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Abstract 

A correlation between oxygen site distributions and ionic conductivity has been established in the 

recently discovered family of oxide-ion conductors Ba3M2O8.5±δ (M = Nb, V, Mo, W). We 

rationalise this observation on the basis of structural insights gained from the first single-crystal 

neutron diffraction data collected for a member of this family, Ba3NbWO8.5, and theoretical 

considerations of bonding and O site energies. 

Introduction 
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The ionic conductors with general formula Ba3M2O8.5±δ (M = Nb, V, Mo, W) have recently 

attracted attention due to their promising conductivity at temperatures considered “moderate” for 

applications such as electrolytes in solid-oxide fuel cells (SOFCs).1-4 The best-performing material 

in this class reported so far, Ba3Nb0.9V0.1MoO8.5, has ionic conductivity that reaches 0.01 S/cm at 

600 °C.4 This conductivity compares favourably with that of yttria-stabilised zirconia and the best 

performers in the scheelite,5-6 apatite7-8 and brownmillerite9-10 structural families; it is very similar 

to La2Mo2O9,
11 Na0.5Bi0.5TiO3

12 and melilite-type La1.54Sr0.46Ga3O7.27
13 but lower than the best 

Bi2O3-based oxide ion conductors.14 However, it has been demonstrated that Ba3M2O8.5±δ materials 

have the capacity for performance enhancement by compositional tuning.4 

The Ba3M2O8.5±δ series has been shown to adopt a 9R-perovskite-like structure with a high 

degree of cationic and anionic disorder.15-16 This disorder is believed to play a key role in 

facilitating oxide ion mobility,4, 17-19 though the complexity of characterising and describing the 

disordered ionic arrangements is highlighted in experimental studies of the average and local 

structures of these materials.  

In the ideal 9R perovskite structure (A3M3O9), triplets of MO6 octahedra are arranged in face-

sharing stacks known as “trimers”, where the terminating octahedra of each trimer share corners 

with three others. In the Ba3M2O8.5±δ structure, two M cations are distributed between the three 

polyhedra in each trimer, with the majority of ions occupying end units (M1) and a relatively low 

proportion occupying the middle unit (M2). The M1 polyhedra in Ba3M2O8.5±δ also exhibit a 

mixture of 6-fold and lower coordination numbers due to the loss of some oxygen from the ideal 

structure to balance the lower M cation content. Notably, several studies have reported that the 

distribution of oxide ions between the ideal (corner-shared) O2 site and a non-shared O3 site is 

correlated with the degree of ionic conductivity in various Ba3NbMo1-xWxO8.5 (0 ≤ x ≤ 1) phases.2, 
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17-19 However, determination of site occupancies in these materials have mainly been based on 

neutron and synchrotron x-ray powder diffraction data, and the only single-crystal structure 

determinations reported to date utilised laboratory x-ray diffraction,15 which has limited sensitivity 

to oxygen in the presence of heavy metals. Here we report the first structure determination from 

single-crystal neutron diffraction data of a Ba3M2O8.5±δ-type conductor, Ba3NbWO8.5, yielding 

insights into both cation and anion disorder. We combine these results with an interpretation of 

calculated O2– energy landscapes that sheds new light on the relationship between ionic 

conductivity, O site distributions and cation choice in this material and its analogues. 

Experimental Section 

Polycrystalline Ba3NbWO8.5 was prepared by conventional solid-state synthesis from a 

stoichiometric mixture of BaCO3, Nb2O5 and WO3. Reagents were dried at 1000 °C (Nb2O5) or 

400 °C (others) overnight before use. The mixture was formed into an ethanol slurry and ground 

in agate media using a planetary ball mill at 285 rpm for 45 min. The ethanol was allowed to 

evaporate in air before the milled powders were transferred to an alumina crucible and calcined at 

900 °C for 12 h. The sample was then reground by hand using an agate mortar and pestle and 

annealed at 1200 °C for a further 12 h. Cylindrical sample rods approximately 6 mm in diameter 

and 100 mm in length were prepared by sealing the powder in rubber tubes and pressing at 50 MPa 

in a hydrostatic press. The resulting powder rods were sintered at 1500 °C for 9 h in air to increase 

their relative density.  

Crystals of nominal composition Ba3NbWO8.5 were obtained by the floating-zone (FZ) method 

using an optical FZ furnace (Crystal Systems Corporation, FZ-T-10000-H-VIII-VPO-PC) 

equipped with four 150 W halogen lamps. The growth was performed under a ~0.5 L min-1 flow 

of air at ambient pressure. The polycrystalline feed and seed rods were translated upwards through 
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the stationary lamp focus at 4 mm h-1 while counter-rotating at 15 rpm. Stable crystallisation could 

not be maintained for long periods at translation rates slower than 4 mm h-1 due to the growth of a 

solid crust or “spurs” at the solid–liquid interface of the feed rod causing rapid depletion of material 

from the molten zone. After cooling, the solidified boule was visibly multi-phase as found 

previously,15 but a mixture of colourless and opaque beige crystal fragments up to ~1 mm in 

diameter could be distinguished under an optical microscope.  

Time-of-flight neutron diffraction data were collected on the SXD diffractometer at ISIS 

Neutron and Muon Source, UK. The crystal fragment chosen for data collection was beige in 

colour and approximately spherical with a diameter of ~1 mm. The sample was encased in Al foil 

and mounted on a spindle made of adhesive Al sheet. The mounted sample was positioned inside 

a vacuum furnace with Nb heating elements in preparation for a non-ambient data collection 

sequence. Data frames with an integrated neutron flux of 1500 µA were collected at 6 sample 

orientations spanning a 300° rotation about the vertical axis.20  

Data indexing, integration and reduction were performed using SXD2001.21 Using the expected 

unit cell, six distinct and well-separated reflection sets arising from different crystallites within the 

sample were indexed. Reflections were integrated using the line integral method in SXD2001.21  

A V sphere standard measurement with empty instrument measurement was used to correct for 

detector efficiency and neutron flux distribution. 

The structure of Ba3NbWO8.5 was refined against the neutron diffraction data using Jana2006.22 

Lattice parameters determined previously from single-crystal x-ray diffraction at 290 K were 

used.15 Fractional occupancies at the mixed-metal sites M1 and M2 were constrained so that each 

site contained a 1:1 mixture of Nb and W, the total occupancy of which was allowed to refine 
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freely. No constraint was applied to the overall sum of occupancies at M1 and M2. Fractional 

occupancies of Ba1, Ba2 and O1 were fixed to unity,4 while those of the partially occupied O2 and 

O3 sites were allowed to refine without constraint. All atomic positional parameters not fixed by 

symmetry were refined freely. Anisotropic atomic displacement parameters (ADPs) were refined 

for all sites except the low-occupancy O3 site, for which a single isotropic ADP was refined. 

Further details of the structure refinements are presented in the Supporting Information. 

Bond valence energy landscape (BVEL) maps for O2– were calculated using 3DBVSMAPPER23 

(version 2.02) with a grid spacing of 0.2 Å. In order to facilitate direct comparison between outputs 

generated using the same version of the software, BVEL maps were also recalculated for the 

structures of Ba3NbMoO8.5 and Ba3NbWO8.5 refined against single-crystal x-ray diffraction and 

reported in ref. 15. Additional details of the input structures are contained in the Supporting 

Information.  

Structural representations in all Figures were drawn using VESTA.24 

Results and Discussion 

The refined structure of Ba3NbWO8.5 is depicted in Figure 1, and crystallographic information 

is presented in tables S1, S2 and S3 in the Supporting Information. The refined total (Nb,W) 

stoichiometry of 1.99(4) ions per formula unit is in excellent agreement with the expected value 

of 2, indicating that the true ratio of Nb:W in the sample is likely to be 1:1. Although it is not 

possible to refine the relative abundances of two chemical species on a mixed site with an unknown 

vacancy fraction, the difference between the neutron coherent scattering lengths of Nb (7.05 fm) 

and W (4.86 fm)25 means that the refined fractional occupancies of the (Nb0.5W0.5) sites would be 

expected to yield a total (Nb,W) stoichiometry greater than 2 if the ratio Nb:W in the measured 
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sample was greater than 1:1, and vice versa. It has been shown previously15 that the Ba3NbWO8.5 

structure can accommodate a maximum of 2 cations per trimer unit due to the close spacing of the 

M1 and M2 sites, yielding a maximum physically achievable (Nb,W) stoichiometry of 2 ions per 

formula unit. While our refinement result does not rule out the possibility of (Nb,W) < 2 in 

conjunction with Nb:W > 1:1, we note that no evidence for cation sub-stoichiometry has been 

presented in any prior studies of Ba3NbWO8.5 or related isostructural materials.26 

   
 

Figure 1. (a) The structure of Ba3NbWO8.5 refined against single-crystal neutron diffraction data 

(Ba: green, Nb: blue, W: purple, O: red). The fractional occupancies of mixed or partially vacant 

sites are represented as pie charts with the white sector representing the fraction of site 



 7 

vacancies. (b) Detail of the refined structure showing two trimer units. The ADP ellipsoids are 

drawn to 95% probability. 

The fractional site occupancies refined with Nb:W = 1:1 enforced at the M1 and M2 sites show 

that 20.6(12)% of these cations are located at the M2 site in the central octahedron of the trimer. 

This result is in excellent agreement with a previous single-crystal x-ray diffraction study that 

reported 20.3(3)% of (Nb,W) cations occupying M2, also assuming equal numbers of both species 

at the site.15 Although the assumption of a statistical mixture of Nb and W on the M1 and M2 sites 

has not been tested experimentally, the close agreement between the occupancies obtained from 

x-ray and neutron diffraction studies strongly suggests that the assumption is correct. X-rays are 

scattered more strongly by W6+ than by Nb5+ but neutrons are scattered more strongly by Nb than 

by W, so a deviation of the real Nb:W ratio from 1:1 would be expected to bias the occupancies 

refined against the x-ray and neutron diffraction data sets oppositely. Statistical analysis of cation 

coordination environments in known oxides has shown that Nb5+ and W6+ exhibit similar patterns 

of preference for octahedral coordination geometry,27 so a significant difference between their 

respective distributions over the M1 and M2 sites in Ba3NbWO8.5 is not expected. 

The relative occupancies of the O2 and O3 sites have been the focus of much discussion in 

previous studies of Ba3M2O8.5±δ-type materials due to their reported correlation with oxide-ionic 

conductivity.2, 17-19 In the present work, the O2 and O3 site occupancies were refined independently 

without any constraint on the overall sum, resulting in an overall stoichiometry of 8.31(4) O per 

formula unit assuming full occupancy of the O1 site. The slight oxygen deficiency with respect to 

the nominal O stoichiometry of 8.5 may be attributed to several possible factors, which are 

discussed below. 
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(1) Oxygen deficiency in the sample due to cation vacancies and/or a Nb:W ratio greater than 1. 

As discussed above, our refinement results suggest that both of these conditions would need to 

exist simultaneously in order to achieve the very close agreement observed between the refined 

total cation occupancy and the expected value. Although this scenario is permitted by our 

refinement results, there is no other positive evidence in our work or the existing literature to 

support cation vacancies in Ba3NbWO8.5. 

(2) Oxygen deficiency in the sample due to reduction. The high-temperature conditions and 

relatively fast cooling rate during the FZ growth of Ba3NbWO8.5 crystals presents the possibility 

of partial reduction of Mo6+ or Nb5+ occurring and persisting to room temperature. The light brown 

colour of the sample may also be considered to support this view. Yashima et al. observed a mass 

loss in thermogravimetric (TGA) measurements of polycrystalline Ba3NbMoO8.5 corresponding to 

the loss of ~0.13 O upon heating the sample to 800 °C in air.26 However, a subsequent TGA–mass 

spectrometry (TGA-MS) experiment conducted under similar conditions suggested that water was 

the primary species evolved.16 Partial reduction of Ba3NbMoO8.5 at 600 °C has been demonstrated 

under actively reducing conditions,3 but to our knowledge, no experimental data on the redox 

behaviour of Ba3NbWO8.5 in air up to its melting point (~1650 °C) have been reported. 

(3) Positional disorder of O ions resulting in some nuclear density not being captured by the 

refined O2 and O3 crystallographic sites. Oxygen disorder was predicted in reference 15 on the 

basis of large and elongated refined ADPs at the O2 sites in Ba3NbMoO8.5 and structural 

considerations relating to irregular local coordination geometries that would likely be imposed by 

vacancies at the corner-shared O2 sites. Chambers et al.16 later demonstrated the existence of 

considerable O disorder in Ba3NbMoO8.5 by observing highly variable M1 coordination 

environments in neutron total scattering and pair distribution function (PDF) analysis. In the 
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present work on Ba3NbWO8.5, the refined O2 site ADPs are again large (Uequiv = 0.52(4) Å2) in 

comparison to the other atomic sites, but smaller than those determined for Ba3NbMoO8.5 in the 

single-crystal x-ray diffraction study (0.67(9) Å2)15. Figure 1(b) also shows that the orientation of 

the elongated ADP ellipsoid is roughly perpendicular to the O2–M1 bonds, as is typical for thermal 

vibrations in metal-oxygen polyhedra, in contrast to Ba3NbMoO8.5 where the O2 ADP ellipsoid 

was elongated along the pathway between neighbouring O3 sites.15 A nuclear density Fourier 

difference map, calculated for Ba3NbWO8.5 after removing the O2 and O3 atoms from the structure 

model, shows a well-defined peak corresponding to the location of the O2 site (Figure 2(a)). 

However, the low-occupancy O3 site could not be distinguished above the noise in this density 

map. After recalculating the Fourier difference map with the refined O2 site included in the 

structure model, a region of high density with three-fold symmetry corresponding to the off-axis 

split O3 site was weakly discernible (Figure 2(b)). The shapes of these Fourier maxima show that 

using discrete O2 and O3 sites to describe the distribution of oxygen in Ba3NbWO8.5 is acceptable, 

and that there is no clear evidence for a significant distribution of disordered oxygen along 

diffusion pathways in this material at room temperature. Nevertheless, because the quantity of 

“unaccounted” oxygen (0.19(4) per formula unit) is much less than the amount refined at the O3 

site (0.46(3) per formula unit), it would probably not be detectable above the noise in our Fourier 

difference maps if it is present within the material. 
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Figure 2. (a) Sections of a Fourier difference map calculated after deleting the O2 and O3 sites 

from the Ba3NbWO8.5 structure refined against single-crystal neutron diffraction data. Black dots 

show the positions of O2 sites. (b) Section of a Fourier difference map calculated with only the 

O3 site deleted from the structure. Black dots show the refined position of O3. 

Of the 2.31(5) oxygen atoms occupying O2 and O3 sites, 80(2)% were located at O2, compared 

with 91% determined previously from free refinement against neutron powder diffraction data28 at 

room temperature. Assigning the “missing” 0.19 formula units of oxygen to the O2 site does not 

account for this discrepancy, as it would only increase the O2 fraction in our sample to 82%. In 
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the archetypal Ba3M2O8.5±δ structure model with O2 (9e) and O3 (18h / 3 mutually exclusive) both 

50% occupied, the O2 sites accommodate 60% of oxygen in the layer. It is therefore clear that our 

results support the prevailing view that O2 occupancy dominates the O2/O3 layer in Ba3NbWO8.5 

to a greater degree than in Ba3NbMoO8.5,
1, 17, 28-29 even if the extent of O2 occupation differs 

slightly from previous reports. It has been noted that high occupancy of the corner-shared O2 site 

in this material is probably related to the stronger preference of W6+ to adopt 6-fold coordination 

in comparison with Mo6+, which is found in tetrahedral environments more frequently than W6+.27 

Although we have argued that interpreting the O2/O3 occupancy distribution simply as a “ratio of 

octahedra to tetrahedra” is inaccurate due to the high degree of ionic disorder necessary to satisfy 

stoichiometry and local geometry,15-16 the link between “variable” or “flexible” M1 coordination 

geometry (i.e. significant localised or delocalised disorder of ions between O2 and O3 sites) and 

ionic conductivity in Ba3M2O8.5±δ-type conductors is clear, as has been recognised in other oxide 

ion conductors.9, 30-31  

Some insight into the causal relationship between relatively high O3 occupancy and superior 

ionic conductivity in these materials can be gained by considering the O2– positional energy 

landscape, which is well approximated using easily-calculated BVEL maps.23 Fop et al. showed 

that a curved minimum-energy O2– conduction pathway (valley) connects nearest-neighbouring 

O2 sites via a saddle point near O3, and noted a correlation between the activation energy barrier 

at this saddle point and refined O2/O3 occupancies among a series of Ba3(Nb,V)MoO8.5 

conductors and Ba3NbWO8.5.
4 The general features of this conduction pathway, including a local 

energy minimum at or very near the O2 site and a saddle point near the split O3 site, are 

corroborated by BVEL maps calculated for our refined structure of Ba3NbWO8.5 (Figure 3). The 

minimum and saddle point energies are shown alongside those calculated for previously refined 
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structures15 in Table 1. These absolute energies show a clear qualitative correlation with patterns 

of refined site occupancies established over multiple studies (i.e. the O2 and O3 sites in 

Ba3NbWO8.5 having higher and lower occupancy, respectively, than in Ba3NbMoO8.5).
1, 17, 28-29 

Because lattice oxygen is omitted during a typical oxide BVEL calculation, the calculated energy 

landscape is derived from the cation lattice only and cannot be influenced by O site occupancies. 

Rather than considering high O3 occupancy to facilitate low-energy conduction pathways,4 we 

instead propose that the energy difference between the O2 and O3 sites is the cause, not the 

consequence, of the relative site occupancies observed experimentally. The presence of cations 

whose geometric and bonding preferences favour occupation of the O3 site will result in a lower 

saddle point energy and thus a lower barrier to O2– diffusion, leading to both increased ionic 

conductivity and higher occupation of O3. We also note that the position of the O3 site at the 

maximum of the diffusion pathway energy profile4 implies that the presence of any oxygen at this 

site necessitates a continuous distribution of ions along the pathway, even if the density of that 

distribution is low. The fact that the O3 site was not discernible in our Fourier difference maps 

(Figure 2) until the O2 site was reinstated, after which any residual nuclear density beyond the 

effective limit of the O2 ADP would appear as a discrete peak, is consistent with this view. 
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Figure 3. Section of a BVEL map calculated for Ba3NbWO8.5 and drawn at an isosurface level 

of −3.50 eV. Text labels indicate the approximate locations of key features in the energy 

landscape. 

 Ba3NbWO8.5  Ba3NbWO8.5 Ba3NbMoO8.5 

Refined structure from: single-crystal 

neutron diffraction 

single-crystal  

x-ray diffraction15 

single-crystal  

x-ray diffraction15 

Minimum (eV)a –5.20  –5.16 –4.78 

Saddle point (eV)b –3.75 –3.77 –3.92 

Difference (eV)   1.45   1.39   0.86 

aAt or very near the O2 site. bNear the O3 site. 

Table 1. Energies of minima and saddle points along the conduction pathways in BVEL maps 

calculated for refined structures of Ba3NbWO8.5 and Ba3NbMoO8.5. See the Supplementary 

Information for more details of structures used in the BVEL calculations. 

The structural chemistry of the Ba3M2O8.5±δ conductors is complex, and a full understanding of 

the oxide ion migration pathways and conductivity mechanisms will require good-quality ab initio 

computational studies of these materials. Although non-trivial due to the complexity and size of 
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the simulation model and the trajectories needed, such computational studies are possible and, 

especially when interpreted in conjunction with experimental methods, they can provide 

qualitative and quantitative insight into oxide ion dynamics in structurally complex materials.30-37 

Conclusions 

The structure of a Ba3M2O8.5±δ-type material has been refined against single-crystal neutron 

diffraction data for the first time. The refinements confirm the disordered cation arrangement with 

20.6% of the (Nb,W) cations located at the M2 site, which is strongly displaced away from the 

octahedron centre. Comparison with published x-ray diffraction experiments allows us to deduce 

that the material is stoichiometric with respect to cations, and that Nb and W exhibit similar 

M1/M2 site selectivities. The apparent oxygen sub-stoichiometry of 0.19(4) O per formula unit 

may arise from either a small amount of ionic disorder or actual oxygen deficiency due to 

mechanisms discussed in the text. Unconstrained refinement of O occupancies in the O2/O3 layer 

shows that 80% of oxide ions in this layer occupy O2-type sites. Consideration of calculated bond 

valence energy landscapes suggests that the well-established correlation between O3 occupancy 

and good ionic conductivity exists because both arise from the energy landscape dictated by the 

cations present in the structure. The energy profile of the O2–O3–O2 conduction pathway also 

suggests that a continuous low-density distribution of oxide ions probably exists even in 

Ba3NbWO8.5, though nuclear density peaks in Fourier difference maps show that refining localised 

O2 and O3 sites serves as an adequate model of Ba3NbWO8.5 at room temperature. Our results 

offer new insight into the causal mechanism of oxide-ionic diffusion in Ba3M2O8.5±δ-type 

conductors, and help to rationalise the influence of cation choice in engineering optimal ionic 

conductivity in these materials.  
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Single-crystal neutron diffraction data for Ba3NbWO8.5 and bond valence energy landscape 

calculations yield insights into the structural origins of competitive ionic conductivity in 

disordered Ba3M2O8.5±δ-type materials. 
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