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Abstract

Solid state ionic conductors are of primary importance for the design of tomor-
row’s batteries. In lithium ion or sodium ion-based materials, the alkali cations diffuse
through three-dimensional channels consisting of interconnected tetrahedral or octahe-
dral sites with low free energy barriers between them. Fluoride ion conductors stand
out in this landscape since the materials with the highest conductivities belong to the
MSnF, family (in which M2 is a divalent cation), which structure is layered and charac-
terized by double-layers of Sn?T and M?* cations along a given direction. Importantly,
these materials display stereoactive electron lone pairs (LPs) that seemingly play an im-
portant role not only in stabilizing of the Sn-Sn layer but also in modulating the fluoride
ion diffusive behavior. However, despite previous experimental and simulation studies,
the involvement of the LPs in the fluoride ions conduction mechanism remains to be
quantitatively understood. In this work, we simulate the BaSnF, tetragonal structure

using machine learning-based molecular dynamics, in which the interaction potential
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is trained on density functional theory data. We investigate the role of the Sn-LLP-Sn
layer in lowering the diffusion energy landscape. In particular, we show how the F~ ions
jump across this layer occur much more frequently than in the Ba-F-Ba one, resulting
in the formation of vacancies in the Ba-Sn layers. Concurrently, the LPs stereochemical
activity fluctuates to accommodate the F ions jumping. In addition, the presence of
the LP layer enhances the flexibility of the Sn ions, which leads to an increase of the
two-dimensional diffusion by several orders of magnitude. These results contribute to
the understanding of the interplay between LPs and ionic diffusion, helping to explain

the good performance of the material in fluoride-ion batteries.

Introduction

The Li-ion battery is increasingly being used in modern society, in applications ranging
from electronic devices and electric vehicles to grid storage. However, the needs for the
latter application are very large, and they may not be met due to the limited availability of
lithium and of other critical transition metal (i.e. Ni, Co) resources. Intensive research efforts
have thus been placed on “post-lithium” batteries in recent years. Fluoride ion battery (FIB)
is a potential alternative due to the fluorine earth abundance, high theoretical volumetric
energy density and potentially wide electrochemical stability window.? Since the initial
proof of concept of a rechargeable FIB,? its development has however been plagued by the
low room-temperature fluoride ionic conductivity in solid electrolytes. Among the various
studied materials, BaSnF, is a promising candidate with a suitable ionic conductivity of
3.5x107* S cm~! at ambient temperature.?* It has indeed been successfully used in FIBs,> "
and some efforts are currently devoted to increase further the fluoride ion diffusivity by
composition tuning.®Y However, the conduction mechanism and the main structural factors
that control the fluoride ion mobility in BaSnF, have not been elucidated yet.

Tetragonal BaSnF, displays a fluorite structure made of alternating [-Ba-Ba-Sn-Sn-| lay-

ers as shown in Figure 1. The fluoride ions reside between Ba-Ba (Fy,) and Ba-Sn layers



Figure 1: Layered structure of BaSnF4. Ba, Sn and F atoms are displayed as pink, yellow,
and cyan spheres. The cubic and square pyramid coordination for Ba and Sn atoms are
shown in light pink and light yellow shades. The cyan solid lines denote the Ba-F and Sn-F
bonds. The subscription for F label corresponds to the Wyckoff positions of different F sites.
The F atoms between Ba-Ba layer are labeled as 2b and those between the Ba-Sn layers are
labeled as 2c¢ and 4f.



(Fo. and Fyp). "' Earlier NMR work concluded that F~ ions between Ba-Ba layers are
almost immobile while those between Ba-Sn layers undergo rapid exchanges.* Similar be-
havior has been observed in the isomeric cubic phase BaSnF, (termed as c-BaSnFy), where
the cations Sn®>" and Ba®?" display composition disorder, identified as Sn-rich and Ba-rich
regions. The former features enhanced fluoride ion dynamics compared to Ba-rich ones.!?
Tetragonal BaSnF, is characterized by the existence of stereoactive electron LPs located on
the Sn atoms, which leads to a depletion of the F~ ions in the Sn-LP-Sn layer, resulting in an
empty gap. The LP stereoactivity was noticed since the initial work,'® then confirmed using
Mossbauer spectroscopy with a characteristic quadrupole splitting and later characterized
by 9Sn MAS NMR spectra with a large spinning sideband.®%'* However, the previous
studies on tetragonal BaSnF, could not shed light on the role of the LLPs in the fluoride ion
diffusion mechanisms. In other systems, LPs were shown to drastically impact the physical
properties; for example they lead to ultralow thermal conductivity in aikinite, '* favor a phase

[§

transition in SnMoQOy,® as well as energy flattening in CsPbg¢Kg1F29'® and other exotic

properties. !”

The ionic conductivities trend in PbSnF,, BaSnF,, and BaMgF, manifests evident cor-
relations with the presence of LPs, with oppgar, > OBasur, > OBamgr,. "' The PbSnFy is
isostructural to BaSnF,, with a slightly higher ionic conductivity (1 x 1072 S cm™! at ambi-
ent temperature). Moreover, Pb*", with an electronic configuration of [Xe]4 f!45d'%6s2, also
possesses stereoactive LPs (6s?) albeit these display a lesser tendency to stereoactivity.!?
At elevated temperature, PbSnF, shows almost isotropic rapid diffusion behavior?” while
the fluoride ions in BaSnF, predominately move along the XY plane according to NMR
spectroscopy results.?! Contrarily, in the absence of LPs, BaMgF, structure deviates from
BaSnF, and shows a very small ambient temperature ionic conductivity of 1 x 1078 S cm™!,
four orders of magnitude lower than BaSnF,.'® Therefore, it seems that LPs significantly

improve the fluoride ion mobilities in fluoride ion conductors, and it would be of great benefit

to understand the atomistic origin of this enhancement.



Interestingly, the role of the LPs has been studied in other ionic conductors recently. For
example, the F~ ions migration barrier of KF-doped CsPbF3 were found to be four times
smaller than that of isostructural CsSrFj, highlighting the important role of LPs. They
were shown to stabilize the saddle-point structure when F~ ions exchange with neighboring
vacancy, thereby lowering the barrier energy.'® In c-BaSnFy, the Sn dipole autocorrelation
function (ACF) of the freely mobile F~ ions decay to a non-zero value on a picosecond
timescale, showing preferential orientation of the LPs. When restricting the F~ ions mo-
tion, ACF quickly decays to 0, indicating the coupling between LP dynamics and local F~
motion. This coupling originates from LPs’ tendency to reorient towards the Sn clusters,
thereby disrupting the tetrahedral site occupations, promoting the dynamics in the Sn-rich
region.? LPs were also shown to play a significant role in the Agl ionic conductor. An
electronic “paddle-wheel” mechanism was evidenced, in which the iodine lone pairs rotation
is accompanied by Ag* diffusion from site to site.??

However, these mechanisms may not take place in BaSnFy, in which the LPs are expected
to be more stereochemically active than that in CsPbF3 and much more ordered than in
c-BaSnF,. Indeed, the layered structure BaSnF,, with LPs located within the Sn-LP-Sn
layers strongly suggests other factors modulate the fluoride ion dynamics. In this article,
we use machine learning-based molecular dynamics (ML-MD) to investigate the interplay
between structure and dynamics in BaSnF,. In particular, the use of ML-MD allows us to
simulate long trajectories and gather many diffusive events, which is necessary for computing
accurately the free energy changes associated to each migration mechanism. Our results
show that the LPs behave very differently from the case of other materials. In particular,
no exchange with the fluoride ions is observed, contrarily to the case of KF-doped CsPbFs.
Instead, the layering of the LPs allows frequent and rapid jumps of fluoride ions from one
Ba-F-Sn layer to another, leading to the formation of vacancies in the original Ba-F-Sn layer.
he lone pairs slightly contract when the F~ ion resides in the Sn-LPs-Sn layer, leading to

the formation of the transition state. Furthermore, the LPs flexibility is evidenced by the



importance of Sn translational motion, which modifies the structural parameters to facilitate
the ionic diffusion. As a consequence, the two-dimensional diffusion coefficients of the ions
within these layers are enhanced by several orders of magnitude. Finally, we piece together
all the information and provide a complete picture of fluoride ion conduction process in

BaSnF,.

Methods

Density functional theory-based molecular dynamics reference cal-

culations

All the electronic structure calculations were performed using the Vienna Ab initio Sim-
ulation Package (VASP)??* within the density functional theory (DFT) framework. The
exchange-correlation energy is approximated using the revised Perdew-Burke-Ernzerhof (PBE)
generalized gradient approximation PBEsol exchange-correlation functional and the core-
valence interactions are described by the projector-augmented wave (PAW) method as im-
plemented in VASP. The valence configurations for Ba, Sn an F are 5525p%6s2, 4d'°5s25p?,
and 2s%2p° respectively. The initial structure was obtained from experiments and struc-
tural relaxation was performed with a kinetic energy cutoff of 600 eV and K spacing of 0.25
A=, The energy convergence threshold was set to 1076 ¢V and the forces were converged
to 0.01 eV A~1. The optimized structure is used to construct a 3x3x1 supercell for density
functional theory-based molecular dynamics (DFT-MD) simulations.

We then performed DFT-MD simulations at 600 and 900 K for comparison with ML-MD
as discussed in the following section. Gamma point was used to sample Brillouin zone to
increase efficiency and the kinetic energy cutoff was set to 500 eV. The Newton’s equation of
motion is integrated using Verlet algorithm with a timestep of 1 fs. The canonical ensemble,
where the number of particles, the volume and the temperature are fixed (NVT), was used

for the simulation. The temperature is controlled by Nose-Hoover chains thermostat.



Machine learning-based molecular dynamics

An on-the-fly machine learning potential as implemented in VASP was trained based on the
DFT-MD simulation performed on the 3x3x1 supercell from 500 K to 1000 K at a heating
rate of 2 K ps™!. The initial configuration was equilibrated for 50 ps using the on-the-
fly training. Then, the potential was abandoned and the equilibrated structure served as
starting structure for the machine learning potential training. A brief introduction to the
theory has been given in our previous work? and more detailed formulations can be found
from Ref. 26-28. As shown in our previous work, the model can yield excellent agreements
with results from DFT-MD at room temperature. The cutoff radius for radial and angular
descriptors were set to 8 A and 5 A respectively. All other hyperparameters were set to the
same values as in our previous work.?’

To ensure the accuracy of the machine learning potential in our working temperature
range, we performed simulations at 600 K and 900 K. First, at each temperature, 100 config-
urations were selected from DFT-MD trajectory, based on which the forces were computed
using the machine learning potential and DFT. The forces differences in Supplementary Fig-
ures S1 and S3 exhibit random distribution with a root mean square error (RMSE) for forces
differences at 900 K of 64 meV A~'. Furthermore, we compared the radial distribution func-
tion (RDF) at respective temperatures and obtained excellent agreement between DFT-MD
and ML-MD as illustrated by Supplementary Figures S2 and S4. More specifically, we notice
that at 600 K, the Sn-Sn RDF first peak displays a splitting at around 4 A which disappears
at 900 K. The peak splitting and merge have been accurately captured by our model.

To compute mean square displacements (MSD) and ionic conductivities, we build a larger
5x5x2 supercell from the unit cell. Then, all the starting configurations for ML-MD were
obtained by gradually heating the initial configurations from 100 K to target temperatures.
We estimated the error bar by performing three independent calculations at each temperature
with a minimum simulation time of 10 ns.

To investigate the role of Sn translational motion, we setup two additional calculations



with Sn atoms being mobile and fixed using a 3x3x1 supercell. The calculations settings
were the same as previously except for the simulation time, which was extended to 20 ns.
Except for computing the ionic conductivities, all the analysis were done with simulations
at 900 K using a 3x3x1 supercell unless specified in the text. To determine the orientations
of the LPs, we computed the maximally localized Wannier functions using the Wannier90
code.? This was done by sampling the initial 10 ps trajectory at 100 fs intervals, resulting

in 100 structures. Then, the Sn ions individual dipoles (u;) are given by:3°

pi=-2 Y  (r;—Ry) (1)

Jslrj—Ri|<Reut
where R; is the position of atom ¢, r; the position of the center of the jth Wannier func-
tion and R, a cut-off distance to attribute the functions to a specific atom (here we took
Row = 1.5 A). The -2 prefactor arises from the presence of 2 electrons in each Wannier func-
tion. In the interpretation, we assume that the Sn dipole direction provides the LP position
as in our previous work.? All the analysis in this work were realized using VASPKIT,3!

pymatgen,3? and MDAnalysis. 3334

X-ray total scattering

High energy X-ray data were collected at the 11-1D-B station at the Advanced Photon Source
(Argonne National Laboratory) by our experimental partners. After corrections (background
and Compton scattering), the pair distribution function (PDF) was extracted from the data
using PDFgetX2 software.?> Refinements of the PDF data were performed using PDFgui. 3¢
For the tetragonal model, the refined parameters include lattice parameters, atomic fraction
coordinates, scale factor, s ratio (i.e., low-r to high-r PDF peak ratio correction because of
the correlated motion of bonded atoms), and isotropic atomic displacement factors (ADPs).
For the computed model, the atomic fraction coordinates were left unrefined.

The quality of the refinements was quantified by the reliability factor weighted R-value,



denoted as R,,. The R-value describes the difference between the experimental observation
(data) and the calculated value (fit) for a single data point. The R, is the R-value weighted

for data point 7, and is given by the formula:

\/El L 000)[Gore (1) = Glntelri) o)
2 1w<T1)G0bS(Ti)2

with G s and Gy being the observed (data) and calculated (fit) PDF and w(ri) being

the weight for each data point.

Results and Discussions

Structural characterization
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Figure 2: Real-space refinements of the PDF data using the experimental (cyan, dashed),
model structure with space group P4/nmm (orange, dotted), and the ML-MD-equilibrated
structure at 300 K (blue, solid). Lower panel: differences of the two models with respect to
the experimental model. The R,, is defined in the main text.

Before examining the diffusion properties occurring in BaSnF,, we first confront the

computed structure to the measured x-ray PDF data. We considered two set of models that



we analyzed by real-space refinement. The first tested model was that of Ahmad et al.,'* who
solved and described the structure by Rietveld analysis of powder x-ray diffraction data. The
refinement (see methods for details) was performed within the inter-atomic distances that
reflects the local structure, i.e. from 2 to 6 A. The real-space refinement obtained using the
crystal structure is shown in Figure 2 upper panel. It shows that the model fails to reproduce
some of the inter-atomic distances, particularly those located at around 4 A, assigned to Sn-
Sn distances. This emphasizes that the local structure deviates from the average one, most
particularly for the Sn sublattice. Subsequently, we used a computed model obtained by
equilibrating the relaxed structure for 20 ns at 300 K using ML-MD. To limit the number
of refined parameters, the fractional atomic coordinates were constrained to those obtained
by the simulation. Using this computed model led to an appreciable improvement of the fit
(despite the limited number of refined parameters) with a reliability factor decreasing from
27 to 20%, as shown in Figure 2 lower panel. Such improvement is assigned to a better
reproducibility of the Sn-Sn distances, highlighting a distortion of the Sn-Sn arrangement.
This shows the accuracy of the ML-MD simulation to describe the structural features of

BaSnF, and motivated us to dig further on the Sn sublattice dynamics.

Stereoactivity of the lone pairs

In order to illustrate the stereoactivity of the Sn atoms electron lone pairs, we have cal-
culated the electron localization function (ELF) for the optimized geometry of tetragonal
BaSnF,;%7 it is shown in Figure 3a. Contrarily to the Ba and F atoms that have an isotropic
ELF around them, the Sn atoms display a large lobe oriented towards the Sn-Sn layer, so
that the latter is better described as a Sn-LP-Sn layer. However, such a picture could be
misleading as it was obtained for a structure at 0 K. As was shown in previous works, at
higher temperatures LP may rotate to accompany the motion of mobile species.???* We have
therefore calculated its orientation along the 900 K trajectory by sampling the maximally

localized Wannier functions every 100 fs. The corresponding dipoles remain highly oriented
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Figure 3: a) Electron localization function calculated for the optimized geometry of tetrag-
onal BaSnF, at 0 K. The isosurface level is 0.7. b) Individual dipole components along the
three axis for each Sn atom during the ML-MD trajectory at 900 K. Sn atoms with index 1
to 9 are located in the top layer (dipole pointing towards negative z value) while atoms with
index 10 to 18 are located in the bottom layer.

as shown in Figure 3b. In particular, from the dipole orientation along the z direction, it
is clear that these lone pairs remain directed towards the neighboring layer throughout the
simulation, while there is no stereoactivity along the x and y directions. This observation is
confirmed by the calculation of the dipole auto-correlation function (see the Supplementary
Figure S5). After a quick decay over a timescale lower than 1 ps, which is due to small-
amplitude rotations and Sn atom vibrations, the function decays to a very high value with
respect to its initial one. We can therefore conclude that contrarily to previous works, the
rotational motion of the lone pairs is less significant and do not directly participate in the
F~ ions movements. Therefore, in the following subsections, we will detail F~ ion motion

and then articulate how the LPs impact the overall conduction indirectly.
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Ionic conductivity

The ionic conductivity (o) of a system can be computed using

7= i (1 S asnlo) ) )

where 0r;(t) is the displacement of ion ¢, which carries a formal charge ¢;, in time ¢, e is
the electronic charge, V' the volume of the simulation cell, and § = 1/kgT with kp being
the Boltzmann’s constant. Note that the sum inside the brackets ensures that all the ionic

correlations are taken into account, unlike when using the Nernst-Einstein approximation.
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Figure 4: The calculated high-temperature (cyan, circle) and experimental ionic conductiv-
ities (orange, star). The experimental data points are collected from ref.® The fitted linear
relationship is extrapolated to low temperature regime to compare with experimental results.
The estimated activation energy is 0.36 eV.

Figure 4 shows the computed o7 products in the temperature range [700 K, 900 K]
together with the experimental ones, which were measured between 298 and 473 K.? Unfor-
tunately it is not possible to determine the conductivity at lower temperatures from ML-MD
simulations since it would require trajectories longer by one or two orders of magnitude to
observe the linear régime necessary to use equation 3. The data is represented versus the
inverse of temperature, which allows to fit it using the Arrhenius relationship. We obtain an

activation energy of 0.36 €V, which is in very good agreement with the experimental value of

12



0.34 eV.>1% The room temperature ionic conductivity is extrapolated to be 1.0x10™* S cm™!,

which is also close to the experimental value of 3.5 x 107* S cm™1.%11:38

An anisotropic diffusion mechanism

Figure 5: Probability density distribution plots of F~ ions shown in light cyan shades.
Labels on the left indicate the Wyckoff positions of different types of F~ ions.

A former NMR study concluded that the diffusion mechanism in tetragonal BaSnF, was
highly anisotropic, with the largest diffusivity within the Ba-Sn layer.?! In our simulation,
this anisotropy can clearly be seen by calculating the mean-squared displacements of the
fluoride anions along the three cell directions (Supplementary Figure S6). In Supplementary
Table 1, we provide the corresponding diffusion coefficients, which quantitatively indicate
identical motion along the X and Y direction and a much smaller one along the Z direction
to contribute to the 3D diffusivity. This anisotropy is also apparent from the visualization
of the probability density of F~ ions as shown in Figure 5: The F~ ions within the Ba-
F-Ba layer (Fg,) are almost immobile, which is characterized by the spherical disjointed
probability densities, while the F~ ions within Ba-F-Sn layers (Fy, and F45) adopt a much
more disordered structure, forming an interconnected 2D diffusing network within the layer.
Based on this plot, no connections are evident between the sites along the 7 axis, both within

the Sn-LP-Sn and Ba-F-Ba layers. However, this is a shortcoming of the visualization, since
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we observe frequent jumps across the Sn-LP-Sn layer as well as a few ones within the Ba-F-
Ba layer during our trajectory. These two conduction pathways will therefore be discussed

more thoroughly in the next subsection.

Diffusion along the c-axis

The free energy changes for the fluoride ion jumps along the z direction F'(z) of the crys-
talline structure can be obtained from the probabilities to observe a given position along this

direction (P(z)) for all the ions:

F(z) = —kgTInP(2) (4)

This function is shown on Figure 6a. The z values are normalized by the crystal cell
parameter ¢, so that z/c= -0.5 or +0.5 for the Fy, sites, -0.35 or +0.35 for the Fy. sites and
-0.18 or +0.18 for the Fy4 sites — the Ba and Sn planes positions are shown as vertical lines
to enable a better visualization. We first discuss fluoride ions jumps across the Ba-F-Ba
layer, for which a representative event is shown in Figure 6b. Due to the high stability of
the Fap,, we do not observe the formation of vacancy in this layer during the trajectories.
On the contrary, the jump event occurs through the arrival of a fluoride ion coming from
the Ba-F-Sn layer, shown in navy blue in the figure. It pushes one of the anions originally
present (shown in cyan color), that immediately escapes to the other layer. Following the free
energy profile, the energy barrier to consider is therefore the one corresponding to the first
event, i.e. the Fy, to Fao. jump, which is approximately 0.62 eV. Such a large value implies
that these events are very rare even at high temperature, and should barely be observed
under ambient conditions. The Ba-F-Ba layers hence play the role of barriers that hinder a
three-dimensional diffusion in BaSnF}.

The situation is very different concerning the Sn-LP-Sn layer. Indeed, we observe much

more frequent jumps during the simulations, and these only imply one anion during each
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Figure 6: a) Free energy for the fluoride ion motion along ¢ axis. The Ba and Sn layer
positions are plotted as light gray vertical lines. Note here the Ba and Sn layer positions
are taken from the original relaxed structure and might slight deviate from their positions
during MD simulation. b) Short trajectory showing how F~ ions move accross the Ba-F-Ba
layer. A first F ion from the Ba-F-Sn layer (navy blue) jumps to the Ba-F-Ba layer and
pushes the original F~ ion away (cyan). The total timescale of the event is approximately
20 ps. c¢) Consecutive snapshots where one F~ ion crosses the Sn-LP-Sn layer. The F~ ion
is highlighted in blue while the rest of atoms are colored in the same scheme as in Figure 1.
At the beginning, it occupies the Ba-F-Sn layer above the Sn-LP-Sn layer. At t = 2 ps, it
lies within the Sn-LP-Sn layer. It stays less than 1 ps before jumping to the neighboring
Ba-F-Sn layer at t = 3 ps. Below is shown a projection of the ELF on the plane of the Sn
layer for the zone in the black rectangle. The jumping F~ anion is then shown in red for a
better visualization.
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event. The jumps occur very quickly, with the anion staying only around 1 ps inside the
layer due to the absence of stable position, as shown for a typical example on Figure 6¢. The
free energy barrier associated to these jumps is estimated to be 0.48 eV based on the free
energy profile. We do not observe any lateral diffusion within this layer as was hypothesized
in the previous NMR study. This is due to the electrostatic repulsion by the electron LPs.
The mechanism is therefore different from the c-BaSnF, phase where the F~ ions exchange
positions with LPs during their diffusion pathway. As can be seen from the bottom part of
Figure 6¢, here the LPs of the adjacent atoms are more delocalized when the fluoride anion
lies within the Sn-LP-Sn layer, but they quickly recover their initial shape after the jump.
This behavior is similar to the selective LPs stereochemical activity in Pb 6s? in previous
works. 1939 At the transition state, the electron delocalization and allows temporary residence
of F~ ions in the Sn-LP-Sn layer, but there is no electronic paddle-wheel mechanism as was

reported for other systems.??

Influences of Sn?" displacements on F~ mobility

100F
Sn fixed
sol Sn n_wobﬂe
Ba fixed
% 60
a
S 40t
20}
% 200 200 600 800 1000

Time (ps)
Figure 7: Mean square displacements of mobile F~ ions in BaSnF, vs time. The results

are compared to additional cases in which the Sn (cyan, dashed) and Ba (blue, solid) atoms
were held fixed.

The experimental PDF data we presented in Figure 2 highlighted the importance of Sn*"
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ions disorder. In Figure 6, when F~ ions cross the Sn-LP-Sn layer, it is evident that these
Sn*" ions displace from their original positions within a short time. This raises the question
of whether the Sn*" influence the F~ ions dynamics and, if yes, of how they modulate the
F~ ions mobility. Previous work by Mercadier et al.'? has shown that Sn LPs orientational
dynamics is coupled to F~ dynamics in ¢-BaSnF,, but compositional disorder of Sn/Ba and
relatively low F~ ions mobility make it difficult to investigate the Sn®" positional impacts.
On the other hand, in the ordered tetragonal phase, it is convenient to see whether it is the
positional shifts or the orientational motion that controls the F~ ion dynamics by performing
molecular dynamics under two different situations: when Sn*" ions are mobile and fixed
(noted as Sn mobile and Sn fixed in the following context). An additional simulation with
fixed Ba?" ions was also performed for comparison purposes.

The MSD of F~ ions in Figure 7 (and also in Supplementary Figure 6) shows a noticeable
decrease upon fixing Sn?" ions motion. The diffusivity of Sn mobile case is almost 20 times
higher than the one when Sn®" ions are fixed. Such huge differences cannot be ascribed to
statistical variances and highlight the important role Sn*" positions play in the BaSnF, ionic
conduction. On the contrary, the effect of Ba?" ions is marginal, since the diffusivity is only

decreased by a factor of roughly 2 when they are fixed in the simulation.

a) 1.0t Sn fixed b)

Sn mobile
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Figure 8: Cumulative distribution function (CDF) of a) Diffusion channel size and b) Size of
the largest site. The dashed cyan and solid orange lines represent the distribution obtained
for the simulations in which the Sn atoms are respectively fixed and mobile.

Besides the significant changes in MSD, we also note that when Sn*" is mobile, the F~

17



ions density in the Ba-F-Sn layer is continuous compared to the apparent disconnection
between the Fyr and Fy, sites when Sn*" is fixed (Supplementary Figure 7). This implies
that energy barrier between these two sites is lower when Sn*" is mobile. Instead of forming
a rigid network, the latter thus participate actively in the diffusion process. To further
understand the effect of Sn*" displacements on F~ ions, we performed topological analysis
as shown in Figure 8. The diffusion channel size and free sphere size were computed using the
Zeo++ code, which is based on Voronoi decomposition and widely used in porous materials
such as MOF.%%42 The Voronoi decomposition divides the space into polyhedrons centering
the ions in the structure skeleton. The vertices of the polyhedrons, named Voronoi nodes,
correspond to the local void space occupiable by a sphere with a radius r. In this study,
snapshots were chosen along the trajectory at intervals of 1 ps, and both Fyy and Fy. ions were
selectively removed. Our analysis shows that when Sn®" ions are mobile, both the diffusion
channel size and size of the largest sites have increased considerably. The enlarged F~ sites
promotes the F~ disordering within the Ba-F-Sn layer, leading to a flattened 2D energy
landscape within the plane. Furthermore, The enlarged diffusion channel will allow facile
F~ ions transport between neighboring sites, thus creating a disordered layer and boosting
the dynamics. Based on our structural analysis, we can conclude that the stereoactivity of
the LPs, that do not reorient significantly during the simulations, is at the origin of the high
flexibility of the Sn?* atoms. Contrarily to the F anions layer that prevents the Ba?* to be
pushed forward to allow diffusion of the mobile fluorides in the Ba-F-Sn layers, there is no
short-range repulsion between the LPs and the Sn atoms, so that the latter can more easily

arrange their environment to facilitate this diffusion.

Conclusion

In this work, we have simulated the structure and dynamics of the fluoride-ion conductor

BaSnF, using a ML model. The model keeps the accuracy of the parent DFT calculations,
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which is impossible to obtain from conventional classical force fields due to the presence of
LPs. It accounts for the Sn atoms displacements with respect to the model structure derived
from XRD, allowing for a better refinement of the PDF obtained from high energy X-ray. It
also yields an electrical conductivity compatible with experimental measurements, albeit it
is not possible to do long enough simulations at low temperatures due to the computational
costs. The material is characterized by its layered structure, which gives rise to the presence
of an ordered layer of stereoactive LPs pointing within the Sn atoms layers.

The simulations provide a full picture of the fluoride ion diffusion mechanism and its
2D character. The diffusivity is much larger along the X and Y axis since it occurs mostly
within the Ba-F-Sn layers. However, the LPs play an important role. Due to the fact that
they do not display a strong repulsion at short range as ions would do, they allow the F~
ions to jump accross the Sn-LP-Sn layer, leaving vacancies behind them. Neighboring F~
ions will quickly migrate to these vacant sites, forming a percolation network. Considering
the large number of F~ ions that jump back and forth between neighboring Ba-F-Sn layers,
many vacancies emerge and vanish simultaneously.

Besides the diffusion within the Sn-LP-Sn layer, we also clarified the exchange of F~ ions
between Ba-F-Sn and Ba-F-Ba layer. This process differs from the previous one in that it
involves a pair of anions instead of one. The F~ from the Ba-F-Sn layer enters the Ba-F-Ba
layer and simultaneously pushes the original F~ to the next layer. Contrarily to the previous
diffusion pathway, in that case the F~ ion must then overcome a much higher migration
energy, so such jumps are very rare events of the simulations even at high temperature.

Finally, the important role of Sn*" translational motion was highlighted. We showed that
fixing the Sn*" movements decreases the diffusion channel size and the size of the largest
sites, thereby freezing out the F~ ion dynamics. The flexibility of Sn*" ions originates from
the presence of the LPs, which, unlike the F~ ions in the Ba-F-Ba layer, only interact with
the other species through Coulombic interactions. Their extension adapts temporarily to

allow for the Sn atoms to penetrate within the layer, thus extending the volume available

19



locally within the Ba-F-Sn layer for the fluoride ions to diffuse.
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