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SUMMARY

Low lithium-ion migration barriers have recently been associated with low average vibrational fre-
quencies or phonon band centers, further helping identify descriptors for superionic conduction. To
further explore this correlation, here we present the computational screening of ~14,000 Li-contain-
ing compounds in the Materials Project database using a descriptor based on lattice dynamics re-
ported recently to identify new promising Li-ion conductors. An efficient computational approach
was optimized to compute the average vibrational frequency or phonon band center of ~1,200 com-
pounds obtained after pre-screening based on structural stability, band gap, and their composition.
Combining a low computed Li phonon band center with large computed electrochemical stability win-
dow and structural stability, 18 compounds were predicted to be promising Li-ion conductors, one of
which, Li3ErClg, has been synthesized and exhibits a reasonably high room-temperature conductivity
of 0.05-0.3 mS/cm, which shows the promise of Li-ion conductor discovery based on lattice dynamics.

INTRODUCTION

The use of organic liquid electrolytes (Xu, 2014) in the commercial Li-ion batteries (LIB) poses a major safety
issue due to the high flammability of the solvent, which can lead to catastrophic fires (von Sacken et al.,
1995). Replacing liquid electrolytes with inorganic solid-state lithium conductors will not only lower such
safety concerns but also could potentially increase the energy density by reducing the volume of battery
packing required to avoid leakage of liquid electrolytes and especially by hopefully enabling the use of
lithium metal as the negative electrode (Janek and Zeier, 2016; Manthiram et al., 2017). Several structural
and chemical families of solid Li-ion conductors such as LISICON (Kanno and Murayama, 2001; Khorassani
and West, 1982; Rodger et al., 1985; Tachez et al., 1984) and Argyrodites (Deiseroth et al., 2011, 2008; Kong
et al., 2010) have been shown to exhibit ionic conductivity spanning over 10 orders of magnitude at room
temperature (RT) (Bachman et al., 2016). Since the discovery of lithium superionic conductor Li;oGeP,S;
(LGPS) by Kanno et al. (Kamaya et al., 2011) with RT ionic conductivity of 12 mS/cm, several compounds
having RT Li-ion conductivity exceeding that of ethylene carbonate and dimethyl sulfite mixture (EC:DMS)
with LiPF4 (~10 mS/cm) have been discovered such as Li;P3S11 (17 mS/cm) (Seino et al., 2014), argyrodite
Lié.éGeoA6P0.4SS| (18 mS/cm) (Kraft et al., 2018), and LGPS-like Li9,54Si1A74P1A44S11A7C|0_3 (25 mS/cm) (Kato
et al., 2016), which has the highest RT Li-ion conductivity to date. Unfortunately, these most conducting
electrolytes have been shown to exhibit narrow electrochemical stability windows (~0.4 V for LGPS,
0.24 V for argyrodite Li,PSsCl) (Richards et al., 2016; Zhu et al., 2015) and high chemical instability against
electrode materials (Auvergniot et al., 2017; Han et al., 2016; Kato et al., 2016; Koerver et al., 2017b, 2017 a;
Xu et al., 2018). In addition, electrolytes have to be soft to accommodate volume expansion of the elec-
trodes for several thousand cycles (Koerver et al., 2018) without cracking and prevent dendrite formation
(Manthiram et al., 2017). These requirements impose very stringent conditions on the ideal candidate ma-
terials, which explains why to this date all-solid LIB using ceramic electrolytes are not yet on the market and
the search for new materials and optimization of solid-state LIB is still an active area of research (Kerman
et al., 2017; Takada, 2016; Zhang et al., 2018).

In recent years, the influence of the softness of a lattice, i.e., the average vibrational frequencies or
phonon band center, has been shown to influence the ionic transport in solid electrolytes
(Muy et al., 2018b, 2018a; Krauskopf et al., 2017, 2018b; Kraft et al., 2017). To further employ this un-
derstanding of the influence of lattice dynamics on ion mobility, in this article, we present the result
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Figure 1. Schematic of the HT Screening as well as Various Correlations Studied in This Work
Electronic and phonon-related descriptors were shown to correlate with the migration barrier E,, and electrochemical stability of lithium-ion conductors.
Data points in red correspond to oxides, whereas those in brown correspond to sulfides and were taken from previous work (Muy et al., 2018b).

of a high-throughput (HT) study of more than 1,000 Li-containing compounds using a lattice dynamic
descriptor called the lithium-phonon band center, which is a measure of the average vibrational fre-
quency of the lithium sublattice and has been proposed as a descriptor for the migration barrier or
enthalpy of migration of lithium conductors in LISICON and olivine families (Muy et al., 2018b), in addi-
tion to several correlations between electronic structures, lattice dynamics, migration barrier, and
electrochemical stability (Figure 1). Previous HT studies employed descriptors that were designed
essentially based on static structural features (Avdeev et al., 2012, Wang et al., 2015) or using machine
learning techniques to capture underlying correlations between the input features and the target prop-
erties from a database (Jalem et al., 2013; Sendek et al., 2018, 2017). For instance, Wang et al. (Wang
et al., 2015) have proposed that a body-center cubic (BCC) structure provides the ideal framework for
Li-ion conduction, where the deviation from the ideal BCC structure can be used as a descriptor for
faster Li-ion conductors. Sendek et al. (Sendek et al., 2017) have used a logistic regression technique
to train a model to classify a given material as superionic or normal Li-ion conductors. After training
the model on a database of experimentally measured ionic conductivity, they used their model to clas-
sify several thousands of Li-containing compounds and suggested a few candidates that might exhibit
superionic conductivity.
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HT calculation of phonon-related properties has been hindered by the high computational cost associated
with full density functional theory (DFT) calculations. Although HT infrastructure to compute vibrational
properties of materials including phonon density of states (DOS) has been demonstrated enabling auto-
matic workflow of phonon calculations to be executed with minimal human intervention (Petretto et al.,
2018a), the computational time required for each phonon calculation is still high. To overcome the high
computational cost associated with the calculation of phonon DOS using DFT (Petretto et al., 2018b),
we employed and optimized an approximate method called Quickhess, which allowed us to compute
phonon band center (at I'-point) with only two single-point DFT calculations independent of the symmetry
and size of the unit cell (Voss and Vegge, 2008). The computed phonon band centers with Quickhess exhibit
accuracy comparable to the full DFT calculations. Moreover, we found a strong positive correlation be-
tween the computed total-phonon band centers and anion-phonon band centers, which are both related
to the oxidation potential of Li-ion conductors. Lithium-phonon band centers exhibit only weak correlation
with the total- and anion-phonon band centers. Based on the computed lithium-phonon band centers
and the computed electrochemical windows, we proposed 18 compounds as promising Li-ion conductors,
17 of which (LiCagMg(POy), LioPr(NO3)s, LiPF,, LiAsFg, LiSbFg, LiKoAlFs, LifgMg7Clag, LizErClg, LiCs,LuCly,
LiCs,YCly, LizCsCly, LiYbyCls, LioCsCls, LiCsCly, LiRbBry, LisErBrs, and LiSr4(BNy)3) have not been reported
to date. In addition to phonon band centers, we also examined the electronic band centers across different
chemistries and found a negative correlation with the phonon band centers: the lower the phonon band
centers, the closer the electronic anion p-band centers to the Fermi level. Finally, we also examined the
correlation between the electrochemical stability and found a correlation between the oxidation potentials
and the anion-phonon band centers, largely in agreement with previous study (Muy et al., 2018b). This work
further strengthens the correlation of the phononic properties of the lattice to the stability and migration
barriers by extending it to much larger chemical or structural families of Li-ion conductors, thus providing a
new predictor of high ionic conductivity in HT screening approaches to find novel ionic conductors.

RESULTS AND DISCUSSIONS
Benchmark of Computed Phonon Band Centers Computed with Quickhess

To benchmark the accuracy of the Quickhess method, we have selected 53 compounds to cover several
chemistries and structures of known Li-ion conductors and computed their phonon band centers within
the full DFT calculations with finite-displacement method using the same parameters as in our previous
work (Muy et al., 2018b). The computed phonon band centers of these 53 compounds using the Quickhess
method was found to be comparable to those obtained from full DFT calculations once the parameter ¢in
Equation S2 was optimized. We tested two methods for choosing ¢, one by referring it to the number of
atoms in the unit cell and the other one by referring to the volume of the unit cell. We found that better
accuracy was achieved by referring ¢ to the volume per ions in the unit cell, which is given by:

\/3 Vce//

g:m (Equation 1)
where Vg and N,iom are the volume of the unit cell and the number of atoms in the unit cell, respectively.
The parameter N; was introduced to allow for variation of ¢ and for assessing its influence on the accuracy of
the computed phonon band centers. The comparison of total-, anion-, and lithium-phonon band centers
computed with full DFT (the computational details and different DFT parameters [number of K-points,
plane-wave energy cutoff ...] are the same as in our previous works; Muy et al., 2018b) and the Quickhess
method using Ny=5 are shown in Figures 2A-2C, respectively. The agreement in the computed total and
anion band centers from Quickhess with those obtained from full DFT is quite remarkable, with a mean ab-
solute error (MAE) of only ~3.85 meV. However, the agreement in the computed lithium-phonon band cen-
ter obtained from Quickhess is much worse, with MAE ~10.93 meV, which is too large for HT screening.
Better accuracy of the lithium-phonon band center with Quickhess was obtained by employing one addi-
tional DFT calculation, where only the Li ions were displaced. This displacement was generated by adding
all the Li-projected eigenvectors obtained in the previous step, and phonon energies were then again
approximated using Equation S1 for h;. A new DFT Hessian was constructed, and the new eigenvalues
were extracted in exactly the same way as in the previous step. The length-scaling parameter

3
E’:@ (Equation 2)
N2~Natom
for this second displacement was again calibrated by extensive testing. The parameter N, allowed us to
vary ¢ and assess its influence on the accuracy of the computed phonon band centers. With this additional
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Figure 2. Comparison between Computed Band Centers Using Full DFT Calculations and Quickhess Method
(A-D) Comparison for (A) total-phonon band centers, (B) anion-phonon band centers, and (C) the Li-ion band centers. The
agreement in the computed Li-ion phonon band centers between full DFT and Quickhess was improved significantly with
one additional displacement constructed from the sum of Li-projected eigenvectors shown in (D). The oxides include
LizXO4 (X =P, As, Sb, V), LioXYOy (X = Na, Mg, Cd; Y=Si, As, Ge), LIXYO,4 (X = Mg, In, Sc, Al, Mn, Ni, Cd; Y = Si, Ge, As, P, V),
Liz.25Geg 25X0.7504 (X = P, V), Li3 25Geq 25V0.7504, LizVo.25P0 7504, LIAIO,, LigHfO7, LINb O3, Li;SnO3, LigSnOg, LisGeOy, and
sulfides LizSbS4(31), LigXS4 (X = Ge(35), Sn(36)), LioCdXS, (X = Si(32), Ge(33)); fluorides: LirZrF(37), LiPF4(38), LizAlF4(39),
LiYF4(40); chlorides: Li,MgCl4(41), LiSnCl5(42), LiCsCl,(43), LiAICI4(44); bromides: Li,ZnBry(45); lodides: Li,Znl4(46);
nitrides: LiPN(47), LisBN(48), LiSi,N3(49), LiSr4(BN2)3(50); hydrides: LiBH4(51), LiAIH4(52); and amides: LiNH(53). These
computed phonon band centers from full DFT were taken from or computed with the same parameters as in previous
work (Muy et al., 2018b).

step, the agreement between computed lithium-phonon band centers by Quickhess and full DFT was much
improved, as shown in Figure 2D with N,=10.

Computed lithium-phonon band centers with Quickhess were examined systematically by varying Ny and
N3, where the MAE of lithium-phonon band centers smaller than 2.5 meV could be achieved with suitable
values of Ny and Ny, as shown in Figure S1. Based on these tests, N; = 2 and N, = 10 were chosen for all the
computed phonon band centers shown in the remainder of this work. Moreover, in addition to the 53 com-
pounds in Figure 2, we have also computed the lithium-phonon band centers of additional 72 compounds
using the Quickhess method and compared them with the full DFT calculations available on Materials
Project database (Figure S2). As these 72 compounds were not used during the optimization of the param-
eters Ny and Ny, they can be viewed as our “validation set.” The very good agreement between the
Quickhess method and these 72 DFT calculations (Figure S2) further confirms the accuracy of our method.
Finally, to test the robustness of our method, we computed the phonon band centers of all ~1,200 com-
pounds using two sets of parameters N;=2; N,=10 and N;=5; N,=10. The difference in the computed
phonon band centers by Quickhess with these two sets of Ny and N, was found to fluctuate around zero
as expected, with the exception of a few compounds, whose values of phonon band center change dras-
tically upon variation of ¢ and ¢ signaling potential issues (Figure $3). Based on this test, we excluded all
compounds having difference in the computed phonon band centers with different sets of Ny and N, larger
than 5 meV resulting in ~1,000 compounds retained for the remaining part of the paper.
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Figure 3. Number of Compounds and Phonon Band Center Distribution across Different Chemistries

(A=F) (A) The number of Li-containing compounds in each chemistry included in this study. (B) More detailed distribution of different families of compounds
in each chemistry, excluding the oxides. (C) The distribution among the mixed-anion compounds and the number of compounds whose formal charge
cannot be assigned using bond valence method. Histograms of (D) computed total-phonon band centers, (E) computed anion band centers, and (F) lithium-
phonon band centers. Figures 3D-3F are replotted in Figure S4 excluding all oxides from the count to show the distribution of other chemistries more clearly.

Computed Phonon Band Centers of ~1,000 Li-Containing Inorganic Compounds by
Quickhess

Total-, anion-, and lithium-phonon band centers of ~1,000 Li-containing inorganic compounds were
computed by Quickhess (Figure 3). The most dominant chemistry in our study is the oxide family, which
is followed by chalcogenides and halides and a smaller fraction of pnictides as well as hydrogen-containing
compounds (essentially hydrides, hydroxides, and amides) (Figure 3A). A more detailed distribution of
different chemistries is shown in Figure 3B, and the “other” compounds are shown in Figure 3C, which
include mixed-anion compounds such as oxy-halides and oxy-nitrides. There are also a small number of
compounds whose formal charge could not be assigned using the bond valence method, which are hence-
forth excluded from the analysis. The total-phonon band centers of oxides are centered at ~60 meV,
whereas the total-phonon band centers of chalcogenides (sulfides, selenides and tellurides) were
lower (Figure 3D), in agreement with previous work using 24 compounds (Muy et al., 2018b). In
Figures S4A-S4C, the same histograms as Figure 3D excluding the oxide family are shown so that the
distribution across other chemistries can be seen more clearly. Interestingly, the total-phonon band centers
of fluorides are lower than for the oxides, on the order of 30 meV, whereas the total-phonon band centers of
nitrides closely mirror those of the oxides. Hydrogen-containing compounds such as hydrides, hydroxides,
and amides tend to have their total-phonon band centers skewed toward higher values owing to the small
mass of the hydrogen atom (Figure 3D).

The histogram of anion-phonon band centers (Figure 3E) is similar to that of the total-phonon band centers,
suggesting a strong correlation, which will be discussed in detail in the next section. In contrast, the histo-
gram of lithium-phonon band centers (Figure 3F) is markedly different from those of total- and anion-
phonon band centers, especially for the oxides. In agreement with our previous study (Muy et al.,
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Figure 4. Correlations among Phonon Band Centers

(A-C) Correlation between (A) computed anion- and total-phonon band centers, (B) lithium-phonon band centers and total-phonon band centers, and (C)
Li-phonon band centers and anion-phonon band centers of ~1,000 compounds shown in Figure 3 by Quickhess, excluding 158 with the mixed anions and
those whose formal charge cannot be assigned.

2018b), most of the Li-phonon band centers of oxides tend to center at ~40-50 meV, whereas those of
chalcogenides tend be lower, around 30-40 meV. It is of great interest to note that there are a significant
number of oxides having particularly low Li-phonon band centers <30 meV, which are promising materials
with potentially high mobility of Li-ions (Muy et al., 2018b) and will be discussed in more detail in a later
section. Another noteworthy observation is that the Li-phonon band centers of some hydrides tend to
be on the lower side of the distribution despite having very high total and anion band centers. This obser-
vation agrees with the experimental findings that several hydride lithium superionic conductors are known
especially in their high-temperature phase (Matsuo et al., 2007; Mohtadi and Orimo, 2017).

It is significant to note that the computed anion-phonon band centers increase linearly with greater total-
phonon band centers across a much larger structural and compositional space of ~1,000 Li-containing
compounds, as shown in Figure 4A. In contrast, there is no correlation between Li- and total- (Figure 4B)
or anion- (Figure 4C) phonon band centers within each chemical series (e.g., oxides, halides), although a
broad linear correlation appears to exist across different chemistries. These results are in agreement
with those of our previous study (Muy et al., 2018b) of 24 lithium-ion conductors in LISICON and olivine fam-
ilies, which show similar correlations between the total- and anion-phonon band centers, whereas the
lithium-phonon band centers are essentially uncorrelated with other phonon band centers. Interestingly,
there are a few oxides that have high total- and anion-phonon band centers (greater than ~40 meV) but
relatively low Li-ion-phonon band centers (smaller than ~30 meV), indicating potentially low migration
barriers. A common feature for compounds with low Li-ion-phonon band centers is the long Li-O bonds
(1.9-2.5 A) (Figure S5), where the average Li-anion bond distance appears to be the best descriptor for
the Li-phonon band centers we found in this study. Some of these compounds are well-known Li-ion con-
ductors (Enciso-Maldonado et al., 2015; Morgan et al., 2004; Muy et al., 2018b), including olivine LiTmSiO4
(Jalem et al.,, 2012) or LilnGeQOy4 (Jalem et al., 2012; Rajkumar et al., 2010) and NASICON-like compounds
such as LiMy(POy)3 (M = Ge, Sn, and Zr) (Arbi et al., 2011; Martinez-Juérez et al., 1998; Winand et al.,
1991). Less-well-known compounds include LiLnO, (Ln = Gd, Er and Lu), whose structures have been
well characterized but have not been studied as Li-ion conductors (Cantwell et al., 2011; Hashimoto
et al., 2002).

Correlation between Computed Phonon and Electronic Band Centers

Lowering the total- (Figure 5A) or anion- (Figure 5B) phonon band centers was found to scale with computed
electronic anion p-band centers closer to the top of valence band. It is of great interest to relate anion-
phonon band centers to electronic ligand band centers as anion p-band centers have been proposed as
descriptors for catalytic activity (Lee et al., 2011), stability (Grimaud et al., 2013), and oxygen migration
(Mayeshiba and Morgan, 2016) in perovskites. A strong correlation between the total- as well as anion-
phonon band centers with the anion p-band centers (with respect to mid-gap) was found across different
chemical series, whereas the correlation was much weaker within each chemical family, with the exception
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(A and B) Correlation between (A) computed total- and (B) anion-phonon band centers from Quickhess with computed
anion electronic p-band centers of ~1,000 compounds. The inset shows the schematic of anion-projected electronic DOS.
The anion p-band centers were computed by integrating over the occupied states with respect to the mid-gap indicated by
the dashed line. Hydrogen-containing compounds (hydrides, hydroxides, and amides) were excluded due to the particular
low mass of hydrogen and the difference in the nature of bonding, which involves the s-orbital instead of p-orbitals.

of oxides. Hydrogen-containing compounds (hydrides, hydroxides, and amides) were excluded owing to
the low mass of hydrogen and the difference in the nature of bonding involving the s-orbital instead of
p-orbitals. These trends remain valid if we used the top of the valence band instead of the mid gap as
the reference for the anion p-band centers (Figure S6é). As the electronic anion p-band center relative to
the top of the valence band is a measure of covalency orionicity (Hong et al., 2017), this correlation suggests
that more covalent compounds tend to have lower vibrational frequencies of bonds involving nonmobile
species. In contrast, no correlation was found between Li-phonon band centers and electronic band centers
(Figure S7), which is in agreement with previous studies of 24 Li-ion conductors (Muy et al., 2018b).

Correlation between Electrochemical Stability and Phonon or Electron Band Centers

As the electrochemical stability of an electrolyte is governed by tendency of the material to give or accept
electrons from the electrodes, which is in turn related to the positions of the conduction and valence band
with respect to the Fermi level, the correlation between the anion p-band centers and anion-phonon
band centers hints at the existence of another correlation between the electrochemical stability and
phonon band centers. To quantify the electrochemical stability of these ~1,000 Li-containing compounds,
we employed a computational method based on the construction of the grand-potential phase diagram
(Richards et al., 2016; Zhu et al., 2016, 2015), which allowed us to compute the oxidation and reduction po-
tential (versus Li*/Li). In agreement with previous studies (Richards et al., 2016; Zhu et al., 2016, 2015), the
oxidation potentials were largely determined by the nature of the anion in the structures, decreasing in the
order from fluorides > chlorides ~ oxides > bromides > iodides ~ sulfides ~ selenides ~ tellurides > pnic-
tides ~ hydrides, as shown in Figure 6A. In contrast, the reduction potentials show no apparent trend across
any of the chemistries other than the fact that nitrides tend to be stable against reduction by lithium, in
agreement with previous studies (Zhu et al., 2016, 2015). There are a few compounds that are both stable
against reduction by lithium (having reduction potential ~0V versus Li*/Li) and against oxidation above 4V
versus Li*/Li, highlighting the challenges to search for stable electrolytes in LIB. Moreover, the computed
oxidation potentials were found to broadly increase with greater anion-phonon band (Figure 6B) and total-
phonon band centers (Figure S8A), but not with lithium-phonon band centers (Figure S8B), in agreement
with previous work of LISICON and olivine Li-ion conductors (Muy et al., 2018b). Specifically, the correlation
falls into three separate groups, namely, group 15 (nitrides, phosphides, and arsenides), group 16 (oxides,
sulfides, selenides, and tellurides), and group 17 (fluorides, chlorides, bromides, and iodides). This trend is
consistent with the fact that compounds that have stiffer lattices and hence higher phonon energy (e.g.,
higher total- and anion-phonon band centers) are less covalent; having electronic anion p-band center
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Figure 6. Computed Oxidation and Reduction Potentials and Their Correlations with Phonon and Electronic Band Centers

(A) Computed oxidation and reduction potential (versus Li*/Li) for ~1,000 Li-containing compounds in the study.

(B) Correlation between computed oxidation potential and anion-phonon band center.

(C) Correlation between reduction potential and the electronic band center computed over the Li-projected conduction bands. The inset shows the
schematic of the Li-projected electronic DOS. The Li-electronic band centers were computed by integrating over the unoccupied states with respect to the
bottom of the conduction band indicated by the dashed line. All hydrogen-containing compounds (hydrides, hydroxides, and amides) fall into a separate
region due to the very different nature of bonding in these compounds, which involves the s-orbital of hydrogen instead of p-orbitals of other anions and the
particularly low mass of hydrogen.

further away from the top of valence band (Figure 5) correlates with greater oxidation potentials (more diffi-
cult to extract electrons from anion p-bands). This correlation is also consistent with the observation that
the computed electrochemical stability windows, which are the difference between the computed oxida-
tion and reduction potentials, increase with increasing band gap as expected (Figure S8F). Moreover, we
found no correlation between the reduction potentials and the phonon band centers (Figures S8C-S8E) in
agreement with previous study (Muy et al., 2018b). Interestingly, increasing reduction potentials were
found to correlate with greater band centers of Li-projected electronic DOS integrated over the conduc-
tion band (Figure 4C). This trend could be rationalized by the following: the propensity of a material to
be reduced is determined by the (thermodynamic) driving force to accept an electron to the conduction
band, which can be approximately captured by the electronic band center computed over the conduction
bands. Finally, we would like to emphasize that the correlations between phonon band centers, electronic
band centers, and electrochemical stability are simply different manifestations of the covalency or ionicity
across these materials, which are governed by the orbital overlap, electronegativity difference, and polarity
between elements that make up the chemical bonds within these structures.

Prediction of Promising Li-lon Conductors and Experimental Validation

By screening the phonon band centers and electrochemical stability of ~1,000 Li-containing compounds,
18 compounds were found to have small lithium-phonon band centers (less than 35 meV), key to have low
lithium migration barrier, computed electrochemical stability window against oxidation and reduction
larger than 3V, and the energy above hull smaller than 20 meV/atom, which served as a proxy for structural
stability, as shown in Figure 7. Only two oxides (LiCagMg(PO,); and LioPr(NO3)s) and no chalcogenide were
found, which can be attributed to the fact that most of oxides having low Li phonon band center (Figure 4C)
and chalcogenides tend to exhibit narrow electrochemical window (Figure 6A). Four fluorides (LiK;AIF,
LiPF¢, LiAsFs, and LiSbFs) possess large electrochemical window but relatively high lithium-band center,
whereas the chloride family was noted prominently in Figure 7, having 10 chlorides that have high stability
and low lithium-phonon band centers.

Although the poor electrochemical stability of known fast ionic conductors such as the thiophosphates is
clearly problematic, one can still make use of their high ionic conductivity by exploiting their kinetic stability
(Han et al., 2016; Park et al., 2018) and by using protective layers on electrode materials to extend their sta-
bility window. Therefore, we further relaxed the electrochemical stability criteria, and our screening study
then includes several known Li-ion conductors such as the Li superionic conductor LGPS (Kamaya et al.,
2011) and its derivative Li1oSiP,S1, (Kato et al., 2014) and Li1qSnP,S1, (Bron et al., 2013; Kato et al., 2014)
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These compounds were selected based on their stability window, which is larger than 3 V; Li-phonon band center smaller
than 35 meV; along with their energy above hull, which serves as a proxy for their stability. Compounds having non-zero
energy above hull are thermodynamically unstable at 0 K, although they can be stabilized at higher temperature by
entropic contributions. Only two oxides and no chalcogenide are present due to their small stability windows, whereas
only four fluorides are present despite having large electrochemical windows due to their high Li-phonon band centers.
The most promising Li-ion conductors were found in the chloride family, which features prominently in the figure. A similar
figure including compounds having stability window smaller than 3V is shown in Figure S9, and numerical values of all
compounds along with their unique MP identifiers are shown in Table S1.

as can be seen in Figure S9. In addition, we recovered lithium borohydride LiBH,, which was one of the first
Li superionic conductor discovered in the hydride family (Matsuo et al., 2007). Similarly, our results indi-
cated that the lower stability electrolytes such as Li3InCls and LisMgBrg are good Li-ion conductors in
agreement with the experimental finding that the ionic conductivity of the solid solution LizInBre.,Cl, is
on the order of 0.05-2 mS/cm (Tomita et al., 2008; Yamada et al., 2006). Our results also include previously
predicted fast Li-ion conductors using a machine learning technique (logistic regression) such as LisB;S13,
LisErCle, LiKTe, ... (Sendek et al., 2018, 2017) (Figure S9). Numerical values of stability window, lithium-
phonon band center, and energy above hull of all compounds shown in Figures 7 and S9 along with their
unique Materials Project ID are given in Table S1.

More recently, two Li-ion conductors Li3YCl, and LizYBre, which are structurally and chemically very similar
to LizErCle and LisErBrs in Figure 7, have been shown to have high ionic conductivity ~1 mS/cm and good
cycling performance in all-solid-state batteries (Asano et al., 2018). Based on this study and to further vali-
date the results of our HT screening, we have synthesized one of the predicted materials, LizErCls The
structure of LisErCl, was initially solved by Bohnsack et al. using single crystals obtained by a slow-cooling
synthesis method of a stoichiometric mixture of ErCls and LiCl, and the structure is shown in Figure 8A
(Bohnsack et al., 1997). The chloride atoms build up a hexagonally closed packed lattice with octahedral
voids that are partially occupied. Every ErCl,®>~ octahedron is surrounded by six LiCl,®~ octahedra. X-ray
diffraction was used to characterize the samples and further investigate the structure. Figure 8B shows
the diffraction patterns for the ball-milled sample directly after the synthesis and after subsequent anneal-
ing. The diffraction pattern collected directly after the ball-milling process exhibits broad reflections with
low intensity, owing to the strong amorphization during the ball milling. The diffraction pattern for the crys-
talline sample that was collected after subsequent annealing of the ball-milled sample can be indexed to
the trigonal space group P3m1. A Pawley fit leads to the lattice parameters a = b = 11.1693(2) and ¢ =
6.0363(1). A minor amount of around 5 + 1 wt. % LiCl impurity was found to exist using a tentative Rietveld
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(A) Structural features within the unit cell, showing face-sharing ErCly®~ octahedra with Li* in chains along the c-axis.
(B) Comparison of the diffraction patterns for the synthesized LizErCl, compounds directly after milling (bottom) and

subsequent crystallization (top).
(C and D) (C) Comparison of exemplary impedance data at —30°C and (D) Arrhenius plot showing the room-temperature
conductivities and activation barriers for ionic motion.

refinement. However, due to the low scattering form factor of Li no full structural characterization by a
Rietveld refinement was performed.

AC impedance spectroscopy was performed to assess the ionic conductivity and activation barriers for ion
migration within the synthesized materials. The Nyquist plots of the impedance data collected at 233 K can
be found in Figure 8C, and the corresponding Arrhenius plots can be found in Figure 8D. The impedance
data for every measured temperature were fit using one parallel constant phase element (CPE)—resistor
unit, which is fit in series to another CPE that represents the gold electrodes. The capacitances C of the
combination R/CPE where estimated using the Brug formula (Brug et al., 1984). Although no contribution
of bulk and grain boundaries can be seen, the obtained capacitances (48 pF/cm?) and ideality factor a of
>0.85 correspond well with bulk transport. The obtained conductivities and activation barriers for LisErCl,
are 0.3 mS/cm (Ex = 0.41 eV) and 0.05 mS/cm (Ex = 0.48 eV) for the ball-milled and the crystalline samples,
respectively. The ball-milled sample without subsequent annealing has a noticeably increased conductiv-
ity. It has been previously shown that ball-milled samples exhibit a higher conductivity, likely related to
introducing defects while using the harsh conditions of ball milling, or resulting from subtle structural
changes in the glassy state (Krauskopf et al., 2018a).

Further structural studies will be needed to elucidate the underlying reasons for the difference in the ionic

conductivity between the samples in depth; however, these results clearly show that the HT screening of
materials proposed for novel ionic conductors is successful. We expect that the ionic conductivity can
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be further enhanced with the compositional optimization, for example, via aliovalent substitution to opti-
mize the concentration of mobile species (Culver et al., 2018). Besides LisErCl,, as synthesized in this work,
and Li,MgCly (Lutz et al., 1981; Nagel et al., 2002), to the best of the authors’ knowledge no other com-
pound in Figure 7 has been studied as Li-ion conductor with the exception of LiPF,, LiAsF4, and LiSbFy,
which are used as lithium salts in liquid electrolytes (Xu, 2014), therefore representing an exciting oppor-
tunity to discover new families of Li-ion conductors having potentially both high ionic conductivity and
electrochemical stability.

Limitations of the Study

We would like to emphasize that the lithium-phonon band center has been proposed as a descriptor for the
migration barrier which, in stoichiometric compounds, is not the same as the measured activation energy,
which also contains contribution from defect formation energy. To exhibit high ionic conductivity, optimal
concentration of mobile species is also needed in addition to low migration barrier. Therefore, aliovalent
substitution might be necessary, and thus a complementary computational study of dopability might also
be necessary. Finally, the migration barriers we considered here are only indicative of the local jumps
between two adjacent sites. These sites have to be connected to form a percolating network for the long-
range diffusion to occur. Therefore, additional study for the presence of percolating pathways in the struc-
tures is necessary to fully assess the potential of these materials as new lithium superionic conductors.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

SUPPLEMENTAL INFORMATION
Supplemental Information can be found online at https://doi.org/10.1016/}.is¢i.2019.05.036.
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Figure S1. The mean absolute error of lithium-phonon band centers of the 53 compounds in
Figure 2 as a function of the scaling parameter N; and N». Related to Figure 2.
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Figure S2. Comparison between the Li-phonon band centers of 71 compounds computed with
Quickhess and full DFT calculations available in the Materials Project database. Related to Figure
2
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Figure S3. The difference between phonon band centers computed with two different sets of
scaling parameters (N1 = 2; N> =10 and N1 = 5; N>= 10) for all of the ~1200 compounds retained
after pre-screening. Related to Figure 2 and 3.
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Figure S4. Histograms of a) Total-, b) Anion- and c) Lithium-phonon band centers for all
chemistries excluding oxides. Related to Figure 3.
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Figure S5. Correlation between the Li-phonon band centers and the average Li-anion bond
length. Related to Figure 4.
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Figure S6. Correlation between a) Total- and b) Anion-phonon band center with the anion p-
band centers. Hydrogen-containing compounds (hydrides, hydroxides and amides) were
excluded due to the particular low mass of hydrogen and the difference in the nature of bonding
which involves the s-orbital instead of p-orbitals. The inset shows the schematic of the anion-
projected electronic DOS. The p-band centers were computed by integrating over the occupied
states with respect to the top of the valence band indicated by the dashed line. Related to Figure
5.
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centers b) anion p-band center and c¢) Lithium electronic band center. Related to Figure 5 and 6.
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Table S1. Compounds with Li-phonon band centers smaller than 35 meV along with their stability
window, energy above hull and the material id as appeared in the Materials Project database.
Related to Figure 7.

E_hull Li-band centers Stability Window
Name MP id (eV/atom) (meV) (V)
Li2Pb0O3 mp-22450 0 29.76 0.76
LiNbO3 mp-755559 0.0466 32.297 2.14
LiTa308 mp-559908 0.0139 30.778 2.45
LiGdO2 mp-754204 0.0402 28.342 2.95
LiErO2 mp-10971 0.0026 33.518 3
LiTa308 mp-7638 0 30.288 2.44
LiINO3 mp-8180 0 34.795 2.55
LilO3 mp-22955 0.0091 34.595 1.93
LiNb308 mp-3368 0 31.571 1.66
LiNbO3 mp-1078377 0.0203 28.772 2.13
LiTa308 mp-757158 0.0384 24.783 2.46
LiNb(TeO4)3 mp-758389 0.0015 33.295 0.33
LiGe2(P0O4)3 mp-541272 0.0015 27.54 1.58
LiP3W2013 mp-763452 0.0477 31.178 0.8
Ba4lLi(Sb0O4)3 mp-7971 0 26.219 1.78
Liln(103)4 mp-973966 0 30.187 1.07
LiSn(PO3)3 mp-684503 0.0361 28.535 0.5
LiBiP207 mp-684109 0.0451 19.314 1.88
LiSb2P5016 mp-684104 0.0471 30.541 1.52
LiZr2(PO4)3 mp-681439 0.0159 29.963 2.62
Li2P5W015 mp-763414 0.0302 31.429 0.31
Li2Sn(PO3)4 mp-26855 0.0416 26.749 0.52
LiSn(PO3)3 mp-26897 0.0406 27.292 0.5
LilnGeO4 mp-17854 0 34.065 1.79
LiP2WO08 mp-763370 0.0488 14.895 0.8
LiSn(PO3)3 mp-758086 0.0464 31.686 0.52
LiZr2(PO4)3 mp-773068 0.0111 29.848 2.62
LiBiP207 mp-672979 0.0196 28.165 1.86
LiSn2(P0O4)3 mp-562473 0.0053 22.662 1.69
Li2Pr(NO3)5 mp-555979 0 31.056 3.54
LiSbWwO6 mp-19694 0.0368 34.053 1.42
LiGa(WO04)2 mp-19695 0.0218 29.531 1.31
LiSi6Bi9026 mp-757434 0.0381 23.271 0.99
LiB(S207)2 mp-1020060 0 31.674 1.53
LiSi6Bi9026 mp-772721 0.0282 17.502 0.97
Li2TIPCO7 mp-754034 0.0371 30.574 0.48
LiNbSn3(P0O4)6 mp-767091 0.0091 19.654 1.66
K2LiTa6(P08)3 mp-684817 0 33.994 2.5
LiMgAI3(S04)6 mp-677680 0.017 34,913 1.64
Li3MgPCO7 mp-768190 0.0455 34.902 2.03
LiCa9Mg(P0O4)7 mp-686484 0 18.274 3.05
LiCuS mp-753371 0.0456 33.26 0.01
LiCuS mp-766467 0.0361 33.657 0.01
LiSmS2 mp-34477 0 15.743 1.08
LiNdS2 mp-36791 0.0204 15.087 1.02




Li2B2S5 mp-29410 0 31.212 0.15
LiPrS2 mp-675419 0.0342 13.322 1.01
Li8Nb2S9 mp-769036 0.0424 30.648 0.05
LiAsS2 mp-555874 0 22.177 0.34
Li5B7513 mp-532413 0 31.674 0.49
Li3NbS4 mp-769032 0 27.097 0.04
LiHoS2 mp-15790 0 17.622 1.86
LiSbS2 mp-14591 0.0138 26.161 0.29
LiDyS2 mp-15789 0 27.948 1.76
LiYS2 mp-33363 0.0084 21.02 1.77
LiDyS2 mp-33667 0.0069 21.045 1.76
LiSbS2 mp-1079885 0 16.4 0.28
Li7Y7ZrS16 mp-754856 0.0047 24.346 0.73
Li2Ga2GeS6 mp-554782 0.0361 28.086 0.75
Li7Y7Zr9S32 mp-767467 0.0004 33.364 0.72
Li10Sn(PS6)2 mp-721236 0.011 33.891 0.25
Li10Si(PS6)2 mp-720509 0 33.052 0.46
Lil0Ge(PS6)2 mp-696138 0.0188 33.833 0.57
Li10Si(PS6)2 mp-696129 0.0112 34.31 0.46
Li10Sn(PS6)2 mp-696123 0.0227 29.995 0.25
RbLiSe mp-9250 0 34.467 1.45
LiErSe2 mp-35205 0.0176 19.285 1.69
LiSmSe2 mp-35388 0 15.647 0.99
LiDySe2 mp-35717 0.0159 19.175 1.56
LiNdSe2 mp-37605 0.0076 13.81 0.83
LiYSe2 mp-37879 0.0176 19.112 1.7
LiTbSe2 mp-38695 0.0154 18.851 1.5
LiTbSe2 mp-15793 0 23.899 1.5
LiGdSe2 mp-15792 0 21.719 1.27
LiDySe2 mp-15795 0 20.807 1.55
LiHoSe2 mp-15796 0 21.747 1.63
LiErSe2 mp-15797 0 24.262 1.68
LiHoSe2 mp-33322 0.0168 18.208 1.63
Li1l0Sn(PSe6)2 mp-705516 0.0122 30.561 0.07
Li10Si(PSe6)2 mp-706277 0.0111 27.521 0.15
Li10Si(PSe6)2 mp-721253 0 34.245 0.15
Li1l0Sn(PSe6)2 mp-721252 0 32.03 0.07
Lil0Ge(PSe6)2 mp-721239 0 30.904 0.13
Lil0Ge(PSe6)2 mp-696127 0.0114 32.57 0.14
NaliTe mp-8754 0 33.621 1.42
KLiTe mp-4495 0 32.79 1.55
LiAsF6 mp-9144 0 32.837 3.57
LiPF6 mp-9143 0 33.088 4.09
LiCuF4 mp-753541 0.0441 17.426 2.11
LiBiF6 mp-27419 0 34.716 1.96
LiSbF6 mp-3980 0 34.861 4.13
Cs2LiTIF6 mp-989562 0 20.661 2.91
LiTI2InF6 mp-989551 0 28.812 2.12
LiTI2GaF6 mp-989577 0 21.141 2.33
K2LiAIF6 mp-9839 0.0015 32.535 5.6




LiSnCI3 mp-998230 0.0109 25.901 0.65
Li3ErCl6 mp-676361 0 25.508 3.61
CsLiCl2 mp-23364 0 33.689 4.23
Li2ZnCl4 mp-23416 0.001 27.234 2.3
LiYb2CI5 mp-23421 0.0189 28.914 4.21
Li2CdCl4 mp-38008 0 30.108 2.22
Li2MgCl4 mp-38684 0 32.655 3.4
LiGaCI3 mp-29344 0 21.256 0.07
CsLi3Cl4 mp-571666 0.0124 28.001 4.21
Li3InCl6 mp-676109 0 29.424 1.92
CsLi2CI3 mp-569117 0.0042 32.635 4.21
Lil0Mg7Cl24 mp-530738 0.0027 33.118 3.36
Li2ZnCl4 mp-22961 0.0053 27.967 2.3
LiGaCl4 mp-28341 0 28.563 2.3
LiAICI4 mp-22983 0 23.62 2.91
Rb2LilnCl6 mp-989583 0 21.803 2.95
Rb2LiTICI6 mp-989579 0 21.888 0.6
LiTI2InCl6 mp-989512 0 23.941 1.36
Cs2LilnCl6 mp-571527 0 21.815 2.35
Cs2LiYCl6 mp-567652 0 19.831 4.5
Cs2LiLuCl6 mp-570379 0 18.524 4.85
CsLi2Br3 mp-606680 0.0137 26.519 2.96
Li2ZnBr4 mp-28829 0.0172 24.016 1.36
Li6MgBr8 mp-29008 0.0199 22.737 2.26
Li3ErBr6 mp-37873 0 23.178 4.93
Cs2Li3Br5 mp-571409 0.0108 30.78 2.96
RbLiBr2 mp-28237 0.0048 34.486 3.14
LiGaBr4 mp-28326 0 23.315 1.21
LiGaBr3 mp-28327 0 18.607 0.09
CsLiBr2 mp-23057 0.0046 29.73 2.96
Cs2LiBr3 mp-1095674 0.0231 34.317 2.96
Li2MgBr4 mp-29009 0.0145 27.22 2.26
Cs2LilnBré mp-989405 0 15.956 1.12
Rb2LiDyBr6 mp-567628 0 23.059 2.96
Cs2Li3I5 mp-608311 0.0113 28.504 2.35
Li2Znl4 mp-23497 0.0263 20.704 0.92
LiGal4 mp-567967 0 18.723 0.67
Lilnl4 mp-541001 0 18.231 0.51
Cs2Li3I5 mp-1080534 0.0115 28.035 2.35
Cs3Lil4 mp-569238 0.0183 26.648 2.35
CsLi2I3 mp-569055 0.0174 31.189 2.35
Sr4Li(BN2)3 mp-9723 0 29.999 3.03
LiBeP mp-9915 0 33.782 0.68
LiBeAs mp-9562 0 31.011 0.74
LiBeH3 mp-977148 0.0051 32.572 0.42
LiAIH4 mp-976291 0.0167 26.807 0.14
LiBH4 mp-30209 0 31.774 1.52
LiBeH3 mp-1079676 0.006 32.998 0.42
LiBH4 mp-1095543 0.0206 30.941 1.52
K2LiAIH6 mp-24411 0.0091 32.272 0.79




Transparent methods

Database and screening criteria

The structure of all compounds in our study were sourced from the Materials Project
database(Jain et al., 2013) containing ~ 14,000 Li-containing compounds using the API
functionality(Ong et al., 2015) implemented in the Pymatgen software package.(Ong et al., 2013)
Four criteria were used to pre-screen all these compounds before proceeding to the computation
of phonon band centers: (1) The stability of each compound was assessed based on their energy
above hull, Ena which is the distance between the point representing the compound in the phase
diagram and the convex hull.(Ong et al., 2010; Ping Ong et al., 2008) Materials having Enun > 0
are thermodynamically unstable at 0 K. However, if Enun is not too large, the material can still be
stable at finite temperatures due to the entropic contribution to the free energy. We set the
threshold of Enui to 50 meV/atom based on the observation that e.g. LGPS (space group P4>mc)
has Enui= 30 meV/atom but can still be synthesized and is stable RT.(Kamaya et al., 2011) (2)
The next criterion was to have a computed band gap of at least 1 eV in order to filter out
compounds with too high electronic conductivity to be used as electrolytes. (3) We included only
ternary, quaternary and quintenary compounds and excluded the binary compounds due to their
rather restricted chemical space. (4) Finally, we excluded all compounds containing 3d transition
elements, platinum-group elements and elements in the actinide series, due to concerns about
cost, toxicity and internal redox-activity. After this pre-screening, ~ 1200 compounds were

retained, and their phonon band center computed.
Detailed methodology of Quickhess method

The main idea of this method is that the eigenvalues of the Hessian matrix can be estimated with
a single DFT force projection if reasonably good approximations to the eigenvectors are
available. In the original implementation (Voss and Vegge, 2008) approximate eigenvectors were
constructed from a point charge force field evaluated with Ewald summation and thus with
negligible effort compared to a DFT calculation, and point charges were optimized to reproduce
the DFT ground-state ionic positions. Here, instead of using Ewald summation, we screen the

Coulomb interaction: Vcreen ~ exp(-Kr)/r with K=1/2A-" and sum in real space only. Charges are



not fitted but we simply use Bader charges. Neither of the two simplifications changes the trends
in approximated phonon band centers. Following Voss et al. (Voss and Vegge, 2008), the Hessian
matrix of this purely electrostatic force field is diagonalized to obtain the eigenvalues and
eigenvectors (displacements) u;. From these eigenvectors, a special displacement w is
constructed simply as a sum of all u;. The more accurate Hessian H eigenvalues h; can be

obtained by projecting the Hessian of a more accurate DFT Hamiltonian onto this displacement:
h; ~ u] Hw (S1)

The projection of the Hessian H onto w is approximated as the difference between the force on a
new displaced configuration of the initial structure which is generated by applying the

displacement w to the structure and the force on the initial structure:

L [WE(n + ew) - VE(R)] )

Hw =
LUpagn A

Where E is the (DFT) energy and 7, are the ground state coordinates and ¢ is a parameter to scale
the displacement for the finite difference as defined in equation (2). If the initial configuration is a
well relaxed structure, then the term VE (ro) can be neglected. The parameter ¢ must be chosen
carefully such that the induced force is well above numerical noise in the DFT calculations but

also not too large potentially invalidating the harmonic approximation.
Synthesis and characterization of Li;ErCls

The preparations and sample treatment for all compounds were carried out under argon
atmosphere. Erbium chloride (ErCls, anhydrous, 99.9 %, Alfa Aesar) and lithium chloride (LiCl,
ultra-dry, 99.9 %, Alfa Aesar) were mixed in the appropriate stoichiometric molar ratios, while
adding approximately 2 wt% excess ErCl; relative to the total weighted mass to counter the loss
of ErCl; during the hand grinding procedure. The mixture was then hand ground in an agate mortar
to homogenize the powders and afterwards loaded into ball mill vials with a 30:1 mass ratio of the
Z1rO; milling media (3 mm in diameter) to the starting powder. The precursors were milled for 297
total cycles, while one cycle consists of 5 minutes of milling, followed by 15 minutes of rest time.

Additionally, after every 99th cycle, the cups were opened and the powder homogenized manually



again to reduce the loss of sample on the inner walls of the vials. Crystallization of the as-prepared

amorphous compounds were achieved by subsequent annealing for 1 h at 550 °C.

X-ray powder diffraction was carried out using an Empyrean powder diffractometer (PANalytical,
Netherlands) with CuKa radiation (A1 = 1.54051 A, 4> = 1.54051 A) in Bragg-Brentano 6-6
geometry, and a PIXcel3D area detector with 255 measuring channels. Powder samples were
placed on (911)-oriented silicon zero background holders that were sealed with Kapton foil under
an argon atmosphere. Patterns were collected in the range of 10-90° 20 with a step size of 0.026
and an exposure time of 150 s per step for the ball milled sample and 425 s for the subsequently
annealed sample, to achieve a sufficiently high intensity and therefore acquire reliable lattice
parameter values. Pawley fits(Pawley, 1981) were performed using the TOPAS-Academic V6
software package (Coelho, 2018). A manual background using 62 points was used, whereas the

peak profiles were described by a Thompson—Cox—Hastings pseudo-Voigt function.

The ionic conductivities were measured by AC impedance spectroscopy, using pellets (1.4 mm
average thickness, >80 % density for the amorphous compound (>75 % for the crystalline
compound)) with vapor deposited gold layers (200 nm on each side; surface area of 0.53 cm?).
Electrochemical impedance analysis (EIS) was conducted in the temperature range of -40 °C to
60 °C using a VMP300 impedance analyzer (Biologic) at frequencies from 7 MHz to 100 mHz
with an amplitude of 10 mV. All measurements were performed in pouch cells under an argon

atmosphere.
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