per V/M atom, N, will be the sum of
the intrinsic vacancies (0.5 + J) and the extrinsic vacancies
caused by aliovalency of the metal dopant (eqn. (9)).

No =05+ (S_ZI)X

+5 ©9)

As can be seen in Table 4, for CNs lower than six some of the
extrinsic vacancies/interstitials will be trapped on the metal
dopant polyhedra and probably will not be involved in
conduction. It is therefore useful to calculate the number of
vacancies associated exclusively with vanadium polyhedra,
Ny by subtracting those trapped on the metal dopant
polyhedra. The resulting number of oxygen vacancies per
vanadium atom are given in eqns. (10) and (11) for EV and AV
models respectively.
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5—1 6—CN
NDV(EV)=O~5+( x| L
2 2
CN—-1-1
= NDV(EV)=0.5+¥+5 (10)
5—1
NDV(AV):0-5+%—(5.5—CN)X+(3
2CN—6—1
~ Novay =0.54 GENZ6=Dx 5 X s (1)

For dopants with CNs greater than six the location of the
additional oxide ion(s) required to make up the coordination
polyhedron needs to be considered. Interstitial oxide ions may
be located in a non-bridging position where they are exclusively
associated with a single dopant polyhedron. Alternatively, they
may be shared between dopant polyhedra. In the latter case this
would necessitate clustering of dopant polyhedra. The general
substitution schemes for metal dopants with coordination



Table 5 General schemes for substitution of V in BIMEVOXes by M'* ions with preferred coordination number CN (where CN > 6)

Scheme 9 EV model, CN > 6, shared (bridging) interstitial oxygen.
(a) Substitution for vanadium octahedron.

MLV 004,2006,2) > (My 0042000205 (v —6)2") + L5 (Vy 0042000 Do)

(b) Substitution for vanadium tetrahedron.

(Vy004.200¢ Hoe) + L= (VY 004,2006.2) = (MyC004200.00¢ O on—6)/2") + L= (Vy 0042000 Hoe ™)

(c) Substitution for average vanadium polyhedron

(CN + 1 = 1) (Vv00,20001.500c0.5) — (My©® 00,2001 500e.05"Ois ccn—6y2") + (CN = 1) (VyO0,200. o)
Scheme 10 EV model, CN > 6, unshared (non-bridging) interstitial oxygen.

(a) Substitution for vanadium octahedron.

NSV 004200e,2) = (My 0042006205 cv—6)) + 225 (Vy 0042 00e Hoe )

(b) Substitution for vanadium tetrahedron.

(Vy004200e Loe) + 2X3=L (V0042006 2) = (My " 00,,200.00¢ Ot cv—6)) + 2X52=L(Vy 0042000 Hoe ™)

(c) Substitution for average vanadium polyhedron

(2CN = 5 = D(VvO004,200¢,1.500c,0.5) — (MV(Sil),OOaA,ZOOe,1ASOOe.OAS”Oiu.((‘Nfﬁ)”) + (2CN — 6 — ) (VyO0u200.0oc")

Scheme 11 AV model, CN > 6, shared (bridging) interstitial oxygen.
(a) Substitution for octahedral vanadium

N1 (Vy004200e,2) > (My 0042000205 (cv—6)/2") + L= (Vy Hoaz " O0e2)

(b) Substitution for tetrahedral vanadium

(Vy 004200e2) + LE3=L(Vy00,4,20062) = (My " 0042" 00620 (cv—6)/2") + L2 (Vy Dous "Ooe.2)

(c) Substitution for average vanadium polyhedron

_ 5-1), , " _ .
ENE3=1(VyOoq,1.5 D000.50062) = (M$ 00,29 006204 (cn—6)2") + =L (Vy Tou > Ooe,2)

Scheme 12 AV model, CN > 6, unshared (non-bridging) interstitial oxygen.

(a) Substitution for octahedral vanadium

2NV 004,2006.2) = (My ® 70042006201 cn—-6)") + 2L (Vy Doz Ooe.2)

(b) Substitution for tetrahedral vanadium

(Vy 00a200e2) + 2L (Vy00,,006.2) = (My 0042”0020 cn—-6)") + 2L (Vy Loz Oo.2)

(c) Substitution for average vanadium polyhedron
% (Vy004.1.5104.05000.2) = My 00,2300 20i(cn-—6)") +

2CN—-6—1 (VV DOu,Zl'SAOOeAZ)

numbers greater than six are given in Table 5. In these cases
further vacancies are created and since all vacancies must be
associated exclusively with vanadium polyhedra, eqn. (9) is
modified as in eqns. (12) and (13).

No=Noy=054 OZDFINZO 5 g
(for shared interstitials)
No=Noy=0.5+ (521)x+(CN—6)x+5 (13)

(for unshared interstitials)

5 Solid solution limits

Assuming a minimum coordination number of four for
vanadium, in both the AV and EV models, for a solid solution
that involves vacancy creation, the theoretical maximum
vacancy concentration occurs either when all V are substituted
or all V are four-coordinate. The dopant concentration at
which this occurs represents the theoretical solid solution limit.
Therefore, for a system that involves a four-coordinate dopant,
the maximum vacancy concentration in the AV model is two
per V/M atom, while in the EV model it is only one per V/M
atom. Conversely, in solid solution systems where vacancies are
consumed, the minimum vacancy concentration represents the
theoretical limiting case for solid solutions and occurs either on
full substitution of V or when all remaining V are six-coordinate.

From the substitutions for average vanadium polyhedra
in Tables 4 and 5 the solid solution limits are immediately
apparent. For example, in a trivalent substituted system where
the metal adopts a six-coordinate environment, for every
average vanadium polyhedron substituted, electroneutrality
requires, that in the EV model, a further three are converted to

vanadium tetrahedra. Therefore, only one in four vanadium
atoms can be substituted and the theoretical solid solution limit
is 0.25. For the same system the AV model predicts that one in
two vanadium atoms can be substituted giving a solid solution
limit of 0.5. Clearly if the observed limit is higher than 0.25,
some or all of the vacancies are located in apical positions.

Eqns. (14)—(17) show how the theoretical solid solution limits
can be calculated for the general BIMEVOX systems outlined
in Table 4.

EV model (4<CN <6)
1—26

ax= = 14

Xmax CN11-1 (for CN >1) (14)
1420

Xmax = m (for CNS[) (15)

AV model (4<CN<6)

3-26

Xmax = m (For 2CN21+6) (16)
1426

+ (For 2CN <1+6) a7

Y =T 200N

For higher CNs, in the EV model, if the additional oxide
ions required for the metal polyhedron are shared with other
polyhedra then eqn. (14) holds (CN is always greater than or
equal to / in these cases). For unshared interstitials eqn. (18)
applies.

EV model (CN> 6, unshared interstitials)

N 120 (18)
2CN—5-1

Similarly in the AV model eqn. (16) holds in the case of unshared
interstitials. For shared interstitials eqn. (19) is required.
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Table 6 Theoretical solid solution limits (x,,.x) in BIMEVOXes, where
dopant metal ion, M, adopts coordination number, CN“

(a) EV model all interstitials/vacancies bridging

/ CN =4 CN =5 CN =6 CN =1 CN =8
+1 0.250 0.200 0.167 0.143 0.125
+2 0.333 0.250 0.200 0.167 0.143
+3 0.500 0.333 0.250 0.200 0.167
+4 1.000 0.500 0.333 0.250 0.200
+5 0.500 1.000 0.500 0.333 0.250
+6 0.333 0.500 1.000 0.500 0.333

(b) EV model CN > 6 non-bridging additional interstitials

/ CN =17 CN =38

+1 0.125 0.100

+2 0.143 0.111

+3 0.167 0.125

+4 0.200 0.143

+5 0.250 0.167

+6 0.333 0.200

(c) AV model

/ CN =4 CN =5 CN =6 CN =17 CN =8
+1 0.750 0.500 0.375 0.300 0.250
+2 1.000 0.600 0.429 0.333 0.273
+3 0.500 0.750 0.500 0.375 0.300
+4 0.333 1.000 0.600 0.429 0.333
+5 0.250 0.500 0.750 0.500 0.375
+6 0.200 0.333 1.000 0.600 0.429

(d) AV model CN > 6 bridging additional interstitials

/ CN =17 CN =8
+1 0.333 0.300
+2 0.375 0.333
+3 0.429 0.375
+4 0.500 0.429
+5 0.600 0.500
+6 0.750 0.600

“Calculated using the program SSLCN, a listing of which is included
as supplementary information.

AV model (CN> 6, shared interstitials)
3.2
B S) VE p

Assuming that the value of ¢ is negligible then eqns. (14)—(19)
allow for the calculation of theoretical solid solution limits for
all combinations of CN and / for the two vacancy models.
These are summarised in Table 6. The theoretical limits in
Table 6 do not take into account the thermodynamic stability
of the resultant BIMEVOX phases, which can cause a lowering
of the observed limit. Nevertheless, they do provide a useful
way of rationalising observed differences in solid solution limits
and can indicate the preferred substitution mechanism in a
particular system.

Observed solid solution limits for a number of BIMEVOX
systems are given in Table 7. In many cases only selected
BIMEVOX compositions have been synthesised and the exact
solid solution limits are somewhat ambiguous. This can to a
limited extent explain the discrepancies between studies by
different groups. It is however evident that there is significant
variation in the observed limits not only between BIMEVOXes
with dopants of different charge, but also between those of the
same charge. In the case of the best studied BIMEVOXes, the
divalent substituted systems, the EV model predicts theoretical

(19)
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Table 7 Observed y'-phase stabilisation onset compositions and solid
solution limits in selected BIMEVOX systems of general formula
Bi,M™ V(055 (5 s

v'-Phase Solid solution
M onset (x) limit (x) References
M2+
Mg** 0.075 0.15 7
0.10-0.13 0.30 43
Co** 0.10 0.19-0.22 38
0.075 0.25 2,34
0.33 56
0.10 0.225 57
0.075 0.175 58
Ni?* 0.10 7
0.10 0.20 39
cu?* 0.075 0.125 7
0.07 0.12 31
0.135 56
Zn’t 0.10 0.25 58
0.125 0.25 2
0.10 0.25 50
0.125 0.25 59
0.13 0.25 58
M3+
AP 0.10 0.30 60
crt 0.10 0.35 58
Mn** 0.075 0.25 61
0.10 0.25 62
Fe* 0.15 0.25 63
M4
Ti** 0.10 0.20 7
0.10 0.15 62
\an 1.00 13
Zrtt 0.10 0.15 7
0.10 0.15 62
0.16 0.22 46
M5+
S+ 0.15 0.50 51
Nb>* 0.15 0.30 51
0.10 0.50 7
Ta>" 0.10 0.25 7

solid solution limits of x.x = 0.33, 0.25 and 0.20 for metal
dopant coordination numbers of 4, 5 and 6 respectively. The
analogous limits predicted using the AV model are xp., =
1.00, 0.60 and 0.43 respectively. The observed limits for the
Ni**, Co®" and Zn*" substituted systems are all close to x =
0.20, ie. close to the predicted limit for octahedral metal
dopants in the EV model. Neutron diffraction studies on the
Ni*" substituted system confirms the exclusivity of equatorial
vacancies for the x = 0.10 composition,*® while in the Co
doped system this was also confirmed for the x = 0.20
composition.® These results combined with the observed solid
solution limits appear to indicate a preference for these dopants
to adopt octahedral coordination in the vanadate layer with
equatorial vacancies localised on vanadium tetrahedra. In
contrast in the Mg?" substituted system the BIMEVOX
structure is maintained up to x = 0.30,*> however at high
compositions, around x = 0.30, a new orthorhombic phase
related to the o and [ polymorphs is observed. Neutron
diffraction also confirms the exclusivity of the equatorial
vacancies in this system for the x = 0.10 composition.'®
Therefore if we assume that only equatorial vacancies are
present throughout the composition range, the Mg coordina-
tion must be tetrahedral.

For tetravalent substituted systems full substitution is
predicted for tetrahedrally coordinated dopants. Indeed we
have recently confirmed that the BIMEVOX structure is



Fig. 8 Proposed clustering of Zr polyhedra in BIZRVOX. Oxygen and
zirconium atoms are represented by red and green spheres respectively.

certainly maintained up to x = 0.50 in BISIVOX, BiSi,V,_,-
Os.s— o5, and the structure of the end member, Bi,SiOs,*
shows a close structural relationship to the BIMEVOXes. In a
recent study on the BIZRVOX system, BiZr,V,_Oss_ 5%
a solid solution limit of x = 0.20 was observed suggesting eight
coordinate Zr as seen in cubic zirconia. The sharing of the
additional interstitials would necessitate a clustering of four
Zr polyhedra in order to achieve the required coordination
number (Fig. 8).

For tetravalent substituted systems that show a preferential
dopant coordination number of six, theoretical solid solution
limits of x = 0.33 and 0.60 are predicted by the EV and AV
models respectively. If we consider V** to be a dopant then the
compound BiyV,0 ¢ 66 represents the solid solution limit in the
EV model. Indeed in this structure a 2 : 1 ratio of tetrahedra to
octahedra is observed.'! Interestingly, under strongly reducing
conditions it is possible to synthesise the fully reduced system
BisV50;0." In this case the structure has been shown to contain
V in a distorted square pyramidal coordination, which can be
thought of as a defect octahedron with an apical vacancy and
therefore corresponds exactly to the predicted end member for
a tetravalent, five coordinate dopant in the AV model.

The neutron diffraction studies on the BIMEVOXes discussed
above have revealed that under standard synthetic conditions
vacancies appear to be concentrated in the bridging equatorial
positions, which suggests that the EV model predominates.'>*%-
However, there is also significant disorder in the non-bridging
apical positions and the possibility of some vacancies being
located on these sites cannot be entirely discounted. Indeed
recent evidence suggests that in the monoclinic o-phase of
BigV,0,,_; there are apical as well as equatorial vacancies.>°
The EV model is not exclusive and it is clear that under certain
synthetic conditions the AV model may be favoured as in
BisV,0;0."% It is also possible that in certain systems both
mechanisms operate in which case a solid solution limit
between the two limiting models may be obtained. The degree
of V reduction (0) may also be significant in lowering the
observed solid solution limit. As ¢ increases, the fraction of
vanadium tetrahedra increases and hence the solid solution
limit will be lowered in the case of vacancy creating systems or
raised in the case of vacancy consuming systems. Thus the
observed solid solution limit is predicted to vary with synthesis
conditions and this may explain some of the discrepancies
between the values reported by various authors.

6 Electrical conduction

The main interest in BIMEVOXes stems from their electrical
conductivity performances, which are exceptional. Measure-
ment of transport numbers indicate that conductivity is almost
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Fig. 9 Arrhenius plot of total conductivity for BiyV,Oy_s.

exclusively ionic.” Most studies on electrical behaviour have
been carried out on highly dense ceramics with densities
approaching theoretical values. In the Arrhenius plot of total
conductivity for the parent material three regions with different
activation energies are observed, which are correlated with the
stability ranges of the three principal phases o, 3 and y (Fig. 9).
Significant thermal hysteresis is observed at the o« transi-
tion. Single crystal studies have revealed the anisotropic nature
of conductivity, with conductivity parallel to the a—b plane,
o), nearly two orders of magnitude greater than conductivity
perpendicular to the plane, ¢ ,.>*” This confirms that the prin-
cipal contribution to ionic conductivity is intra-layer.

On substitution of V by metal cations, high temperature
conductivity, as characterised by the conductivity at 600 °C,
o600, generally decreases with a corresponding increase in the
high temperature activation energy, AEyr.>>***% In the Zr
substituted system, BIZRVOX, this decrease in g¢oo shows an
exponential decay (Fig 10).*° In some cases, however, higher
conductivities than in the parent compound, Bi;V,O;;_s, are
observed for example in the isovalent substituted systems,
Bi»Sb,V,_,Os5_5 and Bi.Nb,V,_,Os.5_s.>" The low tempera-
ture conductivities, as characterised by the conductivity at
300 °C, 0309, generally possess higher values than that for the
parent material and usually show a maximum at compositions
close to the onset of y'-phase stabilisation. The variation in g3
with composition in BIMGVOX is shown in Fig. 11** and
clearly shows a maximum at x = 0.13, which is coincident with
the lower composition limit for room temperature stabilisation
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Fig. 10 Variation of 6oy with composition in BIZRVOX, Bi,Zr, V,_ -
Os.5- -5
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composition in BIMGVOX,

of the v'-phase. Similar trends are seen in the other
BIMEVOXes.*>#%%°

The variation in activation energies between different dopant
ions reflects the strength of the interaction between the dopant
ions and the oxide ion vacancies. Activation energy generally
increases with increasing charge on the dopant ion as this
interaction gets stronger.

The main features of the Arrhenius plots of conductivity for
the BIMEVOXes vary with composition. For low values of
x, where the orthorhombic phases o or 3 are stable at room
temperature, the Arrhenius plots reflect the various phase
transitions. Fig. 12 shows the Arrhenius plot for BIZNVOX
for the x = 0.05 composition, which is typical. On heating a
gradual change is seen corresponding to the o—y transition.
However, on cooling sharper changes are observed associated
with y—f and B—a transitions. This form of thermal hysteresis
is typical of the low x value composition BIMEVOXes. It is
interesting to note that in the parent material, although thermal
hysteresis is seen, the 3 phase is observed on heating as well
as cooling. Clearly the addition of a dopant metal slows the
kinetics of the o—f transition.

At higher values of x where the y'-phase is stabilised at room
temperature, two distinct regions are evident in the Arrhenius
plots. A typical example is the Arrhenius plot for BINIVOX at
the x = 0.14 composition, Fig. 3. The Arrhenius plot for this
composition is fully reproducible with no thermal hysteresis.
The two linear regions reflect the existence of two closely
related phases, ¥’ at low temperatures, with the higher activation
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Fig. 12 Arrhenius plot of total conductivity for BIZNVOX.0S5,
Bi2Zn,05V0.9505.425—5-
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energy and vy at temperatures above ca. 450 °C with a lower
activation energy. The higher activation energy of the y’-phase
is related to the ordering of the oxide ion vacancies that occurs
in this incommensurately modulated phase. Therefore the
v’ activation energy has contributions not only from vacancy
migration, but also from defect trapping effects in the super-
lattice, whereas in the y-phase, the latter contribution is absent.

7 Model for conduction mechanism in BIMEVOXes

It has been established from measurements on BIMEVOX
single crystals that oxide ion conduction is essentially two
dimensional, with o, < JH.2’47 Therefore conduction must
involve hopping of vacancies/oxide ions, parallel to the layer
planes. As discussed above, evidence from neutron diffraction
studies and observed solid solution limits strongly suggests
that the EV model predominates in the BIMEVOXes. In order
for conduction to occur in the vanadate layer, oxide ions
and vacancies must exchange positions and therefore in the
dynamic system the V octahedra and tetrahedra are likely to
be in a state of flux. There are a number of ways in which
this could be achieved, but the absence of vacancies in the
apical positions suggests that only the equatorial O(3) ions
are involved. It is also likely that oxygen ions or vacancies
associated with the dopant polyhedra are trapped on those
polyhedra and are unlikely to be directly involved in conduc-
tion. A possible basic mechanism is summarised in Scheme 13.
The intermediate situation involves the formation of five
coordinate vanadium polyhedra.

Scheme 13 (VVOOa,ZOOe,2) + (VVOOa,ZOOeDOe) -
(Vv00u,200e,1.550e05) + (Vv004,200:00¢,0.5" Hoe0.5) —
(VvO00,.200:00.) + (VvO00,200.00.")

For oxide ion diffusion to occur a suitable pathway must
be available. The most likely route is through the interstitial
vacant site located in the equatorial vanadate plane between
four vanadium polyhedra. This site, as indicated earlier, is
faced by two Bi 6s” lone pair orbitals arranged in a linear
“coordination”. The polarizibility of the lone pair orbitals in
heavier main group subvalent metals is well known, so despite
the electrostatic repulsion endured by transient oxide ions
occupying this site, this route represents a favourable one as
it avoids close proximity to the V atoms. Nevertheless, it
is unlikely that the residence time in this site is long. Indeed
no significant scattering from this site is noted in the neutron
diffraction studies.!>"%°

To illustrate the possible mechanism of ionic conductivity
it is helpful to take as a starting point a typical BIMEVOX
composition with a ratio of 3 : 1 tetrahedra to octahedra.’* In
this case the proposed mechanism involves four neighbouring
V polyhedra. The first step in the mechanism involves the
movement of an oxide ion from a bridging equatorial site via
the interstitial site to an equatorial vacancy on a neighbouring
V polyhedron (Fig. 13a). In the case illustrated in Fig. 13 the
oxide ion that moves is originally shared between a vanadium
octahedron and a vanadium tetrahedron. This first step yields
an intermediate situation of two tetrahedra and two five
coordinate V polyhedra (Fig. 13b). The second step involves
movement of a second oxide ion from one of the five-
coordinate vanadium polyhedra to the other, resulting in the
starting situation of one octahedron and three tetrahedra
(Fig. 13¢). Overall the process results in the effective mobility
of vanadium octahedra and tetrahedra within the vanadate
layer. Similar mechanisms can be devised for different ratios
of vanadium polyhedra, but in each case the overall result is
as shown in Scheme 13. The model presented is somewhat
simplified since the rearrangement of tetrahedra in both



Fig. 13 Model of conduction mechanism in BIMEVOXes, showing (a)
starting, (b) intermediate and (c) final situations.

steps can involve creation of further neighbouring equatorial
vacancies as oxide ions switch from corner sharing to terminal
coordination.

8 Conclusions

The BIMEVOXes are a unique family of compounds in which
V can be substituted by a variety of cations almost irrespective
of the radius of the dopant cation. We have shown that from an
understanding of the defect structure of BIMEVOXes general
models for substitutional solid solution formation can be
derived and from these theoretical solid solution limits can be
obtained. It is clear that the preferred coordination number of
the metal dopant as well as its cationic charge are important
in determining the observed solid solution limit.

A knowledge of the defect structure also allows for the
development of a model for the conduction mechanism, which
involves movement of equatorial oxide ions/vacancies between
octahedral and tetrahedral vanadium polyhedra via a vacant
interstitial site located at the central point between four
vanadium polyhedra and linearly “coordinated” to two Bi 6s>
lone pairs of electrons. This type of interstitial site is similar to
that seen in Bi,Al,Oy>* and is one of two types of interstitial site
common in Bi,O3 based electrolytes, the other being tetrahedrally
“coordinated” as in 8-Bi,05>* and By-Bij 5sZr 1503075 Key
to high conductivity are the relative concentrations of
equatorial oxide ions and vacancies located on the vanadium
polyhedra, i.e. the ratio of vanadium octahedra to tetrahedra.
In the parent compound (x = 0.0) the value of X\ is calculated
as 0.5 in the EV model and hence there are equal numbers

of octahedra and tetrahedra. As the dopant level increases
the value of X increases and consequently the number of
available oxide ions in equatorial positions on V octahedra
decreases. This correlates with the lowering of high tempera-
ture (above ca. 500 °C) conductivity with respect to the parent
v-Bi4V,0;,_s. The presence of dopant ions with a preferred
coordination number effectively traps defects and therefore
also lowers conductivity.

The unrivalled low temperature conductivity of the BIME-
VOXes is attributable to a unique combination of structural
features: (i) the variable coordination environment of V with
four, five and six coordinate polyhedra common in oxide
systems; (ii) the presence of an available interstitial conduction
site surrounded by two polarizable Bi 6s> lone pairs and (iii)
high concentrations of mobile species.

Although we now have a good understanding of the defect
chemistry of the BIMEVOXes, the composition dependency of
v'-phase stabilisation is still not well understood. The reasons
for the thermodynamic stability of the y'-phase over the ortho-
rhombic phases o and B at particular compositions remain
unclear. It is however, evident that experimental conditions
have an important role as there are large discrepancies between
workers as to the stability ranges of the y’-phases of particular
BIMEVOXes. Similarly it is unclear as to whether the y—y’
transition is due to metastability of the y-phase with respect to
the vy’ phase or small compositional variation due to reduction/
oxidation of vanadium. Indeed recent evidence suggests that
the latter may be the case.'> Nevertheless, as was previously sug-
gested by Goodenough et al.,” the dopant-vacancy interaction
appears critical in facilitating the order—disorder transition.

The EV and AV models presented here only take into
account substitution for V. While it is certainly likely that some
BIMEVOX systems show substitution for Bi, for example
BiPBVOX, there has been some argument as to whether other
BIMEVOXes show substitution of Bi such as the lanthanide
doped systems. The models presented here require some
modification to account for substitution for Bi, however the
principles used are the same. The complication arises when
both V and Bi are considered to be substituted in the same
system.
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