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Abstract 

The energy landscape of the fast-ion conductor Bi4V2O11 is studied using density 

functional theory. There are a large number of energy minima, dominated by low-lying 

thermally accessible configurations in which there are equal numbers of oxygen 

vacancies in the vanadium-oxygen layers, a range of vanadium coordinations and a large 

variation in Bi-O and V-O distances. By dividing local minima in the energy landscape 

into sets of configurations we then examine diffusion in each different layer using ab 

initio molecular dynamics. These simulations show that the diffusion mechanism mainly 

takes place in the <110> directions in the vanadium layers, involving cooperative motion 

of the oxide ions between the O(2) and O(3) sites in these layers, but not O(1) in the Bi-

O layers, in agreement with experiment. O(1) vacancies in the Bi-O layers are readily 

filled by migration of oxygens from the V-O layers. The calculated ionic conductivity is 

in reasonable agreement with experiment.  We compare ion conduction in δ-Bi4V2O11 

with that in δ-Bi2O3. 
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1. Introduction 

Layered derivatives of γ-Bi4V2O11 (i.e. BIMEVOX) with the Aurivillius-type structure provide 

a particular interesting family of materials due to their exceptionally high ionic conductivity at 

moderate temperature as low as 500 K [1,2] as well as their potential as photcatalysts [3]. The 

ionic conductivity of Cu doped-Bi4V2O11 (Bi2V0.9Cu0.1O5.35) is approximately 0.1-0.2 S cm-1 

at 873 K [4,5], markedly higher than those of Bi fluorite-related compounds (e.g., δ-Bi2O3 

doped with Er) and about two or three orders of magnitude higher than that of yttrium-stabilised 

zirconia or gadolinium-doped ceria, both widely used as solid electrolytes. In this paper we 

study disorder in BIMEVOX and the consequences for ionic conductivity by means of structure 

optimization and ab initio molecular dynamics, using density functional theory.  

There are three polymorphs of Bi4V2O11: α, stable from room temperature to 700 K, β 

from 700 K to 840 K and γ from 840 K up to the melting point ( 1143 K).  The conductivity 

of the γ-phase is much higher than those of the two lower temperature phases.  The structure 

of Bi4V2O11 [1,6,7,8] can be readily derived by the introduction of oxygen vacancies into the 

parent Aurivillius (Bi2WO6) structure, visualized in Figure 1a, which consists of alternate Bi-

O layers and perovskite-like sheets (corner-sharing WO6 octahedra); all three polymorphs of 

Bi4V2O11 can be described in terms of Bi2O2
2+

 layers separated by perovskite-related VO3.5
2- 

slabs. The origin of the difference between their polymorphs and their related electrical 

properties lies in the ordering of the oxygen vacancies. The fast oxygen diffusion in the γ-phase 

is related to extensive oxygen disorder present only in this high-temperature phase. The 

disordered phase can be stabilized at lower temperatures by the substitution of some of the 

vanadium by a range of other metals, thus enhancing the low-temperature conductivity [5]. 

Crystal refinement of Bi4V2O11 has proved problematic.  In what follows we use the 

label O(1) for the oxygens bonded to Bi located at the corners of the (square) base of the 

(idealized) BiO5 square pyramids in the Bi2O2 layers, and O(2) and O(3) are equatorial and 

apical oxygens respectively in the VOX polyhedra.  High-temperature disordered γ-Bi4V2O11 

has a (mean) tetragonal unit cell [1,6] with space group I4/mmm. A detailed analysis [6] showed 

that whereas the O(1) oxygens bonded to bismuth are easy to locate, the oxygens bonded to 

vanadium are much more difficult.  Reasonably successful refinements have involved the use 

of (partly filled) crystallographic sites of high multiplicity, i.e., the 16n positions of I4/mmm. 

These suggested that the vacancies are located within the perovskite layers rather than in the 

Bi2O2
+ layers and Vannier et al. [6] concluded that the local vanadium environments present 
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are a combination of VO4 tetrahedra, VO5 trigonal bipyramids and VO6 octahedra. Oxygens at 

O(2) and O(3) had high thermal parameters suggesting oxygen disorder involving these sites. 

 

 

 

 

 

 

Figure 1 (a) 221 supercell of the ‘parent’ Bi4V2O12 Aurivillius structure, doubling the unit 
cell in the a and b directions.  Bi ions are purple, V ions green and O red. The green polyhedra 
indicate the octahedral environments of the vanadium ions in the perovskite-like layers. In 
Bi4V2O11, 1/12th of the oxygen sites shown are vacant as discussed in the text. Figures 
produced using VESTA [9] (b) the layer labelling used in the present work.  

 

 In previous work we have studied computationally the structural chemistry of other 

oxygen-deficient fast-ion conductors including, for example, δ-Bi2O3 [10], Ba2In2O5 

[11,12,13,14,15] and Sr2Fe2O5 [16] through studying the minima in their energy landscape 

(hypersurface) corresponding to different oxygen vacancy orderings.  Ba2In2O5 and Sr2Fe2O5 

adopt the brownmillerite structure and, as in Bi4V2O11, there is a large increase in ionic 

conductivity at high temperatures associated with oxygen vacancy disorder.  Examination of 

the energies of the different orderings in, for example, Ba2In2O5 and Sr2Fe2O5 showed that 

there were only a few configurations thermally accessible even at the highest temperatures, 

and that there were associated with different arrangements of a small number of local 

structural motifs – principally In(Fe)O4 tetrahedra and In(Fe)O6 octahedra. Thus while there 

are in principle many possible oxygen vacancy sites, these are far from randomly occupied 
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even in the high-temperature disordered phase, thanks to strong structural correlations due to 

the preference for these local environments. The experimentally-observed structure is the 

spatial average of these different arrangements. There are also consequences for the 

mechanisms of ionic transport as these must involve transitions from one thermally 

accessible local structure into another which is also accessible and these often involved 

highly correlated ion movements [11,12]. This model is similar to those in use for amorphous 

materials where nevertheless there is short-range ordering [17]. In supercooled liquids, for 

instance, atoms spend most time near local minima (in basins) in the energy hypersurface. 

Occasionally a transition to a neighbouring basin takes place but jumps are rare compared to 

vibrational motion in individual minima. In spite of high oxygen mobility inter-basin jumps 

are still rare in the superionics (by about one or two orders of magnitude compared to a 

vibrational period). A number of studies such as that for δ-Bi2O3 [10] have nevertheless 

demonstrated that Ab Initio Molecular Dynamics AIMD are able to collect sufficient 

statistics (to capture not only the transport mechanism but also) to calculate the ionic 

conductivity in many binary compounds [10,18]. More complex materials such as layered 

Bi4V2O11 provide additional challenges to AIMD since oxygen diffusion is highly anisotropic 

with interbasin jumps occurring mainly within some of the ab-layers and rarely in the c 

direction along which these layers are stacked. An AIMD run may therefore be unable to 

equilibrate. In this paper we demonstrate how to deal with rare inter-basin events by dividing 

the energy landscape into distinct sets of configurations. We show that within a given set we 

can use appropriate Boltzmann statistics to calculate ensemble averages including the 

conductivity. Our main concern is how local motif preferences and their connectivities drive 

collective diffusion in γ-Bi4V2O11. 

 The high-temperature disordered phase of δ-Bi2O3 also has very high ionic 

conductivity, in contrast to the ordered lower temperature α- and β-phases.  Indeed the δ-

phase has the highest known value of oxide ion conductivity and can (also) be thought of as 

an oxygen-deficient structure (in this case fluorite). Together, diffuse neutron-scattering and 

computation [10,19,20] have produced a very different picture from the conventional view of 

a mean cubic structure and a random distribution of oxygen vacancies. In this new 

description, the local bismuth environments in the δ-phase are very similar to the distorted 

square pyramids present in the ordered β-phase but are found in many different orientations. 

Only the mean structure is cubic with local cubic environments all very high in energy; it is 

transitions between the energetically accessible minima, which have structures similar to the 

low symmetry motifs in the ordered phases, that give rise to the high oxide mobility in the δ-
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phase.  Local ordering on the anion sublattice has also been observed in the superionic solid 

solutions (Bi2O3)x(M2O3)x (M=Y, Er, Yb) [21]. It is thus of interest to compare the BiOx units 

and their roles in δ-Bi2O3 and γ-Bi4V2O11. 

 Fast ion conductors, including Bi4V2O11, often form surprisingly structurally complex 

low temperature phases with a range of coordination polyhedra.  In the ordered, lower 

temperature phases of Bi4V2O11 there are a range of VOX polyhedra. The orthorhombic β-

polymorph (space group Amam) contains five-fold (V(1)) and four-fold coordinated 

(tetrahedral) vanadium (V(2)) [6,7]. These two types of V-O polyhedra are linked forming 

zig-zag chains V(2)-V(1)-V(2).  Overall, the structure can be usefully viewed as a perovskite-

like structure with distorted octahedra sharing one vertex and vacancies ordered around V(1) 

sites.  The structure of the α-polymorph has proved much more challenging.  Mairesse et al. 

[8] give a history of the major discrepancies between different reports. They themselves 

report a highly extended superlattice, identifying three different vanadium environments – 

tetrahedra (V(1)), edge-sharing trigonal bipyramids (V(2)) and a further V(3) environment 

which is more complex owing to some oxygen disorder but which they consider as four-fold 

coordinate [6,8]. The perovskite-like lattice is absent and a key feature is a well-defined 

dimer unit which comprises two VO5 trigonal bipyramids sharing one edge and is connected 

to two VO4 tetrahedra. 

More recently, Patwe et al. [22] have probed the local structure of all three phases 

using a combination of Raman scattering and X-ray diffraction. A classical defect analysis 

has been presented by Abrahams and Krok [23]. We examine below the energetics of 

different arrangements of the oxygen atoms, and therefore different vanadium coordinations, 

in BIMEVOX and discuss the implications of our results for the high-temperature conducting 

phase, before turning to present the results of our ab initio molecular dynamics simulations.  

Figure 1(b) show the labelling of the layers used to distinguish the vacancies in 

Bi4V2O11. The cell is divided into four sections: top(t), bottom (b), middle (m) and edge (e). 

The top and bottom layers contain the apical O(2) and equatorial O(3) oxygens, and we refer 

to these below as the vanadium layers. The middle and edge layers contain the O(1) oxygens 

and are referred to as the bismuth layers. 

 We work with a 2x2x1 supercell of the ‘parent’ Bi4V2O12 Aurivillius structure, 

doubling the unit cell in the a and b directions and then introducing the eight oxygen 

vacancies needed to achieve the required stoichiometry.  Each structure generated is assigned 

to a set based on the distribution of oxygen vacancies between the layers.  For example the 

label ‘2t2b2m2e’ defines the set of structures in which there are two oxygen vacancies in 



 

6 
 

each of the layers shown in Figure 1b, while all configurations in the set‘4t4b’ have four 

vacancies in each of the top and bottom layers, but none in the middle and edge layers.  The 

10 sets of configurations examined in this work fall into two groups:  

 

Group 1: 2t2b4m, 2t2b2m2e, 3t3b2m, 2t4b2m, 3t3b1m1e 

Group 2: 4t4b, 5t3b, 6t2b, 7t1b, 8t 

 

Those in Group 1 have oxygen vacancies in both bismuth and vanadium layers while in 

Group 2 the vacancies are only located in the vanadium layers.  Group 1 can be subdivided 

further into those with four vacancies distributed across the bismuth layers (2t2b4m, 

2t2b2m2e) and those with two vacancies in these bismuth layers (3t3b2m, 2t4b2m, 

3t3b1m1e).  

 

2. Computational Methods 

All geometry optimisations and AIMD simulations were performed using the Vienna Ab 

initio Simulation Package (VASP) [24,25]. Periodic plane wave DFT calculations were 

performed using projector augmented wave (PAW) pseudopotentials and the Perdew-Burke-

Ernzerhof (PBE) exchange-correlation functional [26]. All geometry optimisations and 

AIMD simulations were performed on the 2×2×1 supercells described above. Fifty 

optimisations in each set of configurations were carried out, choosing the locations of the 

oxygen vacancies within the layers at random; overall 500 optimisations were carried out.  

Both unit cell parameters and basis atom positions were optimised. In the geometry 

optimisations and AIMD simulations the energy cutoff for the plane wave basis was set to 

400 eV, and the Brillouin zone was sampled at the Γ point only. Each ionic step required an 

electronic convergence of 10−7 eV. Additional geometry optimisations for selected 

configurations were carried out using a higher cutoff energy of 600 eV and a denser k-mesh 

(2x2x2 Monkhorst-pack grid) to sample the Brillouin zone. These reproduced the order in 

energy of the configurations within a given set (e.g., the 4t4b set) and also the energy 

difference between different sets of configurations. Calculations of the density of states used 

a 3×3×3 Monkhorst Pack grid to sample the Brillouin zone and an energy cutoff for the plane 

wave basis set of 500 eV. All AIMD simulations were performed at 1126 K in the canonical 

ensemble (NVT) using the Nosé thermostat, and cell shapes and volumes were constrained 

during all AIMD simulations.  Each ionic step required an electronic convergence of 10−5 eV. 
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The temperature of all simulations was set to 1126 K. These simulations were performed for 

a total time of at least 250 ps after equilibration for 50 ps.  The time step was 1 fs. 

To investigate the local structure and dynamics of γ-Bi4V2O11 we assume that the 

potential energy landscape can be divided into K distinct basins (each corresponding to a 

given configuration (arrangement) of ions), as in studies of many supercooled liquids and 

solid solutions [27]. All points on the potential energy surface which map to a distinct local 

minimum by a steepest decent lie in the same basin.  

We also assume that jumps between configurations belonging to different sets are rare 

compared to movements to configurations in the same set. Ensemble averages for a given 

set,< 𝛾 >, such as the enthalpy <H>, volume <V> and diffusion tensor <D> can be 

calculated by averaging over all M basins in the set. For example in the NPT ensemble, 

< 𝛾 >=
∑ 𝛾 exp −

𝐺
𝑘 𝑇

∑ exp −
𝐺

𝑘 𝑇

  

(1) 

where 𝑘  is Boltzmann’s constant, T the temperature and 𝐺  the Gibbs energy associated 

with movements within a given set. The equation is analogous to configurational Boltzmann 

averaging techniques [27,28] where ensemble averages are found using:  

< 𝛾 >=
∑ 𝛾 exp −

𝐺
𝑘 𝑇

∑ exp −
𝐺

𝑘 𝑇

 

(2) 

where the index i now runs over all K basins and we usually make the additional 

approximation that Gk  Hk. 

In layered fast ion conductors with a high diffusional anisotropy (such as γ-Bi4V2O11), 

where intralayer diffusion coefficients are much larger than interlayer (Dintralayer >> Dinterlayer), 

sufficient computational resources are not available to sample the entire configurational space 

since jumps between layers are rare, as confirmed in our molecular dynamics simulations. 

Nevertheless, for a given distribution of vacancies among layers, such as 4t4b, we are able to 

converge <D> for that particular set of configurations. We approximate Gk in this case as the 

average potential energy from the molecular dynamics runs. This approach does not allow us 

to calculate Dinterlayer, other than providing an upper bound, for which it is more appropriate to 

use other tools such as harmonic transition state theory [29,30].  
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3. Results and Discussion 

(a) Geometry Optimisations and Vacancy Ordering 

 The resulting energies of the 50 optimised structures for each set of configurations are 

displayed in Figure 2a and Figure 2b shows the configurationally-averaged (Boltzmann-

averaged) energy at 1126 K. 

 

Figure 2 
Energies of the geometry-optimised Bi4V2O11 supercell structures labelled by set, showing 
(a) the energies of all structures and (b) the configurationally (Boltzmann) averaged energy of 
each configuration at 1126 K. Note that the energy scales in (a) and (b) are different. 

 

A large number of configurations involving different oxygen arrangements are 

thermally accessible over the entire temperature range of stability of γ-Bi4V2O11, recalling 

our previous arguments [11-16] that an energy landscape of this sort is a pre-requisite for 

oxide ion conduction in compounds with similar structures.  Many closely spaced local 

minima facilitate the ion transport involved in passing from one minimum to another as long 

as the barriers between them are small. Lowest in energy are some of the configurations in 

the 4t4b set in which there are an equal number of vacancies in the two vanadium layers and 

there are none in the bismuth layers; members of this set also have the highest weightings and 

so dominate the thermodynamic Boltzmann averaging of energies and lattice parameters. 

Overall, energies of configurations in which the vacancies are distributed unequally over the 

two vanadium layers are higher, and higher still are those with vacancies in the bismuth 

layers. This is entirely consistent with the experimental observations of disorder involving 

predominantly O(2) and O(3) [6,7]. We return to consider the stability of O(1) vacancies 

below in our report of molecular dynamics simulations. 
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Cell parameter Boltzmann-weighted (4t4b)  Experiment [7] 

a (/Å) 11.066 11.06 

b (/Å) 11.062 11.22 

c (/Å) 15.597 15.29 

 

Table 1   
Estimated (Boltzmann-weighted as described in the text) lattice parameters of γ-Bi4V2O11 and 
corresponding experimental values. 

 

Table 1 lists the experimental lattice parameters of γ-Bi4V2O11 and corresponding 

values estimated at 1126 K using Boltzmann-weighting (equation (2)) of the 4t4b set of 

configurations; Boltzmann weighting using all sets in Group 1 gives virtually the same 

results; the 4t4b set dominates the average because of the larger weightings of the 

configurations in this set (by factors of 1.7  102 and 8.3  104 over 5t3b and 6t2b 

respectively), so for example a rough estimate is that 5t3b contribute less than 0.1%. Given 

the size of the simulation cell and the approximations involved, the agreement between 

theory and experiment is satisfactory. Even in the lowest energy configurations there are a 

wide range of distorted vanadium environments and associated V-O distances, as shown in 

Figure 3 which displays histograms of the V-O bond lengths in the different sets. There exists 

a similarly diverse range of bismuth environments and Bi-O separations in all three phases of 

Bi2O3 [10,19]. Previous experimental work has shown that V-O separations vary enormously 

in length [31] from just over 1.5 Å to just under 2.9 Å. The V-O distances in the α- and β- 

phases also vary considerably, e.g., in the β -phase they are 1.56, 1.59, 1.67. 1.71, 1.82 and 

2.33 Å [7]; a key feature of the low-lying accessible configurations in Figure 2, shown in the 

histograms. is the emergence of a broad range of intermediate bond lengths (2.0-2.5 Å). We 

suspect this is also key to low activation energies for ion transport in the disordered phase. In 

addition, the largest variations in bond lengths and therefore coordination environments of 

the vanadium are in structures where oxygen vacancies are distributed more evenly between 

the vanadium layers. 

Thus, unlike the bismuth-oxygen layers in which the structural changes vary less from 

configuration to configuration, there is considerable variation in the coordination 

environments of the vanadium ions. We have examined the V-O coordinations in the 

arrangements in which vacancies are located only in the vanadium layers, and Figure 4 shows 

the polyhedra observed in the optimised 4t4b supercells, as confirmed by systematic manual 

examination of the structures: tetrahedra, octahedra, trigonal bipyramids and tetragonal 
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pyramids, all “classical” oxygen environments of V(V) and consistent with the analysis of the 

gamma phase by Mairesse et al. [7].  Given the distorted nature of the local environments, the 

coordination numbers and relative numbers of each type of polyhedron are shown in Figure 

5, as a function of the cut-off used to define the polyhedra.  Overall, while tetrahedra, 

octahedra and trigonal bipyramids were present in almost all fifty 4t4b structures, tetragonal 

pyramids are less common. 

 

Figure 3 
Histograms of the V-O bond lengths observed in the structures of the configurations 
belonging to the sets (a) 4t4b (b) 5t3b (c) 6t2b (d) 7t1b and (e) 8t.  
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Figure 4 
VOx polyhedra observed in the geometry-optimised 4t4b supercells. 

 

Figure 5 
(a) Average V-O coordination number (b)-(d) the average number of 4-, 5- and 6-coordinate 
V-O polyhedra observed in the supercell, as a function of the cutoff distance of the polyhedra 
(i.e., maximum V-O bond length) 
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Figure 6 
Histogram showing the wide range of Bi-O distances in the three lowest energy 4t4b 
configurations.  
 

While there is less variation in the bismuth coordination numbers it is worth stressing 

the large spread of possible Bi-O bond lengths and separations, highlighted by the histogram 

in Figure 6.  This recalls the wide range of values also seen in δ-Bi2O3 [10].  We discuss the 

underlying reasons for this variation later when considering the electronic structure – for now 

we simply comment that the large number of energetically accessible bond lengths and 

distortions of the local Bi environments will facilitate oxide ion conduction in Bi4V2O11 just 

as in δ-Bi2O3. 

 

(b) Molecular Dynamics 

Figure 7a shows the trajectories of the ions in the AIMD runs of the lowest energy 

4t4b set. It is clear that oxide diffusion take place predominately in the vanadium layers, 

involving O(2) and O(3) whereas in the bismuth layers the O(1) ions stay largely localised.  

Figure 7b shows in more detail the trajectories of the oxide ions in one of the vanadium 

layers of this 4t4b configuration.  Close examination of the trajectories suggests that oxide 

motion occurs via the oxide vacancies in these layers.  Additionally, the majority of the anion 

transport appears to occur via the apical O(3) sites of the vanadium polyhedra, i.e. the sites 

closest to the bismuth layers. Examination of the vanadium layer oxide trajectories shows 

that diffusion mainly takes place in the <110> directions. The motion of the oxide ions is 

cooperative; one oxide ion migrates from an apical site to a vacant adjacent equatorial site, 

and either simultaneously or within 1 ps another oxide ion from an adjacent equatorial site 

migrates to the newly vacant apical site. Examples of simultaneous cooperative motion and 
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the resulting curved trajectories are displayed in Figure 8. A cooperative mechanism can be 

energetically favourable as it maintains the coordination number of the local bismuth atom  - 

one bond forms as the other breaks - and is similar to that in the migration of oxide ion pairs 

on oxide surfaces [32]. 

 In AIMD simulations of all configurations containing vacancies in the bismuth layers, 

oxide ions migrated from the vanadium layers to fill these vacancies in every case. All these 

vacancies migrated to the vanadium layers within the timescale of the simulations.  This 

invariably resulted in a final 4t4b configuration of the cell by the end of the simulation. For 

example, in a 2t2b4m simulation two oxides migrated from the bottom vanadium layer to the 

bismuth layer containing vacancies.  This not only illustrates that vacancies are far less stable 

in the bismuth layer, but also confirms the energetic stability of an even distribution of 

vacancies between the vanadium layers as suggested by the geometry optimisations presented 

earlier.  

Mean square displacements (MSD) of the ionic species within a given set/group were 

determined as a function of 𝜏 = 𝑡´´ −  𝑡´ (𝑡´´ > 𝑡´) , where 𝑡´ and 𝑡´´ are discrete time steps in 

the molecular dynamics simulation, via  

〈Δ𝐫 (𝜏)〉 =
1

𝑁

1

𝑛
Δ𝐫 (𝜏) .

´

 

(3) 

N is the number of ions of the species concerned, and Δ𝐫 (𝜏) = 𝐫 (𝑡´´) − 𝐫 (𝑡´).   𝑛  is given 

by 𝑛 = 𝑛 − 𝜏 − 1, where nsteps is the total number of steps in the simulation. The 

gradient of the variation of the MSD with time in the second half of the simulation is used to 

estimate the corresponding diffusion coefficient using the usual Einstein relation. Some 

representative MSD plots are given in the supplementary information. To calculate the ionic 

conductivity we also determine the MSD of the centre-of-mass from the charge-weighted net 

displacements of all cations and all anions respectively. The resulting diffusion coefficients 

are collected together in Table 2. 
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a 

 

b 

 

c 

 

Figure 7 
(a) .  The red, green and purple lines indicate the trajectories of the oxide, vanadium and 
bismuth ions respectively. Viewed along the b lattice vector. (b) Oxide ion trajectories of the 
oxide ions in one vanadium layer viewed along the b lattice vector (c) As (b) but viewed 
along the c lattice vector In (b) and (c) metal ions are fixed at their initial positions for clarity. 
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Figure 8 
Examples of consecutive cooperative motions of oxide ions during migration, as described in 

the text, viewed along the <110> direction. 
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Configuration Set Dself (10-10 m2 s-1) Dσ (10-10 m2 s-1) 

4t4b 2.9 0.25 

5t3b 2.9 0.123 

6t2b 1.5 0.025 

 

Table 2 
Oxygen self-diffusion Dself and conductivity diffusion coefficients Dσ for different 
configuration sets, calculated using AIMD runs of at least 250 ps using Boltzmann-averaged 
cell parameters.  Values for 7t1b are not available because in this case oxygen vacancies 
always migrated from one vanadium layer to another forming a configuration belonging to a 
different set (e.g, 6t2b). 
 

In AIMD runs, using Boltzmann-averaged lattice parameters, the oxide self-diffusion 

coefficients Dself in the 4t4b and 5t3b supercells are approximately equal, and substantially 

greater than that of the 6t2b supercell; the average Dself is very close to that of the 4t4b and 

5t3b cases. Diffusion between layers is much slower than that within layers – we did not see 

any such movements in any of these sets over the timescale of the simulations. This suggests 

that oxide mobility in the compound is maximised when there is little or no disparity in 

vacancy distribution in the vanadium layers.). Comparing the self and centre-of-mass 

diffusion coefficients, the latter are much lower in marked contrast to other systems such as 

PbF2 [33].  Manual examination of trajectories suggests this is due to correlated motions with 

oxygens moving in different layers as in Figure 8 but in all directions.  

The centre of mass diffusion coefficients can be used to calculate the conductivity 𝜅 

of the material by first calculating the limiting molar conductivity Λ  using the Nernst-

Einstein equation, 

Λ =
𝐹

𝑅𝑇
𝑣 𝑧 𝐷  

(4) 
𝐹 is the Faraday constant, 𝑅 the gas constant, and 𝑣 , 𝑧  and 𝐷  are, respectively, the number 

of ions i in the formula unit, the charge and diffusion coefficient of species i. The sum runs 

over all ionic species. The conductivity 𝜅 is then given by 𝜅 =  Λ 𝑐, where 𝑐 is the molar 

concentration of the species. For a solid electrolyte, this equals the number density of formula 

units of the compound, calculated using the volume of the 2x2x1 cell with Boltzmann-

weighted cell parameters. Using the Boltzmann-weighted average value of the centre-of-mass 

diffusion coefficients in Table 2, our estimate of the conductivity of Bi4V2O11 at 1126 K  is 
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0.081 S cm-1, which is an underestimate of the experimentally determined values of 

conductivity for this compound (0.1-1 S cm-1 [1], 0.2 S cm-1 at 873 K [6]), but nonetheless 

close to the correct order of magnitude. Similar calculations at the same level of theory 

underestimated the conductivity of δ-Bi2O3 [10] and there is also the possibility of enhanced 

ionic conductivity at interfaces in the experiment.  

 

(c) Electronic structure and the bismuth lone pairs 

We turn briefly to the electronic structure of BIMEVOX since stereochemically active “lone 

pairs” on Bi have been postulated as important for the high ionic conductivity of δ-Bi2O3 [34] 

as well as rationalising why the local anion environments in the disordered and both ordered 

phases of Bi2O3 are so irregular [10,20].  

Figure 9a plots the densities of states of the lowest energy 4t4b energy configuration. 

Both total densities of states (DOS) and projected densities (PDOS) are shown.  The PDOS 

for the occupied bismuth and oxygen states is very similar to those in β- and δ-Bi2O3 [10]. 

The states at the top of the valence band are essentially O 2p with small contributions from Bi 

6s, Bi 6p and V 3d.  The majority of the occupied V 3d states are towards the bottom of the 

valence band and most of the Bi 6s states are found in another band immediately below the 

valence band. The contribution from the Bi 6s states close to the Fermi energy EF at the top 

of the valence band is similar to that found in studies of the electronic structure of ordered α-

Bi2O3 [35] and δ-Bi2O3 [10].  Overall the form of the DOS is very similar to that of 

monoclinic Bi2VO4 [36]. The orbital interactions that give rise to the distribution of the Bi 

states have been discussed by Walsh et al. [37], a modern picture which differs substantially 

from that in the standard textbooks.  The Bi 6s electrons interact strongly with the oxygen 2p 

states in the valence band giving rise to the bonding states below the valence band and 

antibonding states at the top of the band.  In a distorted low non-centrosymmetric 

environment the mixing of Bi 6s, 6p and O 2p in the valence band lowers the energy and 

giving rise to an asymmetric electron density around Bi traditionally ascribed, but 

misleadingly so, to the so-called “stereochemically active” lone pair.  The V 3d orbitals also 

mix strongly with O2p with the majority of the occupied 3d states at the bottom of the 

valence band; the bottom of the conduction band is dominated by V 3d, similar to the density 

of states of other V(V) compounds such as V2O5. The calculated band gap is 2.0 eV which 

compares well with an experimental value of 2.15 eV [38]. The underestimation is similar to 

that for Bi2VO4 [36]; note this result is for only one oxygen ordering. 
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a 

 

b 

 

Figure 9 
Total and partial electronic density of states of (a) the lowest and (b) the highest energy 4t4b 
energy configuration. The top of the valence band (the Fermi energy) is arbitrarily assigned a 
value of zero. 
 

Figure 9b also plots the densities of states for the highest energy 4t4b energy 

configuration. While the form of the DOS is very similar to that for the lowest energy 

configuration, the band gap is 0.4 eV smaller, suggesting the presence of vanadium 

environments with effectively lower coordination numbers and less highly charged vanadium 

ions. 

The “lone” pairs on the Bi all point towards oxygens which are equatorial in the 

vanadium-oxygen planes. An interesting question is how the ease of distortion of the electron 
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density around Bi and thus the ready structural distortion of the Bi local environments 

promotes facile oxygen conduction via the curved paths (relative to equatorial diffusion) and 

we have seen in the molecular dynamics simulations. 

 

4. Conclusions 

We have studied the energy landscape of Bi4V2O11 and established the existence of a large 

number of energy minima, dominated by low-lying thermally accessible configurations in 

which there are equal numbers of oxygen vacancies in the vanadium-oxygen layers, a range 

of vanadium coordinations and a large variation in Bi-O and V-O bond lengths.  By dividing 

local minima in the energy landscape into sets of configurations we then examine diffusion 

separately in the different layers using ab initio molecular dynamics simulations. These show 

that the diffusion mechanism mainly takes place in <110> directions. We calculate properties 

such as the average diffusion coefficient by assigning the individual molecular dynamics runs 

an appropriate (Boltzmann) weight (Eq. (1)). This permits an estimate of the diffusion 

coefficient in compounds where interlayer diffusion is too slow to be captured in a single 

molecular dynamics run. The motion of the oxide ions is cooperative; one oxide ion migrates 

from an apical site to a vacant adjacent equatorial site in the vanadium layers while another 

oxide ion from an adjacent equatorial site migrates to the newly vacant apical site; the 

disorder and ion migration thus involves the O(2) and O(3) sites and not O(1) in agreement 

with experiment [6,7]. O(1) vacancies in the Bi-O layers are readily filled by migration of 

oxygens from the V-O layers. It is worth noting that the role of the Bi-O layers is thus 

different from that of the BiOx units in the fast-ion conduction in δ-Bi2O3.  In δ-Bi2O3 the 

bismuth ions adopt a wide range of coordination numbers, with 4, 5, 6 or 7 oxygens in the 

first coordination shell [10] and conduction involves transfer of oxygen atoms and changes in 

Bi coordination.  In contrast in Bi4V2O11 it is the vanadium ions which show the larger 

variation in coordination number with the transport primarily involving O(2) and O(3).  

Nevertheless the ease of distortion of the local environments of the bismuth in the Bi-O 

layers, reflected in the energetically-accessible range of Bi-O separations, aids oxide 

transport. Overall, our study reveals once more the importance of the local environments 

present in the disordered phase for ionic conduction.  In future work we will study how these 

and the mechanisms of ion conduction are altered by doping with other transition metals, 

such as Cu, which substitute for vanadium and which enhance the conductivity. 
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