Comparative Molecular Dynamics Study of the Roles of Anion—

Cation and Cation—Cation Correlation

LizBle 12 and LiCBllH 12

in Cation Diffusion in

Kartik Sau,!* Tamio Ikeshoji,' Sangryun Kim,? Shigeyuki Takagi,> and Shin-ichi Orimo??

"Mathematics for Advanced Materials Open Innovation Laboratory (MathAM-OIL), National Institute of Advanced Industrial Science
and Technology (AIST), c/o Advanced Institute of Material Research (AIMR), Tohoku University, Sendai 980-8577, Japan

nstitute for Materials Research (IMR), Tohoku University, Sendai 980-8577, Japan

3Advanced Institute for Materials Research (AIMR), Tohoku University, Sendai 980-8577, Japan

ABSTRACT: Complex hydrides are potential candidates for the solid electrolyte of all-solid-state batteries
owing to their high ionic conductivities, in which icosahedral anion reorientational motion plays an
essential role in high cation diffusion. Herein, we report molecular dynamics (MD) simulations based on
a refined force field and first-principles calculations of the two complex hydride systems Li>Bi,Hi» and
LiCBi1H; to investigate their structures, order—disorder phase-transition behavior, anion reorientational
motion, and cation conductivities. For both systems, force-field-based MD successfully reproduced the
structural and dynamical behavior reported in experiments. Remarkably, it showed an entropy-driven
order—disorder phase transition associated with high anion reorientational motion. Furthermore, we
obtained comparative insights into the cation around the anion, cation site occupancy in the interstitial
space provided by anions, cation diffusion route, role of cation vacancies, anion reorientation, and effect
of cation—cation correlation on cation diffusion. We also determined the factors that activate anion

reorientational motion leading to a low to high conductivity phase transition. These findings are of fundamental importance in fast ion-
conducting solids to diminish the transition temperature for practical applications.

1. INTRODUCTION

There is ever-increasing demand for high energy density
electrochemical storage systems imposing a question mark on
present battery technology, which cannot satisfactorily meet all of
the requirements for powering portable devices, automobiles, and
electric grids.! All-solid-state batteries (ASSBs) are promising to
overcome the existing limitations of present Li-ion batteries,
which suffer from flammability, limited energy density, and
stability issues. Recently, significant progress has been made in
development of ASSBs,® where high ionic conductivity is one of
the inevitable prerequisites for the electrode and electrolyte. The
electrolytes in ASSBs are largely based on Li* ion-conducting
materials,”'® such as Lij¢GeP,Si2 (LISICON-like),® LisPSsBr
),17’18 LiBH4,19 LizBlelz,zo Lis ssLasZrGag.15012
Lil_zAlo_zTil_g(PO4)3 (NASICON-type),23
Lig34La051TiO2.4 (perovskites),?** in which the ionic conductivity

(argyrodite
(garnet),?'* and
is comparable with those of present days liquid electrolytes.
However, the current state of the art is not at the level to meet all
of the challenges of ASSBs.

Complex borohydrides are considered to be outstanding
candidates for the solid electrolyte of ASSBs because of their
excellent Li- or Na-ion conductivity (exceeding 10" S cm™).*26-
3% In addition, this enables a wide range of chemical substitutions

to open up the possibility of discovering even better ion-
conductive materials. This series of materials shows a unique ion
transport feature, where cation motion and anion reorientational
motion coexist. This type of behavior is also observed in other
promising class materials (e.g., Na;PS4*** The anion size is larger
in complex closo-borohydrides than in NasPS,, which facilitates a
relatively wide corridor for the Li* ion, resulting in a vacancy-rich
structure. However, most of the materials exhibit high ionic
conductivity at high temperature, and the room temperature
conductivity is low.

In the last few years, enormous effort has been dedicated
to maximizing the room temperature ionic conductivity. For
instance, a larger cation size can reduce the transition
temperature.*>* Recently, remarkable reduction in the transition
temperature has been reported in C-substituted closo-boranes.** In
particular, alloying of two different C-substituted closo-boranes
could decrease the transition temperature to close to room
temperature.*> Therefore, understanding the factors that enable
anion reorientation, resulting in reduction of transition
temperature, would be an essential guideline to synthesize a fast
ion-conducting material. In all of the high conductivity phases in
this series, anion reorientation is a common key feature that also
makes challenging to find high temperature structural details from

experiments because of high anionic reorientation. Recently, a few



first-principles MD (FPMD) studies have been reported.*7
However, they were mostly at high temperature and limited to a
few tens of picoseconds, in which anions hardly show complete
Additionally,
transition behavior from FPMD is almost impossible. The above

reorientational motion. capturing the phase
gap can be fulfilled using force-field based molecular dynamics
(MD) simulation that can provide such valuable atomic-level
detail. In particular, it can accurately capture anion reorientational
motion and phase transition behavior.

Herein, we report a thorough comparative MD study of the
Li2B12H12 (LBH) and LiCBHle (LCBH) SOlid electrolyte
materials to understand the entropy-driven phase transition
behavior, role of cation—cation correlation, anion reorientation,
and cation diffusion.*®*° Finally, we determined the factors that
activate the anion reorientational motion, resulting in low
transition temperature. We used reported interatomic potential
parameters for LBH, and refined the parameters for the similar
structure of the LCBH system. The potential models satisfactorily
reproduced the structure, and phase transition behavior (Section
3.1). Comparison of lithium-ion diffusion and its atomistic
distribution for two different phases is reported in Sections 3.2 and
3.3, respectively. Coupling of anions reorientational motion and
cation diffusion, cation-cation correlation are reported in Section
3.4, and 3.5, respectively. Finally, we discuss about the
influencing factors responsible for diminishing the transition
temperature (Sections 3.2).

2. METHODOLOGY

2.1 Interatomic Potential. To perform MD simulations of LBH
and LCBH, we used a combination of Buckingham, harmonic
bond, and angle-type potentials:

U(T, 9) = UCoulomb+Buckingham(r) + Ubond (T) + Uangle (6) (1)

q:4; ry C
UCoulomb+Buckingham )= F&'OT + Aexp| — ; - ﬁ ’

1
Ubond(r) = Ekr(r - rO)Z!

Uangte(r) = 3o (8 — 60)2,
where g; is the charge of the ith ion, 4 and C are the overlap
repulsive energy and dispersion energy of atom pairs, respectively,
and p determines the depth of the potential. 1y, is the equilibrium

bond distance with bond spring constant &, and ks is the angular

spring constant with equilibrium angle 6. The interatomic

potential in eq 1 and the potential parameters were taken from our
previous work.'? A few pairs of atoms that were not available
because of incorporation of C were suitably modified for the

LCBH system by empirical fitting to the reported low-temperature

(LT) crystallographic structure following the method reported by

Kumar and Yashonath®® and compared with the power spectrum

calculated by density functional theory (DFT):

1. The short-range interaction parameters (4, p and C) were
adjusted to reproduce the bond lengths and coordination
numbers of the bonded species from X-ray diffraction.

2. The charge parameter ¢ was tuned to reproduce the high
temperature (HT) conductivity, and the spring constants were
adjusted to match the vibrational frequencies.

We performed iterative MD simulations at both LT and HT until

the desired accuracy was achieved. The parameters used in the

present simulations for the LCBH system are listed in Table 1, and
we used the previously reported parameters for the LBH system.!?

2.2 Computational Details. Isotropic (NPT)-MD simulations
were performed for the LBH and LCBH systems under the
thermodynamic conditions 250 < T < 500 K with an interval of
8T = 25 or 50 K using the software package LAMMPS.! We
started the MD simulation with the crystallographically reported
LT structure,* and the temperature was systematically increased.
The temperature and pressure were allowed to fluctuate around
specific values using the Nosé~Hoover thermostat and barostat.”
We also performed isothermal (NVT)-MD simulations at constant
volume using the average lattice parameters obtained from NPT-
MD at 500 K. For both LBH and LCBH systems, the simulated
supercell comprised 4 x 4 x 4 unit cells consisting of ~ 6000 atoms.
Periodic boundary conditions were applied along all of the
Cartesian directions, and the Ewald summation technique was
used for the convergence of the long-range Coulombic
interactions. The structural and dynamical properties were
calculated for a 2 ns trajectory after a few nanoseconds for proper
equilibration of the system. The velocity form of the Verlet
algorithm with an integration time step A¢ = 0.5 fs was used, which
showed excellent energy conservation. The positions and
velocities of the atoms were stored every 0.5 ps, or more

Table 1. Inter ionic potential pair parameters employed in the present study.

X Jx Axii Axs
(e) (eV) (eV)
Li 0.750 0.00 123.098
C 0.750 123.098 0.0
B 0.000 123.098 0.0
H —0.125 733.698 0.0

Axn PxLi PxB PxH
(eV) A) A) A)
733.698 0.4000 0.2853 0.1953
0.0 0.2853 0.0 0.2853
0.0 0.2853 0.0 0.2853
1297.251 0.1953 0.2853 0.21855

kp-s=5.375 A%V, rgso = 1.76 A (equilibrium bond length), kc—s=5.375 A2eV, rcpo = 1.76 A (equilibrium bond length), kg—= 9.89
A2eV, rauo = 1.2 A (equilibrium bond length), ke-n= 150.5 A%V, rcuo = 1.09 A (equilibrium bond length), kp-g-n= kp-c—n= kc-p-n=
0.86 radianeV, 0y = 2.077 radian (equilibrium angle), Ciin=4.3086A° eV.




frequently if needed. A cutoff distance of 12 A was used for the
short- and long-range interactions.

We also performed FPMD simulations of the LCBH system
with the DFT Vienna Ab initio Simulation Package®*-** with plane-
basis sets and

wave projector-augmented-wave

pseudopotentials>>

under periodic boundary conditions to
calculate the vibrational spectra and radial distribution functions
(RDFs) for comparison with the forcefield-based MD results. We
incorporated van der Waals density functional correlation

functionals®”*®

with the optPBE exchange functional to consider
the van der Waals interactions.’® An energy cutoff of 320 eV and
1 x 1 x 1 k-point sampling were used. The simulated supercell
contained 2 X 2 x 2 unit cells consisting of 800 atoms for the LT
structure, and the simulations were performed at 500 K for 3 ps (1
ps equilibration and 2 ps sampling) with a time step of 0.4 fs.
The self-part of van Hove correlation function, Gs(r, t'), is
defined as the probability of finding a particle at position 7 after
time ¢' averaging over N particles,”
Gg (r, t'), describes the behavior of two different types of particles
with numbers N and N,:%
Go(r,t) =2 (B, 8G = (7(t + ) = F(®O)),
Ga(r,t )= 1 (B2 202, 8G = (R(E +0) =)
(MSD) of the
constituting atoms was calculated by the following equation:
MSD = (Z)L[5e + ) ~5@0]), 4)
where N is the number of mobile atoms in the system, 7;(¢ + ¢') is

while the distinct part,

©)

The mean squared displacement

the position vector of the jth atom after time ¢, and the angular
brackets indicate averaging over various time origins ¢. The
diffusion coefficient (D) was estimated from the MSD by the

itl,im MSD. The ionic conductivity of

the mobile cation (o) was calculated by the Nernst-Einstein

following equation: D =

equation:

_ nq?p
Hy kgT ®)

where n is the Li" ion density, g is the formal charge of the Li* ion

(+1le]), ks is the Boltzmann constant, 7 is the temperature in
Kelvin, and H, is the Haven ratio (assumed to be unity).'

Table 2. Comparison of cell parameters calculated from NPT-
MD simulation (300 K) and X-ray diffraction results.*

Cell parameters a(A) b(A)Y cA) A%)
LCBH  Experiment 9.67 9.49 9.73 0.6
MD 9.73 9.55 9.79

A = (MD — Experiment) / Experiment

3. RESULTS AND DISCUSSION

Figure 1. LT (ordered) and HT (disordered) phases of bulk
Li,Bi2Hi2 and LiCB,1Hi, for 2 x 2 x 2 supercells. (a) LT phase of
the LBH system with cubic symmetry and space group Pa3. (b)
HT phase of the LBH system, where cubic symmetry is preserved.
However, the Li* ions are highly mobile and the (BH)i>~
icosahedra show reorientational disorder. (c) LT phase of the
LCBH system with orthorhombic symmetry. (d) HT phase of the
LCBH system, where the Li" ions are highly mobile and the
CBi1Hi2™ icosahedra show reorientational disorder. Li, B, C, and
H ions are colored magenta, yellow, green, and cyan, respectively.
The unit cells are indicated by red boxes.

3.1. Structural Details and Phase Transition. Both the LBH and
LCBH structures exhibited a low to high conductivity and order to
disorder transition. The LT LBH structure is referred to as the
ordered a-phase, where (BH);»>~ anions are occupied in face-
centered cubic sites and it has Pa3 symmetry. The Li" ions occupy
near-trigonal-planer sites consisting of three (BH);»?>~ anions,
whereas the center of the icosahedral anion is the center of an
octahedral cage formed by near-trigonal-planer Li sites. This
structure shows symmetry, preserving an isostructural order to
disorder transition at HT (~650 K° and simulated transition
temperature ~ 500 K®) as shown in Figure 1(a) and (b).
Conversely, the LCBH system shows an orthorhombic ordered
structure at LT. The anions are located at similar positions (face
centers) to the LBH system, where C occupies a particular ordered
vertex position in the icosahedral anion. It also shows an ordered
orthorhombic to disordered cubic transition at high temperature
(~ 390 K*), as shown in Figure 1(c) and (d). However,
experimentally, the HT structural details have not been reported.?’
We performed a thorough MD study to understand the phase
transition and under-lying atomistic mechanism of Li" ion
diffusion in both systems.



To validate the interatomic potential model for the
LCBH system, the radial distribution functions (RDFs) calculated
from MD simulation and the X-ray structure were compared
(Figure S1, Supporting Information). The RDFs peaks are
consistent with the FPMD peaks as well as reported experimental
structure. The vibrational density of states (VDOS) was also
the
autocorrelation function, and the VDOS was compared with
FPMD and the available experimental results (Figure S2). The
potential model satisfactorily reproduced the RDFs and VDOS,
indicating the suitability of the potential model. We do not show
the VDOS and RDF comparison for the LBH system because it
has already been reported.'?

To understand the structural transition, the volume per

calculated from Fourier transform of the velocity

formula unit was calculated by averaging over a few thousand
frames of the NPT-MD simulation. The calculated cell parameters
showed 0.6% deviation from the reported experimental lattice
parameters® at room temperature (Table 2). The cell volume
variation with temperature for both the LBH and LCBH systems
is shown in Figure 2. The cell volume increased with increasing
temperature, and a sudden jump in the volume was observed after
325 K for the LCBH system, whereas a higher transition
temperature (around 475 K) was observed for the LBH system.
The sharp volume change indicates a first-order order—disorder
phase transition, as has been experimentally observed for both
systems.*¢! Remarkably, there was an almost 9% volume change
in the MD simulation for the LCBH system associated with the LT
to HT phase transition, which is in excellent agreement with
experimental results (10% volume change).?’ Such a large volume
change with a phase transition provides a large corridor within the
anions for Li" ion diffusion, and the LCBH system is expected to
have higher conductivity than the LBH system, which exhibited a

smaller volume change (4.6%) with the phase transition.
Therefore, we can conclude that the present interatomic potential
model accurately captures the structure and order of the order—
disorder phase transition. The structural transition is usually
difficult to achieve by FPMD and it is also challenging to achieve
by forcefield-based MD.

e—eLBH
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Figure 2. Volume per formula unit (f.u.) (V) as a function of
temperature (7) for the LCBH system (250-500 K) and LBH
system (250550 K). Both systems exhibited a large sharp volume
change (4.6% for LBH and 9% for LCBH) near the order—disorder
transition temperature.
3.2. Li* Ion Diffusion. The MSD of the Li" ions (Figure 3(a) and
3(b)) and framework anions (insert of Figure 3(b)) was calculated
for the LCBH system in the temperature range 250-500 K to
understand cation transport and to investigate the framework
stability. The MSD of the Li* ions in the LCBH system was fairly
higher than that in the LBH system (Figure 3(b)). In contrast, the
framework ions (B and H) showed relatively low MSD for both
systems before the transition temperatures (inset of Figure 3(b),
only the MSD of B is shown). Above the transition temperature,
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Figure 3. MSD of the LBH and LCBH systems. (a) MSD of the Li*
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ions in the LCBH system for the temperature range 250-500 K with

an interval of 25 K from NPT-MD simulation (below 350 K are not visible because of negligible diffusion). (b) MSD of the Li* ions in the
LBH and LCBH systems at 500 K. The inset shows the MSD of B in the LCBH system for the temperature range 250-500 K. The MSD
of B was almost zero below the transition temperature (350 K) and saturated at a specific value above the transition temperature.




the MSD saturated at about 7 A2, indicating reorientational motion
of CBH,, around the respective center of mass. The MSD values
were approximately half of the square diameter of a quasispherical
large-cage-like anion. Additionally, we confirmed that the centers
of mass for both anions did not show translational motion within
the examined temperature range, confirming the structural
stability. The above results showed full rotation of the anions
around the center of mass above the transition temperature. A
detailed study of the anion reorientational motion is given in
Section 3.4. The above behavior confirmed that despite the high
anion reorientational motion, the anions were translationally
immobile at their respective equilibrium positions in both the LBH
and LCBH systems.

The diffusion coefficients of the Li* ions were calculated
from the diffusive regions of the MSD for both systems, and the
conductivity was calculated using eq 5. The conductivity of the
Li" ions plotted against the inverse of the temperature is shown in
Figure 4, and it is compared with reported experimental results.*
Both the experimental and calculated results showed similar
behavior, and a transition in the slope associated with different
activation energies to ensure two different phases was identified
for both systems, as already reflected in Figure 2. The activation
energy of the LBH system was £, = 0.35 eV, which is in excellent
agreement with the experimental activation energy (0.34 eV®).
Whereas, the activation energy of the LCBH system was £, = 0.22
eV, and the experimental value is 0.24 eV.** The transition
temperatures were also different: 475 K for the LBH system
(experimental value 590 K*) and 350 K for the LCBH system
(experimental value 390 K*).

Temperature (K)
§00550 500 450 _400 350
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Figure 4. Arrhenius plot of the Li" conductivity in the LBH and
LCBH systems from MD and experiments (Expt). The results of
a previous experimental study? are also shown for comparison.
The calculated conductivity in the low conductivity (below 475

K for LBH and below 350 K) phase was practically zero, which
is not shown.

3.3. Microscopic Behavior. The phase transitions in both systems
were accompanied by cation and anion redistribution, which is
shown by the three-dimensional atomic probability densities in the
LT and HT phases. The three-dimensional atomic probability
density was generated by merging all of the coordinates into a unit
cell. The entire unit cell was then divided into small voxels, and
the ions were counted in each voxel. The count in each voxel was
normalized by the total count, such that [ pdQ = 1, to generate
the atomic probability density profile p. The calculated densities
were replicated in a 2 x 2 x 2 supercell for better visualization. We
calculated the isosurface densities for both the LT and HT phases.
The isosurface densities were highly localized for both Li and H
in the LT phase, and there was no connectivity among the densities,
indicating no diffusion. In contrast, the HT phases (500 K) of both
systems showed spread and well-connected densities for Li. The
H-density distribution at HT in the LBH system was nearly
spherical, whereas it was slightly deformed from the spherical
shape in the LCBH system because of C substitution (Figure 5).
For the H-density isosurface, each high density was connected by
another four neighboring high densities, indicating a four-fold
symmetric distribution, which has also been recently reported in a
FPMD study.”” We also examined the B and C isosurface
distributions, which were nearly the same because B and C are
connected by strong B-C covalent bonds. There was a slight
difference because of the different valences, bond lengths, and
bond strengths. However, the Li* ion distributions around the C
and B atoms were significantly different because of different
Coulomb interactions, as shown in Figure 6. The local Li* ion
distribution around the anions is best visualized by the spatial
density distribution (SDD, Figure 6(a)). This was produced by
transforming the Li* ion coordinates to a selected choice of body
fixed axes of the anion. These transformed coordinates were then
mapped onto a fine three-dimensional grid and averaged over the
length of the simulation using the software package TRAVIS.*
From the results, introducing C had a substantial influence on the
cation motion and distribution.

In Figure 5 (c,d), a cubic Li* ion distribution formed inside
the six-coordinated anions, indicating octahedral (Oc) sites. A
tetragonal Li" ion distribution formed inside the four-coordinated
anions, indicating tetrahedral (Tt) sites, as previously reported.*’
However, the occupancies of the Li* ions at the different Li sites
(Oc and Tt at HT) were different for the LBH and LCBH systems,
as shown in Figure 5 (c,d). For LCBH, there were eight low
occupancy Tt sites and four high occupancy Oc sites in each unit
cell, and the densities were well connected. The occupancies of
the different sites were calculated.®> The occupancies of the Oc
and Tt sites were 0.96 and 0.04, respectively. The Oc sites are
more energetically favorable for Li" ions than the Tt sites because
the Li" ion faces larger attraction at the Oc sites because of six-
coordinated anions. There are four Li" ions in each unit cell, so the



Li" ion preferably occupies the Oc sites, and the expected hopping  to avoid Li-Li repulsion because of the larger number of Li* ions

mechanism is Oc—Tt—Oc. In contrast, for the LBH system, despite  in the unit cell, as shown in Figure 5(c). The free energy barriers

there being energetically preferable Oc sites, the Li* ions are for both systems were also calculated for both Li- and H-

forced to occupy the Tt sites, which are not energetically favorable, isosurface density calculations using the equation given in Table
Y T

v .9’.

Figure 5. Isosurface density plots of the Li* ion with isovalues of 8 x 10 A3 (yellow) and 10 x 105 A3 (orange), and H with an isovalue
of 5x 1075 A3 (violet) in a 2 x 2 x 2 supercell obtained with OVITO software.% (a) Low conductivity phase of the LBH system. (b) Low
conductivity phase of the LCBH system. (c¢) High conductivity phase of the LBH system (high density at tetrahedral void and low density
at octahedral void formed by anions). (d) High conductivity phase of the LCBH system (moderate density at tetrahedral void and high
density at octahedral void formed by anions).

Figure 6. (a) Spatial density distribution (SDD) of Li ions (orange) around CB1;Hi2™ (represented by the ball and stick model: B (yellow),
H (cyan), and C (green)) at 500 K. The Li* ion density around the C is different because of high C-Li repulsion. (b) RDFs (g(r)) of B-Li
and C-Li pairs for the LCBH system calculated from NPT-MD at 500 K. The different distributions of Li* ion around B and C is also
reflected.




3. The free energy barrier of Li* ion hopping was about 0.43 eV
for the LBH system, whereas it was 0.035 eV for the LCBH

resulting in a lower hopping free energy barrier. The

reorientational motion was reflected in the MSD of the
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Figure 7. RDF (griLi(7)) of the Li—Li pair at 500 K calculated from NPT-MD for the (a) LBH system and (b) LCBH system. The RDFs
among the tetrahedral and octahedral sites are also shown as bar plots (the bar heights are reduced for visualization). The g(r) for LCBH-

system shows more liquid like nature than LBH-system.

system. The very large difference might be because of Li-Li
correlation in Li* ion hopping. However, the free energy barriers
of H were low for both systems and their values were also similar,
indicating high and similar reorientational rates.

To investigate the hopping route, we also calculated the Li—
Li radial distributions function, gi..i(r), for both systems, as shown
in Figure 7. The giii(r) in LCBH system shows more liquid like
nature at high conducting phase than the LBH-system because of high
Li" ion diffusion among the disordered Li-sites. The first peak
perfectly matched the neighboring tetrahedral to tetrahedral site
distances for the LBH system, whereas the peak matching in the
LCBH system was not as good because of the excellent
connectivity among the sites. Thus, the hopping route was either
Oc-Tt-Oc or Tt-Oc-Tt, because no other routes existed. In
contrast, the high-density Tt-Tt site connectivity is poor for the
LBH system because of strong Li'—Li" correlation (see Section
3.5), resulting in longer waiting time and lower diffusion.
Therefore, the hopping route in the LBH system must be Tt-Oc—
Tt.

Table 3. Free Energy barrier (AF) calculated from iso-surface
density.

System  pyp (T AF= —kBTln(p%)
(A2 (A2 (eV)
Li LBH 6.0x10°¢ 1.3x107 0.430
LCBH 8.8x107 2.0x10* 0.035
H LBH 10.0x10°  14.0x10° 0.014
LCBH 7.0x107 11.0x10° 0.019

p:n = threshold density; p,,q, = maximum density

3.4. Influence of Anion Reorientation on Cation Diffusion.
Anion reorientation is a distinct feature in this series of materials,
and it deforms the potential landscape of Li* ion diffusion,

constituting atoms in the anion. The angular autocorrelation
function {(t") can be directly measured by calculating the angular
autocorrelation of anions around the center of mass (Figure 7(a)):
() =(F ) F(t+1t)) (6)
where 7 is a unit vector connecting the center of mass and B within
an anion at time ¢ and (¢ + t') is the same unit vector after time
t'. {(t") as a function of t’ for the LCBH system for temperature
of 250-500 K is shown in Figure 8. The function does not show
any decay in the LT phase. However, after the transition
temperature, it decays to zero within a few tens of picoseconds.
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Figure 8. Angular autocorrelation function of the (CBiiHiz)~
anion ({(t") ) as a function of time (¢t") from NPT-MD simulations
at 250-500 K with an interval of 25 K. The function decays as

-t

~e~*" ithin a short time above the order—disorder transition

temperature (350 K).

¢(t") decays as e ' where 1 is the decay rate, within a short
time. In the LT phase, in the absence of reorientational motion, the
structure is ordered. Thus, almost no disordered sites exist for the
anions, as well as the Li* ions, and the sites are fully occupied,
resulting in almost no cation diffusion. Therefore, the MSD and



angular autocorrelation function indicate that in the LT phases for
both systems, the anions are rotationally and translationally
immobile, whereas the anions are rotationally mobile and
translationally immobile in the high conducting phase.

In the LBH system, an anion is coordinated to six Li"
ions, whereas it is only coordinated to three Li" ions in the LCBH
system. Thus, the anion reorientational motion of each anion in the
LBH system drives two times more cations than in the LCBH
system. The Li" ions left their local on-sites in LBH system within

diffusion for both the LBH and LCBH systems. We found that the
Li* ion behavior was almost unchanged after 5 ps. This means that
the Li" ion disappeared from the nearest H within approximately
5 ps for both the LBH and LCBH systems because of fast anion
reorientational motion. It is worth mentioning that the similar
times suggest that the reorientational rates of the anions were the
same, which was determined by directly comparing the angular
autocorrelation functions for both systems (Figure 10). The decay
rates were almost the same in spite of C incorporation. In contrast,
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Figure 9. Distinct van Hove correlation function, G4(r, f), of H-Li for the (a) LBH system and (b) LCBH system at 500 K. The 5 and 50 ps

lines are not visible in (a) because they are masked by the 100 ps line.

about 10 ps because of anion reorientation. They quickly jumped
from their local on-sites. However, compared with the LCBH
system, a larger fraction of Li* ions is expected to be unsuccessful
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Figure 10. Comparison of anion reorientational motion of
(CB11H12)7 and (BH)1227 at 500 K.

in occupying the next neighboring sites and wait in between the

two sites, because there are a smaller number of vacant sites in the
LBH system. As a result, despite the quick transition from its local
on-sites in LBH system, it does not show long-range diffusion.
Local caging is observed in the system, as discussed in the section
3.5.

We calculated the distinct part of the van Hove
correlation function for the Li—H pair (Figure 9), which showed
very interesting results related to anion reorientation and cation

Li* ion diffusion in the LCBH system was significantly higher
than that in the LBH system. Hence, apart from anion
reorientational motion, other influencing factors must play crucial
roles in Li* ion diffusion, which are discussed in Section 3.5 using
the self-part of the van Hove correlation function and logarithmic
plots of the MSD.

100 1000

'
10
Figure 11. Logarithmic MSD of the Li* ions as a function of time
(t') for the LBH and LCBH systems at 500 K. The LBH system

shows a longer caging effect than the LCBH system. The dashed
blue lines show the deviation of the MSD from a straight line.

3.5 Cation—Cation Correlation. The correlation between Li* ions
was investigated in detail by logarithmic plots of the MSD (Figure
11). Three distinct regions (ballistic, caging, and diffusive) were
identified. For both systems, the ballistic region was within 100 fs,



which corresponds to on-site vibration of Li" ions. In contrast, the
caging region was longer (~20 ps) for the LBH system than for the
LCBH system (1-2 ps). Thus, the Li* ions in the LBH system
rapidly left the local on-sites and then waited for a longer time
(~20 ps) in between two tetrahedral sites, because the neighboring
sites were already occupied by other Li* ions. Hence, in the LBH
system, Li* ion hopping was strongly correlated with the motion
of other Li" ions because of the unavailability of vacant sites.
Notably, the longer waiting time for the LBH system was
indirectly responsible for increasing the activation energy,
resulting in lower diffusion. The Li*-Li" ion correlation can be
diminished by introducing Li-site vacancies, as experimentally
verified by Kim et al.,*® who found that Li-ion vacancies enhanced
the Li" ion conductivity by three orders of magnitude. Conversely,
the waiting time for the LCBH system was shorter because there
were ample vacant Li sites. Thus, the Li* ions did not need to wait
long between two sites because the neighboring sites were already
empty, which significantly enhanced diffusion.

To understand the Li—Li correlation, we also calculated
the self-part of the van Hove correlation function Gg (r, t'), as
shown in Figure 12 for the Li" ions of the HT phases of both
systems. A few local maxima can be identified with increasing
time (7). For the LBH system, the first peak near 1 A corresponds
to local on-site vibrations of the Li* ions, and the peak broadening
is because of the temperature. The second peak indicates Li" ion
hopping from the local on-sites to the neighboring sites. This
occurred within 10-20 ps, which is consistent with the calculated
Li—Li RDFs (the second peak in Figure 12(a) is close to the first
peak distance in Figure 7(a)). For the LBH system (Figure 12(a)),
there was a long waiting time (unless a second peak formed, which
was after approximately 10 ps), whereas hopping occurred within
a short time (less than 5 ps) in the LCBH system. The peaks in
Figure 12(a) are sharper than those in Figure 12(b), because the
sites are well connected in the LCBH system.

Table 4. Volume per formula unit and Transition temperature
for different system in this series.

System Volume (fu.) Transition Temperature
A% (K)

Li,BxHi» 219.60 59038

Na;Bi,Hi,  261.63 529¢7

KoBpHi, 300.87 -

LiCBiHi» 223.07 390%

NaCB; Hi,  237.57 380%

KCB,Hi» 238.04 360%

3.6. Activation of Anion Reorientation and Entropy-Driven
Order-Disorder Phase Transition. A comparison of the
reported transition temperatures and corresponding volumes per
formula unit is given in Table 4. There is a nice trend between the
cell volume and transition temperature. Basically, the cell volume
increases to accommodate larger cations, which reduces the
transition temperature. For larger cell volume, there are a few
important factors that are responsible for lowering the transition
temperature, such as (a) anions find larger interstitial space, which
eases the anion reorientational motion and (b) the cation number
density decreases, which decreases the anion—cation interaction
and provides the anions with greater freedom to reorient. In fact,
(1-x)Li(CBoH10)—xLi(CB11Hi2) solid solution shows a systematic
increase in volume with increasing x and decreasing transition
temperature.** At around x = 0.3, the composition has the highest
volume with the lowest transition temperature. Other factors, such
as a monovalent anion, also decrease the anion—cation and anion—
anion interactions. The anion shape and size also play important
roles in decreasing the transition temperature.
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Figure 12. Self-van Hove correlation function of Li* (Gs(r, #)) for the (a) LBH system and (b) LCBH system at 500 K. The peaks for the
LBH system are sharp, whereas the peaks for the LCBH system are relatively wide.




4. CONCLUSION

Force-field-based MD simulations showed the order—disorder
phase transition associated with high anion reorientational motion
and change in the volume. Additionally, we performed
comparative analysis of the microscopic route of cation transport
inside the face-centered anions. The structural insight at HT will
provide a better understanding of the LCBH system, because it is
not accessible by experiments. Surprisingly, both systems
exhibited practically the same anion reorientational rates in spite
of the different valance anions. However, cation diffusion was
relatively large for the LCBH system compared with the LBH
system, which is because the vacant Li sites reduce cation—cation
correlation in Li" ion diffusion. Finally, we determined the factors
responsible for lowering the order—disorder transition temperature,
which has far-reaching significance beyond the materials in this
series.
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