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BaBiO,.,, a New Bismuth Oxide with a Layered Structure* 
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A new Bi(II1) oxide, BaBi02,s, has been prepared by slow-cooling of the perovskite-like BaBiO, in a 
reducing atmosphere. The structure was solved ab initio from a combination of synchrotron X-ray and 
pulsed neutron powder diffraction data. The phase crystallizes in the monoclinic space group PZ,/c, 
with a = 7.3412(l) 8, b = 7.5793(l) A, c = 6.0722(l) A, and /3 = 99.187(2)“. A novel layer-type 
structure is adopted consisting of double BiO, sheets in the bc plane separated by Ba ions along the 
a direction. Bi is four-coordinated in a pseudotrigonal bipyramidal environment, with the electron lone- 
pair occupying one of the equatorial sites, similar to that found in P-B&O,. There are, thus, significant 
differences from either the Aurivillius phases or the high-T, bismuth cuprate superconductors, which 
may also be regarded as layered bismuth oxides. 

Introduction 

The perovskite-like BaBiO, has received 
much interest, initially due to its potential as 
a selective oxidation catalyst (I) and, more 
recently, since it is the parent compound of 
two series of superconductors, BaBi, --y 
Pb,O, (T, = 13 K at x = 0.7) (2) and Ba,_, 
K,BiO, (T, = 30 K at x = 0.4) (3-5). 

BaBiO, crystallizes in a distortion of the 
perovskite structure, having a monoclinic 
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cell containing two formula units and two 
crystallographically distinct Bi sites of dif- 
ferent sizes. This may be regarded as a 
structural manifestation of the presence of 
a static charge density wave (CDW), or 
charge disproportionation, such that a more 
realistic formulation of this compound is 
Ba,Bi(III)Bi(V)O, (6-9). Above room tem- 
perature, fully oxygenated BaBiO, under- 
goes two phase transitions, first to a rhom- 
bohedral phase, at about 132”C, and then to 
a cubic phase, above 500°C (6, 10-12). The 
static CDW is maintained in all of these 
phases. 

Reduction of Bi(V) to Bi(III) may also 
occur, to give BaBiO,-, (6 = O-0.5) with 6 
being a function of temperature and oxygen 
partial pressure. The phase diagram (10-13) 
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of BaBiO,_, shows the existence of three 
distinct regions of nonstoichiometry, with 
respect to temperature and oxygen partial 
pressure, for 6 - 0.0-0.05 (I), 6 - 0.13-0.27 
(II), and 6 - 0.42-0.5 (III), respectively. 
The transition from phase I to phase II rep- 
resents a change to higher symmetry from a 
doubled perovskite cell (Fm3m) to a simple 
perovskite-type (Pm3m), and may be asso- 
ciated with the loss of the static charge den- 
sity wave, resulting from the reduction in 
oxygen stoichiometry (10). The phase 
II-phase III transformation appears more 
complex, and the exact nature of this struc- 
tural change has yet to be elucidated, though 
phase III appears to be a pseudotetragonal 
perovskite. 

In all of the above transformations, the 
basic perovskite-type structure of vertex- 
sharing BiO, octahedra is, however, main- 
tained. In this paper we report the synthesis 
and characterization of a new fully reduced 
modification, BaBiO,,, , where the perov- 
skite substructure is lost completely, and a 
novel layer-like structure is formed. This 
new structure type has been solved ab initio 
by a combination of the complimentary 
techniques of high-resolution synchrotron 
X-ray powder diffraction and time-of-flight 
neutron powder diffraction. 

Experimental 

Synthesis and Characterization 

A pure polycrystalline sample of stoichio- 
metric BaBiO, was prepared according to 
our previous two-step procedure (14). Sub- 
sequent treatment of BaBiO, at 850°C in 
0.1% 0, overnight, followed by cooling at a 
rate of 1” min- ’ to room temperature in an 
atmosphere of 0.05% O,, resulted in an ap- 
parently homogeneous olive-green product. 
The stoichiometry of this phase was deter- 
mined to be BaBiO 2,52(2) by thermogravime- 
tric reoxidation. The atmosphere for anneal- 
ing and cooling was chosen to minimize any 

oxygen uptake on cooling. However, subse- 
quent Rietveld analysis showed that a small 
amount of reoxidation had occurred on cool- 
ing. We also note that BaBiO,,, may be reox- 
ygenated at 400°C in pure O,, to give pure 
BaBiO,. 

Powder Diffraction Data Collection 

Neutron powder diffraction data were 
collected on the Special Environment Pow- 
der Diffractometer (SEPD) at the Intense 
Pulsed Neutron Source, Argonne (15). An 
approximately 10-g sample was loaded in 
a cylindrical vanadium can, and data were 
collected for about 2 hr. Only the data from 
the high-resolution “backscattering” (28 = 
150”) detectors were used for subsequent 
data analysis. 

Synchrotron X-ray powder diffraction 
data were collected at the Brookhaven Na- 
tional Synchrotron Light Source (NSLS) 
beamline X7A. A part of the sample of 
BaBiO,., which had been used for the neu- 
tron diffraction experiment was ground in a 
glovebox under nitrogen and mounted in a 
flat-plate sample holder covered with a 2-mil 
Be foil. Data were collected using a Si( 111) 
channel-cut monochromator and a Ge(220) 
analyzer crystal, at a wavelength of 
1.19971 A, at 0.008” step intervals over an 
angular range of 3 to 70” in 28. The incident 
intensity was monitored with an ion cham- 
ber located just before the sample, and the 
data were scaled to counts-per-second rela- 
tive to a lOO-mA ring current. 

Structure Solution and Rejinement 

Initial inspection of the raw neutron dif- 
fraction data showed that the phase was 
considerably different than the original per- 
ovskite-like BaBiO, . The powder pattern 
could not be indexed by any simple distor- 
tion of the basic perovskite cell, nor could 
any apparently isotypic phase be found. 
Consequently, an attempt was made to in- 
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dex the cell using automated methods.The 
positions of 22 carefully measured reflec- 
tions from the neutron data, in the d-spacing 
range 2.3-5.3 A, were used as input for the 
autoindexing program IT0 (16). The first 20 
lines were successfully indexed on the basis 
of a primitive monoclinic cell of approxi- 
mate dimensions a = 7.34 A, b = 7.58 A, 
c = 6.07 A, /? = 99.23”, giving a figure-of- 
merit (17), MZO = 29. Inspection of the 
whole profile suggested that all the observ- 
able peaks could be satisfactorily indexed 
by this unit cell, in the space group P2,lc. 
However, due to the relatively limited reso- 
lution of the SEPD data, it was anticipated 
that insufficient individual peak intensities 
could be extracted to make a structure solu- 
tion feasible from these data. Therefore, ad- 
ditional high-resolution X-ray data were col- 
lected at the NSLS. It was hoped that this 
would allow the extraction of sufficient 
unique intensity data to allow at least a par- 
tial structure determination, followed by 
combined use of the X-ray and neutron data 
to solve and refine the structure completely. 
Such a technique has recently been used to 
solve the structure of Cu,V,O,(OH), * 2H,O, 
for example (18). 

Close inspection of the X-ray data re- 
vealed that there were several weak peaks 
which were not accounted for by the mono- 
clinic cell. Therefore, those clearly ob- 
served reflections with 28 values less than 
50” were individually fitted to pseudo-Voigt 
peak shapes to obtain accurate positions. 
Attempts to index all of the reflections on a 
single cell using the autoindexing programs 
IT0 (16) and TREOR-4 (19) failed. When 
the questionable peaks were omitted from 
the input into TREOR-4, a primitive mono- 
clinic cell with dimensions a = 7.3417(9), b 
= 7.5847(6), c = 6.0724(5) A, p = 99.19(l)” 
was obtained, with Mzo = 67 and F,, = 
118 (20). This cell agrees well with the one 
obtained from the neutron diffraction data, 
and was assumed to be correct. All the 

weaker peaks with an intensity greater than 
0.5% of the strongest BaBiO,,, reflection 
were later assigned to a small amount of 
BaBiO, formed during the synthesis. 

Integrated intensities were obtained by a 
full pattern decomposition method using a 
version of the PAWSYN program (21) 
which had been modified to include the 
Voigt peak shape (22). These were cor- 
rected for Lorentz polarization and multi- 
plicity factors to obtain a set of 202 structure 
factors from 8-60” in 28, of which 78 were 
considered observed according to the crite- 
rion F > 4a(F). These were input into the 
SHELXS-86 (23) structure solution pack- 
age, and the direct methods option was 
used. The positions of the Bi and Ba atoms 
were obtained from the E-map with the best 
figure-of-merit. These positions were then 
used as a starting model for a Rietveld re- 
finement (24) of the X-ray data using GSAS 
(25)) and subsequent difference Fourier syn- 
theses were used to locate O(1) and O(2). 
Repeated attempts to locate the third oxy- 
gen atom from the X-ray data were unsuc- 
cessful. In addition, the positional parame- 
ters for O(2) were very unstable in these 
refinements, and gave unreasonably short 
(2.2 A) Ba-0 contacts. The agreement fac- 
tors (liwp = 25.0%, Rexp = 14.4%), however, 
indicated that the gross features of the struc- 
ture were correct. 

At this stage, the model obtained from the 

TABLE I 

REFINED STRUCTURALPARAMETERS FOR BaBi02,5 

Atom Site x Y Z B(A’) 

Ba 4e 0.8640(4) 0.0761(3) 0.2302(4) 0.45(5) 
Bi 4e 0.3700(2) 0.1210(2) 0.2737(3) 0.49(3) 
01 2b * 0 0 1.18(S) 
02 4e 0.8071(3) 0.0900(3) 0.7208(4) 0.99(5) 
03 4e 0.1805(3) 0.2526(3) 0.0404(4) 0.75(4) 

Note. Space group F&/c, Z = 4, a = 7.3412(l), b = 
7,5793(l), c = 6.0722(l) i%, /3 = 99.187(2)“. 
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TABLE 11 

SELECTED BOND DISTANCES (A) AND ANGLES (deg) 
FOR BaBi02,5 

Ba-01 
Ba-02 
Ba-02 

Ba-02 
Ba-02 
Ba-03 
Ba-03 
Ba-03 
Ba-03 

2.870(3) Bi-01 2.241(2) 

3.056(3) Bi-02 2.064(3) 

3.076(4) Bi-03 2.075(3) 

2.697(4) Bi-03 2.489(3) 

2.564(3) 
3.061(4) Ol-Bi-02 92.22(9) 

2.973(3) Ol-Bi-03 90.51(9) 

2.865(4) Ol-Bi-03 171.39(9) 

3.039(3) 02-Bi-03 91.6(l) 
02-Bi-03 82.5(l) 

03-Bi-03 82.89(9) 

Note. Space group P21/c, Z = 4, a = 7.3412(l), b 
= 7.5793(l), c = 6.0722(l) A, /3 = 99.187(2)“. 

X-ray data was used in Rietveld refinements 
of the neutron data. The positional parame- 
ters of O(2) quickly converged to reasonable 
values, and a different Fourier was used to 
locate O(3). At this stage it became apparent 
that a small amount (-5%) of BaBiO, was 
present in the sample. Therefore, a two- 
phase refinement was carried out, using 
fixed parameters for BaBiO, in space group 
12/m. This does not significantly affect the 
validity of the refinement. The refinement 
then converged smoothly to final agreement 
factors R, = 5.31%, Rexp = 3.32%. After 
completion of the neutron refinement, at- 
tempts were made to refine this model using 
the X-ray data. However, even with the 
complete structural model the oxygen atom 
positions could not be refined. 

Description of the Structure 

Final refined atomic coordinates from the 
neutron Rietveld refinement are given in Ta- 
ble I, with selected bond distances and 
angles in Table II. A plot of the final Rietveld 
profile is shown in Fig. 1. A general view of 
the structure is given in Fig. 2, from which 
the layer-like nature is apparent. Bi is coor- 

dinated by four 0 atoms (Fig. 3a) in what 
may be described as a pseudotrigonal bipyr- 
amidal geometry, where one equatorial po- 
sition may be considered to be occupied by 
the stereochemically active lone pair of the 
Bi(II1). This coordination is entirely reason- 
able for Bi(III), and indeed occurs in the 
binary oxide P-Bi,O, (26). As in that case, 
the axial Bi-01 and Bi-03 bonds are sig- 
nificantly longer than the equatorial Bi-02 
and Bi-03 bonds, and the in-plane 
02-Bi-03 angle (91.5’) is small, in 
agreement with the observations on a range 
of Bi(III) and Sb(II1) compounds by Aurivil- 
lius and Malmros (27). A continuous Bi-0 
network is built up from these units, which 
are linked to give double BiO, layers in the 
bc plane. Adjacent layers are separated in 
the a direction by intervening Ba atoms, 
in 9-coordination (five in-plane neighbors, 
three above and one below, Fig. 3b). 

The layer-like nature of this structure in- 
vites comparison with two previously well- 
documented series of layered mixed oxides 
of Bi(III), namely the Aurivillius phases 
(28), formulated as (Bi,O,)A,_ 1Bm03m+ 1, 
for example Bi,SrNb,O,, and the high-T, su- 
perconductors, (BiO),Sr$a,-&u,O,,+, 
(29) where m = lor 2 and IZ = 1, 2, 3. In 
the Aurivillius phases, Bi lies at the apex of 
a square pyramid with four oxygen atoms, 
and these units are linked by sharing 
“edges” to form continuous B&O, sheets. 
This contrasts significantly with the pseudo- 
trigonal bipyramidal geometry found in the 
present phase, although both are clearly 
manifestations of the requirements of the 
Bi(III) lone pair. In the high-l”, supercon- 
ductors, Bi is nominally in octahedral coor- 
dination in a rocksalt-like layer, although 
the environment is highly distorted and 
complicated by the presence of structural 
modulations and variable oxygen content 
(30-32). Although the layer sequence 
Ba-Bi-Bi-Ba, along the a direction in 
BaBiO,j, is reminiscent of the Sr-Bi-Bi-Sr 
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FIG. 1. Portion of the final Rietveld profile for BaBiO,,, neutron data. Plus marks (+) are the raw data, 
the solid line is the calculated profile. A difference (obs-talc) plot is shown beneath. Tick marks 
represent the positions of allowed reflections for BaBiOz,5 (upper) and BaBi03 (lower). BaBiO, repre- 
sents about 5% of the sample 

sequence in Bi2Sr2Can-1Cun02n+4, there is 
no further structural relationship apparent 
between the two. 

FIG. 2. Structure of BaBi02,5 viewed approximately 
along b. 

Conclusions 

A new Bi(III) oxide has been prepared by 
slow-cooling of the perovskite-like BaBiO, 
in a reducing atmosphere. Other highly re- 
duced phases in this system have been syn- 
thesized (13), but are reported to be yellow 
or magenta colored. Unfortunately, since 
no X-ray powder diffraction patterns were 
reported for those phases, we are unable 
to say how they are related to the phase 
reported here. 

The structure of the new phase has been 
solved ab initio by a combination of syn- 
chrotron X-ray and pulsed neutron powder 
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a 

0 

FIG. 3. (a) Local environment around Bi in BaBiOz,s. The coordination polyhedron may be regarded 
as a trigonal bipyramid with one equatorial position occupied by the Bi 6s’ lone pair. (b) Local 
environment around Ba in BaBiOz,5. 

diffraction techniques. Both have been used 
independently in the past to solve structures 
from powder data; however, the inability of 
either technique alone to successfully deter- 
mine and refine this structure emphasizes 
the complementarity of the two methods. 
We may note, in particular, the strength of 
the high-resolution X-ray data for locating 
the heavy atoms, but its lack of sensitivity 
to the determination of the oxygen atom po- 
sitions in this case. The neutron diffraction 
data were essential to the refinement of the 
structure, but inadequate to solve the struc- 
ture, due to the resolution limitations. How- 
ever, given sufficient resolution, neutrons 
can be successful in structure solution by 
powder methods, as shown by Cheetham et 
al. in the case of FeAsO, (33). 

The phase adopts a new layered structure 
type, unrelated to that of perovskite. Al- 
though the phase is not directly related 
structurally to the high-T, bismuth cuprates, 
it represents a material where the bismuth 
environment is well characterized, and 
hence serves as a useful model to help un- 
derstand the complex structural modula- 
tions and local bismuth-oxygen coordina- 
tion environments present in those systems. 
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