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Oxidation of Bismuth-Tungsten Bronzes
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The oxidation of bismuth—tungsten bronzes at 600 and 950°C has been studied using high-resolution
electron microscopy at 200 and 500 kV. At the lower temperature. a topotactic transformation to
lamellae of Bi.WQO, in a WO; matrix was observed but at higher temperature larger crystals were
produced. primarily of Bi,W.0, but with some disordered intergrowths.

Introduction

Bismuth tungstates form a potential ho-
mologous series of general formula Bi,
W, 01,3, the structural principles of this
series being indicated in Fig. 1. The differ-
ent structures are examples of Aurivillius
phases (1) formed by intergrowth of layers
of BiO with »n layers of a perovskite phase
ABOs. In the case of the bismuth tungstates
however, the A sites of the perovskite com-
ponent are left empty. The first two mem-
bers have been characterized in well crys-
talline form, using neutron diffraction and
high resolution electron microscopy
(HREM), respectively (2, 3) but attempts
to prepare higher members of the series
have been inconclusive. Disordered inter-
growths of the n = 3 phase have been re-
ported (4) but these were found to revert,
upon subsequent annealing, to Bi,W,0y and
WO; (5). Unlike the molybdenum analog,

Bi-M0;0,>, which has a scheelite-derived
structure (6), the n = 3 member of the tung-
state series retained the layered form, sug-
gesting that more complex layered struc-
tures may exist in metastable form.

One possible method of preparing phascs
with n = 3 is by the oxidation of reduced
Bi-W-oxides with low Bi content. These
constitute the Bi—W-bronzes of general
formula Bi,WO;. Powder X-ray diffraction
studics have indicated that these belong to
the intergrowth tungsten bronze (ITB) fam-
ily of structures and preliminary HREM
studies (7) revealed a close similarity to
Pb,WQO; (8), in which the nature of the in-
tergrowth has not been defined. More de-
tailed HREM work (9), however, has re-
vealed that Bi,WO; has a structure similar
to those of Rb,WO; and Cs,WO; (10, 11),
with strips of hexagonal tungsten bronze
(HTB) separated by slabs of WO;. In the
Bi—bronzes, the HTB strips are invariably
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F1G. 1. Idealized structural arrangement of the first
three members of the Bi,W,0;,.; series, projected
down [100].

only one unit wide, and the hexagonal tun-
nels are fully occupied, making their identi-
fication difficult at all but the highest resolu-
tion. A schematic structural diagram and
HREM image of a nominal Bip WO, are
shown in Fig. 2. The study described here
was an attempt to investigate the oxidation
and decomposition of these bronzes over a
range of temperatures. A preliminary re-
port of some of this work has been pub-
lished elsewhere (12).

Experimental

Samples of Bi,WO; (with nominal values
0f 0.02, 0.05, 0.1, and 0.2) were prepared by
direct combination of metallic Bi and WO,
in evacuated silica tubes at 900°C. This was
followed by further annealing in sealed
tubes for up to 6 days at 600°C. Portions
were oxidized by heating in air at 600°C for
periods of 1 to 5 hr, and at 950°C for slightly
longer periods. Some loss of WQ; by evap-
oration was noted at the higher tempera-
tures.

All samples were characterized using se-
lected area electron diffraction (SAED) and
HREM imaging. Initial examination was
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carried out on a JEM-200CX fitted with a
side-entry goniometer (C, = 1.9 mm) oper-
ating at 200 kV. The interpretable point res-
olution of ca 2.8 A at the Scherzer focus in
this configuration was barely adequate to
characterize the disordered BiW,0s,,;
phases formed, and samples oxidized at the
higher temperature were examined in the
Cambridge University HREM (/3) at 500
kV. The objective lens characteristic of this
instrument (C, = 2.7 mm) was such that the
interpretable resolution could be extended
to ca. 2.0 A, and image interpretation could
be carried out intuitively in thin regions of
crystals. For the lower-resolution studies,
computer-simulation of images was per-
formed using the multi-slice method (/4) us-
ing programs modified to deal with defect
crystals. Simulation of perfect and defect
crystal images confirmed that local lattice
periodicity could be used to characterize
the member of the Bi,W,0s,,; series within
300 and 400 A of the Scherzer focus.

Results

The general appearance of crystals of a
sample of nominal composition Biy WO;
after 2 hr oxidation at 600°C is shown in
Fig. 3. Figure 3a shows that the initial
bronze structure still predominates, but nu-
clei of a second phase are present, although
not at the crystal edges. This second phase,
which occurred in both lamellar and equidi-
mensional morphology, showed a charac-
teristic fringe spacing of ca. 8 A, these
fringes being either parallel with, or perpen-
dicular to, the HTB strips of the Bi-bronze.
The SAED pattern of the same crystal (Fig.
3b) shows clear maxima from this second
phase and, although relatively diffuse,
these spots corresponded with those ex-
pected from a structure in the Bi,W,0s, .3
series, with Bi,WQq as the strongest possi-
bility.

After further oxidation, growth of nuclei
was observed, and considerable regions of
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FI1G. 2. HREM image of a Bi-W-bronze of nominal composition Bi, \WO; taken at 500 kV, with a
diagrammatic representation of the structure. The electron beam is parallel to the axis of the hexagonal

tunnels.

WO intruded into the Bi-W-bronze ma-
trix, as shown in Fig. 4a. Where the density
of nuclei was large, holes were observed
together with severely disordered regions
(Fig. 4b). Apart from the gradual replace-
ment of the Bi-W-bronze by WO; as ma-
trix phase, little alteration of the crystal
margins was observed except in a few re-
gions where the WO; slabs appeared to be

associated with some quasi-amorphous ma-
terial (Fig. 5). With prolonged oxidation,
the Bi~W-bronze phase disappeared com-
pletely, and a distinctive recrystallization
of nuclei was observed. These invariably
became of lamellar-like form, generally of
sub-50 A width, but extending completely
across the crystals within which they oc-
curred. These lamellaec were separated by
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FiG. 3. (a) HREM (200 kV) image of a crystal of Bi, WO, after 2 hr oxidation at 600°C. The electron
beam is parallel to the tunnel axis of the bronze structure. (b) The corresponding SAED pattern,
showing diffraction maxima from the oxidized phase which are striated in a direction perpendicular to
the superlattice of the Bi-W-bronze.

WO; regions of at least 100 A width, as matching studies (Fig. 6b), showed that the
shown in Fig. 6a. The periodicity within la- observed image contrast was compatible
mellae was measured as 8.2 A, correspond-  with that expected from the Bi,WOj struc-
ing to the layer thickness of Bi;WO,. Image ture, but the overall level of the observed
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F1G. 5. Image (200 kV) of the edge of a crystal of untransformed bronze, showing quasi-amorphous

regions (indicated).
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FiG. 6. (1) Image (200 kV) of a crystal of Bi, \WO. after S hr oxidation at 600°C., showing lamellae. (b)
A region of (a), with an image match for the Bi; WO, lamellar structure. The conditions of the computer
simulation were: defocus —900 A. crystal thickness. 45 A: C,, 1.9 mm; axis of projection [110].
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Fic. 7. Image (500 kV) of a crystal of Big,WO, after oxidation at 950°C. showing a disordered
tungstate crystallite within a WO; matrix.

contrast was lower than that of the simula-
tion, implying that microscope chromatic
and beam divergence effects were slightly
greater than those given by the manufac-
turer.

For samples oxidized at 600°C, the ulti-
mate product was Bi;WQOg, irrespective of
the original composition, and little or no
disorder was observed in the tungstate
phase produced. At 950°C, however, the fi-

Fic. 8. (2) Image (500 kV) of a crystali of Bi;W,0O, produced by the oxidation of Biy ,WO; at 950°C. (b)
Image of a similar crystal, showing considerable disorder. Schematic structural models are indicated
and the electron beam is parallel to [110] in both cases.
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Fic. 9. Image (500 kV) of a thin lamella of Bi;W,0, in a WO; matrix.

nal oxidation product was less well-defined,
with relatively large nuclei being generated,
showing considerable disorder. On pro-
longed treatment, these grew in size to give
crystals of a tungstate product in a WO,
matrix, as indicated in Fig. 7, with some
lamellae being observed also. The predomi-
nant phase produced was Bi,W,0q, which
occasionally occurred in well-ordered crys-
tals such as that illustrated in Fig. 8a. Other
crystals, however, showed intergrowths of
different members of the series, a typical
example being that of Fig. 8b, where re-
gions of n = 3 tungstate are evident, and a

unit cell strip of the n = 4 member. Unit cell
strips with n values of up to 10 were noted,
but these always occurred singly. Some la-
mellar product was observed, generally in
the thicker crystals, and these could be
identified by lattice spacing as consisting of
Bi,W,0q. One such lamella is shown in Fig.
9, although the regular Bi,W,0q structure
is not maintained at the very edge of the
crystal, as indicated by the narrowing of the
lamella at the right-hand side of the micro-
graph. This is almost certainly due to the
existence of a quasi-reduced phase in the
very thin regions of the crystals, as has
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been observed previously (3). Reduction of
the matrix was also noticed occasionally,
with various configurations of crystallo-
graphic shear (CS§) planes being observed.
In no case, however, was there any indica-
tion of ordered CS structures being formed.

Discussion

At the lower temperature (600°C) the oxi-
dation process shows the classical behavior
of a solid-state reaction initiated well away
from the equilibrium P/T curve with the
large free energy difference giving rise to
very many nuclei. Oxidation must occur at
the crystal edges, accompanied by migra-
tion of Bi atoms in the crystal centers and
movement of W atoms in the opposite di-
rection. Development of the tungstate
product exclusively at the crystal edges
was never observed, even when specimens
were ground up prior to oxidation and re-
ceived no further mechanical treatment be-
fore HREM examination. Consequently the
natural tendency to develop the fully oxi-
dized phase (i.e., the Bi-tungstate) at the
surface, where oxygen availability is maxi-
mized, must be offset by the even greater
ease of WO; formation. Features of the
type shown in Fig. 5 may represent the de-
velopment of fresh WO; at the crystal
edges, although they were only infre-
quently observed. The tunnels in the origi-
nal bronze structure were more clearly de-
fined in the partly oxidized samples,
suggesting that some Bi had been ab-
stracted to form the tungstate nuclei. But,
although it is logical to suppose that Bi
atom migration (and that of W atoms) is
facilitated along the length of the tunnels,
there was no conclusive evidence to indi-
cate the preferential formation of lamellar
nuclei in a direction perpendicular to these
tunnels. In the initial stages of the reaction
the migration of W atoms appears to out-
strip that of Bi: this could account for the
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holes observed in the centers of most crys-
tals.

Initially, nuclei form equally in all three
dimensions, but when oxidation nears com-
pletion, and growth of nuclei commences,
considerations of lattice mismatch then ap-
pear to become paramount. The unit cell
dimensions of WO, (15) differ quite consid-
erably from the corresponding distances
within the octahedral component of a
Bi,W,05,.35 layer (1 — 6%) but the differ-
ence is far greater when the tungstate re-
peat perpendicular to the layers is consid-
ered (7 — 12%). Consequently, Iattice
mismatch, and the associated strain energy,
will be minimized if the tungstate nuclei are
converted into lamellar form with the plane
of contact between tungstate and WO; ma-
trix being (001). This is invariably observed
in practice when oxidation is carried out at
600°C, and no separate crystals of Bi,WQ,
are formed.

At the higher oxidation temperature
(950°C) the nuclei of tungstate tended to be
larger, suggesting that they form more
slowly. In general there appears to be far
less energetic preference for a particular
tungstate structure, as shown by the much
more disordered nature of the nuclei, and
this disorder may help to alleviate the strain
energy incurred when the nuclei and matrix
meet along other than the (001) planes.
Once the nuclei reach a certain size, they
appear to form completely incoherent
boundaries with the associated WO5, and
can be regarded as separate crystals. It is
significant that lamellar-like structures of
the type shown in Fig. 9 were only ob-
served when the actual amount of Bi, W,04
produced, and consequently the lamellar
thickness, was quite smail. The higher tem-
perature results, therefore, are fully consis-
tent with conversion to a product phase
nearer the equilibrium curve, where nuclei
can readily grow by diffusion and constitute
a true second phase, rather than the coher-
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ent intergrowth obtained at the lower oxi-
dation temperature.

The variation of the nature of the product
phase with temperature is also significant,
suggesting that the only truly stable low-
temperature phase is Bi,WOg. At higher
temperatures, Bi,W,0s is favored if the
composition is suitable and, indeed, even
single unit cell intergrowths of the former
were not observed at 950°C. Whether the n
= 3 members of the series are ever thermo-
dynamically stable at temperatures near the
melting point remains enigmatic, since en-
ergy differences between them might be ex-
pected to be small, and more than offset by
the entropy factors resulting from disor-
dered intergrowths which were obtained.

Conclusions

The experimental results are in accor-
dance with accepted theories of solid state
transformations, and indicate that sub-soli-
dus preparation of higher members of the
Bi, W03, 3 homologous series is not possi-
ble except in disordered form. They also
confirm previous hypotheses that the more
complex structures are only stable at higher
temperatures. Further work on these
phases, particularly their relationship to
molybdenum analogs (/6), is continuing.
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