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This paper gives an outline of the structure of a -r(H) form, the high-temperature stable modification of 
B&Moo6 polymorphs, on the basis of high-resolution transmission electron micrographs. This com- 
pound is easily quenched to room temperature and crystallizes in the space group P2,/c with a = 
17.244(l) A, b = 22.420(2) A, c = 5.5857(6) A, /3 = 90.486(7)“, and Z = 16. The metal-atom positions 
have been resolved directly in [loo] and [OOl] electron microscope images to show the ordering of the 
metal atoms. Moreover this cation framework has been based on a pseudo-face-centered cubic subcell 
of dimensions of about 5.6 A. A structural model is proposed on the assumption that the anion 
positions are inferred from the fluorite-related structure. Thus, bismuth has eight oxygen neighbors 
and each molybdenum is tetrahedrally surrounded by four oxygen atoms. 6 1987 Academic PESS, IIK. 

Introduction 

Bismuth molybdate, Bi2Mo06, possesses 
the three polymorphs which are labeled 
y(L), y(H), and y”: the -y(L) form is the low- 
temperature stable modification, the y(H) 
form the high-temperature stable one, and 
the y” form the metastable intermediate be- 
tween them (I, 2). The y(L) form is also 
known as “koechlinite” (a = 5.487 A, b = 
16.226 A, c = 5.506 A; Pca2,, Z = 4 (3)) 
and the refinement of structure, which con- 
sists of alternating Bi*Og+ layers and 
MOO:- layers, was recently carried out us- 
ing the neutron diffraction method (4, 5). 
On the other hand, very little is known 
about the structure of the y(H) form, 
though the single crystal is easily obtained 
by flux growth (6). From a crystal chemical 

* To whom correspondence should be addressed. 

standpoint or with a view to explaining the 
transition mechanism of BizMo06 , a knowl- 
edge of the structure of the -y(H) form is 
inevitably required. We have therefore ex- 
amined the structure of the y(H) form using 
high-resolution transmission electron mi- 
croscopy (HRTEM). 

Experimental Procedure 

Polycrystalline y(H)-Bi2MoOb was read- 
ily prepared by solid-state techniques. The 
starting materials B&OS and Mo03, both 
99.9% pure, were thoroughly mixed in stoi- 
chiometric proportion under ethanol. After 
drying, the mixture was heated in a covered 
platinum crucible at 655°C for 40 hr. An X- 
ray powder diffraction (XRPD) pattern 
(Fig. 4) obtained with a conventional dif- 
fractometer using Cu Ka radiation from a 
curved graphite monochromator agreed 

333 0022-4596187 $3 .OO 
Copyright 0 1987 by Academic Press, Inc. 

All rights of reproduction in any form reserved. 



334 WATANABE, HORIUCHI, AND KODAMA 

fairly with that reported by Chen and Smith 
(6) except for the relative intensities; this 
difference in intensities is considered in the 
later section. The precise lattice parameters 
were determined by means of the least- 
squares treatment (7) of 19 independent re- 
flections in the range 28 = 30”-100”. 

Single crystals were grown using Moo3 
as a flux in the same way as described by 
Chen and Smith (6). A mixture of B&O3 and 
Moo3 which consists of 40 mole% B&O3 
was packed into a covered platinum cruci- 
ble. The crucible was heated at a rate of 
200°C hr-’ to 950°C and then cooled at a 
rate of 3°C hr-i to 400°C; at this point the 
power was turned off. The needlelike crys- 
tals, which were transparent and homoge- 
neously pale yellow, proved to be y(H)- 
B&Moo6 by the XRPD method. 

HRTEM images were obtained with a Hi- 
tachi-1250 kV Type electron microscope. 
The needlelike single crystals were crushed 
in an agate mortar to yield minute frag- 
ments; subsequently, they were set on a 
carbon mesh supporting film. Details of the 
photographing conditions of the micro- 
scope were reported elsewhere (8). To con- 
firm the observed HRTEM images, we 
computed the simulated images taking the 
dynamical scattering of electrons into con- 
sideration (9). 

Results and Discussion 

A series of electron diffraction photo- 
graphs, two of which are inset in Fig. 1, 
indicated Friedel symmetry 2/m and the fol- 
lowing possible reflections: hkl all orders, 
h01 with 1 = 2n and Ok0 with k = 2n. These 
results uniquely determine the space group 
as P2,/c, which agrees with that reported 
by Chen and Smith (6). 

The precise lattice parameters deter- 
mined from XRPD patterns were as fol- 
lows: a = 17.244(l) A, b = 22.420(2) A, c = 
5.5857(6) A, p = 90.486(7)“, and 2 = 16. 

Figure 1 shows HRTEM images in the 

[OOI] and [loo] orientations. The metal at- 
oms recognized as dark spots are arranged 
on the sites of a pseudo-face-centered cubic 
(FCC) sublattice of dimensions of about 5.6 
A. Likewise, from XRPD patterns, Chen 
and Smith (6) inferred the structure based 
on a pseudo-FCC sublattice of about 5.6 A. 
In addition, an ordering of the metal atoms 
is observed; that is, the bismuth atoms ag- 
gregate to form a periodic pattern of “the 
Latin cross” projected on the (001) plane as 
shown in Figs. 3 and 5, and the atomic co- 
ordinates are given in Table I. This arrange- 
ment of metal atoms agrees well with that 
reported briefly by van den Elzen et al. 
(10), who gave only a section of the cation 
substructure inferred from the XRPD data. 

In confirmation of this cation ordering, 
the simulated HRTEM images based on 
data in Table I were compared with the ob- 
served ones. As shown in Fig. 2 the best 
match with the observed images was ob- 
tained with crystal thicknesses of 28 8, for 
10011 and 17 A for [ 1001 and an objective- 
lens defocus of 600 A (underfocus). 

Although the metal atoms were thus lo- 
cated directly by HRTEM images, the an- 
ion positions were inferred on the assump- 
tion that the structure consists of a 
derivative framework of fluorite-related 
type, each bismuth atom having eight oxy- 
gen neighbors and the molybdenum atom 
surrounded tetrahedrally by four oxygen 
neighbors. The space group P2Jc allows 
the following possible atomic arrange- 
ments. All atoms can fully occupy the gen- 
eral position 4e: 32 Bi atoms take up 8 sets, 
16 MO atoms 4 sets, and 96 0 atoms 24 sets. 
The oxygen positions based on the above 
assumption were estimated in the way that 
the Bi-0 bond lengths range from a value 
of 2.5 up to 3.2 8, and the MO-O distances 
in the tetrahedra are 1.9 A. The positional 
parameters thus deduced are tabulated in 
Table I. An outline of the unit cell of the 
proposed structure is illustrated in Fig. 3. 
The oxygen atoms 0(21)-0(24) lie exactly 
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FIG. 1. HRTEM images of y(H)-Bi2Mo06. (a) The one in the [OOl] orientation and (b) the one in the 
[lOO] orientation. Insets: the unit-cell outline (aP = a sin p and cP = c sin p), the corresponding electron- 
diffraction pattern, and the scale. 

on a glide plane (c) and/or a screw axis (2,) 
in this proposed structure, but they would 
seem to occupy positions off the transla- 
tional symmetry elements in the actual 
structure. Furthermore, as suggested by 
Bode et al. (II), it appears likely that the 
molybdenum atom is coordinated by five 
oxygens; in other words, the coordination 
polyhedron would probably be an irregular 

trigonal bipyramid rather than the regular 
tetrahedron depicted in Fig. 3. 

At this point, we can further confirm the 
proposed structure model, specifically for 
the cation ordering, by calculating XRPD 
intensities based on the atomic coordinates 
in Table I and the overall temperature pa- 
rameter, B = 0.5 A*. The results are changed 
to an XRPD pattern using a simulation 
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FIG. 2. Simulated images computed for the structure based on Table I, assuming crystal thicknesses 
of (a) 28 A for [OOl] and (b) 17 8, for [loo] and a 600-A underfocus. 

computer program (22) and are shown in 
Fig. 4 along with the observed XRPD pat- 
tern. We can see that the calculated pattern 
is in essential agreement with the observed 
XRPD one. Thus the actual structure is 
probably not far from the proposed one. 
Anyway, to determine the actual structure, 
especially the oxygen positions, a single 
crystal X-ray diffraction analysis or a neu- 
tron diffraction analysis is needed. 

Chen and Smith (6) prepared y(H)-type 
polycrystalline specimens by grinding 
lumps casted from the melt, and reported 
XRPD data in which the reflection 600 has 
the strongest relative intensity. Whereas 
our results gave the strongest reflection 341 
(corresponding to 341 by Chen and Smith 
(6) because of their /3 < 90”) not only in 
both observed and calculated powder pat- 
terns but also in single crystal X-ray diffrac- 

tion (13). This difference in the relative in- 
tensities can be explained from preferred 
orientation, using the proposed structure 
which leads to the presence of a cleavage 
plane. That is, as is obvious from Figs. 1 
and 3, the cruciform parts consisting of bis- 
muth and oxygen atoms are regarded as the 
fluorite-related structure which extends infi- 
nitely only along [OOl], so that the (001) 
plane is not a cleavage plane. On the other 
hand, the remaining part surrounding the 
cruciform ones consists mainly of isolated 
Moo4 tetrahedra, and (100) and (010) 
planes just cut through gaps between these 
isolated Moo4 tetrahedra. It would seem 
that these gaps are of weak-bonded por- 
tions. Consequently both (100) and (010) 
planes are expected to be cleavage planes; 
however, the (100) plane is adjacent to 
more Moo4 tetrahedra than the (010). So 
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FIG. 3. The proposed structure of y(H)-B&Moo6 
projected on the (001) plane. aP = a sin /3. 

the (100) plane is regarded as a cleavage 
plane. In fact, the relation between cleav- 
age planes and Moo4 tetrahedra was found 
in Bi2(Mo0& (14), in which cation (Bi3+) 
vacancies and some Moo4 tetrahedra are 
concentrated in planes parallel to the (100) 
to result in a cleavage plane. Considering 
the presence of the cleavage plane in y(H)- 
Bi2Mo06, the relative intensities depend 
primarily upon the conditions of sample 
preparation, especially upon a firing tem- 
perature, because an excessive grain 
growth during solid-state reaction and sub- 
sequent pulverization which tends to split 
the grains along the cleavage planes lead to 
a great many (hO0) planes. Actually, in 
polycrystalline sample preparation of y(H)- 
B&Moon by solid-state techniques, the 
higher the firing temperatures, the stronger 
the relative intensities of hO0, particularly 
600. Even at a relatively low temperature of 
65o”C, a heat treatment longer than 100 hr 
eventually brings preferred orientation of 
(hO0). 

The -y(L) form transforms irreversibly to 
the y(H) form via the metastable y” form 
under atmospheric pressure (2). Also the 

structure of the y” form is not analyzed be- 
cause of its metastable, nonquenchable na- 
ture. Nevertheless, since the enthalpy of 
the y(L) + y” transition is too small (about 
0.1 kcal mole-l (1)) for a reconstructive 
transition, the structure of the y” form will 
probably resemble that of the y(L) form. 
Thus, we can easily understand the irre- 

TABLE I 

PROPOSED ATOMIC 
COORDINATES FOR 

-y(H)-B&Moo6 

Atom x y z 

MO(~) 
MO(~) 
Mo(3) 
Mo(4) 
Bi(1) 
Bi(2) 
Bi(3) 
Bi(4) 
Bi(5) 
Bi(6) 
Bi(7) 
Bi(8) 
O(l) 
WV 
O(3) 
O(4) 
O(5) 
O(6) 
O(7) 
003) 
O(9) 

WO) 
Wl) 
ow 
0(13) 
0(14) 
OW) 
W6) 
0(17) 
0Uf-U 
O(l9) 
ww 
OW) 
W2) 
O(23) 
0~4) 
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FIG. 4. The observed and calculated powder diffraction patterns for y(H)-Bi2MoOc. The right curve 
is the observed pattern which was measured by Cu Ka (45 kVi30 mA) radiation from a curved graphite 
monochromator. The left curve is the calculated one; the short vertical lines indicate the positions of 
possible Bragg reflections of Cu Ka, and Cu Kcvt. 
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FIG. 5. Structural relationship between y(L)-BiZ 
MOO, and y(H)-BiZMoOB. The left is the projection of 
idealized -y(L)-B&Moo6 on (100) and the right the pro- 
jection of y(H)-B&Moo6 on (001). The oxygen atoms 
are not shown. 

versibility making a comparison between 
y(L) and y(H) structures shown in Fig. 5; a 
considerable reconstruction is seen in cat- 
ion substructure. From the unit cell dimen- 
sions of y(L) and y(H) forms, the topotactic 
relations may be roughly deduced as fol- 
hvs: a,(H) = by(L), by(H) = ~%cL), and Cy(H) = 
%(L). To date, however, there is no suffi- 
cient evidence to warrant these relations. 
So the explanation of the transition mecha- 
nism including the structural refinement of 
the y(H) form and the topotactic relations 
will be the subject of future studies. 
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