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ABSTRACT: Significant oxide ion conductivity has recently been reported in the cation-deficient hexagonal perovskite deriv-
ative Ba3NbMoO8.5. This system exhibits considerable anion and cation disorder. Oxygen disorder enables the ionic conduc-
tion and is generated by the competitive occupation of two available average tetrahedral/octahedral oxygen positions within 
the palmierite-like layers of the average crystal structure. A random distribution of cationic vacancies leads to the formation 
of complex disordered stacking configurations of the constituting polyhedral units. Here, we report on the electrical and struc-
tural properties of the series Ba3Nb1-xVxMoO8.5 (x = 0.0, 0.1, 0.2, 0.3, 0.4). Neutron diffraction data evidence that substitution 
of Nb5+ by V5+ leads to an increase in the average concentration of lower coordination M1Ox units, which is also accompanied 
by an increase in polyhedral distortion. Bond-valence site energy (BVSE) calculations on the average structure reveal that the 
ionic migration along the palmierite-like layers is comprised by two energy barriers relative to the populations of the average 
oxygen crystallographic sites and to the distortion of the flexible M1Ox units. The compound with x = 0.1, Ba3Nb0.9V0.1MoO8.5, 
shows the lowest activation energy, and high bulk ionic conductivity:  0.01 S cm-1 at 600 °C, almost one order of magnitude 
higher than the bulk conductivity of the parent compound. Ba3Nb0.9V0.1MoO8.5 presents predominant ionic conductivity and 
good stability in a wide oxygen partial pressure range, making it a promising candidate for solid electrolyte applications. 

Introduction  
Oxide ion conductors are an important class of materials, 

with application in various energy-related technologies, 
such as solid oxide fuel cells (SOFCs) and solid oxide elec-
trolysis cells (SOECs). 1, 2 One current drawback of SOFCs 
and SOECs is the high working temperatures (> 700 °C) nec-
essary for the ionic transport through commercially availa-
ble solid electrolytes in order to enable the electrochemical 
reactions at the electrode interfaces. The high operating 
temperature results in high costs, poor durability and mate-
rial compatibility challenges. 1, 3 Research into the develop-
ment of electrolyte materials possessing good ionic conduc-
tion at intermediate temperatures (300 – 600 °C) has led to 
the discovery of oxide ion conductivity in various structural 
families. 1, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 The oxide ion conduction in 
these materials is mediated by oxygen vacancies or intersti-
tials. 7, 8, 11, 13 A disordered oxygen sub-lattice often accom-
modates the defects necessary for the ionic diffusion, which 
is generally assisted by a flexible cationic sub-lattice. 5, 12, 14, 

15 
Recently, we have reported significant oxide ion conduc-

tivity in the hexagonal cation-deficient perovskite deriva-
tive Ba3NbMoO8.5. 16 Ba3NbMoO8.5 presents a bulk conduc-
tivity of 2.2 x 10-3 S cm-1 at 600 °C, comparable with other 
solid electrolyte materials. The conductivity is predomi-
nantly ionic in a wide pO2 range from 10-20 to 1 atm. 
Ba3NbMoO8.5 has an average structure composed by a hy-
brid of the 9R perovskite and palmierite units. 16 The 9R per-
ovskite (A3B3O9) is composed by trimers of face sharing 

octahedral units connected by corner sharing, with stacking 
sequence (hhc)3 (Figure 1a). 17 The palmierite (A3B2O8) 
structure is a cation-deficient derivative of the 9R perov-
skite, in which the cubic [BaO3] layers are replaced by oxy-
gen-deficient [BaO2] layers, thus resulting in the formation 
of isolated tetrahedral units spaced by empty octahedral  
sites (Figure 1b). 17 In the average hybrid model of 
Ba3NbMoO8.5, the cation vacancies are distributed on two 
partially occupied metal sites (M1 and M2), forming hybrid 
trimer stacks. Considerable positional oxygen disorder, 
which originates from partial occupation of two average ox-
ygen positions (O2 and O3) within the palmierite-like layers 
(of average composition [BaO2.5]) leads to the formation of 
polyhedral units (M1Ox) with variable coordination (Figure 
1c). 16, 18 A pair distribution function study has indeed 
demonstrated the existence of local 4-, 5-, and 6-fold M1 ge-
ometries. 19  The random distribution of intrinsic oxygen va-
cancies and available oxygen sites produces a continuous 2-
dimensional diffusion pathway, enabling the oxide ions mi-
gration along the palmierite-like layers. 20  

A variable temperature neutron diffraction study of 
Ba3NbMoO8.5 has revealed a thermal rearrangement in the 
relative average occupancy of the O2/O3 sites. 21 Redistri-
bution of the oxygen population in favor of the average tet-
rahedral O3 position above 300 °C denotes the preference 
of the M1 cations for lower coordination environments as 
the temperature rises. Results from PDF analysis equally ev-
idenced an increase in the number of local tetrahedral M1O4 
units at high temperature, at the expenses of the number of 



 

M1O6 octahedra, although the 5-fold coordination appears 
to be prevalent on the local scale. 19 The relative occupation 
of the average O2/O3 sites is also affected by the nature of 
the M cations. Ba3NbMo1-xMxO8.5 compositions where Mo6+ 
is substituted by M = Nb5+ or W6+, two cations which gener-
ally prefer higher coordination environments, 22 exhibit 
higher occupancy of the average octahedral O2 position. 23, 

24, 25, 26, 27 There is a strong relationship between the ionic 
conductivity and the average distribution of the oxide ions 
on the O2/O3 sites. Higher O3 occupancy, and higher con-
centration of average lower coordination environments, are 
linked with an increase in the dynamic mobility (and hence 
in the conductivity) of the oxide ions. 21 This is corroborated 
by the fact that Nb- and W-doped systems with prevalence 
of higher coordination geometries (M1O6), due to larger oc-
cupation of the average O2 site, show reduced conductivity. 
23, 24, 25, 26, 27 We have previously predicted that introduction 
of dopant cations known to preferentially support lower co-
ordination environments would enhance the conductiv-
ity. 28      

 

 

Figure 1. (a) 9R perovskite and (b) palmierite structures. (c) 
Average hybrid crystal structure of Ba3NbMoO8.5. Blue and light 
blue polyhedra represent the average M1Ox units created by 
partial occupation of O2 and O3. In the hybrid model, the M2 
and O3 positions are split from the ideal sites to account for the 
cation and anion disorder.  

 
Here we report the structural and electrical properties of 

the series Ba3Nb1-xVxMoO8.5 (x = 0.0, 0.1, 0.2, 0.3, 0.4). Nb5+ 
is replaced by V5+, which is a cation with a strong preference 
for 4-fold coordination geometry. 22 This substitution effec-
tively leads to an increase in the occupation of the O3 crys-
tallographic site. The V-doped compositions have generally 
higher total conductivity values than the parent compound. 
Notably, the composition with x = 0.1 exhibits a bulk ionic 
conductivity of  0.01 S cm-1 at 600 °C, almost one order of 
magnitude higher than the bulk conductivity of 
Ba3NbMoO8.5. Importantly, Ba3Nb0.9V0.1MoO8.5 presents pre-
dominant ionic conductivity in a wide oxygen partial pres-
sure range and good stability under reducing conditions, 
making it an attractive candidate for electrolyte applica-
tions. Bond-valence site energy (BVSE) analysis on the av-
erage structure demonstrates the presence of two relative 
energy barriers for the oxide ion migration within the palm-
ierite-like layers. The conduction activation energy is the 

sum of the interplay between the relative distribution of av-
erage coordination geometries and the average distortion of 
the polyhedral units.  

 
Experimental section 

Ba3Nb1-xVxMoO8.5 (x = 0.0, 0.1, 0.2, 0.3, 0.4) compounds 
were prepared by the solid-state reaction method. Mixtures 
of stoichiometric amounts of BaCO3 (99.999% Aldrich), 
Nb2O5 (99.99% Aldrich), V2O5 (99.95%, Aldrich) and MoO3 
(99.5+%, Aldrich) were ground, pelleted, and calcined at 
900 °C for 10 hours. The pellets were subsequently ground 
and heated at 1100 °C for 48 hours. The heating step was 
repeated until phase pure products were obtained.  

Laboratory X-ray powder diffraction (XRD) patterns were 
collected on a PANalytical Empyrean diffractometer 
equipped with a Cu Kα tube and a Johansson monochroma-
tor. Data were recorded in the range 10° < 2θ < 120°, with a 
step size of 0.013°.  

Thermogravimetric analysis (TGA) was performed with a 
Mettler Toledo TGA 2 coupled with a Hiden Quadrupole 
Mass Spectrometer (MS) in dry air and 5% H2 (in N2) atmos-
pheres, with a heating rate of 10 °C/min. Scanning electron 
microscopy (SEM) images were collected using a field emis-
sion gun Carl Zeiss Gemini SEM 300 with an XMax 80 detec-
tor and an AZtecHKL EBSD analysis system with a Nordlys 
Nano EBSD camera (Oxford Instruments Ltd.).  

The electrical properties of the Ba3Nb1-xVxMoO8.5 (x = 0.0, 
0.1, 0.2, 0.3, 0.4) series were measured by AC impedance 
spectroscopy, with a Solartron 1260 impedance analyzer in 
the frequency range 0.1 Hz – 1 MHz with an applied alter-
nating voltage of 0.1 V. Measurements were performed on 
platinum coated dense pellets (> 95% of the theoretical 
neutron diffraction density) of approximately  1 mm thick-
ness and 10 mm diameter, upon cooling from 600 °C in a 
sealed tube furnace and allowing 2 hours of equilibration at 
each temperature step. Dry gaseous atmospheres, obtained 
by flowing the employed gas through a column of a commer-
cial desiccant (Drierite) (pH2O < 10-4 atm), were employed 
for the measurements in air, O2, N2 and 5% H2 (in N2). For 
the measurements in humidified air, the gas was bubbled 
through a water-filled Dreschel bottle at ambient tempera-
ture (pH2O  0.021 atm). The reliability of the measured im-
pedance data was evaluated using Kramers-Kronig (KK) 
transformations. Kramers-Kronig validation ensures that 
the impedance response is a representation of a linear, 
time-invariant (i.e. at equilibrium) and casual system. 29 The 
Lin-KK tool software was employed to perform KK tests on 
the collected impedance data. 30 Typical KK residual plots 
for the measurements in dry air at selected temperatures 
are reported in Supporting Figure S5. 

Time-of-flight (TOF) neutron diffraction experiments 
were performed on the POLARIS diffractometer at ISIS 
(Rutherford Appleton Laboratory, Harwell, Oxford, UK) at 
ambient temperature (25 °C). Data were acquired on sam-
ples of 5 g of Ba3Nb1-xVxMoO8.5 (x = 0.0, 0.1, 0.2, 0.3, 0.4). The 
samples were loaded into an 8 mm vanadium can and data 
were acquired using all four detector banks with a total scan 
time of 2 hours. Rietveld analysis was performed using the 
GSAS/EXPGUI package. 31 The neutron diffraction datasets 
were used in combination with high-resolution laboratory 
X-ray diffraction data (scan time of 16 hours) for the refine-
ment of the crystal structure. Vanadium has a small neutron 



 

scattering length and is practically invisible to neutrons. 32 
Using neutron data in combination with X-ray diffraction 
data allows more accurate information, especially regard-
ing the metal fractional occupancies, to be obtained. The 
background was fitted by the Chebyschev polynomial func-
tion and the peak shapes were modelled using a pseudo-
Voigt function.  

Bond-valence site energy (BVSE) calculations were per-
formed with the softBV program. 33, 34 SoftBV is a computa-
tionally inexpensive software tool which utilizes a force-
field algorithm based on the bond-valence sum (BVS) ap-
proach for the computation of possible migration pathways 
and relative migration barriers in ionically conducting ma-
terials. SoftBV analyzes the entire energy landscape, provid-
ing information on the connecting local minima and saddle 
points (identified by fractional coordinate values) and the 
relative energy barriers for each pathway segment. The 
softBV force-field is constituted by a BVS Morse-type term 
describing the attractive interaction and short-range Born-
repulsion between cation-anion pairs, and by a Coulomb 
term for the cation-cation and anion-anion repulsion inter-
actions. 33 While BVS conventionally only considers first co-
ordination shell interactions, the Morse-type potential in 
softBV includes bond-softness sensitive bond-valence pa-
rameters which take into account contributions from higher 
coordination shells, thus yielding more sensible results in 
the calculation of valence sums for mobile ions. 33, 34, 35  Using 
the structural models from Rietveld refinement as input, 
bond-valence site energy landscapes for the interaction of a 
test O2- ion were calculated for a dense grid of points with a 
resolution of 0.1 Å. Diffusion pathways were identified with 
regions of low bond-valence site energy by direct visualiza-
tion of the connectivity of the isosurfaces and by examina-
tion of the calculated pathway segments. BVSE models of 
migration barriers were plotted from the calculated energy 
profiles of the pathway segments.   

Analysis of minimum bonding ellipsoids using the 
PIEFACE software was employed to evaluate the effect of 
doping on the relaxation of the average metal coordination 
polyhedra. 36 Polyhedral distortion was quantified by the 
standard deviation, σ(R), of the three principal ellipsoids’s 
radii (Rx, Ry, Rz).  

 
Results and discussion 

Laboratory X-ray diffraction (XRD) confirmed all the as 
prepared Ba3Nb1-xVxMoO8.5 (x = 0.0, 0.1, 0.2, 0.3, 0.4) sam-
ples to be phase pure (Supporting Figure S1). All the pat-
terns could be indexed with the space group R3̅m H, in 
agreement with previous reports. 16 SEM micrographs were 
collected on dense Ba3Nb1-xVxMoO8.5 pellets. Secondary 
electron (SE) images show grains ranging in size between  
20 – 50 μm; no secondary phases were observed in the 
backscattering (BSE) images of the surface and section of 
the pellets (Supporting Figure S2). 

The electrical properties of the Ba3Nb1-xVxMoO8.5 (x = 0.0, 
0.1, 0.2, 0.3, 0.4) series were measured by AC impedance 
spectroscopy. Typical complex impedance plane (Z*) plots 

for the parent (x = 0.0) composition are composed by two 
arcs at high and intermediate frequencies, representing the 
bulk (capacitance values  4.0 – 6.5 pF cm-1) and grain 
boundary ( 0.20 – 0.30 nF cm-1) responses respectively 
(Supporting Figure S3). As the temperature increases, a 
low-slope electrode Warburg response indicative of ionic 
diffusion is observed at low frequencies (Supporting Figure 
S3b).  37 The impedance spectra are like those previously re-
ported for Ba3NbMoO8.5. 16 The complex impedance plots of 
the V-doped compositions (x = 0.1, 0.2, 0.3, 0.4) are de-
pressed and show poor resolution between the bulk ( 7.7 
– 10.2 pF cm-1) and grain boundary ( 0.07 – 0.2 nF cm-1) 
responses (Supporting Figure S4). A pronounced Warburg 
signal inclined at  45° is seen for all compositions. At 
higher temperatures, another feature appears between the 
grain arc and the electrode signal; this feature shows capac-
itance value of  1 – 2 μF cm-1 and is associated with charge 
transfer to and from the oxide ions at the electrode-ceramic 
interface. 37  The total resistivity values (Rb + Rgb) for all the 
compositions were extracted from the high frequency inter-
cept of the grain boundary arc. The total conductivity values 
are presented in the Arrhenius plot in Supporting Figure S6. 
The V-doped compositions with x = 0.1, 0.2, 0.3 show in-
creased total conductivity values, compared to the parent 
compound. The composition with x = 0.1 exhibits the high-
est total conductivity; at 600 °C, the total conductivity of 
Ba3Nb0.9V0.1MoO8.5 is 3.8 x 10-3 S cm-1, one order of magni-
tude higher than the value for Ba3NbMoO8.5, which has a to-
tal conductivity of 3.4 x 10-4 S cm-1. Equivalent circuit anal-
ysis was performed to extract the bulk conductivity values; 
a detailed description of the analysis can be found in the 
Supporting Information. A representative equivalent circuit 
fit of the complex impedance data of Ba3Nb0.9V0.1MoO8.5 is 
shown in Figure 2a, b and Supporting Figure S8b. The good 
quality of the fit is revealed by the match between the ob-
served and calculated spectra and by inspection of the dis-
tribution of residuals against the frequency (Supporting 
Figure S9). Typical fitting parameters are reported in Sup-
porting Table S1. The Arrhenius plot in Figure 2c evidences 
a significant increase in the bulk conductivity value for x = 
0.1 in comparison with the parent composition. 
Ba3Nb0.9V0.1MoO8.5 presents a bulk conductivity of 1.01 x 10-

2 S cm-1 at 600 °C while the bulk conductivity of Ba3NbMoO8.5 
is 2.0 x 10-3 S cm-1 at the same temperature, an increase of 
nearly one order of magnitude. Similar to the parent com-
position, the conductivity of Ba3Nb0.9V0.1MoO8.5 shows a 
change in slope above 500 °C, with the activation energy re-
ducing from 1.17 (4) eV to 0.51 (1) eV, which is substantially 
lower than the activation energy of Ba3NbMoO8.5 (0.73 (1) 
eV). The Arrhenius plot of the bulk ionic conductivity of all 
Ba3Nb1-xVxMoO8.5 phases is displayed in Figure S10 showing 
that Ba3Nb0.9V0.1MoO8.5 presents the highest bulk conductiv-
ity. 

 
 



 

 
 
Figure 2. Impedance spectroscopy and conductivity of Ba3Nb0.9V0.1MoO8.5. Complex impedance plots of Ba3Nb0.9V0.1MoO8.5 recorded 
under dry air at 275 °C (a) and 500 °C (b). The numbers and corresponding filled circles indicate selected frequency decades; the 
dark green line is the equivalent circuit fitting. (c) Arrhenius plot of the bulk ionic conductivity of Ba3Nb0.9V0.1MoO8.5 (x = 0.1) com-
pared with the bulk conductivity of the parent compound (x = 0.0); activation energies are reported in eV. (d) Total conductivity of 
Ba3Nb0.9V0.1MoO8.5 recorded under a range of different atmospheres showing a negligible electronic component. 
  
 
 

Impedance spectroscopy measurements on 
Ba3Nb0.9V0.1MoO8.5 were also performed in a range of differ-
ent atmospheres. Measurements carried out in air, O2 and 
N2 evidence that the total conductivity is independent of ox-
ygen partial pressure at high and intermediate pO2 values 
(see the Arrhenius plot in Figure 2d and Supporting Figure 
S11a), a behavior consistent with pure oxygen ion diffusion. 
There is a very slight increase in the total conductivity at 
high temperatures under the most reducing atmosphere 
(5% H2 (in N2)), suggesting a small electronic component to 
the conductivity. Concentration cell experiments in air/5% 
H2 have already revealed a minor electronic component in 
Ba3NbMoO8.5 under similar conditions (ionic transport 
number of 0.90 – 0.94). 16 However, the presence of clear 
Warburg/electrode responses at all temperatures in the 
complex impedance plots recorded in reducing 5% H2 (in 
N2) (Supporting Figure S11b) indicates that the electronic 
component in Ba3Nb0.9V0.1MoO8.5 is small and the conductiv-
ity is predominantly ionic. 38 Additional impedance spec-
troscopy measurements performed under humidified air at-
mosphere (pH2O  0.021 atm) do not evidence any signifi-
cant increase in the total conductivity of Ba3Nb0.9V0.1MoO8.5 
(and of any of the members of the V-doped series), implying 
that there is no proton conduction in this material 

(Supporting Figure S12). We have recently reported signifi-
cant protonic conductivity in the hexagonal perovskite de-
rivative Ba7Nb4MoO20, with an average structure composed 
by a disordered arrangement of 12R hexagonal perovskite 
and palmierite-like layers, analogously to Ba3NbMoO8.5. 39 In 
this material, proton conduction along the palmierite-like 
layers is enabled by the presence of a predominant tetrahe-
dral environment; on the other hand, Ba3NbMoO8.5 does not 
show any proton conductivity which is thought to be due to 
the larger number of higher coordination geometries. 16, 19 
V-doped Ba3NbMoO8.5 materials present a higher relative 
number of lower coordination polyhedral units than the 
parent compound (as described below), but there is no evi-
dence of a protonic contribution to the conductivity. Over-
all, the impedance spectroscopy measurements demon-
strate that Ba3Nb0.9V0.1MoO8.5 exhibits predominant oxide 
ionic conductivity.    

The stability of Ba3Nb0.9V0.1MoO8.5 under reducing condi-
tions is confirmed by thermogravimetric analysis coupled 
with mass spectroscopy performed in the temperature 
range 25 – 900 °C under dry air and 5% H2 (in N2), which 
shows the absence of any oxygen loss associated with re-
duction of the sample (Supporting Figure S13). The TGA-MS 
results clearly indicate that the detected weight loss is as-
cribable to loss of H2O from the sample, in accordance with 



 

the ability of Ba3NbMoO8.5 to uptake a significant amount of 
water at ambient conditions. 19, 39 X-ray diffraction demon-
strates that there is no change in crystal structure (with no 
evidence of formation of secondary phases) after annealing 
of a sample under 5% H2 (in N2) at various temperatures, 
nor after the impedance spectroscopy measurements (Sup-
porting Figure S14). In addition, the conductivity of 
Ba3Nb0.9V0.1MoO8.5 at 600 °C presents no sign of degradation 
after several days of measurement under dry air and 5% H2 
(in N2) (Supporting Figure S15). These results reveal the ex-
cellent stability of Ba3Nb0.9V0.1MoO8.5 in the pO2 range stud-
ied here. For comparison, Mg-doped Na0.5Bi0.5TiO3 shows a 
significant loss in conductivity after 20 hours annealing at 
600 °C under 5% H2 (in N2). 40 Longer ageing times (> 36 
hours) leads to reduction of Bi3+ to metallic Bi and Ti4+ to 
Ti3+, and to a significant n-type electronic component. 40 
Similarly, heating of La2Mo2O9 under reducing conditions 
results in the formation of parasitic phases with Mo in lower 
oxidation states and electronic conductivity. 41 

The Arrhenius plot in Figure 3 compares the bulk ionic 
conductivity of the x = 0.1 V-doped composition with the 
conductivity of other leading conductors. At ~ 600 C the 
bulk conductivity of Ba3Nb0.9V0.1MoO8.5 (BNVM) is signifi-
cantly higher than the conductivity of yttria stabilized zirco-
nia (Zr0.92Y0.08O1.96, YSZ), a state-of-the-art electrolyte which 
is commonly employed in commercially available SOFCs, 3 
and of the oxygen ionic conductivity of Ba7Nb4MoO20 (Ba7) 
measured in dry air. 39 The bulk conductivity is also compa-
rable to the conductivities of La0.8Sr0.2Ga0.83Mg0.17O2.815 
(LSGM), 7 La2Mo2O9 (LAMOX), 6 and Mg-doped Na0.5Bi0.5TiO3 
(Na0.5Bi0.49Ti0.99Mg0.01O2.975, Mg-NBT). 8  

 

 
 

Figure 3. Comparison of the bulk conductivity of 
Ba3Nb0.9V0.1MoO8.5 (BNVM) with other leading ionic conduc-
tors; Zr0.92Y0.08O1.96 (YSZ) (ref. 3), La0.8Sr0.2Ga0.83Mg0.17O2.815 
(LSGM) (ref. 7), Na0.5Bi0.49Ti0.99Mg0.01O2.975 (NBT-Mg) (ref. 8), 
La2Mo2O9 (LAMOX) (ref. 6), Bi0.95Sr0.05VO3.975 (Sch) (ref. 14), 
and the bulk ionic conductivity in dry air of Ba7Nb4MoO20 (ref. 
39).  
 

Rietveld refinement of the structural model from neutron 
and high-resolution laboratory X-ray diffraction data was 
employed to investigate the effect of V-substitution on the 
structural features of the Ba3Nb1-xVxMoO8.5 series. The aver-
age structure of Ba3NbMoO8.5 inferred from powder neu-
tron diffraction has been described as a hybrid between the 

palmierite and 9R hexagonal perovskite. 16 In this model, 
the cation vacancies can be distributed on two partially oc-
cupied metal sites (M1 and M2), leading to the formation of 
hybrid trimer stacks of face-sharing polyhedral units in 
which two metal cations are disordered over three sites. 
However, a recent single crystal X-ray diffraction study has 
highlighted significant disorder in the cation sub-lattice. 18 
There is large distortion of the central metal octahedron 
(M2) within the stack so that the original M2 3b Wyckoff po-
sition (0,0,0.5) is split into two mutually exclusive cation po-
sitions. Analysis of difference Fourier maps generated from 
the POLARIS neutron diffraction data by employing the av-
erage trimer stack model and setting the M2 occupancy to 
zero evidenced that the majority of the nuclear scattering 
density is located at (0,0,0.52) (Wyckoff site 6c), above and 
below the nominal 3b position, analogously to what has 
been reported in the single crystal XRD study (Supporting 
Figure S16). A structural model with M2 on a split 6c posi-
tion was therefore employed for the refinement of the pow-
der neutron diffraction data (Supporting Table S2). Follow-
ing previously published structural data, 16 the oxygen at-
oms were placed at three different Wyckoff positions: O1 at 
18h, O2 at 9e and O3 at 36i; while barium atoms occupy the 
6c and 3a sites (Ba1 and Ba2 respectively). The atomic dis-
placement parameters, U, were modelled anisotropically for 
the Ba, M1, O1 and O2 atoms; isotropic displacement pa-
rameters, Uiso, were used for the split M2 and O3 positions. 
Ba and O1 fractional occupancies from neutron diffraction 
refined to within ±1% of full occupancy and were fixed at 
1.0. The M1 and M2 fractional occupancies (g) were refined 
in the XRD model using a g(M1) = -g(M2) constraint, and 
then fixed in the refinement of the structure from neutron 
diffraction data. O2 and O3 fractional occupancies were re-
fined from neutron diffraction giving the expected oxygen 
O8.5 stoichiometry. The average structural model is shown 
in Figure 1c. An excellent Rietveld fit was obtained for all 
the compositions (Supporting Figure S17). The structural 
and statistical parameters obtained from the refinements 
are reported in Supporting Table S2. The symmetry R3̅m H 
is retained across the whole Ba3Nb1-xVxMoO8.5 (x = 0.0, 0.1, 
0.2, 0.3, 0.4) series.  

The M1 and M2 sites are partially occupied due to the 
short separation ( 1.6 Å) between the two nearest metal 
positions, which makes the simultaneous occupation of 
these two sites unfavorable. Only two cation sites per hy-
brid stack can be occupied, leading to the formation on the 
local-scale of either two face-sharing polyhedral units (Fig-
ure 4a, configuration 1) or two separated polyhedral units 
spaced by a cation vacancy (Figure 4a, configuration 2) in 
agreement with results obtained from single crystal XRD. 18 
The random distribution of the cation vacancies leads to the 
formation of complex disordered stacking configurations of 
the M1Ox and M2O6 polyhedral units (one possible configu-
ration is shown in Figure 4b).  

Supporting Figure S18 demonstrates that the fractional 
occupancy of M1 increases with x, while the fractional occu-
pancy of M2 decreases. The V5+ cations are predominantly 
situated at the M1 site and the fractional occupancy of V5+ at 
this site increases with x. A small amount of V5+ substitutes 
for Nb5+ at the M2 positions although the concentration of 
V5+ on the M2 site plateaus for x ≥ 0.3 (Supporting Figure 
S18b). The reduction in the overall M2 occupancy is further 



 

driven by the rearrangement of Mo at the two metal sites as 
the concentration of V increases (Supporting Figure S18b). 
Figure 5a demonstrates that the fractional occupancy of O3 
increases almost linearly with the vanadium concentration, 
while the fractional occupancy of O2 decreases. The relative 
occupation of the two average oxygen sites is associated 
with different M1Ox polyhedral units. In the average struc-
ture, occupation of O3 leads to the formation of average 
M1(O13O3) tetrahedral units, while occupation of O2 causes 
the formation of average M1(O13O23) octahedral units (Fig-
ure 5b). On the local scale, the occurrence of neighboring 
tetrahedral and octahedral units, in conjunction with the 
large positional oxygen disorder, results in the formation of 
intermediate 5-fold geometries. 19 Due to the relative dis-
tances between the available oxygen sites, these 5-fold units 
are most likely constituted by distorted average 
M1(O13O2O3) and M1(O13O22) polyhedra (Figure 5b). The 
behavior of the O2/O3 fractional occupancies upon replac-
ing Nb5+ by V5+ denotes an increase in the relative number 
of lower coordination polyhedral units.  

 

 

Figure 4. (a) Possible polyhedral stacks generated by partial 
occupation of the M1 and M2 positions. Grey polyhedra repre-
sent the empty cationic sites. (c) Schematic representation of a 
potential disordered arrangement of face-sharing and isolated 
stacking configurations of the M1Ox and M2O6 polyhedral units. 
O3 is represented at 6c for simplicity in all the figures. 

 

 
Figure 5. (a) Variation of the oxygen fractional occupancies of 
Ba3Nb1-xVxMoO8.5 upon increasing x. The fraction of O3 

increases with V-doping, while O2 decreases. (b) Average M1Ox 
polyhedral units formed by occupation of the O2 (orange) and 
O3 (yellow) crystallographic sites. O3 is represented at 6c for 
simplicity.    
    

The decrease in O2 must lead to the reduction in the num-
ber of average 6-fold M1 units, while the increase in O3 can 
be associated with a general increase in the average 
M1(O13O3) tetrahedral units. Due to its smaller ionic radius 
and high oxidation state, V5+ has a greater tendency to adopt 
lower coordination 4-fold environments than Nb5+, 22 thus 
explaining the increase in O3 fractional occupancy with x in 
Ba3Nb1-xVxMoO8.5.   

Bond-valence site energy (BVSE) calculations were em-
ployed to analyze the migration pathway and energy land-
scape of the oxide ion conduction in the average crystal 
structure of Ba3Nb1-xVxMoO8.5. Bond-valence based energy 
analysis has been extensively used for the investigation of 
conduction pathways in various oxide ion 10, 42, 43, 44, 45, 46, 47 
and sodium and lithium ionic conductors. 48, 49, 50 The relia-
bility of ionic conduction pathways obtained from bond-va-
lence energy based methods has been confirmed by agree-
ment with diffraction experiments and by results from max-
imum entropy studies and molecular dynamics calcula-
tions.42, 47, 51, 52 Furthermore, BVS methods have been effec-
tive in the screening and successful discovery of novel oxide 
ion conductors. 42, 43, 44, 45 The low computational cost and 
reliability of the predicted relative migration energy barri-
ers make softBV particularly useful for further investigation 
of the conduction pathways of inherently complex disor-
dered crystal phases such as Ba3Nb1-xVxMoO8.5, for which 
density functional theory (DFT) calculations might be par-
ticularly challenging and computationally expensive. 33 
While it is expected that the detailed energy barriers will be 
determined by the local distribution of oxygen populations 
and metal stacking configurations, BVSE analysis on the av-
erage structure can provide useful general indications and 
trends on the energetics of ionic migration in Ba3Nb1-xVx-

MoO8.5, and as such can be used as proxy, in relative terms, 
for the activation energy determined by impedance spec-
troscopy measurements or more accurate computational 
DFT methods. 33,  47 BVSE calculations were performed with 
the softBV program on all members of the Ba3Nb1-xVxMoO8.5 
series. Bond-valence site energy landscapes for the interac-
tion of a probe oxide ion were calculated from the refined 
structural models. A representative bond-valence energy 
map for Ba3Nb0.9V0.1MoO8.5 is presented in Figure 6. Two-di-
mensional O2-O3 conduction pathways (on the ab plane) 
corresponding with the lowest bond-valence site energy 
barriers are evidenced along the palmierite-like layers (Fig-
ure 6a), in accordance with a previous maximum entropy 
study. 20 This conduction pathway involves oxide ion diffu-
sion through the partially occupied O2 and O3 oxygen sites 
over the O2-O2-O2 face of the M1O6 pseudo-octahedron, 
with facile reorganization of the coordination of the M1Ox 
units. This migration mechanism differs from the one found 
in AMO3 perovskites, where oxygen ions diffuse along a 
curved trajectory on the edge of the MO6 octahedra. 20  



 

 
Figure 6. Bond-valence site energy map calculated for 
Ba3Nb0.9V0.1MoO8.5, as seen along the c-axis (a) and b-axis direc-
tions (b). Dashed lines highlight connectivity regions. Darker 
colors indicate the lower isosurface levels (< 0.4 eV over the 
global minimum), while the lighter colors are for the highest 
isosurface levels (> 0.7 eV over the global minimum).       

 
Sizeable connectivity is also found between adjacent O1-O2 
and O1-O1 positions (with saddle points at the median of 
the O1-O2 and O1-O1 distances) (Figure 6b), indicating ox-
ygen motion within the fully occupied O1 sites. Similar con-
nectivity has been observed in the bond-valence energy 
landscape maps obtained from single crystal X-ray diffrac-
tion data collected on Ba3NbMoO8.5. 18 Studies on La2Mo2O9 
(LAMOX) materials evidence that the oxide ions on the fully 
occupied apical oxygen sites of the MoOx units can migrate, 
thus contributing to the ionic transport by intra-polyhedra 
diffusion towards the partially occupied equatorial oxygen 
sites. 53, 54 It is hence possible to have a certain amount of O1 
motion along the edges of the M1Ox and M2O16 polyhedra 
also in Ba3Nb1-xVxMoO8.5, implying the presence of oxygen 
mobility parallel to the c-axis. However, the bond-valence 
energy landscape clearly shows that the 2-dimensional 
pathway along the disordered O2-O3 sites has a considera-
bly lower relative bond-valence energy barrier (< 0.4 – 0.5 
eV) than the O1-O2 and O1-O1 pathways (> 0.65 eV and > 
1.1 eV respectively). Furthermore, the size of the bottleneck 
for oxygen diffusion on the ab plane is larger than the bot-
tleneck for the c-axis. 20 Therefore, the pathway along the 
palmierite-like layer is most likely the dominant route con-
tributing to the overall conduction. Molecular dynamics 
studies and single crystal conductivity measurements are 
required to confirm whether the oxygen transport in 
Ba3NbMoO8.5 materials is truly anisotropic, involving oxide 
ion migration exclusively along the palmierite-like layers.    

Examination of the BVSE energy landscape obtained for 
the dominant 2-dimensional ionic conduction pathway 
along the palmierite-like layer reveals the presence of two 
saddle points with relative energy barriers. The saddle 
point S1 (with relative bond-valence energy barrier E1) cor-
responds to oxide ion exchange along the connected distri-
bution of average oxygen sites O2/O3 (Figure 7a, bottom). 
Therefore, the relative energy term E1 is most likely influ-
enced by the distribution of oxygen atoms on the average 
O2/O3 sites, which is associated with the dynamic mobility 
of the oxide ions. 18, 21 E1 decreases with x (Supporting Fig-
ure S19), concomitantly with the increase in the occupation 
of the average tetrahedral position (Figure 5a). The increase 
in the O3 fractional occupancy leads to an increase in the 
number of lower coordination geometries, which is known 
to provide more favorable and dynamic environments for 

oxygen exchange between metal units, 12, 13, 14 thus explain-
ing the reduction in E1 with vanadium concentration. The 
relationship between the height of E1 and the relative occu-
pancy of O2/O3 is further corroborated by BVSE calcula-
tions on Ba3NbWO8.5. The relative E1 energy barrier for 
Ba3NbWO8.5, with 12% of average O3 sites occupied at 
room temperature, 24 is substantially higher than for any of 
the members of the Ba3Nb1-xVxMoO8.5 series, where more 
than 55% of O3 sites are occupied (Figure 7b). The second 
saddle point (S2) is perpendicular to the undulating distri-
bution of crystallographic oxygen sites (Figure 7a, top). We 
associate its relative energy barrier (E2) with the average 
relaxation of the oxygen atoms induced by the coplanar 
alignment of the oxide ions during the exchange between 
O2 and O3. Migration along the ab plane requires a relaxa-
tion of the oxygen atoms in direction parallel to the c-axis of 
 0.25 Å as a result of the undulating distribution of crystal-
lographic sites. E2 is associated with the relaxation of the 
metal polyhedra during the oxygen exchange and therefore 
its height will be linked to the average distortion of the 
M1Ox units. The latter can be evaluated by analysis of the 
minimum bonding ellipsoid, which is the ellipsoid of the 
smallest volume that encompasses all the atoms of a given 
coordination polyhedron. 36 Supporting Figure S20a shows 
that the distortion (σ(R)) of the average M1Ox units in-
creases with V-doping. In Ba3NbMoO8.5, the average metal 
polyhedra are distorted due to the out-of-center displace-
ment resulting from the second-order Jahn-Teller distortion 
induced by the d0 cations (Supporting Figure S20b). 16, 18 The 
magnitude of this distortion is higher for cations with larger 
formal charge and smaller ionic radius. 55 Consequently, 
more distorted average coordination units are expected 
upon substitution of Nb5+ by V5+, since the latter is a 
stronger distorter. 56 E2 increases along the Ba3Nb1-xVx-

MoO8.5 series (Supporting Figure S19), implying that the 
more distorted units have a higher relative energy barrier 
for the average relaxation involved in the oxygen migration 
exchange. In corroboration, Ba3NbWO8.5 does not present 
any E2 barrier due to the significantly smaller distortion of 
its M1Ox units (0.047 Å) (Figure 7b). 

The activation energy for the bulk conductivity obtained 
from the linear fit of the high temperature (T ≥ 500 °C) part 
of the Arrhenius plot presents a minimum at x = 0.1, corre-
sponding with the maximum in the bulk conductivity value 
at 600 °C (Figure 7c). It is well-known that fluorite doped-
ceria oxide ion conductors exhibit a similar trend, showing 
a maximum in conductivity accompanied with a minimum 
in activation energy at a certain dopant concentration. 57, 58, 

59, 60 In these systems, the increase in dopant fraction in-
creases the number of carriers and leads to a decrease in the 
activation enthalpy due to favorable attractive coulombic 
interactions in the low-concentration regime. 57, 58 However, 
above a certain dopant concentration threshold, (repulsive) 
interactions between vacancy-vacancy associates and do-
pant clusters leads to trapping of the oxygen vacancies, re-
sulting in an increase in the activation enthalpy due to an 
unfavorable binding energy term. 58, 59, 60 Analogously, in the 
Ba3Nb1-xVxMoO8.5 series the behavior of the conductivity 
and activation energy can be ascribed to the contrasting in-
fluence of V-doping on the oxygen/vacancy distribution and 
the average polyhedral distortion. While the increase in O3 
occupancy may generate more favorable coordination 



 

environments for ionic conduction (E1 decreases), the in-
creasing local distortion results in a higher energy barrier 
for the local relaxation/motion of the oxygen atoms (E2 in-
creases) and acts as a trap for the mobile defects. 61 

 
 

 
Figure 7. (a) BVSE map showing the 2-dimensional ionic conduction pathway along the palmierite-like layer as seen down the c-
axis (bottom) and b-axis (top). The dotted lines represent the saddle points as identified by the softBV software. (b) BVSE models of 
migration barriers along the palmierite-like layers for Ba3NbMoO8.5, Ba3Nb0.9V0.1MoO8.5, Ba3Nb0.6V0.4MoO8.5, and Ba3NbWO8.5. Bond-
valence energy barriers are reported in eV. Note that the minimum site energies have relative values. (c) Bulk activation energy from 
the linear fit of the high temperature (T ≥ 500 °C) part of the Arrhenius plot and bulk conductivity values at 600 °C plotted against 
the amount of V doping x.   
 

 
 
Conclusions 

In summary, we have shown that the ionic conductivity of 
Ba3NbMoO8.5 can be significantly enhanced by substituting 
Nb5+ with V5+. BVSE analysis on the Ba3Nb1-xVxMoO8.5 series 
demonstrates the presence of two relative energy barriers 
for the 2-dimensional oxygen diffusion along the palmier-
ite-like layers. These barriers are relative to the populations 
of the average oxygen crystallographic sites (E1) and to the 
average distortion of the flexible M1Ox units (E2). V-doping 
leads to an increase in the fractional occupancy of the aver-
age tetrahedral position O3, and to a reduction in the rela-
tive energy term E1 associated with the oxide ion exchange 
along the connected distribution of crystallographic oxygen 
sites. On the other hand, the increasing local distortion in-
duced by V-doping increases the relative height of the E2 
energy barrier. This antagonistic behavior results in a min-
imum in the bulk activation energy for the sample with x = 
0.1. Ba3Nb0.9V0.1MoO8.5 exhibits the highest ionic conductiv-
ity among the doped series, due to a trade-off between an 

optimum distribution of local coordination geometries in 
the palmierite-like layers and the degree of distortion of the 
M1Ox polyhedral units, the latter most likely acting as a trap 
for the mobile oxygen defects. The oxide ion diffusion mech-
anism will also depend on the local arrangement of the cat-
ionic species and on the local distribution of cation vacan-
cies and coordination environments. As such further analy-
sis by local probes (e.g. pair distribution function analysis, 
solid-state NMR) and computational DFT studies are war-
ranted. The results described here, based on BVSE analysis 
of the average description of the crystal structure, provide 
a first general insight into the energetics of ionic migration 
in these systems, and are valuable for further computational 
studies and for potentially improving the conductivity of 
Ba3NbMoO8.5-based compounds even further. Finally, the 
high bulk ionic conductivity ( 0.01 S cm-1 at 600 °C) and 
stability of Ba3Nb0.9V0.1MoO8.5 make this material suitable 
for possible practical applications, with also the potential of 
further enhancing its electrical and physicochemical prop-
erties by fine doping around x = 0.1 and/or co-doping.            
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