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The ternary oxides in the compositional range from Bi,O; to BiVO, have been investigated using
electron diffraction and high-resolution electron microscopy. With small concentrations of vanadium,
a solid solution based on y-Bi,O; was found to occur, but at greater vanadium contents, a 3 X 3 X 3
superstructure derived from fluorite was first observed, followed by a family of triclinic superstruc-
tures containing fluorite-like and pyrochlore-like basic units. The details of these structures are dis-

cussed. © 1988 Academic Press, Inc.

Introduction

Using X-ray diffraction methods, several
compounds and one solid solution range
have been identified previously in the com-
positional range between Bi,Os; and BiVO,.
(Bi203)0_975(V205)0,025 was identified as a ﬁ-
Bi,0; (1) structure by Sekiya et al. in 1985
(2); BiysVOy is a Sillenite phase (y-BiyOs
(3)) reported by Kargin et al. in 1982 (4), in
which V occupied 50% of the tetrahedral
sites; and a compound 7Bi,03-V,05 was
found by Smolyaninov and Belyaev in 1963
(5), which apparently formed a continuous
series of solid solutions with Bi>O; over all
compositions and with BiVO, at a minimum
composition of 37.5 mole% V,0s, 870°C.
No further information was given for the
7 : 1 composition and the solid solutions. In
addition, Panchenko et al., in 1983 (6),
identified Bi;4V40s3; as a monoclinic com-
pound with a = 1.9720, b = 1.1459, ¢ =
8.0160 nm and 8 = 90.5°, but no structural
details were given. Bush ez al. (7), in 1985,
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identified BisV,0;; as an orthorhombic
compound with unit cell parameters of @ =
1.684, b = 1.662, and ¢ = 1.55 nm. This
structure was deduced to be isotypical with
Bi,BO; (B = Ge, Si) and Bi,BOs (B = W,
Mo) in which sheets of V--O polyhedra are
intergrown with layers of composition
Bi,03".

In previous work performed in these lab-
oratories (8-11), the systems Bi,O;—M,0:;
(M = Nb, Ta) have been discussed. With a
low M,0s content (<5%), it was noted that
the B-BiO; structure could be quenched
to room temperature, while in the
Bi;0;: M,05 range of 9:1 to 3:1, the
high-temperature phase of Bi,O;, namely,
the d-form (/2), could be stabilized at room
temperature. In this defect fluorite phase,
M cations tended toward an ordered ar-
rangement, consequently forming super-
structures, in which the most Bi;Os-rich
compositions were designated type 1,
where M cations were completely isolated
from each other, occupying the body cen-
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tering positions in a 2 X 2 X 2 superlattice
based on a fluorite subcell; with higher
M;0s content, a phase designated type 11,
in which MOg octahedra formed pyro-
chlore-like groups in an ordered arrange-
ment on all (111) planes of a very large cu-
bic unit cell, such as an 8 X 8 X § superunit
cell with typical composition of 4:1, was
observed. Through an intermediate type 111
phase, this being tetragonal at the 3: 1 com-
position in the Bi;0;-Nb,O; system but
monoclinic at the 2:1 composition in the
Bi,0;-Ta,0s system, the fluorite-like sub-
lattice then gives way to a perovskite one,
as evidenced by monoclinic superstruc-
tures, designated type IV, based on n = 1
and » = 2 members of the Aurivillius series
of phases. In these systems, the previously
deduced model of extensive solid solution
is not absolutely correct, as each could be
divided into several solid solution ranges
with, in each case, the cation ordering re-
sulting in a characteristic type of structural
arrangement.

In this present work, another ternary ox-
ide system, namely Bi,0;-V,0s is dis-
cussed. Following a y-Bi;0s-like solid solu-
tion, type I- and type II-like phases, both
based on the defect fluorite subcell, were
determined by high-resolution electron mi-
croscopy and computer image simiilations
as a3 X 3 X 3 cubic superstructure and a
family of many triclinic compounds with
large unit cells.

Experimental

The raw materials Bi,O; and V,0:s, of pu-
rity 99.9 and 99.6%, were used in the prepa-
ration of the ternary oxides. Weighed mix-
tures of the two components were ground
with acetone for a few minutes in an agate
mortar and pestle, dried in air, and then
placed in a furnace heated at the desired
temperature in a pure oxygen atmosphere,
the specimen being quenched to room tem-
perature directly upon completion of the
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TABLE 1
LisT OF SPECIMEN PREPARATIONS

Starting Heating Initial Main
composition temperature  time phase
(Bi;05: V;05) “C) (hr) (type)

60:1 820 116 y-form
45:1 820 116 vy-form
31:1 820 88 y-form
25:1 830 187 y-form
61:3 830 169 y-form
19:1 820 162 y+1
15:1 820 166 y+1
25:2 820 98 v+ 1
10:1 825 117 v+ 1

9:1 825 96 1

8:1 825 117 I*

7:1 830 187 I*

6:1 820 190 II

4:1 820 190 II

7:2 800 168 II

2:1 800 136 Orthorhombic

1:1 620 195 Monoclinic

preparation. The starting compositions,
heating temperatures, and initial prepara-
tion times are listed in Table I. The main
phases present were deduced by the analy-
sis of X-ray and electron diffraction pat-
terns.

Initial characterization of the samples
was by X-ray powder diffractometry
(XPD). Compositional homogeneity was in-
vestigated using energy-dispersive X-ray
microanalysis (EDS) within a Jeol-200CX
electron microscope operating at 200 kV.
Determination of supercell parameters
was by selected area electron diffraction
(SAED) and details of the structures were
deduced from direct imaging using high-res-
olution electron microscopy (HREM) and
computer image simulations. HREM im-
ages were recorded at a magnification of
500,000 % over a range of objective lens fo-
cal increments, using a new type of side-
entry specimen stage (C; = 0.52 mm, C, =
1.05 mm, with absolute information limit
ca. 0.18 nm) (13) and computer-simulated
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FiG. 1. X-ray powder diffraction patterns of some
compositions in the Bi;0;-V,0s system. The ratios of
Bi;0;:V,0; are indicated. That of 61:3 is indexed
onto the y-Bi,Os-like unit cell and that of 9:1 onto a
fluorite subunit cell.

model images were calculated according to
the multislice method (14, 15) using pro-
grams especially developed for use with
very large unit cells (16). Because of the
strongly scattering nature of the specimens,
the so-called Scherzer focus position was
not necessarily the optimum one, and most
images were recorded at considerably
greater values of underfocus, where the
resolution-limiting factor of beam diver-
gence was reduced.

Resuits and Discussion

The XPD spectra indicated several differ-
ent phases in the compositional range ex-
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amined (Fig. 1). Bi,0;: V,0s ratios in the
range 60:1 to 61:3 showed clearly a
v-Bi;Os-like structure with no detectable
contaminant phases. From 19:1 to 10:1,
another fluorite-like cubic phase coexisted
with this y-phase, the content of this new
phase increasing as the proportion of V,0s
increased and at 9:1, this fluorite-like
phase became the only one present. With
further addition of V,0s, the cubic phase
transformed gradually to a triclinic struc-
ture, the transformation being complete at
6: 1. This latter structure was then retained
until the composition reached 2: 1 when an
orthorhombic phase appeared (W. Zhou et
al., in preparation). From EDS, SAED, and
HREM studies at each composition, further
details of the structures could be eluci-
dated.

v-Bi)Os-like Structure (Sillenite Phase)

EDS results agreed with this structure
type very well. Using the ratio of BiLa and
V Ko emission lines and the reference ma-
terial of freshly prepared BiVO,, it was
confirmed that the composition of this
y-Bi,0;-like structure could cover a range
from 60: 1 to 12: 1, rather than constituting
a single compound BisVOy. The unit cell
of the y-Bi,O; structure is body-centered
cubic with @ = 1.02 nm (3). All cation and
anion positions have been previously deter-
mined and there are only two tetrahedral
sites. As given by the accepted general
formula of this structure, Biy[M™0,)
[N**0,4]0s,, with m + n = 8, only one V5*
cation could be introduced into the lattice,
the limiting composition then being
BiysVOy as previously reported. When the
content of V was less than this, for exam-
ple, Biys+,V1-O4, xBi** cations were ex-
pected to occupy the remainder of the tetra-
hedral sites, which were normally occupied
by V5*, this being similar to the behavior
found in pure y-Bi;O;. Alternatively, Bi**
could occupy the remainder of the tetrahe-
dral sites, leaving some anion vacancies in
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the lattice, as suggested by Aurivillius and
Sillen in 1945 (I7). In the present work,
however, the ratio V:Bi could not only
be less than 1:25 but also greater than this
figure, the composition extending to
Biys_,V1+:04. In this case, xV3* cations
could be reduced from 5+ to 3+ and the
composition would not extend beyond
Bi»,V,04 as confirmed by the EDS results
discussed above.

The B-BiyO;-like structure found by Se-
kiya et al. (2), has not been observed in the
present work. Bearing in mind that Bi-rich
specimens in the Bi,O3;—Nb,0Os system can
be produced in several modifications de-
pending upon the preparation conditions
(18), a similar phenomenon could be ex-
pected in this system. However, when
quenched from 820°C to room temperature,
only the y-Bi,0s-like form was observed in
Bi-rich compositions, probably because the
smaller cation, V°*, is more likely to form
the y-type structure which is considerably
distorted from the fcc 8-form or the approx-
imately cubic g-form.

Many SAED patterns and HREM images
have been taken from different composi-
tions in the y-Bi,Os-like range, no signifi-
cant differences being found among them.
It was noted that, with the maximum
amount of reduced V cations present, this
phase was not produced without another
phase being present, but always existed in
equilibrium with an fcc phase (Fig. Ic).
This will be discussed further below.

Type I Structure

The face-centered cubic phase observed
with the y-form in the 19: 1 composition be-
came the only phase in 9:1 and was desig-
nated type I.

On all the SAED patterns from composi-
tion 9: 1, the observed diffraction maxima
indicated a threefold repeat on a fluorite-
like sublattice, with those corresponding to
the fluorite cell being much stronger than
the rest (Fig. 2). In this case, the simplest
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type I structure was thereforea3 X 3 X 3
superstructure derived from the fluorite lat-
tice with possibly the same space group of
Fm3m. Using the principle of the type I
structure in the Bi,O;—Nb,Os system (18)
and ordering the guest cations appropri-
ately in the lattice, a model for this 3 X 3 X
3 superstructure has been built up with
composition BijeVsOp. The cation ar-
rangement of this model is shown in Fig.
3a. Four V atoms occupy the corners and
face centers with another four V atoms in
positions of (32f) 3m(1/3, 1/3, 1/3), (1/3,
5/6, 5/6), (5/6, 1/3, 5/6), and (5/6, 5/6, 1/3) of
space group Fm3m. The calculated image
from this model matches the real one quite
well (Fig. 2c). It has, however, to be
pointed out that this cation arrangement is
not the only possibility for the type I struc-
ture, as V atoms occupying the other equiv-
alent positions of (32f) 3m in the space
group Fm3m will produce a similar image to
that shown in Fig. 2c. Nevertheless, it is
quite certain that the arrangement of V at-
oms in the type I structure is such that they
are separated by Bi atoms, creating the rel-
atively low contrast variation in the image,
and that they are also ordered, creating the
3 X 3 X 3 superstructure. This structural
principle is similar to that of the type I
phase in the Bi;O3~Nb,Os and Bi;0;-Ta,0s
systems.

V atoms usually have four coordination
of 0¥~ which was confirmed by a laser
Raman study (I. E. Wachs, unpublished
work). In the fluorite lattice, there must
therefore be four anion vacancies surround-
ing each V. If there are (108 — x) Bi atoms
and xV atoms in each real unit cell, then O
atoms should number 162 + x and anion
vacancies should be 54 — x, and conse-
quently when there are no anion vacancies
in the fluorite lattice except those surround-
ing V atoms, the composition represents
the upper-limit for the type I structure, and
x is equal to 10.8. This upper-limit of the
cation ratio of Bi:V is then 97.2:10.8 or
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(a) (b)

(c)

Fi1G. 2. (a and b) SAED patterns in the [001] and [112] projections and (¢) HREM image and
corresponding SAED pattern viewed down the (110) axis from 9Bi,0;~V,0s. The inset of (c) is the
calculated image from the model for the type I structure with the conditions: specimen thickness of 8
nm, lens defocus of 120 nm, and image resolution of 0.25 nm.
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F1G. 3. (a) The cation arrangement in the model for
the type I superstructure with the composition of Bi g
V§Oiz. (b) Cation arrangement on (111) plane in this
model.

9:1, agreeing with the experimental stoi-
chiometry very well. In this lattice, there
are 108 cations. Consequently, the true
composition could have a cation ratio Bi: V
of 98:10 or 97:11. Considering that the
compositional range of this type I structure
extends from 14:1 to 9:1 as indicated by
EDS, the typical composition BijeVsOi7
for the model is reasonable, although two
or three more Bi cations could still be sub-
stituted by V without change of structural
type. This O~ vacancy controlled composi-
tion limit supported the structural principle
of the type I phase.

Because of the tetrahedral coordination
of 0%~ around V3™ cations, there is a tetra-
hedral arrangement of anion vacancies
around V°*, with three vacancies lying on
one of the (111) planes of the cubic unit cell
and all V cations lying on (i11) planes, the
ordering of these cations arising due to an
interaction between anion vacancies. Con-
sequently, the type I structure would be
like the model shown and the cation ar-
rangement on the (111) plane of the model
is shown in Fig. 3b. It is interesting to com-
pare the cation arrangement of this model
with the type II model described in the next
section and it is surprising that two such
different arrangements on the (111) planes
were relatively stable. When further V,05s
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was added, no more Bi3* in the (111) planes
could be substituted and only those in be-
tween planes could be replaced, causing a
reduction in the symmetry from cubic.
Consequently, new triclinic phases then ap-
peared.

Type II Structure

When the V,0s content increased from
9:1 (Bi: V), it was impossible to retain the
type I structure where all V cations were
separated by at least one Bi cation. Conse-
quently, V-0O-V bonding was expected. In
the compositions 8:1 and 7: 1, a noncubic
phase, designated type II (Fig. le), started
to appear. The electron diffraction patterns
were in agreement with the results of XPD,
with many incommensurate diffraction
maxima being observed in one of the (111)
directions, and the relative intensities of the
original maxima of the type I structure were
altered, indicating that the structures of 8 : 1
and 7:1 compositions were intermediate
phases between the type I and a new struc-
ture, type II (Figs. 4a and 4b). The latter
represents a large family of many commen-
surate phases with the compositions from
6:1 to 4:1. It was noted that this phase
transition was quite gradual and that EDS
studies of any composition in this range in-
dicated complete compositional homogene-
ity, suggesting that a clear phase boundary
might not exist between type I and type II.

Many SAED patterns of the 6: 1 compo-
sition have been indexed (Figs. 4c—~4j). All
of the prominent diffraction maxima corre-
spond to a fluorite-like subcell and the weak
maxima indicate a triclinic superstructure.
Many series of SAED patterns have been
taken while tilting the specimen grid in or-
der to determine the true unit cell, and at
least six triclinic phases were observed and
their unit cells determined. However, in
6: 1, the main phase was relatively simple,
designated type Ila (Figs. 4c and 4d). The
relationship between the fluorite sublattice
and type IIa has been obtained as:



296 WUZONG ZHOU

(j) Ie (k) If () of

F1G. 4. (a and b) SAED patterns of 7Bi;0;—V,0s in the [112] and [110] projections and (c-1) SAED
patterns of the type II family in the [110] (c, d, g-k) or [112] (e, f, I) projections of the fluorite subcell.
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am. = 3/2a; + 3/2¢;
b = 3/72bg + 3¢
€ = — 8 — by + 4c.

where a, b, ¢ are unit cell vectors.

The real unit cell was then expected as
Ay = bIIa = 117, Cila = 2.34 nm, ¢ = B =Y
= 60°, but a distortion of the lattice due to
the loss of cubic symmetry exists and the
real unit cell is actually ay, = by,= 1.17, ¢,
=2.388 nm, a = 8 = 57.77°, and y = 60.0".
This superstructure had 13.61 times the vol-
ume of the fluorite subcell. If the density
was unchanged, in one complete unit cell,
there are 54 cations including 7 or 8 V at-
oms.

When viewed down the (110) axis of the

(c)

F1G. 5. (a) The V-0 tetrahedra arrangement in the
model for the type Ila superstructure; (b and c) unit
cells of the other members of the type II family. The
cubes show the fluorite subcell.
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fluorite sublattice in the image (Fig. 6), the
structure of type Ila 6Bi,0;-V,0s5 was
clearly not cubic but based upon ordering
on only one of the (111) planes of the fluo-
rite subcell. If we suppose that in this type
II structure, V cations form into tetrahe-
drally disposed units of four as in the
Bi,0;—Nb,0;5 system (8), a model could be
built up as shown in Fig. 5a. Here the basic
units containing V atoms resemble the
pyrochlore-like units found in the Bi,O;-
Nb;Os system, except that they consist of
four tetrahedra around V atoms, rather
than octahedra as found previously. All V-
O tetrahedral units lay on the main (111)
plane of the fluorite subcell arranged in a
diamond-like pattern and each such unit is
linked to its neighbor by one Bi cation.

When this arrangement is compared with
the model for the type I structure (Fig. 3), it
is obvious that the type II structure is de-
rived from the type I phase in a continuous
transformation process as suggested above,
when a point is reached where there are
insufficient anion vacancies available to al-
low all V3 cations to be completely iso-
lated on (111) planes.

The calculated images from different
thickness and objective lens defocus of this
type II model match the experimental im-
age quite well. Almost all the structural de-
tails on the image have been reproduced
(Fig. 6).

As discussed above, the type 1I structure
in this system occurs only with ordering of
cations on one of the (111) planes and it is
expected that the arrangement of V-0 tet-
rahedra on such a (111) plane is even more
stable than that in the type I structure, but
the distance and relative positions of the V-
O units between such planes is variable.
Consequently, an infinite number of ar-
rangements is possible, making the type Ila
structure found here only one of a family of
possible structures. In the compositional
range 6:1 to 4:1, many members of this
family have been observed.
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F1G. 6. HREM image of the type Ila structure in 6Bi,0;~V,0;5 viewed down the (110) axis of the
fluorite subcell. The insets are the calculated images from the model for such structure with the
conditions: specimen thickness of 2 and 4 nm (left and right), lens defocus of 95 and 105 nm, and image

resolution of 0.25 nm.

Apart from the main phase discussed
above, there were two other distinct mem-
bers in the 6:1 composition. In Fig. 4, ¢
and f could be indexed into a three dimen-
sionally doubled unit cell of the type Ila,
being designated as type IIb, and g could be
indexed onto a very similar unit cell which
derived from the fluorite sublattice by the
relationship:

ane = 32as + 32¢;
b[[c = 3/2bf + 3/ZCf;
CIic "3/22f - 3/2bf + 3Cf,

this being designated as type Ilc. Another
6:1 sample was prepared using NaCl as a
flux to promote the growth of larger crys-
tals, and probably contained some Cl- in-
side the structure which had not been re-
moved by washing. The unit cell of this

preparation was found to be larger than that
of the pure 6:1 composition, an eightfold
repeat in the main (111) direction of the flu-
orite-like subcell being observed. Figs. 4h
and 4i showed that this structure was de-
rived from the fluorite-like sublattice by the
transformation:

ang = 32f + 3Cf;
bIId = 3bf + 3Cf;
Cig = —3/22f - 3/2bf + SCf,
this being designated as type IId, and 4j was
derived from the subcell by
e = Zaf + ZCf;
b[]e = 2bf + 2Cf;
Cie = —ar — b + 3¢,

which was designated as type lle.
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When the composition approached 4:1
(Figs. 4k and 41), the repeat indicated by the
diffraction spots in the main (111) direction
increased to 24-fold. All the SAED patterns
could be indexed onto a umit cell derived
from the subcell by the transformation:

aye = 32a; + 3/2¢
bur = 3/2bs + 3/2¢;
ey = —8ag — 8bg + 8¢,

this being designated as type IIf. These
superunit cells, compared with the fluorite
sublattice, are shown in Figs. 5b and 5c.

Many HREM images for these members
of the type II family have been recorded
and, except for their different unit cells, the
details of the image contrast are similar to
those of the type IIa. This indicated that the
arrangement of cations on the main (111)
plane is relatively stable, and the differ-
ences result from variations in the stacking
of these units. Due to the tetrahedral coor-
dination for V cations which was confirmed
by the laser Raman study by 1. E. Waches,
it is impossible to form V;O, or larger units
such as those found in the Bi,O3—-Nb,Os
system (8). Eveninthe 4:1 or 7: 2 compo-
sitions, the only way to accommodate the
higher V,0s content is to vary the arrange-
ment of atoms in the main (111) direction in
accordance with the reduced Bi** and anion
vacancy contents. Therefore, the basic
V-0 unit in the type II structures in this
system is the V4,04 tetrahedron.

In all these structures, the two require-
ments of a nominal fourfold coordination
for V and overall electrical neutrality must
be met. If we suppose that all 02~ vacancies
are around V cations, then for each V, tet-
rahedron, there are 13 O?~ vacancies. For
the 4 : 1 composition, the minimum number
of O~ vacancies is 3.25 and the formula of
this phase would be Bi,; VO 75, while electri-
cal neutrality requires BisVOgs. This im-
plied that there were some extra O*~ which
must fill the vacancies around V cations.
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This is possible, however, because the
bond of V=0 is shorter than that of Bi-O
and V, tetrahedra can therefore leave addi-
tional space between V and Bi cations
which allows some O?” anions to occupy
the vacancies. In this case, V cations might
well have an approximate six coordination
with four O atoms in close bonding and two
O atoms substantially further away, as oc-
curs with Mo in the bismuth molybdates.
Then, for each V, tetrahedron, there are 5
anion vacancies. Each V cation has on av-
erage 1.25 0%~ vacancies, and if the compo-
sition is Bi]oo_xvxolmvx, the number of O~
vacancies is then 50 — x. In the limiting
composition, therefore, x = 22.2. The ratio
of Bi:V is then 77.8:22.2 or 7:2. In prac-
tice, the 7:2 composition still retains the
type II structure.

When further V,0s was added into the
oxide, the compound Bi,V,0;, was pro-
duced. Although XPD spectrum indicated a
similar unit cell to that reported by Pan-
chenko et al. (6), SAED patterns and
HREM images of Bi,V,0;; showed very
different image contrast than that expected
from Bi,BOs (B = Ge, Si) or the n = 1
Aurivillius phase Bi,BOg (B = W, Mo).
Bi,03" layers certainly did not exist in the
structure, which seemed to be a similar
phase to that of y'-Bi:M0Og (19). The full
investigation of this structure is still in
progress.

Conclusion

The y-Bi,Os-type structure in the system
Bi,03;-V,0s is not only present as a com-
pound of formula BisVOy but can also ex-
ist as a solid solution in the compositional
range Bi: V of 60:1 to 12: 1. When this ap-
proaches its limiting value (BiyV,04), it
seems possible that some V°* cations are
reduced.

The previous results indicating that solid
solutions exist between Bi,O; and 7Bi,Os—
V,0s5, and between the latter and BiVO,,
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determined from X-ray diffraction studies,
have been shown here to be only a “‘first-
order”’ approximation to the truth. The
present study, using HREM, gives a ‘‘sec-
ond-order’’ approximation, and indicates
that the cation arrangement is far from ran-
dom in these phases, but can be subdivided
into two groups, namely, type I, where all
V3* cations are separated by at least one
Bi** cation, and type 1I, where ordering of
V3* cations into distinct structural groups
occurs. The behavior is exactly analogous
to that found in the systems Bi,O;—Nb,Os
and Bi;0;-Ta,0s, and as is the case with
these systems a clear distinction between
the traditional definition of a solid solution
or a series of distinct compounds cannot be
made. Further work is in progress to inves-
tigate the possible occurrence of similar
structural series in related systems.
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