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Following the work on defect fluorite superstructures in the B&O,-VZOJ system, the detailed 
structures of the type II family in this system have been investigated by high resolution electron 
microscopy. For compositions from 6Bi203-V205 to 7BiO-2V205, vanadium cations exist in the form 
of V40ro tetrahedral clusters within the &B&O, lattice. These clusters are ordered, but their arrange- 
ment is variable so that many triclinic superstructures exist. Q 1990 Academic press. Inc. 

Introduction 

Defect fluorite-related solid-solutions in 
the systems of Bi203-Nb205 (1, 2), B&03- 
Ta205 (3), and Bi203-V205 (4) have been 
previously studied by high resolution elec- 
tron microscopy (HREM) in these labo- 
ratories. Although X-ray diffraction pat- 
terns from most samples were identical and 
could only be indexed onto the 6-Bi203-like 
(5) unit cells, many superstructures were 
observed. These superstructures were clas- 
sified into several types according to the 
different forms of the guest oxide clusters 
in the &B&O3 host lattice. In the type I 
solid-solution, the guest cations are sepa- 
rated from one another (so that there is no 
M-O-M bonding, M = Nb, Ta, or V), or- 
dered in a body-centered 2 x 2 x 2 cubic 
superlattice in the Bi203-M205 (M = Nb or 
Ta) systems and in a face-centered 3 x 3 x 

3 cubic superlattice in the Bi203-V205 sys- 
tem. The type II structures in the Bi203- 
M205 (M = Nb or Ta) systems are also cu- 
bic. All M cations are six coordinated by 
oxygen. Each four such octahedra, M06, 
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form a tetrahedral cluster, M40i8, which 
links with the fluorite-like bismuth oxide 
network and together can be regarded as 
pyrochlore-like units. It is more likely that 
two or more of these tetrahedral units are 
joined together to form some larger units, 
M70j0, etc., lying on all three (111) planes 
of the fluorite lattice. However, in the sys- 
tem Bi203-V205, vanadium cations are co- 
ordinated by four oxygens which was con- 
firmed by a laser Raman study (I. E. 
Wachs, unpublished). The VO4 units are 
usually arranged into V4010 tetrahedral 
units and the formation of larger units is 
impossible, since vanadium cations shared 
by two V40i0 tetrahedral units would re- 
quire six coordination of oxygen. The V40i0 
tetrahedral clusters lie on only one of the 
(111) planes of the 8-B&O3 fluorite lattice, 
differing from other systems where the 
clusters lie on all three such planes. The 
separation of these V4010-contained (111) 
planes, designated main (111) plane, and 
the arrangement of the V40i0 units within 
them are variable. Consequently, for the 
compositions from 6Bi203-V205 to 7Bi203- 
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2V205, the type II structure in this system 
is actually a large family of many closely 
related phases. In the previous work (4), 
the structure of the first member of the type 
II family (the type IIa) was determined by 
computer image simulations, and unit cell 
dimensions were given for the other five 
members. 

Generally, structures of solid-solution 
materials can be described in a term of 
“multiorder” approximation; i.e., the basic 
structure of a solid-solution determined by 
X-ray diffraction method is a “first-order” 
approximation and the detailed superstruc- 
ture revealed by HREM studies is a “sec- 
ond-order” approximation to the truth. The 
detailed structures found in the 6-BizOj- 
based-solid solutions not only are of inter- 
est in term of structural chemistry but also 
they effect the physicochemical properties 
of these materials (6). Some of the solid- 
solution materials in the Bi203-V205 sys- 
tem have also been used as catalysts for 
partial oxidation of methane and good 
yields of higher hydrocarbons are produced 
at 700°C (7). 

In the present work, structural details of 
six members of the type II family found in 
the Bi203-V205 system are discussed. 

Experimental 

Experimental details of this work are 
identical to those described previously (4). 
Three compositions, 6Bi20j-V205, 4Bi203- 
V205, and 7Bi203-2V205, have been pre- 
pared. All samples were found to be homo- 
geneous by energy dispersive X-ray 
spectrometry. Initial characterization of the 
samples was by X-ray powder diffractome- 
try (XPD). Unlike the type I structure and 
other fluorite-related solid-solution mate- 
rials, the XPD spectra of the type II struc- 
tures in the Bi203-V205 system reveal a de- 
parture from the cubic symmetry (see Fig. 
If in Ref. (4)). However, selected area elec- 

tron diffraction (SAED) patterns indicated 
that all the type II structures in this system 
are still derived from the defect fluorite sub- 
lattice. The details of each member are dis- 
cussed below. 

Results and Discussion 

Type ZZa Structure 

The structure of type IIa found in the 
sample of 6Bi203-V205 has been deter- 
mined (4). The unit cell is triclinic with a = 
b = 1.17, c = 2.39 nm, (Y = p = 57.8”, and 
y = 60.0”. The relationship between the flu- 
orite sublattice and the type IIa superunit 
cell can be expressed as 

aIIa = Qaf + Scf 

CIIa = -af - bf + 4cf. 

FIG. 1. The V4010 arrangement in the model for the 
type IIa superstructure in the system Bi203-V205. The 
cube shows the fluorite subcell (after Zhou (4)). 
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FIG. 2. HREM image and the corresponding SAED pattern of the type IIb structure obtained from 
6Bi203-V205, viewed down the [I 121 direction of the fluorite subcell. 

where a, b, c are unit cell vectors. cm could 
also be chosen as -&zr - Sbr + cf, etc. The 
arrangement of V40r0 clusters in type IIa is 
shown in Fig. 1 as a comparison to the 
other members. 

Since all the superlattices discussed in 
this work are based on the fluorite-like 6- 
BizO3 sublattice with different arrange- 
ments of VdOro clusters inside this sublat- 
tice, to emphasize this, only tetrahedral 
VdOio clusters are shown in the figures for 
all models. Therefore, the space between 

adjacent clusters is filled by bismuth and 
oxygen atoms. It has to be pointed out that 
most superstructural models described 
might have monoclinic symmetries when 
superunit cell vectors a and b are chosen to 
be along the (ar + bf + 2cf) and (ar - bf) 
directions, respectively. However, the 
present work deals mainly with ordered ar- 
rangement of V-O guest oxide clusters 
rather than exact atomic positions and 
space groups of the superstructures. A tri- 
clinic symmetry was chosen for these struc- 
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tures in order to obtain as small a unit cell 
as possible and to show the V40i0 arrange- 
ment clearly. The real unit cell parameters 
and space group for each structural mem- 
ber might be determined later by refinement 
of neutron diffraction if a single phase ma- 
terial can be prepared. 

Type IIb Structure 

The type IIb structure has a unit cell with 
the three parameters, a, 6, and c, being 
double those found in the type IIa struc- 
ture. Figure 2 shows a typical SAED pat- 
tern and the corresponding HREM image of 
the type IIb structure taken from a 6Biz03- 
V205 sample. HREM images for type IIa 
and type IIb structures are very similar, 
suggesting that the type IIb structure is just 
a slightly modified type IIa. 

Although the arrangement of V401,, tetra- 
hedral clusters within the main (111) plane 
of the fluorite lattice is almost always the 
same, there is one vanadium cation in each 
tetrahedron sitting outside this plane, 
which can be on either side of the (111) 
plane. The composition of the (001) plane of 
the unit cell (i.e., the (111) plane of the fluo- 
rite structure) can be thought of as being 
composed of alternating rows of V40r0 tet- 
rahedra, where one such row (in the [liOl 
direction in the (001) plane of the unit cell) 
has the out-of-plane vanadium cations 
above the (001) unit cell plane, and the adja- 
cent rows have the out-of-plane vanadium 
cations below the (001) plane. This is illus- 
trated in Fig. 3a. The superunit cell is de- 
rived from the fluorite sublattice by the re- 
lations 

&Ib = 3af + 3cf 

b*Ib = 3bf + 3q 

CIIb = -2~ - 2bf + 8Cf, 

with unit cell parameters a = b = 2.34 nm, 
c = 4.79 nm, CY = p = 57.8”, and y = 60.0”. 
It is also possible to choose a shorter clIb as 
CIIb = - 5~ - 5bf + 2~. The COmpOSitiOn Of 

(4 (b) 

FIG. 3. (a and b) Possible arrangements of V40f0 
clusters in the structural model of type IIb. Only V 
cations are shown. The cubes show the fluorite sub- 
cells. 

the whole unit cell is Bi36sV6407r2 with 152 
oxygen vacancies if all cations keep their 
original valence. It has been understood 
that oxygen vacancies tend to associate 
with the guest cations in the 6-Bi203-based 
solid-solutions. The structural type formed 
is dependent on the oxygen vacancy con- 
centration (3). 

Another modification of the type IIa 
structure is possible; here the unit cell pa- 
rameters are doubled and all V40r0 tetrahe- 
dra in the (001) unit cell plane have their 
out-of-plane vanadium cations above the 
(001) plane. However, the positions of the 
V40i0 tetrahedra within the rows (see Fig. 
3b) are rather different from those shown in 
Fig. 3a. In this second possibility, the V401,, 
tetrahedra in one row have shifted along the 
[ilO] unit cell direction. Since there is not 
enough information from HREM images, it 
is difficult to differentiate experimentally 
between the two models. It has been noted 
that the atomic arrangement in the second 
model is very similar to that in the type IId 
model discussed below. The latter has been 
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confirmed by image simulations on at least 
two principal directions. 

Type ZZc Structure 

The type IIc structure has a unit cell de- 
rived from fluorite lattice by the relations 

UlIc = &zf + ikf 

b& = $bf + $Cf 

CIIC = -$af - $bf + 3cf, 

with unit cell parameters a = b = 1.17 nm, 
c = 2.02 nm, (Y = p = 74.9”, and y = 60.0” 
determined from SAED patterns. cIIC could 
be chosen as -3af - 3bf. A principal 
HREM image and the corresponding SAED 
pattern viewed down the [l IO] direction 
are shown in Fig. 4. Although the projected 
orientation of this image corresponds to 
that of the image in Fig. 6, Ref. (4), the 
intensities of the satellite spots in the 
SAED patterns and the contrast pattern of 

FIG. 4. HREM image and the corresponding SAED pattern of the type IIc structure from 6Bi203- 
VzOS, viewed down the [liOl direction of the fluorite sublattice. The inset is a simulated image from the 
model shown in Fig. 5. The calculation conditions are 8 nm specimen thickness and 150 nm defocus. 
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the HREM image indicate close to hexago- 
nal symmetry. The structure is also very 
closely related to type IIa, since aIIc = an,, 
b IIC = bIIa and the arrangement of V40i0 
clusters on the main (111) plane is the same 
as that in type IIa. The difference between 
cite and cm is a result of a shift of V40i0 on 
the main (111) plane. A structural model of 
type IIc is shown in Fig. 5. The composi- 
tion of the whole unit cell is B&V80s9; i.e., 
the same as for type IIa. It is likely that the 
19 oxygen vacancies are located around the 
vanadium cations. Image simulation for this 
model is successful in matching the ob- 
served image, as shown in the inset of Fig. 
4. 

Type ZZd Structure 

The type IId structure is the majority 
phase in the 6Bi203-V205 sample which 
was prepared using NaCl as a flux. Several 
sets of SAED patterns from single micro- 
crystals have been recorded by tilting the 
specimen grids and these have been in- 
dexed onto a new triclinic unit cell, which is 
derived from the fluorite-like subunit cell by 
the transformation relations 

&Id = 3af + 3cf 

bII,-j = 3bf + 3~ 

CIId = -$af - $bf + 5~. 

The unit cell parameters are a = b = 2.33 
nm, c = 2.99 nm, cr = /3 = 69.89”, and y = 
60.0”. 

An eightfold repeat in the main [ 1111 di- 
rection of the fluorite subcell is the most 
significant characteristic of this structure. 
Figure 6a_shows the principal HREM image 
on the [l 101 direction. Except for the dif- 
ferent c dimension, this image has a similar 
contrast pattern to that for type IIa (Fig. 6 
in Ref. (4)). Therefore, the structural model 
of the type IId can be regarded as a modi- 
fied type IIa. atid and bIId are identical to &Ib 
and bIIb, respectively. Two possible ar- 
rangements of V40i0 clusters on the main 

FIG. 5. V4010 arrangement in the structural model of 
type 11~. Only V cations are shown. The cube shows 
the fluorite subcell. 

(111) plane of the type IIb structure have 
been used in the type IId structural image 
simulations. The arrangement shown in 
Fig. 3a has not_given good image matching 
on both the [llO] (Fig. 6a) and [llO] (Fig. 
6b) directions of the fluorite subunit cell. 
The final model for the type IId structure, 
using the V4010 arrangement of Fig. 3b, is 
shown in Fig. 7. There are three sheets of 
the V40i0 cluster-containing planes in each 
unit cell. Two of them contain four V4010 
units on each sheet and the third contains 
two VdOio units. Using this model, simu- 
lated images match both the observed ones 
shown in Fig. 6. 

The unit cell composition of the type IId 
model shown in Fig. 7 is Bi248V400472 with 
104 oxygen vacancies. 

Type ZZe Structure 

One SAED pattern (shown in Fig. 8) is 
very unusual, showing fourfold repeats on 
the (220) direction of the fluorite sublattice. 
This cannot be indexed onto any of the dis- 
cussed members of the type II structural 
family. A new unit cell has to be consid- 
ered, designated type IIe. If the underlying 
structural principle of the other members of 
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FIG. 6. HREM images and the corresponding SAED patterns of type IId structure taken from 
li203-V205, viewed down (a) the [ 1701 and (b) the [l lo] directions of the fluorite subcell. The insets 
t simulated images from the model shown in Fig. 7, with the calculation conditions of 8 nm thick- 
ss, 140 nm (a). and 120 nm (b) lens defocusses. 
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FIG. 7. V401,, arrangement in the structural model of 
type IId. Only V cations are shown. The cube shows 
the fluorite subcell. 

the type II family is still applicable for the 
type IIe, i.e., all V40r0 clusters lie on the 
main (111) plane of the fluorite sublattice to 
form a triclinic structure, then the smallest 
possible unit cell could be derived from the 
fluorite lattice by the transformation rela- 
tions 

UIIe = 2Uf + 2Cf 

b& = 2bf + 2Cf 

CIIe = +zf - 4bf + 3Cf. 

The resultant unit cell parameters are a = 
b = 1.56 nm, c = 1.70 nm, (Y = /3 = 97.7”, 
and y = 60.0”. A possible model is shown in 
Fig. 9. The unit cell composition of the sug- 
gested model is Bi28V4052. An advantage of 
this model is that, viewed down the [l IO] 
direction of the fluorite lattice, the simu- 
lated projection of vanadium cations gives 
an average image contrast as observed in 
the experimental image (Fig. 8), instead of 
strong superlattice fringes shown by the im- 
age of Fig. 6b of the type IId structure. 

Type ZZf Structure 

For the composition 4Bi203-V205, a sin- 
gle phase with a very large triclinic struc- 
ture, designated type IIf, has been revealed 
by HREM studies. Figures 10a and lob 
show two SAED patterns viewed down the 
IliOl and [112] directions of the fluorite 
sublattice. A 24-fold repeat of the diffrac- 
tion spots in the main [ll l] direction indi- 
cates a new commensurate member of the 
type II family. All SAED patterns obtained 
can be indexed onto a unit cell with a = b = 
l.l7nm, c = 7.62 nm, (Y = p = lOO.O”, and 
y -L 60.0”, derived from the fluorite subunit 
cell by the transformation relations 

&If = $Uf + 4Cf 

brrf = Qbf + gcf 

cIIf = -8af - 8bf + 8cf. 

Although the HREM image (Fig. 10~) 
clearly shows the superlattice in the main 
[ 11 l] direction, proving such a large model 
by means of image simulation is difficult in 
practice. The whole unit cell contains 216 
cations. Since the sample has been con- 
firmed as a single phase with a composition 
close to the starting composition, 4Bi203- 
V205, 11V4010 clusters may be present in 
the type IIf unit cell. On the other hand, anr 
and blIf are identical to aIla and bIr,, there 
being only one V40r0 cluster on each main 
(111) plane as shown in Fig. 1. Conse- 
quently, among the 24 (111) planes, 11 
planes contain V40r0 clusters. The unit cell 
composition of the proposed model be- 
comes Bi172V440368 with 64 oxygen vacan- 
cies. 

7Bi203-2V205 is basically of type IIf 
structure. However, it is incommensurate, 
as indicated by SAED patterns in Fig. 11. 
A commensurate monoclinic compound, 
Bir4V403r, with a = 1.9720, b = 1.1459, c = 
8.0160 nm, and p = 90.5”, reported by Pan- 
chenko et al. in 1983 (8), has not been ob- 
served in the present work. 7Bi203-2V205 
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FIG. 8. HREM image and corresponding SAED pattern of the type IIe structure on [l lo] direction of 
the fluorite sublattice. 

sample is an intermediate phase between 
type IIf and the orthorhombic phase 
Bi4V201 1. The latter has been determined as 
a y’-Bi2Mo06-like phase (3). 

Conclusion 

In the solid-solution materials with com- 
positions between 6Bi203-V205 and 
7Bi203-2V205, vanadium cations exist in 

FIG. 9. A possible arrangement of V4010 in the type 
IIe structure. Only V cations are shown. The cube 
shows the fluorite subcell. 
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(a) 

(b) 

FIG. 10. SAED patterns (a, b) and HREM image (c) of 4Bi203-V205, viewed down the (a) [liO] and 
(b, c) [112] directions of the fluorite subunit cell. 
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(a) (b) 

FIG. 11. SAED patterns of 7Bi,O,-2V,O,, viewed down the (a) [Ii01 and (b) [I 121 directions of the 
fluorite subunit cell. 

the form of V40i0 clusters inside the defect 
fluorite &Bi203 host lattice. These V4010 
clusters are ordered on one of the (111) 
planes of the fluorite lattice, and are sepa- 
rated from one another in such a way as to 
accommodate as many oxygen vacancies as 
possible. The arrangement of VbOio clusters 
is variable and many triclinic phases have 
been found and investigated by HREM. 
These phases have similar underlying struc- 
tures and properties and have been classi- 
fied into the type II solid-solution family, 
following the previous work on the Bi203- 
A4205 (M = Nb, Ta, V) systems. In the type 
II family, the unit cells of all members have 
been determined by analysis of SAED pat- 
terns, the type IIa, type IIc, and type IId 
structures have been verified by HREM im- 
age simulations, and the structures of other 
members have also been discussed. Studies 
on the relation between the detailed struc- 
tures of these materials and their catalytic 
properties are currently underway. 
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