#® ROYAL SOCIETY

Journal of
PPN OF CHEMISTRY

Materials Chemistry A

View Article Online

View Journal | View Issue,

Tuning of the ionic conductivity of Ba;Nb;Mo00O,,
by pressure: a neutron diffraction and atomistic
modelling study+
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Ba;NbsMoO,q is a hexagonal perovskite derivative that exhibits both high oxide-ion and proton
conductivity. The high oxide-ion conductivity results from the presence of disordered flexible MO, (x =
3, 4, 5) units within the palmierite-like layer. The high proton conductivity arises from the dynamic and
rotational flexibility of the MO, units that results in disorder of the proton defects, high proton mobility
and low energy diffusion pathways. Herein, using a combination of neutron diffraction experiments and
atomistic modelling simulations, we demonstrate that both the crystal structure and ion transport of
Bas;NbsMoO,q can be tuned by applying pressure. Applying pressure results in a reduction in the fraction

Received 15th November 2024 of MO, tetrahedra within the P—L layer with a concomitant increase in the fraction of MOg octahedra.
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Density functional theory and molecular dynamics simulations using a newly developed machine-

DOI 10.1039/d4ta08133a learned forcefield reveal a significant decrease in oxide-ion transport with increasing pressure whilst

Open Access Article. Published on 20 December 2024. Downloaded on 3/20/2026 5:31:23 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

rsc.li/materials-a

Introduction

Oxide-ion and proton conductors are important materials for
applications in energy generation and storage technologies
such as ceramic fuel cells (CFCs) and solid oxide electrolysers
(SOECs). Fuel cells are of particular interest due to their ability
to produce clean energy from renewable resources whilst
exhibiting high efficiencies compared to traditional combus-
tion technologies." However, the high operating temperatures
(>700 °C) required for sufficient ionic conduction through
commercially available electrolytes pose technical challenges
for CFCs such as poor durability of components and higher
costs.' Therefore, research has focussed on the development
of materials which exhibit high conductivities at lower
temperatures (300-600 °C).

One such material is Ba;Nb,;Mo00O,, which exhibits a signifi-
cant bulk dual-ion conductivity of 4.0 x 10™° S cm™" at 510 °C,
as well as excellent stability over a range of oxygen partial
pressures.® Ba;,Nb,;MoO,, crystalises in the P3m1 space group
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proton transport is comparatively unaffected.

and can be described as a cation-deficient 7H hexagonal
perovskite derivative formed by the intergrowth of 12R perov-
skite layers and palmierite-like (P-L) layers.*” The O1 and 02
sites are only partially occupied due to the short 01-0O2
distances, which results in mixed coordination of M1 sites
along the P-L layers. This arrangement indicates that there is
a random distribution of M10, tetrahedral units and M10Og
octahedral units across the average crystal structure. The adja-
cency of the O1 and O2 sites may however suggest that the oxide
ions along the P-L layer are positionally disordered resulting in
variable local geometries of the M10, polyhedra (x = 4, 5, 6).

The M1 and M2 sites shown in Fig. 1, are also only partially
occupied with the cations distributed across both sites leading
to four possible stacking configurations which are randomly
positioned along the structural layers.**® This configuration
disrupts the stacking of the palmierite-like and 12R perovskite
units due to the disorder of the cationic vacancies.*® The oxide
ion and cation disorder within the crystal structure is respon-
sible for the significant ionic conductivity of Ba;,Nb,M00,, The
partially occupied oxygen sites as well as the intrinsic vacancies
along the P-L layer provides a pathway for oxide-ion migration,
whilst the proximity of these sites as well as the flexibility of the
M10, polyhedral units facilitates proton migration.®

Under dry conditions the O1 site is predominately occupied,
and the oxygen vacancies are mainly distributed on the O2 site.
Water absorption occurs via the hydration of these intrinsic
oxygen vacancies on the P-L layer which results in the forma-
tion of protonic defects. The Rietveld fit to the P3m1 model from
variable temperature neutron diffraction data shows a thermal

This journal is © The Royal Society of Chemistry 2025
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Fig.1 Average crystal structure of Ba;NbsMoO,q which is composed
of alternating 12R perovskite and palmierite-like (P—L) layers. Colours:
green, Ba; blue, M1; pink, M2; purple, M3 and M4; yellow, O1; orange,
02; and red, O3, O4, and O5. The Ol and O2 sites are partially
occupied resulting in variable coordination of the M1 cations along the
P-L layers.

rearrangement of the fractional occupancies of the O1 and 02
sites.® Above 300 °C the O1 site occupancy increases resulting in
an increase in lower coordination environments.® This struc-
tural rearrangement is likely due the uptake of water in which
the presence of a proton between an oxygen site and M1 site
forces a redistribution of cations from the M1 site to the vacant
M2 site. Upon heating, water is lost from the P-L layer which
causes the cations to move back to the M1 site and a consequent
increase in the O1 occupancy.’ These findings are similar to that
of the related Ba;NbMoOg 5 phase which has an average struc-
ture that is a disordered hybrid of the 9R hexagonal perovskite
(A3B300) and palmierite (A3B,0g) structures.®'*** The palmier-
ite structure is derived from the 9R polytype by replacing the
AO; cubic layer with an oxygen deficient layer AO,. This disrupts
the trimers of face-sharing BOs octahedra which are connected
through corner sharing in the 9R polytype resulting in the
formation of layers of BO, tetrahedra separated by octahedral
vacancies. The vacancies within the Ba;NbMoOy 5 structure are
split across the M1 and M2 sites as well as the O1 and O2 sites
which leads to variable coordination environment of the M1 site
(M10,). Upon increasing temperature, the ratio of M10, tetra-
hedra:octahedra increases and a decrease in activation energy is
observed as well as improved ionic conductivity."

The effect of pressure on the crystal structure of Bas-
NDbMoOs 5 has also been reported. The results show a structural
reorganisation in favour of the O2 site which increases the
average number of octahedra within the structure and therefore
the occurrence of 9R-type regions. Above 5.2 GPa it is thought
that the palmierite contribution will be completely suppressed
as the O3 position is empty.** The bulk modulus of
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BazNbMoOg 5 was found to be significantly lower than typical
layered oxide materials and closer to halide materials suggest-
ing that the structure exhibits high flexibility and
compressibility.

Here, we report the effect of applied pressure on the crystal
structure and ion transport properties of Ba;Nb,MoO,, and
how these structural changes may affect its conductivity. The
results show that upon increasing pressure the O2 site occu-
pancy increases whereas the O1 site occupancy decreases.
Under ambient conditions the average number of (Mo, Nb)O,
tetrahedra and (Mo, Nb)Oy octahedra are 80.3% and 19.7%
respectively. At ~4.9 GPa the number of tetrahedra decreases to
63.8% as the number of octahedra increases to 36.2%. It has
previously been reported that introducing excess oxygen (which
increases the 02 site occupation) by aliovalent doping of Nb**
by W°*, Mo®" and Cr®* enhances the oxide-ion conductivity of
Ba;Nb;Mo00,, considerably.’**®* However, density functional
theory (DFT) and molecular dynamics (MD) simulations reveal
that oxide-ion transport is substantially reduced with increasing
pressure whilst proton transport is only weakly affected. Our
results demonstrate how pressure can be used to tune the
structure and conductivity of Ba;Nb;Mo00O,,.

Experimental

Samples of Ba;Nb;Mo0O,, were synthesised via the solid-state
reaction method. Stoichiometric amounts of BaCO; (99.999%,
Aldrich), Nb,Os (99.99%, Aldrich), and MoOj; (99.5 + %, Aldrich)
were ground, pressed into a pellet, heated at 1050 °C for 48 h,
and then cooled to room temperature at 5 °C min~'. The
heating step was repeated until a phase pure product was ob-
tained. The purity of the sample was confirmed using a PAN-
alytical Empyrean diffractometer equipped with a Cu Ka tube
and a Johansson monochromator. Data were recorded in the
range 10°< 26 < 120° with a step size of 0.013°.

High pressure time-of-fight (TOF) neutron powder diffrac-
tion data were collected at room temperature on the PEARL
diffractometer at the ISIS Neutron and Muon Facility (Ruth-
erford Appleton Laboratory, Harwell, Oxford, UK). Initially
137 mg of Ba;,Nb;Mo00O,, sample was sealed in a 6 mm vana-
dium can for data collection under ambient conditions. The
powder sample was then sealed in a null scattering titanium-
zirconium alloy gasket using highly neutron transparent
zirconia-toughened alumina (ZTA) anvils along with a lead
pressure marker and 4:1 perdeuterated methanol : ethanol as
a pressure medium. A Paris Edinburgh (PE) press was used to
apply selected loads between 6 and 60 tonnes to the sample. The
time-of-fight (TOF) range was 1500-19900 us using the 90°
detector banks with a collection time of 4 hours for each
loading. The GSAS/EXPGUI software was used to perform Riet-
veld analysis on the obtained data.'** The pressure was deter-
mined by using a pressure-volume-temperature
parameterisation of the lead equation of state in the form of the
Birch-Murnaghan equation (Pb PVT BMEOS4).>' The unit cell
parameter of the lead phase extracted from preliminary neutron
refinements was implemented into this model to determine the
pressure. TOF neutron powder diffraction data were then
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collected on the Ba;Nb,;Mo00,, sample without the lead pressure
marker present at a range of pressures —0.93(5) GPa,
1.65(5) GPa, 3.29(6) GPa, 3.56(6) GPa, 4.06(8) GPa, and
4.89(8) GPa. The time-of-fight (TOF) range was 1500-19900 ps
using the 90° detector banks with a collection time of 9-12
hours for each pressure. The relationship between normalised
volume and pressure was fitted with a Birch-Murnaghan func-
tion using the EosFit7-GUI software, from which the bulk
modulus (B,) of Ba;Nb;M00,, could be extracted.

Minimum bounding ellipsoid analysis was performed using
the PIEFACE software to evaluate the relaxation of the average
metal polyhedral units upon increasing pressure.”” The poly-
hedral distortion was quantified by the standard deviation, o(R),
of three primary ellipsoid radii, R1, R2 and R3.

Computational methods

The Vienna ab initio simulation package (VASP) was used to
carry out the DFT simulations.”® A 2 x 2 x 1 k-point mesh was
used with a plane wave energy cutoff of 600 eV for static opti-
misations. 2 x 2 x 1 supercells of Ba;Nb;MoO,, were used to
calculate the volume. Ab initio molecular dynamics (AIMD)
simulations using the NVT ensemble were carried out on the
relaxed supercell with a plane wave energy cutoff of 450 eV and
a I'-centered 1 x 1 x 1 k-mesh. To model wet conditions, AIMD
simulations were carried out on a Ba,;Nb;Mo00,,-0.5H,0
supercell containing 268 ions. A timestep of 1 fs and the Nose-
Hoover thermostat were used. Simulations were performed at
three strains (—0.05, 0 and 0.05) and four temperatures (300-
1200 K at 300 K intervals). Snapshots were extracted from
a production run of 10 ps at 0.1 ps intervals, i.e., 100 structures
for each temperature and strain, resulting in a total of 1200
training structures.

The training and evaluation of moment tensor potentials
were performed using the MLIP-3 package, and molecular
dynamics (MD) simulations were performed using the LAMMPS
package.**” At the first stage, a moment tensor potential of the
16th level was pretrained using the data collected from AIMD.
The potential includes 2068 fitting parameters. The root mean
square error in energy per atom, forces and stresses between
DFT and the fitted MTP are 3.6 meV, 0.39 eV A~* and 0.91 kBar,
respectively. The lattice parameters (a and c) of Ba;Nb;M00,,
are similar between DFT (5.96 and 16.82 A, respectively) and the
MTP (5.97 and 16.80 A, respectively). To study the diffusion
coefficients of Ba;,Nb;M00,, under dry and wet conditions and
pressures, MD NVT simulations were performed using the fitted
MTP on 4 x 4 x 2 supercells at a 1 ns time scale. Ten MD
simulations were run at each temperature.

The nudged elastic band (NEB) method was applied to
calculate the oxygen vacancy migration pathways and energy
barriers.”®* The energy of the electronic ground state was
converged to within 107° eV and the cutoff energy and conver-
gence tolerance were set to 600 eV and 107> eV A™*, respectively.
Five intermediate images were generated through linear inter-
polation between the initial and final structures, with a spring
constant of —5 eV A™%,
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Results and discussion
Influence of pressure on global and local structure

The X-ray diffraction pattern on the sample prepared for the
neutron diffraction study showed that Ba;Nb,;Mo00O,, could be
indexed with the P3m1 space group, with unit cell parameters of
a =5.86076(5) A and ¢ = 16.5230(2) A. The sample was stored at
room temperature in air with no decomposition observed. Fig. 2
shows the neutron diffraction data and Rietveld fit for Ba,-
Nby;MoO,, at 0 and ~4.9 GPa. The average structure of Ba,-
Nb,MoO,, as reported in ref. 6 was employed as the initial
model for the Rietveld refinements (Table S1t). The Ba atoms
are situated at three different Wycoff sites; Bal at 1a, Ba2 and
Ba4 at 2d and Ba3 at 2c. Due to their similar neutron scattering
lengths, the Nb/Mo cations are assumed to be distributed over
the metal sites M1, M2, M3 at Wyckoff site 2d, and M4 at
Wyckoff site 1b, as it is not possible to resolve their individual
scattering contributions.

The occupancies of the Ba and M3 and M4 sites refined to
within £ 1% of the full occupancy and were therefore fixed at 1.
The fractional occupancies of the M1 and M2 sites were refined.
Due to the proximity of the O1 and O2 sites simultaneous
occupation of these positions is not possible and therefore
partial occupancies were also refined. The oxygen atoms are
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Fig. 2 Rietveld refinement fits to the P3m1 model of Ba;NbsMoO2q
from neutron diffraction data at 0 GPa (top) and 4.9 GPa (bottom).
Black crosses show the observed data, the red line is the Rietveld fit
and the green line is the background function, the blue line shows the
difference between the calculated and observed data. Vertical pink
lines show the reflection positions for Ba;NbsMoO,(. Vertical cyan and
black lines show the refection positions of Al,Oz and ZrO, phases
respectively. The 0 Gpa dataset was collected from a V-can, and the
4.9 GPa dataset from the Paris-Edinburgh press.
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situated at two different Wyckoff sites; O1, O3, 04, O5 at 6i, and
02 at 3e. The 03, 04 and O5 positions refined to within £ 1% of
the full occupancy and were therefore fixed at 1.

The atomic displacement parameters were modelled isoto-
pically for all atoms at every pressure. A constraint was applied
on the U, values for all the Ba atoms (1-4) to be the same.
Similarly, the Uiy, values for all the Nb/Mo atoms were also
constrained to be the same. A constraint was also placed on the
01/02 fractional occupancies so that as they varied, the overall
oxygen stoichiometry would remain equal to 20. An excellent
Rietveld refinement fit using this model was observed at all
pressures and no additional peaks or evidence of a phase
transition was observed. The statistical parameters at ~0 GPa
and 4.9 GPa were found to be x* = 5.336, R, = 1.96%, WR;, =
2.28% and x? = 0.790, R, = 3.1%, WR;, = 2.82% respectively.
Tables of refined atomic positions, cell parameters and agree-
ment factors are displayed in Table S1. Additional phases of
Al,O; and ZrO, were present in the sample environment and
have been represented by extra reflection markers in Fig. 2.

The unit cell parameters a = b # c all decrease linearly upon
increasing pressure with no anomalies observed (Table S17).
The axial compressibility, k, of the cell parameters were deter-
mined from the linear fit of the normalised plots a/a, (Fig. S1t)
and c/c, (Fig. S27). Values of k = 3.14 x 10> GPa™ " and k = 3.51
x 107% GPa " were obtained for a and c respectively, revealing
that the compression is slightly anisotropic (the axial
compressibility ratio is 1.12), and the structure is more elastic
along the c axis. This is expected as it is typical for perovskites to
be elastically anisotropic under pressure. However, there are
a few materials that exhibit isotropic compression such as the
related Ba;NbMoOg 5 phase.*

A second order Birch-Murnaghan isothermal equation of
state has been fitted to the normalised plot of V/V, shown in
Fig. 3, with the pressure derivative K fixed at 4. The bulk
modulus, B, was determined to be 92.8(2) GPa using the EOSfit7
software for a refined V,, value of 491.6(4) A®. This is somewhat
lower than most oxide perovskites which typically exhibit a bulk
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Fig. 3 Variation of normalised unit cell volume with pressure for
Ba;NbsMoO,q The data is fit with a second order Birch—Murnaghan
equation of state.
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modulus of >150 GPa.** DFT calculations were also performed
to predict the bulk modulus using a third-order Birch-Murna-
ghan equation of state. The obtained value of 82 GPa at 0 K, is in
good agreement with the experimental value. Our newly devel-
oped moment tensor potential model also predicts a bulk
modulus of 82 GPa at 0 K, which is consistent with the value
obtained from DFT calculations demonstrating the reliability of
our model.

The related hexagonal perovskite derivative BazNbMoOs 5
exhibits an even lower bulk modulus value of 50(2) GPa which is
comparable to that of halide perovskites which typically exhibit
a bulk modulus of 30-50 GPa."*** The lower concentration of
vacancies in the Ba;Nb,;Mo00,, crystal structure compared to the
related Baz;NbMoOg 5 phase is likely the reason why the Ba,-
Nbs;Mo0O,, exhibits a higher bulk modulus and is therefore
harder to compress than Ba;NbMoOg 5.

The significant ionic conductivity of Ba;Nb,;M00O,, is asso-
ciated with the anion and cation disorder within the structure.
This disorder results in flexible MO,, polyhedra which accom-
modate the intrinsic oxygen vacancies and protonic defects.
These anionic and cationic vacancies are distributed over the
M1/M2 and O1/02 sites and the fractional occupancies of these
sites were refined. The Bal-4, M3/M4 and O3-5 site occupan-
cies were all fixed at 1. At ambient pressure the refined frac-
tional occupancies of the M1/M2 and O1/02 sites were found to
be in good agreement as previously reported for this material.®
As determined both experimentally and computationally, when
pressure is applied, the occupancy of the O1 position decreases
whilst the occupancy of the O2 site increases, as shown in Fig. 4.
It has previously been reported that by increasing the Mo : Nb
cation ratio and therefore increasing the site occupancy of the
02 interstitial oxygen within Ba;Nb,Mo0O,, enhances the oxide-
ion conductivity of Ba;Nb;M00O,, Ba;Nbz¢Mo0; 10,005 is re-
ported to exhibit significant oxide-ion conductivity of 5.8 x
107* S em ™" at lower temperatures ~310 °C.'® At intermediate
temperatures ~600 °C, Ba;Nb; oMo, 10,005 exhibits a bulk
conductivity of 5.1 x 107 S em ™', higher than that of the
undoped phase which exhibits a bulk conductivity of ~1.9 X
107 S em™ " under dry conditions.**

Under ambient conditions the average number of (Mo,Nb)O,
tetrahedra and (Mo,Nb)Og octahedra within the palmierite-like
layer of Ba;NbyMo00O,, is 80.3% and 19.7%, respectively. At
~4.9 GPa the number of tetrahedra decreases to 63.8% as the
number octahedra increases to 36.2%. The change in the
occupancy of the O1 and O2 sites with pressure has the reverse
effect compared to the influence of temperature. As reported
previously, upon heating, the fractional occupancy of the O1 site
increases whilst the occupancy of the O2 site simultaneously
decreases. At temperatures > 500 °C the O1 site is fully occupied
and the O2 site is empty.® The variation of the fractional occu-
pancies of the M1 and M2 positions with pressure are shown in
Fig. S3 and S4.7 Overall, there is a slight decrease in the M1
occupancy accompanied by a slight increase in the M2
occupancy.

Upon increasing pressure, the Bal-O2 bond length
decreases linearly which is expected as it lies along the a axis
which also decreases linearly with compression. The Ba1-03,

J. Mater. Chem. A, 2025, 13, 4444-4451 | 4447
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Fig. 4 Influence of pressure on O1 (orange) and O2 (blue) fractional occupancies from the Rietveld fit to the P3m1 model from neutron
diffraction data collected on the PEARL diffractometer (left) and MD simulations at 300 K (right).

Ba2-04, Ba3-05, Ba4-04, Ba4-05, M1-01, M1-02 and M4-05
bonds all show a general decrease upon compression (Table
S2t). The remaining bond lengths show no clear observable
trends.

Polyhedral distortion can play a role in influencing the ionic
conductivity of materials. It has previously been reported for the
Ba;MM’Og s related phase that the polyhedral distortion is
a result of the second-order Jahn-Teller distortion which is
higher in magnitude for cations with a smaller ionic radius and
larger formal charge.®>** This is why Mo®" is a more effective
distorter than Nb>" and W®" and why the activation energy for
the bulk conductivity is lower for Ba;MoNbOg 5 compared to
Ba;WNbOg 5 and Ba;W; ,Nb, 3Oz ¢ phases, as a more distorted
environment can improve oxide-ion diffusion. Upon increasing
pressure, the octahedral environment of the related Ba;-
NbMoOg 5 phase undergoes a decrease in distortion and the
angles 01-M1-02 and 02-M1-02 which define its octahedral
environment tend towards 90° (the ideal octahedra geometry).*
Conversely, the tetrahedra become more distorted with
increasing pressure for this phase.

The PIEFACE software package was used to determine the
minimum bounding ellipsoid at every pressure. By fitting the
smallest bounding ellipsoid around the polyhedra, the poly-
hedral distortion ¢(R), ellipsoidal shape parameter (S) and
metal cation displacement (d) can be determined. The results
are displayed in Tables S4-S6, Fig. S5 and S6.1 The polyhedral
distortion o(R) for the M10¢ octahedra decreases from 0.0819 at
0 GPa to 0.0783 at 4.9 GPa (Fig. S5). Therefore, the M10Oq
octahedra appear to become slightly less distorted with pres-
sure which is expected as the average number of octahedra
increases. The polyhedral distortion, o(R), for the M20O¢ octa-
hedra also decreases from 0.1371 at 0 GPa to 0.0916 at 4.9 GPa
(Fig. S67). This is supported by the decrease in the 03-M2-04
angle towards 90° upon increasing pressure (Table S37).

Upon increasing pressure, the displacement of the M1 cation
shows no discernible trend meaning that the decrease in M1~
01/02 bond is purely a result of compression rather than the
M1 cation moving closer to the O1/02 positions. This is also
confirmed by the refined atomic parameter z, where no clear
trend is observed with increasing pressure. The shape

4448 | J Mater. Chem. A, 2025, 13, 4444-445]

parameter, S, describes whether the minimum bounding is
a perfect sphere S = 0, axially compressed S < 0 or axially
stretched S > 0. In general, octahedra can be described by an
oblate ellipsoid (S < 0) and tetrahedra by a prolate bound
ellipsoid (S > 0). Upon increasing pressure, the ellipsoid shape
parameter, S, for the M10, octahedra increases from —0.0842 at
0 GPa to —0.08094 at 4.9 GPa (Fig. S51). Both the polyhedral
distortion, ¢(R), and the shape parameter, S, for the M10,
tetrahedra show no discernible trends.

Influence of pressure on short- and long-range ion transport

We can't currently determine the ionic conductivity of Ba;Nby,-
MoO,, under the applied pressures used in the neutron
diffraction experiment. To determine how the changes in crystal
structure would affect both the oxide-ion and proton conduc-
tivity, we have performed atomistic modelling simulations. NEB
were employed to understand and quantify the impact of
pressure (ranging from 0 to 15 GPa) on short-range oxide-ion
transport in Ba;Nb,MoO,,. Three representative oxygen
hopping pathways were considered, as shown in Fig. 5(a—c), and
their corresponding energy barriers are presented in Fig. 5(d-f).
With increasing pressure, the energy barriers for all migrations
generally rise, indicating a reduced tendency for oxide-ion
diffusion.

For the O5-05 pathway, the barrier increases from 0.32 eV at
0 GPa to 0.88 eV at 15 GPa. Likewise, for the O5-04 transition,
the barrier increases from 0.34 eV to 0.70 eV at 15 GPa. At higher
pressures (i.e., 10 GPa and above), the barrier becomes sharper
and more pronounced. In contrast, the 03-0O1 transition shows
a high barrier of 1.46 eV at 0 GPa, and the effect of pressure on
this pathway is less pronounced. As previously reported for the
BazMoNbOg s phase, increasing pressure results in higher
relative bond valence energy barriers, a trend consistent with
our NEB calculations.™

The differences in energy between the initial and final states
of the NEB pathways also generally exhibit an increasing trend
with increasing pressure. For example, for the O5-O5 transition,
the difference in energy between the initial and final states
increases from 0.01 eV at 0 GPa to 0.20 eV 4.9 GPa. Considering
both this energy difference and the energy barrier for the

This journal is © The Royal Society of Chemistry 2025
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(a—c) NEB pathways for three oxygen migrations considered. Colours: green, Ba; blue, Mo; aqua, Nb and red, O. The orange arrows

indicate the oxygen pathways between oxygen sites: (a) O5-05 (2.95 A), (b) 05-04 (2.59 A) and (c) 03-01 (3.55 A). (d—f) Corresponding energy
barriers for the three oxygen migrations calculated as a function of pressure.

forward transition, the magnitude of the reverse barrier for this
transition shows minimal change in this range (~0.4 eV). When
the pressure exceeds 5 GPa, since the energy of the final struc-
ture is very close to that of the initial structure, both the forward
and reverse transitions become equally likely to occur. This
behaviour highlights how increasing pressure significantly
affects both the migration barriers and the stability of the final
vacancy configuration. It is noteworthy that kinks appear on the
energy barrier curves, which are indicative of local minima
along the migration pathway. For the O5-O5 transition, kinks
are present at 0 GPa but disappear by 3.6 GPa, while for the O5-
04 and 03-01 transitions, the kinks become more pronounced
when the pressure exceeds 5 GPa.

In addition to the individual hopping events considered
above, long-range oxide-ion and proton diffusion were assessed
using large-scale MD simulations. Arrhenius plots of the
calculated oxide-ion and proton diffusion and their corre-
sponding activation energies as a function of pressure are

This journal is © The Royal Society of Chemistry 2025

presented in Fig. 6. For oxide-ion diffusion, as presented in
Fig. 6(a), there is a clear decrease in diffusion with increasing
pressure, with the highest diffusion coefficient of 4.98 x 10~°
cm?® s occurring at 0 GPa and the lowest of 6.86 x 10™° cm?
s~ ' at 10 GPa (for 500 °C). This is in good agreement with the
NEB results presented above. Interestingly, despite the reduced
oxide-ion mobility with pressure, the activation energy for
oxide-ion transport significantly decreases from 0.33 eV at 0 GPa
to 0.23 eV at 0.9 GPa and then further decreases with increasing
pressure up to 10 GPa (Fig. 6(b)).

To explore these findings further, we calculated the average
0O-0 separation at 800 K from our MD simulations, as shown in
Fig. S7.7 At 0 GPa, the distribution exhibits a prominent peak at
around 2.90 A and two smaller peaks at 2.68 A and 3.08 A. With
increasing pressure, the small peak at 3.08 A gradually dimin-
ishes until it is no longer observable at >7.5 GPa. The second
small peak at 3.08 A becomes increasingly more well defined up
to ~4.9 GPa before disappearing at >10 GPa. The main peak at
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Fig. 6 Arrhenius plots of (a) oxide-ion and (b) proton diffusion and
their (c) corresponding activation energies as a function of pressure,
respectively.

2.90 A shifts towards a shorter separation distance (to the left)

as the pressure continues to increase, indicating a compression
of the O-O separation under higher pressures. This
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compression trend becomes more prominent at pressures
above 10 GPa, where the primary peak becomes broader and
shifts to lower values, reflecting a more compact and uniform
oxygen sublattice in the system. These results indicate a clear
change in the mechanism of oxide-ion transport in the system
because of pressure, with the distinct shorter and longer O-O
distances at 0 GPa becoming more uniform. The overall smaller
average O-O distances at higher pressures could be expected to
induce lower activation energies, as observed, but also higher
diffusion coefficients, which are not observed. Furthermore, the
increasing pressure also results in smaller bottlenecks for oxide-
ion transport, which contribute to the orders of magnitude
decreases in diffusion found from the MD simulations in
Fig. 6(a).

For proton diffusion (Fig. 6(b)), in contrast, there is no clear
trend, and the influence of pressure is reduced compared to its
impact on oxide-ion diffusion. While the diffusion coefficients
and activation energies for proton transport show some fluc-
tuations, the overall changes are relatively small, indicating that
the proton migration mechanism is only mildly affected by the
structural changes induced by pressure. Overall, our calcula-
tions show that the combination of temperature and pressure
exerts a synergistic effect on ion transport in Ba;Nb;M00O,,.

Conclusions

We have reported the effect of applied pressure on the crystal
structure and ion transport of Ba;Nb;Mo00O,,. The results show
a continuous linear decrease of the unit cell parameters upon
increasing pressure. The compressibility of Ba;Nb,;MoO,, is
higher than that of typical layered oxide material as it exhibits
a much lower bulk modulus of 92.8(2) demonstrating the flex-
ibility and tuneability of this material. Upon increasing the
pressure from 0 GPa to 4.9 GPa, the interstitial O2 site fractional
occupancy increases from 0.179 to 0.309 whereas the O1 site
occupancy decreases from 0.243 to 0.179 so that the number of
octahedra within the palmierite-like layer increases from 19.7%
to 36.2%. This is the reverse effect to what has previously been
observed for increasing temperature as the structure undergoes
a thermal reorganisation of the fractional occupancies of the O1
and O2 sites in favour of the O1 site.

To determine the influence of the structural changes in the
P-L layer with applied pressure on the ionic conductivity,
density functional theory and molecular dynamics simulations
using a newly developed machine-learned forcefield have been
performed. NEB results show an increase in the energy barriers
for oxide-ion migration which is most likely a result of the
reduced number of tetrahedra in the P-L layer and hence
a decrease in the number of low energy pathways for oxide-ion
migration, as previously reported for Baz;NbMoOgs.'* The
results would suggest a critical number of tetrahedral and
interstitial (octahedral) oxide-ion sites are required for high
oxide-ion conductivity in Ba;Nby;M0O,,. MD simulations give
further insight and show that oxide-ion diffusion is further
reduced with applied pressure because of the smaller bottle-
necks for oxide-ion transport. Surprisingly the proton transport
is relatively unaffected by changes to the crystal structure upon

This journal is © The Royal Society of Chemistry 2025
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applying pressure. Combined, the experimental and computa-
tional results give further insight into oxide-ion and proton
conductivity in Ba;Nb,;Mo0O,.
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