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Three solid solutions of general composition Bi,_ Sb.V,0,,,
Bi,V;* V’*Oy,,/,, and Bi,V,__Sb.O,, have been investigated in
the fivefold Bi,O,-V,0:;-V,0,~-Sb,0,-Sb,0; system. These ox-
ides have been characterized by X-ray diffraction and electron
microscopy techniques. Single phases have been isolated for
values ranging from 0 to x, z = 0.8 and y = 2. Single crystals of
Bi,,Sb,V,0,,, Bi,V,0,05, and Bi,V,,Sb,;0,, have been grown
and their structures determined by X-ray diffraction methods.
The three oxides crystallize in the orthorhombic system, space
groups F222, Amam, and Fmmm, respectively. Their structures
keep the classical two-dimensional array of Aurivillius-like
oxides with (Bi, Sb)—O layers interleaved with (V, Sb)—O sheets.
It has been found that Sb** is introduced into the bismuth layer,
due to its similar sterical behavior, by the presence of a 5s* lone
pair associated with Sb** and 6s? associated with Bi**, whereas
Sb** substitutes for the V3* cation. All of the substitutions
carried out mainly act on the vanadium layer, which can accom-
modate different coordination polyhedra for cations: tetrahedra
for V3*, square pyramids and distorted trigonal bipyramids or
octahedra for V** and V3%, and octahedra for Sb** . This fact
can be related to the electrical properties, such as high ionic con-
duction and ferroelectricity, shown by these types of materials.
© 1999 Academic Press

INTRODUCTION

The bismuth vanadium mixed oxide Bi,V,0O; has attrac-
ted a lot of attention as the parent phase for a family of
oxide-ion conductors known as BIMEVOX (1-4) that ex-
hibits interesting oxygen conductivity at low temperature.
For example, Cu-substituted Bi,V,0;; (BICUVOX) is one
of the best oxide-ion conductors possessing an oxide-ion
transference number near unity at atmosphere Py, (1).
Bi,V,0,; was first identified in the binary system
Bi,0;-V,0;5 (5). Its structure is closely related to the simple-
st n =1 Aurivillius phases with alternating [Bi,O,], and
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[VOs;. 5], layers, and it undergoes two structural transitions
upon on heating (¢ — f§ — y) before melting, as confirmed by
several techniques (6). Both room temperature « and f
phases seem to crystallize in the orthorhombic system with
ordered oxygen vacancies, while at high temperatures the
7 phase becomes a disordered structure leading to a
tetragonal cell and appreciably higher conductivity.

To stabilize the high-temperature disordered phase,
a classical chemical way of substituting other cations for
V>* was carried out to prevent ordering of the structure.
These substitutions were successfully realized with a large
variety of metallic cations and led to the above-mentioned
BIMEVOX family. If V37 is partly replaced by the isovalent
cation Sb>*, different structural modifications can be detec-
ted in the system Bi,V,_-,Sb,O; as a function of the com-
position. Some authors (7) claimed the existence of an
o phase up to x = 0.15 and the f phase between 0.15 and
0.30 beyond this limit; the y phase is characterized up to
x = 1.0. These authors reported very good ionic-conducting
properties for the phases with 0.20 to 0.30 antimony con-
tent. Other authors reported the existence of a solid solution
of general composition BiyV,_-,Sb,0;;-5 (0 <y <0.3) and
studied the catalytic behavior of these materials (8). Joubert
et al. (9) determined the crystal structure of a mixed
V4*/Sb3* doped phase BiV; sSby 5O .7, which is an elec-
tronic insulator at room temperature.

On the other hand, the existence of the solid solution
Bi,V31.V#" O, ./, by substitution of V** for V>* in the
parent structure BiV,0;;, keeping the Aurivillius frame-
work, was evidenced (10). The limiting oxide Bi,V,O;4 also
exhibits three polymorphic phases on heating, «, 8, and 7,
with the orthorhombic symmetry and decreasing vacancy
ordering as in Bi,V,0y; (11). This material is a very good
ionic conductor with a conductivity as high as 107! Qcm ™!
at 730°C (12). Moreover, other lone pair cations, such as
Sn2*, Sb**, or Te*", can be substituted in the [Bi,O,],
layer of the Aurivillius structure (13—15) or, in the particular
case of n = 1 Aurivillius-like phases, Bi** can be completely
replaced by Sb®>* (16-18).
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The different cation substitutions in both [Bi,O,], and
[A,-1B,O3,+1], layers of the Aurivillius-type structures
have a strong influence on the crystal structures of these
oxides and therefore on their physical properties. Antimony
introduction into the Bi,V,0;; _; framework could be inter-
esting for two reasons: (i) Sb®>* has a 5s? stereo chemically
active lone pair of electrons, like the 652 of Bi®*; and (ii) Sb
can exhibit two oxidation states, Sb®* and Sb>*, occupying
both bismuth and/or vanadium positions, respectively. This
paper reports results on the solid solutions appearing in the
Bi,03-V,05-V,0,-Sb,0;-Sb,05 system.

EXPERIMENTAL
Synthesis

Powdered samples were prepared by solid-state reactions
from ground stoichiometric mixtures of analytical grade
Bi,0;, VO, and/or V,0s, and Sb,0; or Sb,05 oxides. VO,
was prepared by heating an equimolar mixture of V,0O5 and
V,0; at 850°C for 3 days. V,0; itself was obtained by
reducing V,0s under hydrogen at 800°C for 12 h. All reac-
tions from V,05, VO,, and Sb,O; were carried out in sealed
evacuated quartz tubes to prevent any oxidation. The sam-
ples were heated for 24 h at final temperatures of 650°C for
Bi,0Os, VO,, and Sb,Oj; starting oxides and 850°C for the
remaining samples. After the thermal treatment, the prod-
ucts were quenched to room temperature and characterized
by X-ray powder diffraction.

Single crystals of representative compositions were grown
from melted stoichiometric mixtures of starting oxides. The
mixtures were placed into ampoules sealed under vacuum
or in platinum boats for treatment under O,; similar reac-
tions were made to obtain polycrystalline samples. They
were heated at 950°C except for Bi,O; + VO, + Sb,0;
reactions, which melted at 850°C. They were cooled down to
400°C at 5°Ch~! and to room temperature at 50°Ch~1,
This protocol results in the formation of black (for V**) or
dark brown (for V3%) platelet crystals of adequate size
(width and length, from 0.1 to 1 mm; thickness, around
0.02 mm) to be studied by X-ray single crystal diffraction
methods.

X-ray Diffraction

Powder X-ray diffraction patterns were recorded with
graphite monochromatized CuKo radiation and a Seifert
XRD 3000 diffractometer scanning from 4° to 64° (20) in
steps of 0.05° (20) and with 3 s counting time at each step.
The unit-cell parameters derived from X-ray powder data
were refined through least-squares techniques.

The single-crystal quality and the crystal systems
were first investigated on a precession camera. The diffrac-
tion data were collected with an Enraf-Nonius CAD4 dif-
fractometer. Orientation matrix and cell parameters were

SOROKINA ET AL.

obtained from least-squares refinements of the setting angles
of 25 hkl reflections. Corrections for Lorentz polarization
and empirical absorption (19) were applied to the data.
Atomic scattering factors were corrected for anomalous
dispersion (20). The calculations were performed with
SHELX-86 (21) and the drawings with ORTEP (22).

Electron Microscopy

The transmission electron microscopy (TEM) experi-
ments were performed on ground single crystals with a Phi-
lips CM20 electron microscope working at an accelerating
voltage of 200 kV. This microscope is equipped with an
EDX system permitting the verification of the presence of
the expected elements in each studied region.

RESULTS AND DISCUSSION

To verify the possibility of substitution of Sb** for Bi®**
in the bismuth layer and of V** or Sb>* for V5% in the
vanadium layer of Bi,V,O,; ([Bi,0,][VOs.5]),, three solid
solutions were investigated in the fivefold system
Bi,03;-V,05-V,0,-Sb,03;-Sb,05s shown in Fig 1:
(I) Bi,_.Sb.V,0;0 (x<08), (II) Bi,Vi* V3 0104,
(0 <y < 2), and (I1I) BiyV,_.Sb.0,, (z < 0.8).

Type I: Solid Solution Biy - Sb,V>010 (x < 0.8)

X-ray diffraction patterns of representative samples be-
longing to this solid solution are shown in Fig. 2. In the
range 0 < x < 0.8 the samples show the evolution of a non-
stoichiometric single phase while slightly polluted by a tiny
bit of SbVO, and Sb,VOs for x = 0.6 and x = 0.8 respec-
tively. The patterns were indexed by taking the y-Bi,V,04,
compound as a structural model (11). The evolution of the

2Biy04

2V0,

FIG. 1. Solid solutions studied in the schematic fivefold diagram
Bi,0;-V,05-V,0,-Sb,0;-Sb,0s.
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FIG. 2. X-ray diffraction patterns of representative samples in the solid
solutions (I) Biy—,Sb,V,01¢, (II) Bi,V3X V> 010+, and (III) Bi,V,_,
Sb.Oy;. (O, Sb,VOs; A, SbVO,; @, BiSbO,) .

mean unit-cell parameters is depicted in Fig. 31. The lattice
parameter b decreases while ¢ increases with increasing
Sb3* content up to about x = 0.8. Subsequently, the para-
meters remain unchanged for higher values so the maximum
limit of x to yield the solid solution is found to be 0.8.

To wunderstand the structural evolution in the
Bi, - ,Sb,V,0, solid solution, single crystals of the limiting
composition x = 0.8, Bi3 ,Sby gV,0;(, were grown. An in-
itial study was made by electron diffraction (ED) and TEM.
The electron diffraction patterns (Fig. 41) do not reveal the
presence of superlattice spots, which are a characteristic
feature of the undoped y-BiV,0;, phase (11).

The structure of Bi; ,Sb, sV,0; has been determined by
single-crystal diffraction methods. Table 1 summarizes
physical and crystallographic data together with the condi-
tions of data collection. The atomic parameters are listed in
Table 2 and selected distances are shown in Table 3.

The framework of this structure keeps the classical ar-
rangement of Aurivillius-like n = 1 phases (Fig. 5), being
built up by [Bi; Sby.4O,], sheets interleaved with [V,0Oq],
layers, which contain VOs square pyramids sharing their
basal corners.
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The antimony and bismuth atoms occupy statistically
two very close crystallographic sites (0.27 A) in the network.
Both atoms are coordinated to four oxygens (two O1 and
two O2) of its layer, at shorter distances for antimony than
bismuth (Table 3) according to its smallert ionic radii (23).

Despite this Sb—O shortening, the ¢ parameter of the cell
increases; this fact can be explained by the stronger
stereoactivity of the Sb** lone pair. For Bi** we must also
note the tendency of the electronic lone pair to come closer
to the nucleus due to relativistic effects. We note that the Sb
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FIG. 3. Evolution of mean unit-cell parameters as a function of doping
content in (I) Biy—,SbV,0,0, (II) BiyV4Z,V ¥ O104,/2, and (III) Biy
V,_.Sb.O;,; phases. (On the left, the values concern the a and b cell
parameters. On the right, the values concern the ¢ cell parameters).
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substituting for Bi does not occupy its crystallographic sites,
but clearly a different position, highlighting their different
stereochemistry behavior.

The [V,0¢], layers exhibit classical disorder; they have
difficulty fitting the imposed periodicity of the pavement
laid down by the (Bi, Sb)O4E square pyramids (E symbol-
izes the lone pair). Two crystallographically independent
sites, rather close (0.36 A and 045 A), welcome the
vanadiums, i.e., V1 and V2. The oxygens O3 and O4 are
distributed statistically. Nevertheless, the V-O interatomic
distances, ranging from 1.67 A up to 2.23 A, retain their
usual values but show an important distortion of the VOs
square pyramids.

Type II: Solid Solution BigVs' "V, O104,2 (0 <y < 2)

The existence of a continuous solid solution between the
extensively studied BiV,0;; oxide and the homologous
V#*_substituted compound Bi,V,O; , has been presented by
Galy et al. (10-11). Here we report the mean structure of the
midway oxide Bi,V,0;,.5 (y = 1), containing both V4" and
V3* cations.

The powdered sample Bi,V,0;, 5 was first characterized
by X-ray powder diffraction methods. Its diffraction pattern
(Fig. 2) is related to both y-Bi,V,0,, and a-Bi,V,0O;; phases
and the a, b, and ¢ unit-cell parameters calculated are
between those of the limiting phases (Fig. 31I).

As in the type I phases, single crystals were grown to
study the original structural features induced by the simul-
taneous presence of V** and V3% in the framework. The
TEM diffraction pattern (Fig. 41II) clearly exhibits the exist-
ence of diffraction maxima corresponding to the existence of
superstructure on both b* and c¢* reciprocal axes. This
superstructure appears clearly to be commensurate and can
be written in the form b*/3 + ¢*. This fact shows that 50%
substitution of V>* does not stabilize at room temperature
the highly ionic conducting y-phase of either limiting phase
Bi,V,0,; and BiV,0;,, which contrasts with other cationic
substitutions in the BIMEVOX series. Many examples of
y-type solid solutions stabilized by different metal cations
have been reported, mainly dealing with an isovalent cation
such as Nb>* or Ta’*, starting from a doping content of
about 10% (24, 25) or 15% (7), or an aliovalent cation such
as Cu?*, Ni2*, Fe3*, Mn**, Ti*", ... (see Refs. (6, 26)) and
references therein) with an adjusted substitution level ac-
cording to the metal element, but always lower than 20%.
This difference can be related to the limited structural dis-
tortion carried out by the introduction of V4 into the V>
framework.

FIG. 4. TEM diffraction patterns of (I) Biz ,Sb gV,0;, with zone axis
[00T7], (IT) Bi,V,0;,. 5 with zone axis [100], and (ITI) Bi,V; ,SbysO;; with
zone axis [0017].
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TABLE 1

Crystallographic Data for Bi,,Sb,,V,0,,, Bi,V,0,,s, and Bi,V,,Sb,;0,
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Formula
Bi3.,Sbo.sV,010 BisV,040.5 BigV1.2Sbg 5044
Crystal data
Crystal system Orthorhombic Orthorhombic Orthorhombic
Space group F222 (No. 22) Amam (No. 63) Fmmm (No. 69)
a(A) 5.492(1) 5.527(2) 5.462(2)
b (A) 5.493(1) 5.574(1) 5.469(2)
¢ (A) 15.584(2) 15.351(4) 15.867(4)
v (A3 470.1(2) 472.9(2) 474.0(2)
Z 2 2 2
Molecular weight 1028.0 1015.8 1170.5
p calc (gem™?) 7.26 713 8.20
i (MoKa) (cm™1) 610.8 725.3 738.7
Morphology Platelet Platelet Platelet
Color Black Black Dark brown

Dimensions (mm)

0.14 x0.12x0.017

0.175x0.126 x 0.021

Data collection

0.138 x0.113 x 0.028

Temperature (°C) 20 20 20

Wavelength (MoKa) (/&) 0.71069 0.71069 0.71069

Monochromator Graphite Graphite Graphite

Scan mode w-20 w-20 w-20

Scan width (°) 0.90 + 0.35tan 0 1.50 + 0.35tan 6 1.05 + 0.35tan @

Take-off angle (°) 32 37 3.8

T max (s) 60 60 60

Max Bragg angle (°) 35 35 35

hkl range 0—-38/0—-8/0-25 0-8/0—->8/0—-24 0-8/0—->8/0—25
Structure refinement

Reflections collected 1294 1279 1254

Reflections used 277 398 217

Parameters 23 31 18

R 0.043 0.096 0.120

w 1/*(F) + 0.0019F2 1 1

R 0.060 0.11 0.144

The structure of Bi,V**V3*0,, s was determined by
single-crystal diffraction methods. Table 1 summarizes
physical and crystallographic data together with the condi-
tions of data collection. The list of fractional coordinates
and thermal parameters are given in Table 2. The selected
distances are listed in Table 3.

The network of Bi,V**V>*Q,, s is built up by [Bi,O,],
and [V**V3*Oq 5], layers, both V#* and V3" cations
making VOs square pyramids and V>7 cations also VO,
tetrahedra. These results can be compared with the struc-
tural studies for a phase with lower V**/V3* molecular
ratio, Bi,V,0y ¢ 66, carried out by Rietveld refinements using
synchrotron radiation powder diffraction data (27) or elec-
tron diffraction and high-resolution electron microscopy
(28). It appears that this oxide crystallizes in the orthorhom-
bic system space group Pnma with the b parameter tripled.
Its vanadium-oxygen layer is built up by one V*"Oq
octahedron sharing equatorial corners with two V'O,

tetrahedra. These polyhedra form triple chains infinitely
connected along the [100], but not in the [010] direction,
breaking the infinite two-dimensional character of that
layer in Aurivillius-related phases. An increase of V4
content, like the compound presented here, would allow
recovery of the possible connection of vanadium polyhedra
in both [100] and [010] directions and so the two-dimen-
sional character. It is reasonable to postulate that the core
of the structure defined in (27) and (28) is present,
some modulations occurring in order to adjust the chemical
composition. The complexity of oxygen distribution is parti-
cularly emphasized by the difference Fourier section given
in Fig. 6.

Type 11I: Solid Solution BiJ/, - .Sb.011 (z < 0.8)

The formation of a solid solution by substitution of Sb>*
for V>* in Bi,V,0; ; was reported by Joubert et al. (7). These



384

TABLE 2
Final Atomic Parameters for Bi;,Sb,,V,0,,, Bi,V,0,,5, and
Bi4VLZSb0.8011
Atom  Site X y z T Beq(*oriso
BiS.ZSbOBVZOlO
Bi 8g 0 0 0.3337(1) 0.8 2.00(8)*
Sb 8g 0 0 0.3166(5) 0.2 0.08(8)
Vi 8¢ 0.041(2) 0 0 0.25 0.5(2)
V2 8f 0 0.052(3) 0 0.25 1.3(2)
01 4e 1/4 1/4 1/4 1 1.8(5)
02 4d 1/4 1/4 3/4 1 1.4(5)
03 16k  0.279(8) 0.237(9) 0.022(2) 0.5 5.3(6)
04 16k  0.021(9) 0.059(7) 0.107(3) 0.25 2.8(6)
Bi4V201045
Bi 8g 1/4 0.23194)  0.1689(1) 1 1.70(6)*
\2! 8f  0.285(5) 0.679(4) 0 0.3 1.1(5)
V2 8f  0.291(6) 0.816(6) 0 0.2 1.0(6)
o1 16h 0.524(8) —0.01(1) 0.746(3) 0.5 0.6(5)
02 16h  0.45(2) 0.45(2) 001(1) 02 5(2)
03 16h  0.56(2) 0.87(2) —003(1) 02 6(2)
04 8f  0.37(2) 0.34(2) 0 0.2 2(1)
05 8g 1/4 0.82(1)  —0098(5 0.625  2(1)
Bi4V1.ZSbO48011
Bi 8i 0 0 0.3296(4) 1 2.2(2)*
V/Sb 160 0.023(9) —0.01(3) 0 0.15/0.10 2.5(7)
01 8f 1/4 1/4 1/4 1 1.3(7)
02 32p 0.27(4) 0.21(4) 0.033(9) 0.25 6(4)
03 32p  0.11(3) 0.05(3) 0.099(8) 0.1875  2(2)

authors suggested that the stabilization of different poly-
morphs of Bi,V,0;; at room temperature depends on the
doping level. The o and f phases, being modulated orthor-
hombic structures, are present up to z = 0.15 and z = 0.30,
respectively. The upper limit for the y-phase is z = 1.0 and
the cell becomes tetragonal. In the same way, Joubert et al.
performed a Rietveld refinement of two doped y-
BiV,_.Sb,O,; phases (z=0.5,1) in the I4/mmm space
group, taking as a starting model the structure of y-
Bi,V,0,; (1) with a statistical distribution of Sb/V on the
same crystallographic site around their ideal position as
well as the oxygens of its layer.

In our study, we used different synthesis methods and
found different results. The above authors used Sb,O; as
a starting product, the mixture being heated in air. This
protocol could allow the partial oxidation of Sb** to Sb>*
transforming Sb,0O; into the Sb,0, stable oxide. Then the
possible formation of mixed doped phases in both Bi** and
V3% sites can occur, together with a small amount of
Sb,0, undetectable by X-ray diffraction methods. For this
reason, we demonstrate the existence of a solid solution,
BiV,_.Sb,0,, with a probable limit lower than z = 1; i.e.,
z = 0.8. The X-ray powder diffraction patterns (Fig. 2) show
the existence of a single phase without peaks corresponding
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to superlattice reflections (y-polymorph) until z = 0.8, while
for z =1 a mixture of y phase and BiSbO, oxide is clearly
present. On the other hand, the calculated unit-cell para-
meters from powder samples exhibit an increase of a and
¢ and a decrease of b between z = 0 and z = 0.2 (Fig. 3III).
For 0.2 <z < 0.8, a and b decrease while ¢ increases giving
a very slight change in the lattice volume. Above z = 0.8 up
to z =1 no further evolution can be observed. Therefore,
we can conclude that the maximum substitution for
Bi,V,_.Sb,Oy; solid solution corresponds to z = 0.8.

To elucidate the uncertainty derived from powder sam-
ples about the possible existence of superstructures and the
space group of these phases, single crystals of the more
highly substituted oxide BisV; ,Sby gO;; were grown.

The electron diffraction pattern (Fig. 4III) confirms the
absence of superstructure spots and so the y form of the
Bi,V; ,Sby 3Oy structure. Its structure has been deter-

. TABLE 3
Selected Distances (A) for Bi;,Sb,;V,0,,, Bi,V,0,,5, and

Bi,V;,Sby ;01

Bi; ,Sbg V,040
Bi-O1 2.339(1)x 2 Sb-O1  2.202(4) x 2
Bi-0O2 2.339(1)x 2 Sb-02  2.202(4)x2
Bi-03 2.87(5) 3.08(5) Sb-03  3.08(5) 3.28(6)
Bi-0O4 2.60(4) Sb-04  2.70(5)
Bi...Sb®  027(1)
V1...V2¢  036(1) 0.45(2)
V1-03 1.79(5) 1.88(5) 207(5) 22109
V1-04 1.70(5) 1.73(5)
V2-03 1.71(5) 1.87(5) 2.14(5)  2.23(5)
V2-04 1.67(5) 1.78(5)

BiV,010.5

Bi-O1 2.19(1) 2.31(1) 241(1) 2411
Bi-0O2 291(2)
Bi-0O3 2.44(1)
Bi-O4 2.74(2)
Vi..V1e  0.39(2)
V1...V2¢  0.76(2) 0.87(2)
V2...V2*  045(2)
Vi-02 1.59(5) 1.63(9) 1.84(9)  1.98(9)
Vi-03 1.91(9) 2.24(9)
V1-04 1.91(9) 1.95(9) 2.08(9) 23009
V1-05 1.70(8) 1.70(8)
V2-02 2.06(9) 2.23(9) 2.39(9) 24509
V2-03 1.60(9) 2.01(9) 2039 22309
V2-04 2.07(8) 2.48(8)
V2-05 1.52(8)

Bi,V, ,Sbg 501y
Bi-O1 2.309(3) x 4
Bi-02 2.775(3)
Bi-03 2.441(4) 2.770(3)
V/Sb-02 8 distance between 1.8(2) and 2.2(2)
V/Sb-03 4 distance between 1.7(1) and 1.8(1)

“Distance intercrystallographic sites.
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FIG. 5. View of the crystal structure of Bi; ,Sby gV,0;.

mined by X-ray single-crystal diffraction methods. The crys-
tal data, atomic positions, and representative geometric
parameters are listed in Tables 1, 2, and 3, respectively.

Accordingly to our results, Bi,V; ,Sby sO;; crystallizes in
the orthorhombic system, space group Fmmm (No. 69) rep-
resenting an average structure. Again [Bi,O,], sheets and
[V1.2Sby sO,], layers alternate within the framework, Sb>*
and V3" occupying MOg octahedra, the remaining V>
being inside distorted square pyramids. Figure 7 schemati-
zes this idealized structure.

Comparison between BiyV,0i¢, Bis 2Shg V2010,
Bl.4V2010.5, Bl.4V1'2Sb0‘8011, and Bi4V2011 Structures

As has been described above, these five oxides retain the
classical two-dimensional array with bismuth- or bis-
muth/antimony-oxygen layers alternating with vanadium-
or vanadium/antimony-oxygen sheets. The latter contain
more or fewer anionic vacancies, giving rise to different
coordination polyhedra for vanadium, i.e. tetrahedra only
for V3*, square pyramids, distorted trigonal bipyramid, and
octahedra for V#* or V>, while antimony always exhibits
octahedral coordination. Nonstoichiometry associated with
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ionic-conducting properties explains why some oxygen tem-
perature factors have higher values.

The main crystallographic data are summarized in
Table 4. The unit-cell parameters of these oxides are very
close, but the variations can be reasonably interpreted:

‘1

0.4 0.6

FIG. 6. Difference Fourier maps in the Bi,V; ,Sby gO; structure: sec-
tions at z = 0 (up) and z = — 0.10 (down) were computed with Bi, V1, V2,
and O1 atoms. (The positions of V atoms are indicated by small dots. The
most prominent peaks of the maps are assigned to disordered O atoms. The
full lines correspond to 2.5 ¢ A~3. The maxima correspond to 5.2 ¢ A =3 for
z=0and 7.1e¢ A=3 for z = — 0.10, respectively).
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TABLE 4
Comparisons of Cell Parameters of Bi,V,0,,, Bi;,Sb,;V,0,,, Bi,V,0,,s, Bi,V,,Sb,40,,, and Bi,V,0,,

a(A) b (A) ¢ (A) v (A3 S.G. Ref.
BiV,010 5.494(2) 5.505(3) 15.449(3) 467.2(2) P2,22, 10-11
Bi; ,Sbo sV>010 5.492(1) 5.493(1) 15.584(2) 470.1(2) F222 This work
BiV,0;0 5 5.527(2) 5.574(1) 15.351(4) 472.9(2) Amam This work
BiV, »Sbo 4014 5.462(2) 5.469(2) 15.867(4) 474.0(2) Fmmm This work
BiV,0,; 3%5.528(3) 5.594(2) 15.254(6) 3x471.5(4) Pnem 10

e In the Bi,V,0,, 5 phase, the ¢ parameter is exactly
midway between the ¢ parameters of Bi,V,0;, and
Bi,V,0,; this fact is in good agreement with statistical
participation of both V#* and V3% cations.

e In the Bi;,Sby3V,0;, phase containing Sb3*, the
¢ parameter increases in comparison with its value in the
Bi,V,0;, nonsubstituted phase. The increase is due to the
repulsion effect of lone pairs associated with Sb** being
more active than those associated with Bi®™.

e In the Bi,V, ,Sby 3O;; phase containing Sb>*, the
¢ parameter increases in comparison with the ¢ parameter in
the Bi,V,0;; nonsubstituted phase. This fact is related to

FIG. 7. Representation of the Bi,V; ,Sby gO;; structure.

the different ionic radii: V3 * CN4 = 0.36 A, CN5 = 0.46 A,
CNG6 = 0.54 A, and Sb>* CN6 = 0.60 A (23).

Although the introduction of antimony into both
Bi; ,Sby V>0, and BiyVy ,Sby sO;; would seem equiva-
lent, the degree of substitution evolves to 20% in the former
and to 40% in the latter. This fact shows the different
behavior of antimony Sb** and Sb>* and the good control
of the synthesis methods for the designed compounds.
Moreover, while the [Bi,O,], sheets remain stable for all
studied compounds, the introduction of Sb** in that layer
acts particularly on the vanadium-oxygen sheets, which can
accommodate the various coordination polyhedra ex-
hibited by V**, V3* and/or Sb>*. This facility is un-
doubtedly the reason why these compounds are high ionic
conductors.

This study presents another example of substitution of Sb
for Bi in the [Bi,O,], sheets of the Aurivillius structures.
Moreover, the capability of Bi,V,0;¢+5 (0 < 0 < 1) phases
to accommodate composition and charge modifications,
here shown, is obviously related to its exciting physical
properties, such as ionic conductivity and ferroelectricity
(29). For that reason, it can be postulated that these mater-
ials would be very good candidates to be used in several
technical devices.
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