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ABSTRACT: Temperature-induced phase transitions and ionic conductivities of Li,B,,H,, and LiCB,,H;, were simulated with the
use of machine learning interatomic potentials based on van der Waals-corrected density functional theory (rev-vdW-DF2
functional). The simulated temperature of order—disorder phase transition, lattice parameters, diffusion, ionic conductivity, and
activation energies are in good agreement with experimental data. Our simulations of Li,B},H;, uncover the importance of the
reorientational motion of the [B;,H;,]*” anion. In the ordered a-phase (T < 625 K), these anions have well-defined orientations,
while in the disordered f-phase (T > 625 K), their orientations are random. In vacancy-rich systems, its complete rotation was
observed, while in the ideal crystal, the anions display limited vabrational motion, indicating the static nature of the phase transition
without dynamic disordering. The use of machine learning interatomic potentials has allowed us to study large systems (>2000
atoms) in long (nanosecond-scale) molecular dynamics runs with ab initio quality.
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1. INTRODUCTION

Widely studied since the 1970s, Li-ion batteries have been in
extensive use since the 1990s. However, despite numerous
applications, they currently fail to meet the growing demand
for higher energy storage densities, faster charging speeds, and
lower costs. At the same time, further improvement of their
design and operation has been limited."”

Switching to lithium metal instead of graphite as an anode is
one possible avenue for the development of lithium-ion
batteries. Metallic lithium has the highest theoretical
gravimetric energy density (3860 mAh g™') and the lowest
electrochemical potential (—3.04 V vs the standard hydrogen
electrode) and is, therefore, traditionally considered to be the
best material for the anode.>* However, there are a number of
factors that significantly limit its use and hinder its
commercialization potential. These include safety issues and
limited cyclability due to dendrite formation during the
charge/discharge and low Coulomb efficiency.* Low Coulomb
efficiency as well as the gradual increase in overvoltage of the
lithium anode leads to a declining capacity during the cycling,
whereas the growth of dendrites results in short circuits and
thermal instability and often renders such batteries explosive.
The primary way to solve these problems is the transition from
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liquid organic electrolytes to an inorganic solid electrolyte and
all-solid-state batteries.” Solid electrolyte batteries offer
greater safety and durability by preventing dendrite formation
and short circuits. Their thermal stability and resistance to
dendrite formation improve their cyclability, making them a
reliable long-term option. Research shows that solid electrolyte
batteries can maintain a current capacity of over 10,000
cycles.’

Over the past two decades, researchers have examined and
synthesized solid electrolytes of various compositions, focusing
on their characteristics such as transport, stability, and
interfacial properties. The most commonly used compounds
include Li—P—S—X (X = O, F, Cl, Br, I) and ceramics such as
LATP, LLZO, LAGP, etc."™>° Despite these being among the
most studied and showing good properties, there is an ongoing
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interest in discovering new solid electrolytes. Metal dodeca-
boranes M,,,B;,H,, (n—valence of the metal M), for one, are
notable for rechargeable metal batteries due to their high
stability (our calculations show the enthalpy of the reaction of
Li,B,H;, with lithium being significantly higher than that in
Li—P—S—X solid electrolytes) and ionic conductivity (~107*
S/cm at room temperature).

Recent years have seen a mounting body of both
experimental and theoretical research focusing on the
thermodynamic, transport, and interfacial properties of
Li,B,,H;, and its related compounds.”'~* Udovic et al.
showed that Na,B;jH,, and Na,B,H;, compounds are
superionic with an ionic conductivity of about 0.1 S/cm at
400—500 K; such ionic conductivity is associated with the
reorientation motion of B;,H,,>~ ions.”**” In 2015, diffraction,
spectroscopy, and theoretical simulations were used to
corroborate that high conductivity is closely related to the
phase transition from the ordered to disordered structure.”®
Lithium analogs of these compounds demonstrate similar
results, so in Li,B,H},, LiCB;;H,,, and LiCByH,, compounds,
the ionic conductivity reaches 1072=107'' S/ cm, as well as in
mixed Li—Na compounds.*"*%*%*° Although superionic
behavior with conductivity 6 ~ 1072=107! S/cm is achieved
only in high-temperature phases,”**”~** Tang et al. showed the
possibility to obtain a high-temperature phase after cooling to
300 K without a back transition to the low-temperature
phase.” At the same time, despite some materials having high
transition temperatures, they can still be utilized as a solid
electrolyte, like two commercial solid-state Na batteries (Na-S
and ZEBRA), which operate near the temperature range of
§50—-620 K.

Experimental studies of the ionic conductivity were backed
by quantum chemical calculations using ab initio and classical
molecular dynamics. Ab initio molecular dynamics (AIMD)
simulations performed in ref 35 showed that modifying the
anions and introducing cation defects improve diffusion
properties. Classical molecular dynamics (MD) also supported
this and revealed that asymmetric anions like CB,,H,, enhance
vacancy formation and increase ionic conductivity.***°
However, AIMD calculations are constrained by the short
timescale and small system sizes, which often limits realism in
the description of phase transitions. Also, such AIMD or other
DFT calculations were performed using the PBE functional
without any van der Waals corrections,”*”** even though it
was proven that van der Waals interactions cannot be
neglected in these systems.39 Moreover, in Li,B;;,H;,, within
the PBE functional, the lowest energy phase differs from the
experiment.”® On the other hand, the use of MD with
empirical potentials is usually much less reliable than DFT,
making such simulations cheap but unrealistic. The use of
machine learning interatomic potentials (MLIPs) for MD
combines the advantages of both methods, namely, high
accuracy and high efficiency. MLIPs and the use of active
learning®” have been successfully applied to many problems,
including crystal structure prediction, studies of phase
transitions and phase diagrams, calculations of thermody-
namics, kinetic properties, etc.' ™"

Li,Bj,H), is a promising material for solid electrolyte
applications that combines high stability and ionic conductivity
and has already been tested.”" However, previous calculations
do not fully match the experimental results, i.e., activation
barriers of the low-temperature phase obtained by Varley et
al.®® are three times higher than the experimental values,”® and

MD simulations performed by Sau et al.** show no diffusion in

the a-phase. In this sense, there are still many gaps regarding
theoretical calculations. In this work, we explore phase
transitions, ionic conductivity, and B;,H;,>” anion behavior
to obtain insights into kinetic properties with the use of
accurate molecular dynamics and MLIPs fitted to DFT data
and taking van der Waals corrections into account.

2. COMPUTATIONAL METHODOLOGY

2.1. DFT Calculations. All DFT calculations were
performed using the Vienna Ab initio Simulation Package,"* ™"
using the projector augmented wave method (PAW) with a
plane-wave basis set.’””’ Different exchange—correlation
functionals were tested. In all cases, a cutoff energy of 600
eV was used with a 5 X S X 5 I'-centered k-point mesh.
Gaussian smearing was employed with ¢ = 0.2 eV.
Convergence thresholds for electronic and ionic SC loops
were set to 107% and 107° eV, respectively. Ab initio molecular
dynamics (AIMD) simulations to collect the initial data set for
training the MLIP were run at 1000 K for 1 ps with a time step
of 1 fs with the NPT ensemble and the Langevin thermostat
for the 1 X 1 X 1 unit cell, containing 104 atoms.

The phonon band structure and phonon density of states
were calculated using the finite displacement method,>* as
implemented in the Phonopy package™ for the 1 X 1 X 1 unit
cell.

2.2. MLIP Construction. Moment tensor potentials
(MTPs) were constructed in two steps using the MLIP-3
code.*##3973% At the first step, the initial potential was built
based on the initial data set from AIMD at 1000 K. At the
second step, the initial potential was actively retrained during
the heating simulation. Molecular dynamics simulations for
active learning were performed using the LAMMPS** code.
NPT simulations were performed for 1 ns with a time step of 1
fs with the Nose—Hoover thermostat®"®” for the heating from
0 to 1000 K to cover all relevant configurations corresponding
to different temperatures and 10 ns annealing simulations at
1000 K. The potential was retrained every time the grade of
configurations exceeded the break threshold parameter, which
was set to 11. The 20th level of MTP was used for training the
potential.”®

2.3. Molecular Dynamics Simulations. Molecular
dynamics simulations were performed using the LAMMPS
code in the NPT ensemble with the Nose—Hoover thermostat.
A 3 X 3 X 3 supercell of Li,B,,H,, with 2808 atoms was used.
Heating was performed from 0 to 1000 K for 1 ns with a time
step of 0.5 fs. Diffusion simulations were carried out at
temperatures from 200 to 700 K with an increase of 25 K for
self-diffusion and 100 K for diffusion in a vacancy-rich material.
Each simulation was performed for 1 ns (0.5 fs time step) with
preliminary heating from 0 K to target temperature and
equilibration for 0.2 ns.

Diffusion coeflicients were calculated from the mean squared
displacements (MSDs) of Li* cations

_1d1 ¢ )
D= Z (r(t) = r,(0)P)
j=1 (1)

where N is the number of mobile atoms, rj(t) is the position
vector of the jth atom after time ¢.

The ionic conductivity of the mobile cation (lithium) was
calculated using the Nernst—Einstein formula
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Figure 1. Crystal structures of Li,Bj,H,: large (shown in blue), middle (green), and small (peach) spheres represent Li, B, and H atoms,
respectively. (a) Cubic Pa3 structure (a-phase), (b) monoclinic P2,/n structure, and (c) monoclinic C2/m structure.

nqu
o=
Hk,T (2)

where n is the Li" ion density, g is the charge of the Li* ion, kg
is the Boltzmann constant, T is the temperature, and H, is the
Haven ratio (assumed to be 1).

Activation energy E, is the characteristic energy required for
diffusion to occur. It was calculated using the Arrhenius
formula

Ea
o = 0, exp| —
’ ( kBT] (3)

3. RESULTS AND DISCUSSION

3.1. Crystal Structure and the Effect of Exchange—
Correlation Functionals. The Pa3 phase of Li,Bj,H;, was
confirmed in experiments using XRPD spectroscopy’ and
neutron vibrational spectroscopy.”> DFT calculations with the
PBE functional® incorrectly show P2,/c and C2/m phases to
be more stable,*® earlier the importance of van der Waals
interactions was demonstrated by Maniadaki and Eodziana;’”
however, previous DFT and AIMD calculations of
Li,B,H;,*?"?® were performed only with the PBE
exchange—correlation functional. In our study, we fully relaxed
these three structures with different functionals. Optimized
lattice parameters and relative energies are given in Table S1 in
the Supporting Information. Crystal structures are shown in
Figure 1. One can see that all functionals taking into account
the van der Waals correction correctly predict the Pa3 phase to
be more stable and van der Waals interactions are essential.
However, it is not clear which particular functional is best
suited for closo-borane salts. As we are interested in dynamics
and activation barriers, it is wise to use phonon frequencies as a
criterion of accuracy of theory. Fortunately, neutron vibrational
spectroscopy data have been collected at 4 K, and peak
positions and intensities of the phonon spectrum can be
compared with the calculated ones. Calculated phonon DOS of
the Pa3 phase (Figure S1 in the Supporting Information) with
different functionals showed that Rev-vdW-DF2°° describes
peak positions and intensities in the closest agreement to the
experiment. Notably, despite the wrong energetic description
of the Li,B,H,, structure, the PBE potential still describes the
phonon spectrum of the Pa3 phase reasonably well.

3.2. Construction of Machine Learning Interatomic
Potentials. For Li,B,,H,,, three different machine learning

interatomic potentials were constructed based on PBE,** rev-
vdW—DFZ,é5 and PBE-D3°® functionals. Rev-vdW-DF2 is the
closest to the experiment in the description of phonon spectra;
the PBE-based potential was constructed to compare it with
the potentials including van der Waals interaction and
evaluating its accuracy. PBE-D3 is a functional that is
commonly used for energy and geometry prediction in systems
with van der Waals interactions and is known®” to yield good
results at a reasonably low cost.

Statistics on the constructed MLIPs are provided in Table 1.
More details can be found in Table S2 and Figures S2—S4 in

Table 1. Accuracy of Machine Learning Interatomic
Potentials

functional
PBE rev-vdW-DF2 PBE-D3

initial data set size 400 630 633
total data set size 1222 1791 2409
energy per atom range,  —5.08/—4.90  —4.77/—-4.59  —5.22/-5.03

eV/atom
force range, eV/A —-8/8 —15/12 —10/10
stress range, kbar —60/60 —80/60 —80/80
energy per atom RMSE,  0.008 0.001 0.009

eV/atom
force RMSE, eV/A 0.207 0.083 0.101
stresses RMSE, kbar 2.576 1.116 2.26

the Supporting Information. For all constructed MLIPs, energy
RMS errors are less than 5 meV/atom, and force RMS errors
are about 0.05 eV/A for the validation set.

3.3. Simulation of Diffusion and Phase Transitions.
3.3.1. Temperature-Induced Phase Transition. At the first
stage of simulations, we performed the molecular dynamics of
the heating process from 0 to 1000 K within PBE-based, PBE-
D3, and rev-vdW-DF2-based interatomic potentials for
Li,B,H,,. Figure 2a shows the lattice parameter as a function
of temperature for all MLIPs. From the experiment, we know
that there is a phase transition from a-Li,B;,H,, (Pa3 phase)
into f-Li,B;,H,;, (disordered phase) at 628 K; the lattice
parameters are 9.58 and 10.01 A at room temperature and 800
K, respectively. All potentials predict phase transition from the
a- to p-phase but differ in phase transition temperature and
lattice parameters. PBE-based MLIP greatly underestimates the
phase transition temperature (179 K) and overestimates the
values of the lattice parameters by 2—4%. On the contrary, the
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Figure 2. Lattice parameter of Li,B;,H,, as a function of temperature: (a) for PBE-based (red, top), rev-vdW-DF2-based (green, middle), and
PBE-D3-based (blue, bottom) interatomic potentials during heating and (b) during heating (1 K/ps) and cooling (0.1 K/ps) simulations with the

rev-vdW-DF2-based MLIP and experimental values.>"

PBE-D3 potential overestimates the phase transition temper-
ature (950 K) and underestimates the values of the lattice
parameters by 2—5%. The rev-vdW-DF2-based MLIP is the
closest one to the experiment (Figure 2b) with a phase
transition temperature of 675 K. It underestimates the lattice
parameter by less than 0.5% within the entire temperature
range. Calculated lattice parameters are provided in Table 2.

Table 2. Lattice Parameters of the Li,B;,H;, Unit Cell,
Calculated Using Rev-vdW-DF2-Based MLIP at Different
Temperatures

lattice parameter, A

Heating and cooling simulations (Figure 2b) show a clear
hysteresis in the lattice parameter temperature curve with half-
height values at 725 K (heating) and 625 K (cooling) and an
average value of 675 K. As the heating and cooling rates
decrease, the hysteresis loop is expected to get narrower.

In the f-phase, there is a disordered arrangement of Li" ions
(importantly, most of the time, they occupy tetrahedral voids)
and an orientational disorder of B,,H;,*” anions. The
symmetry of such a disordered structure is Fm3m, which can
be described as a Li,O-like structure, where the role of anions
is played not by oxygen ions but by dodecaboranes. Li,O is an
ionic conductor,”®®” and the larger cation—anion distance in

T,K v vdW-DF2-MLID experiment’ Li,B,H,, suggests that it will be an even better conductor.
300 953 + 003 9.58 One can see that the rev-vdW-DF2-based MLIP is the most
600 9.66 4 0.03 071 accur.ate. in ter.ms .of the phase tr?nsnlon and stljuctgral
650 9.69 + 0.03 973 d.eSCI'IPFIOIl, which is why we use it for further diffusion
800 10.01 + 0.04 10.03 simulations. =~
3.3.2. Self-Diffusion in Li,B;,H;, At the second stage of
calculations, we simulated the self-diffusion of Li* cation in the
¢ Rev-vdW-DF2-based MLIP ® 1vacancy: Nysc = 0.926%
(a) (b) -1 B 2 vacancies: ny,c = 1.852%
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Figure 3. Ionic conductivity as a function of temperature calculated using the rev-vdW-DF2-based MLIP: (a) for the high-temperature f-Li,B,H,,
without vacancies and (b) for a-Li,B|,H,, with different concentrations of vacancies; vertical bars denote statistical errors; at temperatures above

400 K and high vacancy concentrations, the errors are small.
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absence of vacancies in the temperature range between 200
and 700 K using the rev-vdW-DF2-based MLIP. Figure 3a
shows the ionic conductivity versus 1/T for the high-
temperature f-Li,B;,H,, phase. The simulations indicate that
there is almost no self-diffusion in the low-temperature phase
below 500 K, and self-diffusion starts simultaneously with the
phase transition to the high-temperature f-phase. With the
increase in temperature from 500 to 700 K, diffusion
coefficients rise from 107% to 107° cm?/s, and ionic
conductivity varies from 107* to 107! S/cm, the activation
barrier for ionic conductivity is 1.52 eV in the high
temperature f-phase in the absent of vacancies and using
rev-vdW-DF2 based MLIP. The fact that high ionic
conductivity is only achieved in the f-Li,B,,H;, phase is
consistent with previous studies.””>”*! Considerable discrep-
ancies with experimental values in ref 23 of activation energy
(0.34 eV) and ionic conductivity (107 S/cm at room
temperature) may be explained by the fact that MD
simulations were performed for the single crystal with no
vacancies, while the experiment is for a powder, where ball
milling causes the formation of defect-rich microstructures that
contribute to an increase in ion mobility, providing new
pathways for Li* conduction.

Because the PBE-D3-based MLIP predicts phase transition
to the high-temperature f-Li,B,H,, phase only at temper-
atures higher than 900 K, there is no diffusion at temperatures
below 900 K, as well as for the low-temperature phase within
the rev-vdW-DF2-based MLIP results.

Diftusion coeflicients and activation energy of diffusion of
the high-temperature §-Li,B,,H,, phase calculated using PBE-
based MLIP match the previous AIMD calculations:* Varley
et al. obtained values of 136 meV, while in our MD
simulations, we obtained it to be 147 meV. Diffusion
coefficients at 700 K are about 107* cm?/s in both AIMD
calculations™ and our MD (Figure S5 in the Supporting
Information). From this perspective, the constructed PBE-
based MLIP reproduces DFT results with remarkable accuracy,
and it is clear that the construction procedure of MLIP with
active learning is reliable.

3.3.3. Diffusion in a-Li,B;,H;, with Vacancies. Real
materials always contain imperfections such as vacancies,
which are essential for diffusion. To evaluate the dependence
of ionic conductivity on vacancy concentration, we performed
MD simulations with vacancy-rich supercells, which included
1,2, 4, 8, and 12 vacancies (vacancy molar fractions were 0.93,
1.85,3.70, 7.41, and 11.11%, respectively). Figure 3b shows the
dependence of the ionic conductivity of supercells with
vacancies on 1/T. Activation energies are presented in Table 3.

Table 3. Activation Energies of Diffusion in the a-Li,B,,H,,
Phase with Vacancies, Calculated Using Rev-vdW-DF2-
Based MLIP

number of vacancy concentration, activation energy,
vacancies mol % meV*

1 0.926 353

2 1.852 343

4 3.704 332

8 7.407 320

12 11.11 279

“The experimental value is 340 meV.>

As can be seen from Figure 3, when a vacancy is introduced
into the crystal, the ionic conductivity increases by several
orders of magnitude. Compared with a-Li,B,,H;, without
vacancies, in which diffusion and ionic conductivity are absent,
the introduction of a single vacancy results in the ionic
conductivity in @-Li,B;,H;, of up to 107 S/cm at 500 K. A
subsequent increase in the vacancy concentration leads to a
surge in diffusion, and an ionic conductivity of about 1038/
cm can be achieved already at 300 K. An increase in the
concentration of vacancies occurs together with a decrease in
the activation energy. Notably, the values of activation energies
at realistic concentrations of vacancies (<3.7%) are 332—353
meV, which matches the experimental values of 340 meV
obtained by Teprovich et al.”> (Table 3). With a vacancy
concentration of less than 2% and T < 400 K, the ionic
conductivities are small and because of large statistical errors
are not shown in Figure 3.

3.3.4. Rotational Motion of the B;,H;,*~ Anion. To obtain
insights into the nature of the disordered f3-Li,B;,H,, phase,
we calculated the dependence of the O(t) and ¢(t) angles (in
spherical coordinates) of r(t) (Figures 4 and S6) and angular
autocorrelation functions £(t) = (r(t)-r(0)) (Figure S), where
r(t) is the radius vector from the center of mass of a given
B,H,, cluster to one hydrogen of the cluster, and (r(t)-r(0))
denotes an average scalar product over all trajectories. Bj,H;,*~
anions in structures with low vacancy concentration rotate with
maximum deflection angles from ~20° at 200 K to ~45° at
700 K. Notably, within the rev-vdD-DF2-based MLIP
calculation, there is no full rotation of the anions in the
system without vacancies, in contrast to less reliable
methods.”>** Full rotation of the anion is only observed at
700 K with a high vacancy concentration (7.4—11 mol %,
Figure 4). A decrease in either temperature or vacancy
concentration leads to the freezing of rotation, and only
oscillations are observed (Figure S6 in the Supporting
Information). The rotation of B;,H;,*” at a vacancy
concentration of 7.4 mol % becomes uncorrelated in 0.4 ns.
Rotation of B;,H;,?™ at a vacancy concentration of 11.1 mol %
becomes uncorrelated (Figure Sb) in just 20 ps. Thus, one can
conclude that the high-temperature phase is statically
disordered with a high activation energy of rotation and
without dynamical disordering. Previous research™™* that
used the PBE functional and AIMD, where dynamic disorder
and full rotation were seen, are less reliable because of the
underestimation of the anion—anion interaction and lack of
van der Waals corrections, which are important in this system.

3.3.5. Calculations of Phase Transitions and lonic
Conductivity in LiCB;;H;, We constructed a MLIP based on
the rev-vdW-DF2 DFT functional and performed similar
simulations for the closely related LiCB,;;H, solid electrolyte
using the same computational technique. A 1 X 1 X 1 unit cell
with 100 atoms was used for the MLIP construction, while a 3
X 3 X 3 supercell with 2700 atoms was utilized for simulations.
Figures S7 and S8 in the Supporting Information show the
volume of a unit cell and ionic conductivity as functions of
temperature. The phase transition temperature is 650 K, which
is approximately 250 K higher than the experimental values.
The ionic conductivity at room temperature is ~107=107° S/
cm and ~107'—1 S/cm for the high-temperature phase, which
matches the experimental value.”” The activation energy of
ionic conductivity at the low-temperature phase is 467 meV,
which also agrees with the experimental value of $50 meV.*
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Figure 4. Angle of radius vector (0) from the B),H,,>" center of mass to the adjusted boron atom as a function of time in the high-temperature j-
phase of Li,B,H;, at 700 K with 12 vacancies in the supercell (n,. = 11.11%) (a), and a total number of full rotations (b).
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Figure 5. Angular autocorrelation function £(t) of the Bj,H;,*™ anion as a function of time from the rev-vdW-DF2-based MLIP simulation with

respect to (a) temperature and (b) vacancy concentration.

4. CONCLUSIONS

Three different machine learning interatomic potentials
(MLIPs), based on PBE, rev-vdW-DF2, and PBE-D3 data
sets, were built for Li,B;,H;,. It has been shown that the rev-
vdW-DF2 functional is the best one among all considered
functionals to predict the phonon DOS spectrum, and, as a
result, the MLIP based on it predicts phase transition
temperature and lattice parameters in the temperature range
from 0 to 1000 K with high accuracy.

Diffusion simulations have shown that Li,B;,H;, without
vacancies has almost no self-diffusion of Li* cations in the low-
temperature a-Li,B},H,, phase, while in the high-temperature
A-Li,B,H,, phase, a superionic state is achieved with the ionic
conductivity of up to 107" S/cm at 700 K. In contrast to the
perfect Li)B;,H,, a high diffusion rate is obtained both in a-
and f-phases of Li,B;,H,, with vacancies and is about 107~
107 S/cm at room temperature. The calculated activation
energy for ionic conductivity is 343 meV at a vacancy
concentration of 2 mol %.

The reorientation motion of the B,,H,,”” anion is
responsible for the superionic behavior and static orientation
disorder in the high-temperature S-phase and high ionic

42516

conductivity in the a-phase with vacancies, although in most
cases, there is no full rotation of the anion. Instead, the
observed rotation is up to 15—45°. It has been shown that in
special cases of high temperature and high vacancy
concentration, reorientation motion becomes full rotation
with an approximate number of revolutions from 200 to 300
per 1 ns.

The MLIP constructed based on rev-vdW-DF2 data for
LiCB; H,, also describes phase transition and ionic con-
ductivity of room and high-temperature phases matching the
experiment; the activation energy of ionic conductivity of the
low-temperature phase is 467 meV; the ionic conductivity at
room temperature is 107°~10"> S/cm and up to 1 S/cm in the
high-temperature phase.

Li,B,,H;, and LiCB,,;H,, are promising solid electrolytes for
all-solid-state lithium batteries.
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Phonon dispersion DOS calculated with the use of
different DFT functionals (Figure S1); energy (a), force
(b), and stress (c) errors of the validation data set and
their distribution calculated with PBE-based IP. AAE
and RMSE denote the average absolute error and RMS
error, respectively, between DFT and MLIP data of the
validation set (Figure S2); energy (a), force (b), and
stress (c) errors of the validation data set and their
distribution calculated with PBE-D3-based IP. AAE and
RMSE denote the average absolute error and RMS error,
respectively, between DFT and MLIP data of the
validation set (Figure S3); energy (a), force (b), and
stress (c) errors of the validation data set and their
distribution calculated with rev-vdW-DF2-based IP. AAE
and RMSE denote the average absolute error and RMS
error, respectively, between DFT and MLIP data of the
validation set (Figure S4); diffusion coefficients as a
function of temperature, calculated using PBE-based
MLIP for the high-temperature f-Li,B,H;, phase
(Figure SS); time dependence of 6 and ¢ angles in
spherical coordinates of the radius vector from the
B;,H,>” center of mass to a given hydrogen atom at
different temperatures in Li,B,H;, without vacancies
(Figure S6); LiCB;;H, unit cell volume as a function of
temperature, calculated with rev-vdW-DF2-based MLIP
(Figure S7); ion conductivity as a function of temper-
ature for LiCB,;H,, with vacancies, calculated with rev-
vdW-DF2-based MLIP. LT-phase and HT-phase denote
low- and high-temperature phases, respectively (Figure
S8); Pa3 phase: lattice parameters and peaks of phonon
DOS (Table Sla), P21/c phase: lattice parameters and
total energy relative to the Pa3 phase (Table S1b), and
C2/m phase: lattice parameters and total energy relative
to the Pa3 phase (Table Slic); and errors in the training
sets of the MLIPs constructed with different DFT
functionals (Table S2) (PDF)
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