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We recently described a new family of oxide anion conductors
with a structure based on [Bi,,O,,], columns (J. Solid. State
Chem. 122, 394 (1996)). The parent compound of this series can
be formulated as Bi,;Mo,,O, and formation of a solid solution,
in the Bi,0,-MoO; binary system, in the range 2.57 <
Bi/Mo < 2.77 was established. The stoichiometry of this series
was questioned by R. Enjalbert ez al. (J. Solid State Chem. 131,
236 (1997)), but confirmed by D. J. Buttrey et al. (Mater. Res.
Bull. 32, 947 (1997)). The first part of this paper is devoted to
a refutation criticisms by R. Enjalbert et al. In the second part,
a comparison with other Bi,O;-based oxide anion conductors
enables us to propose an iono-covalent description of this novel
structure type, taking into account all the structural and electri-
cal features, especially new neutron powder diffraction refine-
ment and conductivity measurements under variable oxygen
partial pressures. © 1999 Academic Press

Key Words: bismuth molybdate; neutron powder diffraction;
oxide ion conductor.

INTRODUCTION

We recently described crystal structure and oxide anion
conduction properties in a new family of Bi,Ojz-based
mixed oxides (1). These compounds are built up from
[Bi12014]« columns containing typically Bi™-oxygen sur-
roundings, associated with additional extra Bi atoms be-
tween (Mo, V)O4 tetrahedra (Fig. 1). The composition of
the parent compound of this series can be written as
Bi,sMo010O69 and its structural characteristics extend with-
in a continuous solid solution in the ternary Bi,Oi—
MoO3;-V,0s5 system, especially in the Bi,O3-MoO3; binary
diagram within the range 2.57 < Bi/Mo < 2.77. The sym-
metry is triclinic at room temperature; an increase of the
bismuth content leads to the stabilization of a monoclinic
phase at room temperature.

The structure of Bi,¢Mo0100O69 Was determined from X-
ray single crystal data in the apparent P2/c space group and

'To whom correspondence should be addressed: E-mail: vannier@ensc-
lille.fr.

led to the following crystallographic formula: [Bi;,Oq4],
(Bi),(Mo0O,)s3, i.e., Bi,Mo0;(Ogs instead of Bi;(Mo0;¢Ogo,
assuming Bi"™ and Mo"" valence states. As the existence of
the Mo" paramagnetic cation has been ruled out due to the
absence of EPR signal, one additional oxygen may be pres-
ent but was not revealed by X-ray crystal structure deter-
mination.

In the meantime D. J. Buttrey et al. (2) confirmed our
structural study and our solid solution limits in the binary
diagram. They refined the Bi,sMo;¢O¢o structure from
powder neutron diffraction data and suggested the existence
of an interstitial oxide to explain the oxygen stoichiometry,
but their model led to a too short O—O bond length of 1.62
or 2.11 A, depending on the constraints used in the refine-
ment.

These basic structural features were also confirmed by R.
Enjalbert et al. who published the structure of the isotype
compounds PbBi;,Mo0503, (3) and Bi;3sMo,VO;, (4), but
they criticized our nonstoichiometry chemistry interpreta-
tion and proposed new domains of existence for such
phases, based on strictly stoichiometric chemical formula-
tions.

The first part of this paper is devoted to a refutation of the
R. Enjalbert criticisms. In the second part, we present new
experimental results, mainly a neutron diffraction refine-
ment of the monoclinic Bi/Mo = 2.75 (upper limit of the
binary solid solution), and the oxygen pressure dependence
of electrical conductivity of Bi,Mo0,¢Ogs. By comparison
with other Bi,O;-based oxide anion conductors, an iono-
covalent description of this new monodimensional anionic
conductor is proposed, taking into account all these experi-
mental, structural, and electrical features.

EXPERIMENTAL

About 50 g of sample was prepared by solid state reaction
from stoichiometric amounts of Bi,O; and MoOj; oxides in
a covered gold crucible as previously described (1). A weight
loss of less than 0.1% was observed at the end of the
synthesis process. After checking the chemical purity by
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[Bi,014]., columns

FIG. 1. (a,c¢) Projection of “Bi¢Mo0;,0¢s” structural model.

X-ray diffraction and X-ray fluorescence, neutron diffrac-
tion data were collected at room temperature on the high-
resolution powder diffractometer D2B at the Institut Laue
Langevin (ILL) at Grenoble. Approximately 40 g of com-
pound were placed in a 15 mm-diameter cylindric vanadium
can and data were collected in the range 0 < 20 < 161.95° at
a wavelength of 2 =2.398 A using a graphite filter. The
detector bank was stepped in 0.05° intervals in 20, and the
resulting intensities were normalized with respect to de-
tector efficiency and positional errors. Only data in the
range 7 < 20 < 160° were taken into account for the refine-
ment.

Ionic transference number measurements have been per-
formed using an oxygen-gas concentration cell.

CHEMICAL COMPOSITION AND
OXYGEN STOICHIOMETRY

In their recent paper D. J. Buttrey et al. (2) found that
Bi,Mo0;(O¢o “exhibits a solid solubility range of approx-
imately 2.6 < Bi/Mo < 2.8,” in good agreement with our
own proposed limits: 2.57 < Bi/Mo < 2.77 (1).

Nevertheless R. Enjalbert et al. (4) disagreed with these
results. According to these authors, and following their
so-called “strict crystal chemistry rules,” the various
stoichiometries within the ternary Bi,O3;-MoO;-V,05
should be limited to the compositions 1.75Bi,03/1Mo0Os,
1.43Bi,03/1M003, and Bi,(MogV,04g. This triangular
domain excludes our formulation, except for Bi,sMogV,
Ogs. To explain the discrepancies between our results and
theirs, they proposed that some aluminum atoms could
have substituted for Mo during our synthesis process using
alumina crucible.

This last hypothesis can be readily discarded. Preparation
of our powdered phases was performed either in alumina
crucibles or in gold boats and led to the same compositions.
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TABLE 1
Density Values Corresponding to the Bi,;Mo,,_,Bi,O4_, s,
Solid Solution

Bi/Mo ey Ay
2.60 7.54(2) 753 (y =0)

2.70 757(2) 7.58 (v = 0.27)
2.75 7.63(2) 7.60 (y = 0.40)
277 7.61(2) 7.61 (y = 0.46)

¢ Assuming a Bi,sMo,¢-,Bi,Og9_ .5, unit per cell.

When preparing single crystals by melt cooling, gold boats
were systematically used. Careful control of as-prepared
samples by X-ray fluorescence analysis clearly indicated
that, within our experimental conditions, no aluminum
trace was detectable. The composition Bi;Mo0g 33Al5.6706s,
suggested by these authors, was synthesized for comparison
and an aluminum signal was clearly obtained for this latter
compound.

Moreover, during correction of this manuscript, a paper
dealing with Bismuth based binary oxides was published (5).
The authors prepared Bi,sMo;¢,O¢o in sealed platinum
tubes. They found a single phase and completely indexed its
X-ray diagrams obtained from synchrotron radiation.

Furthermore, the measured densities (Table 1) obtained
for compositions within the range 2.6 < Bi/Mo < 2.77 agree
very well with the hypothesis of bismuth substituting for
molybdenum in Bi,sMo0;¢O¢9 to form a Bi,cMojq-—,
Bi,069- 1.5, solid solution.

The conclusions of R. Enjalbert et al. (4) are in fact not
based on experimental support but on two postulates that
exclude the possibility of any defect chemistry in this new
family of compounds:

1—the idea that extra Bi™' is present, substituting for Mo"! is
difficult to justify;

2—the [M0O,] tetrahedra cannot be affected by oxygen non-
stoichiometry; such a hypothesis would be nonsense.

On the basis of the above, the only possible solid solu-
tions must be built up from purely covalent chemical entities
such as BiO3E, BiO4E (E =lone pair) and MO,
(M = Mo""and VV). All the arguments developed by these
authors are based on these so-called “strict crystal chemistry
rules,” where each chemical composition has to be perfectly
stoichiometric.

Postulates 1 and 2 can both be disproved using well
established recent experimental data:

1. Stabilization of the metastable y polymorph of Bi,O;
can be achieved by addition of numerous oxides, leading to
body-centered cubic phases related to the sillenite-type
Biy,Si(or Ge)O,, crystal structure (6).

For a long time, the presence of Bi¥ on tetrahedral sites
was assumed to keep an exact number of oxygen atoms per



296

formula unit equal to 20. However, recent accurate invest-
igations based on neutron and/or X-ray diffraction experi-
ments clearly indicated the presence of Bi'™' cations on
the tetrahedral 2a crystallographic site. This Bi™ location
generates oxygen vacancies on the anionic sites of the
MO, tetrahedra, leading to the following formulations:
Bi;5(Big.67Zn0.33)010.33 and Biy,(BiFe)Oyo.5 (7), Bija(Big.70
C00.30)010.35 (8), Bij2(Bio.g-0.4yCdy)O109.5 + 0.2, (9) without
requiring the presence of Bi".

2. In the BIMEVOX family of compounds, the solid
solutions extend toward the Bi-rich part of the ternary
diagrams Bi,O3;-V,05—ME,O,. This extension has been
shown to be due to partial substitution of V¥ by Bi", leading
to the general formulation Bi,V; -, ,ME.Bi,O, (10, 11).

3. Numerous compounds with scheelite-type structure
exhibit oxide ion conduction due to oxygen non-
stoichiometry. These compounds are mixed oxides with
general composition ABO,, and consist of 4 cation (Pb?™*
in PbWO,, Bi** in BiVO,) ordered between BO, tetra-
hedra (12, 13). For example, doping of Pb with Sm in
PbWO, forms Pb;_,Sm WO, solid solutions, with
x extending up to 0.15. Density measurements clearly indi-
cate that interstitial oxygen ions are present in this scheelite-
type phase and are responsible for the oxide anion conduct-
ivity (14).

To conclude this first part, and contrary to the assertions
set out by R. Enjalbert et al., the above examples clearly
manifest the possible existence of oxygen under- and over-
stoichiometry in structures containing Bi™ cations asso-
ciated with MO, tetrahedral oxygen surroundings.

NEW EXPERIMENTAL RESULTS
1. Neutron Diffraction

In our first paper, the structure of Bi,sMo;,0o had been
determined from single crystal X-ray diffraction data (1).
Although a good reliability factor was obtained at the end of
the refinement: R = 4.8%, high B values were observed for
the oxygen atoms located in the molybdenum surroundings.
R. Enjalbert et al. observed the same behavior (3, 4). The
high B values could be an artifact resulting from poor
quality of the absorption corrections applied, but we believe
that they are more likely due to atomic displacements of the
atoms which are correlated with some softness of the MoO
part of the lattice which could favor the oxide ion mobility.
In neutron diffraction, bismuth, molybdenum, and oxygen
do not quite absorb; therefore, neutron diffraction would be
a good technique for verifying this assumption.

From combined X-ray and neutron diffraction data, But-
trey et al. (2) confirmed our structural results, but they used
a single thermal parameter for all the oxygen atoms. How-
ever, their valence bond sums and Madelung site potential
calculations clearly revealed two kinds of oxygen: those
located in the [Bi;,044],, columns, corresponding to short
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Bi—O distances with valence bond sums greater than 2, and
those in the Molybdenum rich part, with valence bond sums
lower than 2 and abnormally high Madelung potentials.

To satisfy the formal Bi"™ and Mo"" valence states and
thereby the Bi,¢Mo0{¢Og¢o stoichiometry, these authors in-
troduced an additional O(19) site with 25% occupancy in
the surroundings of the isolated Bi(7) cation. However, this
O(19) site led to abnormally short O(19)-O(15) bond lengths
of 1.62 and 2.11 A, depending on the refinement constraints
used in the refinement. Furthermore, the refinement was
performed in the P2/c space group, although the actual
symmetry was obviously triclinic.

In order to complete our structural study, neutron pow-
der diffraction was performed on Bi,4Mo0;0049 and on
Bi,sMog 6Big 4Ogs.s (Bi/Mo = 2.75). The triclinic sym-
metry of Bi,¢Mo;¢Oso Was confirmed, but owing to the
large number of parameters and their correlations, we did
not manage to obtain satisfactory refinements in this case,
and therefore results corresponding only to the monoclinic
Bi/Mo = 2.75 composition are hereafter presented.

The Fullprof program (15) was used in the Rietveld refine-
ment process.

1. In the first step, the Bi,(Mo0;,O¢g crystallographic
model obtained from single crystal X-ray diffraction in the
P2/c space group was used. A single thermal parameter was
employed for all the oxygen atoms and led to a 3.59(9) A2
value with the following reliability factors: R, = 6.82%,
Ry, =894%, Rp=13.52%, and Ry =11.39%. Oxygen
bond valence sums (Table 2) are in accordance with the
results of Buttrey et al. Two groups are clearly indicated: the
O atoms in the Bismuth columns with a mean bond valence
sum of 2.5 and those in the Molybdenum surroundings with
a mean value of 1.9 (excepting O(11) and O(13), for which an

TABLE 2
Valence Bond Sums Obtained after a Refinement Using
a Single Thermal Parameter for All the Oxygen Atoms

O in the [Bi;,0,4],, columns O in the Mo-O surroundings

o(l) 24(2) 009 22(2)
o) 24(2) 0(10) 1.602)
0(3) 2.4(2) o(11) 2.8(2)°
0(4) 2.5(2) 0(12) 1.6(2)
0(5) 2.6(2) o(13) 2.9(3)°
0(6) 2.8(2) O(14) 23(2)
o(7) 23(2) o(15) 1.8(2)
0(8) 2.6(2) o(16) 1.902)

o(17) 1.7(1)

o(18) 1.90)

Note. Bond valence sums are calculated using Brown and Altermatt R,
tabulated values (18).

“Overestimated valence sums are obtained for these oxygen due to too
shorto Mo-O bond-lengths: Mo(1)-O(11) = 1.59 A and Mo(2)-O(13) =
1.57 A.



OXIDE CONDUCTORS INVOLVING [Bi;,0,,],, COLUMNS

erroneous sum is observed due to the too small Mo—O bond
lengths (see below)).

2. Therefore, in the second step, two kinds of thermal
parameters were used for O atoms: one for those belonging
to the [Bi;,014], columns and the other for those in the
Molybdenum surroundings. A value of 0.45(7) A2 was ob-
tained for the first group and 8.6(2) A2 was obtained for the
second. The reliability factors were dramatically improved:
R, =496%, Ry, = 6.41%, Rg = 9.00%, and Rg = 8.36%.
Clearly two types of oxide ion occur in these compounds.

3. In the third step, thermal parameters of the oxygen
atoms in the molybdenum surrounding were allowed to
vary independently; to satisfy the chemical composition
Bi,sMog ¢Big 4Ogs.4, 0.4 Bi was distributed among the
three Molybdenum sites.

At that point, the inherent limitations of neutron powder
diffraction are reached, due to limited resolution of neu-
trons, limited number of diffraction peaks, and overlapping;
we did not manage to localize the 0.4 missing oxygen by
Fourier synthesis.

2. A Geometrical Comparison with the Fluorite Structure

To identify structural relationships between bismuth mo-
lybdate crystal structures and catalytic properties, D. J.
Buttrey et al. examined the structural features of numerous
phases, describing them as fluorite-derived compounds:
oBi,M0301,, f Bi;M0,0,, y(L)-Bi,M0Og (16) and y(H)-
Bi;Mo0QOg¢ (17) but they considered BiqMo;¢,Ogo as an
intergrowth between a fluorite motif and a new monoclinic
variation of the cationic arrangement, which is, in fact,
a strongly distorted fluorite-like band.

Using their structural approach, a projection of the
Bi,Mo0;(O¢g model in the (g, ¢) plane is shown in Fig. 2. Bi
and Mo cations are indistinguishably represented either by

FIG. 2. (a, ¢) Projection of “Bi,M0;00¢s”: Bi and Mo are represent-
ed by B for atomsin y ~ 0 and A for atoms in y ~0.5. O represents oxygen
atoms with 0 < y < 0.5.
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a square (at the y =0 level), or by a triangle (y ~ 1/2).
Oxygen atoms within the 0 < y < 0.5 half unitcell are sym-
bolized by small circles. Clearly, the cationic arrangement is
related to a distorted fluorite-like fcc lattice where oxygen
atoms occupy tetrahedral sites. In their recent paper, C. D.
Ling et al. (5) provided an equivalent vectorial relationship
between the Bi,sMo,,0¢, unit cell and that of the fluorite.
Two unoccupied symmetry related Oxygen sites are ob-
served at about x = 0.45 and z ~ 0.15.

Thus, an O(19) additional oxygen position with 10%
occupancy was introduced in order to respect the formal
chemical composition and mainly to check the geometrical
compatibility of this site with its occupation by an O atom.

With this small amount of this extra oxygen, a value of
2.55 A with a standard error of 0.05 was introduced for
0(19)-0(12), O(19)-0O(17), O(19)-O(17)¢ distances. As
a matter of fact, introducing or omitting this extra oxygen
does not effectively change the accuracy of the refinement
(Table 4).

In the first step the Mo—O distances were unconstrained.
As the refinement led to too short Mo(1)-O(11),
Mo(2)-O(13), and Mo(2)-O(14) bond lengths of 1.58(2),
1.69(3), and 1.66(2) A, respectively, and therefore to erron-
eous valence sums, in the second step a value of 1.75 A with
a standard error of 0.02 for these bond lengths was introduc-
ed in the refinement. It led to slightly modified values of
1.65(2), 1.71(3), and 1.69(2) A in the range of the smallest
Mo-O distances previously obtained, 1.68(4) A (3) and
1.70 1&(2), and to a more realistic O(11) valence sum of 2.5(2)
instead of 2.8(2).

Final results are reported in Tables 3 and 4. The final
calculated pattern is compared with the experimental one
in Fig. 3. A good concordance is observed, the calculated
distances confirm the existence of some space for additional
O atom and answer the statement of R. Enjalbert et al. who
claimed that “it is rather hard to see where any additional
oxygen could be added!”

An additional remark can be made. This relationship
between the geometric arrangement of atoms in the struc-
ture and that of atoms in fluorite does not mean that the
description of this structure using the fluorite model is
the most relevant one. As pointed out by C. D. Ling (5), “the
BiMo,;00¢o average structure clearly appears to have
moved too far from that prototype to be usefully described
as a modulation thereof.”

3. Conduction Properties

3a. lonic conductivity. In our first paper, conductivity
measurements revealed that these materials were good ionic
conductors (1). To complete this study, the ionic transfer-
ence number of oxide ion was measured on the undoped
material and on the Bi/Mo = 2.75 composition using an
air/pure oxygen concentration cell. Values close to unity
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TABLE 3

Positional Parameters Corresponding to Bi,;Mo, (Bij ,O¢; 4
Atom Site Occ. X y z B (A%
Bi(1) 4g 1 0.0409(8)  0.416(2) 0.3261(4)  1.15(5)
Bi(2) 4g 1 0.1584(7)  0.920(2) 0.2456(3)  1.15(5)
Bi(3) 4g 1 0.2483(6)  0.008(2) 04013(3)  L.15(5)
Bi(4) 4g 1 0.3607(7)  0.502(2) 0.3241(3)  L15(5)
Bi(5) 4g 1 0.2698(6)  0.501(2) 0.1597(3)  1.15(5)
Bi(6) 4g 1 0.0761(6)  0.004(2) 0.0908(3)  1.15(5)
Bi(7) 4g 0.5 0.522(2) 0.536(4) 0.009(1)  2.9(5)
Mo(1)/Bi 4g 0.96/0.04 0.4162(7) —0.007(2) 0.0782(4)  0.8(3)
Mo(2)/Bi 4g 096/0.04 0.83298)  0.512(2) 0.01054)  1.8(3)
Mo(3)/Bi 2f  0.48/0.02 1 0.006(3) 1 1.5(4)
o(1) 2¢ 1 0 0.713(3) 1 0.62(7)
o) 4g 1 0.1438(9)  0.258(2) 0.1584(5)  0.62(7)
0(3) 4g 1 0.1264(9)  0.755(2) 0.1539(5)  0.62(7)
0®4) 4g 1 0.237(1) 0.766(2) 0.3368(5)  0.62(7)
o(5) 4g 1 0.252909)  0.591(2) 0.2424(5)  0.62(7)
0(6) 4g 1 0.0610(9)  0.068(2) 0.3670(4)  0.62(7)
o(7) 2¢ 1 0 0.222(3) 1 0.62(7)
0(8) 4g 1 0.235(1) 0.265(2) 0.3362(5)  0.62(7)
0(9) 4g 1 0.514(2) —0.254(4) 0.0851(8)  8.6(6)
0(10) 4g 1 0.384(2) 0.106(4) 0.0100(8)  9.9(7)
o(11) 4g 1 0.304(2) —0.009(4) 0.1080(7)  9.8(5)
0(12) 4g 1 0.531(2) 0.216(4) 0.0967(9)  10.4(7)
0(13) 4g 1 0.932(2) 0.293(3) 0.0284(8)  11.0(7)
0O(14) 4g 1 0.799(2) 0.561(3)  —0.0583(5)  6.6(5)
0o(15) 4g 1 0.885(2) 0.757(3) 0.0463(7)  6.7(5)
0(16) 4g 1 0.708(2) 0.423(3) 0.0377(7)  7.0(5)
o(17) 4g 1 03752)  0.172(3) 0.24238)  5.3(5)
0O(18) 4g 1 0478(2) —0.167(4) 0.1905(8)  10.6(7)
0(19) 4g 0.1 0.485(6)  0.39(2) 0.182(2) 10(1)

°

Note. a=1175252)A, b=580051)4, c¢=248024(4)A, p=
102.867(1)°. Rp = 4.76%, Rup = 6.17%, (Re = 1.79%). Rp = 8.58%, R¢ =
8.01%. No. of reflections: 971.

were systematically observed over the explored temperature
range (up to about 800°C). To confirm that these materials
were pure oxide anion conductors, conductivity measure-
ments were performed on Bi,¢Mo;,Og¢ under oxygen par-
tial pressure up to 790°C. The results are reported in Fig. 4.
Up to 719°C no deviation is observed. At 740°C, even if we
are at the detection limit, a very small increase of the
conductivity at low partial pressure is to be noticed, which
indicates a small degree of n-type electronic semiconductiv-
ity contribution at this temperature.

These materials can thereby be considered as very good
oxide ion conductors with negligible electronic contribution
up to about 750°C within the oxygen partial pressure range
investigated.

3b. The modulated background: A further experimental
signature of oxygen diffusion. Fast oxygen diffusion can
lead to important structural disorder (19) and in this case
the long-range order included in the Bragg reflections is
replaced by short-range order, characterized by atom pairs
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merged in a quasi-liquid-like structure. This local atomic
order has no effect on the intensities of the Bragg reflections
but influences the elastic scattering merely by modulating
the background.

The background intensity of a neutron diffractogram may
be written as the sum of three components (20),

I =TI + Itps + Igps,

where

— I, is the coherent scattering intensity which is iso-
tropic. It leads to a constant contribution to the back-
ground.

— Ipg is the thermal diffuse inelastic scattering (TDS)
intensity, which can be calculated in a first approximation
for a given 0 by

Itps =Y. (1 — exp(— 2B sin?0/4%))b7?,

with b; the coherent scattering length of the atom i, and B{"
the corresponding Debye-Waller factor.

— Igps is the elastic diffuse scattering which originates
from a local static structural disorder. In a first approxima-
tion, it can be expressed by a similar formalism where
a pseudo-B{** Debye-Waller factor appears:

Igps = Y. (1 — exp(— 2B{*sin? 0/1%))b; .

The thermal B factor obtained from structural refine-
ments of the Bragg peak intensities is the sum of these two
contributions: B = Bt + Bds.

In our case, the small thermal parameter of 0.62(7) A2
obtained for O atoms in the [Bi;,04], columns clearly
indicates that these atoms are not affected by diffusion
motions; we can therefore consider a value of B™ = 0.62(7) A2
for an O atom. By contrast, O atoms in the molybdenum
surroundings are merely characterized by diffusive motion
with high B values.

When the static structural disorder is too important, Igpg
can therefore be expressed using the Debye formula:

IEDS = 1 + 1/]\](Nb of pair of atoms) Z Sin(Q'rij)/(Q‘rij)
with Q = 4nsin 0/A.

The Debye formula exhibits a first marked maximum for
Omax = 21 x 1.23)/d,,, where d,, is a preferred pair distance.

A close-up of the background corresponding to the
Bi/Mo = 2.75 neutron diffraction pattern is shown in Fig. 5.
Although a large number of diffraction lines overlap, the
modulation is clearly noticeable.

The background intensity corresponding to Bi/Mo =
2.75 versus Q is reported in Fig. 6. A maximum is observed
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. TABLE 4a
Bond Lenghts (in A) Corresponding to Bi,;Mo, (B, ,Og; 4
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With With With
Without With  Mo-O Without With  Mo-O Without With  Mo-O
Refinement O(19) O(19) constraints Refinement O(19) O(19) constraints Refinement O(19) O(19) constraints
Bi(1)- Bi(2)- Bi(3)-
o) 2.52(2) 2.52(2) 2.52(2) o) 2.24(2) 2.24(2) 2.24(2) o4y 211(2)  2112) 2.11(2)
O2)* 2.46(2) 247(2) 2.46(2) 02 2.89(2) 2.89(2) 2.90(2) O(6) 220(2) 221(2) 2.202)
o3)” 291(2) 2.90(2) 2.90(2) 0(3) 242(2) 242(2) 24202 0O 2.18(2) 2.18(2) 2.18(2)
0O4) 3.04(2) 3.042) 3.03(2) 04) 242(2) 2412) 2412 O(9)° 3.14(3)  3.133) 3.13(3)
O(6) 2.25(2) 2.25(2) 2.25(2) O(5) 2.22(2) 221(2) 221(2) O(10)/ 290(2) 2.88(2) 2.89(2)
O(7) 2.15(2) 2.15(2) 2.16(2) 0(7)” 2.58(2) 2.58(2) 2.58(2) O(12)¢ 2.86(3) 2.86(3) 2.85(3)
0O 2.40(2) 2.40(2) 2.41(2) O(8) 2.99(2) 2.99(2) 2.99(2) O(13)° 345(3) 3453) 3.4502)
Valence sum 2.8(2) 28(2) 2802 o(17y 2.96(2) 2.95(2) 2.95(2) O(15§ 2.68(2) 2.68(2) 2.68(2)
Valence sum 2.8(2) 2812) 2802 O(16)° 2.81(2) 2.82(2) 2.83(2)
Bi(4)- Valence sum 3.12) 3.2(2) 3202
04) 2.18(2) 2.192) 2.19(2) Bi(5)-
O(5) 2.20(2) 2.202) 2.20(2) 0Q2) 2.04(2) 2.04(2) 2.04(2) Bi(6)-
0O 2.092) 2.092) 2.09(2) 0(3) 2.22(2) 2.22(2) 2.22(2) 0(2) 224(2) 2.24(2) 2.24(2)
O(9)" 2.77(3) 2.7833)  2.79(3) O(5) 217(2) 2.17(2) 2.17(2) o3y 2.11(2)  2112) 2.11(2)
O(12)° 2.64(3) 2.66(3) 2.66(3) o(11) 3.34(3) 3.32(3)  3.29(3) o(6)° 2.14(2) 2.142) 2.14(2)
o(17) 2.82(2) 2.82(2) 2.82(2) o(11y 3.17(3) 3.193) 3.18(3) o(11) 2.65(2) 2.66(2) 2.62(2)
O(18)" 2.77(3) 2.77(3) 2.78(3) O(14)’ 2.50(2) 2.51(2) 2.49(2) O(13)k 2.66(3) 2.65(2) 2.63(2)
O(19)° 1.96(7)  1.97(7) O(17) 2.87(2) 2.872) 2.87(2) o(13y 342(3) 3.41(3) 3.4002)
Valence sum 3.2(2) 332 332 O(18)° 3.05(3) 3.08(3) 3.07(3) O(14)’ 3.12(2)  3.12(6) 3.11(2)
O(19)° 2.56(7)  2.56(3) o(15™ 2.68(2) 2.67(2) 2.68(2)
Bi(7)- Valence sum 3.3(2) 3302) 330 Valence sum 3.2(2) 332) 330
09y 2.28(4) 227(4) 2.27(3)
09) 2.81(4) 2.81(4) 2.80(3) Mo(1)/Bi— Mo(2)/Bi—
0O(10) 2.96(3) 2.99(3) 2.98(3) 09) 1.83(3) 1.82(3) 1.82(3) o(10y 3.33(3)  3.33(3) 3.32(3)
O(10)’ 2.44(3) 2.44(3) 2.44(3) 0(10) 1.78(3) 1.78(3) 1.77(2) 0O(13) 1.69(3) 1.69(3) 1.71(3)*
0O(12) 2.87(4) 2.86(4) 2.85(4) o(11) 1.59(2) 1.58(2) 1.65(2)* o(13) 3.33(3)  3.33(3) 3.32(3)
o(12y 2.95(4) 2.93(4) 2934 0(12) 1.85(3) 1.85(3) 1.85(3) O(14) 1.66(2) 1.66(2) 1.69(2)*
O(16) 2.26(3) 2.26(3) 2.25(3) O(18) 290(3) 2.87(3) 2.87(3) o(15) 1.732)  1.73(2) 1.72(2)
O(16)’ 2.69(3) 2.70(3) 2.70(3) 0(19) 3.43(6) 3.40(6) O(16) 1.83(2) 1.83(2) 1.82(2)
Valence sum 2.33) 233) 230) Valence sum 6.2(5) 6.3(5) 594 Valence sum 6.6(5) 6.7(5)  6.5(4)
Mo(3)/Bi—
o(17) 1.722) 1.74(2) 1.73(2)
O(18) 1.752) 1.76(3) 1.76(3)
0(19) 2.76(6)  2.75(6)
Valence sum 6.4(5) 6.1(5) 6.2(5)

Note. Bond valence are calculated using Brown and Altermatt R, tabulated values (18).

*Constrained.
Xy
bx, 1+ y,z
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TABLE 4b .
O-0O Distances in A

With With With
Without With  Mo-O Without With  Mo-O Without With  Mo-O
Refinement O(19)  O(19) constraints Refinement O(19)  O(19) constraints Refinement O(19)  O(19) constraints
O(1)-0(3) 3.08(2) 3.092) 3.09(2) 0O(2)-0(3y 2.92(2) 2.92(2) 2.92(2) O(3)-0(5) 2.54(2) 2.55(2) 2.55(2)
O(1)-04) 3.14(2) 3.13(2) 3.13(2) 0(2)-0(3) 2.89(2) 2.89(2) 2.89(2) O(3)-O(6)° 2.81(2) 2.81(2) 2.81(2)
O(1)-0(5) 3.10(2) 3.10(2) 3.10(2) 0(2)-0(5) 2.92(2) 2.92(2) 2.92(2) O(3)-0O(11) 2.95(3) 2.97(3) 2.93(3)
O(1)-0(7) 2.85(3) 2.85(3) 2.84(3) 0(2)-0O(6)* 2.60(2) 2.59(2) 2.59(2) 0O(3)-O(14) 3.28(2) 3.27(2) 3.26(2)
O(1)-O(7y 2.95(3) 2.95(3) 2.96(3) 0(2)-0(7) 3.12(2) 3.12(2) 3.13(2) O(3)-O(15)* 3.43(2) 342(2) 3.43(2)
Valence sum 2.12) 2.122) 2102 0O(2)-0O(11) 2.99(3) 2.98(3) 2.93(3) Valence sum 2402) 242 2402
O(4)-0(5) 2.59(2) 2.60(2) 2.60(2) 0(2)-0O(14): 2.93(2) 2.93(2) 291(2) 0O(6)-O(7) 297(2) 297(2) 29712
O(4)-0(6) 2.93(2) 2.93(2) 2.93(2) 0O(2)-0(17) 3.07(2) 3.07(2) 3.07(2) 0O(6)-0O(8) 2.60(2) 2.60(2) 2.60(2)
0O(4)-0(8) 290(2) 291(2) 2912 Valence sum 2.52) 252 2502 O(6)-O(13)° 2.90(3) 2.89(3) 2.89(3)
O(4)-0O(8) 2.90(2) 2.89(2) 2.89(2) O(5)-0(8) 3.04(2) 3.042) 3.04(2) O(6)-O(15) 2.76(2) 2.76(2) 2.77(2)
O(4)-0(9)" 3.12(3) 3.13(3) 3.14(3) O(5)-0(17) 2.83(2) 2.82(2) 2.83(2) Valence sum 2.52) 252 2502
Valence sum 2.3(2) 24(22) 242 O(5)-0(18)" 3.44(3) 3.49(3) 3.48(3) O(7)-0O(8) 3.10(2) 3.102) 3.10(2)
0O(9)-0(10) 2.99(3) 2.98(3) 2.99(3) O(5)-0(19)° 3.41(6) 3.44(6) Valence sum 2402) 24(2) 2402
0O(9)-0(10)* 3.01(3) 3.00(3) 3.00(3) Valence sum 2.5(2) 25022 2502 O(8)-0O(12)° 2.89(3) 2.90(3) 2.89(3)
0O(9)-0O(11) 2.95(3) 2.96(3) 3.01(3) 0O(10)-O(10)" 3.12(3) 3.12(3) 3.13(3) O(8)-0O(16)° 3.18(2) 3.18(2) 3.19(2)
0(9)-0(12) 3.08(3) 3.093) 3.08(3) O(10)-0O(11) 2.84(3) 2.83(3) 2.87(3) O(8)-0O(17) 3.19(2) 3.18(2) 3.18(2)
0(9)-0(12) 2.75(3) 2.75(3) 2.75(3) 0O(10)-0(12) 2.53(3) 2.53(3) 2.52(3) Valence sum 2.5(22) 2.5022) 2502
0(9)-0(16) 3.37(3) 3.37(3) 3.36(3) O(10)-O(14)’ 3.30(3) 3.32(3) 3.31(3) O(11)-0(12) 3.01(3) 3.0003) 3.04(3)
0O(9)-0(18) 2.80(3) 2.78(3) 2.79(3) O(10)-O(15)} 3.27(3) 3.27(3) 3.26(3) O(11)-O(14)} 3.05(3) 3.04(3) 3.02(3)
0O(9)-0(19y 3.26(6) 3.26(6) 0O(10)-0O(16)* 3.38(3) 3.37(3) 3.38(3) O(11)-0(17) 3.45(3) 3.45(3) 3.41(3)
Valence sum 2.02) 2.02) 2.002) O(10)-O(16)’ 3.09(3) 3.093) 3.07(3) O(11)-0O(18) 2.73(3) 2.71(3) 2.71(3)
0O(12)-0O(16) 3.06(3) 3.06(3) 3.04(3) Valence sum 2.02) 2.02) 2.002) O(11)-0(19) 3.42(6) 3.38(7)
0O(12)-0(18) 3.40(3) 3.37(3) 3.38(3) O(13)-0(13)" 3.36(3) 3.36(3) 3.37(3) Valence sum 2.82) 2.8(2) 2.5(2)
0O(12)-0(19) 2.52(6) 2.50(6) 0O(13)-0(14) 2.79(3) 2.79(3) 2.82(3) 0O(14)-0O(15) 2.80(3) 2.80(3) 2.81(3)
Valence sum 1.82) 1.8(2) 1.8(2) O(13)-0(14)" 3.22(3) 3.20(3) 3.20(3) 0O(14)-0O(16) 2.92(2) 2.92(2) 2.93(2)
O(17)-0(17)° 2.86(3) 2.89(3) 2.88(3) O(13)-O(15) 3.21(3) 3.21(3) 3.20(3) Valence sum 2.522) 25022 2302
O(17)-0(18) 2.76(3) 2.77(3) 2.77(3) O(13)-0(15) 2.79(3) 2.79(3) 2.80(3) O(15)-0(16) 2.84(3) 2.83(3) 2.82(3)
O(17)-0(18)° 2.90(3) 2.89(3) 2.89(3) O(13)-0O(15)" 3.16(3) 3.16(3) 3.15(3) Valence sum 2.2(2) 2.2(2) 2.2(2)
O(17)-0(19) 2.51(6) 2.51(6) 0O(13)-0(16) 2.76(3) 2.77(3) 2.79(3) O(18)-O(18)° 2.81(3) 2.88(3) 2.88(3)
O(17)-0(19)° 2.52(6) 2.52(6) Valence sum 2.2(2) 2.2(2) 2.2(2) O(18)-O(19) 2.58(7) 2.61(7)
Valence sum 2.2(2) 2.2(2) 222 0O(19)-0(19)° 3.25(7)  3.30(7) 0O(18)-0O(19) 3.24(7) 3.21(7)
Valence sum 2.14) 2.14) Valence sum 1.98(2) 2.042) 2.04(2)
“—x, i -z
bx, 14y, z
C—x, 14y %— z
Ix,y—1,z.
‘1—x,, % —z
Ix, =pt+:z

Kl—x,yz
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26(°)

FIG. 3. Bi,(Moy ¢Biy 4O¢s.4 calculated neutron diffraction pattern compared to the experimental one.

for Q. = 2.75 A, leading to a preferred pair distance of
2.8 A. This value is characteristic of an O—O distance and is
a further proof of fast oxygen diffusion in this new family of
materials.

DISCUSSION

The main bond lengths and valence sums are reported in
Tables 3 and 4 and in Fig. 7. The following comments can be
made:

2.1 [ ¥ T T T 1 T E

F 8 o o o N ]

19 £ .

2 17L E
E : « 719°C ]
o _ e 790°C 3
15 F E

13 6, . . . . L

-6 5 -4 -3 2 -1 0 1

log Poy(atm)

FIG. 4. Conductivity versus oxygen partial pressure.

1. Introduction of O(19) atom and Mo—O constraints do
not modify the results.

2. The surroundings of the extra O(19) atom exhibit no
physically unacceptable characteristics. They give rise to
a statistical octahedral/tetrahedral environment for Mo(3).
Therefore, unlike the affirmation of R. Enjalbert et al., there
remains space to insert additional oxygen corresponding to
the nonstoichiometric formulation.

3. Bismuth and molybdenum valence states of IIT and VI,
respectively, are confirmed.

4. Clearly two groups of oxygen atoms are evidenced.
The iono-covalent character of this material is confirmed:
high thermal parameters are obtained for oxygen in the
molybdenum area, including O(19), and small values for
those in the bismuth columns. This behavior cannot be the
result of erroneous absorption corrections in the X-ray
study and evidently is a basic structural characteristic of this
series of compounds.

The structure of these materials has to be described as an
iono-covalent one combining covalent [Bi;,O14], col-
umns, characterized by short Bi-O bond lengths, small
thermal parameters, and overbonded oxygen atoms (with
bond sum higher than 2) connected with an Mo—-O area in
which the displacements of the atoms display unusual high
values, likely correlated with softness of this part of the
lattice, which favors the oxide ion mobility.

The combination of an ionic part exhibiting defect oxygen
stoichiometry and/or structural disorder responsible for
oxygen diffusion, and a covalent part which is the skeleton
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FIG. 5. Zoom on BisMog ¢Bij 4Ogg 4 neutron diffraction pattern: a modulated background is evidenced.

of the structure, is a classical observation in several bis-
muth-oxide-based anionic conductors.

Indeed, Bi,O5-based oxide anionic conductors can be
classified according to the dimensionality of this property:

— Three-dimensional oxide ion conductors are those re-
lated to the fluorite type structure 0Bi, O3 stabilized by
numerous appropriate dopants. The choice of cations which
can be used is very large, going from divalent up to hexa-
valent elements (21, 22).

Another example of such three dimensional oxide anion
conductor is encountered with the so-called f-type phase
of the bismuth-lead mixed oxide with o-anti Agl cry-
stal structure. Similar structural pf-type compounds
exist with Cd, Ln (Ln = Gd, Dy, Tm) and Sb as dopants
(23-25).

\‘

o

o
1
Y

Background Intensity (a.u.)
- N w B [$)] [=)]
o o o o o o
o o o o o o
'l 1 1 'l [ ']

— Two-dimensional oxide ion conductors have two
classes of compounds that correspond to this type. From an
historical view point, the first documented one was the
rhombohedral type structure, obtained with alkaline-earth
cations (26-28). The second is the Aurivillius-type
(Bi,0,)(4, - B, 0O,) family, encompassing intrinsic oxygen
ion conductors (BIMEVOX) (10, 21, 29-34) and extrinsic
oxygen ion conductors (doped n = 1 Bi, WO, with Nb or Ta
(35-36), n =2 (Bi,0,) [Ca; - Na,(Nb),O,_,/»], with x in
the range 0 < x < 1 (37), n = 3 (Bi,O,)[Sro(MYM"™O, 5]
with MY = Nb, Ta and M"™ = Al, Ga (38)...). In both
rhombohedral and Aurivillius-type materials, covalent two-
dimensional blocks containing short Bi—O distances alter-
nate with more ionic sheets, and the nonbonding electronic
652 lone pairs of the Bi'™ cations are oriented toward this

Quax=2.754" (d,,=2.84) .
\é . . . o °

0 : LJ : L) L]
0 1 2 3 4 5

Q(A")

FIG. 6. Background intensity corresponding to Bi,sMog ¢Big 4O¢s.4 neutron diffraction pattern versus Q = 4x sin 6/4.
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FIG. 7. BiysMog ¢Big 4O¢s.4 structure with a few O—O distances (a) projection along [0 1 0]; (b) projection along [1 0 0].

ionic conduction layer and favor the oxide anion
mobility, as evidenced by numerous experimental tech-
niques.

— Bi,sMo0,(Og is the first example of a monodimen-
sional bismuth-based oxide ion conductor. Beyond the con-
troversy regarding the actual stoichiometry of this new
family, the common observed structural characteristics ob-
tained by the different groups of authors exhibit striking

similarities with those of the bidimensional compounds
described above, especially the BIMEVOX: (i) two types of
O atoms are distinguished: those of the [Bi;,O;4], col-
umns characterized by short Bi-O bond lengths and low
B values, and the others, with high B values. (ii) Hybridized
6s% lone pairs of the Bi cations (located at the outer side of
the columns) are directed toward the O atoms exhibiting
high B values.
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All these observations favor oxide ion mobility involving
the O atoms of the Mo surroundings, as the O atoms of the
V surroundings are involved in the BIMEVOX compounds;
the [Bi;,014], columns play the same role as the [Bi,O,]
sheets in the BIMEVOX.

To conclude, our neutron powder diffraction study con-
firms the existence of two types of oxygen atoms in these
compounds: those of the [Bi;,0;4], columns and those of
the Mo surroundings, these latter likely responsible for the
oxide anionic conductivity exhibited by this family of com-
pounds. Measurements of ionic transference number and of
resistivity under variable oxygen pressure clearly indicate
that these materials can be considered as pure oxide ionic
conductors, with negligible electronic semiconduction con-
tribution within the explored temperature and pressure
ranges.
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