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Oxide ion distribution, vacancy ordering and electrcal behaviour in

the BisNbO+-BisYbOg pseudo binary system.

M. Leszczynsk&,X. Liu,”> W. Wrobel® M. Malys? J.R. Dyga$,S. T. Norberd,S. Hull®
F. Krol¥" and I. Abrahanfs

Oxide ion distribution, vacancy ordering and eliealr conductivity has been examined in the
Nb/Yb double substituted bismuth oxide based sydBesNb; YbO7«, using X-ray and neutron

powder diffraction, reverse Monte Carlo modellin§ total neutron scattering data and a.c.
impedance spectroscopy. Transference number measote confirm the system to be
predominantly ionically conducting abovea. 450°C. Niobium rich compositions show

incommensurate ordering of the fluorite subcelljlevlincreasing ytterbium content results in a
commensurate fluorite, with fully disordered catiand anion sublattices. Oxide ion distribution
shows both compositional and thermal dependendies. latter is discussed with respect to its
effect on the thermal variation of cubic latticagaeter. Substitution of bismuth by niobium and
ytterbium in the cation sublattice of bismuth oxldads to the creation of Frenkel interstitial @&xid

ions, which increase the tetrahedral vacancy cdretan. The high vacancy concentration is
confirmed in both Rietveld and RMC analyses of rmutiata. Examination of vacancy ordering, in

thex = 0.6 composition, indicates a favouring of <1@@eancy pair alignment.

Keywords:
Bismuth oxide; bismuth niobium ytterbium oxide; dhite structure, defect structure; neutron
diffraction; total scattering; reverse Monte Carwdelling; X-ray diffraction; a.c. impedance

spectroscopy.



Introduction

There has been much focus in recent years in logdhe operating temperatures of solid oxide
fuel cells (SOFCs) to the intermediate temperategion, ca. 500 to 700°C. Arguably, the
electrolyte is the key component of such devicesesits properties dictate the choice of the other
components. Bismuth oxide based solid electrolifiege been studied for many years because of
their exceptional oxide ion conductivities at sfgrantly lower temperatures than traditional
electrolytes, such as the stabilised zirconias. &l@s, the practical application of bismuth oxide
based electrolytes in SOFCs has been limited dpbdsee instability at operational temperatures, as
well as the reduction of bismuth at low oxygen jgagressures. The first problem can be overcome
through proper doping of materials to yield statdenpound§” and recently, it has been shown that
by appropriate design of devices, bismuth oxideetasaterials have real potential in SOFC
applications® Much research has been carried out on stabilisafithe highly conducting-phase

of Bi,Os, which is only stable at temperatures abaae 730°C.” Substitution of bismuth by
isovalent or aliovalent cations can lead to a vaé fluorite based structures, some of which show

high oxide ion conductivit§:*

The BbOs-Nb,Os system has been extensively stufféland exhibits a number of ordered
fluorite phases depending on X3 content, as well as the synthesis conditions.hat3:1 Bi:Nb
ratio, samples show unusual polymorphism, withe@uds-cubic phase (designated type Il) present
at temperatures up t@a. 800C and above 90C, while between these temperatures a tetragonally
ordered fluorite phase is seen (designated type®iff At room temperature, the type Il phase
shows a three dimensional incommensurate modulatiotihn weak superlattice peaks clearly
evident in neutron and electron diffraction pats&rrt> The incommensurate structure of the type Il
phase has recently been resolved to reveal chaufistorted trigonal anti-prisms, with pyrochlore-
like regions at the chain intersectidnis.

Rare earth substitution for bismuth in,@} readily yieldsd-Bi,O3; face centred cubic (fcc)
type phases, as well as a number of other fluoeigted structure¥. Ytterbium substitution ird-
Bio,Os; has been well studied, with significant discrepesicin the literature concerning the
appearance or non-appearance of the fcc pfiasén the most recent study by Drackteal. *” the
equilibrium phase diagram for the Bg-Yb,O3; system was presented and for compositions with
Bi:M ratios close to 3:1, as in the present stullg, fcc phase is only stable at temperatures above
80C°C. Below this temperature, a mixture of orthorhommBi,7Yb;Oss, and triclinic BiYbQ is the
stable state. Nevertheless, tBephase is readily quenchable at 25% substitidfidh,but on

prolonged annealing at 500, exhibits the highest conductivity decay of dietrare earth
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substituted phases. This has been associatedediigtribution of the oxide ions leading to vacancy
ordering. Studies by Battlet al.** on the bismuth ytterbate system revealed shogeran
vacancy/anion ordering, which manifested itselfrle@mbohedral microdomains. The conduction
pathways ind-Bi; 4YbogO3 have been studied by maximum entropy methods cadbinith
Rietveld analysi€ and reveal an oxide ion conduction pathway in<h@0> direction, as well as a
shift of the oxide ions away from the ideal tetrdtaé site in the <111> direction. In our own recent
studies on the BDs-Yb,O3; system, using reverse Monte Carlo (RMC) modelbhgotal neutron
scattering data, favouring of <100> vacancy ordgvias observett

A number of studies have examined co-doping ahbit oxide, which has been observed to
have the advantage of stabilising the cubiphase at lower levels of substitution than single-
doping® This has been explained in terms of an increasedigurational entropy contribution.
The combination of isovalent and aliovalent dopaallews for modification of the vacancy
concentration and hence oxide ion conductivity. ée previously examined this effect in the
analogous pseudo-binary systems;YBe-BisNbO; ¥ and BEErOs-BisNbO; 3’ and found
compositional, as well as thermal, dependencigbebxide ion distributions in these systems. In
the present study, we examine the compositionalthaednal dependence of defect structure and
electrical conductivity in the pseudo-binary syst8mYbOs-BisNbO;. RMC modelling of total
neutron scattering data is used to examine shogeravacancy ordering in this system.
Additionally, the high neutron contrast afforded Yy in this system allows for discrimination of

the individual cation coordination environmentsngsihe RMC approach.

Experimental
Sample preparations

Samples of general compositionsBb; xYb,O7« (0.2< x < 0.8) were prepared using stoichiometric
amounts of BiO3 (Sigma Aldrich, 99.9%), Ni©s (Sigma Aldrich, 99.99%) and ¥0; (Sigma
Aldrich, 99.9%). The starting mixtures were grouncethanol using a planetary ball mill. The dried
mixtures were heated at 7&8Dfor 24 h, then cooled and reground. The sampégs then heated at
850°C for 24 h, cooled, reground and reheated td@30r a further 24 h. Samples were then slow
cooled in air to room temperature over a periodpygroximately 5 h. For electrical measurements,
samples were subsequently pelletised, presseaimadiy at a pressure of 400 MPa and sintered at

950°C for 10 h, before slow cooling in air to room tesrgture over a period cé. 5 h.



Diffraction

X-ray powder diffraction data were obtained on aliph X'Pert Pro diffractometer fitted
with an X'Celerator detector, using Ni filtered G radiation A; = 1.54056 A and, = 1.54439
A). Data were collected in flat pla®8 geometry and calibrated against an external Sidstal.
Room temperature data, suitable for detailed Rietxafinement, were collected in th@ ange 5-
125, in steps of 0.0167 with an effective scan time of 250 s per stepeviled temperature
measurements were performed using an Anton-Paar HA®O camera at selected temperatures
from 100C to 850C. Data were collected in thed 2ange 5-12% in steps of 0.033 with an
effective scan time of 50 s per step for all bt tlata at 80, where the room temperature scan

parameters were used.

Neutron powder diffraction data were obtained oa BRolaris diffractometer at the ISIS
Facility, Rutherford Appleton Laboratory for the= 0.2, 0.4 and 0.6 compositions. Data were
collected on back-scattering (130-1®C (85-95), low-angle (28-42) and very low angle (13-
15°) detectors, over the respective time of flightgas 1.0 to 20 ms, 0.8 to 19.2 ms, 0.5 to 20 ms
and 2.0 to 18.6 ms. Room temperature measurememnes made with the sample contained in a
cylindrical vanadium can (standard 11 mm diameserforx = 0.2 and 0.4 and a thin walled 8 mm
diameter can fox = 0.6) located in front of the back-scatteringed&trs. For thex = 0.2 and 0.4
compositions, data collections ch. 200 pA h were made, while for the = 0.6 composition, a
longer data set of 100QA h was collected for total scattering analysisevated temperature
measurements were made from 30Go 800C in steps of 5C in an evacuated furnace, with
samples contained in an evacuated sealed silieaitiside an 8 mm diameter vanadium can for the
x = 0.6 composition, while for the= 0.2 and 0.4 compositions, samples were contaliredtly in
an 11 mm diameter vanadium can. The use of a sediea tube in measurements on the 0.6
sample was to minimise possible reduction of threda while heating at elevated temperatures for
extended times, as required for the total scagiemeasurements. Data collectionscaf 30 A h
were made at temperatures from 30@o 750C, while at 800C data collections of 200A h were
made for detailed Rietveld analysis. For the tetalttering analysis data correction, diffractiorada
were collected on an empty vanadium can and anyesipta tube inside a vanadium can @

700pA h under identical conditions to the sample.

Average structure refinement was carried out byvRld analysis with the GSAS suite of

programs’® using a combination of equally weighted X-ray aeditron data sets. A cubic model in
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space group-m-3m was used for all refinements, Bi, Nb and Yb wereated on the idealadsite
(0,0,0), with oxide ions distributed over threeesjt& at (0.25, 0.25, 0.25), Bat approximately
(0.3, 0.3, 0.3) and 4&t around (0.5, 0.2, 0.25.For thex = 0.2 composition at room temperature,
the position of the 4&site refined to that of the 84ite (0.5, 0.25, 0.25) and in the final refinensent
was fixed on this site. Crystal and refinement peeters for the data collected at room temperature

and at 80€C are given in Tables 1 and 2, respectively.

Total Neutron Scattering Analysis

Analysis of total neutron scattering data at roemperature for BNbg 4Ybo.¢O6.4, Was carried out
using reverse Monte Carlo modelling. Data were esztied for background scattering and beam
attenuation using the program Gudrdihe normalized total scattering structure factsfg), the
total radial distribution functionG(r), and the Bragg data (back scattering bank) wigesl fusing

the RMCProfile softwaré® A supercell configuration of 18 10 x 10 crystallographic unit cells
was used in calculations. The initial model waseblasn that of the ideal fluorite structure, with
cations and anions randomly distributed over sitebe supercell, corresponding to the regukar 4
and & crystallographic positions, respectively, in théic Fm-3m subcell. Parallel calculations
were carried out on a set of ten random configangtin order to calculate standard deviations and
improve statistics in the radial distributions. T¥®&) function was broadened by convolution with
a box function to reflect the finite size of thensiation box. Calculations were performed using
bond valence summation (BVS) constrathtand an O-O closest approach constraint (to avoid
unrealistically short O-O contacts). Cation swagpjone random cation swapping positions with a
random cation of another species) was tested amtifto have no significant influence on the fit.
The fittedSQ) andG(r) data for B§Nbg 4Ybo 605 4 at room temperature are shown in Fig. 1. Further

details on the background to total scattering aislgre discussed by Ke&n.

Electrical measurements

Electrical parameters were determined by a.c. irapeel spectroscopy up ta. 84CC,
using a fully automated Solartron 1255/1286 systenthe frequency range 1 Hz tox5610° Hz.
Samples for impedance measurements were preparedtasgular blockscé. 6 x 3 x 3 mn?) cut
from slow cooled sintered pellets using a diamoad.sPlatinum electrodes were sputtered by
cathodic discharge on the two smallest faces. lmupeel spectra were acquired over two cycles of

heating and cooling at stabilised temperatures.ettapce at each frequency was measured
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repeatedly until consistency (2% tolerance in Jmvas achieved, or a maximum number of 25

repeats had been reactéd.

Transference numbers were measured using a modidMB method, with an external
adjustable voltage source in the concentration @ghO, = 1.01x 10° Pa): Pt | oxide | Pt :,0
(pO, = 0.2095x 10° Pa) as described in detail elsewH&r€ylindrical pellets ofca. 15 mm
diameter andca. 1.5 mm thickness were prepared under identicabitions to those used for
impedance measurements. The pellets had theircssrfmirror-polished using successive SiC
papers up to 4000 grit. Porous Pt electrodes ohidOdiameter were sputtered using a Bal-Tec SCD
500 coater. The prepared pellets were sealed tertieof an alumina tube using Aremco 503 high
temperature ceramic sealant. Measurements wererped on cooling, betweara. 800°C andca.
500°C at stabilized temperatures. A flow of pure oxygeas maintained ata. 2.5 cni s* on one
side of the sample, while the other side of the @amvas exposed to ambient air. The oxygen
partial pressure in and out of the cell was moetousing two Rapidox 2100 electrochemical
oxygen sensors and cell voltage was measured adiggthley 2182A nanovoltmeter. An external
voltage source was connected to the cell and dumeasured using a Keithley 2400 source meter.
A Solartron 1260 impedance analyser was used tormaeasurements. Impedance spectra were
measured in the frequency range 0.3 Hz to 1 MHzthada.c. signal was 30 mV rms. Fitting of
equivalent circuit parameters to the impedance tspewas performed using the FIRDAC
program®> At each temperature the following sequence wafopeed: stabilization for 6 hours;
measurement of the open circuit voltage; a serffleb® measurements using an external voltage

ranging from the open circuit voltage to the appiadp Nernst voltage; impedance measurements.

Differential Thermal Analysis

Differential thermal analysis (DTA) was carried asing a TA Instruments Q600 scanning
differential thermal analyser. Approximately 60 wigpowdered sample in an alumina crucible was
monitored over heating and cooling cycles, betwamibient temperature and 10@0at a heating

rate of 20C min™in flowing air.

Results and Discussion

The diffraction profiles for thex = 0.2, 0.4 and 0.6 (Supplementary Figs S1 to S3ew
fitted to the cubic fluorite structure in spacegsém-3m. In the case of the= 0.8 composition, a

mixture was observed, with diffraction patternswsimy peaks arising from the cubic fluorite phase,
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as well as those from an orthorhombic phase, bediés be Bi;Yb;0s6.2” Despite several attempts,
using different synthesis conditions, it was naggble to isolate the = 0.8 composition as a pure
phase and further discussion is limited to thelsiqipase compositions. Thermal analysis on the
single phase compounds showed no significant tHeewants up toca. 1000C. The DTA

thermogram for th& = 0.6 composition is typical and is shown in Fg.

Fig. 3 shows detail of the backscattered neutréfnadtion patterns and reveals that at low
levels of substitution, additional peaks are evidégwme to superlattice ordering. As the level of
substitution increases, these superlattice pea&sreplaced by a broad background feature,
characteristic of short range order. The sup@t®atpeaks observed in the neutron diffraction
pattern of thex = 0.2 composition correspond to the incommenslyrat®dulated type Il phase,
known to occur at thex = 0.0 compositioA** This phase shows a complex 3 dimensional
incommensurate modulation, such that any Bragg peask be indexed using six indices,

h,k,l,mn,p:*®

1 _h?+K? +2+g(m? +n? + p?)

2 2
d hkimnp a

(1)

where¢ is the modulation parameter and describes théaethip between the commensurate and
incommensurate substructures. Eqn 1 is more reagbpficable in reciprocal space and can be

rewritten as follows:

d*?

=" k) el e+ ) @

* 2

Thus a plot o d —(h2 +k? +I2) against (m2 +n?+ pz) can be fitted to a straight line passing

1‘a*2
through the origin, the slope of which equaldn this case, by fitting to eqn 2 the valuesofvas

found to be 0.386(3), which is comparable to tHeesobtained for the= 0.0 composition of 0.37
> and 0.383°
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The refined structural parameters for the studieehpositions, obtained through Rietveld
refinement, using X-ray and neutron diffractionadabllected at room temperature and at°800
are given in Table 3. Over the solid solution rasgedied, oxide ions were found to occupy four
crystallographically distinct sites. The relativecations of these sites with respect to the fleorit
unit cell are illustrated in Fig. 4. For the = 0.2 composition, which exhibited the type Il
incommensurate structure at room temperature, #te ske gave a better description of the
interstitial oxide ion scattering, as has been onlesk in other type Il systems, such agTBi-
Nb,0;.*® The oxide ion site occupancies showed both cortippal and thermal dependences as
shown in Fig. 5. The occupancy of theste is seen to increase at the expense of theitd2 with
increasing Yb content. This trend is similar tottlseen in the Nb/Y analogifeand can be
associated with the change in the degree of digtodf the average dopant polyhedron, with more
distortion of the niobate polyhedra (distorted ritgbtrigonal anti-prisms in the= 0.0 composition
23, compared to the less distorted ytterbate polsdéa distorted octahedral coordination for
1.0%%. The oxide ion content in the 484d sites does not vary significantly with composition
this system. This can be explained by considerirag bccupancy of these sites is only found in
substituted bismuth oxides and is associated watidination to the substituent catiofis! In the
present study, the overall level of bismuth substh remains the same throughout the studied
compositions and since the ytterbate and niobaigedra both involve coordination to ions in the
48i/24d sites, the number of ions in these sites is npeeted to show significant compositional
variation. There are significant changes in oxwle distribution with temperature. The number of
ions in the 4824d sites is seen to increase, while the site occypahthe 32 site decreases and
that of the 8 site increases at elevated temperature. The aabérends are somewhat different to
those seen in the Bib; Y O7« system, where the BRite was seen to increase in occupancy at the
expense of 8at 800C. Oxide ions in the 3Xite are related to those in thesdte by a small shift
in the <111> direction. lons on both these crystatphic sites can be considered to lie within the
tetrahedral cavity of thecp fluorite lattice. Changes in the f8& site occupancy ratio reflect the
degree of positional disorder on the anion sulockatiind are strongly correlated with changes in the

isotropic thermal parameter and thd 8i2e positional parameters.

The thermal variation of the cubic lattice paramébe the studied compositions is shown in
Fig. 6. All the plots show two linear regions, oae low temperatures and another at high
temperatures, which are separated by an interngedemhperature region, the extent of which
decreases with increasing Yb content. The low teaipee region extends to around 2400 while
the onset of the high temperature region varies fabound 508C, atx = 0.6, to around 60C atx

= 0.2. For all compositions, in the high tempemategion, a general increase in lattice parameter
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is observed with increasing level of Yb contentohder to explain the compositional variation of
lattice parameter at elevated temperature, the solution mechanism needs to be considered and

may be summarised as:

Nbno* + Oo* - Ybny + Vo' 3)

Substitution of NB' by the larger YB' ion (with ionic radii of 0.64 A and 0.868 A, respigely for
coordination number = &) would be expected to result in a linear increiaskattice parameter.
The observed non-linear behaviour in the thermalatian of lattice parameter is associated
predominantly with changes in oxide ion distribatidn particular, while changes in thef&2
occupancy ratio are expected to have little infageon the size of the lattice, since ions on both
these crystallographic positions reside within tbeahedral cavity of thecp fluorite lattice, an
increase in ion concentration on the 4824l sites would be expected to result in an increasled
lattice dimension, since these sites are inteabtiti the fluorite lattice. This type of behaviasr

seen in many of the substituted bismuth oxides**€’y

Fig. 7 shows the M-O pair correlations,.¢(r), calculated by RMC analysis of neutron total
scattering data from the= 0.6 composition, at room temperature. For eagh) fhe first maximum
in the plots corresponds to the modal contact ncgtawith integration to the first deep minimum
giving the site coordination number. An alternatamproach is to use the sum of the ionic radii as a
maximum distance and integrate to this maximum igddythe local coordination number. An
average contact distance can then be calculatddeamean over contacts below the maximum
distance. This latter approach is best suited tmms such as bismuth, which typically show an
asymmetric coordination geometry, due to stereoataractivity of the & lone pair of electrons.
The distances and coordination numbers derivedyubmtwo approaches are summarised in Table
4.

The modal contact distances for Bi-O and Yb-Odiwse to the sum of the ionic radii. The
modal contact distance for Nb-O is significantiynder than the sum of the ionic radii, but both
values lie well within the range seen in the pamedde (1.77 A to 2.47A for Nb-O in h-N©s *4).
Both Yb-O distances in Table 4 are slightly lowrmari that seen in the parent oxide (2.22 A to 2.29
A for Yb-O in Yh,0s *%. Coordination numbers calculated using the iawidii approach are
consistently lower than those found using the murming(r) approach. In the case of Bi, the ionic

radii approach gives a better estimate of coorainatumber, reflecting the stereochemical activity
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of the & electron pair and is consistent with predominafuly-fold pyramidal geometry for this
atom, as is commonly observed in bismuth oxides. mimimum ing(r) approach is better suited to
Nb and Yb atoms, with estimated coordination numsli@r both these atoms around 5.

Using the coordination numbers derived from the RM&culations and the atomic
coordinates from the Rietveld analysis, it is polgsio propose model coordination polyhedra for
the different cations present in tke= 0.6 composition. Fig. 8 summarises these polhed is
assumed that the interstitial oxide ions on thies#® are exclusively associated with Nb and/or Yb,
as occupancy of this site is not observed in puBi,03. Thus the coordination of bismuth is
assumed to be entirely made up of oxide ions intelr@hedral cavities (83and & sites). A four
pyramidal geometry (Fig. 8a) is readily obtainedumsing a coordination number of four, as
suggested by the RMC analysis. The niobium cootdinaaumber is around five according to the
RMC analysis and it is evident from the Rietvelclgsis that Nb-rich compositions show little or
no occupation of thedsites. Therefore, the coordination polyhedra fér ¢én be considered as
being made up entirely of oxide ions located on3#eand 48 sites. Both four and six coordinate
polyhedra are common in niobium oxides and examgiiemch are shown in Fig, 8b and Fig. 8c. It
is interesting to note that in the recently detewedi structure of type Il bismuth niobate
(corresponding to compositions closexte 0 in the present system), niobium coordinaticas w
found to be predominantly six coordindfeThe & site appears to be more favoured in Yb-rich
compositions and a simple five coordinate geometryeadily obtained as a distorted truncated
octahedron (Fig. 8d). Whilst the coordination p@gha shown in Fig.8 are based on the RMC and
Rietveld analyses, the possibility of a combinatmiother coordination polyhedra cannot be

excluded, as these models are derived from theageestructure.

The final RMC configuration can readily be examirfed the presence and ordering of
oxide ion vacancies as previously descrifieti As stated above, oxide ions in thef a8d & sites
can be considered to reside within the tetrahezraities of the fluorite lattice, while those ireth
48i/24d sites can be thought of as Frenkel interstifialghich result in an increased vacancy
concentration in the tetrahedral cavities. The nlesk vacancy concentration per cell for
BisNbo.4Ybo 6064 from the final RMC configuration is given in TalBeand is compared with values
obtained from the Rietveld analysis for the samemasition, as well as values obtained for the
other compositions studied. Table 5 also showsrétieal values calculated using two models.
Model 1 assumes that all oxide ions are locatetthentetrahedral cavities, while model 2 assumes
that oxide ions are also located in interstititésiat a ratio of one interstitial ion per dopaatian.
The results clearly show that model 2 providesosen description of the oxide ion distribution in

this system. As expected, the observed and caécllahcancy concentrations increase with
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increasing value ofk. At 80C0°C, higher vacancy concentrations are observed #tanoom
temperature, for all compositions. This is refléecie increased occupancy of the interstitial sées
high temperatures (Table 3). It should be noted ttie data quality for the = 0.6 composition, at
room temperature, was significantly higher thart tbathe other compositions and this is reflected
in the lower estimated standard deviations for paocgy parameters for this composition in Table
3. A higher vacancy concentration is seen forxhke0.6 composition at room temperature in the
RMC configuration compared to that from the Rietvahalysis. This difference is associated with
the fact that in the Rietveld analysis, an aveiaggopic thermal parameter is used to describe the
positional disorder of all oxide ions, whereas malgsis of the RMC configuration a cut off is used
to determine whether an ion in the configuratiaes lwithin the tetrahedral cavity or not. In this
case, where oxide ions were at a distance graaert A away from the centre of the tetrahedral
cavity, they were considered to be interstitialisNalue is based the #88c and 32...8c distances

obtained from the Rietveld analysis.

The RMC configuration was further examined to réwsails of vacancy ordering in the
model. Three basic vacancy pair alignments areilpless100>, <110> and <111>, with distances
between vacancies ofa/2, V2a/2 and V3a/2, respectively>** The configuration for
BisNbo.4Ybo 06 4 reveals a respective ratio of 1:1.76:1.06, whiemgares to a ratio of 1:2:1.33 for
a purely random distribution of vacancy pairs. Tihdicates a favouring of <100> pairs in excess
of that in the random distribution and is consistath density functional theory (DFT) and
molecular dynamics (MD) studies @nBi,Os, which show <100> as energetically the most stable
configuration>'*? The predominance of <110> pairs is explained tey dtatistical probability of
this pair ordering, since there are twice as maagtions for <110> pairs per cell than for other
vacancy pair alignments. It is important to consittet the additional Frenkel vacancies in the
studied system, mean a high likelihood of multigeancy clustering® and that a simple analysis
of vacancy pair distributions is not necessarilffective of the situation at such high vacancy

concentrations.

The Arrhenius plots of total conductivity for théudied single phase compositions are
shown in Fig. 9. For compositioxs= 0.2 to 0.6, plots were fully reproducible ovemwtcycles of
heating and cooling. In general, two linear regiare observed; a low temperature region
extending to around 48C and a high temperature region abamsze 600C. Between these
temperature regions, a transitional region is akskrwhich shows a gradual change in activation
energy. For the& = 0.2 composition, a higher activation energyhseyved in the high temperature
region than that in the low temperature region,levthie situation is reversed for compositiors

0.4 and 0.6. This behaviour is similar to that sieetihe BiNb,..Y,O7. systent® where it has been
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associated with the contribution of electronic aarttbn to the total conductivity at low
temperatures in Nb-rich compositiotfs.The derived electrical parameters for the studied
compositions are summarised in Table 6. The cdndiycin the low temperature region,
characterised by that at 3@ (030), and that in the high temperature region, chareasd by that
at 800C (oso), both show increasing trends with increasing Ybtent,i.e. increasing vacancy
concentration. The low temperature activation epefdr, +, shows little compositional variation,
while that corresponding to the high temperatuggore AE T, shows a decrease with increasing
level of substitution. These trends reflect thobseoved in the compositional variation of lattice
parameter in the low temperature and high temperatgions, with a significant compositional
change in lattice dimension only at high tempeeguf he variation dAEyy is also consistent with
decreased defect trapping effects caused by thstisuion of pentavalent niobium by trivalent
ytterbium. This type of behaviour is also seenhia BLOs-Y 205-Nb,Os *° and BpOs-Er,0s-Nb,Os
systems’

Fig. 10 shows the thermal variation of oxide ioansference number for the studied
compositions. All compositions show predominandigic conductivity over the temperature range
studied. The lowest ionic transference numberssaea for thex = 0.2 composition, which shows
electronic contributions of up toa. 20%. lonic transference number is seen to ineresith
increasing Yb content. This is similar to the siio@ seen in the yttrium analogtewhich was
explained by considering the structure of the tiygghase exhibited by niobium rich compositions
23 and is characterised by chains of niobate polyhealong which polaron hopping is a possible
conduction mechanism. Substitution of niobium biendium disrupts these chains, which would
result in a lowering of electronic conductivity,cbuthat at thex = 0.6 composition, conductivity is

almost exclusively ionic, with ionic transferenagnmbers close to unity at elevated temperatures.

Conclusions

An extensive solid solution is seen in thgNB) Yb,O7.x system, with both ordered and disordered
fluorites observed. At compositions abave 0.2, a fully disordered-Bi».O; type phase is seen.
However, it is difficult to prepare a pure phasexat 0.8. The oxide ion distribution is found to
show compositional and thermal dependencies. Otiompaf two closely related sites is found
within the tetrahedral cavities of the fluoritetieg, the & site which corresponds to the centre of
the tetrahedral cavity and thef3®te, which is shifted in the <111> direction. Nbh compositions
appear to favour the 82ite. Coordination numbers, derived from totaltn@u scattering analysis,

indicate the coordination number of bismuth is elo® four, which is consistent with
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stereochemical activity of the non-bondingf &lectrons. A niobium coordination number of five
was found and can be obtained by a distributiofoof coordinate and six coordinate polyhedra.
Yb also shows a coordination number close to fimel @n alternative truncated octahedral

coordination geometry for this atom is suggested psssibility.

Vacancy pairs in BNb4Ybo¢Os4 show a non-random preference for <100> ordering,
despite a statistical predominance of <110> p&lswvever, the total number of vacancies in the
system is significantly greater than the nominaarecy concentration of (1.6 vacancies per fluorite
cell) being closer to 3 vacancies per cell, witdiadnal vacancies occurring via Frenkel defects.

lonic conductivity is high in the studied systenithwalues as high as 0.4 S ¢rat 800C.
Transference number measurements show that cowitpati this system is predominantly ionic at

temperatures abowa. 45CC.
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Crystal and Refinement Parameters for BiNb; xYbxO7 at room temperature.

Composition
Chemical formula
Formula weight
Crystal system
Space group

Unit cell dimension
Volume

z

Density
(calculated)

L (CuKa X-ray)
F(000)

Sample description
R-factor$

No. of variables
No of profile points
used

No of reflections

x=0.2
BNbg ¢Y0g 206 ¢
844.664
Cubic
Fm-3m
a=5.46790(3) A
163.479(3) A
1
8.580 Mg n?’

172.20 mrit
350.2

Yellow powder
Neutron (back-scattering)
Rwp = 0.0341, BR= 0.0632
Rex = 0.0065, R2 = 0.1077
Neutron (low angle)
Rwp = 0.0694, BR= 0.0521,
Rex = 0.0229, R2 = 0.0929
X-ray
Rwp = 0.0492, BR= 0.0327,
Rex = 0.0171, R2 = 0.0300
Totals
Rwp = 0.0407, R=0.0330
x> =13.71

122
3821 (Neutron,back-
scattering)
4641 (Neuton,low-angle)
6281 (X-ray)

90 (Neutron,back-scattering) 95 (Neutron,back-scattering)

55 (Neuton,low-angle)
31 (X-ray)

x=04
BisNbg ¢Ybo.4O6 ¢
857.493
Cubic
Fm-3m
a=5.46777(2) A
163.467 (2) A
1
8.711 Mg n?

174.47 mrit

354.4

Yellow powder

Neutron (back-scattering)
Rwp = 0.0137, BR= 0.0206
Rex = 0.0063, R2 = 0.0601
Neutron (low angle)
Rwp = 0.0330, BR= 0.0306,
Rex = 0.0222, R2 = 0.1041
X-ray
Rwp = 0.0546, BR= 0.0347,
Rex = 0.0208, 2 = 0.0832
Totals
Rup = 0.0245, BR= 0.0346
X* = 4.879

124
3822 (Neutron,back-
scattering)
4641 (Neuton,low-angle)
6282 (X-ray)

52 (Neuton,low-angle)
30 (X-ray)

2For definition of R-factors see reference 38

x=0.6

BisNbyg.4Ybo ¢Os .«
870.320
Cubic

Fm-3m

a=5.46759(4) A

163.451 (3) A

1

8.842 Mg n?

176.49 mnit

358.6

o&ll powder

Neutron (back-scattering)
Rwp = 0.0165, BR= 0.0246
Rex = 0.0035, R2 = 0.1199
Neutron (low angle)
Rwp = 0.0303, BR= 0.0250,
Rex = 0.0119, R2 = 0.1515
X-ray
Rwp = 0.0544, BR= 0.0351,
Rex = 0.0208, R2 = 0.0777
Totals
Rwp = 0.0207, R=0.0350
x> =11.05

124
4058 (Neutron,back-
scattering)
4641 (Neuton,low-angle)
6282 (X-ray)
99 (Neutron,back-scattering)
40 (Neuton,low-angle)
30 (X-ray)
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Crystal and Refinement Parameters for BiNb;xYb,O-« at 80CC

Composition
Chemical formula
Formula weight
Crystal system
Space group

Unit cell dimension
Volume

Z

Density
(calculated)

L (CuKa X-ray)
F(000)

Sample description
R-factor$

No. of variables
No of profile points
used

No of reflections

x=0.2
BNbg ¢Y0g 206 ¢
844.664
Cubic
Fm-3m
a=5.52622(4) A
168.766(3) A

1
8.311 Mg n?

166.83 mrit
350.2

Yellow powder
Neutron (back-scattering)
Rwp = 0.0148, BR= 0.0275
Rex = 0.0072, R2 = 0.1483
Neutron (low angle)
Rwp = 0.0383, BR= 0.0340,
Rex = 0.0272, R2 = 0.1304
X-ray
Rwp = 0.0475, BR= 0.0305,
Rex = 0.0210, R2 = 0.0659
Totals
Rwp = 0.0246, BR= 0.0305
X° = 3.927

121
3822 (Neutron,back-
scattering)
4641 (Neuton,low-angle)
6282 (X-ray)

96 (Neutron,back-scattering) 98 (Neutron,back-scattering)

56 (Neuton,low-angle)
32 (X-ray)

x=04
BisNbg ¢Ybo.4O6 ¢
857.493
Cubic
Fm-3m
a=5.53235(3) A
169.328(3) A
1
8.409 Mg n?

168.43 mirit

354.4

Yellow powder

Neutron (back-scattering)
Rwp = 0.0076, BR= 0.0156
Rex = 0.0072, R2 = 0.0713
Neutron (low angle)
Rwp = 0.0240, BR= 0.0249,
Rex = 0.0269, R2 = 0.1067
X-ray
Rwp = 0.0455, BR= 0.0304,
Rex = 0.0207, R2 = 0.0869
Totals
Rwp = 0.0200, BR= 0.0302
X*=2.619

124
3822 (Neutron,back-
scattering)
4641 (Neuton,low-angle)
6282 (X-ray)

56 (Neuton,low-angle)
32 (X-ray)

aFor definition of R-factors see reference 38

x=0.6
BisNbyg.4Ybo ¢Os .«
870.32
Cubic
Fm-3m
a=5.53615(3) A
169.677(2) A
1
8.517 Mg n?

169.96 mnit

358.6

o&ll powder

Neutron (back-scattering)
Rwp = 0.0048, R=0.0094
Rex = 0.0049, R2 = 0.0563
Neutron (low angle)
Rwp = 0.0137, R=0.0133,
Rex = 0.0136, R2 = 0.0757
X-ray
Rwp = 0.0507, BR= 0.0327,
Rex = 0.0247, R2 = 0.1241
Totals
Rwp = 0.0137, R=0.0321
X° = 2.466

117
3511 (Neutron,back-
scattering)
4140 (Neuton,low-angle)
6282 (X-ray)
55 (Neutron,back-scattering)
22 (Neuton,low-angle)
32 (X-ray)
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(a) Final refined parameters and (b) significant catact distances (A) in BiNb1,Yb,O7., at room temperature and 800C

(a) 23°C 800°C

Composition x=0.2 x=0.4 x=0.6 x=0.2 x=0.4 x=0.6
Chemical formula BiNDo YD 206  BisNboeYbosOse  BisNbg4YDoeOss | BisNboeYDo:06e  BisNboeYDo4Ose  BisNbg 4YDo eOg.4
Bi/Nb/Yb site is) 4a 4a 4a 4a 4a

Bi/Nb/Yb Occ. 0.75/0.20/0.05 0.75/0.15/0.10 0.75000.15 0.75/0.20/0.05 0.75/0.15/0.10 0.75/0.1/0.1
Bi/Nb/Yb Uss (R2) | 0.0228(2) 0.0306(2) 0.0363(2) 0.0575(6) 0.0556(6)  0.0457(3)
0O(1) site e 8c 8c 8c

0O(1) Occ. 0.050(18) 0.255(8) 0.175(47) 0.400(17)
O(1) Ussc (A?) 0.0690(7) 0.0692(6) 0.091(2) 0.083(2)
0(2) site 32 3% 3% 3% 3% 3%

0(2)x, Y, Z 0.2891(3) 0.2910(7) 0.3003(6) 0.2931(4) 0.2971(26)  0.3188(30)
0(2) Occ. 0.186(1) 0.166(5) 0.110(2) 0.175(1) 0(122 0.067(4)
0(2) Uisc (A% 0.073(1) 0.0690(7) 0.062(6) 0.089(2) 0.091(2) 83(Q)

0(3) site 24 48 48 48 48 48

o)y, 0.25 0.2176(15) 0.2071(11) 0.2767(24) 0.1934(21)  2087(32)
0(3) Occ. 0.036(1) 0.019(1) 0.017(1) 0.025(1) 0(@p7 0.022(1)
O(3) Uisc (A% 0.073(1) 0.0690(7) 0.0692(6) 0.089(2) 0.091(2) 086(2)

(b)

Bi/Nb/Yb-O(1) 2.36761(1) 2.36753(1) 2.39558(1) 39722(1)
Bi/Nb/Yb-O(2) 2.2712(5) 2.2679(12) 2.2540(8) 2268 2.285(4) 2.264(2)
Bi/Nb/Yb-O(3) 1.93319(1) 1.949(2) 1.961(1) 1.965(2 2.006(4) 1.988(4)
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Table 4
Cation coordination numbers (CN) and M-O bond lenghs from
RMC models of BgNbg 4Ybo.¢06.4 at room temperature using sum of ionic radii (mearM-O
distance) and integration ofguo(r) to first minimum (modal M-O distance) approaches.
Standard deviations based on values from 10 paralleuns are given in parentheses.

Cation lonic radii approach Integration to the first minimum of
Omo(r) approach

CN M-O (A) CN M-O (A) Max.r (A)

Bi®* 4.223(4) 2.2604(4) 4.651(6 2.232(3) 2.66

Nb°>* 3.46(2) 1.9745(3) 5.08(2 2.170(2) 2.40

Yb** 4.11(2) 2.1630(8) 4.89(1 2.100(3) 2.64
Av. M 4.13 2.217 4.73 2.21

Table 5

Theoretical and observed (from Rietveld analysis ahRMC calculations) tetrahedral site
vacancy concentrations per fluorite cell in BiNbg 4Ybo.¢0s.4. (Theor (1) = Theoretical Model 1.:
occupation only of tetrahedral site (8 + 3X); Theor (2) = Theoretical Model 2: occupation of

tetrahedral site and interstitial 48 site)

X Temp (°C) Theor (1) Theor (2) Rietveld RMC
23 1.20 2.20 2.05
0.2 800 1.20 2.20 2.40
23 1.40 2.40 2.29
0.4 800 1.40 2.40 2.70
23 1.60 2.60 2.44 2.79
0.6 800 1.60 2.60 2.64
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Table 6.

Activation energy at low temperatures AE, 1) and at high temperatures AEyt) and

conductivity at 300°C (@300 and 800°C @igao) for BisNbi4YbxO7«.
Values correspond to second cooling run.

X (530(/ S Cn-l Ggoc/ S CI’T-1 AE T / eV AEHT/ eV
0.2 2.6(§)x1C° 0.06(1) 0.99(1) 1.33(2)
0.4 7.2(6)x10° 0.25(5) 1.08(1) 0.98(2)
0.€ 2.3(2)x1C° 0.43(20) 1.06(1) 0.81(4)
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Figure Captions
Fig.1. Fitted (a) total scatteringQ) and (b) total radial distributior5(r) functions for
BisNbg 4Ybo ¢0s.4 at room temperature. Observed (points), calculéted) and difference (lower)

profiles are shown.

Fig. 2. DTA thermogram for BNbg 4Ybo ¢0s.4 0N heating and cooling (as indicated by arrows).

Fig. 3. Detail of the neutron diffraction patterfts BisNb;xYbyO;x at room temperature. Back-

scattered data are shown. Significant superlatiaks are indicated by an asterisk.

Fig. 4. Oxide ion sites in BNb;«YbO;. Cation and oxide positions are indicated by laagd

small spheres, respectively. For clarity, only position is shown for 2§ 32f and 48 sites.

Fig. 5. Variation of oxide ion site occupanciesBiaNb;Yb,O7x. Values are presented as fraction
of total oxide ion content. Filled and open synsboepresent ambient and 800 values
respectively, with squares, diamonds and triangiegresenting § 32 and 241/48 sites

respectively. Error bars are indicated.

Fig. 6. Thermal variation of cubic lattice parametg in BisNb;YbO7x, showingx = 0.2
(squares)x = 0.4 (filled circles) and = 0.6 (open circles) compositions. Error barssanaller than

symbols used.

Fig. 7. M-O pair correlation functiongy.o(r) for BisNbg 4Ybo¢Os.4 at room temperature, showing
Bi-O (red) Nb-O (blue) and Yb-O (green) correlagon

Fig. 8. Example coordination polyhedra for metanas in BgNby 4Ybo 064 at room temperature,
based on Rietveld and RMC analyses. (a) Bismuth fowamidal coordination, (b) niobium
distorted octahedron, (c) niobium distorted tetdabe and (d) ytterbium distorted truncated

octahedron.

Fig. 9. Arrhenius plots of total conductivity foi8Blb; xYbxO7«, showingx = 0.2 (squaresy = 0.4

(filled circles) andk = 0.6 (open circles) compositions. Values corresipo second cooling run.

Fig. 10. Thermal variation of ionic transferencemtner in BgNb;YbO7, showingx = 0.2

(squares)x = 0.4 (filled circles) ana = 0.6 (open circles) compositions.
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Fig.1. Fitted (a) total scatteringQ) and (b) total radial distributior5(r) functions for
BisNbo.4Ybo 6064 at room temperature. Observed (points), calculéted) and difference (lower)

profiles are shown.
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Fig. 2. DTA thermogram for BNbg 4Ybo.¢0s.4 0N heating and cooling (as indicated by arrows).
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Fig. 3. Detail of the neutron diffraction patterftgs BizNb;xYbO;x at room temperature. Back-

scattered data are shown. Significant superlapiéaks are indicated by an asterisk.



Fig. 4. Oxide ion sites in Bb;xYbO74 Cation and oxide positions are indicated by laagd

small spheres, respectively. For clarity, only position is shown for 2§ 32f and 48 sites.
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Fig. 5. Variation of oxide ion site occupancieBigNb; x\YbsO«. Values presented as fraction of
total oxide ion content. Filled and open symbelsresent ambient and 8@values respectively,
with squares, circles and triangles representty@& and 48 sites respectively. Error bars are
indicated.
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Fig. 6. Thermal variation of cubic lattice paramget@ in BisNb;xYbO;4, showingx = 0.2
(squares)x = 0.4 (filled circles) ana = 0.6 (open circles) compositions. Error barssanaller than

symbols used.
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Fig. 7. M-O pair correlation functiongy.o(r) for BisNbg 4Ybo¢Os.4 at room temperature, showing
Bi-O (red) Nb-O (blue) and Yb-O (green) correlagon
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Fig. 8. Example coordination polyhedra for metanas in BgNby 4Ybo 6064 at room temperature,
based on Rietveld and RMC analyses. (a) Bismuth fowamidal coordination, (b) niobium
distorted octahedron, (c) niobium distorted tetdwbe and (d) ytterbium distorted truncated

octahedron.
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Fig. 9. Arrhenius plots of total conductivity foi gBlb; YbO7, showingx = 0.2 (squaresk = 0.4
(filled circles) andk = 0.6 (open circles) compositions. Values corresipgo second cooling run.
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Supplementary information

T
80 s B
60(
T 401 -
2 4
£
S
3
S
20 g
o i
Il 1 Il 1 1 1 L 1 L L
05 1.0 15 20 25 3.0 05 10 15 20 25 30
d-spacing [A] d-spacing [A]
100~ 4
200 R sor )
w 5, 60 B
£ £
5 5 i
8 1001 B 8 4o B
20 - k 4
* H *
A A
o 4 —— o
el 0] et Nl N
Il 1 Il Il 1 L L L L L
1.0 20 30 40 50 6.0 10 20 30 40 50 6.0
d-spacing [A] d-spacing [A]

10000
40000~ B

2

S5000 . l l §20000» ! l l i
l‘zxn“ " 1 e S
N .

L L | I L | | | L
20 30 40 50 60 70 80 90 100 110 120 20 30 40 50 60 70 80 90 100 110 120
20 [°) 20 (%)

Fig. S1. Diffraction profiles for BNbg gYbo 2Os.g at room temperature (a) to (c) and 80(dd) to

(f), fitted by Rietveld analysis, showing neutroack scattering (a) and (d), neutron low angle (b)
and (e) and X-ray (c) and (f) data. Observed (+8y8), calculated (line) and difference (lower)
profiles are shown, with reflection positions irated by markers. Significant superlattice peaks are

indicated by an asterisk.



34

60— 60— |
401 4 % 40 -
£ =
s
3
o o
20 20 —
O ‘ OF Mwwinn CA
\ It
" W
Il L Il 1 L 1 1 Il 1 Il
05 1.0 15 20 25 3.0 05 1.0 15 20 25 3.0
d-spacing [A] d-spacing [A]
200
8o g
150~ -
_ 6o g
2 2
§ 100~ %
8

l

1.0 20 3.0 4.0 5.0 6.0 1.0 20 3.0 4.0 5.0 6.0
d-spacing [A] d-spacing [A]
T
60000
40000
40000 - .
F £ 200001~ B
3 - -
8 20000 8
i - N TR
o+ P A— f— PE— B o=t o Vo o P v
’L Jl ) - )| 1 "
L Il Il Il 1 L 1 Il L 1 1 1 1 1 1 1 1 - L 1
20 30 40 50 60 70 80 90 100 110 120 20 30 40 50 60 70 80 90 100 110 120
20 ) 20 [°]

Fig. S2. Diffraction profiles for BNbg ¢Ybo 4066 at room temperature (a) to (c) and 80(dd) to
(f), fitted by Rietveld analysis, showing neutroack scattering (a) and (d), neutron low angle (b)
and (e) and X-ray (c) and (f) data. Observed (+8y8), calculated (line) and difference (lower)

profiles are shown, with reflection positions irated by markers.
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Fig. S3. Diffraction profiles for BNbg 4Ybo ¢06.4 at room temperature (a) to (c) and 80(dd) to

(f), fitted by Rietveld analysis, showing neutroack scattering (a) and (d), neutron low angle (b)
and (e) and X-ray (c) and (f) data. Observed (+8y8), calculated (line) and difference (lower)
profiles are shown, with reflection positions irated by markers.



