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A new bismuth compound with the y-B&O, structure type has been synthesized by a hydrothermal 
method. The experimental results show that only the solution or starting materials which contain 
fluorine ions are effectual for the synthesis of the compound. Chemical analysis proved that the new 
compound contains a small amount of fluorine. We comment the stabilization of the -y-form by partial 
replacement of oxygen atoms with fluorine atoms and assume Bim038FZ as its constitution. The mea- 
sured dimension of the unit cell is 10.183(2) A,. Its thermal stability is also studied by differential 
thermal analysis. 0 1987 Academic Press, Inc. 

Introduction first prepared by Schumb and Rittner (2) by 
controlled cooling of P-BiZ03 from 750- 

The polymorphism of B&O3 has been in- 800°C. The existence of pure y-BizO3 was 
vestigated by many researchers, and four later confirmed by Aurivillius and Sillen 
polymorphs have been reported (1-8). Two (3), Levin and Roth (7), and Harwig and 
of them are known as thermodynamically Gerards (8). Moreover, a number of inves- 
stable phases: The monoclinic (Y phase is tigators have reported that the impure bee 
stable from room temperature to 729°C and phase formed by contamination with porce- 
the cubic 6 phase is stable from 729°C up to lain, Si, Fe, Al, or other impurities. In par- 
its melting point at 824°C. On cooling of the titular, Levin and Roth (10) have studied in 
6 phase, formation of intermediate metasta- detail the effect of small oxide additions on 
ble phases near 650°C has been reported. the polymorphism of Bi203. 
These are the tetragonal p phase at 650°C In the present paper, we report the prep- 
and the body-centered cubic (bee) y-phase aration of a new bismuth compound with 
(sillenite (9)) at 639°C (8). However, re- the r-B&O, structure type. This compound 
ported data on the behavior of metastable was not prepared by cooling of 6-Bi203 or 
B&O3 polymorphs on cooling are inconsis- addition of extraneous cations but rather by 
tent and incomplete. replacement of some of the oxygen atoms 

Contaminated bee B&O3 was first re- in bismuth oxide with fluorine atoms. In ad- 
ported by Sillen (1) and pure Y-B&03 was dition, the thermal stability of this com- 

pound was studied by differential thermal 
* To whom correspondence should be addressed. analysis (DTA). 
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TABLE I 

REACTION PRODUCTS OF a-B&O3 HEATED IN 
KF SOLUTIONS” 

Concentration 
(moles dm-‘) Products 

1.25 a-B&Ox 9 y-B1~0~~ 
1.5 y-B&O, + trace a-B&O, 
1.5 y-B&Or 
1.75 a-B&Or > y-B&O3 
2.5 a-B&O3 + trace y-B&O3 

0 Temperature: 350°C pressure: 600 kg cme2, 
heating time: 3 days. 

b y-B&O3 represents the compound with the 
y-B&Or structure type. 

Experimental and Results 

The compound was synthesized by a hy- 
drothermal method. The apparatus used 
has been described in a previous paper (21). 
The (I! form of B&O3 was used as a starting 
material. It was charged in a platinum cap- 
sule (4 or 5 mm outer diameter and 50 or 70 
mm long) with a solvent. The platinum cap- 
sule was carefully sealed by welding and set 
in a reaction vessel. After the vessel had 
been sealed and pumped to the desired 
pressure, it was set within an electrically 
heated furnace. Temperatures were mea- 
sured with a chromel-alumel thermocouple 
inserted into the vessel. The experimental 
error was a maximum of +lO”C. After a 
heating run, the reaction products were 
quenched by rapid immersion of the pres- 
sure vessel in water. The products were 
identified by their X-ray powder diffraction 
(XRPD) patterns. 

In hydrothermal synthesis, the first prob- 
lem is to find effectual solvents. In the 
present study, the effectiveness of various 
acidic or basic solutions was examined ex- 
perimentally, and it was ascertained that 
only the solutions containing fluorine ions 
were useful for the synthesis of bee Bi203. 
Among them, potassium fluoride and am- 

monium fluoride solutions gave good 
results. 

Table I shows experimental conditions 
and results, where a potassium fluoride so- 
lution was used as a solvent. These results 
suggest that the concentration of the KF 
solution is one of the important factors in 
transforming the starting material (a-Bi203) 
into the compound with the r-Bi,O, struc- 
ture. The 1.5mole dmV3 KF solution gave 
the best results. At the concentrations 
lower than this, only a part of a-Bi203 
changed into the sillenite-like phase. On the 
other hand, at the higher concentrations, 
single crystals of a-B&03 formed. 

Table II shows experimental conditions 
and results when ammonium fluoride solu- 
tion was used as a solvent. In this case, 
OS-o.75 mole dme3, concentrations differ- 
ent from those used in the above experi- 
ments, were the best for synthesis of the 
sillenite-like phase. At the concentrations 
lower than this, only a part of a-Bi203 
changed into the sillenite-like phase, and at 
the higher concentrations, the major prod- 
uct was BiOF. 

These two results suggest that the syn- 
thetic compound with the sillenite structure 

TABLE II 

REACTION PRODUCTS OF a-B&O, 
HEATED IN NH,F SOLUTIONV 

Concentration 
(moles dm-3) Products 

0 (pure HzO) (Y-BIZO~ 
0.1 a-B&O3 > y-Bi203b 
0.25 a-B&Or + y-B&O3 
0.5 y-B&O3 
0.75 y-B&O, 
1 y-B1203 > Bi709F3 
2 BiOF > y-B&Or 
4 BiOF 

0 Temperature: 350°C pressure: 600 
kg cm-?, heating time: 3 days. 

b y-B&Or represents the compound 
with the y-B&O3 structure type. 
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TABLE III 
REACTION PRODUCTS OFTHEMIXTURE 38Bi20, + 

2BiFS HEATED IN NH4F SOLUTIONS" 

Concentration 
(moles dm-3) Products 

0 (pure H20) Y-Bi203* % unidentified phases 
0.1 -y-B&O3 + trace unidentified phases 
0.1 y-B&O, 
0.5 y-B&O, % Bi70903 
1.0 y-BizO, % BiOF 

u Temperature: 45O”C, pressure: 1500 kg cm-*, heat- 
ing time: 3 days. 

* y-B&O9 represents the compound with the -y-B&O, 
structure type. 

is not pure bismuth oxide but contains F 
atoms as an essential constituent. To con- 
firm this, a chemical analysis was per- 
formed, and the fluorine content was found 
to be 1.1 + 0.1 wt%. The method of fluorine 
analysis is same as that described in a pre- 
vious paper (12). 

The starting materials are another poten- 
tial source of fluorine. Therefore, formation 
of the sillenite-like phase is to be expected 
when fluorine is contained in the starting 
materials, and not in the solvent. To con- 
firm this, additional hydrothermal experi- 

ments were carried out. The experimental 
results are shown in Table III, where a mix- 
ture of a-Bi203 and BiF3 in a 38 : 2 molar 
ratio was used as a starting material. The 
reason for choosing this particular ratio will 
be explained in the next section. In the first 
experiment, pure water was used as a sol- 
vent. The result shows that the major reac- 
tion product was the compound with the y- 
B&O3 structure type. This suggests that the 
sillenite-like phase is stabilized by the fluo- 
rine atoms present in starting material. 
Moreover, when this starting material was 
reacted in O.l-mole dmm3 NHIF solution, 
the yield of the sillenite-like phase was in- 
creased. This suggests that a small amount 
of excess fluorine is necessary to compen- 
sate for its loss into solution. Therefore, 
The experiments for determining the opti- 
mum ratio were carried out, where HZ0 
was used as the solvent. Table IV shows 
the results, where, in all the experiments, 
the reaction product was the pure sillenite- 
like phase. These experimental conditions 
are the best for synthesizing comparatively 
large amounts of the pure sillenite-like 
phase with good reproducibility. 

An XRPD pattern was obtained from a 
specimen synthesized under the conditions 
shown in Table IV. The data (Table V) were 

TABLE IV 

SUCCESSFUL EXPERIMENTALCONDITIONSFORTHEHYDROTHERMAL 
SYNTHES~SOFTHECOMPOUNDWITHTHE~-B~~O~-TYPESTRUCTURE 

Starting 
materials 

Temperature 
(“0 

Pressure Weight of sample (mg)/volume 
(kg/cm2) of solution (cm3) 

17Bi203 + 2BiFJ 454 
17B1203 + 2BiF, 450 
17Bi20, + 2BiFS 448 
17B1~0~ + 2BiF3 350 
17Biz03 + 2BiF, 350 
17Biz09 + 2BiF3 250 
17Bi203 + 2BiFj 150 
llB&O, + 2BiF3 447 
11Bi20, + 2BiF3 450 

200/0.2 
40010.2 

1ooo/o.5 
20610. I 
808/0.4 
2OUO.l 
201/0.1 
200/0.2 
60210.6 
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TABLE V 

X-RAY POWDER DIFFRACTION DATA FOR Bir60r8FZ 

d d,c ohs d kc 0bs 
(A) (& Iobs hk 1 (A) (A) zobs h k 1 

7.18 7.20 3 1 10 1.502 1.501 11 63 1 
5.09 5.09 5 2 00 1.469 1.470 2 444 
4.15 4.16 6 2 11 1.440 1.440 5 550 
3.60 3.60 26 220 543 
3.218 3.220 100 3 10 1.412 1.412 1 640 
2.940 2.940 20 2 2 2 1.386 1.386 4 552 
2.720 2.722 60 3 2 1 721 
2.543 2.546 2 400 1.361 1.361 3 642 
2.401 2.400 8 3 3 0 1.336 1.337 1 730 

4 1 1 1.293 1.293 3 651 
2.277 2.277 10 420 732 
2.171 2.171 12 3 3 2 1.273 1.273 1 800 
2.080 2.079 5 4 2 2 1.253 1.253 2 811 
1.997 1.997 14 510 741 
1.860 1.859 7 5 2 1 1.234 1.235 1 644 
1.799 1.800 1 440 820 
1.746 1.746 29 5 3 0 1.217 1.217 7 653 

4 3 3 1.200 1.200 6 822 
1.697 1.697 12 600 660 

442 1.184 1.184 6 831 
1.652 1.652 18 532 750 

61 1 743 
1.572 1.571 3 54 1 1.153 1,153 2 752 
1.534 1.535 3 6 2 2 1.138 1.138 1 840 

obtained by using CuKcv radiation and a sili- 
con internal standard. The dimension of 
bee unit cell is 10.183 + 0.002 A and all the 
observed peaks are extremely well indexed 
on this cell. 

Various dimensions, such as 10.245 A 
(2), 10.268(l) A (7, 8), and 10.184 A (13), 
have been previously reported for the bee 
unit cell of pure -y-BizO,. The present di- 
mension is almost same as these values. 

DTA curves observed for the new phase 
are shown in Fig. 1. The temperature accu- 
racy of the apparatus was %2”C. When 
heated below 700°C in N2, two endothermic 
peaks were observed at 529 and 637°C. In 
the cooling process, two exothermic peaks 
were observed at 603 and 495°C. The same 
peaks were observed at the same tempera- 
tures in the repeated heating and cooling 

processes. In the heating and cooling below 
600°C in air, only the first peak was ob- 
served at the same temperatures (529 and 
495”(Z), as observed in NZ. In both cases, 
the specimens showed XRPD patterns dif- 
ferent from that of the sillenite-like phase 
after the DTA experiments. The new 
XRPD patterns showed that the latter had 
decomposed into a mixture of a-B&O3 and a 
bismuth oxide fluoride. The DTA curves 
did not show the peak corresponding to the 
decomposition. Only a gentle change of the 
base line was observed between 400 and 
500°C. By isothermal heating, it was ascer- 
tained that the decomposition of the sil- 
lenite-like phase proceeded quickly and 
perfectly below (and near) 500°C. 

Discussion 

Metastable Y-B&03 is usually stabilized 
by the presence of small amounts of other 
cations. For example, ternary bismuth ox- 
ides such as Bi$Si2040 and Bi24Ge2040 are 
known to adopt the same bee structure as 

/ 

TEYPE RATURE (OC) 

FIG. 1. DTA curves for Bi2s038F2 measured at a rate 
of 10°C min-r in N 2. 
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pure y-BizOj (I, 3, 5, 14) and it has been 
proposed that one of the most important 
ways to stabilize the Y-B&O3 structure is to 
create the compound stoichiometry B&V2 
040, where M represents tetravalent cat- 
ions. 

The unit cell contents, BiZ603s, of pure y- 
B&03 are inconsistent with the structural 
unit of A2,jOd0 per cell in Bi2&04,,. Two 
explanations have been proposed (3, 15). 
One is a statistical distribution of oxygen 
atoms on the available sites. The occu- 
pancy factor of the oxygen sites in the pure 
y-phase would then be 39/40. The other is a 
higher oxidation state of some of the bis- 
muth ions and the incorporation of an extra 
oxygen in the structure, e.g., BiZ4{Bi3+, 
Bi5+}Oa. 

In the present experiments, the situation 
is different from the above cases. As shown 
by chemical analysis, hydrothermally syn- 
thesized r-B&O3 contains a small number of 
fluorine. This suggests that the metastable 
Y-B&O3 structure may be stabilized by the 
presence of a small number of anion impuri- 
ties. When one oxygen atom in BiZ603s is 
replaced by two fluorine atoms, the compo- 
sition changes to Bi2603sF2, which can be 
regarded as a member of a family of bis- 
muth compounds with the formula A260w. 
This assumption is consistent with the 
present experimental results that only the 
solutions or starting materials which con- 
tained fluorine ions were effectual in the 
synthesis of the compound with the Y-Bi203 
structure. 

Moreover, if the above assumption is 
true, we can expect the synthesis of Bi2603s 
F2 based on the following chemical reac- 
tion, 38Bi203 + 2BiF3 + 3BiZ603sF2, and 
this is the reason why the mixture of Bi203 
and BiF3 in a 38 : 2 molar ratio was used as a 
starting material. 

The calculated fluorine content for BiZ6 
03sF2 is about 0.6 wt%, which is a little 
smaller than the experimentally obtained 
value. Two explanations may be given for 

this disagreement. One is the replacement 
of more than one oxygen atom with fluorine 
atoms in BiZ603s. In this case, cation vacan- 
cies must be introduced to preserve electri- 
cal neutrality because the number of avail- 
able anion sites is 40. The other is the 
coexistence of some other bismuth oxide 
fluorides with BiZ603sF2, examples being 
Bi70sF3 or BiOF (16). They have a fluorine 
content higher than 0.6 wt%, but are not 
detectable by XRPD analysis because of 
the insensitivity of this method to trace con- 
stituents. We believe the latter to be the 
case because a few noncubic crystals were 
observed in the reaction products by means 
of a polarizing microscope, even though 
not detected by XRPD analysis. 

The experimental DTA results suggest 
that the observed two peaks correspond to 
phase transformations in the bismuth oxide 
fluoride formed by thermal decomposition 
of B&03sF2. The presence of this com- 
pound was ascertained in our preliminary 
phase research. However, according to the 
phase diagram of the BiF3-B&O3 system re- 
ported by Nurgaliev et al. (16), the decom- 
position products to be expected are a mix- 
ture of a-B&O3 and Bi709F3, and the latter 
has transformation temperatures at 505 and 
585°C. These are in disagreement with the 
present results. Although further discus- 
sion of this matter is necessary, it is not the 
purpose of the present study and will be 
discussed in another paper. 
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