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Complex hydrides are of great interest for being potential candidates for the solid electrolyte of all-
solid-state batteries owing to their exceptionally high ionic conductivity at high temperatures. Hereafter,
we study a model system (LiCB;1H1,) using molecular dynamics (MD) simulations based on a reported
force field to investigate the role of cation size in the ordered—disordered phase-transition temperature
(Tvan) @and cationic diffusion. The MD results indicate that the lowering of Tyan is due to the high cell
volume (by introducing a large-size cation) that eases the anionic rotation. The results are further

Received 29th September 2022, confirmed by performing a few additional MD simulations by keeping a fixed cation size while varying

Accepted 21st March 2023 cell volumes. In addition, the study provides insights into the cationic density distribution, the
DOI: 10.1039/d2ma00936f bottlenecks of the cationic path, and its hopping mechanism with increasing cationic sizes. These
findings are of fundamental importance for achieving a lower transition temperature and higher cationic
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|. Introduction

Batteries have been playing a significant role in meeting the
skyrocketing demand for electronic devices and fully electric
vehicles. However, the current battery technology based on
conventional Li-ion batteries does not satisfy the consumers’
needs."™® All-solid-state batteries (ASSBs), being safer than
liquid- or polymer electrolyte-based batteries and having a
higher energy density and longer life cycles, are a possible
alternative. In the last couple of decades, significant progress
has been made in the development of ASSBs’ largely based on
Li* ion conduction,®** where high ionic conductivity is one of
the inevitable prerequisites for electrodes and electrolytes. The
most popular electrolytes in ASSBs are Li;oGeP,S;, (LISICON-
like),"> LigPS;Br (argyrodite),"®'” complex metal-hydrides
(MXM;,HZ, where M can be replaced with alkali or alkaline-

earth atoms, and M, H. can be replaced with anions: BH,,"*"’
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BeHs" ", ByoHyo” ", CBoHyo , BipHy,> ™, and CBqu[),ZO Li 55-
LasZr,Gag 1501, (garnet),®™?* Li; ,Al,,Ti; 5(PO,); (Na superionic
conductor or NASICON-type),”® and Ligs4lags:TiO;4
(perovskites),**** in which the ionic conductivity is comparable
with current liquid electrolytes.

Among the mentioned classes of materials, complex metal
hydrides have recently attracted attention®® owing to their
exceptional high cationic conductivity, low density, low toxicity,
and soft mechanical properties.”” The anions in this type of
materials are identified at body-centered, face-centered (Fig. 1) or
hexagonal-close-packed positions, whereas Li" ions are found at
the interstitial positions of anions. The shapes of the anions are
large-quasispherical (CB;;H;, or CB;;H;,) or ellipsoidal cage-like
(B1gH1p or CBgHjg). At a low temperature, the structure, often
called an ordered structure, is well defined and symmetric
(Fig. 1(a)), whereas at a high temperature, the anions are in the
disordered state exhibiting high rotation, and atomic coordinates
(G, B, and H) of an anion are not well defined (Fig. 1(b)). Despite
high rotation of the anions in the disordered state, their average
center of mass is remained fixed at their individual equilibrium
sites. The system exhibits a sharp cation-conductive transition
above the ordered-disordered phase-transition temperature
(Tian), associated with high anionic rotation.?®*> The anionic
rotational disorder typically generates several cationic sub-lattices
for facile cationic diffusion,®® as anionic rotation flattens the
potential energy landscape for cation translational motions.>”*°
However, these sublattice structures are usually accessible for
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Fig. 1 (a) Ball-and-stick model of low-temperature ordered LiCB1;H» (the occupancy of Li, C, B, and H at each site is 1.0 with a smaller unit cell size),®”
whereas (b) shows the high-temperature disordered structure (anion center remains ordered) with site occupancy less than unity and high anionic
rotation is indicated by an arrow. In this case, the bigger unit cell size indicated the volume expansion because of the high-temperature. The a- and c-
axes are also shown, and black lines indicate the unit cell. (c) A tetrahedral (Tt) void formed by four anions and an octahedral (Oc) void formed by six
anions are shown. The anions are also surrounded by six such Oc sites or voids. Several cation sizes are indicated using different opacities. The corner-
shared triangular faces of Oc or Tt are the geometrical bottleneck along the cationic path. The geometrical bottleneck radius is also marked by dotted
circles. The red, brown, green, and blue balls represent Li, C, B, and H, respectively, for all cases.

smaller cations (Li*, Na', and Ag"), as reported in the recent
studies.*?°*41~3 1 addition, the ordered-disordered transition
occurs at elevated temperatures, which makes this material
unfavorable for practical use.

To overcome the mentioned issue, several strategies have
been implemented to achieve a lower Ti.p, such as

1. Using monovalent ions (CB;;Hy, **** or CBoH;, ) instead
of a divalent anion (B;,H;,>") that also enhances the cationic
vacancies in the system enabling higher cationic diffusion;

2. Alloying two different types of closo-borane®>*® improves
the space inside the structure for easing anionic rotation.

Furthermore, substituting larger alkali-metal cations, such
as K', can result in similar favorable ordered-disordered struc-
tural transitions at reasonably low temperatures, although K* ion
conductivity is reasonably low."”” A similar phenomenon was
identified in the case of molten salts (CsCl shows a lower melting
point than NaCl or KCI).** Despite several experimental studies,
the fundamental understanding of hydrides is still vastly spec-
ulative; thus, a thorough theoretical simulation study is required
to guide the synthesis of a suitable material with a lower Ti;.,, and
higher cationic conductivity. Inspired by recently reported work
on KCB,;H;, by Dimitrievska et al.,*” we conducted molecular
dynamics (MD) simulations by systematically varying the cation
sizes (essentially by tuning the reported force-field), which was
impossible in the first principles-based MD simulation or through
experiments. MD simulation has emerged as one of the first
growth techniques for understanding the atomistic mechanisms
at the atomic level*® while avoiding the gap between theory
and experiment. Silver iodide,’®*' B-alumina,®® and Na,,Zr,-
Si,P;_,01, (NASICON) (0 < x < 3)°® and a variety of oxides®*””
are examples of this successful technique. However, the results of
MD simulation strongly depend on how good the inter-atomic
potential is. Recently, we developed an interatomic potential
parameters model for complex metal hydrides**>® to perform

2270 | Mater. Adv., 2023, 4, 2269-2280

MD studies that represented ordered-disordered phase transition
behavior for Li,B;,H;, and LiCB;;H;, as reported in the experi-
ments, and provided several structural insights and information
on the hopping mechanism of cationic diffusion for LiCB;,H;,
which are experimentally challenging to report due to high
anionic rotation above Ty,.>”

In this study, we gained further insights into the relation-
ships between cation size and Ti.,, and cationic hopping
mechanisms using predefined force-field-based MD simula-
tions while using the low-temperature structure of LiCB;;H;,””
(Fig. 1(a)). The existing bottleneck radius along the cationic
conduction path (Fig. 1(c)) also plays a major role in cationic
conduction, which was vastly studied in the other materials
(NASICONs*®”° and Li;oGeP,5;,°°), and remains an untouched
area in complex hydrides, which shall be thoroughly studied in
this paper. Herein, we used the same structure as LiCB;;Hj,
and systematically varied the cation sizes to avoid the complex
role of anionic arrangements (different types of structures are
identified for the Na and K counterparts,”” where a different
anion arrangement also plays a specific role).

ll. Methodology
A. Inter-atomic potential

To conduct MD simulations, we used, as previously reported, a
combination of Buckingham, harmonic bond, and angle-type
potentials:**

U(rae) = UCOulomb+Bucl<ingham(r) + Ubond(r) + Uangle(e) [13)
qiq; Cy
UCoulomb+Buckingham (r) = 4TE£;V + Aij exp(fr/p) - TG/ (1b)
1 2
Upond (1) = Ekr(r —19) (1)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Uangle(g) = %k(}(@ - 90)2 (1d)
where g; denotes the charge on the ith ion; A; and C;; are the
short-range overlapped repulsive energy and dispersion energy
of atom pairs, respectively; and p determines the depth of
the potential. ry, and 0, are the equilibrium bond distance
and angle with spring constant k,, and k, respectively. ¢, is the
permittivity in the free space.

B. Computational details

Using the previously reported parameters listed in Table 1, we
conducted a series of isothermal-isobaric (NPT) MD simula-
tions in the temperature range of 325-525 K with 12 K (some
cases 25 K) intervals, and zero atmospheric pressure. The
NPT-MD method,®" which allows changing the simulation box
sizes while keeping the angles fixed, was employed. The tempera-
tures and pressure within the system were controlled using
thermostatting and barostatting techniques, where some dynamic
variables are coupled with particle velocity and simulation
box dimensions. We chose the default parameters for the Nose-
Hoover thermostatting (100 times of time step) and barostatting
(1000 times of time step), as mentioned in the LAMMPS software
package.®” In the thermostatting case, essentially, a fictitious
particle transfers heat from a heat bath to the system, and the
parameters indicated in the NPT-MD is equivalent to its mass,
although the unit of measurement is not mass. By adjusting this
parameter, we can control the particle’s inertia. If the value is too
small or too large, it may lead to higher temperature fluctuations.
This is similar to the barostatting case. It should be noted that the
simulations commenced from the reported low-temperature
ordered-phase X-ray diffraction structures® for the LiCB;;H;,-
system.

Herein, we tuned the Li-H repulsive parameters to mimic
different sizes of the cation, where three different sets of
parameters were used for the three different sizes of cations
(small, medium, and large), as presented in Table S1 (in the
ESIt). The interaction of the M-H (M = small, medium, and
large) pair as a function of distances for different interaction
parameters are presented in Fig. 2. For the larger cations, the
minima were shifted at larger distances mimicking larger
cation sizes. The Li-B interaction was not modified, as the

Table 1 Inter-ionic potential parameters employed in this study?
Species Avini Av-s . . X
™M) gu(e) (V) (eV) Avnu (V) pmii(A) pms (A) pvn (A)
Li 0.75 0.0 46.08 76.4” 0.4000  0.2853  0.3023
C 0.75 46.08 0.0 0.0 0.2853 0.0 0.2853
B 0.0 80.78 0.0 0.0 0.2853 0.0 0.2853
H —0.125 76.4 0.0 2175.5 0.3023  0.2853  0.20855

ks = 5.375 A” €V, rgpo = 1.76 A (equilibrium bond length), kes = 5.375 A% eV,
Tepo = 1.76 A (equilibrium bond length), kg = 9.89 A® eV, rgyo = 1.2 A
(equilibrium bond length), kg = 150.5 A% eV, repo = 1.09 A (equilibrium
bond length), kppy = kscn = keen = 0.86 rad”® eV, 6, = 2.077 rad
(equilibrium angle), and Cyy_y; = 4.3086 A° eV. “ The value used from the
reported literature.* b Different values 46.08, 119.8, and 163.17 are used
here for mimicking small, medium, and large cations, respectively.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Pair—wise interaction (U(r) vs. r) for different M—H short-rang
parameters mimicking small-, medium-, and large-sized cations. The
distances of potential minima are also indicated.

cations are usually far from the B atom. Throughout the paper,
the three different Li-H interactions are indicated as small-,
medium-, and large-sized cations, respectively.

We performed three sets of runs using three different M-H
interactions for the previously mentioned temperature range,
even though the starting structure for all the simulations was
the same as the low-temperature ordered structure reported by
Tang et al.>” for LiCB;,H;,. We adopted the above conditions to
avoid the complex chemical nature of the different cations. The
simulated supercell consisted of 4 x 4 x 4 unit cells comprising
6400 atoms in an orthorhombic symmetry following Pca2, (no. 29).
A time step of 0.5 fs was applied for integration of force using
the velocity Verlet algorithm. A typical runtime of 2 ns or longer
was used with trajectory samples stored at intervals of 500 fs
for detailed analyses, and statistical time averages typically
were calculated over the last 1 ns interval. Numerically, to
guarantee the thermodynamic convergence properties, a few
longer runtime simulations of 10 ns were separately performed.
The properties remained the same for a longer time simulation.
Periodic boundary conditions in all three directions and the
Ewald summation technique for converging long-range
Coulomb interactions were applied. A cutoff distance of 13 A
was used for both the short-range interactions and the short-
range part of the Ewald summation. A few micro-canonical MD
(NVE-MD) simulations were further conducted at 475 K using
the final structure obtained from the NPT-MD simulations.

Moreover, we conducted three additional NVE-MD runs at
475 K while keeping Li-H interaction unchanged, same as
reported,** for the three different cell volumes, which were
respectively selected similar to the cell sizes of the cations
(small (Vsman), medium (Vyedium), and large (Viarge)). In
short, we fixed the cation size and varied the cell volume.
Maintaining a constant cation size while varying the cell
volume is necessary to comprehend the impact of cell volume
on cationic diffusion.

Mater. Adv., 2023, 4, 2269-2280 | 2271
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C. Estimation of key quantities

Cation transport and anionic stability were examined by calcu-
lating the mean square displacement (MSD) of both cations
and anions following Einstein’s relation. The self-diffusion
coefficient was calculated from the slope of the MSD for the
three-dimensional transport as follows:

MSD = — <ZN: (t+1)) (z))2>, (2a)
j=1
D= lim P b)

where N denotes the total number of mobile atoms in
the system, 7;(¢) is the position vector of the jth ion at time ¢
¢’ is the time difference; and the angular bracket is the average
over several points in time. The diffusion coefficient, D,
depends on the temperature (T) according to the Arrhenius
equation:

e = kE;) ©)

where D, denotes the pre-exponential factor, Ed represents the
activation energy of cationic diffusion, and kg is the Boltzmann
constant.

The anionic reorientational motion is directly identified
by calculating the angular autocorrelation function ({) of
anions:

{(#) = (e + )r(0)) (4)

where 7(¢), and 7t + t') denote the vector connecting from the
center of mass of anions to B, C, or H in the same anion at time
t and t + t/, respectively. This function typically shows an
exponential decay (~ e *') within a short time with a decay
rate 1. The anion reorientational activation energy (Ej) is
calculated using the Arrhenius equation:

)L—ioexp(kET) (5)

where 1, is the pre-exponential factor.

We calculated the “self” part of the van Hove correlation
function, Gs(r,t'), to understand the cationic hopping mecha-
nism following the formula®?

/&, . .
Gs(r,1') = N<;5<r - Gl + 1) - r,-<r>>>>. ©
The potential energy of individual cations is calculated as

1 N
UiZE;Uijv (7)

where Uy is the interaction potential given in eqn (1a). Finally,
free energy (as seen by individual cations), AF can be measured
from the population density profile, p, relative to another
system of cations exhibiting the maximum cation population

2272 | Mater. Adv., 2023, 4, 2269-2280
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density, pmax by the formula:

F=—kgTln (p:a) . 8)

I1l. Results and discussion

A. Structure and phase transition

We increased the temperature systematically; after a certain
level, the anions started rotating around the center of mass,
which remained translationally immobile at the crystallo-
graphic position (Fig. 1(b)), as reported in our previous
study,”® where a higher temperature, octahedral (Oc) sites
and tetrahedral (Tt) sites were identified, and the surroundings
of Oc and Tt-sites are shown in detail in Fig. 1(c). The Oc Li-
sites are the center of an octahedron formed by connecting
anions, whereas the Tt Li-sites are the center of a tetrahedron
formed by connecting anions. Interestingly, all the anion
centers are also a center of six octahedral Li-sites. At a high
temperature, anionic rotation leads to a high volume change,**
as shown in Fig. 3. It exhibits a general trend; the cell volume
increases with increasing temperature and shows an abrupt
volume change at a particular temperature because of anion
rotation, indicating an ordered-disordered phase transition.
Another obvious trend is that the cell volume increases with
increasing cationic sizes due to the higher cation-anion repul-
sion. The most interesting result here is the systematic
reduction of Ty., with increasing cationic sizes, consistent
with the previously reported literature, where a systematic
lower Ty, was identified from Li to K in ACBy;H;, (A = Li,
Na, and K).*” The percentage of volume expansion () at the
disordered phase relative to the ordered phase near the

V (10°A%. u.)

1 1 I
400 450 500
T (K)

Fig. 3 The time average of cell volume per formula unit (f.u.) (V) as a
function of temperature (T) for the MCBy;Hy (M = small, medium, and
large) system (325-475 K with an interval 25 K) from the NPT-MD
simulation. For comparison, the V(T) for LiCBy;H1» (LCBH) is also shown.
The system exhibits a sharp volume change after Ty an, Whereas the relative
volume change with respect to the cell volume in the ordered phase
decreases with the increasing cation sizes.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 A comparison of Ty, for several cation sizes in the system
MCBy4H;> (M = small, medium, and large)

MD Expt.”’ MD
Cation Size Teran (K) Tiran (K) V change (9)
Small 425 385 (Li) 12.0
Medium 375 380 (Na) 7.7
Large 350 365 (K) 4.7
Vt — Ve 0 . Py .
0= v %. V, = cell volume just before the transition point. V., =
t

extrapolated cell volume just after the transition point.

transition point also reduces systematically with increasing
cation sizes, as listed in Table 2. The difference in transition
temperature from experimental and MD simulations could be
possibly because of the different M-H interaction potential
parameters compared to real Li, Na, and K-systems, ie., the
small system does not correspond to the Li-system. Our primary
focus is to capture the transition temperature qualitative trend
by varying cation sizes. Since the larger size cation introduces
extra inter-anion space,”” it offers higher freedom to the anion. In
other words, smaller ¢ generates higher disorder in the system,
which lifts the system to the disordered phase. It is also worth
noting that a too-large simulation cell (a too-small J) leads to an
unstable system, which was observed in the MD simulation, while
we accommodated an even larger sized cation.

The MSD of both cations and anions plays an important role
in understanding the transport properties of cations and the
structural stability of anions with varying cation sizes, respec-
tively. The MSD of the anion (not distinguishing B or C atoms),
and its center of mass were calculated at the upper-temperature
end (475 K) (Fig. 4), which saturates quickly because of high
anionic rotation; the saturation value is close to the half square
diameter of the anion (distance of B or H to the center of mass

02 03 04
t’ (ns)

0.

View Article Online
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of closo-borane), indicating indirectly a full rotational mobility
and translational immobility of anions. The evidence of direct
rotational mobility will be discussed in the next paragraph by
calculating the angular auto-correlation function using eqn (4),
whereas the immobility of anions is further confirmed by
showing a low MSD value of the center of mass of anions and
its saturation (Fig. 4(b)). Despite the high rotational mobility,
the anions are stable at their crystallographically reported face-
centered position for the different cation sizes. It is important
to note that the MSD values of the center of mass (CM-MSD) of
anions systematically increase with the increasing cationic size
(Fig. 4(b)). Essentially, the larger CM-MSD value implies a larger
fluctuation in CM-anions that could increase the effective
anionic radius. The influence of an effective increase in anionic
radius will be discussed in the next section.

B. Anionic rotation and cationic diffusion

To quantify the rate of anionic rotation after the Ty, we
calculated the anionic angular autocorrelation function, (,
using eqn (4). Theoretically, after the ordered-disordered tran-
sition, the function { decays exponentially within a short period,
and the decay rate, 4, presented in Fig. 5, as a function of 1000/T
follows an Arrhenius behavior. The activation energies of anionic
reorientation, Ej;, for different cation sizes were calculated from
the fitted straight line using eqn (5), where the E, remains almost
the same (0.12, 0.15, and 0.13 eV for small-, medium-, and large-
sized cations, respectively) in agreement with the previous
reports.*”*” Although, the E; does not show any systematic trend,
the decay rates, 4, do. In contrast, a systematically lower /1 of
anions is identified from small to large-sized cation cases. The
possible reason could be because of the /.

Typically the systems (closo-boro hydrides or other classes of
superionic conductors®”®®), where there is no direct connectivity
among the anions, cationic diffusion was found to be strongly

(b)s5.0 . . . .
4.0

3.0

2.0

MSD (A%

1.0

5 0.0

0.4

0.2 0.3
t' (ns)

0.1 0.5

Fig. 4 (a) A gross mean square displacement (MSD) of C and B atoms againsg time difference, t/, in MCBy;H1> (M = small, medium, and large) based on

the NVE-MD simulations at 475 K. The MSD value is saturated at a value of ~ % where d denotes the diameter of anions. The different saturation value is

due to the different amounts of the center of mass fluctuation of the anion. (b) MSD of the center of mass of the anion at 475 K for different cation sizes.
These results demonstrate that the anions are rotationally mobile (a) and translationally immobile (b).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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10" =s—=GJey
E E a -12 i‘j 0.02 ev -“ “‘ E
v101°;' " " 3
<t
10°F . ®
i L2 o, ]
ol = ..
1077 25 3

1000/T (K)

Fig. 5 Anionic reorientational decay rate 2 as a function of 1000/T for the
MCBy1Hi2 (M = small, medium, and large) system (325-550 K with an
interval of 25 K). The continuous line lines are fitted from the data points
after the transition, and activation energies of anion reorientation are
calculated from the slope of the fitted line following eqgn (3). The dotted
lines indicate just connecting the data points below the ordered-dis-
ordered temperatures.

associated with the anionic reorientational motion after
the ordered-disordered transition, as reported in previous
studies.?”*>*456:57,65,69 The activation energy of the cationic
diffusion, EY, was calculated from the diffusion coefficient,
D (the slope of the MSD in the diffusive region after the
transition), for several temperatures according to eqn (3). The
plot of the logarithm of D versus the inverse temperature (1000/7)
is presented in Fig. 6, from where ES can be calculated using the

Temperature (K)

500 _450 _ 400 350
E‘=0.17£0.02eV
1051 ) ]
~  |E"=0.231£005eV )
& 'E “=0.29%0.08 eV o
E_ .68 2 : ]
810 - Y
o K
: ® o 3
-8.5[ A
10 " 1 " " " " ... .. " " " M " 1 "
2 2.5 3

1000/T (K™

Fig. 6 Arrhenius plot of the cationic diffusion coefficient for several
temperature ranges (In(D) vs. 1000/T) of the MCBy;H1, (M = small, medium,
and large) system (325-550 K with an interval of 25 K). The data points
below Ty, are shown in dotted lines, where diffusivity is significantly low
including large statistical errors. The straight lines (continuous) are fitted
from the data points and activation energies are calculated from the slope
of the straight line following eqgn (3).
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slope of the straight line from the high-temperature phase. It is
worth noting that the differences in diffusion coefficient
between the low and high conducting phases are significant,
spanning two to three orders of magnitude. We also observed
that this difference tends to decrease as cationic sizes increase.
This is expected, as larger cationic sizes result in a larger cell
volume, facilitating higher cationic diffusion. The activation
energies (E9) after the phase transition are found to be 0.17 +
0.02, 0.23 + 0.05, and 0.29 + 0.08 eV for small-, medium-, and
large-sized cations, respectively, which follows a systematic trend
unlike the case for E;. A larger statistical error in the E4 value for
larger cation cases originates from the diffusion coefficient
calculated in a lower temperature range compared to the
small-sized cation, as depicted in Fig. 6. Until now, it is quite
clear that two factors worked together for the cationic diffusion:

1. The higher anionic reorientational rate, 4, favored a facile
cationic diffusion.

2. In contrast, the larger cationic size hindered facile catio-
nic diffusion.

Herein, the larger cation size dominates over the higher
anionic reorientational rate, resulting in a relatively higher ES or
lower cationic diffusion, as presented in Fig. 6, following the
reported trend for ACB,,H;,-systems (where A = Li, Na, and K).*’
Furthermore, a larger fluctuation of CM of anions for larger-
sized cations (Fig. 4(b)) could effectively increase the anionic
radius, offering a narrower corridor for the lower cationic diffu-
sion. Therefore, we conclude that the lower cationic diffusion
for the systematically increasing cationic sizes is reasonable.
Consequently, the present MD simulation successfully repre-
sents several trends such as Ty, anionic rotational, and catio-
nic diffusion for different cation sizes in accordance with the
reported experimental results.

Additionally, anionic rotation and its valuable insights are
investigated in this paragraph, as this information is not yet
studied in detail. We calculated the anionic angular autocorre-
lation functions separately for C ({¢) in an anion and compared
them with the angular auto-correlation of anion, (cpy;, (nOt
distinguishing C or B), as displayed in Fig. 7. Interestingly, the
{c shows a slower decay than {cpy;. This behavior is identified
for all the cation size cases (Fig. 7, in which we only compare for
the large-sized cations), whereas the (¢ systematically follows
the same trend as the gross anionic reorientational rate. The
slower decay of (- compared with {cp;; is mainly due to the
higher Coulombic charge of C compared with B (Table S1 in
the ESIT). The high charge on C leads to a stronger interaction
with the surroundings (mostly the cations), which is against the
faster C rotational motion.

C. Atomistic mechanisms and cationic path

Atomistic insights are the origins of different macroscopic
behaviors with increasing cationic sizes and the factors that
are responsible for fast cationic motion. A three-dimensional
isosurface population density was calculated for cations
along with H, as presented in Fig. 8(a), (b), and (b) for the
small-, medium-, and large-sized cations, respectively. The
cationic density pattern demonstrates a significant difference

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Angular autocorrelation function ((t') of the C and anion from
NVE-MD simulation at 475 K for MCBj1H1, (M = small, medium, and large)
system. CB;; means that the averaging is performed over twelve atoms
(one C and eleven B atoms), whereas C indicates the averaging over only C.
The function {(t') of the anion (CBy,) for a large-sized cation system is also
included for the comparison.

100

with increasing cation sizes. There are two high-density sites;
one is surrounded by four anions, which is favorable for the
small-size cation, whereas the other less-preferred high-density
sites are surrounded by six anions. The site preference changes
from small to large-sized cation cases. To understand the high-
density site location with high precision, we performed X-ray
diffraction (XRD) pattern calculation by placing the atoms at
the highest population density locations for small-, and large-
sized cation cases (Fig. 9). For comparison, we also included
XRD for the Tt- and Oc-sites, and both the peaks (MD sites and
crystallographic Oc- and Tt-sites) are consistent, which recon-
firms that the high-density sites’ areas are Oc-, and Tt-sites.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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Most importantly, there is a transition from the Tt-site occu-
pancy to the Oc-site occupancy with increasing cation sizes,
which was also speculated in the previous report.*”

To understand the reason behind the switching of the
transition in occupancy, the energy of individual cations was
calculated using eqn (7) and merged them in a single unit cell,
then we counted the potential energy and number of particle in
a three-dimensional grid. Finally, we calculated the average
energy by diving the total count in each grid (averaging was also
done over the number of frames) and represented it in a three-
dimensional isosurface plot (Fig. 10). For small-sized cations,
the Tt-sites are energetically favorable because of the stronger
Coulombic attraction of cations at the Tt-site and monovalent
anions (Fig. 10(a)). While cation size increased the short-range
repulsion between cations occupying the Tt-sites and anions is
stronger, as the anion to Tt-site distance is shorter (x~ 4.15 A)
than the anion to Oc-site distance (~ 4.79 A). Thus, the stronger
short-range repulsion for the large-sized cations dominates over
the Coulombic attraction, as displayed in the potential energy
landscape (potential energy isovalue for small-, medium-, and
large-sized cation cases were —1.70, —1.79, —1.85 eV, respec-
tively). It modifies the potential energy landscape significantly
for the cation movement and the Tt-site becomes energetically
less favorable. However, the Oc-sites, which are slightly far from
the anion center facing lower repulsion, are found to be energe-
tically favorable, as identified in the energy profile in Fig. 10(b)
and (c). The above scenario is demonstrated graphically using a
schematic diagram of free energy variation (following eqn (8))
along with the potential energy while increasing cation sizes
(represented in the bottom row in Fig. 10).

Therefore, the density pattern and energy landscape clearly
indicate different cation hopping mechanisms while increasing
cationic sizes. In this context, we calculated the self-part of the
van Hove correlation function, Gy(r,t'), for two different cation
sizes (small, and large) to understand the hopping mechanism

(a)Small (b)Medium

A‘ -, Y\ "'/A
4;0 ("‘>
/\!’—"” lllr

4’- >,"

— / - ~
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Fig. 8 Isosurface density plots of the cation (isovalues of 2 x 10* A=3

(orange) and 6 x 10° A

=3 (red)) and H-atom for MCBy;H35, (M = small, medium, and

large) ina 2 x 2 x 2 supercell obtained using OVITO’® software at 475 K from NVE-MD simulations. (a) Isovalue 7.5 x 10> A=3 (blue) for small-sized

cation. (b) Isovalue 7.5 x 107> A~

3 (blue) for medium-sized cation. (c) Isovalue 7.5 x 107> A~

3 (blue) for large-sized cation. Tt- and Oc-sites formed by

anions are marked. We choose different H isovalues for different sizes of cation cases for better visualization.
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Fig. 9 (a) and (b) X-Ray diffraction pattern comparison from maximum density isosurfaces and experimental (Expt.) crystallographic sites for small-, and
large-sized cation cases, respectively. The inset shows the isosurface density and their corresponding maxima (indicated by balls).

Short-range
Repulsion ',‘*

Coulomb .
Attraction

Small Mediuml

Free Energy

Cation Size

Fig. 10 (Top row) Free-energy Isosurface plots in purple (calculated using egn (8)) combined with the potential energy of the cations (yellow) using
egn (7) in a single unit cell. The small-, medium-, and large-sized cation cases are marked by (a), (b), and (c), respectively. The isovalue of 0.07 eV value is
used for all three cases, whereas —1.89, —1.75, and —1.70 eV are used for potential energy isosurface (yellow) for the small-, medium-, and large-sized
cations, respectively. (Bottom row) Schematic representation of two-dimensional free energy distribution from Tt to Oc-sites. The favorable potential

energy schematic diagrams are also added using yellow dotted lines.

(Fig. 11). Fig. 11(a) and (b) demonstrate two distinct behaviors:
the first peak and second peak for small-sized cations are not
well separated, as Oc-Tt distance and Tt-Tt distances are closer
(~ 5 A) and the number of Tt-sites two times more enabling
faster cationic diffusion. Thus, the hopping mechanism for the

2276 | Mater. Adv, 2023, 4, 2269-2280

small-sized cation case is Tt to Tt via meta-stable Oc sites, as is
already reflected in Fig. 8, whereas there is a distinct second
peak in the case of a large-sized cation, which is at a distance
near 7 A (the Oc to Oc site distance is 6.77 A), and thus the
hopping mechanism is Oc to Oc via meta-stable Tt-sites.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) The self-van Hove correlation function, G(r.t'), as a function of radial distance (r) and time (t’) for MCB1H;, (M = small, medium, and large) at

475 K from the NVE-MD simulations for two different cation sizes ((a) indicates small-sized, whereas (b) indicates large-sized), shown on a logarithmic

scale for better visualization.

Therefore, the different type of cation hopping behavior is
reconfirmed by analyzing Gy(r,t').

The bottleneck radius along the cationic path plays an
important role in determining the cationic path at the high
conducting phase, which is one of the untouched areas in this
material. As there are many H-atoms in this system, it is
complicated to define the bottleneck with respect to the H.
Therefore, the bottlenecks are defined with respect to the anion
centers, as shown in Fig. 12 along with the isosurface density
plot for the large-sized cation. Interestingly, the cationic path

Triangular Bottleneck

Octahedron

Bottleneck
Radius

Center of
Tetrahedron

Fig. 12 A triangular bottleneck (shaded area) is drawn along the cationic
path from Oc (yellow) to Tt (cyan) sites and a schematic free energy
landscape for two dimensions (red) is also shown to identify the saddle
point, which is exactly located at the center of bottleneck radius, marked
by a black dotted circle. The isosurface density plot of the large-sized
cation with isovalues of 5.0 x 10° A=® (red) in a single unit cell is also
included for the understanding of the cationic path. The anion centers
(magenta) are also marked along with the Oc and Tt-sites.

© 2023 The Author(s). Published by the Royal Society of Chemistry

follows through the center of the triangular bottlenecks, which
are the triangular faces of octahedron and tetrahedron formed
by the connecting center of anions. The bottleneck radius, the
inner circle of the triangle, was calculated for all the cases
(small-, medium-, and large-sized cations). The bottleneck radii
are 3.9, 4.2, and 4.4 A for the small-, medium-, and large-sized
cations, respectively. The calculated bottleneck radius, in this
case, is larger than the reported bottleneck for the other
systems (NASICONs’'), which is because of the calculation
method; we choose the anion center instead of the H. Interest-
ingly, the bottleneck radius systematically increases with
increasing the cationic sizes, as expected, and it is in favor of
the high cationic diffusion.”” However, the incremental effec-
tive bottleneck radius may not be big enough for the larger-
sized cations, hindering cationic diffusion.

To reconfirm our findings, we further conducted a few MD
simulations, keeping the cation size fixed as Li*, while varying
the cell volumes (detailed in the Section 2). The anionic
rotational motion systematically increases with increasing cell
volume (Fig. S1 in the ESIY), whereas the anionic motion is
faster than the rotational motion of individual C (Fig. 13(a)),
following a similar rotational trend as reflected for several
cation size cases (Fig. 7). The anion CM-MSD also followed a
similar trend, i.e., the CM-MSD saturation value systematically
increases with increasing cell volume. However, the cationic
MSD followed a trend opposite to that of different cationic size
cases. The MSD of cations systematically increased with the
increasing cell volume, which was expected; a bigger cell size
offered a wider corridor (bottleneck) for fast cationic diffusion.
We also focussed on how the cation occupancy varies while
systematically increasing the cell volumes by displaying isosur-
face density plots for cations and H (Fig. S2, ESIT). Interestingly,
the cation density systematically switches from the Oc-site to
the Tt-site on increasing the cell sizes. In the case of the smaller
cell size, the cations at the Tt-sites and anion are in closer
proximity; thus, the stronger short-range repulsion makes the
Tt-site less favorable for the cations, while the Oc-sites are more
favorable, as they are at a far distance. On the other hand by
using a large-sized simulation cell, the short-range repulsion

Mater. Adv., 2023, 4, 2269-2280 | 2277
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Fig. 13 Angular autocorrelation function, anion, and cationic MSDs at 475 K from NVE-MD simulation for three different cell volumes; Vsmau Vmedium:
and Viarge. (a) {(t') function of time for C in an anion. The function {(t') for CBy; is also included for the comparison. (b) MSD of the center of mass of the
anion as a function of the simulation time difference, t’. These results demonstrate that the anions are rotationally mobile (from the (a) and translationally
immobile (from the (b). (c) The MSD of cations as a function of simulation time, t'.

Table 3 Summary of the MD results and comparison with the reported experimental results to understand a qualitative trend with systematically

increasing cationic size

M-H  Tyan V change (9) E; (eV) ES (eV) Site occupancy
Cation size (&) MD®  Expt. MD* Expt. MD* Expt. MD* Expt. MD* (high-low)
Small 172 425 385 (Li)" 12.0 9.9 (Li)*” 0.12 0.12 (Li)* 0.17 0.09 (Li)” Tt-Oc
Medium 2.14 375 380 (Na)” 7.7 7.3 (Na)’”  0.15 0.11 (Na)*®  0.23 0.15 (Na)”®  Oc-Tt
Large 2.30 350 365 (K)*’ 4.7 6.8 (K)" 0.12 0.19 (K)" 0.29 0.58 (K)*” Oc-Tt

¢ This work.

between cations at the Tt-site and anions can be reduced,
allowing the Tt-site to become accessible. Moreover, Tt-sites
are more in number which favors facile cationic diffusion,
which is also identified for the smaller-sized cation case
(Fig. 8(a)).

A summary of findings is listed in Table 3 and also displayed
in a three-dimensional chart plot in Fig. 14, where we found

Fig. 14 Three-dimensional chart plot of the results from MD simulation,
as listed in Table 3.

2278 | Mater. Adv., 2023, 4, 2269-2280

two different directions: (1) smaller sized cation improved the
cationic diffusion, whereas T\, was not favorable (high). (2)
On the other hand, larger-size cations produced lower Tiap,
however, cationic diffusion was low. Furthermore, the previous
paragraph concluded that the larger cell size was in favor of
high cationic diffusion and higher anionic reorientational
motion, which could also reduce the T.,, because of the larger
interstitial space, facilitating the anionic rotation. Thus, a
guideline would be keeping smaller size cations or same size
cation in a larger cell, which could be achieved by adding a
neutral molecule (H,O or NH,). A similar behavior was reported
by Kisu et al.”* recently in MgB,,H;,-12H,0. It exhibits a higher
ionic conductivity for the 12H,0 case than for a less water case
(6H,0), which provides a smaller cell volume. Even though the
water molecule may have a complex role in this case, which are
beyond the scope of this study.

IV. Conclusions

A predefined potential model represented the influence of
cationic size on Ty., and cationic diffusion, which was in
agreement with the experimentally reported trends. A higher
anionic rotational rate and a bigger cell volume (wider bottle-
neck radius) were in favor of higher cationic diffusion and
lower ordered-disordered transition temperature, whereas a
bigger-size cation is against the faster cationic diffusion (effec-
tively narrower bottleneck radius). We also found that there was
a significant change in cationic occupancy from Tt to Oc-sites

© 2023 The Author(s). Published by the Royal Society of Chemistry
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due to the dominating short-range repulsion over the Coulom-
bic attraction while increasing the cation size. However, the
Tt-sites (two-fold larger than Oc-sites) were in favor of faster
cationic diffusion, which was further confirmed by using fixed-
size cation with varying cell sizes. Additionally, the smaller
percentage of cell volume change resulted in a higher anionic
freedom that lifted up the system from an ordered state to a
disordered state. Thus, a guideline for superior materials could
be keeping a smaller-sized or same-sized cation in a bigger
simulation cell, as observed in MgB;,H;,-12H,0.”> However, in
real materials, the cation sizes and the anionic arrangement
play combined roles. Therefore, understanding the role of
cation size in ionic conduction and Ty, separately is funda-
mental to optimize these properties.
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