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ABSTRACT

The floating-zone furnace method was used to synthesize single crystals of the fluorite-related
0-Bi,03-type phase BizgMo,07g for the first time. Single crystal synchrotron X-ray diffraction data, in
conjunction with ab initio (density functional theory) calculations, were used to solve, optimize, and
refine the 5 x 3 x 3 commensurate superstructure of fluorite-type 5-Bi,O in Pbcn (a = 28.7058(11) A,
b =16.8493(7)A and c = 16.9376(6)A, Z =4, Rr= 11.26%, WR;=21.67%). The structure contains
stepped channels of Mo®" in tetrahedral environments along the b axis and chains of Mo®" in
octahedral environments along the ac plane. The role of the stepped channels in oxide ion conduction is
discussed. The simultaneous presence of both tetrahedral and octahedral coordination environments for
Mo®", something not previously observed in Mo®"-doped 3-Bi,Os-type phases, is supported by charge
balance considerations in addition to the results of crystallographic and ab initio analysis.

Synchrotron
Floating zone furnace

Crown Copyright © 2009 Published by Elsevier Inc. All rights reserved.

1. Introduction

Compounds representing stabilized versions of the high
temperature form of bismuth oxide, §-Bi,03, generally feature
high oxide ion conductivities [1,2]. The parent -Bi,O3 phase has a
fluorite-type structure (Fm3m symmetry) with an average oxygen
occupancy of 75% [3]. The conductivity is proposed to be due to
the high concentration of oxide ion vacancies and the high
polarizability of the cation network due to the stereochemically
active 6s® lone pair on Bi** ions [4]. In order to stabilize the
0-Bi0O3 structure to room temperature, transition metals dopant
cations such as Nb>*, Ta>*, Cr®*, Mo®*, W®*, and Re”* [5-8] can be
used. These often produce complex modulated structures at room
temperature, with 0-Bi,Os-related substructures, while often
retaining oxide ion conductivities at elevated temperatures
similar to §-Bi,03 [2].

Bismuth-rich phases in the pseudo-binary Bi,03-Mo0,0g
system have been investigated for their oxide ion conductivities
[1,4,9-11] and catalytic properties [12,13] in addition to their
complex structures and crystal chemistry. Vannier et al. [9]
described three types of oxide ion conductors in the molybdenum
doped 0-Bi,Os-related structures; monodimensional, two- and
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three-dimensional. They reported the first observation of the
monodimensional type in Bi;gM0190g9_s. TWo-dimensional con-
duction is found in layered structures such as n =1 Aurivillius
phase L-Bi;MoOg [14-16] and the related BIMEVOX [17] com-
pounds, where oxide ions can move along planes. Three-dimen-
sional conduction occurs in other 6-Bi,Os-related phases where
oxide ions can move through the lattice without directional
constraints.

This study concerns BisgMo,07g, which was first reported by
Buttrey et al. [18] who described it as a 3 x 5 x 3 commensurate
superstructure of fluorite-type 6-Bi,O3 in orthorhombic Pccn, on
the basis of selected area electron diffraction. This supercell
comprises 180 cations of which 152 are Bi and 28 are Mo. Later
electron diffraction work supported this result and proposed
several possible ordered models for the Bi/Mo cation array [5,19].

Bi3zgMo0,073 is a line-phase found between the reported
3-dimensionally incommensurate modulated phase Bis;Mo0gOg;
[20] and the partially ordered superstructure phase Bi;4Mo00;4
[21-24] in the Bi,03-Mo0,0g phase diagram [25,26] (Fig. 1).
The local Mo environment in Bi;sMoO,4 is tetrahedral. The
structure of the incommensurately modulated phase has not
been fully solved, but the coordination environment of Mo is
thought to be tetrahedral in this case, analogous to the model
proposed for Bi;_xCryO1.5+1.5¢x Where 0.05<x<0.15 [27]. A number
of other phases with tetrahedrally coordinated Mo have
been reported in this system, containing unique [Bi;2014].
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Fig. 1. Partial phase diagram of the pseudo-binary Bi,03-Mo0,0¢ system showing tetrahedrally coordinated Mo phases with gray triangles and octahedrally coordinated Mo
phases with black diamonds. High-temperature phases are labeled “HT”. Full crystallographic refinements have been reported for the compounds in bold font.

(E.g. Ref. [54]).

COlUmnS—Bi2n+4M0n06(n+1) n=3, 4, 5, 6, Bi25'33M010058 and
BizsM010069_5 [9,11,28-36]—at more Mo-rich compositions. The
phase with the closest composition to BizgMo0;07g containing
octahedrally coordinated Mo is the n =1 Aurivillius phase
L-Bi,MoOg [14,15].

Recently, geometry optimizations of various commensurate
superstructures of transition metal doped J-Bi,O3 have been
undertaken with ab initio calculations using density functional
theory (DFT) [24,37]. In order to minimize computation time, the
input model for geometry optimizations is based on the available
information about the compound such as space-group symmetry,
cell parameters, relationship to the parent §-Bi,O3 subcell and cation
distribution often collated from a number of sources. Depending on
the size and complexity of the system being investigated, the general
approach is to introduce oxygen atoms at the ideal fluorite-type
positions in the superstructure. Oxygen vacancies are then intro-
duced around the dopant cations, decreasing their coordination
number from 8-fold to 6- or 4-fold as appropriate, based on crystal-
chemical and charge-balance considerations. This provides the input
model for DFT geometry optimization calculations. The largest
distortions are expected at the oxygen sites around dopant cations.
Finally, the DFT-optimized model is refined against neutron or X-ray
diffraction data. If the final refinement produces only minor atomic
shifts from the DFT-optimized positions, then the structural model is
supported by two entirely independent methods, greatly increasing
confidence in its veracity.

Here, we report the growth of single crystals of BisgMo,07g and
their structural characterization using single-crystal synchrotron
X-ray diffraction in conjunction with ab initio geometry optimiza-
tion calculations. We compare the structure to those of other
Mo-doped 9-Bi,Os-related phases and discuss potential oxide ion
conduction pathways.

2. Experimental

A stoichiometric mixture of Bi;Os; (Sigma Aldrich 5N) and
MoOs3 (TJTM 3N6) was ground in a planetary ball mill (Retsch
PM100) for 90 h at 350 rpm with breaks in rotation every 10 min
for 10s followed by grinding in the reverse direction. A small
amount of ethanol was added to facilitate homogenous grinding.
The sample was then heated at 750°C for 3h in an alumina
crucible. Following heat treatment, the sample was pressed into
rods at 60 MPa in a hydrostatic press. These rods were sintered at
750°C for 1 h in a vertical tube furnace then mounted in an optical

Table 1

Crystal and refinement details.

Composition

BisgMo,07g

BisgMo,07g

Crystal symmetry

Orthorhombic

Orthorhombic

Space group Pbcn Pbcn

a (A) 28.7058(11) 28.5213(57)
b (A) 16.8493(7) 16.7486(33)
c(A) 16.9376(6) 16.8172(34)
V4 4 4

Volume (A%) 8192.3(5) 8033(3)
Density (gcm ™) 7.99 8.15

Data collection

Source Synchrotron Synchrotron
Wavelength (A) 0.41328 0.49694
Temperature (K) 293 100

Crystal size (um?) ~125 ~125

Crystal color/shape

Transparent prism

Transparent prism

hkl range —27<h<49, —-24<k<29, 0<h<40, 0<k<23,
-19<1<28 0<I<24

Maximum 26 42.98 34.58

Number of measured 143301 166 569
reflections

Number of unique 21932 11920
reflections

Number of reflections 15060 10015
I>a(l)

Merging R factor (%) 6.71 5.30

Refinement

Number of refined 332 332
parameters

Rr with Fo/aFy>4 (%) 7.39 6.75

Rr (%) 11.26 8.20

WR; (%) 21.67 19.97

72 0.988 1.057

floating zone furnace (Crystal Systems Corporation FZ-T-10000-
H-VI-VPM-PC) with 300 W filaments. The rods melted between
32% and 35% power and were taken through the hot zone at rates
of 1-10mmh~! while rotating at 10-30 rpm.

The Bi:Mo ratio of the grown rod was confirmed using energy
dispersive X-ray spectroscopy (EDS) in a Philips XL30 scanning
electron microscope (SEM). Crystals were initially analyzed on a
Bruker-Nonius APEX-II laboratory X-ray diffractometer with Mo
Ko radiation (A = 0.71073 A). The 5 mm diameter synthesized rod
was found to be polycrystalline, but to contain single crystals of
up to ~1x10°um>. A small (~125um?) crystal was selected
for synchrotron X-ray diffraction on beamline ID-15-C at the
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Advanced Photon Source, Argonne National Laboratories. Data
were collected at 100K at 1 = 0.49694 A on a Bruker 6000 CCD
detector, and at room temperature (298 K) at A = 0.41328A on a
Bruker APEX-II detector. Data were integrated with SAINTPlus [38]
and a SADABS [39] absorption correction was applied (Table 1).
Structural refinements were carried out with the SHELX97
package [40] on the WinGX [41] front end.

First-principles calculations were carried out using DFT.
Calculations used the projector-augmented wave (PAW) method
[42,43], as implemented in the Vienna ab initio simulation
package (VASP) [44,45], with the Perdew-Burke-Ernzerhof (PBE)
[46] form of the generalized gradient approximation (GGA). Both
atomic positions and unit-cell volume and shape were optimized
with no symmetry constraints using a plane-wave energy cut-off
400eV. Due to the large size of the unit cell (492 atoms) the
calculations were performed only at the I’ point in reciprocal
space. The Bi, Mo, and O atoms were treated in 6s6p>, 4d°5s!, and
2s%2p* valence states, respectively, using the standard VASP PAW
potentials.

3. Results

Laboratory and synchrotron single crystal X-ray diffraction
data were initially integrated on the basis of the reported
orthorhombic Pccn space-group, since the Bi:Mo ratio from EDS
was found to be 5.5(2):1 [5,18,19]. However, the systematic
extinctions found via the program XPREP [47] determined that
the true space-group was unambiguously Pbcn. The incorrect
assignment of Pccn suggests that earlier electron diffraction
studies failed to observe diffraction patterns along the unique
[010] direction. Direct methods (SHELXS-97 [40]) were used to
find the initial metal atom positions in the fluorite-type. All
metals were initially defined as Bi. The occupancies were then
refined, and those for which occupancies fell to approximately 1/2
were redefined as Mo, resulting in the expected stoichiometric
ratio of Bi:Mo = 38:7.

The first set of oxygen atom positions, which were easily
located in Fourier difference maps, consisted of fluorite-type sites
with only Bi atoms as nearest neighbors. Subsequent oxygen
atoms (those with Mo atoms as nearest neighbors) were much
more difficult to locate in the Fourier difference maps, and once
included in the model they could only be refined by placing
constraints on Mo-0O bond lengths and using isotropic atomic
displacement parameters (ADPs). The model eventually obtained
contained two crystallographic Mo sites with tetrahedral coordi-
nation (Mol and Mo2), and the remaining two with octahedral
coordination (Mo3 and Mo4). The positions of the oxygen atoms
forming tetrahedral environments could eventually be refined
freely, but the positions of those forming octahedral environments
had to be constrained.

The model thus obtained, with the expected stoichiometry
BisgMo,07g, was then tested and optimized using DFT calculations
after relaxing the symmetry to P1. The optimized structure
showed a maximum deviation of 0.035 A from P2;/c space-group
symmetry and of 0.20A from Pbcn. The optimization preserved
both the octahedral and the tetrahedral coordination environ-
ments around Mo sites.

The DFT-optimized model was finally re-refined against single
crystal synchrotron X-ray diffraction data. Positions and indepen-
dent anisotropic ADPs were refined for metal atoms, followed by
positions and independent isotropic ADPs for the fluorite-type
oxygen atoms with exclusively Bi atoms as nearest neighbors.
Oxygen atoms forming tetrahedral environments about Mo atoms
then had their positions and independent isotropic ADPs refined.
Finally, oxygen atoms forming octahedral environments about Mo

atoms had a global isotropic ADP refined for each octahedron,
while remaining fixed at their positions determined by DFT.
Refinement details are presented in Table 1. Final refined atomic

Table 2
Final refined fractional atomic coordinates, ADPs, and bond valence sums (BVS) for
Bi3gMo,07g at room temperature.

Atom  Wyckoff x y z Ueq/Uiso BVS
position
Bil 8d 0.09962(2) 0.41767(4) 0.60267(4) 0.0161(1) 2.71
Bi2 8d 0.10452(2) 0.56791(4) 0.76073(4)  0.0201(1) 3.33
Bi3 8d 0.19455(3)  0.40073(5) 0.75009(5) 0.0274(1) 3.06
Bi4 8d 0.00440(3) 0.25349(5) 0.90660(7) 0.0374(2) 2.95
Bi5 8d 0.20180(2)  0.24530(4) 0.60097(4) 0.0177(1) 3.82
Bi6 8d 0.20351(2)  0.25425(4) 0.26443(4) 0.0172(1) 3.51
Bi7 8d 0.19953(2)  0.91555(4) 0.91663(4) 0.0187(1) 3.81
Bi8 8d 0.09831(2) 0.92821(4) 0.75441(4) 0.0183(1) 3.49
Bi9 8d 0.09489(5) 0.75665(6) 0.24008(7) 0.0551(3) 2.55
Bi10 8d 0.09269(2) 0.75707(4) 0.57066(4)  0.0179(1) 3.59
Bil1 8d 0.99772(2) 0.91914(5) 0.58705(4) 0.0227(1) 2.83
Bi12 8d 0.19369(2)  0.24134(4) 0.90127(4) 0.0173(1) 3.17
Bi13 8d 0.09995(2) 0.07775(4) 0.59975(4) 0.0198(1) 3.46
Bi14 8d 0.99956(2) 0.57256(4) 0.57956(4) 0.0166(1) 2.74
Bil5 8d 0.09789(2)  0.90207(5) 0.41752(4)  0.0220(1) 3.06
Bi16 8d 0.09065(2) 0.41188(4) 0.91598(4) 0.0172(1) 3.20
Bi17 8d 0.29658(2) 0.08104(4) 0.91936(4) 0.0143(1) 3.62
Bi18 8d 0.19638(2)  0.06742(5) 0.76020(5)  0.0277(1) 3.12
Bi19 4c 0 0.08006(11)  0.75 0.0437(3) 241

Bi20 4c 0 0.42176(8)  0.75 0.0297(2)  1.89
Mol  8d 019419(5) 0.59396(1)  0.58006(9) 0.0214(2)  7.77
Mo2  8d 019680(5) 0.91101(12) 0.58659(9) 0.0241(3)  6.33
Mo3  8d 010206(5) 0.25303(9)  0.42743(9) 0.0190(2) 5.78
Mod4  4c 0 0.25405(16) 0.25 0.0575(12) 5.33
o1 8d 0.0416(5)  0.4831(8) 0.9818(8)  0.019(2) 2.43
02 8d 01269(5)  0.4582(9) 0.7126(9)  0.021(2) 2.63
03 8d 0.0559(5)  0.5059(9) 0.8301(9)  0.022(2) 226
04 8d 01578(5)  0.3263(9) 0.8301(9)  0.022(3) 226
05 8d 0.2361(6)  03393(10)  03390(9)  0.027(3) 2.32
06 8d 0.0475(5)  0.9830(9) 0.6508(9)  0.026(3) 2.20
07 8d 01587(5)  0.1459(9) 0.8348(9)  0.023(3) 2.37
08 8d 0.0566(5)  0.1525(9) 0.6660(9)  0.023(3) 2.30
09 8d 01591(5)  0.9704(9) 0.8280(9)  0.022(2) 2.38
010 8d 0.0454(5)  0.3431(9) 0.8441(9)  0.025(3) 2.37
o011 8d 0.0551(5)  0.9984(10)  0.8253(9)  0.025(3) 2.10
012 8 0.1609(6)  0.3356(10)  0.6495(10) 0.031(3) 2.40
013  8d 0.0540(6)  0.8319(10)  0.3463(9)  0.027(3) 227
014  8d 0.0539(6)  0.6787(10)  0.4991(10) 0.031(3) 224
015 8d 0.2314(6)  0.8343(11)  0.8406(11) 0.034(4) 2.31
016  8d 0.0581(6)  0.3313(10)  0.6624(10) 0.029(3) 221
017  8d 0.1303(6)  0.7868(11)  0.4673(11) 0.034(4) 2.43
018  8d 0.0514(6)  0.8496(11)  0.5185(11)  0.034(4) 227
019 8d 0.1320(6)  0.0269(11)  0.6986(11) 0.034(4) 2.74
020 8d 0.2460(7)  0.0015(12)  0.8768(13) 0.042(4) 2.35
021  8d 0.3416(8)  0.0234(13)  0.8414(13)  0.047(5) 217
022 8d 0.2659(8)  0.2338(16)  0.2109(16)  0.060(6) 2.54
023  8d 01557(12) 0.1655(19)  0.6500(19) 0.081(9) 212
024 8d 0.2258(23) 0.6281(39)  0.5105(39) 0.196(26)  2.56
025 8d 0.2105(15) 0.6153(27)  0.6722(27) 0126(15) 213
026  8d 0.1864(18) 0.4988(35)  0.5603(34) 0162(19)  2.22
027 8d 01358(16) 0.6215(29)  0.5755(29) 0.135(16)  1.87
028  8d 0.1600(10)  0.8472(16)  0.6458(16) 0.063(7) 1.77
029 8d 0.2324(9)  0.8506(15)  0.5268(15) 0.054(6) 1.94
030 8d 0.2317(10) 0.9615(18)  0.6516(18)  0.071(8) 2.02
031 8d 0.1648(9)  0.9703(16)  0.5257(16) 0.060(6) 2.14
032 8d 0.1245° 0.34322 0.3757° 0.356(26)> 1.71
033 8d 0.05012 0.3347° 0.4905° 0.356(26)> 1.24
034 8d 0.1334° 0.17732 0.3751° 0.356(26)> 1.83
035  8d 0.0570% 0.1785% 0.4825° 0. 356(26)b 137
036  8d 0.1360° 0.27112 0.5146° 0.356(26)> 1.86
037 8d 0.0492° 0.25362 0.3349° 0.559(71)°  1.40
038  8d 0.5370% 0.8329° 0.3062° 0.559(71)¢ 141
039 8d 0.5310° 0.6704% 0.31452 0.559(71)° 1.57

Equivalent isotropic ADPs are given for metal atoms. Full details, including bond lengths
and angles, are available in the deposited crystallographic information file (CIF).

2 Positions fixed from the results of ab initio density functional theory
calculations.

¢ Atomic displacements constrained to be equal.
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positions, ADPs, and calculated bond valence sums (BVS) [48] are
given in Table 2, selected bond lengths in Table 3 and the
structural model is shown in Fig. 2.

4. Discussion

Clearly, previous difficulties encountered trying to solve the
structure of BizgMo0;05 were at least partly due to the incorrect
assignment of the space-group as Pccn, rather than Pbcn [5,18,19].
However, the presence of Mo®* cations in both octahedral and
tetrahedral coordination environments is another unexpected
feature that made structure solution more difficult and less
intuitive. On a pseudo-binary phase diagram between Bi,O3 and
Mo,0¢ (Fig. 1), the known phases either side of BizgMo0;0-g
feature Mo exclusively in tetrahedral coordination environments.
Nevertheless, the model presented here is fully consistent with
space group symmetry, the existence of Mo in the 6+ oxidation
state expected for such a compound synthesized in air (no
additional oxygen vacancies are required to satisfy stoichiometry),
BVS calculations (see Table 2), and the DFT geometry optimiza-
tions that show it represents at least a local thermodynamic
minimum.

The DFT-optimized structure has a smaller deviation from the
monoclinic P2;/c space-group than it does from the orthorhombic

Table 3

Metal-oxygen bond lengths shorter than 3.3A in the refined structure of BizsM00-s.

Pbcn space-group, suggesting a possible low-temperature phase
for this compound. The DFT calculations require a charge balanced
cell without multiple occupancies and are effectively undertaken
at OK. It is worth noting in this context that a previous single
crystal synchrotron X-ray diffraction study of this compound [19]
reported f =90.6°, although this was attributed to endemic
twinning. In this study we saw no statistically significant
deviation from Pbcn at either 298 or 100K in our experimental
data, and therefore transformed the DFT-optimized result to this
space-group.

Buttrey et al. [18] saw evidence in high resolution transmission
electron microscopy (HRTEM) of a diamond-like contrast in an
{110 -type fluorite projection, apparently due to cation ordering.
The Mo atoms in our model also form diamond-like motifs along
the c axis which corresponds to a {110 )-type fluorite projection,
as seen in Fig. 2. No diamond-like motifs are seen in the other
{110 -type fluorite directions, also consistent with the HRTEM
observations of Buttrey et al. [18] Note that the assignment of the
cation array is further supported by the fact that ADPs for metal
atoms in Table 1 all refine (freely) to reasonable values, generally
~0.02(1) A%. Mo4 has a slightly higher ADP (0.0575(12) A?) due to
its location within the central octahedra of the octahedral chain,
with Mo3 octahedra on either side.

The simultaneous presence of octahedral and tetrahedral
coordination environments around a transition metal doped into

Bond Length (A) Bond Length (A) Bond Length (A) Bond Length (A)
Bi1-01 3.12(1) Bi7-09 2.11(1) Bi13-06 2.36(1) Bi19-06 2.71(1)
Bi1-02 2.13(1) Bi7-015 2.09(2) Bi13-08 2.10(1) Bi19-06 2.71(1)
Bi1-012 2.37(2) Bi7-020 2.08(2) Bi13-019 2.10(2) Bi19-08 2.48(1)
Bi1-016 2.14(2) Bi7-024 2.75(1)? Bi13-023 2.34(3) Bi19-08 2.48(1)
Bi1-026 2.97(1) Bi7-031 2.85(1) Bi13-031 2.89(2) Bi19-011 2.45(1)
Bi1-033 2.75(1)° Bi7-034 2.56(1)° Bi13-035 2.89(2)° Bi19-011 2.45(1)
Bi1-036 3.07(1)° Bi8-06 2.46(1) Bi14-01 2.18(1) Bi19-013 2.70(1)
Bi2-02 2.12(1) Bi8-09 2.26(1) Bi14-01 2.25(1) Bi19-013 2.70(1)
Bi2-03 2.10(1) Bi8-011 2.10(1) Bi14-03 2.47(1) Bi20-03 2.54(1)
Bi2-021 2.20(2) Bi8-019 2.15(2) Bi14-014 2.73(1) Bi20-03 2.54(1)
Bi2-032 2.52(1)° Bi8-028 2.91(1) Bi14-033 2.43(1)° Bi20-010 2.45(1)
Bi2-038 2.80(1)° Bi8-034 2.89(1)° Bi14-038 2.73(1)° Bi20-010 2.45(1)
Bi3-02 2.26(1) Bi8-039 2.80(1)° Bi15-07 2.38(1) Bi20-016 2.71(1)
Bi3-04 2.12(1) Bi9-04 2.74(1) Bi15-09 3.16(3) Bi20-016 2.71(1)
Bi3-012 2.24(2) Bi9-07 2.93(2) Bi15-011 2.60(1) Mo1-024 1.60(6)*
Bi3-015 2.84(1) Bi9-08 2.26(1) Bi15-013 2.11(1) Mo1-025 1.68(4)
Bi3-021 2.78(1) Bi9-010 2.82(1) Bi15-017 2.31(2) Mo1-026 1.65(6)?
Bi3-022 2.61(2) Bi9-012 2.89(2) Bi15-018 2.35(2) Mo1-027 1.70(4)
Bi3-030 2.87(1) Bi9-013 2.49(2) Bi15-031 2.89(1) Mo2-028 1.80(3)
Bi4-08 2.73(1) Bi9-016 2.24(1) Bi16-01 2.16(1) Mo2-029 1.76(2)%
Bi4-010 2.18(1) Bi9-023 2.67(3) Bi16-03 2.37(1) Mo2-030 1.70(3)
Bi4-013 2.27(2) Bi10-014 2.10(2) Bi16-04 2.81(2) Mo2-031 1.70(2)?
Bi4-014 2.41(2) Bi10-017 2.12(2) Bi16-010 2.12(1) Mo3-032 1.87(1)°
Bi4-016 2.50(2) Bi10-018 2.15(2) Bi16-014 2.33(2) Mo3-033 2.29(1)°
Bi4-018 2.91(1) Bi10-027 2.62(5) Bi16-021 2.99(1) Mo3-034 1.79(1)°
Bi4-033 2.71(1)° Bi10-028 2.78(2)* Bi16-027 3.07(1) Mo3-035 2.01(1)°
Bi4-035 2.88(1)° Bi10-038 3.03(2)° Bi17-05 2.13(2) Mo3-036 1.80(1)°
Bi5-012 2.09(2) Bi10-039 2.90(1)° Bi17-020 2.11(2) Mo3-037 2.18(1)°
Bi5-022 2.11(3) Bi11-06 2.09(1) Bi17-021 2.09(2) Mo4-037 2.01(2)°
Bi5-023 2.05(3) Bi11-011 2.50(1) Bi17-026 2.75(1) Mo4-037 2.01(2)°
Bi5-024 3.23(1) Bi11-018 2.25(2) Bi17-029 2.83(1) Mo4-038 1.95(2)°
Bi5-029 2.89(1)? Bi11-035 2.58(1)° Bi17-032 2.70(1)° Mo4-038 1.95(2)°
Bi5-036 2.42(1)° Bi11-039 2.44(1)° Bi18-05 2.83(2) Mo4-039 1.99(2)°
Bi6-05 2.13(2) Bi12-04 2.14(1) Bi18-07 2.13(1) Mo4-039 1.99(2)°
Bi6-015 2.14(2) Bi12-05 2.65(1) Bi18-09 2.27(1)
Bi6-022 2.03(2) Bi12-07 2.20(1) Bi18-019 2.23(2)
Bi6-025 2.69(4)* Bi12-015 2.85(1) Bi18-020 2.67(1)
Bi6-028 2.91(2) Bi12-017 2.18(2) Bi18-023 2.75(3)
Bi6-034 3.04(1)° Bi12-024 3.04(1) Bi18-025 3.18(1)

Bi12-029 2.86(1)* Bi18-030 2.78(3)

2 Bonds where the O site is involved in a MoO,4 tetrahedron.
> Bonds where the O site is involved in a MoOg octahedron.
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Fig. 2. The final refined structure of BizgMo,05s projected along the z (left) and y (right) directions, with MoO, tetrahedra and MoOg octahedra shown as green polygons, Bi
atoms shown as blue spheres, and O atoms not bonded to Mo shown as red vertices on Bi-O bonds. Details of the Mo coordination environments are shown below as 50%
probability thermal ellipsoid plots in the same projections (corresponding to the shaded parts of the complete drawings).

0-Bi,03 is not without precedent. X-ray powder diffraction (XRD),
X-ray spectroscopy and infrared spectroscopy all indicate that 25%
of the Re”" sites in Bi,gRe,049 are octahedrally coordinated and
75% tetrahedrally coordinated. [8] BiAl4O9 [49,50] has equal
amounts of tetrahedrally and octahedrally coordinated Al, with
the octahedral units forming columns and the tetrahedral units in
pairs, as in BisgMo0705g. The structures of Bi,Al,Og and the related
phase BiyFe, ,Al,Og [51] were determined by XRD in conjunction
with 27Al solid state nuclear magnetic resonance (NMR) and >’Fe
Mossbauer spectroscopy, respectively. Unlike the Bi,M40q9 series
where M is a transition metal or semi-metal, BizgMo,0-g features
corner sharing MoOg octahedral units that do not extend
throughout the structure but occur in groups along the ac plane.
The MoO, tetrahedral units do extend in a stepped manner along
the b axis; however, they are not connected. The discrepancy
between Bi;M40g9 and BizgMo;0g lies in the Bi:M ratio resulting
in the formation of different structural types.

Much of the literature on Bi;gM019069_s [9,10,30-32,34] and
its ordered form Biys33M01006s [11,33,52,53] has focused on oxide
ion conduction, emphasizing: (a) the local disorder and rotational
motion of nearest-neighbor MoO, tetrahedra in continuous
channels and (b) the flexible coordination environment of Bi**
with its stereochemically active 6s® electron lone-pair. Some
discussion of the coordination environments, bond lengths and

BVSs around metal atoms in BisgMo0,05g is therefore warranted
here (Tables 2 and 3). Considering firstly the Mo sites, we note
that the O atoms (024-031) tetrahedrally coordinated to Mo1 and
Mo2 show slightly elevated ADPs in comparison with those
bonded solely to Bi in fluorite-type positions. This is consistent
with some rotational disorder of MoO,4 tetrahedra as observed for
BizgM010069_s by NMR [10]. However, the O atoms (032-039)
octahedrally coordinated to Mo3 and Mo4 have much larger ADPs
that require some explanation. These O atoms were fixed at their
DFT-optimized positions, which represent a local minimum, and
the large refined ADPs are therefore strongly suggestive of long-
range disorder. Free refinement of the positions of these atoms did
not substantially improve the refinement statistics or reduce the
ADPs, but led to slightly less regular octahedra, so the DFT-
optimized positions were retained. The underbonding (according
to BVS values) of all the O and Mo sites involved in MoOg
octahedra shows that these Mo-O bonds are unusually long,
which argues against the possibility that the true local coordina-
tion of Mo3 and Mo4 is tetrahedral as in Bi;4qMo0054 [21,23,24] (in
which case the refined Mo-0 bonds would be unusually short).
The bonding environments of Bi and O sites in the fluorite-type
part of the structure are much more difficult to describe, due to
the wide range of coordination numbers and geometries. A
complete description for all 20 independent Bi atoms would be
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Fig. 3. Fluorite-like projections (close to {100 F) of Bi,gM0190g9_s [9] and BizgMo,0-g highlighting the MoO, tetrahedra and MoOg octahedra by omitting oxygen atoms
not bonded to Mo. Dotted lines connect Mo atoms that are “nearest neighbors” along <110 ) directions, the shortest paths between metal atoms.

unreasonably lengthy, so the essential details are summarized in
Table 3 which includes all M-O bonds shorter than 3.3 A. This
cutoff captures all the cation-anion nearest neighbors of the
fluorite-type parent structure, including those that have been
highly distorted by the displacement of O atoms into MoO4
tetrahedra and MoOg octahedra, and therefore indicates the
effective coordination numbers of the various Bi sites, which vary
from 5 to 8. It is interesting to compare this to the BVS values in
Table 2 and note that the coordination numbers themselves are
not responsible for extremes in BVS: the two 5-fold coordinate Bi
sites (Bi2 and Bi11) are not significantly underbonded (BVS of 3.33
and 2.83); while the four 8-fold coordinate Bi sites (Bi4, Bi9, Bi18,
and Bi19) are not significantly overbonded (BVS of 2.95, 2.55, 3.12
and 2.41). However, a clear correlation between BVS and
coordination number is observed when the O sites in “pure”

fluorite-type positions are differentiated from those involved in
MoO, tetrahedra and MoOg octahedra (labeled ® and 2, respec-
tively, in Table 3). The Bi sites with BVS<2.6 (Bi9, Bi19, Bi20) are
the only ones that are not bonded to any Mo site, while the Bi sites
with the highest BVS (Bi5, Bi6, Bi7, Bi10, Bi17) all have the most
(two) independent coordinating O atoms involved in MoO,4
tetrahedra. This reflects the fact that Bi in ideal fluorite-type
0-Bi,03 is rather underbonded, and the local distortions of O
atoms due to transition metal dopants such as Mo help stabilize it.

Fig. 3 shows fluorite-like projections (close to <100>f) of
BizsMo010069_s and BizgMo50-g highlighting the MoO, tetrahedra
and MoOg octahedra by omitting oxygen atoms not bonded to Mo.
Dotted lines connect Mo atoms that are “nearest neighbors”
along <110 ) g directions, the shortest paths between metal atoms,
and therefore represent the possible pathways for oxide ion
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conduction when the Mo coordination environments become
disordered at high temperatures. Bi,gM0190g9_s cOntains contin-
uous channels of this type, and it has been shown that oxide ion
conduction in this compound occurs along these channels via a
partially occupied oxygen site in between the MoO, tetrahedra
[9,11,52,53]. Recent work with 170 NMR suggests that conduction
is also facilitated by rapid and concerted rotational motions of the
MoO, tetrahedra above 200 °C, while above 350 °C other motions
involving the outermost oxygen atoms of the [Bi;3014]., columns
and the MoO, tetrahedra begin to occur along the ac plane and b
directions [10]. In contrast, BisgMo0-07g only contains isolated Mo
groups linked along <110 ) directions, consisting of two MoO,4
tetrahedra or three MoOg octahedra, leading to the expectation of
less efficient oxide ion conductivity. However, this does not
necessarily mean that the conductivity will be lower, because
increasing transition metal content often leads to lower con-
ductivity in transition metal-doped 6-Bi;Os-related structures [2].
Detailed measurements and comparisons of ionic conductivity,
which are beyond the scope of this study, would shed further light
on this question.

5. Conclusions

Cation ordering in BisgMo,073 has been unambiguously
determined by single crystal synchrotron X-ray diffraction. The
complete structure has been solved and refined using these data
in conjunction with ab initio geometry optimization calculations.
The space-group of BizgMo,05g is orthorhombic Pbcn as opposed
to earlier reports of Pccn. This structure is unique in the pseudo-
binary Bi,03-Mo0,0s system as Mo atoms are present in both
octahedral and tetrahedral oxygen coordination environments.
The octahedrally coordinated Mo atoms form corner-connected
groups in the ac plane, whilst the tetrahedrally coordinated Mo
atoms form pairs in the ab plane. The larger displacement
parameters on the oxygen atoms coordinating Mo sites may
indicate some local disorder.

However, unlike BiogM010069_s, BizgMo0;075 does not con-
tain continuous MoO, channels that could mediate oxide-ion
conduction.

The initial structural solution derived from single crystal
synchrotron X-ray diffraction was used as a starting model for ab
initio (DFT) calculations. The DFT calculations provided further
justification, which is independent in the geometry optimization
routine, that the structural model is a minimum energy state. This
three-step process (i.e. structural solution from diffraction—DFT
geometry optimization calculations — re-refinement against diffrac-
tion data) again proves to be a very powerful method for under-
standing commensurately modulated structures based on 0-Biy0Os.
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