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Abstract: Enabling all-solid-state Li-ion batteries requires
solid electrolytes with high Li ionic conductivity and good
electrochemical stability. Following recent experimental
reports of Li;YCly and Li;YBrs as promising new solid
electrolytes, we used first principles computation to investigate
the Li-ion diffusion, electrochemical stability, and interface
stability of chloride and bromide materials and elucidated the
origin of their high ionic conductivities and good electro-
chemical stabilities. Chloride and bromide chemistries intrinsi-
cally exhibit low migration energy barriers, wide electrochem-
ical windows, and are not constrained to previous design
principles for sulfide and oxide Li-ion conductors, allowing for
much greater freedom in structure, chemistry, composition,
and Li sublattice for developing fast Li-ion conductors. Our
study highlights chloride and bromide chemistries as a promis-
ing new research direction for solid electrolytes with high ionic
conductivity and good stability.

All-solid-state lithium-ion batteries (ASBs) with inorganic
lithium solid electrolytes (SEs) are regarded as promising
next-generation energy storage devices. ASBs solve the safety
issue caused by the flammability of organic liquid electrolyte
and potentially provide higher energy density with Li metal
anode and high-voltage cathode materials.'! However, it has
been a great challenge to develop solid-state Li-ion con-
ductors with high Li* conductivity at room temperature
comparable to that of liquid electrolytes and with good
electrochemical stability for Li-ion batteries with a voltage of
>4 V. Current research efforts on solid-state Li-ion conduc-
tors focus mostly on oxides and sulfides."**?! Unfortunately,
oxide and sulfide chemistries have an undesirable trade-off
between ionic conductivity and stability. Sulfide-based solid-
state Li-ion conductors such as Li(GeP,S;, (LGPS) and
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Li,P;S;; (LPS) show good ionic conductivity but narrow
electrochemical windows and poor stability with electrodes,
whereas oxide solid-state Li-ion conductors show significantly
wider electrochemical windows but lower ionic conductivity.”!
These general trends in the electrochemical stability of oxides
and sulfides have been confirmed by high-throughput calcu-
lations on a large number of materials.">*! According to the
design principles for superionic conductors (SICs) established
by computational studies™ in sulfide SICs such as LGPS and
LPS, Li ions migrate among face-sharing tetrahedral sites in
a body-centered cubic (bcc) S-anion lattice. In SICs with non-
bce anion lattices such as garnet and NASICON oxides, the
high conductivity is achieved by aliovalent doping to activate
concerted migration of multiple Li ions, which has a low
energy barrier.”) Therefore, SICs often require a unique
structural framework, a unique Li sublattice as produced by
a highly doped composition, or both, which are difficult to
achieve.P! Alternative anion chemistries that can exhibit a low
activation energy, good stability, and other desirable proper-
ties are a promising research direction for new SEs in ASBs.

In this study, using first principles computation, we
demonstrate that chlorides and bromides are promising
anion chemistries to simultaneously achieve high ionic
conductivity, good stability, and many other desired attri-
butes, and to overcome limitations of sulfide and oxide SEs.
Halide materials for SEs have received modest research
interest, with only a few materials reported as Li-ion
conductors.'*® Recently, Asano et al.l”! reported the new
superionic conductor halides Li;YCl; (LYC) and Li;YBr,
(LYB) exhibiting high ionic conductivity of approximately
1 mS/cm at room temperature and good electrochemical
stability in addition to mechanical deformability, air stability,
and easy synthesis and processing for large-scale fabrication.
These new halide SEs were demonstrated in 4V ASBs
assembled with In-Li anode and LiCoO, (LCO) cathode with
no coating layer.”? LYC and LYB have outstanding properties
and features distinct from known oxide- and sulfide-based
SICs. Besides the different anion chemistry, LYC and LYB do
not have highly doped compositions with Li stuffing and have
anion sublattices with hexagonal close-packed (hcp) and face-
centered cubic (fcc) structures, respectively, which are
deemed to have much higher energy landscapes than the
bcc anion lattice. A detailed study to understand why these
new halide systems perform so well would shed light on the
future materials design and development efforts of SICs.

In this work, we perform first principles calculations on
LYC, LYB, and similar halides to reveal the diffusion
mechanism and to quantify their electrochemical stability.
In addition to detailed understanding of these new halide SEs,
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our results confirmed that fast ion diffusion and good
electrochemical stability are intrinsic to chloride and bromide
anion chemistries, providing a new research direction of SEs
for ASBs. LYC has an hcp anion sublattice with a space group
of P3m1, while LYB has an fcc anion sublattice with a space
group of C2/m. In both materials, the Y** cations and Li* ions
occupy six-coordinated octahedral (Oct) sites with halogen
anions. One third of six-coordinated cation sites are vacant
with Li partial-occupancy disordering, providing a large
number of sites for Li migration and thus a high carrier
concentration needed for high ionic conductivity. To identify
the atomic configurations with lowest energy for our calcu-
lations, we enumerated all symmetrically distinct configura-
tions using electrostatic Ewald energy and density functional
theory (DFT) calculations, following the procedure estab-
lished in previous studies.[! The DFT calculations in the study
are performed using Vienna Ab initio Simulation Package
(VASP)”! within the projector augmented-wave (PAW)
approach!'” using the Perdew-Burke-Ernzerhof (PBE) func-
tional™ under generalized gradient approximation (GGA).
More details of computation methods are provided in the
supporting information.

We performed ab initio molecular dynamics (AIMD)
simulations to study Li" diffusion in the LYC and LYB, using
the established scheme." The AIMD simulations confirmed
the fast Li ion diffusion in these two materials, consistent with
experiments. In LYB, the extrapolated Li* conductivity ok at
300 K is 2.2 mS/cm, in excellent agreement with the exper-
imental value of 1.7 mS/cm, and the estimated activation
energy E, is 0.28 £0.02 eV, which is smaller than experimen-
tal barrier of 0.37 eV. For LYC, AIMD simulations predicted
ogrr= 14 mS/cm with a lower bound of 4.5 mS/cm, which is one
to two orders of magnitude higher than the experimental
reported value (0.51 mS/cm), and the calculated E, of 0.19+
0.03 eV is also lower than the experimental value (0.40 eV).
This discrepancy of ionic conductivity in LYC may be
explained by its anisotropic conductive mechanism.

The different anionic frameworks of fcc LYB and hcp
LYC result in different Li* diffusion mechanism and path-
ways, as shown in AIMD simulations (Figure 1a—d). The
actual Li" trajectory observed in AIMD simulations is
consistent with the pathways obtained from the bond valence
site energy method."” In fcc LYB, Li* diffusion occurs through
a 3D isotropic network, and Li" ions hop to the other
octahedral sites through tetrahedral (Tet) sites. In hep LYC,
the Li* diffusion is anisotropic with fast c-axis one-dimension
(1D) diffusion channels, in which Li ions hop among adjacent
face-sharing octahedral sites. These 1D c-channels are con-
nected through ab-planes through tetrahedral interstitial sites
with slower diffusivity forming an anisotropic 3D diffusion
network (Figure 1c¢,d). This diffusion anisotropy is confirmed
by directional Li* diffusivity from AIMD simulations (Sup-
porting Information, Figure S9).

Similar to LiFePO, (LFP),'"”) the 1D diffusion channel in
LYCis expected to be susceptible to channel-blocking defects,
such as anti-site defect, impurity, and grain boundary, which
may partially account for the discrepancy between experi-
ments and AIMD results. The previous experiments by Asano
et al.”) reported significant disordering of Y and Li cations in
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Figure 1. Crystal structures of a) LYC with hcp-like anion lattice and
b) LYB with fcc-like anion lattice, superimposed with Li* probability
density marked by yellow isosurfaces from AIMD simulations. The Li-
ion migration pathways in c) LYC and d) LYB. The red and blue
polyhedrons represent octahedral and tetrahedral interstitial sites,
respectively. The energy landscape of single Li* migration in fixed

e) hcp and f) fcc anion lattice at volume per anion of S*~ (LGPS:
40.0 A%, CI~ (LYC: 37.4 A%) and Br~ (LYC:44.8 A%), respectively. Arrhe-
nius plot of Li" diffusivity in g) LYC and h) LYB from AIMD simula-
tions.

the materials. Our first principles calculations confirmed the
low formation energy of 0.80 eV for exchanging Li and Y in
the ordered lowest energy configuration of LYC (see the
Supporting Information). This easy exchange of Y on Li ions
is expected as Y and Li cations have similar local octahedral
configurations and similar ionic radius, and may form during
the synthesis and annealing of the materials. In our AIMD
simulations on the structures with Y-on-Li anti-sites (Sup-
porting Information, Figure S11, Table S2), the Li ionic
conductivity at 300 K decreases by about an order of
magnitude to 1.4-1.8 mS/cm (with a lower error bound of
0.3-0.4 mS/cm), and the activation energy increases to 0.31 +
0.03 eV, which are in better agreement with the experimental
values and support our proposed mechanism of channel-
blocking defects. In addition, other effects such as impurity
phases, grain boundaries, different microstructures, and local
variations in composition resulting from different synthesis
and processing conditions, may explain the discrepancy
between experiments and computation.!™

Besides LYC and LYB, we found these close-packed hcp
and fcc frameworks based on Cl and Br anion chemistry in
general provide good ionic conductivity regardless of the
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cation. Our first principles calculations predicted several
isomorph structures substituting Y*" in LYC and LYB with
other 37 cations, such as Li;MX, (M = Dy, Gd, Ho, La, Nd, Sc,
Sm, Tb, Tm; X =Cl, Br), also have a good phase stability as
measured by energy above the convex hull (AE,,;) (Support-
ing Information, Table S3)."*¥ We selected Ho and Sc
substituted compounds, which showed good phase stability
with AE,,;; <30meV/atom, to further study their Li-ion
diffusion (Supporting Information, Figure S10). These chlor-
ides and bromides with other cations based on the same hcp
and fcc anion framework, respectively, show high ionic
conductivity of 10™* to 10~ S/cm (Table 1) comparable to
well-known superionic conductors, such as LGPS and cubic-
phase Li;La;Zr,0,.

Table 1: Calculated Li" conductivities and activation energies for differ-
ent materials from AIMD simulations in comparisons of the exper-
imental (Expt.) values at 300 K.

Composition o at 300K  Error bound E, [eV]
[I’Y‘IS/CH"I] [Umr'mamax] [mS/
cm]

AIMD  Expt. AIMD Expt.
LisYClg 14 0.5 [4.5,47] 0.19+0.03  0.40
Li;YBrs 2.2 1.7 [0.7,7.3] 0.28+£0.02 037
LijGeP,Sy, 140 1200 8.1, 25] 0.2140.01"" 0.23M"
Li;La;Zr,0,, 1101 052 0.5, 2.1] 0.26+0.02"4 0.30%
Li;ScClg 29 - [8.2, 108] 0.18£0.04 -
Li;HoClg 21 - [5.5, 84] 0.19£0.03 -
Li;ScBrg 1.4 - [0.2,7.9] 0.30+£0.04 -
Li;HoBrg 3.8 - [0.5, 27] 0.26 £0.04 -

In order to compare different anion chemistries, we
modeled the energy landscape of single-Li" migration in fixed
hep and fec anion sublattices of Cl, Br, and S with no M
cations as a function of lattice volume, as in the study by
Ceder et al.¥ (Supporting Information, Figure $4,S5). At the
same lattice volume of LYC and LYB, hcp Cl and Br anion
lattices have a low barrier of 0.25 eV for the Oct—Oct pathway
along the c-channel and 0.29 eV for Oct-Tet-Oct pathway,
and fcc Cl and Br anion lattices have a low barrier of 0.28 eV
for the Oct-Tet-Oct pathway (Figure 1e,f). These energy
barriers agree with the activation energy obtained from
AIMD simulations and experimental measurements. After
considering the volume and site geometry of different anion
chemistries, it can be found that fcc and hep anion lattices of
chlorides and bromides can exhibit an adequately low
migration barrier of 0.2 to 0.3 eV, which is in general lower
than those of approximately 0.4 eV in S-anion lattices in
typical sulfides volume (Supporting Information, Figure S5
and S6). The energy barriers in close-packed structure of
chlorides and bromides are low enough to achieve a high ionic
conductivity of 10~* S/cm if there is a decent level of carrier
concentration. This low barrier for chlorides and bromides is
intrinsic and a result of the monovalence of CI and Br anions
compared to the bivalence of O and S anions (see the
Supporting Information). Compared to the S anion, the Cl
anion has similar radius, higher electronegativity, and lower
polarizability, which should not favor an easier Li-ion
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migration. The observed lower energy landscape of Cl anion
lattice can be largely attributed to the lower valence of Cl~
compared to S*°, because the weaker coulomb interactions
with Li* lead to lower potential energy landscape. Other
factors such as cations, Li concentrations, and the covalency of
bonding may also affect the migration barrier.l” In general,
chlorides and bromides have low-barrier energy landscapes
and are not limited to a specific anion sublattice, such as the
bce anion framework as sulfide SICs.

Because of this low energy landscape, chlorides and
bromides do not require the activation of concerted migration
of Liions to achieve fast ion diffusion, as is necessary in oxide-
based garnet and NASICON SICs. In our AIMD simulations
of LYC and LYB, there is no notable concerted migration of
multiple Li ions. The conductivity estimated from the self-
diffusivity and Nernst-FEinstein relation is close to the
diffusivity estimated from the center of all mobile Li ions,
which is in agreement with experimental conductivitly
measurement. Since concerted migration requires significant
Li stuffing in the host crystal structure, Cl and Br anion
chemistries are not subject to these difficult structural
requirements for oxide and sulfide SICs, and provide
a broader range of structures, compositions, and Li sublattices
for new fast ion-conducting SEs. Given there are fewer
requirements for chlorides and bromides to have a low
migration energy, the key design principle to achieve high
ionic conductivity in these materials is to have a high level of
carrier concentration, which is provided by a disordered Li
sublattice in LYC and LYB.!

In addition to exceptional Li-ion conducting properties,
our first principles computation also confirms wide electro-
chemical windows, poor electronic conductivity, and good
interface compatibility with electrode, in these halide materi-
als (see the Supporting Information). Our calculations based
on Heyd-Scuseria-Ernzerhof functional™ found that LYC
and LYB have large band gaps of 6.02eV and 5.05eV
(Figure 2c¢,d), respectively, and are poor electronic conduc-
tors, which are crucial for SEs." To obtain the thermody-
namic intrinsic electrochemical windows for LYC and LYB,
the equilibrium voltage profile and corresponding phase
equilibria as a function of applied potential referenced to Li/
Li* are calculated using the schemel"!”! based on the
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Figure 2. Calculated thermodynamic equilibrium voltage profile and
phase equilibria of a) LYC and b) LYB. Calculated density of states
(DOS) from HSE calculations for ¢) LYC and d) LYB.
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Materials Project!®! (MP) database. Both LYB and LYC show
wide electrochemical windows with anodic limits of 3.15V
and 4.21V, respectively, and a cathodic limit of 0.59 and
0.62V (Figure 2a,b), respectively. These thermodynamic
intrinsic windows are significantly wider than many current
sulfide and oxide SEs such as LGPS (1.72-2.29 V), Li;PS,
(1.71-2.31 V), LISICON (1.44-3.39V), and Lijs;La,5TiO;
(1.75-3.71 V). While their reduction limits are lower
than that of many other SEs, LYC, and LYB are still not
thermodynamically stable with Li metal, and are calculated to
have a small decomposition energy of 0.18 and 0.19 eV/atom,
respectively, in equilibrium with Li metal. This may explain
the In-Li anode with a Li/Li" potential of 0.6 V used in the
ASB cells demonstrated by Asano et al.”! The high oxidation
stability of LYC at >4V supports its use for current high-
potential cathode materials in Li-ion batteries, and is
consistent with the reported good electrochemical perfor-
mance of ASB cells using LCO cathode mixed with LYC SEs
without protective coating layers. The slightly inferior oxida-
tion stability of LYB at <4 V is inadequate for the full range
of cathode stability, which may explain why Asano et al. did
not use LYB as an ion-conducting mixture with LCO
cathode.”!

The high oxidation stability is an intrinsic property of the
chloride and bromide anion chemistries. This general trend of
electrochemical windows and anion chemistries is confirmed
in our calculations with Li-M-X ternary compounds (M=
cation, X =F, Cl, Br, I, O, S) in Figure 3 and Table S5 in the

Fluorides Chlorides Bromides lodides Oxides Sulfides
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Figure 3. Calculated thermodynamics intrinsic electrochemical win-
dows of Li-M—X ternary fluorides, chlorides, bromides, iodides, oxides,
and sulfides. M is a metal cation at its highest common valence state.

Supporting Information. While fluorides have the best
oxidation stability, chlorides strike a balance between reduc-
tion and oxidation stability. On the cathode side, chlorides
have a significant advantage in stability over oxides and
sulfides, and adequately satisfy the 4 V potential of current
Li-ion battery cathodes. In general, chlorides and bromides
exhibit wide electrochemical windows and large band gaps, as
promising chemistries for SEs to replace sulfides and oxides.

The interface compatibility with electrode materials is
also critical for ASB performance, such as coulombic
efficiency (CE), interfacial resistance, and cycle life.”! We
investigated the possible interfacial reactions between LYC
and LYB SEs and common cathode materials using the
pseudo-binary model as in the previous study."'” The reaction
energy of LYC and LYB with LCO cathode is as small as
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<45 meV/atom, which is comparable to oxide SEs and is one
order of magnitude less than sulfides.'”? LYC remains stable
with delithiated Li,sCoQO,, with an even smaller reaction
energy of 24 meV/atom, suggesting good stability during
voltage cycling. This calculated good interface stability of
LYC with LCO are consistent with the high CE (94.8%) in
the initial cycle of the ASB cell with mixed LYC and LCO
cathode without a protective coating." In comparison, most
sulfide SEs suffer favorable decomposition with delithiated
cathodes at charged state'” and ASBs with lithium thio-
phosphate SEs showed an initial cycle CE of 84.0%." This
good compatibility with LCO is also confirmed for other
common cathode materials, such as LiFePO, (Supporting
Information, Table S6). This good stability of lithium chlor-
ides with delithiated cathode is a result of its good oxidation
stability (see the Supporting Information). Therefore, lithium
chloride compounds are generally promising SEs with good
interfacial compatibility with the cathode.

In summary, we performed a first principles computation
study on LYC and LYB SEs. The results of this study
confirmed fast Li-ion conduction, wide -electrochemical
stability, and good cathode interface compatibility, consistent
with experimental reports. As revealed by AIMD simulations,
the Li* diffusion mechanism in both LYC and LYB in close-
packed hcp and fcc anion lattice is Li-ion hopping among
octahedral sites through existing vacant sites with a low
barrier. The fcc LYB shows isotropic fast Li* diffusion, and
hep LY C shows anisotropic diffusion with fast 1D c-channels,
which may be susceptible to blocking defects such as Y-Li
anti-sites. The low migration energy barrier is intrinsic for Cl
and Br anion sublattices, thanks to the monovalence of Cl~
and Br™. Thus, Cl and Br anion chemistries can achieve fast
Li-ion conduction in a variety of anion sublattices, and do not
require the rare bcc anion lattice as in current fast ion-
conducting sulfides or the concerted migration mechanism in
current fast ion-conducting oxides. Therefore, chlorides and
bromides provide a much wider materials space for fast Li-ion
conductors with fewer constraints on anion lattice and Li
sublattice than current sulfide and oxide SICs. Furthermore,
we found that chlorides and bromides generally exhibit wide
electrochemical windows, poor electronic conductivity, and
good cathode interface compatibility, and thus hold desirable
conducting and stability properties for SE applications. In
addition, these halide materials may also exhibit oxygen gas
stability, easy synthesis and processing, and mechanical
deformability, which are also required for good performance
and large-scale fabrication of ASBs. Thus, chlorides and
bromides are highly promising alternative chemistries for SEs
in ASBs.
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