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This paper gives an outline of the structure of a solid solution based on 7Bi20, . 2W09. The experimen- 
tal results using X-ray diffraction methods (precession and powder) showed that 7BizOj . 2WOS 
crystallizes in the space group 14,/a with a = 12.5143(5) A and c = 11.2248(6) A. The number of 
formula weights per unit cell is 40, when the formula is considered to be of the oxygen-deficient 
fluorite-type Bi,,8,sW~.1~~01.6plS. The compound has a substructure based on a defect fluorite-type 
pseudocubic subcell with a’ = 5.6 A. The axial relations between the supercell and subcell are a = I.&I/ 
and c = 2~‘. The solid solution was formed over a limited range of WOj content between 21.3 mole% 
and 26.3 mole% at 700°C. The ordering of metal atoms is discussed and an ideal crystal structure is 
proposed. 0 1985 Academic Press, Inc. 

Introduction 

In the system Bi203-W03, several inves- 
tigators (Z-8) have identified an oxygen- 
deficient fluorite-type phase related to 
S-Bi203, which is a high-temperature 
polymorph stable between 730 and 825°C 
(2, 9-11). Table I gives, in chronological 
order, the reported crystal chemical data 
for the defect fluorite-type phase. There is 
some disagreement as to the extent of solid 
solution, although the equilibrium tempera- 
tures were not stated explicitly. 

In our reexamination of subsolidus equi- 
librium relations in the system Bi203-W03, 

* To whom correspondence should be addressed. 

a system most recently described by Hoda 
and Chang (a), we found that the X-ray 
powder diffraction (XRD) pattern for 
7Bi203 * 2WO3 (Table I) showed not only 
several weak lines but also a splitting of 
some strong lines indexed on a face-cen- 
tered cubic (fee) lattice. It therefore seemed 
likely that the compound has a symmetry 
lower than cubic. This suggestion induced 
us to study the crystal structure of 7Bi203 . 
2WO3 and the extent of solid solution. The 
results show that the true symmetry is te- 
tragonal, 141/a, and that limited solid solu- 
tion is formed. 

Experimental Procedure 

Polycrystalline specimens of composi- 
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TABLE I 

SUMMARYOFPREVIOUSWORKONTHEOXYGEN-DEFICIENTFLUORITE-TYPEPHASES INTHE 
SYSTEM Bi203-WO, 

Source0 

Composition 

WO, content (mole%) Formula 

Lattice Solid solubility 
constant 

6) WO, content (mole%) 

Sill& and Lundborg (I) 
25.3 
28.6 

Gattow and Schroder (2) 33.33 2Biz0, 
Smolyaninov and Belyaev (3) 25.0 3Biz0, 
Gal’perin ef (11. (4) 33.33 2Bi20, 
Speranskaya (5) 25.0 3BizOj 
Takahashi and Iwahara (6, 7) 25.0 3Bi202 
Hoda and Chang (8) 22.22 7Bi203 

5.573 0 
5.536 0 

W03 5.589 0 
wo, - Not determined 
wo3 5.591 16.7-33.33 
wo, - 16.0-33.4 
wo3 5.604 22-27 
2w0, 5.61 20.3-23.6b 

u Refs. 1-S. 
h Read off the figure reported by Hoda and Chang (8) at 700°C. 

tion Bi2-ZrWx03 (where x = 0.18-0.29) as preliminary lattice parameters as well as 
well as 7Bi20J * 2WOj (x = 0.222) were pre- the space group symmetry. A least-squares 
pared by solid-state techniques. The start- computer program (12) was used to refine 
ing materials were 99.9% pure B&O3 from the lattice parameters. The solid-solution 
Iwaki Chemicals, Ltd. and W03 from New limits were determined by means of a para- 
Japan Metallic Chemistry, Ltd. The desired metric method (13) based on the XRD pat- 
proportions were weighed and thoroughly terns. 
mixed in an agate mortar under ethanol. Af- 
ter drying, the mixtures were heated in a 
covered platinum crucible at 800°C in air Results and Discussion 

for 20 hr: Conventional XRD patterns (dif- 
fractometer) using Ni-filtered CuKa! radia- 
tion showed that the reaction was com- 
plete. To check the solid-solution region, 

Single crystals were grown in the follow- 
ing way. The prepared powder with compo- 

all the specimens were equilibrated at 

sition 7Bi203 * 2W03 was packed into a cov- 
ered platinum crucible. The crucible was 

700°C for 20 hr and then cooled rapidly in 

heated at a rate of 100°C hr-l to 1050°C and 

air to room temperature. 

then cooled at a rate of 4°C hr-’ through 
400°C; at this point the power was turned 
off. The resulting crystals, which were 
transparent and homogeneously brownish- 
yellow, were checked by optical micros- 
copy and the XRD method. 

Single crystals of 7Bi203 9 2WOs were 
studied by the precession method to obtain 

Examination of the single crystals with 
the polarizing microscope showed that they 
do not have cubic symmetry, and XRD 
patterns from pulverized single crystals 

Inasmuch as a series of precession photo- 
graphs, one of which is shown in Fig. 1, 
displayed Friedel symmetry 4/m, the true 

strongly resembled the patterns obtained 

symmetry was tetragonal, and the approxi- 

from polycrystalline specimens of composi- 

mate lattice parameters were a = 12.50 and 
c = 11.21 A. The only reflections present 
were hkl: h + k + 1= 2n, hk0: h = 2n and k 

tion 7B1~03 * 2WOj. 

= 2n, hhl: 1 = 2n, and 001: 1 = 4n, which 
uniquely determine the pace group as 14,/a 
(No. 88) (24). Furthermore, the photo- 
graphs indicated that the structure is based 
on a subcell, which isOa psuedo-fee cell of 
dimensions about 5.6 A. That is, the tetrag- 
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FIG. 1. Zero-level photograph of 7Bi203 . 2W03 
with [OOl] as the precessing axis using Zr-filtered 
MoKa radiation. 

onal structure has a substructure similar to 
the defect-fluorite type listed in Table I, im- 
plying the existence of atomic ordering. On 
the basis of these results, Fig. 2 represents 
the topotactic relations between the tetrag- 
onal cell (a, c) and the pseudo-fee subcell 
(a’), namely, a = fiu’ and c = 2~‘. The 
indices h’ , k’ ,I’ of the subcell are related to 
the indices h, k, I of the tetragonal cell by 
the transformation 210/120/002. The tetrag- 

a; 
k 

a2 

FIG. 2. Schematic representation of the relations of 
the unit-cell axes. Heavy solid lines show the tetrago- 
nal celI (a, c) and weak solid lines outline the pseudo- 
fee subcells (a’). 

onal cell is 10 times the size of the subcell. 
Figure 3 shows the variations of the lat- 

tice parameters and cell volume with com- 
position. The solid solution Bi2-kWX03 
based on this tetragonal structure is formed 
over a limited range of x between 0.213 and 
0.263 at 700°C. Among the compounds tab- 
ulated in Table I, 3Bi203 . WOs (x = 0.29, 
7Bi203 . 2W03 (X = 0.222), and another (x = 
0.253) belong to this limited solid solution 
series. Although the plotted results violate 
Vegard’s law, deviations of this type are 
found in “defect substitutional solid solu- 
tions” (13, 15). In fact, since the structure 
of this solid solution consists of oxygen-de- 
ficient fluorite-type subcells, it is reason- 
able to assume that anomalies in the curves 
in Fig. 3 are due to vacancies in the partial 
lattice of oxygen. Also, the oxygen-defi- 
cient structure is supported by evidence 
from the excellent oxide-ion conduction in 
the Bi2-2rWx03 series with x = 0.22 to 0.27 
(6, 7). 

The precise lattice parameters of the te- 
tragonal cell for this solid solution were de- 

FIG. 3. Variation of lattice parameters and cell vol- 
umes at 700°C of solid solutions having the 7Biz01 . 
2WOs structure. 
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termined by the least-squares method using 
the foregoing preliminary lattice parame- 
ters, examples being a = 12.5143(5) A, c = 
11.2248(6) A for 7Bi203 * 2W03, and a = 
12.5132(3) A, c = 11.2525(3) A for 3Bi203 * 
WOj. Table II gives the observed and cal- 
culated d values and intensities of XRD 
lines for 7BizOj * 2WO3 along with the cor- 
responding Miller indices of the pseudo-fee 
subcell. Since the intensities of the super- 
structure reflections are much weaker than 
those of the fundamental reflections based 
on the pseudo-fee lattice, and since the 
splitting of the XRD lines of the fundamen- 
tal reflections is quite small, these tetrago- 
nal solid solutions might well be errone- 
ously identified as defect-fluorite-type 
cubic phases. 

According to Speranskaya (5), 3Bi203 . 
W03 has a measured density of 8.64 g . 
cmm3. Moreover, the general formula of this 
solid solution Bi2-bWx03 can be repre- 
sented as an oxygen-deficient fluorite-type 
formula (Bi,W)Oz-,. Using these facts, a 
calculation shows that the tetragonal unit 
cell of the solid solution contains 40 for- 
mula units of (Bi,W)Oz-,, i.e., 2 = 40. This 
value can be also obtained from the cell vol- 
ume relations shown in Fig. 2, since the 
fluorite-type unit cell contains 4 formula 
units of AX2 and the volume of supercell is 
10 times that of the subcell. Consequently, 
7Bi203 . 2W03 can be represented as 
(B&7~W0.1z~)01.~~~ and the unit cell con- 
tains 35 bismuth atoms, 5 tungsten atoms, 
and 67.5 oxygen atoms (i.e., about 15.6% of 
oxygen sites are empty). 

At this point, we may infer from the crys- 
tallographic results obtained above an out- 
line of “ideal” crystal structure for the 
solid solutions. As a matter of convenience, 
we shall take the structure with composi- 
tion 7Bi203 * 2W03 as the representative of 
whole solid solution series. Space group 
141/a allows the following possible atomic 
arrangements. Four tungsten atoms can oc- 
cupy either of the two special positions 4a 

TABLE II 

X-RAY POWDER DIFFRACTION DATA FOR 

7Bi20, . 2W09 

IO I 
20 0 
21 I 
20 2 
IO 3 
31 2 
21 3 
00 4 
42 0 
32 3 
51 2 
44 0 
40 4 
21 5 
42 4 
62 0 
32 5 
41 5 
31 6 
55 2 
71 2 1 

62 4 
IO 7 
73 2 
21 7 
82 0 
61 5 

64 4 
32 7 
73 4 
41 7 
00 8 
84 0 
52 7 
71 6 
55 6 I 

93 2 
74 5 
61 7 
42 8 
84 4 

100 0 
86 0 I 

21 9 
32 9 
62 8 

100 4 
86 4 I 

3 I IO 
93 6 
97 2 

113 2 

8.356 
6.257 
5.009 
4. I78 
3.585 
3.2342 
3.1105 
2.8062 
2.7983 
2.5446 
2.2486 
2.2122 
2.0890 
2.0836 
I.9815 
I .9787 I 

I .8850 
I .8049 
1.6913 

1.6878 

I.6171 
I SW5 
I s770 
I.5415 
I.5176 
I.5168 I 

I .4760 
I .4557 
I.4180 
I.4178 I 

I.4031 
I.3991 
I.3198 

1.2857 

I.2841 
I .2767 
I .2648 
1.2543 
I.2521 
I.2514 

1.2173 
I. 1737 
I.1445 

I.1429 

I .0799 
I.0781 

1.0772 

8.373 I 
6.266 I 
5.013 I 
4.180 I 
3.587 3 
3.2342 100 
3.1093 1 
2.8062 26 
2.7986 26 
2.5445 I 
2.2483 I 
2.2t.%7 I 

2.0826 I 

1.9802 23 

I.8846 <lb 
1.8040 I 
I.6917 IO 

I .6a79 I9 

I.6172 7 
I.5904 <I 
1.5768 <I 
I.5413 <I 

I.5169 I 

1.4742 <I 
1.4556 <I 

1.4179 <I 

I.4031 <I 
1.3991 2 
1.3202 <I 

I.2858 4 

1.2839 4 
1.2769 <I 
1.2652 <I 
I .2540 2 

I.2517 4 

1.2174 <I 
I.1740 <I 

I.1443 I 

I.1429 4 

I .OsCnl I 
I .0780 2 

I .0772 3 

0.06 
0.08 
0.04 
0.M) 
0.01 

100.00 Ill 
0.01 

12.91 002 
25.80 200,020 

0.01 
0.02 
0.01 
0.01 
0.01 

33.85 202.022 
16.91 220 
0.01 
0.01 

15.04 II3 
15.01 131 
15.01 311 
II.46 222 
0.00 
0.01 
0.01 
0.01 
0.01 

0.01 
0.01 
0.00 
0.01 
2.70 004 
5.37 400,040 
0.00 
6.45 313 
6.45 133 
6.44 331 
0.00 
0.00 
5.17 204.024 
5.16 402.042 
2.58 420 
2.58 240 
0.00 
0.00 
4.91 224 
4.90 422 
4.90 242 
3.83 II5 
3.82 333 
3.82 I51 
3.82 511 

* Miller indices for the pseudo-fee subcell. 
b Observed relative intensity weaker than I. 

or 4b, where these two positions are simply 
alternative choices for the origin of the unit 
cell. We shall arbitrarily assign the 4 tung- 
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sten atoms to 4a. Another tungsten atom 
and 3 bismuth atoms can statistically oc- 
cupy the positions 4b. The other 32 bismuth 
atoms can fully occupy two sets of the gen- 
eral position 16f. Likewise, all the oxygen 
atoms are split into five sets and can occupy 
the positions 16f statistically with each po- 
sition having an average occupancy of 67.5/ 
80 or 84.4%. The positional parameters 
thus deduced are tabulated in Table III. The 
calculated intensities juxtaposed in Table II 
are based on these positional parameters. A 
schematic of the structure is depicted in 
Fig. 4; for a clearer understanding of the 
structure, all oxygen atoms are omitted and 
the length of the c axis is deliberately exag- 
gerated. It is clear from the oxygen-defi- 
cient fluorite-type subcell that each metal 
atom is statistically surrounded by eight 
equidistant oxygen sites (site occupancy 
84.4%), which are arranged at the corners 
of a cube. Since reasonable agreement be- 
tween observed and calculated XRD inten- 
sities (Table II) was obtained, the actual 

TABLE III 

PROPOSED ATOMIC COORDINATES FOR 7Biz03 . 
2W0, IN THE SPACE GRoup 14,/a” 

Atom x Y Z 

W 4a 0 0 0 
0 0.5 0.25 
0.5 0.5 0.5 
0.5 0 0.75 

Mb 4b 0 0 0.5 
0 0.5 0.75 
0.5 0.5 0 
0.5 0 0.25 

Bi (1) 16f 0.3 0.1 0 
Bi (2) 16f 0.2 0.4 0 

0 (1)’ Mf 0.15 0.05 0.125 

0 (2) 16f 0.05 0.35 0.125 

0 (3) 16f 0.25 0.25 0.125 

0 (4) 16f 0.45 0.15 0.125 

0 (5) 16f 0.65 0.05 0.125 

a Z = 40 when the formula unit is the defect-fluorite 
type (Bi,W)O*-,, i.e., B~~.USWO.IZSOI.CWS. 

* M = 0.25W + 0.75Bi. 
c For all oxygens, site occupancy is 84.4%. 

Qb 
l f 

FIG. 4. A perspective view of the unit cell of the 
idealized tetragonal structure. For clarity, all oxygens 
are omitted and the length of the c axis is exaggerated. 
Each metal atom (Bi or W) occupies one of two special 
positions 4a and 4b or one general position 16f in space 
group 14,/a. The weak solid lines outline the pseudo- 
fee subcells. 

structure is probably not far from this 
“ideal” one. Thus, it is probable that the 
ordering of metal atoms gives rise to the 
tetragonal superstructure in this solid solu- 
tion series. Strictly speaking, however, 
there is a doubt whether each tungsten 
atom is surrounded by eight oxygen at- 
oms, because the ionic radius ratio, r(W6+)/ 
r(02-), is too small for the eight-coordina- 
tion (cube). Accordingly, a single crystal 
X-ray diffraction analysis or a neutron dif- 
fraction analysis is needed to determine the 
“actual” crystal structure. 

Using the proposed structure for 7Bi203 9 
2W03, we can examine the relationship be- 
tween solubility limits and structure. That 
is, from Fig. 3, the solid solution phase 
Bi2-2rWx03 is seen to occur over a limited 
range of x between 0.213 and 0.263 at 
700°C. The unit cell with the lower-limit 
composition contains 4.76 tungsten atoms. 
On the other hand, the unit cell accommo- 
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dates 6.04 tungsten atoms at the upper solu- structure. The details of this transition are 
bility limit. Considering that the special po- now under investigation. 
sitions 4a are preferentially occupied by 
four tungsten atoms, the lower-limit value References 
(x = 0.213) is reasonable. By contrast, the 
composition with x = 0.182, for which the 
unit cell contains exactly four tungsten at- 
oms, does not allow the present tetragonal 
structure; that is, to stabilize this structure, 
tungsten atoms must partially occupy the 
special positions 4b above a minimum oc- 
cupancy of 0.76/4 or 19% at 700°C. As for 
the upper limit, the special positions 4b are 
able to accommodate a maximum of about 
2 tungsten atoms, each site being statisti- 
cally half bismuth and half tungsten. Out- 
side the compositional range of the solid 
solution, additional phases appear, namely, 
7B1203 . W03 (8) below the lower limit 
and B&O3 . WOs (16, 17) above the upper 
limit. 

Speranskaya (5) reported that 3Bi20x * 
WOJ exhibited a reversible phase transition 
at 900°C. However, Hoda and Chang (8) 
indicated in their phase diagram that the fee 
solid solution based on 7Bi203 . 2WOJ did 
not undergo any solid-state transition but 
melted incongruently near 900°C as part of 
a peritectic-type equilibrium. (The peritec- 
tic reaction occurred at 965°C.) Our DTA 
studies showed that this solid solution un- 
derwent a solid-state transition at about 
900°C as reported by Speranskaya (5). This 
is probably an order-disorder transforma- 
tion, which seems to result in a high-tem- 
perature disordered phase with a true fee 
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