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A new mixed valent bismuth oxide, Bi**Bi**0,, was prepared
by a low temperature hydrothermal reaction using a hydrated
sodium bismuth oxide, NaBiQ; - nH,0, as a starting material.
This oxide is isostructural with #-Sb,0, and the lattice parameters
are a = 12.3668(2), b = 5.1180(1), ¢ = 5.5670(1) A and g =
107.838(1)° in the monoclinic system. The crystat structure was
refined using high resolution neutron powder diffraction data re-
sulting in Ryp = 7.76, Rp = 6.01, Ry = 5.98, and R; = 2.02%.
In this mixed valent bismuth oxide, Bi** and Bi** occupy distinct
crystallographic sites, Bi’* being coordinated by eight oxygens and
Bi** being octahedrally coordinated by six oxygens. The structure
can be related to the CaF,-type structure. This mixed valent bis-
muth oxide decomposes to Bi,0; via an intermediate phase with
mixed valent states with weight loss caused by reduction of Bi**
to Bi** at elevated temperatures. © 1995 Academic Press, Ine.

INTRODUCTION

Bismuth is known to adopt trivalent or pentavalent
states in oxides. Mixed valent states for bismuth have
been found in complex alkaline and/or alkaline earth bis-
muth oxides (1-4), and some of them are superconduc-
tors, for example, (Ba - K)BiO, (3} and Ba(Bi - Pb)O,
{4). Simple mixed valent bismuth oxides, such as Bi,O;
and Bi,0,, have been reported (5, 6), but they remain
poorly characterized. Begemann and Jansen (6) reported
that Bi,O, and Bi,0,, prepared by thermal decomposition
of HBiO; - nH,0, have cubic CaF,-type and triclinic py-
rochlore type structures, respectively. However, struc-
ture refinements of these two oxides have not yet been
given. In fact, no detailed structure has been reported for
any simple mixed valent bismuth oxide. Mixed valent
bismuth complex oxides, BaBiO, (1) and Na,Bi}*
Bi** AuQ,, (7) are examples of the mixed valent bismuth
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oxide which was identified with distinct sites of Bi**
and Bi’t,

We have reported that new alkaline earth bismuth ox-
ides containing Bi** with the pyrochlore-type structure
were prepared by a low temperature hydrothermal reac-
tion using the hydrated sodium bismuth oxide
NaBi0Q, - nH,0 as a starting material (8). Two types of
new bismuth oxides, Lag,Bi;;O0H (9) and HBi,
(Cr0,),0, (10), were also prepared by the same method.
During the investigation of this reaction using
NaBiO, - nH,0, we found a new mixed valent bismuth
oxide, Bi** Bi’*O, with 8-Sb,0,-type structure, in contrast
to a CaF,-type Bi,OQ, as prepared previously (5, 6). We
describe here preparation and thermal behavior of this
mixed valent bismuth oxide and its crystal structure re-
finement using high resolution neutron powder diffrac-
tion data.

EXPERIMENTAL

The starting material of NaBiO; - nH,0 (Kanto Chemi-
cal) was put into an autoclave (70 ml) with a Teflon lining
with alkaline nitrate ANO, (4 = Li, Na, K) and H,O (30
ml) and was heated at 120 ~ 200°C for 2 ~ 15 days. The
molar ratio of the starting material and alkaline nitrate
was varied from 0.1 to 100. The solid products were sepa-
rated by centrifuging, washing with distilled water, and
drying at 50°C. The products were identified by X-ray
powder diffraction using CuKe radiation. The thermal
stability was investigated by TG-DTA with a heating rate
of 10°/min. The species evoived during TG-DTA measure-
ment in a stream of He was analyzed by mass spectrome-
try. For the structural refinement by neutron diffraction,
intensity data were collected at 295 K on a high resolution
powder diffractometer at the Brookhaven National Labo-
ratory. The data were recorded at 0.02° intervals in 20
from 15° to 115° using a wave length of 1.8857 A. The
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FIG. 1. The TG-DTA curves and temperature dependence of gas
evolution during the TG-DTA measurement in a stream of He.

Rietveld structural analysis was performed using the pro-
gram RIETAN (11).

RESULTS AND DISCUSSION

Preparation

The new bismuth dioxide, monoclinic Bi,O,, was ob-
tained under the conditions of the molar ratio of A/Bi >
0.5, the reaction temperature of 140°C, and the reaction
duration of 4 days. When the reaction temperature was
above 160°C, another mixed valent bismuth oxide similar
to Bi,0, (6} was obtained as described elsewhere (12).
Atomic absorption spectrometry indicated that no alka-
line metal was detected in a solution formed by dissolution
of the product with concentrated HNO,. However, the
products always contained a small amount of a second
phase. The Rietveld analysis was performed on a selected
sample which gave the weakest peaks of the second phase.
The powder diffraction pattern of our Bi,0, could be in-
dexed on the basis of a monoclinic unit cell similar to that
of 8-Sb,0,.

Thermal Behavior

Figure 1 shows TG-DTA curves of Bi,O, and mass
spectrometry during TG-DTA measurement. The TG
curve indicates two steps of weight losses and only oxygen
is evolved in the course of pyrolysis. The observed weight
loss (3.43 wt%) agreed well with the value (3.32 wt%)
calculated on the assumption that Bi,0, changed to Bi,0,

by release of oxygens caused by complete reduction of
Bi** to Bi**. The X-ray powder pattern of the sample
heated up to the first weight loss was similar to that of
another mixed valent bismuth oxide prepared at above
160°C {12). Finally this compound decomposed to o-Bi,0,
(13) by complete reduction of Bi** to Bi**. The small
exothermic peak observed at about 630°C in the DTA
curve may indicate that the existence of a small amount
of impurity and the exothermic peak at 730°C are corre-
sponding to the phase transition from o to 8-BiyO4 (14).

Crystal Structure Refinement

The crystal structure of Bi,O, was refined using space
group C2/c (No. 15) of B-Sb,0O, (15}, and the final
R-factors were Ryp = 9.41, Rp = 6.64, Ry = 6.00, and
R; = 2.95% for all the intensity data. By excluding the
peaks of the impurity phase, the R-factors decreased to
Ryp = 7.76, R, = 6.01, R; = 5.98, and R, = 2.02%. The
crystallographic data is summarized in Table 1. Figure 2
shows the observed and calculated neutron diffraction
patterns. Tables 2 and 3 show the atomic parameters and
selected interatomic distances and angles, respectively.

There are two crystallographic sites for bismuth (4¢ and
4e) in this structure. At site 4c, bismuth is octahedrally
coordinated by six oxygens at a mean distance of 2.101
A. At site 4e, bismuth is surrounded by four oxygens
located at 2.1-2.3 A and four more oxygens located at
2.8-3.0 A. By taking into account the difference in ionic
radii of trivalent and pentavalent bismuth and the effect
of a stereoactive electron lone pair of Bi**, the 4c site for
Bi(1) is considered to be occupied by B’ and the 4e site
for Bi(2) by Bi**,

In this structure the Bi** O, octahedra form layers paral-
lel to (100} by sharing four corners with each other. The
Bi** ions are located in the interlayer positions as shown

TABLE 1
Crystal Data and Intensity Collection for Bi,Q,

Color

Crystal system
Space group

VA

Lattice parameters

Volume

Formula weight
Calculated density
Wavelength
Temperature

28 scan range

Reddish brown
Monoclinic
C2/c (No. 15)
4

a = 12.3668(2), b = 5.1180(1)
c = 5.5670(1) A, B8 = 107.838(1)°
335.42 A3

481.96

9.55 g/lem?

A = 1.8857 A

23°C

15°-115°

7.76%

6.01%

5.98%

2.02%
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FIG. 2. Observed (dots), calculated (solid line}, and difference (at the bottom) neutron diffraction profiles for Bi;Oy.

in Fig. 3. The structure projected on (001) is shown in
Fig. 4. The dotted lines forming a square in this figure
indicate one half of the unit cell. By comparing this half
cell and the structure of CaF, shown on the right side, one
can see the close relationship between the two structural
types. In the structure of the monoclinic Bi,0O,, oxygens
which are superposed in the projection of the CaF,-type
structure are displaced so that the Bi’* ion is octahedrally
coordinated and the coordination polyhedron of Bi** is
distorted cubic. The octahedral coordination for the Bi®*
ion is derived from the cubic coordination in the CaF,-type
structure by a strong displacement of two ¢ubic neighbors
sited body-diagonally. Removal of such oxygens from the
fluorite structure result in octahedral coordination in the
C-type rare earth sesquioxides structure. As the average
coordination number of bismuth decreases, so must the
average coordination number of oxygen decrease. In the
CaF, structure, the anion is surrounded by a perfect tetra-
hedron of cations. In monoclinic Bi,O,, the coordination
number of one oxygen {O1) remains four as a highly dis-
torted tetrahedron. The coordination of the other oxygen

TABLE 2
Positional and Thermal Parameters (i\z) of Bi,O,
Atom Site X ¥y Z ch
Bi(1) dc 3 4 0 0.6(1)
Bi(2) de 0 0.268(1) i 1.2(H)
O(1) 8f (.1787(5) 0.063(1) 0.652(1) 1.5(2)
02 8f 0.0933(3) 0.416(1) 0.973(1) 1.3(1)

(02) has, however, dropped to three. It thus appears that
many simple bismuth oxides have structures which may
be considered as fluorite related. Cubic cell edges reported
are a = 5.6595 A for 8-Bi,0, (14), 5.4754 A for BiO,_,
and 5.5390 A for BiO, (6).The relevant edges of mono-
clinic Bi,O, are (a x sin 8)/2 = 5.8861, b = 5.1180, and
¢ = 5.5670 A which give a (V/2)!” of 5.515 A.

The coordinations of Bi** and Bi’* and the interatomic
distances between bismuth and oxygen in mixed valent
hismuth oxides are summarized in Table 4. The mean
interatomic distance (2.101 A) of Bi¥*-0 in monoclinic
Bi,0, corresponds to those of other mixed valent bismuth
oxides, and these values also agree well with that (2.10
A) in KBiO, (16). The coordination polyhedron around

TABLE 3
Selected Interatomic Distances (A) and Angles (°)
of Bi,0,

Bi(1)-0(1) 2.080(5) x 2
(1) 2.100¢6) x 2
-0(2) 2.123(5) x 2
mean 2.101

Bi(2)-0(2) 2.145(7) x 2
-0(2) 2.316(5) x 2
—Q(1) 2.823(6) x 2
-0(1) 2.965(7) x 2
mean 2.562

O(1)-Bi(2)-0(1) 59.1¢1)

O(1)-Bi(2)-0(1) 95.0(2)

O(1D-Bi(2)-0(2) 60.8(2)

O(1)-Bi(2)-0(2) 70.0(3)

O(D-Bi(2)-0(2) 70.7(2)

O(1)-Bi(2)-0(2) 81.4(2)

O(1)-Bi(2)-0(2) 82.5(4)

O(D-Bi(2)-0(2) 91.4(2)

O(1)-Bi(1)-0(1) 85.1(1)
O(1)-Bi(1)-0(1) 94.9(1)
O(1)-Bi(1)-0(2) 81.1(2)
O(1)-Bi(1)-0(2) 89.9(2)
O(D)-Bi(D-0(2) 90.1(2)
O(1)-Bi(1)-0(2) 98.9(2)
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FIG. 3. Crystal stru‘cture of Bi,0,.

Bi’* in oxides is generally a regular octahedron with the
Bi**~-0 distance of ~2 A.

The interatomic distances of Bi¥*—O in the irregular
cubic coordination of monoclinic Bi,0, are classified in

Ca

Bi,O,

FIG. 4. Comparison of crystal structures between Bi,0, and CaF,.
Solid lines denote the unit cell.
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TABLE 4
Coordinations of Bi** and Bi** in Mixed Valent Bismuth Oxides
Coordination  Coordination
Compounds  Structural type of Bi** of Bi** Reference
BaBiO; Perovskite Octahedral Octahedral (1
2262294 211-2.14 A
K-Bi-O Pyrochlore Octahedral Octahedral 2)
210 A 210 A
Eightfold
2.37-3.14 A
Sr-Bi-0 Pyrechlore Octahedral Octahedral 8)
223 A 223 A
Eightfold
2.38-2.57 A
Na,Bi;Au(),, Tetragonal Sevenfold Octahedral N
bronze-related  2.10-3.21 A 1.932-2.03 A
structure
Bi,0, £-5b,04 Eightfold Octahedral This work
2.145-2.965 A 2.080-2.123 A

two groups; one has short distances of 2.145 (X2) and
2.316 A (x2) and the other longer distances of 2.823 (X2)
and 2.965 A {X2), These values correqund to the two
distinct ranges, 2.08-2.29 and 2.48-2.80 A, observed in
@-Bi,0; (13). This irregular coordination for Bi** ion is
observed also in many compounds containing Bi** ion
such as Na;Bi;Au0O,, (7} and is caused by the lone pair
of electrons on Bi**. In contrast with this, the coordina-
tion of Bi*" ion in pyrochlore-type compounds and
BaBi(Q; is unusual, because Bi** ion is not located at
the coordination polyhedron mentioned above and has
unusually short Bi’*-Q distances. In pyrochlore-type
compounds, the Bi** jon is distributed over the octahedral
B site and the eightfold A sites, coexisting with Bi** ion
at the B sites and alkaline or alkaline earth ions at the A
site, respectively. On the other hand, an octahedral site
in BaBiO, is occupied only by Bi** ion.

As seen in Table 5, the crystal structures of A**B°*0,-
type compounds (A = Sb and Bi; B = Nb, Sh, Ta, and
Bi} are classified into three groups of orthorhombic -,
monoclinic 8-, and triclinic 8-phases (17), and also the
high temperature y-phase is found in BiNbQ, and BiTaO,
(18). The umit cell volume of the monoclinic Bi,O, is
largest in this family. The crystal structures of orthorhom-
bic a- and monoclinic 8-phases are closely related to each
other; however, the triclinic 8-phase has a quite different
structure from the other two (17). Thus there is a possibil-
ity of the existence of an a-phase for Bi,O, and a low
temperature hydrothermal reaction may be a promising
method to prepare it.

CONCLUSION

A new mixed valent bismuth oxide, Bi*'Bi**O, pre-
pared by a low temperature hydrothermal reaction, was
found to be isostructural with 8-Sb,0,. It is noteworthy



STRUCTURE OF Bi,0, 285
TABLE 5§
Crystal Structures of A**B5+0,-Type Compounds (A = Sb, Bi; B = Nb, Sh, Ta, Bi)
Sb3+ Bi3+
Nb5+ Sb5+ Ta5+ Nb5+ Sb5+ Tas+ Bi5+
a-type SHNbO, a-Sb,0, SbTa0, a-BiNbO, a-BiTa0,
Orthorhombic Onhorhombnic Orthorhombic Orthorhombic Orthorhombic
V=344A" V=3075A" Vv=32104A vV =13309 A} vV =1328543
B-type B-Sb,0, B-BiNbO, BiSbO, B-BiTa0, Bi,O,
Monoclinic Monoclinic Monoclinic Triclinic Meonoclinic
V= 303.7 A V=340A4A Vv=3096A" V=3231A v =33542 A
y-type v-BiNbO, v-BiTaO,
Monoclinic Monoclinic
v =328.2 A

that monoclinic Bi,0, is structurally related to other bis-
muth oxides, with or without mixed valence. This is the
first crystal structure determination for any simple mixed
valent bismuth oxide. These results indicate that low tem-
perature hydrothermal reactions using Bi’**-containing
starting materials to prepare new bismuth oxides with
mixed valence are effective.
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