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ABSTRACT: Recently, halide superionic conductors have emerged as promising solid
electrolyte (SE) materials for all-solid-state batteries (ASSBs), owing to their inherent
properties combining high Li+ conductivity, good chemical and electrochemical oxidation
stabilities, and mechanical deformability, compared to sulfide or oxide SEs. In this
Review, recent advances in halide Li+- and Na+-conducting SEs are comprehensively
summarized. After introducing the ionic diffusion mechanism and related governing
factors of the crystal structures, we discuss the design strategies, such as the substitution
and synthesis protocols, of the halide materials for further improving their properties. We
review theoretical and experimental results on electrochemical stabilities and
compatibilities with electrode materials. Moreover, we offer a critical assessment of the
challenges and issues associated with the development of practical ASSB applications,
such as cost considerations, stabilities in atmospheric air, aqueous solutions, and slurry-
processing, and the wet-slurry or dry fabrication of sheet-type electrodes (or SE
membranes) for large-format ASSBs. Based on these discussions, we provide a perspective on the future research directions of
halide SEs, emphasizing the need for expanding the materials space.

Lithium-ion batteries (LIBs) have revolutionized energy
storage from portable electronics to electrical vehicles
and battery-based utility-scale storage.1−3 While the

development of optimal organic liquid electrolytes is vital for
enabling stable cycling of electrode chemistries in LIBs, safety
hazards originating from the flammability of these organic liquid
electrolytes pose significant threats to the further advancement
of LIB technologies.3,4 Moreover, the adoption of new high-
energy electrode chemistries, such as Li metal, has driven
researchers’ interests in the development and applications of
solid electrolytes (SEs).5−14 All-solid-state batteries (ASSBs)
employing inorganic superionic conductors (SICs) as SEs are
thus considered the most promising next-generation bat-
teries.5,9,15−23 Thus far, several classes of SEs with ionic
conductivities of 1 mS cm−1 or higher at room temperature
(RT) have been developed and employed for ASSBs. These
demonstrated SEs include sulfides (e.g., Li6‑yPS5‑yX1+y (X = Cl,
Br; y = 0.0−0.5), max. ∼10 mS cm−1),24,25 oxides (e.g.,
Li7La3Zr2O12, max. 1 mS cm−1),26 halides (e.g., Li3MX6 (X = Cl,
Br), max. ∼1 mS cm−1),8,11,27 and closo-borates (e.g., 0.7Li-
(CB9H10)−0.3Li(CB11H12), 6.7 mS cm−1).28,29

Over the past decades, oxide and sulfide SEs have been the
most extensively investigated materials classes for ASSBs.
However, their employment in ASSB applications faces several

challenges (Figure 1). Despite their acceptable stability in
atmospheric air and excellent electrochemical oxidation
stability, oxide SEs generally suffer from poor ionic contacts
with electrode materials, which require hot-sintering processes
or the infiltration of liquid or polymer electrolytes.9,26,30−33 In
contrast, sulfide SEs exhibit significant advantages in the cell
assembly of ASSBs, thanks to their high ionic conductivities,
comparable with those of liquid electrolytes (∼10 mS cm−1),
and the mechanical sinterability by cold-pressing.9,31,34,35

However, as a key issue for large-scale applications, sulfide SEs
are vulnerable to the water in atmospheric air, which causes the
detrimental hydrolysis reaction and releases toxic H2S.

36−41

Moreover, the low intrinsic electrochemical stability windows of
sulfide SEs have been well documented by computational and
experimental studies.31,34,35,42 Particularly, sulfide SEs in
combination with 4-V-class layered oxide cathodes without
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protective coating layers, such as LiNbO3, Li2ZrO3, and
Li3‑xB1‑xCxO3, are known to result in poor electrochemical
performances of the ASSB cells.42−45

Since the ionic conductivity of LiX (X = Cl, Br, I) was first
reported in the 1930s, various Li-M-X phases have been
investigated,11,46 including (i) halide spinels with divalent

Figure 1. Spider plots comparing the key performances of three major inorganic SEs: sulfides, halides, and oxides.

Figure 2. Major features and progress of halide SICs. (a) Progress in development of Li+ and Na+ halide SICs. (b) Crystal structure of Li3YCl6,
superimposed with a Li+ potential map obtained using bond valence site energy calculations. Reproduced with permission from ref 27.
Copyright 2018, Wiley-VCH. (c) Cross-sectional SEM-BSE image of single-crystalline NCA88 electrodes using Li3YCl6, showing the
mechanically deformable feature of Li3YCl6. Reproduced with permission from ref 22. Copyright 2021, Wiley-VCH. (d) First-cycle charge−
discharge voltage profiles, and (e) cycling performances for NCA88 electrodes using sulfide (LPSX) and halide (Li3YCl6). Reproduced with
permission from ref 22. Copyright 2021, Wiley-VCH.
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metals (Mg and Zn), (ii) those with group 13 elements, such as
Al, Ga, and In, and (iii) those with lanthanide elements, such as
Sc, Y, and La−Lu. However, due to the previously perceived
poor ionic conduction, the entire halide class did not receive
much attention, until 2018, with the inspiring discovery by
Asano et al., who reported trigonal Li3YCl6 and monoclinic
Li3YBr6 exhibiting decent RT Li+ conductivities of 0.51 and 1.7
mS cm−1, respectively. Since then, halide SEs have drawn
significant interest from the battery research communities.27

Several halide SICs with high ionic conductivities (≥1 mS cm−1

at RT) were identified (Figure 2a, Table 1). These halide Li+

conductors are based on close-packed structures, which would
not exhibit such fast ion diffusion in sulfide or oxide compounds
(Figure 2b).47,48 According to theoretical studies,48 the weak
bonding between the monovalent halide anion and the mobile
Li+ ions leads to intrinsically low energy barriers for Li+ diffusion.
The low bond strength between the metals and halide anions
and the high polarizabilities of halide anions lead to good
mechanical deformability, which is greatly beneficial for ASSB
cell assembly (Figure 2c).27,48 In addition, the good electro-
chemical stabilities of halide SEs result in good compatibilities
with 4-V-class LiMO2 (M = Ni, Co, Mn, and Al mixture)
cathodes without protective coating (Figure 2d, e) and thus
enable good capacities and high initial Coulombic efficiencies
(ICEs) for ASSB cells.22,27,49,50

Theoretical computations confirmed that chloride and
bromide chemistries exhibit both fast Li+ diffusion and good
electrochemical stability, making them promising material
systems for SEs.48 First-principles computation revealed that
Li+ migration in chlorides and bromides has an intrinsically low
energy barrier, which can be attributed to a weaker Coulombic
interaction of Li+ with the monovalent Cl−/Br− compared to
that with O2− and S2−.48 As a result, halides need not meet the
stringent requirements of crystal structures in sulfide and oxide
Li+ conductors.47 Thermodynamic analyses revealed the
intrinsically high oxidation limit of halide anions compared to

the sulfur anions, which affords the halide with a wider stable
electrochemical window and superior interfacial compatibility
with the cathode active materials (CAMs).48 Furthermore,
thermodynamic analyses proved that chlorides generally have
much better moisture stability than sulfides.37 Compared to
oxides and sulfides, halide chemistries offer a broader range of
choices in structures, chemistries, and compositions for
designing SEs with high ionic conductivities and good stabilities.
Thus far, the Li3MCl6 family (M = Sc, Y, In, Yb, Er, etc.) has

been the most successful class of halide superionic conductors.11

Ionic conductivities reaching ∼1 mS cm−1 at RT have been
demonstrated for Li3YCl6 (trigonal, P3̅m1, 0.51 mS cm−1;
hereafter, unless specified, conductivity values are at RT),27

Li3YbCl6 (orthorhombic, Pnma, 0.14 mS cm−1),51,52 Li3InCl6
(monoclinic, C2/m, 1.49 mS cm−1),53 and Li3ScCl6 (mono-
clinic, C2/m, 3 mS cm−1).54 For successful design of halide SEs,
selecting central metal cations with appropriate ionic sizes is
critical for achieving the desired structures, such as hexagonal
close-packed (hcp) trigonal and cubic close-packed (ccp)
monoclinic structures.55 The concentrations of the mobile-ion
carriers (Li+ or vacancy) can be tuned by aliovalent substitutions
to further increase ionic conductivity.56,57 Several promising
materials design examples of halide SEs with enhanced ionic
conductivities have been reported,58 such as Zr4+-substituted
Li3YCl6 or Li3InCl6 and Fe3+-substituted Li2ZrCl6
(Li2.5Y0.5Zr0.5Cl6, 1.40 mS cm−1; Li2.7In0.3Zr0.7Cl6, 2.07 mS
cm−1; and Li2.25Zr0.75Fe0.25Cl6, 1 mS cm−1).49,59−61

Notably, the mechanochemical preparation protocol plays a
key role in the investigation of halide SEs. The low Li+

conductivity of Li3YCl6 (0.01 mS cm−1) prepared by conven-
tional heat treatment (HT) is significantly improved by more
than an order of magnitude to 0.51 mS cm−1 when prepared by
ball-milling.62 Previously, Li3InCl6 and Li3InBr6 were reported
to show Li+ conductivities of ∼0.01 and ≥1 mS cm−1,
respectively.63−67 However, when prepared by ball-milling and
subsequent HT at 260 °C, Li3InCl6 shows a high ionic

Table 1. Properties of Halide SEs, Compared with Those of Representative Sulfide and Oxide SEs

SE structure ionic conductivity (mS cm−1) specific density (g cm−3) concentration of Li or Na (mol L−1) ref

Li3YCl6 trigonal, P3̅m1 0.51 2.43 22.61 27
Li3InCl6 monoclinic, C2/m 1.54 2.71 23.34 111
Li3ScCl6 monoclinic, C2/m 3.02 2.2 23.70 54
Li2Sc2/3Cl4 cubic, Fd3̅m 1.5 2.19 23.59 77
HT-Li2ZrCl6 monoclinic, C2/m 0.005 2.53 15.92 49
BM-Li2ZrCl6 trigonal, P3̅m1 0.51 2.57 16.17 49
Na2ZrCl6 trigonal, P3̅m1 0.018 2.43 13.89 70
Na2+xZr1‑xErxCl6 monoclinic, P21/n 0.05 2.43−2.97 13.89−19.85 122
Li3YbCl6 trigonal, P3̅m1 0.1 3.14 23.17 51

orthorhombic, Pnma 0.1 3.12 23.02 51
Li3YBr6 monoclinic, C2/m 1.7 3.63 18.48 27
Li3In[Cl,F]6 monoclinic, C2/m 0.51 2.55 23.32 127
Li2Sc2/3‑xInxCl4 cubic, Fd3̅m 2 2.2 23.59 50
Li2+xZr1‑xFexCl6 trigonal, P3̅m1 0.98 − − 49
Li2+xZr1‑xInxCl6 monoclinic, C2/m 0.005−2 2.53−2.71 15.92−23.34 61
Li3‑xYb1‑xZrxCl6 orthorhombic, Pnma 1.1 − − 51
xLiCl-GaF3 − 3.7 − − 159
LiAlF4 amorphous 0.001 − − 175
Li5.5PS4.5Cl1.5 cubic, F43m 9.4 1.88 38.78 176
Li10GeP2S12 tetragonal, P42/nmc 10 2.08 35.33 15
Li7La3Zr2O12 cubic, Ia3̅d 0.1−0.4 5.15 42.93 177
La0.57Li0.29TiO3 tetragonal, P4/mmm 0.02 5.14 10.22 178
LiTi2(PO4)3 trigonal, R3̅c 0.1 2.93 9.97 179
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conductivity of 1.49 mS cm−1.53 Through pair distribution
function (PDF) and X-ray diffraction (XRD) analyses, Schlem
et al. suggested that theM2/M3metal site disordering caused by
the mechanochemical synthesis is the origin of the facile Li+

conduction in the ball-milling-prepared Li3YCl6.
62

Thus far, the major research themes in halide SEs focus on
exploring new compositions and structures. However, there
have been few reports on the various issues and considerations
for the practical applications of halide SEs in ASSBs, such as
synthesis/processing protocols, cost, chemical stability, and
large-scale ASSB fabrication. In this Review, we begin with a
summary of the recent advances in halide SEs, including design
strategies based on materials substitution, synthesis methods,
and ion-transport mechanisms. The electrochemical stability
and compatibility of halide SEs with electrode active materials
are then reviewed, followed by the practical considerations for
commercial ASSB usage of halide SEs, such as air/moisture
stability, cost, and fabrication of sheet-type electrodes, in
comparison with current state-of-the-art sulfide SEs. Finally, we
offer a research outlook for addressing the challenges and issues
emerging from the use of halide SEs in ASSBs.

■ STRUCTURE AND IONIC CONDUCTIVITY OF
HALIDE SEs

Structure of Halide SEs. Among the ternary lithium halide
SE systems, the Li3MX6 compounds (M = Sc, In, Er, Y, Ho, Yb,
etc., X = Cl, Br) are the most common Li+ conductors that show
high ionic conductivity (>0.1 mS cm−1) at RT. All Li3MX6
halides have a close-packed anion sublattice with the M cations
at the octahedral sites. The anion arrangements of these halide
SEs can be categorized into hcp and ccp structures.11,48 For the
hcp anion sublattice, there are two distinct crystal structures, the
trigonal structure of Li3ErCl6 (space group of P3̅m1) and
orthorhombic structure of Li3YbCl6 (space group of Pnma)
(Figure 3a).68 The Li3MCl6, with central metal M of Tb−Tm
and Y with similar ionic radius of Er, has an hcp trigonal

structure, and Li3LuCl6 has an hcp orthorhombic structure as
Li3YbCl6.

27,51,54 For ccp anion sublattice, there are spinel
Li2Sc2/3Cl4 (space group of Fd3̅m) and monoclinic Li3ErBr6
(space group of C2/m). While Li3MCl6 chlorides can form
either hcp anion sublattice (M = Er, Y, Yb, etc.) or ccp anion
sublattice (M = Sc, In, etc.), all known Li3MBr6 bromides (M =
Y, Sm−Lu) form the monoclinic structure with ccp anion
sublattice (C2/m).69 For iodides, Li3ErI6 exhibits a monoclinic
crystal structure with the space group C2/c. By analyzing a large
set of halide SEs on the basis of Pauling’s rules of ion packing,
Liang et al. summarized that the anion and cation sublattices
(e.g., the arrangement and distributions of anions and cations)
are determined by the ratio of ionic radii of cation M and anion
X, rM/X (Figure 3b).55 For rM/X values ranging from 0.599 to
0.637, halide SEs crystallize with hcp trigonal or orthorhombic
structure. With increased rM/X values for reduced cation radii or
increased anion radii, the crystalline structures convert to ccp
anion sublattice, as observed in Li3MCl6 and Li3MBr6 (M = Er,
Y). When the rM/X value is higher than 0.732, halide SEs tend to
form a cubic structure which is similar to the CsCl structure.
Na+ halide SEs have different structural features compared to

their Li+ counterparts. Li2ZrCl6 and Na2ZrCl6 exhibit highly
distinctive structures.49,70 While the ccp monoclinic structure of
Li2ZrCl6 is due to the small ionic radius of Zr4+, the hcp trigonal
structure for Na2ZrCl6 can be explained by the larger ionic radius
of Na+ (crystal ionic radius of 116 pm; hereafter, all the shown
ionic radius values are the crystal ionic radii71) than that of Li+

(90 pm). Na+ halide SEs are reviewed in the section “Na+

Analogues of Halide SEs”.
Design Principles and Factors for Fast Ionic Diffusion

in Halide SEs. In Li3MX6 chlorides and bromides with hcp and
ccp anion sublattices, Li+ ions occupy the octahedral (Oct) sites
coordinated with six halogen anions, and the occupancy of the
tetrahedral (Tet) sites is also reported in recent studies for
heavily doped systems such as Li3‑xM1‑xZrxCl6 (M = Y, In, Er,
and Yb) and Li3YBr3Cl3.

51,59−61,72 The hcp and ccp anion

Figure 3. Structural evolution and corresponding Li+ conductivities of central-metal-substituted halide SICs. (a) Crystal structures outlined
with the unit cells for trigonal, monoclinic, orthorhombic I and II Li3MCl6 (or Li2MCl6). Reproduced with permission from ref 51. Copyright
2021, Wiley-VCH. (b) Phase evolution of halide SEs, depending on the average ionic radius of central metals or ionic radius ratio of central
metal to halide ion.
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sublattices result in distinct diffusion channels in the crystal
structures.27,48 In the ccp anion sublattice, Li+ diffusion occurs
through a 3D isotropic network where Li+ ions hop between the
Oct sites through the intermediate Tet sites (Oct-Tet-Oct). In
the hcp anion sublattice, the Li+ diffusion is anisotropic with
one-dimensional (1D) diffusion channels, in which Li+ ions hop
among the adjacent face-sharing octahedral sites (Oct-Oct).
These 1D channels are connected through Tet sites (Oct-Tet-
Oct) to form a 3D diffusion network, and these fast 1D channels
are susceptible to channel-blocking defects, such as anti-site
defects, impurities, and grain boundaries. These different
diffusion channels in the hcp and ccp anion sublattices lead to
different ionic conductivities in halide SEs.
Using first-principles calculations, Wang et al. studied the

energy landscape of single Li+ migration in fixed hcp and ccp
anion sublattices of Cl−, Br−, and S2− with no M cations and
revealed that chloride and bromide anion sublattices exhibit
intrinsically low energy barriers for Li+ migration.48 The hcp
Cl−/Br− anion sublattice at the lattice volume of Li3YCl6/
Li3YBr3 shows a low diffusion barrier of 0.25 eV for the Oct-Oct
pathway along the c-axis and 0.29 eV for Oct−Tet−Oct pathway
within the ab-plane. The computation results for Li3YCl6 are in
agreement with the experimental anisotropic activation energies
of 0.18 and 0.25 eV. In addition, the ccp Cl−/Br− anion
sublattice exhibits a low barrier of 0.28 eV for the Oct-Tet-Oct

pathway (Figure 4a) at the lattice volume of Li3YCl6/Li3YBr3.
These intrinsic energy barriers for Li+ migration in chlorides and
bromides are significantly lower than 0.39 eV of the close-packed
hcp/ccp S2−-anion sublattice at the lattice volume of
Li10GeP2S12 (LGPS). In addition, the Li+ migration barriers in
chlorides and bromides are low for a wide range of lattice
volumes of chloride/bromide materials. Compared to the
divalent O2− and S2− anions, the monovalent Cl− and Br−

anions have weaker Coulombic interactions with Li+ ions, thus
leading to a flatter potential energy landscape for ionic diffusion.
In addition, Adelstein and Wood proposed that the chemical
bond dynamics show intrinsic frustration, as revealed by the
correlated fluctuations between cation−anion interactions with
different degrees of directional covalent character in AIMD
simulations, leading to increased Li+ mobility.66 In general,
lithium-containing chlorides and bromides have energy land-
scapes with intrinsically low barriers for Li+ diffusion in their
common close-packed anion sublattices, whereas other anion
chemistries, such as sulfides, require the rare bcc anion
frameworks to achieve low migration barriers and to become
SICs.
Given that close-packed anion sublattices are common for Li-

containing chlorides and bromides, different Li/cation config-
urations and concentrations are the key factors in determining
ion conductivities. Liu et al. performed a high-throughput

Figure 4. Computation studies for fast ion conduction in lithium halides. (a) Energy landscape of single Li+ migration in fixed hcp (left) and ccp
(right) anion lattice at volume per anion of S2− (LGPS: 40.0 Å3), Cl− (Li3YCl6: 37.4 Å

3), and Br− (Li3YBr6: 44.8 Å
3), respectively. Reproduced

with permission from ref 48. Copyright 2019, Wiley-VCH. (b) Cation blocking effect and its influence on Li+ diffusivity in LixScCl3+x.
Reproduced with permission from ref 54. Copyright 2020, American Chemical Society. (c) Li+ conductivities versus Li octahedral occupancy in
a range of renormalized compositions LixM2/3Cl4 from AIMD simulation at 600 K. (d) Li+ conductivities at 600 K as a function of M cation
concentration y in hypothetical Li+ conductors in LixMyCl4. (e) Hypothetical Li+ conductors derived from Li2MgCl4 and Li3MCl6 materials,
along with their crystal structures (right) and RDF g(r) of M cations. Reproduced with permission from ref 73. Copyright 2020, Wiley-VCH.
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computation study on a wide range of chloride materials and
revealed that the Li content and cation sublattice significantly
affect Li+ conduction.73 In their high-throughput computation,
they generated and studied a total of 74 chloride compounds
with different Li contents through aliovalent substitution of 20
known chloride systems (Figure 4c). Comparing the Li+

diffusion in these chlorides, they found that decreasing the Li
contents generally increases Li+ conductivities, which were
attributed to greater availability of the octahedral sites for Li+

hopping.73 The analyses also found that Li content of
approximately 40−60% of the octahedral site occupancy is
optimal, and further lowering of the Li content would be
detrimental to Li+ diffusion. For LixMCl6 (Figure 4c),
substituting the M3+ cations by Zr4+ can reduce the Li content
to form a number of SICs, including Li5/2Y1/2Zr1/2Cl6 (P3̅m1),
Li11/4Sc3/4Zr1/4Cl6 (C2/m), and Li8/3Y2/3Zr1/3Cl6 (P3̅m1). Liu
et al. further investigated the role of the cation M and found that
lowering the cation concentration or having sparse cation
distributions are beneficial for fast Li+ conduction.73 For the
Li3MCl6 materials with the same composition but different
cation sublattices, the sparse cation distributions, i.e., large
cation−cation distances, generally lead to faster Li+ diffusion
than those materials with denser cation distributions (Figure
4e). By analyzing and comparing a wide range of chloride
compounds and structures, the computation study revealed that
Li3MCl6 has faster diffusion than Li2MCl4 (M = Mg, Mn, Cd,
Zn, etc.) (Figure 4d), which are known to show low
conductivities in experiments.11,74−76 The poor Li+ diffusion
in the Li2MX4 spinel structures is caused by the blocking effect of
M cations, as a result of the high concentration of M cations and
denserM-cation distributions, which block the empty sites for Li
hopping and cause high energy barriers for Li+ migration. Based
on these findings, Liu et al. concluded that (1) low Li content,
typically between 40 and 60% of the available octahedron sites,
(2) low cation concentration, and (3) sparse cation distribution
are the three key factors for improving Li+ conductivities in
halide Li+ conductors.73

The significant effect of cation concentration and config-
uration on Li+ conduction is systematically illustrated in an
experimental study by Liang et al.54 In this study, a series of
LixScCl3+x compositions (x = 1, 1.5, 2, 2.5, 3, 3.5, and 4) were
synthesized by tuning cation (Sc3+) and Li+ concentrations in a
close-packed ccp anion sublattice. At a high cation concen-
tration (low x), LiScCl4 and Li1.5ScCl4.5 (x = 1, 1.5) showed a
relatively high Ea of 0.39−0.40 eV and a relatively low ionic
conductivity of 0.12−0.24mS cm−1, as the high concentration of
Sc3+ blocks the surrounding Tet sites for Li+ migration (Figure
4b) by Coulombic repulsion. The Li contents in these
compounds are also low for optimal Li+ diffusion, in agreement
with the design principles proposed by Liu et al.54,73 With the
increase in x to 2, 2.5, and 3, the Sc3+ concentration in LixScCl3+x
is lowered, thus alleviating the cation blocking effects from Sc3+

ions while achieving the optimal range of Li content. As a result,
the ionic conductivity increased to 3 mS cm−1 and Ea reduced to
0.36 eV. At higher x values of 3.5 and 4.0, the ionic conductivity
decreased while Ea remained relatively low, as the increase in Li
concentration decreased the available vacancy sites for Li+

hopping. This trend of ion conduction for the series of
LixScCl3+x compositions agrees well with the computationally
obtained design principles by Liu et al.73 Similarly, the same
design principles are also successfully applied to improve the Li+

conduction in Li2MCl4 spinel, which are known to be poor Li+

conductors. By lowering theM-cation concentration, Zhou et al.

achieved high ionic conductivity of ∼1 mS cm−1 at RT in
disordered-spinel Li2Sc2/3Cl4.

77

Recent experiments on a wide range of new halide Li+

conductors also confirm the significant roles of cation ordering,
in agreement with computation analyses. Asano et al. reported
the ionic conductivity of cold-pressed Li3YCl6 decreases after
HT that improves the crystallinity.27 It was found that the
different synthesis and processing procedures determine the
cation sublattice and ordering in hcp-Li3MCl6 (M = Er, Y, etc.)
and result in distinct ionic conductivity. Hiroaki et al. reported
that β-Li3YCl6 with disordered Y

3+ sublattice shows higher ionic
conductivity than α-Li3YCl6 with relatively ordered Y3+ sites.78

Schlem et al. also reported the disordering of Er/Y sites in hcp-
Li3ErCl6/Li3YCl6 in enhancing Li+ conduction in samples
prepared by mechanochemical synthesis.62 These significant
effects of cation ordering in ion conduction may explain the
discrepancies between the values from AIMD simulations (14
mS cm−1 and 0.19 eV) with experimental measurements (0.51
mS cm−1 and 0.40 eV) for Li3YCl6. The discrepancies were also
attributed to defects, such as Li-M anti-sites and grain
boundaries, in the materials.48 A recent computational study
by Qi et al. reported a superionic transition above 425 K in
Li3YCl6 indicating the extrapolated high-temperature Li+

conductivity in AIMD simulations would overestimate the
ionic conductivity, which also help explain the discrepancy with
experimental measurements.79

All of these results suggest the significant role of the cation
sublattice in determining high ionic conduction, in agreement
with the computation study.73 Furthermore, Liu et al.
introduced the anion disordering in ccp-Li3YBr3Cl3 by anion
mixing and achieved a room-temperature conductivity of 7.2 mS
cm−1.72 In a computation study by Zevgolis et al., the anion
mixing of Li3InBr6‑xClx was shown to tune the strain and
bonding chemistry, thus further affecting activation energy and
diffusivity.67 The anion mixing has been successfully demon-
strated in Li argyrodites Li6PS5X (X = Cl, Br, or I), in which the
S2−/X− anion disordering gives rise to Li disordering and fast Li+

conduction as revealed by Morgan et al.80 Therefore, tuning the
disordering of cation/anion sublattice is a promising strategy to
further improve the ionic conductivity of lithium halide SEs. The
effects of the structural disorder on ionic conductivity are
discussed further in the section “Synthesis Methods of Halide
SEs”.

Substitution in Halide SEs. To discover novel halide SEs
with improved ionic conductivity and (electro)chemical
stability, lithium metal chloride ternary systems LiCl−MCly−
M′Clz have been explored via the substitution of the central
metals, which changes the crystal structure according to the
average ionic radius of the central metals. Park et al. reported
Zr4+-substituted Li3MCl6 (Li3‑xM1‑xZrxCl6, M = Y, Er) with the
structural evolution from trigonal to orthorhombic I and II
structures, reaching the high ionic conductivity with the
maximum of 1.4 mS cm−1 (Figure 5a,b).59 As Zr4+ (r = 86
pm) substituted Er3+ (r = 103 pm) or Y3+ (r = 104 pm), the hcp
trigonal structure was transformed to orthorhombic I structure
(x≥ 0.2), which is isostructural with Li3YbCl6. Considering that

Tuning the disordering of cation/anion
sublattice is a promising strategy to
further improve the ionic conductivity
of lithium halide SEs.
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the average ionic radius of the central metals for Li2.8Er0.8Zr0.2Cl6
is 99.6 pm, the evolution of orthorhombic Li3YbCl6 phase (Yb =
100.8 pm) is revealed. Furthermore, a new solid-solution
orthorhombic II phase emerged asmore Er3+ or Y3+ was replaced
by Zr4+ at x > 0.4. From the results of the time-of-flight neutron

diffraction and single-crystal XRD measurements, it was
suggested that the new tetrahedral Li site created by the Zr4+

substitution facilitates Li+ conduction in the orthorhombic II
structure, reading a high ionic conductivity of 1.40 mS cm−1 in
Li2.5Y0.5Zr0.5Cl6. The structural evolution and corresponding

Figure 5. Structural evolution and corresponding Li+ conductivities of central-metal-substituted halide SICs. XRD (or neutron diffraction)
patterns and corresponding Li+ conductivities with activation energies for (a, b) Li3‑xY1‑xZrxCl6, (c, d) Li2+xZr1‑xMxCl6 (M = Fe, V, Cr) prepared
by mechanochemical method, and (e, f) Li2+xZr1‑xMxCl6 (M = In, Sc) prepared by HT. (a, b) Reproduced with permission from ref 59.
Copyright 2020, American Chemical Society. (c, d) Reproduced with permission from ref 49. Copyright 2021, Wiley-VCH. (e, f) Reproduced
with permission from ref 61. Copyright 2022, Wiley-VCH.
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modulation of ionic conductivities via central metal substitution
were also observed in Zr4+ or Hf4+ (Hf4+ = 85 pm)-substituted
Li3YbCl6.

51 WithHT, Li3‑xYb1‑xMxCl6 crystallized tomonoclinic
structures from trigonal at 400 °C and to orthorhombic II from
orthorhombic I at 500 °C. Accordingly, Li+ conductivities were
significantly increased, reaching the maximum value of 1.50 mS
cm−1 with the lowest activation energy of 0.26 eV for the
Li2.6Yb0.6Hf0.4Cl6 prepared at 400 °C. Li et al. investigated the
isovalent In3+ substitution in Li3YCl6.

58 The In3+ substitution
resulted in a structural transformation from the hcp to ccp
structure, and the ionic conductivities were enhanced to a
maximum value of 1.42 mS cm−1 (Li3Y0.5In0.5Cl6). Moreover,
the humidity tolerance was improved, which was ascribed to the
formation of hydrated intermediates rather than the hydrolysis
reaction. In-substituted Li2Sc2/3Cl4 was also recently identified
by Zhou et al.50 In the solid solution range of 0 to 0.444 in

Li2Sc2/3‑xInxCl4, the cubic spinel structure of Li2Sc2/3Cl4 was
retained without the evolution of any noticeable impurity
phases, with the corresponding Li+ conductivities ranged from
1.83 to 2.03 mS cm−1. However, at the higher x values (≥0.555),
In3+ was not incorporated into the cubic spinel structure of
Li2Sc2/3Cl4, and instead the monoclinic Li3InCl6 evolved with

The substitution of central metals and
anions in halide SEs not only changes
the structural framework but also tunes
the distribution and concentration of
Li+ ions, as effective strategies to
improve ionic conductivity.

Figure 6. Structural evolution of M2/M3 metal site disordering in Li3ErCl6 prepared by mechanochemical synthesis. (a) Li3ErCl6 unit cell with
the building units of ErCl6

3− octahedra that form a trigonal unit cell and face-sharing ErCl6
3− octahedra chains perpendicular to the (002) plane,

with three possible Er sites (Er1, Wyckoff 1a; Er2 and Er3, Wyckoff 2d). (b) Li occupying the vacant octahedral sites (Wyckoff 6g, 100%
occupied; Wyckoff 6h, 50% occupied). (c) Possible Li+ pathways including face-sharing LiCl6

5− octahedra and a tetrahedral void. (d)
Comparison of the PDF G(r) of Li3ErCl6 samples prepared differently, (e) Er2−Er3 disorder determined by G(r) fits (open circles) and
Rietveld refinements (open squares), (f) ionic conductivities and corresponding activation barriers, and (g) different transition areas for
possible Li+ diffusion pathways. Reproduced with permission from ref 62. Copyright 2020, Wiley-VCH.
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the formation of the LiCl impurity, owing to the preference of
the ccp monoclinic structure by In3+ with larger ionic radius.
Recently, Kwak et al. reported two different types of Li2ZrCl6,

the hcp trigonal Li2ZrCl6 (0.40 mS cm−1) and ccp monoclinic
Li2ZrCl6 (0.0057 mS cm−1), prepared by mechanochemical
method and HT at elevated temperature (260 °C),
respectively.49 To improve Li+ conductivity of hcp trigonal
Li2ZrCl6, tetravalent Zr in Li2ZrCl6 was substituted by trivalent
metals, such as Fe3+, Cr3+, and V3+. The solubility limit was x =
0.25−0.30 (Li2+xZr1‑xFexCl6), and Li+ conductivity was
significantly boosted from 0.40 to the maximum of ∼1 mS
cm−1 at x = 0.25, which was attributed to the increased
concentration and redistribution of Li+ in the lattice (Figure
5c,d).41,56,57,81−83 The aliovalent substitution was also effective
in improving Li+ conductivity of the ccp monoclinic Li2ZrCl6,
which exhibited a much lower Li+ conductivity (0.0057 mS
cm−1) compared to the isostructural Li3InCl6 (1.49 mS cm−1)53

and Li3ScCl6 (3 mS cm−1).54 Kwak et al. and Helm et al.
independently investigated the structural evolution and Li+

distribution in M3+-substituted ccp monoclinic Li2ZrCl6
(Li2+xZr1‑xMxCl6, M = In, Sc).60,61 In Figure 5e, Li2+xZr1‑xMxCl6
exhibited a ccp monoclinic crystal structure with a C2/m
symmetry in this solid solution series over the entire range of x
(0 ≤ x ≤ 1). Upon In3+ substitution, Li+ conductivity was
considerably increased up to 2.1 mS cm−1 (Figure 5f). The
combined analysis of the Rietveld refinement of neutron
diffraction and high-resolution synchrotron XRDmeasurements
revealed that the insufficient amount of mobile charge carriers of
Li+ in Li2ZrCl6, compared to those in Li3InCl6 or Li3ScCl6,
especially in the (002) plane, was the cause of low Li+

conductivity in the monoclinic Li2ZrCl6. In summary, the
substitution of central metals in halide SEs not only changes the
structural framework through the average metal-ion radius but
also tunes the distribution and concentration of Li+ ions, as
effective strategies to improve ionic conductivity.
In a similar manner to that of the central-metal substitution,

anion substitution also changes the ratio of cation/anion ionic
radii, rM/X, and thus changes the crystal structure of halide SEs.
Liu et al. reported that Li3YBr3Cl3 prepared by ball-milling of
trigonal Li3YCl6 and monoclinic-like Li3YBr6 exhibited a
monoclinic single phase.72 The rM/X value of Li3YBr3Cl3,
0.596, is slightly below the lower limit for the hcp structure
(rM/X = 0.605 for Li3LuCl6). The crystal structure of halide SEs
can also be affected by mobile-ion substitution. While the
Li3MCl6 (M = Y, Tb−Lu) has a trigonal structure, a series of
elpasolite compounds (A2

+B+M3+X6: Cs2LiYCl6, and
Cs2NaYCl6) wherein mobile ions are substituted with Cs+

showed a cubic structure.84,85 These phase transitions can be
explained by the larger ionic radius of Cs+ (181 pm) compared
to that of Li+ (90 pm).
Synthesis Methods of Halide SEs. For preparing ceramic

materials, popular techniques include conventional high-
temperature solid-state reactions, melt-quenching, co-precip-
itation, mechanochemistry, and gas-phase reaction methods.
Among them, solid-state reactions and the mechanochemical
method have been commonly used to synthesize halide SEs.11

The preparation methods greatly influence the crystal structure,
particularly the structural disorder and metal distributions, and
thus significantly impact ionic conductivity. Notably, the
mechanochemical method could generate unique phases of
SEs that could not be obtained by other methods.86−89 While
SEs prepared at high temperatures produce thermodynamically
stable phases, the mechanochemical method commonly

generates amorphous and/or nanocrystalline phases, which are
often unique metastable phases. The widely investigated
mechanochemically derived glass and/or glass-ceramic sulfide
SEs could be a good benchmark for the development of halide
SEs.16,90−94 Specifically, the argyrodite sulfide SEs having the
general formula Li7+x‑yMx

4+M1‑x
5+ S6−yXy (M

4+ = Si, Ge, Sn;M5+ =
P, Sb; X = Cl, Br, I; 0 ≤ x ≤ 1; 0 ≤ y ≤ 2; e.g., Li6PS5Cl) are an
interesting example. Li+ conductivities of Li6PS5I were enhanced
by 2 orders and 1 order of magnitude when prepared by a
mechanochemical method and by a solution process,
respectively, which was explained by the increased local
structural disorder and distortion.93,94 In addition, it was
shown that sulfide/halide anion site disorder and Li site
disorder are the key factors for the ionic conduction in
argyrodite sulfide SEs.80,95 The mechanochemical synthesis
method is also gaining importance for the development of highly
conductive halide SEs, and the underlying local structural
evolution emerges as an important research topic.27,49,62,96

The Li+ conductivity of highly crystalline Li3YCl6 synthesized
by conventional solid-state synthesis at high temperatures was as
low as 0.01 mS cm−1.27,62 On the other hand, mechano-
chemically synthesized Li3YCl6 exhibited a much higher Li+

conductivity of 0.51 mS cm−1.27,62 The mechanochemically
prepared samples exhibit low crystallinity and/or structural
disorder and may include amorphous phases, and as a result
conventional XRD analysis cannot offer complete structural
information. In the study by Schlem et al., the crystal structures
and ion conduction mechanisms of Li3MCl6 (M = Y, Er)
prepared using various synthesis methods were investigated and
analyzed by PDF and XRDmeasurements (Figure 6).62 Li3MCl6
(M = Y, Er) exhibited a trigonal crystal structure (P3̅m1) with
three kinds of MCl6 octahedra (Figure 6a−c), such as the M1
(Wyckoff position 1a), M2 (Wyckoff position 2d), andM3 (M2-
equivalent position in the (001) plane) sites. For the highly
crystalline Li3ErCl6 prepared at high temperatures, the M1 and
M2 sites were mostly occupied, and the M3 site (which is the
disordered position of the M2 site) was largely unoccupied. In
contrast, for mechanochemically prepared nanocrystalline
Li3ErCl6, an M2/M3 site disordering was observed, and the
ratio of M3 to M2 sites increased significantly upon mechanical
milling. When the mechanochemically prepared samples were
subjected to HT, the M2/M3 site disordering decreased along
with the increased crystallinity, which might account for the
lowered Li+ conductivity (Figure 6e,f). The structure of the
highly crystalline Li3ErCl6 with the fully occupied M2 site led to
a higher Li+ migration barrier along the c-axis owing to the
higher repulsive force of the M2 sites. In contrast, the M2/M3
site disordering derived via the mechanochemical process
lowered the migration barrier along the c-axis by weakening
the repulsion force. Furthermore, the M2/M3 site disordering
also reordered the Li+ sublattice, facilitating Li+ diffusion.
Specifically, in the four distinct polyhedral transition areas for
Li+ migration, noticeable changes were observed (Figure 6g),
which likely affected the Li+ occupancies as a result of
Coulombic repulsion.
The M2/M3 site disordering achieved using the mechano-

chemical method was also observed in hcp trigonal halide
SEs.49,70 Similar to Li3YCl6, Na2ZrCl6 exhibited a much higher
Na+ conductivity in themechanochemically synthesized samples
(BM-Na2ZrCl6: 1.8 × 10−5 S cm−1) than in the heat-treated
samples (HT-Na2ZrCl6: 6.9× 10−8 S cm−1).70 In HT-Na2ZrCl6,
the Zr1 and Zr2 sites exhibited 100% occupancy without any
disordering, and Na+ existed only at the Na1 site in the (001)
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plane. In the (002) plane, the Zr2 site was fully occupied, and the
Na+ occupancy at the Na+ interstitial sites that forms Na+

migration channels along the c-axis was zero, which might
explain the poor Na+ conduction in HT-Na2ZrCl6. In contrast,
the mechanochemical method would result in disordering of the
Zr and Na sites in the halide structures, leading to the partial
occupation of the Na interstitial sites and the formation of Na+

migration channels for the significantly enhanced Na+

conductivity. Furthermore, Kwak et al. revealed that the
mechanochemically synthesized Li2ZrCl6 has an hcp trigonal
structure and M2/M3 site disordering, as verified by the PDF
analysis, as is the case for Li3YCl6.

49

As an intriguing example, Li2ZrCl6 can crystallize into two
different structures depending on the synthesis method (Figure

7a).49 Since Zr4+ (86 pm) has a similar ionic radius to Mg2+ (86
pm)74,75 and Sc3+ (88.5 pm),54,77 Li2ZrCl6 is expected to form a
disordered spinel or monoclinic structure, whereas Y3+ (104
pm), with a larger radius, forms hcp trigonal Li3YCl6. The ccp
monoclinic structure of Li2ZrCl6 prepared by HT can thus be
understood according to its ionic radius. In contrast, Li2ZrCl6
prepared by the mechanochemical method unexpectedly
crystallizes into the hcp trigonal structure. However, upon
annealing at 260 °C for only a few minutes, the mechano-
chemically prepared sample with the hcp trigonal structure
exhibits a phase transition to the ccp monoclinic structure
(Figure 7a). This phase transition indicates that the hcp trigonal
structure derived from mechanochemical method is a
metastable phase.49

Figure 7. Structural evolution and corresponding Li+ conductivities upon HT condition of representative halide SEs. (a) XRD patterns of BM-
Li2ZrCl6 upon HT at 260 °C. Reproduced with permission from ref 49. Copyright 2021, Wiley-VCH. (b) Schematic of the phase evolutions of
Li-Sc-Cl uponHT at 650 °C, as a function of HT time variations. Reproduced with permission from ref 54. Copyright 2020, American Chemical
Society. Reproduced with permission from ref 77. Copyright 2020 the Royal Society of chemistry (c) Schematic of the phase evolutions upon
Hf4+ substitution of Li3YbCl6 prepared at 400 or 500 °C. (d) Li+ conductivities at 30 °C, and (e) corresponding activation energies for
Li3‑xYb1‑xHfxCl6. Reproduced with permission from ref 51. Copyright 2021, Elsevier.
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Flores-Gonzaĺez et al. investigated structures, thermal
stabilities, and electrochemical characteristics of mechano-
chemically prepared LiAlX4 (X = Cl, Br, I).88 Interestingly,
while LiAlI4 could not be synthesized by conventional HT, it
could be prepared mechanochemically. LiAlBr4 and LiAlI4 were
isostructural to LiAlCl4 according to synchrotron and neutron
diffraction results.
The HT condition is an important factor for achieving the

desired structure and ionic conductivity of halide SEs, similar to
the observation for sulfide SEs such as the Li2S-P2S5 binary
system.97 Ito et al. investigated the kinetically stable metastable
phase of Li3YCl6 using in situ XRD while heating of a mixture of
LiCl and YCl3 powders.78 In the metastable β-Li3YCl6
synthesized below 600 K and the stable α-Li3YCl6 synthesized
above 600 K, an hcp structure was observed for the Cl−

arrangement. While Y could occupy three different Wyckoff
positions in α-Li3YCl6, all of the Y sites are identical in β-Li3YCl6
due to the Y site disordering along the c-axis. The disordering of
Y sites in β-Li3YCl6 increases the Li

+ conductivity, similar to the
effect of M2/M3 site disordering observed in the mechano-
chemically prepared Li3ErCl6. It was postulated that the disorder
along the c-axis leads to the flattening of the energy landscape of
Li+ along the c-axis.62 Furthermore, different phase evolutions
could also occur, depending on the HT time. Recently, Liang et
al. and Zhou et al. independently reported on Sc-based halide
SEs prepared by HT at 650 °C, wherein different crystal
structures were observed for the same chemical composition
upon varying the HT time (Figure 7b); monoclinic Li3ScCl6
(max. 3 mS cm−1)54 and disordered spinel Li2Sc2/3Cl4 (1.5 mS
cm−1)77 were synthesized by heating for 12 and 48 h,
respectively. Given the similarities in the ionic radii of Sc3+

(88.5 pm) and the divalent metals such as Mg2+ (86 pm), the
formation of Sc-based halide SEs in a disordered spinel structure
may be expected. The occurrence of the two different crystal
structures for the same composition implies a subtle difference
in their formation energies.

Park et al. recently revealed the dynamic structural evolutions
of Hf4+ or Zr4+-substituted Li3YbCl6 as a function of HT
temperature variations (Figure 7c−e).51 The unsubstituted
Li3YbCl6 synthesized at 400 and 500 °C crystallized with
trigonal and orthorhombic I structures, respectively. The
aliovalent substitution of Yb3+ with the tetravalent Hf4+ and
Zr4+ metal ions led to phase transitions from trigonal to
monoclinic for HT at 400 °C and from orthorhombic I to
orthorhombic II for HT at 500 °C (Figure 7c). Compared to the
orthorhombic II phase prepared at 500 °C, themonoclinic phase
prepared at 400 °C showed higher Li+ conductivities and lower
activation energies over the entire composition range (Figure
7d, e). The highest Li+ conductivity of 1.5 mS cm−1, with the
lowest activation energy of 0.26 eV, was obtained for
Li2.60Yb0.60Hf0.40Cl6. Further, Zr

4+-substituted Li3YCl6 formed
different phases upon varying the HT temperature.51,59 While
Li2.5Y0.5Zr0.5Cl6 prepared at 200 °C had a trigonal structure, the
orthorhombic II phase emerged at 400 °C, which exhibited
slightly decreased Li+ conductivities and increased activation
energies.
Wet-chemical synthesis may be beneficial for the mass

production of SEs, thanks to its reduced processing time and
efforts for precursor mixing.9,98−100 Solvent-mediated soft
chemistry may also create novel metastable materials that
would otherwise be inaccessible.86,101−103 For cell fabrication,
solution-processing enables direct SE coatings on electrode
active materials and also allows the fabrication of sheet-type
electrodes and SE membranes with intimate ionic contacts by
infiltration.38−40,86,94,104−110 While these techniques have been
widely investigated for sulfide SEs, the development of wet
syntheses for halide SEs has been limited. Known examples are
the synthesis of Li3InCl6 using water, Li3YCl6 using NH4Cl as a
coordination agent, and Li3HoBr6 using a vacuum-evaporation-
assisted (VEA) method.53,111−113

Li et al. reported an important chemical feature of Li3InCl6:
i.e., the crystal structure and ionic conductivity of Li3InCl6
exposed to humid air (30% humidity) can be mostly recovered

Figure 8. Wet-chemical syntheses of halide SEs. (a) Schematic of the in situ synthesis of Li3InCl6 for the coatings on LiCoO2 (LIC@LCO),
initial charge−discharge curves of LIC@LCO electrodes, and the corresponding cycling stabilities. Reproduced with permission from ref 115.
Copyright 2020, Elsevier. (b) Schematic of the infiltration method for Li3InCl6/glass-fiber solid composite electrolyte film and the
corresponding charge−discharge curves. Reproduced with permission from ref 116. Copyright 2022, Elsevier. (c) Schematic illustrating the
ammonium-assisted synthesis method of halide SEs. (d) Schematic illustrating the HBr-assisted synthesis method of Li3HoBr6.
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to the original state upon heating at 260 °C.53 Using X-ray
absorption near edge structure (XANES), Raman, and
synchrotron XRD, they revealed that Li3InCl6, which is
hydrophilic in nature, rather than undergoing hydrolysis, reacted
with the water in air to generate Li3InCl6·xH2O with trace
amounts of In2O3, LiCl, and HCl.114 Upon heating, Li3InCl6·
xH2O returned to Li3InCl6 without undergoing oxidation.
Furthermore, Li3InCl6·xH2O was generated by reacting LiCl
and InCl3 in water, and Li3InCl6 could be obtained by heating at
200 °C (Figure 8a).111 Notably, the solution processing of
Li3InCl6 using water allowed the direct coating of Li3InCl6 on
LiCoO2 for LiCoO2/Li-In ASSB cells (Figure 8a).115 The halide
SE coating provides a higher ionic conductivity than conven-
tional oxide cathode coatings and a higher electrochemical
oxidation stability than sulfide SEs, resulting in good electro-
chemical performances of ASSB cells. At 0.1C, LiCoO2 coated
with 15 wt% Li3InCl6 showed an initial capacity of 131.7 mA h
g−1 and could be operated up to 4C at RT. Furthermore,
infiltration using Li3InCl6 solution could also be applied for
producing Li3InCl6/glass-fiber solid composite electrolyte films
with good mechanical strength and a high ionic conductivity of
0.54 mS cm−1 (Figure 8b).116

However, among chloride (and bromide) SEs, Li3InCl6 has
been the only SE that can be prepared by wet-synthesis (or
process) using pure water. The other chloride SEs exhibit
hydrolysis reactions to form metal oxides or metal oxychlorides
upon heating (Table 2), and the poor water stabilities make

them inaccessible for wet-synthesis using water.117−119 To
achieve the wet-synthesis of alternative halide SEs, it is essential
that the formed intermediate species do not produce an oxidized
product upon heating (Table 3).117 Motivated by the industrial
“ammonium chloride route” to produce metal chlorides, Wang
et al. synthesized various halide SEs, such as Li3YCl6, Li3ErCl6,
and Li3ScCl6 (eq 1, Figure 8c), through112

+ + · →

+ [ ] + → +

+

3LiCl 3NH Cl MCl 6H O 3LiCl

(NH ) MCl 6H O Li MCl 3NH Cl

6H O

4 3 2

4 3 6 2 3 6 4

2 (1)

When LiCl and the metal halide were reacted in water in the
presence of NH4Cl, (NH4)3[MCl6] could be obtained as an
intermediate species. Upon heating at elevated temperatures,
(NH4)3[MCl6] was not oxidized or hydrolyzed, and the desired
halide SEs could be obtained. Li3HoBr6 could be synthesized on
a gram scale using a new VEA method, which has the advantage
of using relatively inexpensive precursors such rare earth metal
(REM) oxides, lithium carbonates, and ammonium halides (eq
2, Figure 8d).113

+ +

→ + + +

3Li CO Ho O 12NH Br

2Li HoBr 3CO 12NH 6H O
2 3 2 3 4

3 6 2 3 2 (2)

The key to the underlying mechanism was the formation of an
intermediate product by reaction with NH4Br. Because the wet-
chemical syntheses/processes discussed thus far are based on
water and could produce halide SEs with high ionic
conductivities and electrochemical oxidation stability at the
same time, they have the potential for scalable preparation of
halide ASSBs. However, the low pH (or acidity) of the halide
solutions remains a challenge to be addressed, which can cause
damages to the exterior packages, manufacturing equipment and
facilities, and the electrode components, including active
materials and/or the current collectors.111

Na+ Analogues of Halide SEs.Compared to Li+ halide SEs,
fewer types of Na+ halide SEs have been reported. Park et al.
computationally investigated a series of Na3MCl6 SEs with three
structures, i.e., trigonal P3̅m1, trigonal R3̅, and monoclinic P21/
n.120 Similar to Li+ halide SEs, Na3MCl6 SEs possessed good
oxidation stability and interfacial compatibility with cathodes,
and the formation of vacancies by aliovalent substitution also
enhanced the ionic conductivity of Na3MCl6 SEs, as in their Li
counterparts. While computational studies predicted Na+ halide
SEs with high ionic conductivities,120,121 only three Na+ halide
SEs have thus far been experimentally identified with Na+

conductivities over 10−5 S cm−1 (Figure 9): the ccp monoclinic
[P21/n , Na3 ‑xEr1 ‑xZrxCl6 (0.04 mS cm−1),122 and
Na3‑xY1‑xZrxCl6 (0.066 mS cm−1)]123 and hcp trigonal [P3̅m1,
Na2ZrCl6 (0.018 mS cm−1)].70 Na3‑xEr1‑xZrxCl6 and
Na3‑xY1‑xZrxCl6 showed the same ccp monoclinic structure,
owing to the similar ionic sizes of Er3+ (103 pm) and Y3+ (104
pm), as the Li counterparts Li3ErCl6 and Li3YCl6 showed the
same hcp trigonal structure. However, it was noted that the Na+

halide SEs crystallize differently from their Li+ counterparts. The
simple rM/X rule for Li+ halide SEs does not apply for the Na+

halide SEs. Na3ScCl6 (Sc
3+: 88.5 pm) and Na3YCl6 (Y

3+: 104
pm) showed the same structure (monoclinic, P21/n) despite the
large difference in the ionic size of their central metal atoms.124

On the other hand, Na3InCl6 (94 pm), comprising In3+ with a
radius value between those of Sc3+ and Y3+, showed a crystal
structure (trigonal, P3̅m1) different from that of Li3InCl6 (ccp
monoclinic, C2/m).125 Na3‑xM1‑xZrxCl6 (M = Y, Er) showed the
ccp monoclinic structure (P21/n) for the entire range of the
composition, except for the end member Na2ZrCl6 (Figure
9a,b), which had a trigonal (P3̅m1) space group (Figure 9h,i)
analogous to Li3ErCl6. The much larger ionic radius of Na+ (116
pm) than that of Li+ (90 pm) likely causes the differences in the
crystal structures.

Table 2. Hydrolysis Reaction of Metal Halides

metal halide hydrate form products after heat treatment

YCl3 YCl3·6H2O MOCl or M2O3 (M = Y, Sc, La−Lu)
ScCl3 ScCl3·xH2O

InCl3 InCl3·xH2O major: InCl3
minor: In2O3

ZrCl4 −(hydrolysis)− ZrOCl2, ZrO2

Table 3. Synthesis Routes for Anhydrous Metal Halides

reagents chemical reaction

NH4Cl 12(NH4)Cl + Y2O3 → 2(NH4)3[YCl6] + 6NH3 + 3H2O
6(NH4)Cl + 2YCl3·6H2O → 2(NH4)3[YCl6] + 3H2O
12(NH4)Cl + 2Y → 2(NH4)3[YCl6] + 6NH3 + 3H2

2(NH4)3[YCl6]→ (NH4) [Y2Cl7] + 5(NH4)Cl→ 2YCl3 + 6(NH4)
Cl

SOCl2 MCln·xH2O + xSOCl2 → MCln + xSO2 + 2xHCI

CCl4 Ln2O3 + 3CCl4 → 2LnCl3 + 3Cl2 + 3CO
MO2 + 2CCl4 → MCl4 + 2COCl2 (M = Zr, Hf)

ACS Energy Letters http://pubs.acs.org/journal/aelccp Review

https://doi.org/10.1021/acsenergylett.2c00438
ACS Energy Lett. 2022, 7, 1776−1805

1787

http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.2c00438?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Similar to Li+ halide SEs, aliovalent substitution of Na3MCl6
SEs is also employed to enhance the ionic conductivity. In the
Zr4+-substituted Na3ErCl6, only Na atoms in the octahedral Na
site were removed to create Na vacancies in the prismatic and
octahedral sites. The authors suggested that this occurred even
though the aliovalent substitution of Er3+ with Zr4+ decreased
the activation energy and increased Na+ conductivity owing to
the vacancy-driven Na+ conduction (Figure 9c−e). The bond
valence energy level (BVEL) calculations of Na2ZrCl6 revealed
that an interstitial octahedral site bridged the Wyckoff 6g Na
sites along the c-axis, which facilitated the Na+ migration along
the c-axis (Figure 9h,i).70

Similar to the Li+ counterparts,49,51,54,77 the preparation
method affected the structure and ionic conductivities of Na+

halide SEs.70,122,123 For Na2ZrCl6 and Na3‑xY1‑xZrxCl6, the Na
+

conductivities for the samples prepared by mechanical milling
were several orders of magnitude higher than those prepared by
HT (Figure 9f). For mechanisms similar to those used with the
Li+ halides discussed in the section “Na+ Analogues of Halide
SEs”, the structural disorder may have rendered more favorable
sublattices for Na+ conduction.62,87

■ HALIDE SEs FOR ALL-SOLID-STATE BATTERIES

Halide SEs bring together the combined advantages of sulfide
and oxide SEs, that is, the mechanical sinterability and excellent
electrochemical oxidation stability, and thus are among the best
candidates for achieving high-energy ASSBs with at-scale
manufacturing. The poor electrochemical reduction stability of
halide SEs prevents their use with current major anodes such as
Li metal, graphite, and Si, and multiple SEs could be applied in a
single ASSB cell to mitigate the stability issue at the anode
interface while maintaining the exceptional advantage of halide
SEs for catholytes.

Intrinsic Electrochemical Stability of Halide SEs. The
computation study by Wang et al. confirmed that halide SE
materials have wide electrochemical windows and good interface
compatibility with CAMs (Figure 10).48 For example, Li3YCl6
and Li3YBr6 have large band gaps of 6.02 and 5.05 eV as well as
wide electrochemical windows with cathodic limits of 0.59 and
0.62 V and anodic limits of 3.15 and 4.21 V, respectively. At
lower potentials, the cathodic limits were caused by the
reduction reaction of metal cations, such as Y in Li3YCl6 and
Li3YBr6, leading to the formation of LiX (X = Cl or Br) and
reduced metals. Due to the reduction of metal cations in halides,
they are not thermodynamically stable in the presence of Li

Figure 9. Crystal structures and Na+ conduction pathways for Na+ halide SEs. (a) Na3ErCl6 structure built in a bcc-like arrangement of ErCl6
3−

octahedra and two different Na polyhedra that were found to be either prisms or octahedra, being linked by either a corner or an edge. (b) XRD
patterns for Na3‑xEr1‑xZrxCl6 showing that the full-substitution series crystallizes in the P21/n space group except for Na2ZrCl6. (c) Na+

conductivity for Na3‑xEr1‑xZrxCl6. (d) Na Wyckoff positions exhibiting Na occupancies. (e) Energy landscape diagram of Na+ diffusion for
Na2.8Er0.8Zr0.2Cl6, obtained by the BVEL calculations. Reproduced with permission from ref 122. Copyright 2020, American Chemical Society.
(f) Arrhenius plots of Na+ conductivity and (g) powder XRD patterns for BM- and HT-Na2ZrCl6 (P3 ̅m1). (i) Na+ diffusion paths and (j) energy
landscape diagram for HT-Na2ZrCl6, obtained by the BVEL calculations. Reproduced with permission from ref 70. Copyright 2021, Elsevier.
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metal. At high potentials, the anodic limits of∼3 V for bromides
and ∼4 V for chlorides are caused by the oxidation reaction of
halogen anions. The oxidation limits of chloride SEs are
generally higher than those of oxide and sulfide SEs, such as
LGPS (1 . 72−2 . 29 V) , L i 3PS 4 (1 . 71−2 . 31 V) ,
Li1.3Al0.3Ti1.7(PO4)3 (2.17−4.21 V), and Li0.33La0.56TiO3
(1.75−3.71 V). The high oxidation stability is an intrinsic
property of the halide anion chemistries, as confirmed by the
analyses of thermodynamic intrinsic windows of Li-M-X ternary
compounds (M= cation; X = F, Cl, Br, I, O, S, N) over a range of
cations and anions (Figure 10c). Among these common anion
chemistries, fluorides have the highest oxidation stability of
more than 6 V, followed by the chlorides at around 4 V. For
oxides, the oxidation limits are much higher than the
thermodynamic intrinsic limits of 3.0−3.5 V due to the kinetic
limitations of O2− oxidation. In general, sulfides have intrinsi-
cally poor stability, considering that the oxidation of S2− occurs
at >2 V. On the other hand, the cathodic limits are largely
determined by the reduction of cations. In general, rare-earth
elements, including Sc3+, Y3+, and many lanthanides, have
relatively good reduction stability, while Ge4+, Sn4+, P5+, and
Sb5+ sacrifice their electrochemical stability under reduction.37

For common chloride SEs Li3MCl6, the reduction limits follow
the trend of Y3+ < Sc3+ < In3+. No known halide SEs are stable

with Li metal, and they are often used with an In
anode.48,54,113,126,127 Therefore, it is a critical challenge to
enable halide SEs with good stabilities with Li metal. Among
these anion chemistries, nitrides are a known exception that
exhibit intrinsic thermodynamic stability toward Li metal.48

Thermodynamic analyses of the intrinsic electrochemical
stabilities of different anion chemistries show the significant
advantages of chloride SEs in the electrochemical stability
window compared to sulfide SEs.
The thermodynamic analyses also reveal that halide SEs have

significantly better interface stabilities with CAMs than sulfide
SEs (Figure 10b). For sulfide SEs, the reaction energies of LGPS
with LiCoO2 and Li0.5CoO2 are −322 and −476 meV/atom,
respectively. In comparison, the Li3YCl6 chloride is much more
stable with LiCoO2 cathode with aminor reaction energy of−33
meV/atom, and is stable in the presence of delithiated
Li0.5CoO2. The analyses also confirm good stabilities of halide
SEs with other CAMs, including LiFePO4, LiCoPO4, LiNiO2,
LiNi0.5Mn1.5O4, and NMC-111.48,128,129 In summary, thermo-
dynamic analyses confirm that chloride SEs show good
electrochemical and interfacial stabilities with themost common
CAMs, which is much better than the current sulfide SEs.

Cathodes Using Halide SEs. 4-V-class Ni-rich layered
LiMO2 compounds (M = Ni, Co, Mn, and Al mixture) are the

Figure 10. Thermodynamics intrinsic electrochemical window and interface stability of halide SEs. (a) Calculated thermodynamic equilibrium
voltage profile and phase equilibria for Li3YCl6, and density of states (DOS) from HSE calculations. (b) Calculated mutual reaction enthalpy
between SEs and LiCoO2 as a function of mixing ratio and the corresponding phase equilibria. (c) Calculated thermodynamic intrinsic
electrochemical windows of Li-M-X ternary fluorides, chlorides, bromides, iodides, oxides, sulfides, and nitrides. M is a metal cation at its
highest common valence state. Reproduced with permission from ref 48. Copyright 2019, Wiley-VCH.
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key CAMs enabling high energy density in the state-of-the-art
LIBs,11,130−133 and the adoption of these CAMs in ASSBs is
critical to achieve high energy density for commercial

applications. Thus far, multiple studies investigated the sulfide
SEs for integration with the Ni-rich layered LiMO2 in
ASSBs.5,6,9,44,45,134−136 However, the sulfide SEs suffer from

Figure 11. Electrochemical performances of LiMO2 (orNaMO2) using halide SEs. (a) Initial charge−discharge curves of LiCoO2 cathodes using
halide or sulfide SEs at 0.1C and 25 °C. Reproduced with permission from ref 27. Copyright 2018,Wiley-VCH. (b) Pros and cons for halide and
sulfide SEs, and for single-crystalline and polycrystallineNCA. (c) First-cycle charge−discharge voltage profiles at 0.1C and 30 °C for electrodes
with four different combinations of NCA (single- or polycrystalline) and SEs (Li3YCl6 or LPSX). (d) Cycling performances for LiCoO2 and Ni-
rich layered oxides in all-solid-state cells. Ex situ TEM and XPS results of P/LYC and P/LPSX electrodes in all-solid-state cells cycled at RT. (e)
Low- and high-magnification ex situ TEM images for surface regions of the secondary particles of poly-NCA in contact with Li3YCl6 and LPSX
after 100 cycles with corresponding FFT images. (f) Ex situ XPS spectra for P/Li3YCl6 and P/LPSX electrodes before cycling and after 100
cycles. Reproduced with permission from ref 22. Copyright 2021, Wiley-VCH. (g) First-cycle charge−discharge voltage profiles at 0.1C and 30
°C for NaCrO2/Na−Sn all-solid-state cells using BM-Na2ZrCl6 or Na3PS4 as catholytes, and (h) the corresponding Nyquist plots. Cycling
performance at 0.1C is also shown in the inset. Reproduced with permission from ref 70. Copyright 2021, Elsevier.
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poor electrochemical oxidation stability. Extensive efforts have
been devoted to the protective coatings for CAMs (e.g., LiNbO3,
Li2ZrO3, and Li3‑xB1‑xCxO3)

42,43,45,56 and compositional tuning
of sulfide SEs (e.g., Li10GeP2S12‑xOx, Li6PS4.7O0.3Br) to enable
cathode stability.136,137 In the pioneering work by Asano et al.,
unprotected LiCoO2 using the halide SE Li3YCl6 demonstrated
a high ICE of 94.8%, in sharp contrast to that of 84.0% using
sulfide SE Li3PS4 (Figure 11a).27 Electrochemical impedance
spectroscopy (EIS) measurements revealed much lower
interfacial resistance when using Li3YCl6 (16.8 Ω cm2),
compared to that while using Li3PS4 (128.4 Ω cm2). Indeed,
theoretical and experimental results demonstrated that halide
SEs possess an electrochemical oxidation stability up to ∼4.2 V
(vs Li/Li+). Thus, halide SEs are considered a potential game
changer in ASSB technology based on high-energy LiMO2
CAMs.22,27,49−51,59 The electrochemical performances of
various cathodes used together with different halide SEs are
compared in Table 4.
Han et al. investigated and compared the electrochemical

performance of a variety of uncoated Ni-rich layered oxide
CAMs, such as single-crystalline LiNi0.88Co0.11Al0.01O2 (single-
NCA) and conventional polycrystalline LiNi0.88Co0.11Al0.01O2
(poly-NCA), with halide SE, Li3YCl6 (LYC) compared to the
conventional sulfide SE Li6PS5Cl0.5Br0.5 (LPSX) (Figure 11b−
f).22 Figure 11b shows the pros and cons of critical design factors
for halide versus sulfide SEs combined with single-crystalline
versus polycrystalline NCA, respectively. Secondary poly-NCA
particles comprising randomly oriented grains undergo severe
disintegration in all-solid-state cells even during the initial cycles,
leading to poor ICE and fast capacity fading upon repeated
cycling.134 In contrast, the single-NCA particles do not suffer
from mechanical failure. While the Li+ conductivity of Li3YCl6
was an order of magnitude lower at 30 °C (0.40 mS cm−1) than
that of LPSX (4.8 mS cm−1), it showed much superior
electrochemical oxidation stability toward LPSX. The sloping
voltage profile, starting at ∼3.2 V (vs Li/Li+), during the initial
charge when using LPSX confirmed the poor electrochemical

oxidation stability of sulfide SEs (Figure 11c). The combination
of cracking-free single-NCA and the oxidation-tolerable Li3YCl6
has the highest performance at 30 °C in all aspects of discharge
capacity (199 mA h g−1 at 0.1C), ICE (89.6%), cycling stability
(96.8% of capacity retention at the 200th cycle), and rate
capability (130 mA h g−1 at 4C). Ex situ TEM and XPS results
confirmed that the Li3YCl6/NCA interfaces remained intact
(Figure 11e,f), in contrast to the severe side reactions caused by
the reactive Ni4+ with the sulfide SE. Moreover, as revealed by
the operando electrochemical pressiometry measurements of
control samples, the side reactions of sulfide SEs also
contributed to the detrimental electrochemomechanical effects
that accelerated the cracking of poly-NCA particles, whereas
such side reactions and detrimental effects were circumvented
using halide SEs.
Park et al. demonstrated the long-term cycling stability of bare

single-crystalline NCA cathodes using Li2.6Yb0.4Zr0.6Cl6 with
capacity retention of 83.6% after 1000 cycles at 30 °C.51 Zhou et
al. reported that uncoated LiCoO2 and LiNi0.85Co0.1Mn0.05O2
with Li2In1/3Sc1/3Cl4 exhibited excellent rate capabilities and
high-voltage cycling stability of up to 4.8 V vs Li/Li+.50 In
particular, a long cycle life of >3000 cycles with 80% retention
was demonstrated using a ASSB cell operated under 250 MPa.
Zhou et al. further found that Li2In1/3Sc1/3Cl4 showed minimal
reaction with LiNi0.85Co0.1Mn0.05O2 even when cycled up to 4.8
V (vs Li/L+), which was ascribed to a kinetic overpotential
owing to the exceptionally low electronic conductivity of
Li2In1/3Sc1/3Cl4 (4.7 × 10−10 S cm−1). Computational and
experimental studies revealed the role of the central metals in
determining electrochemical windows of halide SEs.48,138

Li3YbCl6 with fully occupied atomic orbital of Yb (4f146s2) has
a higher electrochemical oxidation stability above 4.5 V (vs Li/
Li+), compared to those with Y (4d15s2) and In (5s25p1), as
confirmed by cyclic voltammetry results.138 Using Li3YbCl6,
LiNi0.83Co0.12Mn0.05O2 and LiCoO2 achieved good electro-
chemical performances with the higher cutoff voltages of 4.3 and
4.5 V (vs Li/Li+), respectively, and capacity retentions of 78 and

Figure 12. Electrochemical oxidation stability and performance of F-substituted Li3InCl6, Li3InCl4.8F1.2, compared with Li3InCl6. (a) LSV
analysis of Li3InCl6 and Li3InCl4.8F1.2 fromOCV to 7 V. (b) Phase equilibria of Li3InCl4.8F1.2 at different potentials, based on the first-principles
computation. (c) First three discharge−charge voltage curves of LiCoO2 cathodes using Li3InCl4.8F1.2. (d) Cycling performances of LiCoO2
cathodes using Li3InCl4.8F1.2 or Li3InCl6 in the voltage range of 2.6−4.47 V (vs Li/Li+). Reproduced with permission from ref 127. Copyright
2021, Wiley-VCH.
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82.2%, respectively, after 50 cycles. From ex situ XPS
measurements of the LiNi0.83Co0.12Mn0.05O2 electrode with
Li2.556Yb0.492Zr0.492Cl6, the Yb 4d spectrum was identical to that
of the pristine sample, indicating good stability, whereas the Y 3d
spectrum of Li2.766Y0.462Zr0.462Cl6 with the same CAM exhibited
the peaks attributed to oxygen-containing compounds Y2O3/
Y2(CO3)3.
Recently, F-substituted chloride SEs are developed to further

increase the electrochemical oxidation limit of halide SEs. Zhang
et al. investigated the structural evolution and electrochemical
stability of F-substituted Li3InCl6 (Li3InCl4.8F1.2) (Figure
12).127 As a result of F-substitution, F− anions occupy specific
lattice sites of Li3InCl4.8F1.2 and the lattice volume contracts due
to the smaller ionic radius of F (F−: 133 pm vs Cl−: 181 pm).
Electrochemical stability was improved by F-substitution at the
expense of ionic conductivity decreased from 1.3 to 0.51 mS
cm−1. As revealed by the linear sweep voltammetry (LSV)

results (Figure 12a), Li3InCl4.8F1.2 exhibited significantly
improved electrochemical stability up to 4.3 V (vs Li/Li+) or
higher, compared to unsubstituted Li3InCl6. A first-principles
computation study revealed the anodic limit of Li3InCl4.8F1.2 to
be 4.42 V and indicated the formation of F-based interphase
materials, such as LiF, LiInF4, and InF3 (Figure 12b). These F-
containing compounds passivated the interfaces, protecting
further decomposition of Li3InCl4.8F1.2, and thus increased the
electrochemical oxidation stability. Furthermore, excellent
electrochemical performance was demonstrated for ASSBs
that employ F-substituted Li3InCl6 SE and LiCoO2 cathode
with a high cutoff voltage of 4.47 V (vs Li/Li+), showing a high
first discharge capacity of 160.6 mA h g−1 with a high ICE of 92%
(Figure 12c). The cycling stability was significantly better for the
ASSB cells employing Li3InCl4.8F1.2 than those using Li3InCl6
(Figure 12d).

Figure 13. Electrochemical reduction stability of halide SEs. (a) Schematic of Li metal deposition on halide SE (Li3InCl6) using an argon sputter
gun and subsequent XPSmeasurement (left). Auger In-MNN andXPS In 3d and Li 1s spectra during and after Li deposition on Li3InCl6 (right).
Reproduced with permission from ref 143. Copyright 2021, Wiley-VCH. (b) Schematic illustrating the failure mechanism of the Li/halide SE
interface. (c) Temporal evolution of the impedance spectra of a Li/Li3InCl6/Li symmetric cell. Reproduced with permission from ref 143.
Copyright 2021, Wiley-VCH. (d) LSV curves of Li3YBr6 and Li3YBr5.7F0.3. (e) Li plating/stripping voltage profiles of Li/Li3YBr5.7F0.3/Li
symmetric cells at 0.1 mA cm−2 with the capacity of 0.1 mA h cm−2. Reproduced with permission from ref 126. Copyright 2021, Wiley-VCH.
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Similar to Li+ halide SEs, Na+ halide SEs used as catholytes
also significantly improved the performance of all-solid-state
cells, compared to those using sulfide Na+ SEs. Even though
Na2ZrCl6 has an order of magnitude lower ionic conductivity
(0.018 mS cm−1) than that of Na3PS4 (0.1 mS cm−1), NaCrO2/
Na-Sn all-solid-state cells using Na2ZrCl6 catholyte showed
higher capacity (111 vs 90 mA h g−1) and ICE (93.1% vs 76.5%)
at 30 °C, compared to those using Na3PS4 (Figure 11g,h).
Control experiments using EIS and ex situ XPS revealed that
Na2ZrCl6 remained intact upon cycling, in contrast to the severe
oxidation for Na3PS4.

139 Further, Wu et al. reported the long-
term cycling stability of NaCrO2/Na-Sn all-solid-state cells
using Na2.25Y0.25Zr0.75Cl6 as the catholyte at 40 °C, in which a
capacity retention of 89.3% after 1000 cycles was reported.123

Anodes for Halide SEs. As discussed in the section
“Intrinsic Electrochemical Stability of Halide SEs”, halide SEs
exhibit poor electrochemical reduction stability, impending their
application to anodes. Ji et al. compared the reactivity of sulfide
(Li6PS5Cl) and halide (Li3YCl6) SEs with that of Li powders.

127

While the original XRD peaks were preserved in the Li6PS5Cl-Li
mixture, for the Li3YCl6-Li mixture the characteristic peaks for

Li3YCl6 were almost degraded and the LiCl peak appeared,
indicating the severe reaction between Li3YCl6 and Li metal.
Besides the thermodynamic intrinsic stabilities of the materials,
the formation of interfacial products as a result of the
electrochemical reduction of halide SEs was also responsible
for the interfacial stability.31 The sulfide Li6PS5Cl SE decompose
to Li2S, Li3P, and P2S5 in contact with Li metal or under low
potentials,31,140 and these products block the electron pathway
while maintaining the Li+ pathways, thus preventing further
decomposition, similar to the working mechanism of solid
electrolyte interphases (SEIs) in LIBs.1,31,141,142 This passivating
mechanism of sulfide SEs enables their compatibility with Li
metal anodes. In contrast, halide SEs do not form favorable
decomposition products when in contact with Li metal.
Specifically, central metal ions in halide SEs are reduced to
form detrimental metals, which are electronic conducting.48

Using XPS, Riegger et al. measured the decomposition products
of Li3YCl6 and Li3InCl6 during the sputtering deposition of Li on
the SEs (Figure 13a).143 As halide SEs were decomposed by the
deposited Li metal, metal oxides were first formed, followed by
the reduction to the metal. This result indicates that the

Figure 14. Chemical stability of SEs. Moisture stability (hydrolysis reaction energy, y-axis) versus reduction stability (reduction reaction energy
with alkali metal, x-axis) for (a) 52 lithium ternary sulfides and (b) 14 lithium ternary chlorides. Reproduced with permission from ref 37.
Copyright 2020, Wiley-VCH. (c) Illustration of Li3InCl6 reaction mechanism in humid air. Reproduced with permission from ref 144.
Copyright 2021, Wiley-VCH. (d) Li+ conductivity of Li3InCl6 at 25 °C as a function of air-exposure time with different humidity levels.
Reproduced with permission from ref 114. Copyright 2021, the American Chemical Society. (e) pH of four aqueous solutions of Li3InCl6, LiCl,
InCl3·4H2O, and themixture of LiCl and InCl3·4H2O as a function of time. (f) XRD pattern of Li3InCl6 reacted with Al foil for 12 h. Reproduced
with permission from ref 144. Copyright 2021, Wiley-VCH.
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electrochemical reduction reaction of halide SEs in contact with
Li metal continues and does not cease because of the electron
conduction provided by the metal (Y or In) (Figure 13b), and as
a result the SE/Li interfacial resistance continuously increases
over time (Figure 13c).
To improve the stability of halide SEs with Li metal, Yu et al.

suggested the F-substitution strategy, which was demonstrated
for sulfide SEs.126 The LSV results for Li3YBr5.7F0.3 compared to
Li3YBr6 showed that the onset voltage for the reduction was
shifted in the negative direction and the overall reduction
currents were decreased (Figure 13d). In addition, the XPS
depth profiling results revealed the formation of LiF at the Li
metal interfaces, which helped the passivation of the
interfaces.126 For Li/SE/Li symmetric cells using Li3YBr6, a
high overpotential of ∼0.25 V occurred initially and continued
to increase after 300 h. In contrast, a much lower overpotential
was maintained for more than 1000 h for the F-substituted
sample (Figure 13e). While the F-substitution strategy
improved the anode interfacial stability of halide SEs, the overall
results were unsatisfactory compared to those using sulfide SEs.
For example, a very large overpotential of 0.4−1.5 V was
observed even at low current densities (e.g., 0.1 mA
cm−2).54,113,126,127 For this reason, ASSBs that employ sulfide
SEs as the anolyte (or SE membranes) and halide SEs as the
catholyte could benefit from the advantages of both SE
chemistries for practical applications.9 Indeed, several literature
reports on halide SEs have adopted the dual electrolyte
configuration for ASSB systems.22,49,51,72,126,127

■ INDUSTRIAL PERSPECTIVE OF HALIDE SEs
Air/Moisture Stability. Better chemical oxidation stability

is a key positive feature of halide SEs compared to sulfide SEs.
Asano et al. showed that the exothermic heat generated by the
oxidation reactions of Li3YCl6 was 20−100 times lower than that
for glass-ceramic Li2S-P2S5.

27 Moreover, halide SEs do not suffer
from the evolution of toxic H2S gases as sulfide SEs upon
exposure to humid air. Even with much better stabilities than
sulfide SEs, halide SEs are also unstable in atmospheric air. Most
halide SEs are hydrophilic, and water molecules from the moist
air adsorb on the halide surfaces. As a result, irreversible
chemical degradation occurs as the hydrolysis to form MCl3·
xH2O and LiCl·xH2O in most halide SEs.58,114 During the
dehydration process with heating, MCl3·xH2O is converted into
M2O3 and HCl.
Zhu et al. conducted a systematic thermodynamic analysis for

a wide range of halide and sulfide materials.37 They investigated
the thermodynamics of the hydrolysis and reduction reactions of
M-X and Li/Na-M-X (M = cation, X = S, Cl) based on DFT
computation data. The stability trends among the different
chemistries were revealed, and the effects of cations, anions, and
Li/Na content on moisture stability were identified (Figure
14a,b). For sulfides, metalloid ions, including Ga3+, Ge4+, Sn4+,
Sb5+, Pb4+, and Bi3+, showed significantly better moisture
stability than P5+, in consistent with the empirical hard and soft
acid and base (HSAB) theory and previous experiments.38−41

The alkali and alkaline ions and late-transition-metal ions
exhibited relatively better moisture stabilities. The thermody-
namics analyses confirm the chlorides showed significantly
better moisture stability than sulfides according to their
hydrolysis reaction energies, in agreement with the experimental
results. Their analyses found that for chlorides In cation shows
the best moisture stability, which is in good agreement with the
experimental reports of the excellent moisture stability of

Li3InCl6.
53 In addition, Zhu et al. charted the moisture and

electrochemical stabilities for sulfides and chlorides with
different cations (Figure 14b) and these charts provided
guidance for cation selection or substitution in designing
moisture-stable sulfide/chloride SEs.
As discussed in the section “Synthesis Methods of Halide

SEs”, compared with other halide SEs, Li3InCl6 possesses
exceptional chemical properties when in contact with water.
While other halide SEs are decomposed to form MCl3·xH2O
and LiCl, Li3InCl6 is converted to the hydrated intermediates
(Li3InCl6·xH2O) that have much better resistance to the
detrimental hydrolysis reaction during the dehydration process
(Figure 14c).114,144 Since the hydrated intermediates may have
lower Li+ conductivities than that of the original phase
(Li3InCl6), there is severe degradation of Li+ conductivity
upon exposure to air with higher humidity (Figure 14d).114 The
original Li+ conductivity cannot be recovered even after the
dehydration process, because of the partial hydrolysis reaction.
In addition, the aqueous solutions of InCl3 or Li3InCl6 are acidic
(Figure 14e), which can be explained by the reaction of In3+ with
water to generate the indium hydroxide and hydronium ions
(In3+ + 3H2O ⇌ In(OH)3↓ + 3H+). As a result, halide SEs in
ambient air corrode an Al foil, which is an essential cell
component (Figure 14f).144 Compositional tuning of halide SEs
using In showed positive effects on their air/moisture stability.
With an increased ratio of substituting Li3YCl6 with In

3+, the ccp
anion arrangement formed preferentially over the hcp structure,
and the hydrated intermediates were formed instead of a
hydrolysis after exposure to humid air.58 The original ccp crystal
structure was recovered after the dehydration process. As
recently proposed, Li2ZrCl6 showed better humidity tolerance
with no signs of moisture uptake or severe conductivity
degradation, compared to Li3InCl6, which needs a dehydration
process after being exposed to moisture.145 Nevertheless, the air
stability of Li2ZrCl6 and its potential applicability in ASSBs still
require meticulous investigations.

Cost. The high cost of nearly all types of inorganic SEs is a
significant barrier to their commercialization. In particular, the
expensive Li2S precursor, with an estimated bulk price of 732
USD kg−1 (Table S1),146 and the high production cost
associated with maintaining the inert environment make sulfide
SEs highly expensive.22,147,148 In contrast, the price of LiCl
precursor for the halide SEs is only ∼18 USD kg−1 (estimated
bulk price). Since both Li sources and SEs for halides are stable
in dry air and do not pose a risk for generating toxic H2S gas, the
production cost of halide SEs is expected to be lower than those
for sulfide SEs.
However, current central metals in halide SEs exhibiting ionic

conductivities of ∼10−3 S cm−1 are expensive and are not
attractive for mass production.27,51,53,54 These halide SEs
contain a large composition of REMs (e.g., Sc, Y, Tb−Lu),
which have low abundance in the Earth’s crust, in contrast to the
phosphorus in sulfides SE. For example, the abundance of
yttrium is 33 ppm compared to the 1050 ppm for phosphorus.139

Since REMs need to be extracted from rare-earth minerals which
often contain more than one rare-earth element, it is difficult to
separate a specific REM from other lanthanides due to their
similar properties. Each REM can be separated from the other
lanthanides by ion-exchange chromatography by dissolving rare
earth minerals into various acids, such as sulfuric acid.149

Unfortunately, such processes pose severe environmental and
health risks during the mining and purification processes. The
metal halides are generally prepared using the “ammonium
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chloride route” starting from either M2O3, hydrated chloride,
oxychloride, orMCl3·6H2O (Table 3).119 This series of complex
processes further increases the cost of the REM halides.
In this context, Zr is an exceptionally advantageous central

metal for halide SEs. Zr is 5 times more abundant than yttrium,
and owing to such high abundance,146 it has been widely utilized
in a variety of industrial areas (Figure 15a).150−152 The major
commercial source of zirconium is zircon (ZrSiO4), which is
very common and widely distributed in the Earth’s crust, and is
directly used for commercial applications. In addition, the direct

chlorination of zircon proceeds in a fluidized bed containing
carbon and produces zirconium tetrachloride according to the
following reaction:153

+ + → + +ZrSiO 2C 4Cl ZrCl SiCl 2CO4 2 4 4 2 (3)

The bulk price of ZrCl4 is estimated to be 8.1 USD kg−1

(Table S1),145 which could allow for the production of cost-
effective halide SEs. Combining the low costs of LiCl and ZrCl4,
the price per volume for Li2ZrCl6 is predicted to be around 27
USD L−1, which is 21 times cheaper than the estimated price of

Figure 15. (a) Unit prices and abundance in the Earth’s crust for various metals used for halide SEs. (b) Cost of precursors for Li6PS5Cl and
Li2ZrCl6.

Figure 16. Compatibility results of slurry-processing solvents with Li2ZrCl6 and electrochemical performance of LiNi0.8Co0.1Mn0.1O2/Li−In
half-cells employing dry-fabricated LiNi0.8Co0.1Mn0.1O2 electrodes. (a) Li

+ conductivities at 30 °C and dissolved amounts of Zr for Li2ZrCl6
after the exposure to the solvents, and (b) corresponding XRD patterns. (c) First-cycle charge−discharge voltage profiles of the dry-fabricated
LiNi0.8Co0.1Mn0.1O2 electrodes at 0.1C and 30 °C and (d) corresponding rate capability. A photograph of the dry-fabricated electrode is shown
in the inset of (d).
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575 USD L−1 for Li6PS5Cl (Figure 15b), which is based on the
estimated target price of Li2S for industrial use. If one considers
the production costs for protective coatings on CAMs and for
maintaining the stringent dry-air conditions for sulfide SEs,59,147

the cost advantages of Li2ZrCl6 over Li6PS5Cl may be further
widened. Moreover, the divalent S2− anion lattices of sulfide SEs
(e.g., Li6PS5Cl) require a large amount of Li per volume (41.13
mol L−1 for Li6PS5Cl) for satisfying the charge neutrality, which
translates to the need for a large amount of the expensive Li2S. In
contrast, the amount of Li in Li2ZrCl6 having a monovalent Cl−

anion lattice structure is only 16.17 mol L−1, which is five times
lower than that required for Li6PS5Cl. These considerations
emphasize the relevance of the recent developments in new Zr-
based halide SEs that are free from REMs, such as Li2ZrCl6 and
Fe3+-substituted Li2ZrCl6, by a mechanochemical process.49

Fabrication of Sheet-Type Electrodes. While most
reported results of halide SEs were obtained using lab-scale
pelletized cells, pouch-type cells using sheet-type electrodes and
thin SE membranes are needed for practical applica-
tions.9,94,105,106,135,154−160 Wet-slurry fabrication is desirable
for utilizing and exploiting the current manufacturing infra-
structure of conventional LIBs without major altera-
tions.155−157,160 However, the chemical instability of halide
SEs is also a critical issue as is the case for sulfide
SEs.155,156,160,161 For wet-slurry fabrication using sulfide SEs,
processing solvents with low or intermediate polarity, such as
xylene, toluene, dibromomethane (DBM), benzyl acetate, or
hexyl butyrate, should be used, which in turn limit the choice of
the polymeric binders toward the rubber-based ones, such as
nitrile butadiene rubber and butadiene rubber.155,156,160−162

Furthermore, Nam et al. showed that the detrimental effects of
Li+-insulating binders in electrodes could cause the degradation
in electrochemical performance,155 which fueled the research for
binders with good Li+ conductivity or enhanced mechanical
properties.155,160,161 These research directions could serve as a
guidance for developing wet-slurry fabrication using halide SEs.
In this regard, the stability of mechanochemically prepared
Li2ZrCl6 toward various organic solvents was assessed by
measuring ionic conductivities and dissolved amounts of Zr after
exposure to various solvents (Figure 16). Li2ZrCl6 showed
severe dissolution in the highly polar solvent N-methyl-2-
pyrrolidinone, and even in the intermediate-polarity solvents
such as hexyl butyrate and benzyl acetate. Surprisingly, upon
exposure to nonpolar (or less polar) solvents such as toluene and
o-xylene, followed by drying and HT at 150 °C, Li2ZrCl6 lost its
Li+ conductivity (3 × 10−10 S cm−1 at 30 °C). The
corresponding XRD patterns showed a complete structural
collapse upon exposure to toluene or o-xylene (Figure 16b).
While the XRD peaks were retained for the exposure to DBM

alone, the peak intensities were significantly lower. Accordingly,
the degradation of Li+ conductivity was less severe when
compared to those exposed to toluene or o-xylene and was 2.4 ×
10−8 S cm−1 at 30 °C. The chemical stabilities of Li2ZrCl6 varied
according to the solvents employed, and were further confirmed
by inductively coupled plasma optical emission spectroscopy
(ICPOES) results (Figure 16a). Dissolution of Zr for Li2ZrCl6
into toluene and o-xylene was 3.64 and 0.53%, respectively,
which is in sharp contrast to the behavior of sulfide SEs.160,161

The lowest amount of Zr dissolution for Li2ZrCl6 into DBM (9.9
ppm) accounts for the retained crystal structure and the higher
Li+ conductivity, compared to those exposed to toluene and o-
xylene. Considering the intactness of the pristine Li2ZrCl6 after
HT at 150 °C, the 150 °C drying condition of Li2ZrCl6 in
contact with solvents may also cause the degradation of the
structures and the Li+ conductivity.
In this context, an alternative dry-fabrication method would

be attractive for halide SEs.135,163−166 The absence of organic
solvents in the dry-process is not only beneficial for maintaining
the halide SEs intact, but also for conforming with the principles
of green chemistry for reducing environmental pollution. Using
sulfide SEs, Hippauf et al. successfully fabricated dry-film all-
solid-state electrodes using fibrous polytetrafluoroethylene
(PTFE) binders.163 Owing to its characteristic morphology,
the PTFE binder effectively held the entire electrode
components together even when an impressively low amount
of ∼0.1 wt% was used. It is noteworthy that record-breaking
results of ASSBs based on sulfide SEs have been achieved using
dry-fabricated electrodes.135,164 Recently, Wang et al. reported
the assembly of solid-state pouch cells using Li3InCl6-coated
LiCoO2 by dry-film fabrication method.165 The pouch cells
delivered an initial capacity of 121.2 mA h g−1 and retained
68.6% capacity after 50 cycles. Figure 16c,d shows the first-cycle
charge−discharge voltage profiles of dry-fabricated Li-
Ni0.8Co0.1Mn0.1O2 electrodes using Li2ZrCl6 and the corre-
sponding rate capability, respectively. Notably, the dry-
fabricated electrodes exhibited a high discharge capacity of
185.3 mA h g−1 at 0.1C and 30 °C. Recent developments in the
dry-fabrication processes for LIB technology could be
considered the benchmarks for ASSBs.167−171

■ CONCLUSION AND OUTLOOK

Since the seminal report on halide SEs in 2018, several classes of
halide SEs have been developed with good ionic conductivities,
reaching as high as 1 mS cm−1. In Figure 17, they are categorized
into three types based on the group of the central metal, and
their (electro)chemical properties are compared. “Group 3
metal halides”, the halide SEs comprising group 3metals, such as
Sc, Y, and La−Lu, possess good intrinsic electrochemical

Figure 17. Spider plots comparing performances of the three types of halide SEs.
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stabilities against oxidation and decent ionic conductivities.
However, owing to the scarcity of the REMs, the large-scale
practical application of the group 3 metal halide SEs is
challenging. The degradation of halide SEs by hydrolysis upon
exposure to humid air is another challenge in their efficient
usage. Furthermore, reheating the humid-air-exposed samples
for dehydration could emit the hazardous and corrosive HCl.
This issue has been overlooked thus far and should be carefully
investigated to assess the practical applicability of halide SEs.
The known instability issues of halide SE hydrates could be
circumvented using the ammonium chloride route, and the
aqueous-solution synthesis could then be enabled. On the other
hand, “group 13 metal halides”, the halide SEs with the group 13
elements (Al, Ga, and In, e.g., Li3InCl6), especially the In
compounds, showed exceptional humidity tolerance and high
ionic conductivities of ≥1 mS cm−1. Specifically, because the
hydrated intermediates of Li3InCl6 are not highly vulnerable to
hydrolysis, the aqueous solution synthesis and processing of
Li3InCl6 are feasible. However, similar to the group 3 metal
halide SEs, the high cost of In remains a formidable problem for
the practical applications of Li3InCl6. Further, the relatively
insufficient electrochemical stability of Li3InCl6 is another issue,
which can be addressed by F− substitution. Zr was initially used
as the substituent for the group 3 metal halide SEs to improve
ionic conductivity. Thereafter, Li2ZrCl6 and its derivatives (e.g.,
Li2+xZr1‑xFexCl6) were developed and exhibited high ionic
conductivities, reaching a maximum of 1 mS cm−1. Importantly,
Zr-based halide SEs retain excellent (electro)chemical stability
against oxidation and simultaneously offer great advantages in
cost, surpassing sulfide SEs. As discussed, the synthesis methods,
such as themechanochemical method or the solid-state reaction,
and conditions, such as the HT temperature profile and the
reaction time, significantly affect the phase evolution and/or site
disorder and thus determine the ionic conductivities. As
benchmarked in the argyrodite sulfides, both advanced
experimental characterization and theoretical calculations are
required to understand a detailed relationship between ionic
conduction and local structural evolution in halide SEs. The Na+

halide SEs, such as Na3‑xEr1‑xZrxCl6, Na3‑xY1‑xZrxCl6, and
Na2ZrCl6, crystallize differently from their Li+ analogues, but
the ionic conductivities of current Na+ halide SEs are still too
low, in the range of 10−5 S cm−1, for practical ASSB applications.
In addition to studying fundamental mechanisms, computation
studies also provided multiple directions for the further
improvement of halide SEs in the future. For example, the
high-throughput computation studies established the design
principles for further improving the ionic conductivity through
tailoring compositions and anion/cation sublattice, which may
be achieved with substitution and different synthesis proto-
cols.73 The comprehensive thermodynamic analyses for the
electrochemical and moisture stabilities on a wide range of
cations and anions also provide a guiding map for material
selection and substitution to further increase the electro-
chemical and the moisture stabilities of halide SE materials.

Wide electrochemical windows and good interfacial compat-
ibility for these halide SEs with high-voltage cathodes are also
evaluated and confirmed by thermodynamic analyses and
experimental studies. Almost all of the halide SEs developed
thus far have demonstrated excellent electrochemical stabilities
and compatibility with uncoated 4 V LiMO2 (or 3 V NaMO2) in
ASSBs. Specifically, combining halide SEs with the newly
emerging cracking-free, single-crystalline, Ni-rich layered oxide
CAMs showed promising cycling stabilities, which was in sharp
contrast to the poor performance of the conventional
polycrystalline LiMO2 with sulfide SEs. However, to ensure
competitiveness of halide SEs over sulfide SEs, further
improvement in the ionic conductivity to the level comparable
to that of the best sulfide SEs (∼10mS cm−1) is necessary, which
calls for further combined experimental and theoretical
investigations. Moreover, halide SEs exhibit higher specific
densities than those of sulfide SEs (Table 1), which translates to
the lower specific energy densities of ASSBs. It is important to
develop processing techniques to evenly distribute fine particles
of halide SEs to form intimate contacts with CAMs, such as via a
dry- or wet-coating method for the direct coatings on CAMs.
Their excellent properties make halide Li+ conductors

promising candidates for SEs, in addition to currently used
sulfide and oxide SEs. In addition, halide SEs can replace the
oxide-based protective coating materials such as LiNbO3,
Li2ZrO3, and Li3‑xB1‑xCxO3, that are widely used for sulfide-
SE-based ASSBs. By further leveraging the demonstrated F-
substitution strategy to increase the oxidation limits, halide SE
coating or catholytes may enable the reversible operation of the
high-voltage cathodes at 5 V or higher. However, as a critical
drawback, halide SEs have intrinsically poor electrochemical
reduction stability and show unsatisfactory passivating behavior
at low voltages or in contact with Li metal anodes, which
originates from the reduction of central metal ions. Although the
formation of the kinetically stabilized SEI layers allowed the
operation of Li metal anodes using halide SEs, the performance
level has been far from competitive with sulfide SEs in terms of
practical application. In this regard, the fabrication of ASSBs,
wherein the halide and sulfide SEs are used for catholyte and
anolyte (and/or separating SE layer), respectively, will combine
advantages from the respective strengths of the components for
facilitating practical development of ASSBs. In particular, the
ASSBs with hybrid halide−sulfide SEs could adopt the Ag−C
composite anodes.135 For this hybrid configuration of halide−
sulfide SE systems, possible instability issues between the halide
and sulfide SEs at elevated temperatures need careful
scrutiny.172 Our preliminary results of the wet-slurry process
for halide SEs indicated further restrictions to the use of the
available processing solvents, compared to the cases using
sulfide SEs, and exhibited severe degradation upon contact with
even nonpolar or less-polar solvents such as toluene and o-
xylene. Accordingly, newly emerging dry-fabrication processes
using PTFE are considered appropriate for the fabrication of the
cathodes or SE membranes using halide SEs.
Beyond the F-substitution in chloride SEs, which demon-

strated the improved electrochemical stabilities both for
cathodes and anodes, investigating all-fluoride compounds
might be a promising research direction. Computational studies
have demonstrated the promise of fluorides in achieving high
oxidation stabilities.48,129 Although current fluoride SEs
exhibited low ionic conductivities, such as in the cases of α-
Li3AlF6 (6× 10−5 S cm−1 at 300 °C), Li2TiF6 (2× 10−4 S cm−1 at
300 °C), β-Li3AlF6 (3.9 × 10−6 S cm−1 at 100 °C), and β-

Importantly, Zr-based halide solid
electrolytes retain excellent (electro)-
chemical stability against oxidation and
simultaneously offer great advantages
in cost.
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Li3AlF6/γ-Al2O3 (1.8 × 10−5 S cm−1 at 100 °C),173,174 further
exploration could open up opportunities for identifying
compounds with improved ionic conductivities, which may
further enable access to cathodes with a high-voltage of >5 V.
Even if only mediocre ionic conductivities are realized using
fluorides, these materials would still make excellent coating
materials to enable access to high-voltage cathodes.129 Although
its reactivity with oxide SEs is a limitation, recently discovered
xLiCl−GaF3 showed an outstanding ionic conductivity of 3.6
mS cm−1 and clay-like mechanical characteristics with a storage
and loss moduli of 1 MPa.159

In conclusion, the inherent advantages of halide SEs, such as
excellent (electro)chemical oxidation stability, mechanical
deformability, and decent ionic conductivities, are poised to
transform ASSB technologies. While fundamental studies to
explore new materials chemistry spaces of halide SICs are of
great scientific value, comprehensive investigations are also
urgently requested on many overlooked aspects for practical
applications, including cost, atmospheric and chemical
stabilities, synthesis methods, and the fabrication of composite
electrodes and membranes, in order to realize the large-scale
commercial applications of ASSBs based on halide SEs.
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