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We report the results of a high-resolution powder diffraction study of the low- and high-temperature
structures of the compound Bi;;PbO,s. We find that at room and low temperatures a sillenite structure
is adopted in which the anion vacancies are localized to specific locations on the sublattice. At high
temperatures the material has a fluorite structure related to that of 5Bi,O;. We discuss the relationship

between the structure of the material and its electrical characteristics.

Introduction

The search for new materials displaying
high oxygen ion conductivity has centered
recently on doped derviatives of Bi,O;.
One material that has attracted attention is
Bi;;PbOy since, if as thought, it displays
the sillenite structure (shown in Fig. 1) at
room temperature, the potentially mobile
vacancies would be an inherent part of the
material. This means ihe problem of mini-
mizing the binding between a dopant ion
and its charge compensating vacancy popu-
lation could be avoided. This would be re-
flected in a smaller activation energy for the
defect motion and all other things being
equal, high ionic conductivity values.

Our structural investigations of this ma-
terial were motivated by the SIMS mea-
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surements of Kilner and co-workers (1)
who suggested the existence of oxygen dif-
fusion in the sillenite phase and, analo-
gously to pure Bi,O;, a high-temperature
phase transition to a phase displaying ex-
ceptionally high ionic conductivity. How-
ever, recent thermopower measurements
performed by Chadwick and co-workers (2)
on the low-temperature phases clearly
show that the material displays purely elec-
tronic conductivity below the phase transi-
tion. '

The aim of this present paper is to im-
prove our knowledge of the properties of
this material, by reporting the results of a
high-resolution powder neutron diffraction
study of both the low- and high-tempera-
ture phases of the material, and relating
them to the measured electrical properties.
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F1G. 1. Outline of one unit cell of Bi;,PbOy, in the
sillenite phase showing the tetrahedra around each
(2a) site cation and the O(2) and O(3) positions.

Experimental

Samples were prepared by mixing the
stoichiometric quantities of Johnson—Mat-
they Optran Grade PbO and Bi,0; and firing
in a gold crucible at 700°C for 15 hr. The
samples were then re-ground and refired at
700°C for 24 hr. The powders were charac-
terized by X-ray diffraction studies which
confirmed them to be single phase. Ex-
truded bars of the material were fabricated
at 10 Tsi using a water binder, which was
fired off at 300°C; the bars were densified
over 48 hr at a temperature of 700°C.

The powder diffraction experiments were
carried out on the high-resolution diffrac-
tometer D1A at ILL, Grenoble. Data were
collected from 6° to 160° in 20 at three tem-
peratures, 5, 298, and 983 K. For the low-
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temperature studies the samples were con-
tained in a 12-mm vanadium can, but for the
high-temperature experiment the extruded
bar was sealed in a quartz tube, contact be-
tween the sample and the quartz being pre-
vented by gold foil.

A wavelength of 1.909 A was used for the
two lower temperature samples; while for
the high-temperature experiment we used a
wavelength of 1.384 A in order to obtain
more reflections from the higher symmetry
structure. No assymetry in the peak shape
due to the sintered nature of the sample was
observed.

Preliminary processing of the data were
carried out using the POWDER program
written by Hewat (3). The profiles for the
room and high-temperature samples are
shown in Figs. 2a, b; the profile for the low
temperature is similar to that for the room
temperature study.

The data for the two lower temperatures
were analyzed by the Rietveld profile re-
finement technique (4). The space group
123 was used as in the study of Bi;;GeOy by
Abraham and co-workers (5). The data for
the room temperature study were initially
refined assuming lead occupation of the
central (2a) site (see Fig. 1) with the bis-
muth being confined to the (24f) sites. The
resulting refinement is given in Table I, a
weighted profile reliability (R) factor of
5.37% was obtained. We note the large
value (5.3 A?) obtained for the temperature
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FIG. 2. (a) The room temperature diffraction pattern. (b) The 983 K diffraction pattern.
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TABLE 1

FINAL REFINEMENT VALUES FOR THE ROOM TEMPERATURE DATA SET ASSUMING
CATIONS ON DISTINCT LATTICE SITES

Atom Site x y z Occupation
Lattice parameter a = 10.2707(1)
Pb 2a 0 0 0 2.0
Bi 24f 0.8231(1) 0.6787(1) 0.9832(1) 24.0
o(1) 24f 0.8652(2) 0.7510(2) 0.5125(2) 24.2(1)
0Q2) 8¢ 0.8104(3) 0.8104(3) 0.8104(3) 8.1(1)
0Q3) 8¢ 0.1097(3) 0.1097(3) 0.1097(3) 6.2(1)
Temperature factors

Biso

Ar By, By By By ;] B
Pb  5.3(1) — — — — — —
Bi — 0.0024(2) 0.0047(2) 0.0034(2) 0.0007(1) —0.0006(2) 0.0007(2)
o) —  0.0026(3) 0.0038(2) 0.0042(2) 0.0009(2) —0.0014(3) —0.00103)
0(2) — 0.00373) 0.0037(3) 0.0037(3) 0.0006(2) 0.0006(2) 0.0006(2)
0(3) —  0.0051(5) 0.0051(5) 0.0051(5) -0.0011(2) -0.0011(2) —0.0011(2)
(Structure factor)2 R = 2.09
Profile intensity R =525
Weighted profile R = 5.37
Expected R =257

factor of the Pb%* ion (which is constrained
by symmetry to be isotropic); in contrast,
normal values are observed for the temper-
ature factors of the other atoms.

Unfortunately the scattering lengths of
Pb2* and Bi** are similar, and it is therefore
difficult to obtain definite information on
the distribution of Pb?* over the (2a) and
(241) sites. However, a refinement in which
a random distribution was assumed (using
an average scattering length of 0.871 at both
sites) yielded a slightly lower R factor of
5.28% although large temperature factors
for the (2a) sites were still obtained. Refine-
ment of the occupation numbers yielded no
significant change; the refined O/M ratio is
1.485 = 0.007 corresponding to a formula
of Bi;;,PbOqy9.3+0.1y. Full details of the refine-
ment are given in Table II.

It was hoped that a clearer picture of the
cation temperature factor behavior would
emerge once thermal effects were mini-

mized. The refinement details of the 5 K
data set, assuming a random distribution of
the cations, are listed in Table III. While
the magnitude of the effect is substantially
decreased it still persists to these low tem-
peratures.

In contrast to the room temperature data,
the profile obtained at 983 K contained only
15 reflections (corresponding to 13 intensi-
ties). The large Debye-Waller factors in-
herent at these temperatures in superionic
materials results in such a reduction in scat-
tering intensity that all reflections with 26
greater than 100° were immeasurable. The
structure is fcc and was refined in space
group Fm3m. As the reflections are well
spaced, profile refinement was unneces-
sary. The intensity data for each peak were
integrated and refinement was carried out
by the least-squares fitting program written
by Wiseman (6).

Due to the highly modulated nature of the
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TABLE I

FINAL REFINEMENT VALUES FOR THE RooM TEMPERATURE DATA SET AsSUMING A RANDOM
DisTRIBUTION OF CATIONS

Atom Site X y z Occupation
Lattice parameter ¢ = 10.2707(1)
Pb/Bi 2a 0 0 0 2.0
Pb/Bi 24f 0.8231(1) 0.6786(1) 0.9829(1) 24.0
o) 24f 0.8651(2) 0.7510(2) 0.5122(2) 24.1(1)
0Q2) 8¢ 0.8103 0.8103(3) 0.8103(3) 8.2(1)
03) 8¢ 0.1092(3) 0.1092(3) 0.1092(3) 6.3(1)
Temperature factors
Biso
(A)Z B[I BZZ B}} BI2 B[} 823
Pb/Bi(2a) 4.2(1) — — - —_ _ —
Pb/Bi(24f) — 0.0024(2) 0.0049(2) 0.0034(2) 0.0008(2) —0.0006(2) 0.0005(2)
o) — 0.0029(3) 0.0038(2) 0.0041(3) 0.0009(2) —0.0014(3) —0.0008(3)
0Q2) —_ 0.0040(3) 0.0040(3) 0.0040(3) 0.0009(2) 0.0009(2) 0.0009(2)
0@3) — 0.0050(5) 0.0050(5) 0.0050(5) —0.0014(2) -0.0014(2) —0.0014(2)
(Structure factor)? R = 1.86
Profile intensity R =5.13
Weighted profile R = 5.28
Expected R =257
TABLE 11
FINAL REFINEMENT VALUES FOR THE 5 K DATA SET RANDOM DISTRIBUTION OF
CATIONS
Atom Site x y z Occupation
Lattice parameter a = 10.2401(1) A
Pb/Bi 2a 0 0 0 2.0
Pb/Bi 24f 0.8233(2) 0.6787(1) 0.9833(1) 24.0
o) 24f 0.8656(2) 0.7510(2) 0.5117(2) 24.0
02) 8¢ 0.8102(3) 0.8102(3) 0.8102(3) 8.1
0@3) 8¢ 0.1095(3) 0.1095(3) 0.1095(3) 6.2
Temperature factors
Atom BJS"
(A By By By B By By
Pb/Bi(2a) 3.3(1) — — — — — —
Pb/Bi(24f) 0.0014(3) 0.0025(2) 0.0008(2) 0.0006(1) —0.0001(2) 0.0003(2)
01 0.0014(4) 0.0017(3) 0.0016(3) 0.0003(3) —0.0012(4) ~0.0013(3)
02 0.0021(3) 0.0021(3) 0.0021(3) 0.0002(2) 0.0002(2) 0.0002(2)
03 0.0017(¢5) 0.0017(5) 0.0017(5) —0.0008(3) —0.0008(3) —0.0008(3)
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background created by the quartz container
the simplifying assumption of a flat back-
ground under a Bragg peak was used in the
intensity summations. This approximation
is of course not totally accurate although it
is extremely difficult to assess the error lim-
its introduced into the refinement using this
assumption. We do not consider, however,
that in our case the refinement has been
biased to any significant extent.

In refining the data we assumed a random
distribution of the two types of metal atom
over the 4a (0,0,0) sites and of vacancies
over the (8¢) (3,1, sites.

Difference Fourier sections, however,
revealed the presence of scattering density
at the 32f (x,x,x) sites. The inclusion of the
latter in the refinement resulted in the struc-
ture reported in Table IV for which an R
factor of 2.5% was obtained. This level of
information is as good as could be expected
with the simple refinement model permissi-
ble on such a small number of independent
reflections.

Discussion
Of paramount interest is the distribution

of the anion deficiency. The two vacancies

TABLE IV

FINAL REFINEMENT VALUES FOR THE
983 K DATA SET

Atom Site x y z Occupation
Lattice parameter a = 5.64(1) A

Bi/Pb 4a O 0 0 1.0

o(b) 8¢ 1/4 1/4 1/4 0.91(14)
0@3) 32f  0.36(1) 0.36(1) 0.36(1) 0.55(14)

Temperature factors

quso
(AY

Bi 7.4(2)
o) 11.0(2)
0Q) 11.0(2)

(Structure factor)? R = 2.49
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per unit cell; Biy,yPb,033.20 appear on the
basis of the refinement to be constrained to
occupy O(3) sites. This point is illustrated
in Fig. 3. Refinements in which vacancies
were introduced onto other crystallo-
graphic sites in the structure, in particular
the O(2) position, were uniformly unsuc-
cessful. The O(3)-(8¢) site is associated
with the tetrahedron around the B cation.
It is tempting to speculate that the cation
(either Bi** or Pb?* since we cannot distin-
guish between them) has undergone sp or-
bital hybridization to create four sp? orbit-
als which one would expect to take
tetrahedral coordination (7). The first three
of these orbitals would be involved in bond-
ing with the oxygen of the tetrahedron and
the final one stabilizing the introduction of a
vacancy into the lattice hence completing
the tetrahedron.

This Kind of behavior has been examined
in the work of Andersson (8) which has
been continued by Galy and co-workers
(9). They have shown that ‘‘lone pair”’
electrons are generally stereochemically
active in that they often mimic the physical
properties of an anion after adopting anion
positions in a structure.

On this basis we can therefore qualita-
tively understand the large value of the
temperature factor for the B cation, located
at the center of the tetrahedron, as being
the result of static displacements induced
by the lone pair-vacancy interaction. The
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magnitude of the smearing out of nuclear
scattering density is indicated in Fig. 4. We
should point out that in this case the center
of electron density would be different from
the nuclear center and hence no direct in-
ference about the electron density distribu-
tion can be made.

We must now attempt to rationalize the
defect structure with the measured electri-
cal characteristics. Obviously we cannot
offer a definitive explanation on the basis of
our diffraction date in isolation. However,
several important conclusions can be
drawn from these data sets. The failure of
attempts to introduce a vacancy population
onto the O2 sites suggests that a coopera-
tive vacancy jump mechanism between two
BO, tetrahedra via an O2 site is unlikely.

There is of course the possibility of a va-
cancy jumping around an individual BO,
tetrahedron; however, this would not result
in long-range diffusional motion. If, then,
we are restricted to vacancy-vacancy
jumps then as is shown in Fig. 3 the dis-
tances involved are rather large.

We should like at this juncture to note the
existence of a modulated background in the
room temperature diffraction pattern (Fig.
2a). The extraction of definitive information
about the nature of the short-range order
causing this effect would require a long-
wavelength diffuse scattering experiment.
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F1G. 4. The nuclear scattering density around a 2a
site at 5 K.
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Thus overall, it would appear that while
the presence of ‘‘lone pair’’ cations in a ma-
terial can lead to stabilization of vacancies
on the anion sublattice, it is not axiomatic
that the vacancies will be mobile. Indeed it
would appear that the stabilizing interac-
tion can act so as to trap the vacancy on the
lattice site, thereby leading to significantly
lower conductivities than those required for
technological applications.

Similarly to pure bismuth oxide this ma-
terial displays a high-temperature phase
transition to an ionically conducting phase.
However, due to the short temperature
range that the phase is stable over and the
reactive nature of the material at these tem-
peratures little detailed experimentation
has been performed on this phase. As dis-
cussed earlier the limited data sets that can
be collected in powder diffraction experi-
ments from high symmetry superionic ma-
terials at high temperatures precludes any
sophisticated modeling of the defect struc-
ture although we should note that the struc-
ture of the high temperature phase of
Bi,PbOyy is very similar to that reported by
Battle and co-workers (I0) for the 6 phase
of Bi203 .

Summary and Conclusion

The work summarized in this paper has
identified the basic structural features of
the low-temperature phases of Bi;;PbO. It
is apparent, however, that we are not yet in
a position fully to describe the structure/
conductivity phenomena in this material.
Before any definitive solution of this prob-
lem can be achieved a more detailed under-
standing of the interaction between the cat-
ions and the vacancies is required, in
particular, better information on the actual
ion distribution on the sublattices than can
be obtained from the average description
provided by Bragg diffraction is needed.
One approach to the problem would be a
long-wavelength diffuse neutron scattering
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experiment to investigate the possibility of
macroscopic ordering on the anion sublat-
tice coupled with an EXAFS study of the
local environment around the cations. The
EXAFS study should in principle be able to
give detailed information on the Pb/Bi local
environment hence revealing the micro-
scopic distribution of the vacancies,
thereby endowing us with a much more de-
tailed description of the material.

Appendix: Definitions of R Factors

(Structure factor)?
100 >,
>

obs calc
- I

R =

obs
I i

Profile intensity

100 E ] Y?bs _ Ylpalc

R =
Z l Ylpbs
Weighted profile
100 (z W(Y?bs _ Y;:alC)2>1/2
R= ’

(2 W( Y?bs)2> 12
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Expected
R = 100(N/)"?
- EW(Y?bs)Z

where I?* and If™ are the observed and
calculated peak intensities, Y™ and Y§°
are the observed and calculated profile in-
tensities, W is the weight of Y%, and Ny is
the number of degrees of freedom.
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