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Abstract:

LiMXCl, is a recently discovered lithium superionic conductor reported with a Li conductivity up to 12.4
mS/cm at room temperature. In this work, we explore various types of M-cation and X-anion substitutions
in the LiIMXCly system. We find that fluoro-chlorides may provide promising thermodynamic and
electrochemical stability without compromising ionic conductivity. Ab-initio molecular dynamics
simulations on seven substitutions and three lithium concentrations for each substitution suggest that even
higher conductivity may be achieved in LiMXCl4 than has been reported. A Meyer-Neldel analysis
comparing LiMXCl,, close-packed halides, and LaCls-type systems demonstrates the potential of the
LiMXCl, family due to their high Meyer-Neldel energy, high prefactor, and low activation energy,
projecting a range of conductivity of 10-100 mS/cm. An analysis of the correlation between lithium-ion
hops and small-angle tilting events finds that LiIMXCls systems exhibit a strong cradle effect where
weakly bound M-octahedra often tilt their orientation in conjunction with a nearby Li-ion hop to flatten
the lithium-ion energy landscape. Such an advantage originates from the fact that in the LiMXCl,4
structure, one-dimensional M-octahedral chains are bound via weak van der Waals interactions which can
accommodate for reduction in free volume via rotational correlation of the octahedra. Our work
demonstrates an exciting direction towards further improving this class of materials in terms of ionic
conductivity and electrochemical stability and provides a fundamental understanding of the factors that

lead to high ionic conductivity in non-close-packed oxyhalide systems.

https://doi.org/10.26434/chemrxiv-2024-nm8ks ORCID: https://orcid.org/0000-0003-1974-028X Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-nm8ks
https://orcid.org/0000-0003-1974-028X
https://creativecommons.org/licenses/by-nc-nd/4.0/

1. Introduction

The global transition to renewable energy and the increasing energy demands on the electric grid
necessitate the development of novel batteries with improved performance and safety. All solid-
state batteries are a promising technology as they use inorganic solid electrolytes (SEs), which
are safer compared to their flammable, liquid counterparts. In addition, when coupled with
lithium metal anodes, the energy density can be significantly improved compared to current

lithium-ion batteries'.

An ideal solid electrolyte should demonstrate high ionic conductivity and stability across the
wide range of lithium chemical potential that lithium ions experience in a full cell. However,
previous theoretical and experimental studies have shown that no solid electrolyte material
exhibits this criteria®. An alternative to this “ideal solid electrolyte” is to utilize two solid
electrolyte materials: one with excellent cathodic stability at low voltage (SEanode) and another
stable at high voltage (SEcathode O catholyte)’. If these two materials are chemically compatible
and have overlapping stability windows, this configuration can offer improved stability
compared to full cells employing a single solid electrolyte. For example, Zhou and Nazar
demonstrated in 2022 that over 1000 cycles can be achieved when using a halospinel-type
chloride solid electrolyte as the catholyte and an argyrodite solid electrolyte as the separator

against a Li/In anode’.

For catholytes, high oxidative stability above 4 V is required. One candidate class of materials

are the polyanion-based oxide materials such as NASICON-type Lij+xAlxTi2-x(PO4)3 or

LiTa,POs. However, processing these oxides in a cathode composite is challenging. Their
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inability to deform plastically necessitates co-sintering with cathode active materials (CAM) to
achieve good contact®3, often resulting in the degradation of CAM particles and the

decomposition of the solid electrolyte material.

As a possible alternative, close-packed chloride SEs have attracted significant attention due to
their relatively high ionic conductivity (> 1 mS/cm), excellent oxidative stability, and mechanical
softness, which facilitates the fabrication of a cathode composites®®. Prior to 2023, no known
halide materials achieved the ionic conductivities observed in state-of-the-art sulfide SEs (10 -
30 mS/cm)'%'2, This shortfall can be attributed to the close-packed anion arrangement of
existing halide conductors, which provides highly symmetric lithium-ion sites that trap lithium

ions and confines them to narrow, high-energy oct-tet-oct diffusion channels'>.

In 2023, Tanaka et al. reported a new Li oxyhalide superionic conductor, LIMOCI4 (M = Nb/Ta),
with high ionic conductivities of up to 12.4 mS/cm'#. Unlike most previously studied chloride-
based superionic conductors, LIMOC]Iy features a non-close-packed anion framework. The
authors proposed that diffusion in LIMOCI4 occurs via a liquid-like conduction mechanism,
allowing ions to move uncorrelated with one another. Recently, Singh et al. investigated the
LiNbOCl4 system using X-ray and neutron diffraction, pair diffraction analysis, and molecular
dynamics simulations. They identified the flexible nature of the bonding between Nb-octahedra

as advantageous for lithium-ion diffusion'.

In this work, we perform first-principles calculations and ab-initio molecular dynamics (AIMD)

simulations to investigate the thermodynamic and electrochemical stability, as well as the
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lithium-ion diffusivity and conductivity, of the LiMXClys family of superionic conductors (where
M = Ta, Nb, Sb, Ti, Zr, Hf, Sn, and X = O, F, Cl) in stoichiometric, lithium-deficient, and
lithium-excess compositions. Our findings indicate that all LIMXCls systems exhibit superionic
conductivity at room temperature and without requiring an excess or deficiency of lithium to
activate their high conductivity. Meyer-Neldel analysis of the ionic conductivities in this family
reveals that its high Meyer-Neldel energy provides access to an order-of-magnitude higher ionic
conductivity compared to close-packed halides or LaCls-derived systems. By investigating the
correlation between the small-angle tilting motion of M-octahedra and lithium-ion hops in
molecular dynamics trajectories, we find that the van der Waals bonded framework provides
wide channels with weak Li-cation interactions, facilitating good lithium transport. Additionally,
this crystal structure maintains high ionic conductivity upon channel shrinkage by activating a
soft-cradle effect that lowers the energy as Li migrates from site to site. Our findings provide the
theoretical foundation for the effectiveness of the LiMXCls family as promising catholytes
compatible with 4-V-class cathodes, achieving ionic conductivities of 10-100 mS/cm at room

temperature.
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2. Results
2.1 Crystal structure of oxychlorides with 1-dimensional van der

Waals bonds

The crystal structure of LiMOCly is illustrated in Figure 1. LIMOCI4 consists of one-dimensional
chains of corner-O-sharing MO,Cl4 octahedra, with Li occupying tetrahedral sites neighboring
the CI". These chains are connected via van der Waals bonding along the b- and c-directions,

with mobile lithium ions occupying the void space between the chains.

Using an approach similar to previously developed compound discovery methods'®, Tanaka et al.

discovered LIMOCIs (M = Nb, Ta) by performing double-substitution on LiVOF4 (V3" — Nb>*
or Ta’* and O* — CI) from the Materials Project database!*!”. LiVOF4 is a hypothetical

compound in the orthorhombic Cmc2; space group that has yet to be synthesized (Materials
Project ID: mp-850188). Initial structure refinement by Tanaka et al mapped LiMOCI4 (M = Nb,
Ta) to the same Cmc2; space group as LiVOF4, suggesting that the two perpendicular directions
(b, c-direction in Figure 1) are not equivalent. However, a subsequent study by Adams!'®
proposed an alternative structure model for LINbOC]4 in the tetragonal /4/m space group. This
model was based on the notion that the two perpendicular directions to the [NbCl4O2/27]~ chain
may be equivalent, with disordered lithium occupancy between the chains. Adams’ structure
refinement based on the /4/m model resulted in a smaller, more symmetric unit cell with an

improved weighted profile R-factor (Ruwyp).
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Recently, Singh and Wang et al. proposed a lower symmetry model for LiNbOCls4 in the Cc
space group, where Nb is off-centered within the NbO,Cl4 octahedra, resulting in unequal Nb-O
bond lengths along the a-direction'>. To assess whether this lower symmetry structure is
applicable to the entire LIMXCl4 (M = Ta, Nb, Sb, Ti, Zr, Hf, Sn, and X = O, F, Cl) family, we
performed density functional theory (DFT) relaxations for all our systems with various cation
and anion substitutions following the structure model proposed by Tanaka et al (denoted as
“non-shifted”). To explore the energetic preference of the off-centered M-cation position, we
also performed relaxations after artificially shifting the initial M-cation position of Tanaka et
al.’s model by 0.03 in fractional coordinates along the a-direction (denoted as “shifted”) to help
the cation escape local energy minima. Supporting Information Table A-1 shows the energy
differences in eV/atom between the shifted and unshifted structures for all substitutions
considered. Our results indicate that, all our systems with cation and anion substitutions, M-
cations are more stable in the unshifted structure or relax back to the unshifted position. The only
exception is Nb in LiNbOCl4, where the shifted structure is more stable by 11.5 meV/atom.
Therefore, the lower symmetry structure is likely applicable only to LiNbOCls4, possibly due to a

second-order Jahn-Teller effect as suggested by other work!%2°.
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Figure 1. Crystal structure of LIMXCl4. The crystal structure of LiTaOCls seen from the a-
direction is shown in (a). View perpendicular to the a-direction is shown in (b), showing the 1-
dimensional chains of MO>Cls octahedra. Large green spheres and brown spheres indicate Li and
Ta cations respectively. Small green spheres and red spheres indicate CI and O anions
respectively. Grey shaded area in (a) indicates the van der Waals bonding in the /- and c-

direction.
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2.2 Chemical substitutions and stability

To explore the possibility of chemical substitutions within the oxychloride structural framework,
we analyzed the LiMXCls family of superionic conductors. In this family, M can either be a 5+
transition metal (Ta, Nb, Sb) with X = O, or a 4+ transition metal (Ti, Zr, Hf, Sn) with X =F or
Cl. We did not consider Br or I substitutions due to their poor oxidative stability>?!, which would
limit their use as catholytes. The compounds LiTaOCls, LINbOCl4, LiSbOCly, LiTiFCls,
LiZrFCly, LiSnFCls, and LiHfFCly are denoted as LTOC, LNOC, LSOC, LTFC, LZFC, LSFC,

and LHFC, respectively.

The phase stability of all LIMXCl4 systems was determined by computing the energy above the
convex hull, Enan, using the lowest-energy DFT-relaxed structure from Section 2.1, as presented
in Figure 2a. Calculations were performed in the GGA approximation, with more details
provided in the Methods section. The tabulated data, including each system’s decomposition
products, are reported in Supporting Information, Table B-1. The Enun values for the
experimentally-observed structures LTOC and LNOC are 7.8 and 13.9 meV/atom, respectively,
indicating that these energies are sufficiently low enough for the structures to be synthesizable
using a ball milling approach!*!>. Considering a conservative synthesizability limit of 30
meV/atom?>?3, two additional LiMXCls compounds exhibit good potential for synthesis:
LiHfFCls (with Enun = 10.6 meV/atom, metastable) and LiZrFCls (with Enun = 29.1 meV/atom,

metastable).

In general, we observe that phase stability in LIMXCls systems is impacted by both cation (M)

and anion (X) substitutions. For instance, all pure chloride structures are highly unstable, with
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Enut > 60 meV/atom. F-substituted structures exhibit a broader range of stability, depending on
the 4+ cation. The ordering of stable to least stable F-substituted structures by cation is: Hf > Zr
> Sn > Ti. Cation substitution in the X = O system also affects the thermodynamic stability, with
the stability ranking for O-substituted structures by cation being: Ta > Nb > Sb. The absence of a
metastable pure chloride system within this structural framework suggests that a mixed anion
framework may be necessary to stabilize the polyhedral chains in the structure. Given that the
electronegativity of O and F is higher than that of Cl, it is plausible that the presence of a more

electron-withdrawing anion at the octahedron apex connecting the chain is required for stability.

2.3 Electrochemical stability

Electrochemical stability windows were computed for each LiMXCl4 system using the
approaches of Richards et al. and Zhu et al.**?°, and their oxidative and reductive limits (versus
Li metal) alongside their predicted decomposition products are presented in Figure 2b. The
tabulated data comprising reduction and oxidation limits is reported in SI Tables B-1 and B-2.
For the experimental structures, LTOC is calculated to be thermodynamically stable up to 4.18 V
and LNOC up to 4.14 V, making them both compatible with 4 V layered oxide cathodes.
However, both systems display poor reductive stability, rendering them incompatible with Li
metal. The predicted reaction products for LTOC decomposition against Li metal include LiCl,
TaxCls, and Ta>Os for LTOC, all of which are electrical insulators that may form a passivating
layer. In contrast, the decomposition of LNOC is predicted to produce LiCl and NbCl»O,
withNbCl,0 being electrically conductive and potentially leading to the growth of the interface

over time. Furthermore, none of the equilibrium decomposition components are likely to be good
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ionic conductors. Therefore, while these materials exhibit high oxidative stability, their poor

reductive stability and unfavorable phase equilibria limit their application as catholytes.

The reductive stability of conductors is typically determined by the lowest reduction potential of
the metals present®?*, while the oxidative stability is controlled by the oxidation of its anion. The
latter is influenced by its hybridization with the metals®2%?’. In line with these expectations, we
observe an increase in oxidative stability for the LIMFCls and LiMCls systems, with the
LiSnFCls system exhibiting the highest oxidative stability at 4.47 V. The reductive stability is
also improved for M = Zr and Hf systems, with LiHfFCl4 showing a lower stability limit of 1.46
V. This improvement is likely due to the stability of the 4+ oxidation state in Zr and Hf, whereas
the other cations (Ta, Nb, Sb, Sn, Ti) tend to reduce to a lower valence state. The Sn*" and Sb>*
systems, in particular, demonstrate very poor reductive stability due to their reduction to Sn"
and Sb**, respectively. Despite the increased stability window for LiHfFCls and LiZrFCls (2.90
V and 2.53 V) which is wider than for LTOC and LNOC (1.99 V and 1.57 V), the LiHfFCl4 and
LiZrFCls systems are still not stable against Li metal. Additionally, their decomposition products
upon reduction (HfF4, Hf, ZrCls, Li2ZrCls, LiHfCls, Li3Zr4F19) include metallic elements (e.g.,
Hf) and/or products unstable against Li metal (e.g., Li2ZrCls and LioHfCls). Thus, although these
limitations would still confine them to being catholytes, their improved oxidative and reductive
stability could result in better compatibility with higher voltage cathodes and lower voltage
anolytes. In general, all LIMXCI4 systems may serve as catholytes due to their oxidative stability
exceeding 4V. However, their poor reductive stability necessitates a separate anode-side solid
electrolyte (such as LizYCls used by Tanaka et al.) to bridge the lithium chemical potential down

to the anode for functioning in all-solid-state batteries.
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Figure 2. Thermodynamic and electrochemical stability of LiMXCls (M = Ta, Nb, Sb, Ti,

Zr, Hf, Sn, X = O, F, Cl). (a) The energy above the convex hull Ewun computed for LIMXCl4

systems in the GGA approximation. The horizontal green dashed line at Enui = 30 meV/atom

denotes a conservative limit of metastability, where systems with Epui < 30 meV/atom may be
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synthesizable. (b) Electrochemical stability windows computed for LiMXCls systems using the
approach in Richards et al. and others?>?*?°, The voltage is taken w.r.t. Li/Li*. The
decomposition products at the reductive and oxidative limits are listed next to the respective
stability window. Colors for (a) and (b) correspond to the type of substitution performed (orange

=M - M* and X—Cl substitution, cyan = M>* = M*" and X—F substitution, pink = M>" -

M>* substitution).
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2.4 Li" Diffusivity and Conductivity
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Figure 3. Room-temperature (a) calculated ionic conductivity and (b) activation energy of

LiMXCls (M = Ta, Nb, Sb, Ti, Zr, Hf, Sn, X = O, F) for stoichiometric, Li-deficient, and Li-

excess compositions. Values are extrapolated from AIMD simulations for 0.4 ns at 5

temperatures between 600-800 K.
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To evaluate the Li transport in the LIMXCls family, we conducted AIMD simulations on oxy-
and fluoro-chloride systems at 600, 650, 700, 750, and 800K. Pure chloride systems (LiMCls)
were excluded due to their high decomposition energies (Fig. 2a). All AIMD simulations were
run for at least 0.4 ns at each temperature. To account for the effect of Li off-stoichiometry,

2829 we also

which has often shown to be beneficial to Li conduction in inorganic conductors
considered Li-excess and Li-deficient compositions for the LiMXCl4 systems. This was achieved
by adding one lithium ion to the lowest energy position or removing one lithium ion from the
highest energy position in a 60-anion supercell while applying a background charge for charge
compensation (see Methods for details). Thus, a total of 42 ns AIMD simulations were
conducted for this work. The AIMD simulations were initialized from the structure reported by
Tanaka et al., which does not account for the possible lowering of energy via off-centering of the
M-cations. We anticipate this to have little effect on the results, as we observe a bimodal
distribution of Nb-O bond distance in AIMD simulations which indicates a spontaneous off-
centering of Nb. Notably, among all investigated systems, only LiNbOCl4 exhibits off-centering
of the M-cation in AIMD simulations, which is consistent with our observations in the DFT

relaxations discussed in Section 2.1. Further discussion on this matter is provided in SI Figure C-

1.

Figure 3 shows the extrapolated room-temperature lithium ion conductivities (Fig. 3a) and
activation energies (Fig. 3b) for the seven oxy- and fluoro-chloride systems. The Arrhenius plots
for each system are presented in SI Figure D-1. Our extrapolated results display good agreement

with experimental data for the known conductors. The extrapolated room-temperature
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conductivity of LNOC in our calculations is 15.7 [4.7, 51.9] mS/cm, closely aligning with the
experimental value reported by Tanaka et al. of 10.7 mS/cm. Additionally, our computed
activation energy of 0.23 = 0.03 eV is very close to the experimental value of 0.24 eV. For
LTOC, our extrapolated results do not align with experimental data as well as they do for LNOC.
We computed an activation energy of 0.18 £ 0.03 eV compared to the experimentally reported
value of 0.23 eV, and an extrapolated room-temperature ionic conductivity of 62 [22.1, 173.6]
mS/cm compared to the experimentally reported value of 12.4 mS/cm. However, our results
show the same qualitative trend as the experimental results, with LTOC achieving higher ionic
conductivity than LNOC. Additionally, all Arrhenius curves appear well-resolved with little
error and are linear across the temperature range simulated (600 - 800 K). Some possible
explanations for the discrepancy between our theoretical results and reported experimental
results include the assumption of the Nernst Einstein relation, which ignores Li-Li correlations in
the computations®’, large error bars due to limited simulation timescales, and possible non-

Arrhenius behavior at lower temperatures'®.

All simulated LiMXCly structures display conductivity greater than 1 mS/cm at room
temperature. Additionally, all systems, except stoichiometric LiSbOCl4, show RT conductivity
above 10 mS/cm, the highest among any known halide conductors. The LiMXCl4 family also
displays activation energies (0.13-0.24 eV) that are substantially lower than the best activation
energies achieved for close-packed halides (~ 0.3 eV)*'*? and similar to the activation energy
observed in the non-close-packed LaCls-type conductors (0.197 eV)!333, The range of
conductivities computed is quite large, from 9 mS/cm for stoichiometric LiSbOCl4 to 137.5

mS/cm for Li-stuffed LiHfFCls. Some of the large discrepancies may be attributed to simulation
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error due to the limited time scales available via AIMD. However, as not all the error bars can be
explained as such, it is possible that the ionic conductivity in the LiMXCl4 family can be
significantly improved beyond what has been initially reported by Tanaka et al, whether by

introducing off-stoichiometry and/or tuning the cation and anion chemistry.

Comparing the extrapolated room-temperature conductivity values for stoichiometric, Li-excess,
and Li-deficient materials (Fig. 3a), it is apparent that off-stoichiometry is not necessary for good
conductivity in this structural framework. As all stoichiometric structures display RT
conductivity greater than 9 mS/cm, it is clear that the stoichiometric phase already exhibits a
good balance between occupied and unoccupied Li sites?®, and therefore Li stuffing or the
creation of vacancies is not necessary to “activate” the diffusion mechanism in this material.
Hence, a major advantage of the LiIMXCl4 family is that we do not face the doping challenge

associated with creating Li-excess or Li-deficient systems.

Based on the above analysis, we aim to rationalize two key points. First, the wide range
conductivity values predicted in the LIMXCl4 family (9 mS/cm to 137.5 mS/cm) prompts an
investigation into the factors causing these variations within systems that share the same
structural framework. Secondly, despite having activation energies comparable to non-close-
packed LaCl; systems (0.13 - 0.24 eV vs 0.197 eV), the oxy- and fluoro-chlorides in the
LiMXCly framework exhibit significantly higher room-temperature ionic conductivities (9 -
137.5 mS/cm vs. 3.02 mS/cm). To explore these observations, we conduct an analysis using the
Meyer-Neldel framework, which relates activation energy and conductivity prefactor in

conductors®*. The Meyer-Neldel rule has been observed in many common ionic conductors,
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including oxides and argyrodites®*7.

In Fig. 4a, we show a Meyer-Nelder-Conductivity (MNC) plot for the oxy- and fluoro-chlorides,
illustrating the relationship between the conductivity prefactor oo and the activation energy E..
Except for LiSbOCl4 (LSOC, cyan), we observe that Inco and E, exhibit a linear correlation
within the LIMXCl4 family, indicating that these conductors obey the Meyer-Neldel rule. The
linear fit across the LiMXCly systems, disregarding LSOC, is depicted by the black dashed line
in Fig. 4a and has a R? score of 0.95. The inverse of the slope of the MNC linear fit is also
known as the Meyer-Neldel energy Ao, and the relative magnitude between Ao and the thermal
energy kgT dictates the relationship between a system’s conductivity and its activation energy. If
Ao > kgT, then the system’s conductivity can be improved by lowering its activation energy. If

Ao = KgT, then the system’s conductivity is independent of its activation energy, and if Ag <

kgT, then the system’s conductivity will be decreased by lowering its activation energy. From
Fig. 4a, we compute Ao to be 60 meV, which is greater than kgT (26 meV). This suggests that
lowering the activation energy could significantly improve the ionic conductivity in this
structure. The broad range of conductivity values observed is likely a direct consequence of the
varying activation energies (0.13 - 0.24 e¢V). In Fig. 4b, we demonstrate the direct correlation
between activation energy and conductivity, showing a nearly linear relationship between

log(ort) and E..

To determine how the LiMXCl4 systems compare against other notable Li-ion conductors, we
plot their MNC curve alongside the MNC curves of argyroditesLisPSsCl(1xBrx*®, garnets

LisMLa>Ta,0%, close-packed halides Li3Y (1.x)InxCls*, and the family of non-close-packed
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LaCls-derived conductors LixTayLa,Cls, y/z=Y2*® in Fig. 4c. The background includes dashed
gray lines representing reference MNC lines for hypothetical materials obeying the Arrhenius
relation at 300K for selected ionic conductivities (0.0001 mS/cm - 1000 mS/cm). Detailed
computational methods are provided in the Methods section. All the systems in Fig. 4c show
good Meyer-Neldel fits, with their exact values and chemistries detailed in Supporting
Information Tables E-1 and E-2. We observe that the non-close-packed halide conductors (our
studied LiMXCly system and the LaCls system) exhibit substantially lower activation energies
than the close-packed halide, argyrodite, and oxide systems. This observation supports previous
claims that a non-close-packed anion framework is necessary for achieving activation energies

below 0.3 eV13.

Fig. 4c also helps explain why the two non-close-packed chloride systems, the LIMXCls system
and the LaCls system, have significantly different ionic conductivities (9 - 137.5 mS/cm vs. 3.02
mS/cm). The MNC line for the LIMXCly systems intersects the 10 mS/cm and 100 mS/cm lines,
suggesting that, depending on the specific activation energy, the room-temperature conductivity
will range between 10 and 100 mS/cm. The LaCls system, on the other hand, has a smaller
conductivity prefactor, and therefore only crosses the 1 mS/cm line. In addition, the MNC plot
for the LaCls system has a steeper slope, resulting in a smaller Meyer-Neldel energy compared to
the LIMXCly4 systems (29.4 meV vs 60 meV). Since this Meyer-Neldel energy is close to the
thermal energy, the conductivity of the LaCls system is practically independent of its activation
energy. This suggests a limit to the conductivity of LaCls systems, as improving their activation
energy will not significantly improve their ionic conductivity, limiting the LaCl3 systems to a

conductivity near 1 mS/cm. Similar to the LiIMXCly4 system, the ionic conductivity for the close-
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packed LYC system also improves as the activation energy decreases. However, the range of

activation energies (> 0.33 eV) observed will limit their conductivity to < 10 mS/cm.

The combined MNC plots in Fig. 4c indicate that among the presented ionic conductors,
compounds in the LIMXCl4 family show possibly the greatest potential due to their combination
of low activation energy, high conductivity prefactor, and high Meyer-Neldel energy, which
enables their conductivities to be > 10 mS/cm. Finding ways to further lower the activation
energy in these systems would allow for the conductivity to reach even higher values. Therefore,
identifying factors that decrease the activation energy in these conductors would certainly be

beneficial, albeit not necessary, given their preexisting high conductivity.
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Figure 4. Meyer-Neldel relationship in oxychlorides. (a) Meyer—Neldel-conductivity (MNC)

plot for systems in the LIMXCls family, plotting the conductivity prefactor against the activation

energy. A linear fit on all systems except LSOC is shown by the black dashed line, with a R?

score of 0.95. (b) Room-temperature conductivity vs. activation energy for all LIMXCly systems.

For (a) and (b), the colors represent different chemistries: purple = LTOC, blue = LNOC, cyan =

LSOC, green = LTFC, yellow = LZFC, orange = LSFC, red = LHFC, and shapes represent

different stoichiometries as indicated in the legend. (c) MNC plots for various SSEs as taken

from the literature®3-¥4°, The dashed lines correspond to guidelines for different ionic

conductivities, as labeled.
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2.5 Origin of superionic conductivity in oxyhalides system

Due to the framework cations being connected in a chain via a single vertex (O? in case of
LTOC/LNOC) and the soft van der Waals bonding between the chains, the M-octahedra in
LiMXCly are capable of tilting their orientation with respect to the chain axis. This tilting may
occur independently of lithium-ion hops (as librational motion) or be dependent on lithium-ion
hops (i.e. soft-cradle effect)*!. In this section, we quantify the degree of correlation between Li-
ion hops and octahedral tilting and evaluate how octahedral tilting influences the Li-ion

conductivities in the LIMXCl4 systems.

Using a previously developed quaternion algorithm for detecting the rotational motions of
polyhedra from MD trajectories, we extracted the frequencies of rotational events that exceed
various minimum angle cutoffs*'*?. A similar algorithm was applied to detect the occurrences of
individual Li-ion hops with a minimum distance cutoff of 3 A in MD trajectories (see Methods
for details). Figure 5a plots the frequency at which rotation events exceeding a given angle cutoff
(15° to 35°) occur for stoichiometric LiIMXCls at 700 K (data for other temperatures are provided
in Supporting Information Figures F-1 to F-5). The horizontal dashed lines indicate the event
frequency of lithium-ion hops. In all LIMXCl4 systems, no large-angle rotational motion was
detected in our AIMD simulations. Instead, we find a substantial frequency of 20-30° small-
angle tilting events comparable to the frequency of lithium hops at all simulated temperatures.
For example, the frequency of rotation events exceeding 20° in stoichiometric LTOC at 700 K is
0.483 events/ps/atom, which is comparable to the frequency of lithium-ion hops, 0.496

events/ps/atom. Upon comparing against the rotational motion of Ti-octahedron in the three-
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dimensionally covalent bonded NASICON-type Lii.33Al033T11.67(PO4)3 (LATP) superionic
conductor, we find that while the ionic conductivity of LATP is comparable to those found in
LiMXCly systems, the frequency of 15°-20° rotational motion is at least an order-of-magnitude
smaller. We note that for LATP, rotational motion above an angle of 25° could not be observed
in our MD simulations. In general, we observe that the lithium-ion hop frequency in LiMXCly4
systems is similar for all substitutions, whereas the event frequencies of small-angle rotational

events vary with chemistry. The order of rotational frequencies is approximately LSFC > LTFC

~LSOC>LTOC ~LNOC > LZFC > LHFC.

By performing an Arrhenius fit on the multi-temperature event detection data, we calculated the
activation energy of lithium hop events and M-octahedral rotation events. Figure 5b compares
the activation energy of 15°, 20°, and 25° rotational events and lithium-ion hop events extracted
from the AIMD simulations for stoichiometric LiMXCly systems, as well as for LATP at
temperatures between 600 K and 800 K (data for Li-excess and Li-deficient systems are provided
in Supporting Information Figure G-1). In general, we find that the activation energy of lithium-
ion hop events in LIMXCl4 systems is similar to that of 15° rotation events. While the activation
energy of Li-ion hops is generally consistent across different chemistries, the activation energy
for 20° and 25° rotation events varies significantly by chemistry. The activation energies of
rotational events are the lowest for LHFC and LTFC, whereas LSFC, LZFC, and LNOC exhibit
the highest activation energy for 20-25° events. When comparing the LIMXCl4 systems with
covalently bonded LATP, we find that LATP has noticeably higher activation energies for
rotational motion with angles of 15-20°. The activation energy of rotational motions for angles

above 25° could not be calculated for LATP because we could not detect sufficient rotational
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events above 25°. This result confirms that, in general, the binding of polyhedra within LiIMXCl4

structures is much less rigid compared to three-dimensionally covalent frameworks.
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Figure 5. Relating the rotational motion of octahedra to lithium-ion hops. The frequency of
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Li-ion hop and octahedral rotational motion at 700 K is shown in (a) for stoichiometric LIMXCl4
compounds and for NASICON-type LATP. The dashed horizontal line indicates the frequency of
the lithium-ion hops. The activation energy of a Li-hop, and 15°, 20°, and 25° rotation events are
plotted for stoichiometric LiMXCl4 and for NASICON-type LATP (b). An arbitrarily high
activation energy is plotted for the 25° rotational motion of LATP value as these events were too
rare to compute an activation energy. The conditional probability analysis of 20-degree rotations
for stoichiometric LiTaOCl4 at 700 K is shown in (c¢). The orange and blue lines indicate the
probability of rotation with the condition that a nearest neighboring Li-ion underwent a hop
(orange) or with the condition that the nearest neighboring Li-ion did not undergo a hop within +
2 ps time window. The black line indicates the probability of a rotation event of a lower-bound
angle of 20° occurring regardless of lithium-ion hops. The dashed gray lines indicate the
probability of a single octahedral rotation event of a lower-bound angle of 20° occurring within +
dt assuming that rotation events follow a Poisson process. AP values at dt = 1 ps for

stoichiometric LIMXCl4 and LATP are plotted for 700 K simulations (d).

A similar frequency of 20-30° small-angle tilting events and lithium-ion hop events does not
necessarily guarantee that the two motions are spatially and temporally correlated. To understand
the degree of correlation between small-angle rotational motion and lithium-ion hops, we
calculated the probability of M-octahedra rotational events occurring with the condition that the
nearest neighboring Li undergoes a hop within + 2 ps (P(rotation | hop) and the probability of M-
octahedra rotational events occurring with the condition that the nearest neighboring Li does not
undergo a hop within + 2 ps (P(rotation | no-hop)). As an example, Figure 5c plots these

computed conditional probabilities as a function of the time between the hop and rotation event
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(dt) in the 700 K MD simulation of stoichiometric LTOC. The orange and blue lines indicate
P(rotation | hop) and P(rotation | no-hop), respectively. In stoichiometric LTOC, P(rotation | hop)
is significantly higher than P(rotation | no-hop). The gap between the orange and blue lines
indicates how much more likely a rotation event is to occur when accompanied by a nearest
neighboring Li-ion hop within + 2 ps. We refer to this difference between P(rotation | hop) and
P(rotation | no-hop) as AP throughout this work. A positive AP indicates that lithium-ion hops
are more likely to occur when accompanied by a small angle tilting event of the nearest
neighboring M-octahedra, a correlative motion coined the soft-cradle effect*!. Therefore, since

the LTOC system has a significant AP (Fig. 5¢), it has a prominent soft-cradle effect.

We computed the AP values (at dt = £1 ps) for all stoichiometric LIMXCl4 systems as well as for
covalently bonded LATP (Fig. 5d). Figure 5d plots the AP values of 15°, 20°, 25°, and 30°
rotational events computed from AIMD simulations at 700 K. In all LiMXCly4 systems, AP
values are positive, indicating that small-angle rotational motions are more likely to occur when
accompanied by nearby Li-ion hop. However, the degree of this correlation varies significantly
by system. The AP values in LTOC and LTFC are significantly larger than in the other LIMXCly
systems. Hence, while the soft-cradle effect is present in all LIMXCl4 systems, its strength and
significance differ by system. Nevertheless, when comparing LiMXCly systems against
covalently bonded LATP, we find that AP values for LATP are near zero at all simulated
temperatures (complete data is provided in Supporting Information Figure H-1 to H-5),
indicating little correlation between the rotational motion of Ti-octahedra and lithium-ion hops.
This analysis suggests that the weakly bound van der Waals framework in LiMXCly systems

allows the M-octahedra to frequently tilt together with nearby lithium hops, a feature not

26

https://doi.org/10.26434/chemrxiv-2024-nm8ks ORCID: https://orcid.org/0000-0003-1974-028X Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-nm8ks
https://orcid.org/0000-0003-1974-028X
https://creativecommons.org/licenses/by-nc-nd/4.0/

observed in covalently bonded systems like LATP.

However, if the correlated rotational motion of the polyhedra were solely responsible for the
high conductivity in LIMXCl4 systems, we would expect to observe significant differences in
room-temperature conductivities and activation energies between systems with markedly
different AP values (e.g., LTOC and LZFC). This is not the case, as LZFC, with small AP values,
and LTOC, with large AP values, have very comparable room-temperature conductivities and
activation energies. This suggests that a decrease in correlated rotational motion (AP) should be

offset by a positive factor beneficial to Li diffusion.

In Figure 6a, we plot how AP (the degree of correlation between 20° tilting motion and lithium-
ion hop) is affected by free volume and the M-octahedra volume for all stoichiometric LIMXCl4
systems at 650 K. The average volume of M-octahedra was computed by sampling the M-
octahedral volume every 1 ps from the AIMD snapshots at each temperature. We compute the
free volume that a lithium-ion can access by subtracting the average volume of M-octahedra
from the supercell volume. We find that the degree of correlation between octahedral tilting and

lithium-ion hop is larger when the free volume and the volume of M-octahedra are smaller.

To rationalize this observation, we propose that both the free volume for lithium diffusion and
the strength of interaction between lithium-ion and M-cations govern the degree of correlated
rotational motion in the LiIMXCIl4 framework (Fig. 6b-c). If there is sufficient free volume for

lithium to diffuse or if the interaction between M-cations and lithium ions is weak, lithium can
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diffuse through the structure with minimal cation repulsion within the diffusion channel,
reducing the need for 20°-30° tilting of M-octahedra to facilitate lithium-ion hops. However, as
the free volume for lithium decreases and the interaction between the M-cations and lithium ions
strengthens, more octahedral tilting is needed to facilitate lithium-ion hopping. Larger octahedra
elongate the distance between the Li ions and M-metal cations, hereby lowering the interaction
between them. Consequently, a larger octahedral volume correlates with less correlated

octahedral tilting.

Thus, the wide channels and weak interaction from M-cations in LIMXCl4 structures provide fast
lithium transport. However, even in LIMXCl4 systems where the channel size may be relatively
smaller and the interaction from M-cations is relatively stronger, their flexible van der Waals

frameworks can still facilitate fast lithium transport by enabling the soft-cradle effect.
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Figure 6. Rationalization of the degree of correlated rotational motion in LiMXCly4
systems. . (a) plots the trend between AP (the degree of correlation between 20° tilting motion
and lithium-ion hop) and free volume (defined by the supercell volume subtracted by M-
octahedra volume, blue) as well as volume of M-octahedra for all stoichiometric LIMXCls4
systems at 650 K (brown). (b) Schematic showing how a smaller M-octahedra volume results in
stronger interaction to a nearby lithium resulting in a stronger degree of correlation between its
20° rotational motion and a nearby lithium-ion hop. (¢) Schematic where a smaller free volume
in the crystal structure provides less space for lithium diffusion, resulting in a stronger

correlation between its 20° rotational motion and a nearby lithium-ion hop.
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3. Discussion

The recently discovered oxychloride structure shows immense potential as a solid-state catholyte
due to its high oxidative stability, ionic conductivity, and soft mechanical response compared to
pure oxides. Additionally, oxychlorides have the advantage that their high conductivities do not
deteriorate upon heat treatment!*!>. This differs from close-packed halides, where defects such
as stacking faults or cation disorder are typically required for superionic conductivity, causing
close-packed halides to lose their superionic conductivity at temperatures as low as 60°C3!43,
Our results show that the high ionic conductivity and oxidative stability are not limited to the
reported LiINbOCI4 or LiTaOCl4 but can also be achieved in other cation- and anion-substituted
systems. This suggests potential for further improvements in ionic conductivity and the
development of more cost-effective alternatives to Nb- or Ta-systems, such as those based on Ti,

Sn, and Zr.

Our first-principles calculations also suggest that the oxychloride structure may be realized with
a fluoro-chloride chemistry. In particular, the concurrent substitution of high-valent cations Ta>*
and Nb>* with lower valence cations Zr*" and Hf*', and O? with F-, may improve the reductive
stability while maintaining reasonable thermodynamic stability. We find that pure chlorides are
highly unstable in this framework, indicating that a mixed anion framework with a distinct anion
(O or F) connecting the octahedra may be key to stabilizing the structure. Although many of the
LiMXCls compounds are computed to be metastable, none are thermodynamically stable at zero
K, likely explaining why ball-milling has been the primary method of synthesis for these

materials.
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Another advantage of the LIMXCls compounds is that no additional Li off-stoichiometry
substitutions are required to achieve high ionic conductivity, unlike in garnets or NASICON-type
conductors. In garnets, introducing excess lithium beyond a lithium content of 3 is necessary to
achieve room temperature superionic conductivity**. Similarly, NASICON-type LiTi2(POu)3
requires excess lithium content above 1.3 to achieve high conductivity**#¢. In contrast, the
LiMXCly family exhibits superionic conductivity across stoichiometric, lithium-deficient, and
lithium-excess compositions, without a systematic trend between lithium off-stoichiometry and
ionic conductivity. This indicates that LiIMXCl4 materials do not require the strong lithium-

lithium interactions induced by Li stuffing to achieve a flat energy landscape.

Instead, a number of fundamental factors contribute to generating higher ionic conductivity in
LiMXCls compared to any previously reported close-packed chloride conductors, which at best
achieve ionic conductivities of approximately 3 mS/cm at RT. Firstly, the LiMXCl4 structure is
built from a non-close-packed framework with corner-sharing connectivity between the M-
octahedra. It was previously suggested that corner-sharing oxide frameworks facilitate fast
lithium-ion diffusion by providing highly distorted Li-sites?°. The distortion of Li sites away
from perfectly symmetric tetrahedral or octahedral configurations lowers the kinetically resolved
activation energies needed to escape each coordination environment. This is a major cause for
the lower activation energy and improved room-temperature conductivity in the LiIMXCly
structure compared to close-packed chlorides, as supported by recent studies'3. Another
advantage of corner-sharing frameworks is the low spatial density of non-Li cations, which
increases the likelihood of lithium ions migrating without approaching the positive charges of the

non-Li cations. LIMXCl4 compounds benefit from this feature, having a non-Li cation to anion
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ration of 1:5, which is lower than all oxide-based superionic conductors (NASICON: 5:12,
garnet: 5:12, LiTa,POs: 3:8). We believe this factor may also be advantageous for close-packed
chlorides (LixMCle: 1:6) and may be the reason why amongst the diverse M:Cl ratios possible in
close-packed halides, only the smallest M:Cl ratio of 1:6 results in superionic conductivity (e.g.,

LisMCl¢ (M =Y, In, Er), Li2ZrCls).

Another characteristic feature that benefits lithium-ion diffusion in the LIMXCl4 system is its
van der Waals bonded framework. The M-octahedra are connected to each other by a single O*
/F/CI vertex, forming one-dimensional M-octahedral chains. These chains interact with one
another only via van der Waals interactions, allowing for a flexible framework response towards
migrating lithium ions, helping to flatten the lithium-ion energy landscape. This concept is
supported by our comparison of the degree of correlation between 20° octahedral rotations and
lithium-ion hops in three-dimensional covalently-bonded LATP and in LiMXCls. While LATP
shows no correlated rotational motion for rotational events above 20°, LIMXCl4 systems exhibit
positive correlated rotational motion (positive AP values) for rotations between 20°-30°. This
indicates that the van der Waals interactions in LiIMXCl4 enable a flexible framework that

accommodates lithium-ion migration more effectively than the rigid covalent bonding in LATP.

The degree of correlation between hop and rotation events (AP) varies across different LiMXCly4
chemistries and is directly related to the strength of interactions between Li ions and the nearby
framework polyhedra (M-oct). A larger distance between the Li ions and non-Li cations or a
larger free volume within the structure decreases these interactions, allowing Li ions to traverse

relatively uncorrelated with polyhedral rotations These systems achieve high ionic conductivity
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due to their wide and low-energy diffusion pathways. Similar observations have been made in
amorphous LizPS4 systems where lower density amorphous models tend to show smaller AP*!.
Therefore, the high ionic conductivity in LIMXCl4 systems can be attributed to a favorable
combination of several factors: a flat Li-ion energy landscape, low Li-ion density, a flexible and
rotatable polyhedral framework, the soft-cradle effect, and weak repulsion between Li ions and

other cations.

In the original article by Tanaka et al, the authors suggested a liquid-like diffusion behavior of
lithium ions. This suggestion can be rationalized by the van der Waals framework of LiIMXCls.
Due to the weak van der Waals interactions in this framework, the M-octahedra frequently
undergo orientational changes of substantial amplitude (20°-30°), resulting in a dynamic change
of the lithium-ion site environment. This behavior contrasts sharply with other typical crystalline
superionic conductors, such as garnet or NASICONs, where the framework remains mostly static

leading to a non-changing diffusion network.

In this study, we performed a total of 42 ns of ab-initio molecular dynamics simulations across
various chemistries, lithium contents, and temperatures. It has been reported that correlation
factors require significantly longer simulations to achieve convergence compared to self-
diffusion coefficients®’. Consequently, we anticipate that the frequency of rotational events and
the conditional probabilities relating different types of events may have larger uncertainties than
the Li conductivity values computed assuming Nernst-Einstein relation. To address this, longer
simulations in larger supercells that sample more rare events are desirable. We suggest that

47-51

machine learning-based interatomic potentials may provide an avenue towards more accurate
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quantification of the correlations between Li-hops and octahedral tilting events.
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4. Conclusion

In this work, we explore the effects of diverse chemical substitutions and Li-off stoichiometry in
LiMXCls systems. All the LIMXCl4 chemistries we evaluated consistently exhibit superionic
conductivity, and many of them are predicted to surpass the conductivity of previously explored
materials like LiTaOCls and LiNbOCls. The high ionic conductivities owing to their low
activation energy and high conductivity prefactor, good deformability, and high voltage stability
makes these systems highly promising for use as catholytes in all-solid-state batteries. Our
probabilistic analysis of rotational dynamics on the picosecond timescale contributes direct,
quantitative evidence of the soft tilting motion of MO,Cls octahedral groups that correlates with
lithium-ion hops (ie. soft cradle effect) in LIMXCla, but this effect noticeably varies across
different chemistries. We posit that the variation in correlated rotational motion across systems
can be attributed to differences in free volume and octahedral volume. The flexibility of the van
der Waals framework enables facile Li diffusion, even when there are increased Li-cation
interactions or smaller free volumes, by flattening the Li energy landscape through 20-30°
correlated octahedral rotations. Thus, the LIMXCl4 framework is adaptable to changes in free
volume and polyhedral size without compromising ionic conductivity. This adaptability is
evident in the Meyer-Neldel analysis, which indicates that the LiIMXCl4 structures offer a
favorable combination of low activation energy and high conductivity prefactor, making them

promising for achieving even higher conductivity.

5. Methods
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5.1 First principles calculations

All DFT calculations were performed using the Vienna Ab initio Simulation Package (VASP)*?
using the Perdew—Burke-Ernzerhof (PBE) generalized-gradient approximation (GGA)33. For
AIMD simulations, the DFT-D3 (Grimme) van der Waals correction®* was applied. An energy
cutoff of 520 eV and a k-point density compatible with the Materials Project database!” were
used. A background charge was applied to maintain charge neutrality for the Li-deficient and Li-
excess structures. For each system, three independent DFT relaxations were performed. Each
relaxation was initiated from the cation- and anion- substituted LVOF; entry in the Materials
Project (mp-850188). The results of the three relaxations are presented in Supporting
Information, Table A-1. The first relaxation maintained the symmetry of the Tanaka et al.
structure model (denoted as “symmetry on”). The two other relaxations were performed with the
symmetry turned off (denoted as “symmetry off”, ISYM = -1). One of the symmetry-off
structures had the M-cation manually shifted upwards by 0.03 in fractional coordinates (denoted
as “symmetry off, shifted”), while the other symmetry-off structure did not contain a manual
shift (denoted as “symmetry off, no shift”). The lowest energy structure resulting from the three
relaxations was used in the stability analysis. For the phase stability calculations, the vdW
correction was not used to maintain compatibility with the Materials Project database. Structures
with Li off-stoichiometry (Li-excess or Li-deficient) were created by adding or removing one Li
ion to or from the relaxed symmetry-on stoichiometric structure and performing a DFT
relaxation at constant volume with a compensating background charge. A Li vacancy was
created by removing a randomly selected Li atom from the stoichiometric structure. For the Li-
stuffed structure, symmetrically distinct Li ion sites were obtained by modeling the

stoichiometric structure with the Buckingham potential®>. A separate DFT calculation was
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performed with a stuffed Li-ion for each candidate site and with a uniform background charge.
The candidate site associated with the lowest DFT energy was selected as the site for the stuffed

Li-ion.

5.2 Stability analysis

The thermodynamic stability of each LiMXCl4 compound was determined by computing its
energy above the convex hull of the relevant Li-M-X-CI phase diagram. The electrochemical
stability window for each LiMXCls system was determined by constructing the grand potential
®[c, pri] convex hull and varying uri from 0 to 6V to identify the onset of decomposition at low
and high ui, following the procedure developed by Richards et a/?*. All compounds in the
Materials Project database were considered as potential competing phases. Li>ZrCls and
Li,HfCls, which were experimentally reported but missing from the Materials Project database,
were also included. In computing the stability window, we used the energy of the convex hull for
metastable LIMXCly systems to obtain a non-zero stability window. The energy of the lowest
energy structure among the symmetry-on, symmetry-off without shift, and symmetry-off

(detailed in Methods 5.1) structures was used for the computations.

5.3 Rotation and hop detection

For each MX>Cls octahedron, we recorded the rotation matrix required to reach the orientation at
time ¢ from the first snapshot using singular value decomposition, as implemented in a previous
work*!'. We converted the rotation matrices to a unit quaternion and saved these quaternions
throughout the entire trajectory. We then computed the quaternion distance between Q(to) and

Q(to + 1 ps) for to values spanning the entire simulation. The quaternion distance between two
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quaternions are computed by the equation: d(qi, q2) = min(2log(qiq2"), 2log(-qiqz")), which
corresponds to the magnitude of the rotation angle needed to align qi to q2. We detected peaks in
the time series of quaternion distances with heights greater than the angle cutoff value and
selected peaks with prominence larger than 50% of the angle cutoff values. Each detected peak
indicates a rotation event occurred at time to, and the peak height corresponds to the angle of the
rotation event. We chose the time interval of 1 ps because it is within the range of typical phonon
frequencies. A similar algorithm was used to detect lithium-ion hops. We computed the distance
between R(to) (the position of lithium-ion at to) and R(to + 1 ps) (the position of lithium-ion at to
+ 1 ps) for to values spanning the entire simulation, and detected peaks in the time series of
distance values with heights greater than 3 A. Our algorithm provides complete information on
the initial orientation, final orientation, rotation angle, rotation axis, time of rotation event, and
octahedra index for rotational events, as well as the initial position, final position, hop distance,
time of hop event, and Li index for hop events. The error bars for the event frequencies of
rotations and hops were computed based on the assumption that rotation or hop events are

Poisson processes with no time correlation and a fixed rate constant.

5.4 Probability analysis of events

Based on the rotation and hop events detected in the MD trajectories, we compute the probability
of rotational motion exceeding a specified angle under various conditions. To calculate P(rot |
hop) (i.e. the probability of rotation assuming that the nearest neighboring lithium undergoes a
hop within + dt) for each lithium in the supercell, we first detected all hop events that occurred in

the trajectory. We then identified allrotation events of its nearest neighboring MX>Cls
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octahedron within + 2 ps of each hop event. We label the moment of each lithium hop as dt=0
and identify the first rotation of the nearest neighboring octahedron following the hop (dt = tiignt
> (0) and the last rotation prior to the hop (dt = tier < 0). For each lithium hop, we constructed a
summed Heaviside step function H(dt - trign) + (1 - H(dt - tiert)) to record the time taken for a
rotation to follow or precede the hop event. By collecting such information for all lithium in the
supercell, we averaged the summed Heaviside step functions to obtain the time-dependent

conditional probability of rotation given that a hop event occurred at dt = 0.

A similar method was used to compute P(rot | no-hop) (i.e. the probability of rotation assuming
that the nearest neighboring lithium did undergo a hop within & dt timeframe) for each lithium in
the supercell. For each lithium, we identified snapshots where the Li did not experience a hop
within a £ 2 ps timeframe. For each of these snapshots, we constructed a Heaviside step function
H(dt-trighe) + (1-H(dt-tierr)) to record the time taken for a rotation to follow or precede such a
moment. By collecting this information for all snapshots where no hop occured within £ 2 ps, we
computed the time-dependent conditional probability of rotation assuming no hop event occurred

atdt=0.
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5.5 Ab-initio molecular dynamics

AIMD simulations of LiMXCl4 systems were conducted with VASP at temperatures of 600, 650,
700, 750, and 800K. Simulations were performed on structure models that maintained the
symmetry of Tanaka’s structure model (symmetry on). The van der Waals correction was not
used for the AIMD simulation of NASICON-type LATP. All MD calculations were carried out
in the NVT ensemble using a Nose-Hoover thermostat, with volumes fixed at the values of the 0
K relaxed structures. For each temperature and system, the temperature was linearly ramped
from 100 K to the target temperature by scaling the velocities at intervals of 0.2 ps for 2 ps.
Following this, an equilibration period of 5 ps was performed at the target temperature, followed
by a long simulation at the desired temperature for at least 400 ps. The timestep of 2 fs was used.
Li-ion self-diffusion coefficients were determined by calculating the mean squared
displacements (MSD) of the AIMD annealing trajectories, where the squared displacements were
averaged over time intervals of duration At. Only the portion of the MSD curve with At > 1 ps
and At < 10% of the total simulation time was considered in the analysis. Error bars for the
diffusivities were computed using the empirical error estimation scheme proposed by He et al’°.
Activation energies and room temperature diffusivities were extrapolated by fitting the
diffusivities to an Arrhenius relation. lonic conductivities were calculated from Li-ion self-

diffusivities assuming the Nernst-Einstein relation.

5.6 Meyer-Neldel relationship
The Meyer-Neldel rule (MNR) specifies a linear relationship between Ingo and E, in the form
Inoo = aEa+ B, and A¢ = 1/a is the Meyer-Neldel energy®’. The conductivity prefactor oy is

determined from the Arrhenius relation used to fit the simulation diffusivities, as described in
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Section 5.5. The coefficients a« and S are obtained by performing linear regression of Inao vs. Ea

data for all LIMXCl4 systems except LiSbOCl4. The guidelines in Fig. 4c are derived by taking

E

G5 and rearranging it, which

the logarithm of the Arrhenius conductivity relation 6T = gye

Ea
kgT

leads to lnoy = InoT + . This indicates a linear relationship between E. and Inoo with a

slope of ﬁ and an intercept of In(¢T). Thus, by inputting the desired temperature (300K in our
B

case) and conductivity (1073 to 103 mS/cm), we obtain the guidelines shown in Fig. 4c.
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