
Chemical
Science

REVIEW

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
av

gu
st

 2
02

3.
 D

ow
nl

oa
de

d 
on

 3
1.

 0
1.

 2
02

6 
12

:0
5:

39
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Halide solid-stat
B
p
s
g
a
C
a
U
n
m
s
m
f

aLiuzhou Key Laboratory of New-Energy Vehi

Engineering, Guangxi University of Science a
bQuantum-Nano Matter and Device Lab, Stat

and Die & Mould Technology, School of

Cite this: Chem. Sci., 2023, 14, 8693

Received 24th April 2023
Accepted 1st August 2023

DOI: 10.1039/d3sc02093b

rsc.li/chemical-science

© 2023 The Author(s). Published by
e electrolytes for all-solid-state
batteries: structural design, synthesis,
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Since the huge breakthrough in 2018, research on halide solid-state electrolytes (SSEs) has set off a new craze. In

comparison with oxide and sulfide SSEs, halide SSEs have more balanced properties in various aspects, including

ionic conductivity, electrochemical stability window, andmoisture resistance. Herein, the overall knowledge and

deep understanding of halide SSEs and their practical applications in all-solid-state batteries (ASSBs) are

introduced. Firstly, the principle of screening halide SSE components is proposed. Among F, Cl, Br and I

anions, the Cl anion is excellent owing to its suitable ionic conductivity and electrochemical stability window.

The Sc, Y, and lanthanide elements are also more compatible with Cl anions in terms of electronegativity.

Secondly, the structural design theory of halide SSEs with high ionic conductivity and the mechanism of Li ion

migration are described. A monoclinic structure is more conducive to Li ion migration, compared with

trigonal and orthorhombic structures. Additionally, substitution strategies for halide SSEs are discussed, mainly

including dual-halogen, isovalent cation substitution, and aliovalent cation substitution. Furthermore, the

mechanism of moisture resistance and synthesis method of halide SSEs are analyzed. Compared with the

solid-state reaction and mechanochemistry method, wet chemical synthesis is more likely to achieve scale-

up production of halide SSEs. Finally, the application prospects and challenges of halide SSEs in ASSBs are

outlined.
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1. Introduction

Since the advent of lithium-ion batteries (LIBs), they have been
widely considered a research hotspot.1–4 The rapid development
of electronics and electric vehicles has put forward higher
requirements for rechargeable LIBs, including better safety,
higher capacity, higher energy density, and faster charging
performance. Faced with these growing demands, conventional
LIBs with liquid electrolytes have not performed as expected.
Hence, building next-generation “beyond Li-ion” batteries has
been key to meet the increasing demands of the energy storage
market.5–7 One promising strategy is to assemble all-solid-state
batteries (ASSBs) using solid-state electrolytes (SSEs) rather
than liquid electrolytes found in conventional LIBs.7–9

According to the chemical composition, SSEs are broadly
divided into three categories: inorganic electrolytes, polymer
electrolytes and organic–inorganic hybrid composites.10–12

Inorganic electrolytes have ionic conductivity comparable to
that of liquid electrolytes, exhibiting a greater electrochemical
stability window and wider operating temperature window,
which provide new opportunities for the development of next-
generation “beyond Li-ion” batteries.7,13,14 Based on anion
chemistry, inorganic electrolytes can be further divided into
oxides, suldes, and halides.15,16 In contrast, halide SSEs are
Fig. 1 (a) Spider plots exhibiting various properties of three typical inor
Chemical Society. (b) Comparison of the ionic conductivity of different
Copyright 2023, Springer Nature.

8694 | Chem. Sci., 2023, 14, 8693–8722
believed to be the best candidates for ASSB technology due to
their intrinsic chemical properties (Fig. 1).17–21 Firstly, the
weaker Coulomb force between halogen anions and Li ions and
the wider Li ion transport channel formed by relatively larger
radius halogen anions (Cl− = 167 pm, Br− = 182 pm, I− = 202
pm, O2− = 126 pm and S2− = 170 pm)22,23 are conducive to ion
mobility and guarantee the high ionic conductivity of halide
SSEs (e.g., Li3ScCl6,24 3.02 mS cm−1). Secondly, halide SSEs still
possess good air stability and recoverability aer humidity
exposure. Li3InCl6 remains stable aer exposure to dry or low
humidity air at ambient temperature.25,26 This property can
eliminate the need for a rigorous assembly environment for
ASSB manufacturing, which is benecial to signicantly reduce
production costs. Thirdly, halide anions have a higher electro-
chemical oxidation stability (such as up to∼4.21 V for Li3YCl6)27

and can be more compatible with high voltage cathode mate-
rials, thus exhibiting good capacities. Finally, halide anions
have lower bond strength with polyanions, soer lattice struc-
tures, and higher anionic polarizability than oxides and
suldes, which endows halide SSEs with better mechanical
deformability and is benecial for the assembly of ASSBs.27–29

In the 1930s, halide electrolytes were rst studied and
exhibited room-temperature ionic conductivity as low as
10−7 S cm−1, so they didn't attract wide publicity.30–32 Until 2018,
ganic SSEs. Reproduced with permission.19 Copyright 2022, American
electrolytes based on the Li content. Reproduced with permission.18

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Asano et al. signicantly increased the room-temperature ionic
conductivity of halide SSEs to 1.7 mS cm−1, which triggered
a research hotspot in halide SSEs.19,23,33–37 In terms of compo-
sition, fast Li-ion conductors based on ternary halides can be
roughly divided into three categories: (i) Li3MX6 halide elec-
trolytes with group 3 elements (M = Sc, Y, and lanthanides); (ii)
Li3MX6 halide electrolytes with group 13 elements (M = Al, Ga,
In); and (iii) Li2MX4 or Li6MX8 halide electrolytes with divalent
metal elements (M = Ti, Zr, Hf, V, Cr, Mn, Fe, Zn, Mg).34 In
addition, there are quaternary halide compounds formed by
chemical substitutions to improve ionic conductivity and
humidity tolerance, e.g., Li3Y1−xInxCl6,38 Li3−xEr1−xZrxCl6.39

From another viewpoint, halide fast Li-ion conductors can be
generally divided into four categories according to crystalline
structures, including (i) trigonal structures (space groups:
P�3m1), such as Li3YCl6,33 and Li3ErCl6;40,41 (ii) monoclinic
structures (space groups: C2/m), such as Li3YBr6,33 Li3InCl6,42

and Li3ScCl6;24 (iii) orthorhombic structures (space groups:
Pnma), such as Li3YbCl643 and Li2.5Y0.5Zr0.5Cl6;44 (iv) spinel
structures (space groups: Fd�3m), such as Li2Sc2/3Cl4,45 Li2Sc2/
3−xErxCl4,46 and Li2FeCl4.47 In parallel, halide fast Na-ion
conductors, mainly including Na2ZrCl6,48 NaAlCl4,49 Na3MCl6
(M = Y, Er, In, Sc, and Yb),50–52 Na3MBr6,51,53 Na3MI6 (M = Sc, Y,
La, and In),54,55 Na3−xY1−xZrxCl6,56,57 Na3−xEr1−xZrxCl6,58

Na2InxSc0.666−xCl4,59 and Na3In1−xScxCl6 (ref. 59) have also been
investigated. However, there is still a large gap between the
limited ionic conductivity (<0.1 mS cm−1) of halide fast Na-ion
conductors and the demand for practical applications. Besides,
halide SSEs have the obvious advantage of abundant synthesis
pathways, such as mechanochemical synthesis,41,60 co-melting
synthesis,45 and wet chemical synthesis,61–63 which can avoid
the high-temperature sintering process used in sulde and
oxide SSE synthesis and greatly reduce energy consumption and
manufacturing cost.

In this review, the present development of halide SSEs and
their practical applications in ASSBs are introduced. Firstly, the
principle of screening halide SSE components is proposed.
Secondly, the structural design theory of halide SSEs with high
ionic conductivity and the mechanism of Li ion migration are
described. Additionally, substitution strategies for halide SSEs
are discussed, including dual-halogen, isovalent cation substi-
tution, and aliovalent cation substitution. Furthermore, the
mechanism of moisture resistance and the synthesis of halide
electrolytes are presented. Next, the application prospects and
challenges of halide SSEs in ASSBs are outlined. Finally, the
summary and outlook of future development and challenges for
halide SSEs are also presented along with the discussions for
their commercial applications in ASSBs.
2. Composition, structure, and ion
migration mechanism of halide SSEs

The composition and structure of materials determine their
intrinsic chemical properties to some extent. In the past few
years, the discovery of new materials has seriously relied on the
researcher's experience and intuition and then been further
© 2023 The Author(s). Published by the Royal Society of Chemistry
validated by synthesis and characterization in a laboratory,
which is considered an inefficient, resource-consuming, and
expensive process. There are more than 200 000 entries in the
Inorganic Crystal Structure Database (ICSD).64 If traditional
trial-and-error approaches are used to screen them one by one,
it can't meet the urgent demand for the development of new
materials and energy technologies. Luckily, with the rapid
development of material informatics, numerous advanced
technologies such as articial intelligence,65,66 machine
learning,67,68 high-throughput screening,40,69 ab initio molecular
dynamics (AIMD),70,71 density functional theory (DFT),72 and
rst-principles calculations,73–75 are used to guide component
screening, structural design, and ion diffusion prediction of
crystalline inorganic SSEs.
2.1 Component screening of halide SSEs

In halide SSEs, the elemental composition of the phase eld
determines the range of chemical structure and bonding, thus
affecting the related properties. The common method of
designing SSEs is to select suitable primary elements to
construct a non-rigid frame for fast Li ion conduction and
compact solid–solid contact. The elements that are applicable
to halide SSEs are shown in Fig. 2.

Halides have become a better choice for SSE materials than
oxides and suldes. Muy et al.40 used lattice-dynamics descrip-
tors to screen more than 14 000 compounds, where 18 compo-
nents were identied as the most promising fast Li-ion
conductors according to computed Li-phonon band centers and
electrochemical stability windows, including 4 uorides, 9
chlorides, and 2 bromides. Among them, Li3ErCl6 was
successfully synthesized and showed an ionic conductivity of
0.05–0.3 mS cm−1, which well proved the rationality of predic-
tion results. Based on a data-driven approach, 6600 materials
containing O, S, F, Cl, Br, I, N, P, Ge, or Si monatomic anions
were screened, among which only chlorides and bromides
could exhibit both fast ionic conduction and high oxidation
potential.77 Rational selection of a halogen anion can also
further improve the comprehensive performance of SSEs. Based
on the DFT method, chlorides in trigonal halides Li3MX6 (X =

Cl, Br, and I) exhibited faster ionic conductivity, a wider elec-
trochemical stability window and a higher elastic modulus,
which were more suitable for high-voltage cathodes.78 The rst-
principles calculations of Li2Sc2/3X4 (X = Cl, Br, and I) showed
that the Cl anion was the best choice for superior performance
in ASSB applications, due to its excellent ionic conductivity,
electrochemical stability, and interfacial compatibility.79 This
wasmainly attributed to the formation of an ion pair between Cl
and Sc, leading to high ionic conductivity (2.07 mS cm−1) and
a wide electrochemical stability window (0.91–4.25 V). Consis-
tent with this, the AIMD study for Li3YX6 (X = F, Cl, Br, and I)
series showed that Li3YCl6 possessed the lowest activation
energy and the highest ionic conductivity.71 The octahedron–
octahedron (Oct–Oct) Li ion diffusion pathway and weak
coulombic force between Li and Cl ions were the main factors
that made it outstanding. Unfortunately, Li3YCl6 was most
energetically favorable to form an antisite defect and transform
Chem. Sci., 2023, 14, 8693–8722 | 8695
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Fig. 2 Elements in the periodic table that are applied to halide SSEs. The unit of ionic radius is pm, and the data come from ref. 76.
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into a lower ionic conductivity lattice, which made the experi-
mentally measured ionic conductivity (0.51 mS cm−1) of Li3YCl6
far away from the predicted value (10.4 mS cm−1).33,71

Except for halogen anions, Li/cation congurations also have
an important inuence on ionic conductivity. The atomic size
and valence electron conguration of non-mobile cationic
elements determine their coordination environment and lattice
volume and ultimately affect the corresponding ionic conduc-
tivity.73 The 202 Li-containing chlorides in the ICSD were
screened using rst-principles calculations,80 where 19 of them
were considered potential Li superionic conductors (sLi > 1
mS cm−1 at room temperature), and their cations mainly
included In, Mg, Zn, Zr, Er, Al, Sc, and Y elements. The low
activation energy barrier for Li ion migration could be achieved
in a target crystalline structure frame by adjusting the electro-
negativity difference between anionic and nonmobile cationic
elements. Non-mobile cationic elements with high electroneg-
ativity were preferred for Li superionic conductors with a tetra-
hedral substructure. In contrast, non-mobile cationic elements
with low electronegativity were preferred for Li superionic
conductors with an octahedral substructure.73,81 DFT calcula-
tions for Li3MI6 (M = Sc, Y, and La) showed that the key event to
the extremely fast diffusion of Li ions in Li superionic conduc-
tors with an octahedral substructure lied in the large electro-
negativity difference between anion elements and non-mobile
metal cation elemenst.82 The high ionic conductivity of Li3YBr6,
Li3LaI6, and Li3ErI6 was consistent with the octahedral
principle.33,82,83

In general, Li3MCl6 (M= Sc, Y, and lanthanides) are themost
potential halide SSEs, which can reconcile ionic conductivity
with the electrochemical stability window.

2.2 Structural design of halide SSEs

The crystal structure of SSEs directly determines the diffusion
pathway of Li ions and affects their ionic conductivity. The
8696 | Chem. Sci., 2023, 14, 8693–8722
calculation result of sulde indicated that body-centered cubic
(bcc) allowed Li ions to hop directly from adjacent tetrahedral
sites, with the lowest energy barrier and the highest ionic
conductivity.84 However, most halide SSEs had anion sublattices
with a hexagonal close-packed (hcp) or face centered cubic (fcc)
structure, which were benecial for the higher electronegativity
and lower polarizability of halogen anions compared with O2−

and S2− anions.27,80 For halide SSEs, the anion sublattice formed
the framework of the crystal structure, where interstitial sites
were occupied by Li ions and other cations. The anion sublattice
was commonly hcp or cubic close-packed (ccp), while cation
arrangement mainly depended on the component and synthetic
method.41,85–87 The crystallographic structure of halide SSEs was
dependent on the ionic radius (r) of the central metal element.
When r was less than or equal to 80 pm, halide SSEs tended to
have a monoclinic structure. When r was between 80 pm and 85
pm, they exhibited a trigonal structure. When r was greater than
or equal to 85 pm, they seemed to have an orthorhombic
structure.23,34,88 In general, ternary halides had ve crystal
structures, the monoclinic structure (space group C2/m, C2/c),
halospinel structure (space group Fd�3m) with a ccp anion
framework, orthorhombic structure (space group Pnma) and
trigonal structure (P�3m1) with an hcp anion framework.

Li3YCl6 and Li3YBr6 were the earliest reported halide SSEs
with high ionic conductivity.33 Li3YCl6 had a trigonal structure
and hcp anion framework with the octahedral coordination of
all Cl atoms forming YCl6

3− and LiCl6
5− octahedra and the six

LiCl6
6− octahedra surrounding every YCl6

3− octahedron
(Fig. 3a).27,33 Y atoms occupied two distinct sites. One was a 1a
site where the YCl6

3− octahedra were isolated from each other
and were completely occupied by Y. Another one was a 2d site
where the YCl6

3− octahedron shared a face along the c-axis
direction and exhibited a noteworthy Y disorder. Li occupied 6g
and 6h sites in whole or in part, forming chains with face-
sharing along the c-axis direction and edge-sharing within the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The crystal structures of (a) Li3YCl6 and (b) Li3YBr6 refined by Rietveld analysis and superimposed with a Li ion potential map. Reproduced
with permission.33 Copyright 2018, Wiley-VCH. (c) The additional Li ion occupying interstitial 8j sites that connect 4g and 4h sites by face sharing
in Li3YBr6. Reproduced with permission.91 Copyright 2020. American Chemical Society. (d) The crystal structure of Li3ErI6, where the Li occupies
partially vacant sites, resulting in a cation-exchange defect. Reproduced with permission.83 Copyright 2020. American Chemical Society. (e) The
crystal structure of disordered spinel Li2Sc2/3Cl4 from neutron diffraction. Reproduced with permission.45 Copyright 2020. American Chemical
Society. (f) Orthorhombic structure and the HoCl6

3− octahedron of the Li3HoCl6 phase. Reproduced with permission.96 Copyright 2020.
American Chemical Society.
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ab-plane, thus creating tetrahedral interstitial sites for Li+

diffusion. Li3ErCl6 and Li3HoCl6 were isostructural to
Li3YBr6.41,89 Li3BrCl6 had a monoclinic structure and ccp anion
framework. In the ccp anion framework, all the Br atoms were
octahedrally coordinated and formed the edge-sharing YBr6

3−

and LiBr6
5− octahedra (Fig. 3b).27,33 Y mostly occupied the 2a

site and occupied the 4h site together with Li in the meantime,
thus resulting in Li/Y-site disorder. Li was octahedrally coordi-
nated (4g and 4h) and the edge-sharing octahedral arrangement
led to multiple tetrahedral voids, where only one was occupied
and the others were vacant. Another Li with tetrahedral coor-
dination (8j) was reported later,90,91 in which LiBr4

3− tetrahedra
shared an edge and connected two LiBr6

5− octahedra via a face
and simultaneously connected the LiBr6

5− and YBr6
3− octa-

hedra along the (001) plane (Fig. 3c). The chlorides Li3ScCl6,
Li3TiCl6, and Li3InCl6 were isostructural to Li3YBr6.24,25,92

Another monoclinic structure with a C2/c space group was
only reported in iodide SSEs.82,83 The structural framework of
Li3ErI6 was constructed by edge-sharing ErI6

3− octahedra, in
which Er partially occupied 4d and 8f sites. Li+ was in partially
vacant sites and formed the Li/Er-site disorder within layers.
Moreover, another Li+ site (4e) existed in interlayers between the
edge-sharing ErI6

3− octahedra and formed an edge-sharing
LiI6

5− octahedra layer. These edge-sharing octahedra created
tetrahedral vacancies that could provide transitional sites for
Li+ migration (Fig. 3d). In addition, the lithium tetrahaloalu-
minates LiAlX4 (X = Cl, Br, I) also had a monoclinic structure,
but this series of SSEs had limited ionic conductivity.60,93,94

Moreover, Li2Sc2/3Cl4 with an Fd�3m space group also
possessed the ccp anion framework. The halospinel Li2Sc2/3Cl4
© 2023 The Author(s). Published by the Royal Society of Chemistry
was constructed from edge-sharing (Sc1/Li4)Cl6 octahedra with
the remaining Li occupying the face-sharing octahedral (16c)
and tetrahedral sites (8a and 48f) (Fig. 3e).45,79,95 The rigid
connectivity of face-sharing octahedra and tetrahedra was more
conducive to structural integrity. Both halospinel and mono-
clinic structures possessed a ccp anion sublattice, and the most
important difference was that the Li/metal sites in the hal-
ospinel structure were shared, whereas all Li and metal sites
were crystallographically ordered in the monoclinic structure.46

This disordered cation (Li+ and Sc3+) structure was conducive to
Li ion migration.

The orthorhombic structure with a Pnma space group was
reported only in Li3YbCl6 and Li3HoCl6, and the unit cell had 4c,
8d1, and 8d2 octahedral sites. Among them, the Li portion
occupied 8d1 and 8d2 sites and M fully occupied the 4c site.
Each MX6

3− octahedron was surrounded by three edge-sharing
LiM6

5− octahedra (Fig. 3f).96,97

Currently, the reported quadrivalent metal chlorides only
include Li2ZrCl6 and Li2HfCl6.68,86 Li2ZrCl6 had two different
structures. The one was as-milled Li2ZrCl6 and exhibited
a trigonal structure, which could be transformed into a mono-
clinic structure aer annealing at 350 °C.86 The trigonal Li2ZrCl6
was isostructural to Li3YCl6, and the Li atom preferentially
stayed at the 6h site. Another one was the monoclinic Li2ZrCl6,
which was isostructural to Li3InCl6, and had lower occupancy at
2a and 4g sites. Unlike previous cases, the Li2ZrCl6 with
a trigonal structure and hcp anion sublattice had a higher ionic
conductivity than that with a monoclinic structure and ccp
anion sublattice (0.81 mS cm−1 vs. 5.81 × 10−3 mS cm−1).
Amounts of nonperiodic features formed in the process of ball
Chem. Sci., 2023, 14, 8693–8722 | 8697
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milling promoted Li+ migration in the trigonal structure. For
the monoclinic structure, although Li+ migration in the ab
plane had an energy barrier, the Zr sites effectively hindered Li+

migration between the neighboring ab planes, which made it
possess two-dimensional (2D) diffusion characteristics. Based
on the stochastic surface walking-neural network potential
method, Li2ZrCl6 and Li2HfCl6 phases with novel layered
structures were designed.68 This layered Li2ZrCl6 phase was
composed of LiCl6

5− and ZrCl6
2− octahedra, which shared the

common edges and formed layer-by-layer conguration along
the c-axis direction. Based on six-coordinating halogen anions
with Oct-sites occupied by Zr4+ and Li+ cations, the Li2ZrCl6
layered structure contained ideal and Zr-decient layers with
sufficient intrinsic vacancies. This layered structure was quite
different from other reports,85,86 containing more vacancies and
defects and giving Li2ZrCl6 more substantial ionic conductivity
(∼1 mS cm−1).

In addition to hcp and ccp anion sublattices, a high ionic
conductivity halide SSE with a non-close-packed anion lattice
has recently been reported.17 This halide SSE was based on
LaCl3 with a P63/m space group and doped by Ta5+ to form
a three-dimensional (3D) Li+ diffusion channel to obtain
considerable ionic conductivity. In Li0.388Ta0.238La0.475Cl3, Li

+

has two sites: a 2b site in channels (Li1) and 6h1 site near La
sites (Li2). The former coordinates with 6Cl− to form
a compressed [LiCl6] octahedron. The latter is a metastable
intermediate site conducive to the mobility of Li+ and coordi-
nates with adjacent 5Cl− to form a rectangular pyramid. La3+

and Ta5+ occupy part of the 2c site together. The key factor for
the high ionic conductivity of Li0.388Ta0.238La0.475Cl3 is the
abundance of La vacancies formed by Ta5+ doping, which
connects the one-dimensional (1D) channels in the raw struc-
ture into three dimensions.

In both P�3m1 Li3YCl6 and C2/m Li3YBr6, the cations (Y
3+ and

Li+) occupied six-coordinated octahedral sites with the halogen
anions. Vacancies and Li ion disorders occupied one third of
Oct sites, which could facilitate Li ion migration and enable the
conductivity of Li3YCl6 and Li3YBr6 to be 0.51 mS cm−1 and 1.7
mS cm−1, respectively. It seemed that the ccp sublattice was
more favorable for Li ion migration. By adjusting the lattice
chemistry of hexagonal Li3YCl6 into a spinel-like cubic struc-
ture, a three-dimensional (3D) channel for efficient Li+ trans-
portation could be formed, thus achieving higher ionic
conductivity.98 Park et al. calculated 51 structures of 17 chloride
electrolytes (Li3MCl6), clearly showing that a monoclinic struc-
ture had a lower migration energy barrier and activation energy
than orthorhombic and trigonal structures.99 In orthorhombic
and trigonal structures, the sluggish migration of Li+ along the
2D pathway was the main factor for its mediocre ionic
conductivity. Among these three space groups of ternary chlo-
rides, the trigonal structure exhibited the highest energy
barriers.99 Besides, a tremendous amount of experimental
results also conrmed that the monoclinic structure was more
favorable for Li ion diffusion than the orthorhombic structure
of halides with the same composition.38,43,99 This was primarily
beneted from the existence of tetrahedral Li+ sites and
reasonable 3D ionic migration pathways in monoclinic
8698 | Chem. Sci., 2023, 14, 8693–8722
structures. The existence of Li ions in tetrahedral sites was
favorable for Li ion diffusion.43 However, Wan and co-workers
took the opposite viewpoint, arguing that the ionic conduc-
tivity of the trigonal P�3m1 Li3YCl6 phase was tens of times
higher than that of the monoclinic Li3YCl6 phase C2/c Li3YCl6
phase (10.4 vs. 0.69 mS cm−1 at 300 K).71 The results of DFT
showed that there were two types of 2D ab-plane diffusion paths
(Oct–Tet–Oct) with migration barriers of 0.23 and 0.20 eV in the
P�3m1 phase, while there were also other one-dimensional (1D)
diffusion paths (Oct–Oct) with a lower barrier (0.16 eV) in the
C2/c phase.

However, the trigonal Li2ZrCl6 exhibits higher ionic
conductivity than the monoclinic phase.85,86 The monoclinic
Li2ZrCl6 has a similar crystal structure to Li3InCl6, but the
concentration of mobile charge carriers is lower. Furthermore,
the ionic radius of Zr4+ is smaller than that of In3+, and the
stronger coulombic repulsion between Zr4+ and Li+ and nar-
rower ion diffusion channel further raise the activation energy
barrier for Li+ migration. Therefore, the ionic conductivity of
monoclinic Li2ZrCl6 is not as expected. The trigonal Li2ZrCl6
phase is a low-temperature metastable phase with a low crys-
tallinity. The trigonal Li2ZrCl6 has a similar crystal structure to
Li3YCl6, and signicant amount of nonperiodic features in the
crystal structure are key factors for maintaining considerable
ionic conductivity. This means the factors affecting the ionic
conductivity of halide electrolytes are complex and the crystal
structure, carrier concentration, cation radius and defects
jointly determine the Li+ migration energy barrier.

Studies on a range of Li3−3xM1+xCl6 (M = Tb, Dy, Ho, Y, Er,
Tm) with hcp anion stacking showed that the ionic conduc-
tivity of the orthorhombic phase was approximately one order
of magnitude higher than that of the trigonal phase.96

According to the AIMD results, the orthorhombic phase had
a clear long-range migration pathway along the z-axis direc-
tion and the hop along the z-axis direction had a lower energy
barrier than the cross-plane hop. However, the hop was
mostly around the hexagon rather than connecting the
hexagon in the trigonal phase. The rst-principles calculation
result of Li3YbCl6 also considered that the orthorhombic
structure was superior to the trigonal structure for ionic
conductivity.100

In brief, halides with a ccp sublattice are more likely to
obtain high ionic conductivity, and an orthorhombic structure
with a hcp sublattice is more favorable to Li ion migration than
a trigonal structure.
2.3 Ionic migration mechanism

Ionic conductivity is easily affected by the ionic diffusion
channel and carrier concentration, which were mainly depen-
dent on the crystalline structure, ion spatial array, crystal defect
and ion migration mechanism.84,101,102 The summary of halide
SSEs with an ionic conductivity of >0.1 mS cm−1 since 2018 is
shown in Table 1.

For Li3YCl6 with an hcp-like anion arrangement, there exis-
ted two different hop possibilities for transport among con-
nected polyhedra:27,33,71 (1) the hop along the c-axis direction,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Summary of halide electrolytes with ionic conductivity greater than 0.1 mS cm−1a

Composition Structure Synthesis method s [mS cm−1] Ref.

Li3YCl6 Trigonal, P�3m1 BM 0.51 33
Li3YCl6 Trigonal, P�3m1 WCS 0.345 63
Li2.5Y0.5In0.5Cl6 Monoclinic, C2/m BM + annealing (260 °C) 1.42 38
Li2.5Y0.5Zr0.5Cl6 Orthorhombic, Pnma SSR (450 °C) 1.4 44
Li3YBr1.5Cl4.5 Trigonal, P�3m1 SSR (650 °C) 2.1 103
Li3YBr3Cl3 Monoclinic, C2/m BM + annealing (200 °C) 7.2 104
Li3YBr4.5Cl1.5 Monoclinic, C2/m SSR (650 °C) 5.36 103
Li3InCl6 Monoclinic, C2/m WCS 0.79 62
Li3InCl6 Monoclinic, C2/m BM + annealing (260 °C) 1.49 25
Li3InCl6 Monoclinic, C2/m WCS 2.04 61
Li2.7In0.7Zr0.3Cl6 Monoclinic, C2/m BM + annealing (550 °C) 2.1 105
Li2.7In0.7Zr0.3Cl6 Monoclinic, C2/m SSR (450 °C) 2.02 106
Li2.6In0.6Zr0.4Cl6 Monoclinic, C2/m BM + annealing (260 °C) 1.25 107
Li2.75In0.75Zr0.25Cl6 Monoclinic, C2/m BM + annealing (450 °C) 5.82 108
Li2.9In0.9Zr0.1Cl6 Monoclinic, C2/m BM + annealing (260 °C) 1.54 109
Li2.7In0.7Hf0.3Cl6 Monoclinic, C2/m BM + annealing (350 °C) 1.28 88
Li2In0.444Sc0.222Cl4 Spine, Fd�3m BM + annealing (450 °C) 2.03 46
Li3InCl4.8F1.2 Monoclinic, C2/m BM + annealing (260 °C) 0.51 110
Li3InCl5.6F0.4 Monoclinic, C2/m BM + annealing (300 °C) 1.37 111
Li3ErCl6 Trigonal, P�3m1 BM + annealing (550 °C) 0.3 40
Li3ErCl6 Trigonal, P�3m1 WCS 0.407 63
Li3ErCl6 Trigonal, P�3m1 BM 0.33 41
Li3ErCl6 Trigonal, P�3m1 BM + annealing (550 °C) 0.1 41
Li2.6Er0.6Zr0.4Cl6 Trigonal, P�3m1 BM 1.38 39
Li2.633Er0.633Zr0.367Cl6 Orthorhombic, Pnma SSR (450 °C) 1.1 44
Li3YbCl6 Trigonal, P�3m1 BM + annealing (400 °C) 0.19 43
Li3YbCl6 Orthorhombic, Pnma BM + annealing (500 °C) 0.14 43
Li2.556Yb0.492Zr0.492Cl6 Orthorhombic, Pnma SSR (450 °C) 1.58 100
Li2.7Yb0.7Hf0.3Cl6 Orthorhombic, Pnma BM + annealing (350 °C) 1.1 97
Li2.6Yb0.6Hf0.4Cl6 Monoclinic, C2/m BM + annealing (400 °C) 1.5 43
Li2.6Yb0.6Hf0.4Cl6 Orthorhombic, Pnma BM + annealing (500 °C) 1.2 43
Li3TiCl6 Monoclinic, C2/m BM 0.115 92
Li3TiCl6 Monoclinic, C2/m BM + annealing (300 °C) 1.04 92
Li2ZrCl6 Trigonal, P�3m1 BM 0.4 85
Li2.25Zr0.75Fe0.25Cl6 Trigonal, P�3m1 BM 0.98 85
Li2.25Zr0.75V0.25Cl6 Trigonal, P�3m1 BM ∼0.9 85
Li2.1Zr0.9Cr0.1Cl6 Trigonal, P�3m1 BM ∼0.85 85
Li2.25Zr0.75In0.25Cl6 Trigonal, P�3m1 BM 1.08 112
Li2.1Zr0.95Mg0.05Cl6 Trigonal, P�3m1 BM 0.62 113
ZrO2–2LiCl–Li2ZrCl6 Trigonal, P�3m1 BM + annealing (550 °C) 1.3 114
Li2ZrCl6 Layered structure BM ∼1.0 68
Li2HfCl6 Layered structure BM ∼0.5 68
Li3HoCl6 Trigonal, P�3m1 SSR 1.05 89
Li2.73Ho1.09Cl6 Trigonal, P�3m1 SSR (650 °C) 1.3 96
Li2Sc2/3Cl4 Spine, Fd�3m SSR (680 °C) 1.5 45
Li3ScCl6 Monoclinic, C2/m SSR (650 °C) 3.02 24
Li3ScCl6 Monoclinic, C2/m WCS 1.25 63
Li2.5Sc0.5Zr0.5Cl6 Monoclinic, C2/m SSR (500 °C) 2.23 115
Li2.6Sc0.6Zr0.4Cl6 Monoclinic, C2/m BM + annealing (450 °C) 1.61 116
Li2.6Sc0.6Hf0.4Cl6 Monoclinic, C2/m BM + annealing (450 °C) 1.33 116
LiTaCl6 Glass-phase BM + annealing (120 °C) 10.95 117
Li3YBr6 Monoclinic, C2/m BM + annealing (550 °C) 1.7 33
Li3YBr6 Monoclinic, C2/m WCS 1.09 63
Li3YBr5.7F0.3 Monoclinic, C2/m SSR (950 °C) 1.8 118
Li3HoBr6 Monoclinic, C12/m1 SSR (450 °C) 1.1 119
Li3HoBr6 Monoclinic, C12/m1 WCS 1.25 120
Li3HoBr2.9I3.1 Monoclinic, C2/m SSR (1000 °C) 2.7 121
Li3ErI6 Monoclinic, C2/c BM 0.65 83
Li3ErI6 Monoclinic, C2/c BM + annealing (550 °C) 0.39 83

a BM: ball milling; SSR: solid state reaction; WCS: wet-chemistry synthesis.

© 2023 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2023, 14, 8693–8722 | 8699
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where the pathway was directly connected between adjacent
octahedral sites (Oct–Oct) and had a low energy barrier of 0.25
eV and (2) the hop in the ab-plane, where the pathway was via
tetrahedral interstitial sites (Oct–Tet–Oct) and exhibited an
energy barrier of 0.29 eV (Fig. 4a). The ionic conductivities along
the c-, a-, and b-axis in Li3YCl6 were 85.4, 0.3, and 0.7 mS cm−1,
respectively.122 It could be seen that Li+ diffusion in Li3YCl6 was
highly anisotropic and had a fast c-axis 1D diffusion channel.
Such anisotropic diffusion made the conductivity extremely
susceptible to channel-blocking defects, including anti-site
defects, impurities, and grain boundaries, which caused ionic
conductivity to deviate signicantly from theoretical prediction.
For Li3YBr6 with a ccp anion arrangement, the Li+ conducting
pathway showed a 3D isotropic network and Li+ hopped to the
adjacent octahedral site through a tetrahedral interstitial site
(Oct–Tet–Oct pathway), thereby exhibiting a barrier of 0.28 eV
(Fig. 4b).27 Further AIMD results showed that the 3D isotropic
diffusion pathway was based on two channels: the hopping
between different Li-1 sites in the (001) plane, and the activation
energy was between 0.11 and 0.19 eV; the hopping between Li-1
and Li-2 sites along the [001] direction, and the activation
energy was 0.39 eV.123

The ion migration of Li3ErI6 with a monoclinic structure was
mainly 2D in the ab-plane (Fig. 4c). In the ab-plane, Li sites were
strongly interconnected with each other, and the tetrahedral
voids le by the edge-sharing of octahedra were used as tran-
sition sites for Li+ diffusion. Of course, the strong disorder
between Li+ and Er3+ indicated the possibility of Li+ migration
Fig. 4 The Li+ migration pathways and corresponding energy landscape
2019, Wiley-VCH. (c) Possible Li+ diffusion pathways of Li3ErI6 obtained
Copyright 2020. American Chemical Society. (d) Structure and 3D Li+

permission.45 Copyright 2020. The Royal Society of Chemistry. (e) Schem
Copyright 2020. The Royal Society of Chemistry. (f) Li+ migration pathwa
with permission.99 Copyright 2020. American Chemical Society.

8700 | Chem. Sci., 2023, 14, 8693–8722
along the c-axis direction. Based on DFT calculations, mono-
clinic Li3HoBr6 had four possible diffusion pathways.119 The
vacancies in the lattice provided different pathways for Li ion
diffusion. The energy barriers of these two in-plane pathways
were 0.22 eV and 0.46 eV for Oct–VOct and Oct–Oct pathways,
respectively. In addition, the energy barriers for two out-of-
plane paths were 0.12 eV and 0.24 eV for Oct–Tet–VOct and Oct–
Tet–Oct pathways, respectively. In contrast, Li ions showed
a lower energy barrier to migrate through vacant octahedral
sites. However, the number of such natural vacant octahedral
sites was limited and couldn't fully supply Li ion migration. The
Oct–Tet–Oct pathway in the out-of-plane could be used as
a complementary contribution to Li ion migration. The syner-
gistic effect of multiple diffusion pathways with low activation
barriers in Li3HoBr6 well guaranteed the high ionic
conductivity.

The high ionic conductivity of Li2Sc2/3Cl4 was mainly due to
multiple Li sites in the spinel lattice. The rigid framework
formed by the Li/Sc shared site and the presence of Li+

throughout the face-sharing octahedral and tetrahedral sites,
provided the conditions for innite 3D Li+ diffusion pathways
(Fig. 4d). In addition, the large number of vacancies formed by
the Li deciency strategy was benecial in eliminating the
defect formation step for Li+ diffusion.45 Li2Sc2/3Cl4 prepared by
a facile synthesis process exhibited an ionic conductivity of 1.5
mS cm−1. The results of DFT showed that halospinel Li2Sc2/3Cl4
had the potential for ionic conductivity of up to ∼2.07 mS cm−1

under a collective ionic motion mechanism.79 Before the rst Li
in (a) Li3YCl6 and (b) Li3YBr6. Reproduced with permission.27 Copyright
by a bond valence sum calculation. Reproduced with permission.83

diffusion pathway of disordered spinel Li2Sc2/3Cl4. Reproduced with
atic diagram of collective Li+ motion. Reproduced with permission.79

y in orthorhombic Li3MCl6 obtained by the BVSE method. Reproduced

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(Li1) at the 8a site hopped to the 48f site, the strong Coulomb
repulsion between Li1 and Li2 drove Li2 to jump to the next 48f
site, followed by Li1 hopping to the 8a site, where Li2 was
initially located. Hence, rapid Li+ migration was achieved
repeatedly (Fig. 4e).

The orthorhombic structure was similar to the trigonal
structure and exhibited the anisotropic diffusion pathways of Li
ions (Fig. 4f): 1D diffusion pathway along the c-axis direction
between the octahedral sites (Oct–Oct pathway) with lower
activation energy and 2D diffusion pathway in the ab-plane
between octahedral sites and interstitial tetrahedral sites (Oct–
Tet–Oct pathway) with higher activation energy.

The site disorder in the crystal structure had a direct inu-
ence on the ion diffusion pathway of halide SSEs. At present,
researchers don't have a unied understanding of the relevant
mechanism. Experimental studies on Li3YCl6 and Li3ErCl6
showed that higher cationic site disorder was favorable to ion
transport.33,40,41 The disordered and distorted structure
expanded the bottleneck of Li+ diffusion and signicantly
affected the transport mechanism. Consistent with this result,
the stacking faults in Li3YCl6 could reduce the Li+ migration
barrier and generate more interlayer channels, thereby
promoting Li+ conduction in the structure.124 In contrast,
theoretical work suggested that antisite disorder blocked the Li+

diffusion channel and reduced conductivity by about one order
of magnitude.25 Calculation results by Wan et al. showed that
antisite defects formed in Li3YCl6 were favorable for converting
the P�3m1 lattice to the C2/c lattice with low ionic conductivity
and limiting Li+ transportation.71
Fig. 5 (a) Crystal structure of Li3InCl4.8F1.2 viewed from different orienta
Ionic conductivity of Li3InCl6−xFxwith different F-contents at room tempe
Crystal structure of Li3Y(Br3Cl3) viewed from parallel to the a-axis. Reprod
Migration routes of Li ions along the (d) ab-plane and (e) c-axis direction
Society.

© 2023 The Author(s). Published by the Royal Society of Chemistry
3. Substitution in halide SSEs

Chemical substitution in known ionic conductors was oen
used to develop new electrolytes with improved ionic conduc-
tivity, electrochemical/chemical stability, and environmental
stability.35,125,126

3.1 Haloanion substitution

Fluoride exhibited a wider electrochemical stability window,
while chloride and bromide had more prominent ionic
conductivity. Therefore, dual-halogen SSEs were formed by
haloanion substitution, which could balance oxidative stability
and ionic conductivity and obtain better comprehensive
performance. The introduction of Cl− into Li2ZrF6−xClx could
maintain the excellent Li interface stability, meanwhile
improving ionic conductivity by two orders of magnitude.127

Compared with other halide anions, F− had the smallest ionic
radius. Therefore, F− substitution usually led to lattice
shrinkage.110,111,118,128 F− had shorter and stronger bonds with
Li+ in comparison with Cl−, increasing the barrier for Li+

migration. And the conductivity of chloride decreased slightly
aer F− doping.71 In F-doped Li3InCl4.8F1.2, Cl occupied
symmetrical 4i and 8j sites and F occupied partial 8j sites. Cl
and F were stacked layer-by-layer to form an edge-share six-
coordinated octahedron, and the cation and vacancy occupied
octahedral interstitial sites (Fig. 5a).110 The experimental results
showed that the ionic conductivity of Li3InCl6−xFx gradually
decreased with the F content increasing (Fig. 5b).111 However,
according to the rst-principles theoretical method, the
tions. Reproduced with permission.110 Copyright 2021, Wiley-VCH. (b)
rature. Reproduced with permission.111 Copyright 2022. Elsevier B.V. (c)
uced with permission.104 Copyright 2020. American Chemical Society.
. Reproduced with permission.104 Copyright 2020. American Chemical

Chem. Sci., 2023, 14, 8693–8722 | 8701
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inuence of F-doping on Li+ migration in Li3InCl6 was not
unilateral.128 On the one hand, F-doping reduced the energy
barrier of site-to-site hops, which was conducive to the migra-
tion of some Li ions to the empty space of the In layer and
generating Li vacancies and triggering the diffusion of other Li
ions. On the other hand, the strong electronegativity of F− led to
high electrostatic interactions between Li+ and F−, which
limited the long-term travel range of nearby Li+ under a high
correlation effect. Therefore, it was necessary to balance the
positive and negative effects by controlling the concentration of
F-doping for achieving desired ionic conductivity. Interestingly,
no matter whether the F-doping increased or decreased ionic
conductivity, F-doping improved the crystal structure rigidity of
halides, expanded the electrochemical window, and enhanced
the stability of the cathode interface.

Introducing Br into Li3YCl6 could tune the ionic conductivity
and oxidative stability.103 As the Br content increased, the
structure of Li3YBrxCl6−x changed from trigonal to monoclinic
when x was greater than 1.5. The ionic conductivity of Li3-
YBrxCl6−x increased from 2.1 to 5.36 mS cm−1, with the Br
content increasing until the formation of Li3YBr6. This was
mainly attributed to the larger ionic radius, smaller electro-
negativity, and larger lattice polarizability of Br− than Cl− and
also the change in the crystal structure. However, Br-enriched
materials showed lower oxidative stability.103 In other studies,
Li3Y(Br3Cl3) with a mixed haloanion exhibited ionic conduc-
tivity up to 7.2 mS cm−1 in practice and was estimated to reach
22.3 mS cm−1 in theory.104,122 This performance was probably
due to the unique Li ion site and interlayer concerted diffusion
mechanism. Unlike the crystal structure of C2/m Li3YBr6,
a considerable amount of Li+ occupied the multiple tetrahedral
sites (8j) in addition to octahedral sites (4h and 4g) (Fig. 5c).104

Octahedral Li occupied about one third of the total, while
tetrahedral Li occupied the remaining two thirds. The existence
of tetrahedral Li produced more octahedral vacancies and
expanded the diversity of Li+ diffusion pathways. In the ab
plane, two tetrahedral Li ions surround one neighboring octa-
hedral Li ion, forming an Oct–Tet–Oct chain along the a-axis
direction for Li hopping. These parallel chains were connected
by empty octahedral sites, forming a 2D diffusion network
(Fig. 5d). Along the c-axis direction, zigzag “Oct–Ter–Oct–Ter”
routes near the Y sites were provided for Li ions to hop in
adjacent ab-planes and construct 3D diffusion pathways
(Fig. 5e). In addition to the 3D diffusion pathways, the favorable
grain boundaries were also contributors to the high ionic
conductivity of Li3Y(Br3Cl3).104 The rst-principles study
revealed that the high ionic conductivity of Li3Y(Br3Cl3) was due
to an interlayer concerted diffusion mechanism.122 In Li3Y(Br3-
Cl3), the intralayer vacancy diffusion in the b-axis direction
promoted the interlayer concerted diffusion in the diagonal
direction between the a- and c-axis, with two Li ions moving
simultaneously across Li, halide, and Y layers, thereby collec-
tively contributing to the ultra-high ionic conductivity.

It is also a method to tune the ionic conductivity of halide
SSEs by doping halide anions to construct the structure of
intralayer cation disorder and stacking faults.121 Introducing I−

into Li3HoBr6 does not change its monoclinic structure, but
8702 | Chem. Sci., 2023, 14, 8693–8722
results in an increase in the a- and b-lattice parameters and the
interlayer distance. Meanwhile, Li3HoBr6−xIx exhibits complete
randomization in the staggered stacking direction. In addition,
substitution causes an increase in the volumes of the different
coordination polyhedra, Li enters the Ho sites, and the cation
disorder in the layer increases greatly. The doping of I− on the
one hand soens the lattice and promotes the diffusion of Li
ions, and on the other hand increases the cation disorder and
hinders the movement of Li ions. The two factors compete and
jointly affect the ionic conductivity of Li3HoBr6−xIx. The degree
of stacking faults does not seem to have a decisive effect on
ionic conductivity.121 However, another study showed that
stacking faults in Li3YCl6 can reduce Li+ migration barriers,
generate more interlayer channels for Li+ transport, and
promote long-range Li+ conduction.124

In addition, O2− can be used to replace the haloanion in the
halide SSE to improve its ionic conductivity.114,117 The intro-
duction of O2− into Li2ZrCl6 by one-pot mechanochemical
synthesis to form halide nanocomposite SSE (ZrO2–2Li2ZrCl6)
can increase the ionic conductivity of the electrolyte by more
than three times, from 0.40 to 1.3 mS cm−1.114 This enhance-
ment is due to the widening of Li+ transport channels and the
increase in the Li+ concentration caused by the local anion
substitution at the interface of the nanocomposite SSE. At the
same time, the halide nanocomposite SSE has higher compat-
ibility with sulde Li6PS5Cl at elevated temperature. Moreover,
this strategy is universal and can be applied to Al2O3–3Li2ZrCl6,
SnO2–2Li2ZrCl6, 0.75ZrO2–Li2.25Zr0.75Fe0.25Cl6, and ZrO2–2Li2-
ZrCl5F.114 The ionic conductivity of LiTaCl6-based polyanionic
glass-phase LiTaCl5X1/n

n− (Xn− = F−, Cl−, Br−, I−, O2−, OH−,
O2−, S2−) can even reach 10 mS cm−1.117
3.2 Isovalent cation substitution

The effect of isovalent cation substitution on halide SSEs was
mainly due to the otherness of ionic sizes. Replacing Y3+ in
Li3YCl6 with a larger La3+ could expand the size of the Li ion
diffusion channel and thus reduce activation energy.71 In
addition, substitution also caused a change in the crystal
structure. In Li3Y1−xInxCl6, the anion substructure changed
from hcp to ccp with the In content increasing.38 Aer substi-
tution, Y and In atoms occupied the 4g position together,
forming (Y/In)Cl6

3− octahedra. The increase in In3+ content led
to a shrinkage of the unit cell volume, mainly due to the smaller
ionic radius of In3+ (80 pm) than that of Y3+ (90 pm). The ionic
conductivity of Li3Y1−xInxCl6 increased abruptly with the
structural change from pristine hcp to the ccp anion sublattice
(Fig. 6a), which further demonstrated the superiority of the ccp
anion sublattice structure in Li ion transport. The ionic
conductivity of monoclinic Li3Y1−xInxCl6 (x $ 0.2) remained at
a high level and was not affected by lattice shrinkage. With the
increase in In content, the activation energy continued to
decrease, but the ionic conductivity didn't linearly increase.
This was because the ionic conductivity was affected not only by
activation energy, but also by the concentration of mobile ions,
activation entropy and other factors.38 With the increase in In
content, the crystal structure of Li2InxSc0.666−xCl4 (0 < x < 0.666)
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Ionic conductivity of Li3Y1−xInxCl6 with different In contents at 25 °C. Reproduced with permission.38 Copyright 2020, American
Chemical Society. Structure (b) and the main 3D Li ion diffusion pathway (c) of Li2In1/3Sc1/3Cl4. Reproduced with permission.46 Copyright 2022,
Springer Nature.
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changed from halospinel to monoclinic.46 The spinel Li2In1/

3Sc1/3Cl4 was constructed from the edge-sharing (In1/Sc1/Li4)
Cl6 octahedral rigid framework, while the additional Li+ spread
throughout face-sharing octahedral and tetrahedral sites
(Fig. 6b). The low occupancy of face-sharing octahedral and
tetrahedral sites provided a considerable number of vacancies
for Li+ mobility, which could form 3D ion diffusion channels
with relatively low activation energy and obtain an ionic
conductivity of more than 2 mS cm−1 (Fig. 6c).
3.3 Aliovalent cation substitution

An aliovalent substitution could signicantly affect the ionic
conductivity and activation energy, due to providing more free
Fig. 7 (a) Phase evolution of Li3M1−xZrxCl6 (M = Er, Y) upon Zr substitutio
Society. (b) XRD patterns of Li3−xEr1−xZrxCl (x = 0–1) obtained from b
Chemical Society. (c) Ionic conductivity and activation energy for Li3−xE
2022. American Chemical Society.

© 2023 The Author(s). Published by the Royal Society of Chemistry
interstitial sites, increasing the number of charge carriers, and
broadening diffusion pathways.

Tetravalent Zr4+ and Hf4+ were usually doped into trivalent
metal halides as aliovalent ions.39,44,88,97,106–108 The introduction
of Zr4+ into Li3YCl6 and Li3ErCl6 by a solid-state reaction at 450 °
C resulted in crystal structure changes.44 As Zr content
increased, their crystal structure changed from the trigonal
structure, rst to an orthorhombic-I structure and then to an
orthorhombic-II structure (Fig. 7a). The former phase trans-
formation process involved the rearrangement of metal ions,
and the latter one only led to the occurrence of the tilt for (Er/Zr)
Cl6 octahedra and created an additional tetrahedral Li site.
Compared with the other two crystal structures, the
n. Reproduced with permission.44 Copyright 2020, American Chemical
all-milling. Reproduced with permission.39 Copyright 2022. American
r1−xZrxCl as a function of x. Reproduced with permission.39 Copyright
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orthorhombic-II structure had obvious advantages in ionic
conductivity. The ionic conductivities of Li2.633Er0.633Zr0.367Cl6
and Li2.5Y0.5Zr0.5Cl6 with the orthorhombic-II structure were 1.1
and 1.4 mS cm−1, respectively. However, another report was
against this viewpoint that Zr-doping caused phase transi-
tions.39 Li3−xEr1−xZrxCl6 prepared by ball-milling had the same
trigonal structure as Li3ErCl6 regardless of the Zr content
(Fig. 7b). And this structure didn't change during annealing.
The ionic conductivity of ball-milled Li3−xEr1−xZrxCl6 rst
increased and then decreased with an increase in Zr content,
where the maximum value reached 1.38 mS cm−1 at x = 0.6
(Fig. 7c). On the one hand, the appropriate Zr4+ substitution
increased the concentration of Li vacancies and Er/Zr site
disorder, facilitating the increase in ionic conductivity. On the
Fig. 8 XRD patterns of Li3−xYb1−xHfxCl6 annealed at (a) 400 °C and (b) 5
Structural evolution of Li3YbCl6-350 to Li2.7Yb0.7Zr0.3Cl6-350 by Zr su
Chemical Society.

8704 | Chem. Sci., 2023, 14, 8693–8722
other hand, excessive Zr4+ substitution reduced the concentra-
tion of Li+ and then caused lattice shrinkage and narrowed the
transport channel of Li+, thus impeding the migration of Li+.
The AIMD results also showed that replacing Y3+ with Zr4+ in
Li3YCl6 could not only increase the Li vacancy concentration
through charge compensation, but also increase the Coulomb
force between Li and immobile ions, thus limiting the migra-
tion of Li+.71

In addition to the size of doped metal ions, the heat treat-
ment scheme was also a key factor in phase transformation. For
Li3YbCl6, the orthorhombic phase was stable, while the meta-
stable trigonal phase was formed when the solid state reaction
or annealing was performed at low temperature.43,97 The
appropriate aliovalent cation substitution (Zr4+ or Hf4+) for Yb3+
00 °C. Reproduced with permission.43 Copyright 2021. Elsevier B.V. (c)
bstitution. Reproduced with permission.97 Copyright 2021. American

© 2023 The Author(s). Published by the Royal Society of Chemistry
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in Li3YbCl6 triggered the phase transition, whether it was
a metastable trigonal phase or stable orthorhombic phase. With
the increase in Hf content, the crystal structure of Li3−xYb1−x-
HfxCl6 prepared by mechanochemical synthesis could change
from a trigonal structure to a monoclinic structure when
annealed at 400 °C (Fig. 8a), and from the original
orthorhombic-I structure to an orthorhombic-II structure when
annealed at 500 °C (Fig. 8b). Their ionic conductivity also
showed a parabolic trend of reaching a peak value of 1.5 and 1.2
mS cm−1 at x = 0.4 with the increase in Hf content, respec-
tively.43 The effect of substitution on ionic conductivity derived
from the combination of phase transition and the concentra-
tion of charge carriers of ions or Li vacancies.43 With the
increase in Zr content, the crystal structure of Li3−xYb1−xZrxCl6
synthesized by a solid state reaction at 350 °C changed from
a trigonal structure to an orthorhombic structure (Fig. 8c).97 The
phase transition triggered metal ion rearrangement and then
generated an interstitial tetrahedral site between Li1 and Li2
sites, which provided an intermediate “stepping stone” for Li+

migration. The 1D Li+ migration pathway through the face
sharing Li1 and Li2 octahedral sites along the c-axis path was
expanded to a 3D network. The ionic conductivity of ortho-
rhombic Li2.7Yb0.7Zr0.3Cl6 was improved by nearly ten times
compared with that of trigonal Li3YbCl6, reaching 1.1 mS cm−1.
Aer further optimization, the ionic conductivity of Li2.556-
Yb0.492Zr0.492Cl6 reached up to 1.58 mS cm−1.100

Replacing In3+ with different amounts of Zr4+ or Hf4+ in
Li3InCl6 could still maintain a monoclinic structure.88,106–109 In
Fig. 9 (a) The structure of Li3InCl6 (upper) and Li2.7In0.7Zr0.3Cl6 (below).
Chemistry. (b) Migration pathways of Li3−xIn1−xHfxCl6 along the a-axis
Chemical Society. (c) The Li+ migration pathways of Li3−xSc1−xZrxCl6 ma
highlighted with a red dotted line with arrows. Reproduced with permissio
values for Li+ migration through different pathways in Li3ScCl6 and Li2.5
B.V. (e) Schematic illustration of Li+ conduction in (001) planes with a ra
with permission.115 Copyright 2022, Elsevier B.V.

© 2023 The Author(s). Published by the Royal Society of Chemistry
Li3−xIn1−xZrxCl6, the Zr
4+ only occupied the 2b site (Fig. 9a) and

the occupancy of In at the 4g site gradually decreased with the
Zr content increasing. It was noteworthy that the occupancy of
tetrahedral Li3 (8j) sites almost linearly decreased with the
increase in Zr content, until complete disappearance.106,107 Li3-
InCl6 had two possible Li+ diffusion pathways: one was along
the c-direction, involving the octahedral 2c site, tetrahedral 8j
site, and shared octahedral 4g site. The other was along the Li-
layer in the ab-plane, involving both the octahedral Li-sites in
the layer and the vacant tetrahedra. The contribution ratio of
the former and the latter to ionic conductivity was about 1 : 10.
Aer the introduction of Zr4+, In3+ and Zr4+ occupied the octa-
hedral site in large quantities, hindered the diffusion of Li+ in
the mixed cation layer, and then reduced the possibility of long-
range diffusion. The Oct–Tet–Oct pathway along the c-axis was
also blocked by the high cumulative occupancy of the In2/Li4
site. At the same time, Zr4+ substitution led to a decrease in
In occupation at the 4g site, and Li was removed from the
tetrahedral site under charge compensation, thus opening up
a new diffusion pathway along the c-axis (Fig. 9b). Moreover,
Zr4+ substitution changed the preferred orientation of Li3InCl6
from the (001) plane to the (131) plane, which might be
conducive to the construction of 3D Li+ migration channels. The
Zr4+ substitution strategy made the ionic conductivity of Li2.9-
In0.9Zr0.1Cl6 signicantly increase to 1.54 mS cm−1, which was
nearly double that of Li3InCl6.109 The research of van der Maas
et al. on a series of Li3−xIn1−xZrxCl6 showed that the conduc-
tivity reached a maximum value of 2.02 mS cm−1, when x =
Reproduced with permission.106 Copyright 2023, The Royal Society of
direction. Reproduced with permission.88 Copyright 2023, American
rked with the green isosurfaces, and one of the migration pathways is
n.116 Copyright 2023, Wiley-VCH. (d) Comparison of the energy barrier

Sc0.5Zr0.5Cl6. Reproduced with permission.115 Copyright 2022, Elsevier
ndomly distributed orientation and preferred orientation. Reproduced
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0.3.106 However, Helm recognized that conductivity peaks at 1.2
mS cm−1 when x = 0.4.107 This remarkable difference might be
due to the different methods of preparing Li3−xIn1−xZrxCl6.
Based on the AIMD modeling results, the ionic conductivity of
Li2.75In0.75Zr0.25Cl6 synthesized by Fu et al. could reach as high
as 5.82 mS cm−1.108 The mechanism of tetravalent Hf4+ substi-
tution on Li3−xIn1−xHfxCl6 was analogous to that of Zr4+, which
improved ionic conductivity by forming interstitial tetrahedral
sites and Li vacancies.88 At x = 0.3, the ionic conductivity of
Li2.7In0.7Hf0.3Cl6 reached a maximum of 1.54 mS cm−1.

Similarly, introducing Zr4+ or Hf4+ into Li3ScCl6 didn't
change the monoclinic structure.115,116 Zr4+/Hf4+ was randomly
located at the Sc3+ 2a site, resulting in local structural distortion
due to the difference in ion radii. The partially occupied Li2-
and Li3-centered octahedra expanded, while the fully occupied
Li1-centered octahedra shrank. The former could weaken the
restriction of surrounding Cl−, thus promoting the migration of
Li ions. This substitution couldn't change the 2D diffusion
pathway of Li+ in the Li2/Li3-plane, which used tetrahedral
interspaces as an intermediary site (Fig. 9c). Since Zr4+ and Hf4+

had a higher valence than Sc3+, they exhibited a stronger
coulombic repulsion with Li+, thus well stabilizing the 2D
diffusion path in the Li2/Li3-plane by limiting the random
diffusion of Li ions. The resulting ionic conductivity was 1.61
and 1.33 mS cm−1 for Li2.6Sc0.6Zr0.4Cl6 and Li2.6Sc0.6Hf0.4Cl6
respectively, which were much higher than that of Li3ScCl6 (0.6
mS cm−1).116 Li et al. thought that both Li3ScCl6 and
Fig. 10 (a) Li+ diffusion pathways of Li2+xZr1−xInxCl6 with an iso-surfac
Elsevier B.V. Possible Li+ conduction pathways in the ab-plane (b) and
Elsevier B.V. (d) XRD patterns of Li2+xZr1−xInxCl6. Reproduced with permis
activation energy for Fe3+/V3+/Cr3+-substituted Li2ZrCl6. Reproduced w
conductivity between ball-milled and annealed Li2.25Zr0.75Fe0.25Cl6 electr
The most thermodynamically stable structure of Li2S2/3Cl4–0.2Fe and
Royal Society of Chemistry.

8706 | Chem. Sci., 2023, 14, 8693–8722
Li3−xSc1−xZrxCl6 had a 3D Li+ diffusive channel.115 The migra-
tion energy barriers of pathways in the ab plane were lower than
those along the c-axis, and the migration of Li+ was still domi-
nated by the ab plane pathway (Fig. 9d). The substitution of Sc3+

by Zr4+ reduced the migration energy barriers in this pathway.
In addition, the Zr4+ substitution increased the concentration of
Li vacancies. Most surprisingly, the Zr4+ substitution could
improve the degree of preferred orientation in (001) planes
(Fig. 9e). This structure reduced Li+ migration resistance along
each ab plane and between contiguous ab planes and enabled
Li+ to hop rapidly along the parallelly aligned ab planes with
small misorientation, thus improving the ionic conductivity.
Li2.5Sc0.5Zr0.5Cl6 exhibited an ionic conductivity of up to 2.23
mS cm−1, which was 3.28-fold higher than that of pristine
Li3ScCl6.115

Li2ZrCl6 had a metastable trigonal structure and stable
monoclinic structure, and the trivalent metal ions (In3+, Sc3+,
and Fe3+) exhibited different substitution effects on these two
structures. All Li2+xZr1−xInxCl6 (0 # x # 1.0) annealed at 260 °C
aer ball milling were of monoclinic phase with a space group
of C2/m, and doping In3+ didn't change the crystal structure.105

As the content of In3+ increased, the lattice of Li2+xZr1−xInxCl6
expanded asymmetrically and the ZrCl6

2− octahedra distorted.
The introduced In3+ initially occupied the 2a site and gradually
occupied the 4g site when x exceeded 0.6, resulting in the
disappearance of Zr4+ at that site. In unsubstituted Li2ZrCl6, Li

+

preferred to present at the M2/Li3 site in the (001) plane rather
e value of ±0.5 v.u. Reproduced with permission.105 Copyright 2022,
along the c-axis (c). Reproduced with permission.105 Copyright 2022,
sion.112 Copyright 2022, Elsevier B.V. (e) Ionic conductivity at 30 °C and
ith permission.85 Copyright 2021, Wiley-VCH. (f) Comparison of ionic
olytes. Reproduced with permission.129 Copyright 2022, Elsevier B.V. (g)
its components. Reproduced with permission.95 Copyright 2023, The

© 2023 The Author(s). Published by the Royal Society of Chemistry
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than Li1, Li2, and Li4 sites in the (002) plane. The introduction
of In3+ enabled the occupancy of the Li3 site to be decreased and
enabled the occupancy of L1 and L2 sites to be increased upon
substitution. Even when x was greater than 0.4, the Li4 site was
occupied. This played a key role in improving ionic conduc-
tivity. The Li4 site was conducive not only to the intra-layer Li+

diffusion in the ab-plane, but also to the interlayer Li+ diffusion
along the c-axis, which was the basis of the 3D diffusion
pathway (Fig. 10a–c). In addition, the substitution of In3+ made
the concentration of Li+ more abundant and expanded the
anisotropic lattice, and the Li+ redistribution in the lattice also
made the energy landscape more favorable for Li+ migration.
Under the action of these comprehensive factors, the ionic
conductivity of Li2+xZr1−xInxCl6 increased by several orders of
magnitude, and the ionic conductivity of Li2.7Zr0.3In0.7Cl6
reached up to 2.1 mS cm−1. When synthesizing Li2+xZr1−xInxCl6
by mechanical milling, the crystal structure changed from
trigonal to monoclinic with an increase in In3+ content (x$ 0.4)
(Fig. 10d).112 In the series of Li2+xZr1−xInxCl6 prepared by this
method, the ionic conductivity of Li2.25Zr0.75In0.25Cl6 was the
highest (1.08 mS cm−1) and decreased in the subsequent
annealing process. The ionic conductivity was doubled to 0.98
mS cm−1 by appropriate trivalent metal ion (Fe3+, V3+, and Cr3+)
doping in hcp-Li2ZrCl6 (Fig. 10e).85 On the one hand, the Fe3+

substitution to Zr4+ by trivalent metal ions relieved the
coulombic repulsion between Li+ and other metal cations, thus
reducing the activation barrier for Li+ transport. On the other
hand, the trivalent metal ion substitution modulated the overall
potential energy landscape and facilitated Li+ migration. In
addition, the Fe3+ substitution increased the number of Li+ and
Fig. 11 Synthesis methods of halide SSEs, including (a) solid-state react

© 2023 The Author(s). Published by the Royal Society of Chemistry
raised the concentration of effective charge carriers. The ionic
conductivity of Li2.25Zr0.75In0.25Cl6 prepared by the mechano-
chemical method decreased sharply during annealing with an
increase in crystallinity (Fig. 10f).129

Replacing Sc3+ in Li2Sc2/3Cl4 with the divalent Fe2+ also
effectively improved its ionic conductivity.95 Due to the ionic
properties, Fe2+ tended to replace Sc3+ to occupy the 16d site
rather than a tetrahedral site, forming a stable octahedral
framework. At the same time, the additional Li+ occupied the 8a
vacant site to maintain charge balance (Fig. 10g). In halospinel
Li2Sc2/3Cl4, the Li+ diffused only through octahedral sites and
3D diffusion pathways were easily blocked by other cations
located at the same site. Compared with Sc3+, Fe2+ had a larger
ionic radius and a lower oxidation number. The doped Fe2+ and
the extra Li+ formed new links, allowing the Oct–Oct diffusion to
occur more frequently. Doped Fe2+ contributed to the formation
of bonding networks between Li octahedra and then formed
multi-diffusion channels with rm topological connectivity
between the octahedra along Li diffusion pathways, thus
promoting Li+ diffusion and obtaining a high ionic conductivity
of 2.72 mS cm−1.
4. Synthesis methods of halide SSEs

In order to commercialize halide SSEs, the development of
a stable and efficient large-scale synthesis method was key. At
present, the synthesis of halide SSEs is divided into three
categories: solid state reaction methods, mechanochemical
synthesis, and wet chemistry synthesis (Fig. 11). The synthesis
ion, (b) mechanochemical synthesis and (c) wet-chemistry synthesis.

Chem. Sci., 2023, 14, 8693–8722 | 8707
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approach affected the local structure, local cationic ordering,
and ion diffusion pathways of halide SSEs.41,90,91
4.1 Solid-state reaction

The intrinsic nature of conventional solid-state reactions
required good solid–solid particle contact and enhanced the
reaction kinetics by high-temperature co-melting.130 From the
viewpoint of thermodynamics, a high temperature solid-state
reaction was the most likely to achieve a phase that was close
to the thermodynamic equilibrium state. Due to the sensitivity
of halide SSEs to moist air, the reaction was usually carried out
in vacuum quartz tubes, which limited the scale-up production
of electrolytes. Moreover, the solid-state reaction oen needs
maintaining high temperature for a long time. For example, the
synthesis of Li3YBr6−xFx required heating to 950 °C for 15 h,118

the synthesis of Li3YBrxF6−x required heating to 680 °C for
24 h,103 and the synthesis of Li4−3xScxCl4 required heating to
650 °C for 48 h.45 The huge energy consumption further limited
its practical applications.
4.2 Mechanochemical synthesis

Generally, the mechanochemical method allowed for the
synthesis of nonequilibrium compounds. Moreover, there were
large amounts of structurally disordered interfacial regions,
Fig. 12 (a) Room temperature ionic conductivity and activation energy fo
with permission.122 Copyright 2022, American Chemical Society. (b) The
with permission.123 Copyright 2020, Elsevier Ltd. (c) Ionic conductivities o
with permission.123 Copyright 2020, Elsevier Ltd. (d) The XRD patterns
permission.86 Copyright 2020, Springer Nature. (e) Schematic illustrating
with permission.43 Copyright 2021, Elsevier B.V.

8708 | Chem. Sci., 2023, 14, 8693–8722
local distortions, and defect structures in the electrolytes by
mechanochemical synthesis. The presence of these defects was
advantageous for some electrolytes. For ternary trigonal chlo-
ride electrolytes, high M2/M3 site disorder played a key role in
their high ionic conductivity. As shown in Fig. 12a, the ball
milled Li3YCl6 had the lowest activation energy and the highest
ionic conductivity. By the annealing treatment at different
temperatures, crystallinity increased but the ionic conductivity
decreased.124 The trigonal Li3ErCl6, Li2.6Er0.6Zr0.4Cl6 and
monoclinic Li3ErI6 were also consistent with this law.39,41,83 In
contrast, the ionic conductivity of Li3YBr6 and Li3InCl6
increased, with crystallinity increasing (Fig. 12b and c).25,33,91,123

Annealing treatment could not only improve crystallinity, but
also change the crystal structure of electrolyte in some cases.
Li2ZrCl6 prepared by ball milling has a trigonal structure, which
could transform into a monoclinic structure aer annealing at
350 °C (Fig. 12d).86 Although crystallinity was improved, the
ionic conductivity decreased sharply. Annealing temperature
was also an important parameter affecting the ion conductivity
and phase structure of electrolyte (Fig. 12e).43 Aer mechano-
chemical milling, Li3YbCl6 prepared at 400 °C crystallized into
a trigonal structure, while the material prepared at 500 °C
formed an orthorhombic structure. There was a slight differ-
ence in ionic conductivity between them. In order to obtain the
as-expected ionic conductivity, it was necessary to consider the
r Li+ long-range diffusion among various Li3YCl6 samples. Reproduced
XRD patterns of Li3YBr6 annealed at various temperatures. Reproduced
f annealed Li3YBr6 changed with annealing temperatures. Reproduced
of the as-milled and annealed Li2ZrCl6 at 350 °C. Reproduced with
the phase evolution of Li3−xYb1−xHfxCl6 at 400 or 500 °C. Reproduced

© 2023 The Author(s). Published by the Royal Society of Chemistry
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necessity of annealing and rationally select annealing temper-
ature for the synthesis of halide SSEs by mechanochemical
synthesis.
4.3 Wet chemistry synthesis

Compared with the mechanochemical and co-melting
synthesis, wet chemistry synthesis could avoid long periods of
high-energy ball-milling or high-temperature heating treatment
and was more efficient and time-saving. Wet chemistry
synthesis was the most potential route for the large-scale
manufacturing of halide SSEs.

Because the dehydration/hydration process between Li3-
InCl6$2H2O and Li3InCl6 was reversible and obtained high
crystallinity in dehydrated Li3InCl6, it was feasible to use
deionized water as solvent to synthesize Li3InCl6 on a large
scale. Sun's research group was the rst to synthesize Li3InCl6
with ionic conductivity up to 2.04 mS cm−1 using distilled water
as the medium (Fig. 13a).61 Through simple dissolution and
vacuum heating, the high purity and crystallinity of Li3InCl6
could be obtained. Vacuum drying was conducive to the
formation of small-size particles, which could completely
remove trace water and avoid oxygen pollution due to a shorter
diffusion length and larger surface area.131 The particle size of
Li3InCl6 was greatly reduced by introducing freeze drying
technology into wet chemistry synthesis (Fig. 13b–d).132 The
effective removal of free water by freeze drying signicantly
alleviated the increase in particle size caused by particle
Fig. 13 (a) Illustration of a water-mediated synthesis route for Li3InCl6 an
dehydrated Li3InCl6. Reproduced with permission.61 Copyright 2019, W
synthesized by different methods: (b) freeze drying, (c) hydration metho
The Royal Society of Chemistry. (e) Cycling performance at 10C of NCM9
methods. Reproduced with permission.132 Copyright 2023, The Royal So

© 2023 The Author(s). Published by the Royal Society of Chemistry
collision during thermal evaporation of solution. The uniform
particles of electrolyte greatly reduced the porosity of ASSBs to
obtain better interfacial contact and excellent cycling perfor-
mance. As shown in Fig. 13e, the ASSB based on freeze-dried
Li3InCl6 had little capacity attenuation aer 150 cycles at 10C.

In addition, ethanol was also used as solvent for the
synthesis of Li3InCl6 electrolyte.62 The advantage of this method
was that it eliminated the adverse impact of trace water on the
battery performance. At the same time, this method only
needed heating at 200 °C for 3 h tomake the intermediate phase
completely decomposed and obtain high crystallinity Li3InCl6
electrolyte. The raw materials (LiCl and InCl3) had a very low
solubility in ethanol, meaning more solvents were needed for
the same amount of production. And the price of ethanol was
much higher than that of deionized water, so the ethanol-
mediated route showed a disadvantage in manufacturing cost.

The ammonia-assisted wet chemical synthesis was more
universal, which could li the restriction on reversible
hydration/dehydration of electrolyte and extend the wet chem-
ical route to the preparation of Li3MX6 (M= Y, Sc, and Er; X= Cl
and Br).63 The relevant equation is as follows:

MCl3$nH2O + 3NH4Cl / (NH4)3[MCl6] (1)

(NH4)3[MCl6] +3LiCl / Li3MCl6 + 3NH3 + 3HCl (2)

Firstly, the NH4
+ and MX6 were dissolved in deionized water

to form an intermediate phase. Then, the intermediate
d the reversible interconversion between hydrated Li3InCl6$xH2O and
iley-VCH. The histograms of the particle size distribution of Li3InCl6
d and (d) ball milling. Reproduced with permission.132 Copyright 2023,
0-Li3InCl6/Li3InCl6/Li6PS5Cl/Li cells with Li3InCl6 prepared by different
ciety of Chemistry.
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ammonium was completely decomposed aer heating and the
halide electrolytes with good crystallinity were obtained. The
halide electrolyte synthesized by this method had nanoscale
size and formed a localized microstrain in the material under
the small size effect. The microstrain-induced local structural
change might be favorable for Li+ transport along the ab plane
in an hcp anion framework, but not in a ccp anion sublattice.

Inspired by ammonia-assisted wet chemical synthesis, the
vacuum evaporation-assisted synthesis was developed for the
scale-up synthesis of Li3HoBr6 using the following equation:120

3Li2CO3 + Ho2O3 +12NH4Br/

2Li3HoBr6 + 3CO2 + 12NH4 + 6H2O (3)

This pathway used relatively inexpensive precursors such as
rare earth oxides, lithium carbonate, and ammonium halide.
The ionic conductivity of synthesized Li3HoBr6 was equivalent
to or even better than the ionic conductivity of that synthesized
by the solid-state reaction method.119

By comparison, the wet chemistry synthesis had lower
equipment requirements, cheaper raw materials, less energy
consumption, and produced halide SSEs with both high ionic
conductivity and electrochemical stability. In summary, wet
chemistry synthesis was the most promising method for large-
scale preparation of halide ASSBs.
5. Air environmental stability of halide
SSEs

Air environment stability of SSEs was always a hard-to-overcome
difficulty.133–135 It was directly related to the manufacturing cost,
transportation cost, and application cost. Oxide-based SSEs had
relatively good air stability, which slowly reacted with moisture
and CO2 through Li+/H+ exchange, formed LiOH, Li2CO3 and
Li2O on the surface and increased the interface resistance.136

Sulde-based SSEs were extremely unstable in the air, where the
S2− tended to bond with H− in moist air to form toxic H2S gas.133

In contrast, the hydrolysis energy of ternary chloride was posi-
tive, so the reaction with water was basically stable.137
5.1 Degradation mechanism

Li3InCl6 and Li3YCl6 were very sensitive to moisture in the air
and absorbed water quickly when exposed to air and then are
completely liqueed into transparent solutions aer 2 h and
8 h, respectively (Fig. 14a).138 Li3InCl6 absorbed water faster
than Li3YCl6, while Li3YCl6 absorbed more water than Li3InCl6.
Their absorption rate was proportional to the contact area with
moisture air. The schematic diagram of the degradation
mechanism of Li3InCl6 is shown in Fig. 14b. Li3InCl6 absorbed
water rapidly aer being exposed to the air, to form Li3InCl6-
$2H2O crystalline hydrate in the initial stage. With the progress
of the hydrolysis process, part of Li3InCl6 was decomposed into
InCl3 and LiCl, and InCl3 could further hydrolyze to produce the
In(OH)3 intermediate phase and nally dehydrated to form
In2O3 impurities.
8710 | Chem. Sci., 2023, 14, 8693–8722
In combination with types of advanced characterization
methods, Li et al. revealed the degradation process of Li3InCl6
when exposed to humid air.26 Li3InCl6 remained stable in dry air
and exhibited a certain tolerance to low humidity air (3–5%),
but quickly decomposed in high humidity air (30%). In general,
the hydrolysis of Li3InCl6 proceeded according to the following
two reactions:

2Li3InCl6 + 3H2O / In2O3 (s) + 6HCl (g) + 6LiCl (4)

Li3InCl6 + xH2O / Li3InCl6$xH2O (5)

In moist air, hydrophilic Li3InCl6 rst absorbed water and
part of Li3InCl6 reacted with H2O to form In2O3 as a precipitate,
as well as LiCl and HCl (eqn (4)). Besides, the remaining Li3-
InCl6 absorbed H2O to form Li3InCl6$xH2O hydrate (eqn (5)).

The hydration reaction of Li3InCl6 was a completely revers-
ible process, and the ionic conductivity of Li3InCl6$xH2O could
recover over 92% aer removing H2O by vacuum heating.
However, the ionic conductivity of Li3YCl6 could only retain
0.8% aer the same treatment.25,38,61 According to the DFT, the
surface adsorption energy of Li3InCl6 was only −0.60 eV, while
the hydrolysis reaction energy barrier was high enough to
inhibit the spontaneous hydrolysis reaction.139 Fig. 14c exhibits
the schematic and energy proles of hydration and dehydration
reactions of Li3InCl6. During hydration, Li3InCl6 stabilized by
adsorbing H2O on the surface. The adsorption of H2O could
reduce the surface energy below 0 J m−2, making it easier to
form a new surface. The newly formed surface further promoted
a hydration layer on the surface of Li3InCl6. In the case of
dehydration, the reaction was non-spontaneous and required
tremendous energies to remove H2O from the hydration phase.
The monotonous reaction pathways of hydration and dehydra-
tion and their energies enabled the reversible phase evolution
of Li3InCl6.139 The H2O in the Li3InCl6$xH2O hydrate reduced
the mobility of Li by extending the required jumping distance
and blocking facile migration pathways. With the removal of
H2O, the lattice shrank and the ionic conductivity was
restored.140When the unit formula amount of H2O was less than
0.5, the ionic conductivity of the sub-hydrate phase improved
signicantly, until the superionic conducting phase was formed
aer complete dehydration. However, the evaporation of the
last trace of water contributed to the formation of stress cracks
and grain boundaries (Fig. 14d).

The moisture resistance of Li3InCl6 came from its good
recoverability aer hydrolysis. By contrast, Li2ZrCl6 was indeed
moisture resistant at relative humidity even higher than 1%.86

Both Li2ZrCl6 and Li3InCl6 were exposed to N2 with 5% relative
humidity at the same time, and the crystal structure and ionic
conductivity of Li2ZrCl6 remained unchanged aer 24 h,
whereas the ionic conductivity of Li3InCl6 was largely decreased
by nearly an order of magnitude (Fig. 14e and f).

5.2 Strategies to improve moisture resistance

In order to improve the air stability of halide SSEs, the coating
strategy is considered one of the possible solutions. Coating the
surface of Li3InCl6 with Al2O3 through powder atomic layer
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 (a) Images of water absorption morphology evolution of Li3InCl6 and Li3YCl6 in an air environment. Reproduced with permission.138

Copyright 2021, Wiley-VCH. (b) Schematic diagram exhibiting the hydrolysis mechanism of Li3InCl6 in an air environment. Reproduced with
permission.138 Copyright 2021, Wiley-VCH. (c) Profiles of the relative energy in hydration (upper) and dehydration (below). Reproduced with
permission.139 Copyright 2021, Elsevier B.V. (d) Illustration of Li3InCl6 hydrate evolution during heating. Reproduced with permission.140 Copyright
2021, The Royal Society of Chemistry. Nyquist plots of (e) as-milled Li2ZrCl6 and (f) Li3InCl6 before and after being exposed to the atmosphere
with 5% relative humidity. Reproduced with permission.86 Copyright 2021, Springer Nature.
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deposition could isolate the contact with humid air, which
effectively improved its moisture resistance (Fig. 15a).138 For
pristine Li3InCl6 with different particle sizes, the air stability
time of Li3InCl6@Al2O3 aer coating was prolonged by 4 or even
7 times. However, compared with the original Li3InCl6, the ionic
conductivity of Li3InCl6@Al2O3 was slightly decreased. Also, the
surface coating obviously increased manufacturing cost, which
was far from a perfect solution.

The doping strategy could improve the ionic conductivity of
halide SSEs and enhance their moisture resistance.38,115 Li3YCl6
was unstable in air and easily changed to YCl3$6H2O and
LiCl$H2O upon contact with moisture, which was irreversible
and couldn't be recovered by vacuum heating. Aer doping
through the In3+, hydration intermediates were formed when
Li3Y1−xInxCl6 was exposed to moist air, rather than separated
phases (Fig. 15b and c). The recovery of Li3Y1−xInxCl6 increased
with an increase in In3+ content. When x $ 0.5, the ionic
conductivity of Li3Y1−xInxCl6 reheated aer humidity exposure
reached more than 85% that of the original material.38 F−
© 2023 The Author(s). Published by the Royal Society of Chemistry
doping could greatly reduce the water absorption rate of Li3-
InCl6.111 Aer exposure to a dew-point dry room (−20± 3 °C) for
5 h, Li3InCl6 retained only 22.2% of ionic conductivity, while
Li3InCl5.6F0.4 retained 62% of ionic conductivity (Fig. 15d). The
increasing moisture stability might be related to the formation
of robust Li–F and In–F bonds by F− doping.111 Inspired by the
high moisture resistance of Li2ZrCl6, Zr

4+ was introduced into
Li3ScCl6 to form a robust Zr–Cl bond and improve the moisture
resistance.115 The moisture resistance of Li2.5Sc0.5Zr0.5Cl6 was
obviously improved by the Zr4+ replacement. Aer being
exposed to an Ar atmosphere with 5% relative humidity for 12 h,
Li2.5Sc0.5Zr0.5Cl6 retained the original crystal structure and
decreased its ionic conductivity by only 50%. In contrast, the
ionic conductivities of Li3ScCl6 and Li3InCl6 decreased by 70%
and 85%, respectively, under the same conditions (Fig. 15e).
When exposed to high humidity (30% of relative humidity),
Li2.5Sc0.5Zr0.5Cl6 absorbed water and further reacted with it to
form a ZrOCl2(H2O)8 phase, which could avoid the subsequent
water absorption and enhanced moisture resistance.
Chem. Sci., 2023, 14, 8693–8722 | 8711
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Fig. 15 (a) Schematic diagram showing that the Al2O3 coating enhanced Li3InCl6 air stability via powder atomic layer deposition. Reproduced
with permission.138 Copyright 2021, Wiley-VCH. Schematic illustration of the humidity stabilities of (b) Li3Y1−xInxCl6 and (c) Li3YCl6, respectively.
Reproduced with permission.38 Copyright 2020, American Chemical Society. (d) Ionic conductivity evolution of Li3InCl6 and Li3InCl5.6F0.4 after
being exposed to a dew-point dry room (−20 ± 3 °C) for 5 h. Reproduced with permission.115 Copyright 2022, Elsevier B.V. (e) Ionic conductivity
of Li3InCl6, Li3ScCl6, and Li2.5Sc0.5Zr0.5Cl6 before and after exposure to an Ar atmosphere with 5% relative humidity. Reproduced with permis-
sion.115 Copyright 2022, Elsevier B.V.
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6. Interface optimization and
application challenges of halide SSEs in
ASSBs

With the rapid development of halide SSEs, a series of halides
with high room temperature ionic conductivity, even exceeding
mS cm−1 have been fabricated.33,104 The overall reaction kinetics
of ASSBs were determined by ionic conductivity and also
depended on interfacial resistance.141 These halides SSEs,
especially chlorides, typically had a wider electrochemical
stability window than suldes and oxides SSEs, which provided
ASSBs the potential for high energy density.96,100 However, as
with other inorganic SSEs, halide electrolytes also need to
overcome the interface problem with electrode materials.20,142,143
6.1 Interfacial stability of halide SSEs and cathodes

According to Wang et al.'s calculations, halide SSEs had a wide
thermodynamic intrinsic electrochemical window, while
suldes and oxides couldn't match it (Fig. 16a).27 This made
8712 | Chem. Sci., 2023, 14, 8693–8722
halides extremely compatible with high-voltage cathodes
without the need for any protective coating.44,46

Almost all chloride electrolytes exhibited high oxidation
potentials of ∼4.3 V, which could fully cover the typical working
potential of cathode materials. However, chloride electrolytes
and cathodes weren't stable enough against chemical decom-
position, and the stability of the interface between them
depended on the central metal cation and the type of cathode
materials.99,144,145 By comparing the electrochemical properties
of Li3InCl6, Li2Sc1/3In1/3Cl4, and Li2.5Y0.5Zr0.5Cl6, chlorides with
similar ionic conductivity, it was found that In3+ and Sc3+

central cations were benecial for the kinetically stable inter-
face between chloride electrolyte and the NCM85 cathode.
However, some serious side reactions occurred at the interface
of Li2.5Y0.5Zr0.5Cl6 and NCM85 at or above 4.3 V vs. Li+/Li. The
interfacial decomposition products (YOCl or ZrO2) were
conducive to the mass transfer of oxygen-containing compo-
nents and promote continuous side reactions at the interface
and lead to an appreciable increase of cathode impedance and
a signicant decay of capacity (Fig. 16b).144 The rst-principles
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16 (a) Comparison of thermodynamic intrinsic electrochemical windows of ternary halides, oxides, and sulfides. Reproduced with
permission.27 Copyright 2019, Wiley-VCH. (b) The cathode resistance of the charged In/InLi‖NCM85 cells during aging at 4.1–4.6 V vs. Li+/Li.
Reproduced with permission.144 Copyright 2022, The Royal Society of Chemistry. (c) Heatmap of the mutual reaction energy between chloride
SSEs and cathode materials. Reproduced with permission.145 Copyright 2021, American Chemical Society. (d) Mutual reaction energy between
Li3YCl6 and NCM811, between LiAl5O8 and NCM811, and between LiAl5O8 and Li3YCl6, as a function of the mixing ratio. Reproduced with
permission.145 Copyright 2021, American Chemical Society.

Review Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
av

gu
st

 2
02

3.
 D

ow
nl

oa
de

d 
on

 3
1.

 0
1.

 2
02

6 
12

:0
5:

39
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
calculation results showed that Zr4+ doping signicantly
increased the mutual reaction energy between chloride (Li3YCl6
and Li3ErCl6) and cathodematerials.145 As shown in Fig. 16c, the
mutual reaction energies between all chlorides and LiFePO4

and LiCoO2 (LCO) were below 50meV per atom, indicating good
chemical stability and good compatibility between chloride
electrolytes and cathode materials. Similarly, LiMn2O4 also had
low chemical reaction energy with chloride electrolytes.99 By
contrast, the Li(NiMnCo)1/3O2 (NCM111) situation wasn't so
optimistic. The chemical reaction energy between NCM111 and
chlorides was much higher than that of the other three anode
materials, which could increase with an increase in Ni content
in NCM. And therefore, NCM cathode materials weren't a good
© 2023 The Author(s). Published by the Royal Society of Chemistry
choice for chloride electrolytes. Coating was considered
a common strategy to solve SSE interface problems. From the
aspects of phase stability, electrochemical stability, and chem-
ical stability with cathode materials and chloride electrolytes, it
was found that 54 Li-containing compounds were noteworthy
by the high-throughput computational screening of 20 237 Li-
containing compounds.145 In Fig. 16d, the LiAl5O8 coating
material exhibited much lower reaction energy on Li3YCl6 and
NCM811, meaning that it could stabilize the interface between
chloride electrolyte and high-voltage cathode materials. But this
effect has not been conrmed by the experimental results. It
was more convenient and feasible to improve the stability of the
interface between chloride electrolyte and the LCO cathode by
Chem. Sci., 2023, 14, 8693–8722 | 8713
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doping F− into dual-halogen SSE.110 The F-doping generated F-
enriched passivating interphases in situ on the cathode inter-
face, which protected the electrolyte from further decomposi-
tion and was benecial for the promising cycling stability of
ASSBs. The Li3InCl4.8F1.2-based ASSB in the voltage range of 2.6–
4.47 V retained a capacity of 102 mA h g−1 aer 70 cycles.
Notably, the average coulombic efficiency was up to 99.5%
during the cycling process, implying the highly reversible Li+

de-/intercalation behavior and interfacial stability between Li3-
InCl4.8F1.2 and the cathode material.

6.2 Interfacial stability of halide SSEs and anodes

Li metal is considered the “holy grail” of next-generation LIB
anode materials because of its extremely high theoretical
capacity of 3860 mA h g−1 and the lowest redox potential (−3.04
V vs. standard hydrogen electrode).146,147 However, due to the
low electronegativity of Li, almost all SSEs containing transition
metal components were reduced upon contact with a bare Li
anode.148,149 Although a more stable interface could be obtained
by replacing Li metal with a Li–In alloy, it came at the expense of
capacity.

Depending on the type of central element, the reduction
potential of ternary chloride electrolyte ranged from 0.7 to
2.6 V.145 The reduction potential of chlorides with group 3
elements was slightly lower and that of group 13 elements was
higher. In addition, Zr4+ substitution signicantly increased the
reduction potential of chloride electrolyte, which was an aspect
to be considered when reaping the increased ionic conductivity.
First-principles calculations showed that Li3YCl6 and Li3ErCl6
possessed a relatively lower decomposition energy than Li3InCl6
and Li2.5Y0.5Zr0.5Cl6, but they all exceeded 200 meV per atom,
indicating good chemical instability with the Li metal anode. In
situ X-ray photoelectron spectroscopy analysis of Li3MCl6/Li
interfacial decomposition products showed that the high-
valence metal cations (M3+) in the chlorides were easily
reduced to M0 when they encountered Li metal, according to the
following balanced chemical equation:150

Li3MCl6 + 3Li / 6LiCl + M0 (M0 = In, Y)

The reaction product LiCl was a Li+ conductor and M was an
electron conductor, so the interphase was a mixed ionic and
electronic conductor (MIEC). The MIEC interphase encouraged
the continuation of thermodynamically favorable decomposi-
tion reaction and and inhibited the formation of a passivation
layer.151 Both Li+ and electrons migrated through MIEC inter-
phases, and the adverse side reaction continued during the Li+

plating/stripping process until halide electrolyte or Li metal was
depleted (Fig. 17a).63,152

Li6PS5Cl was the ideal protection layer to prevent direct
physical contact between halide electrolyte and Li metal
anode.63,150,153 On the one hand, the Li6PS5Cl/halide interface
had high chemical compatibility, which was conducive to the
charge transfer process. On the other hand, the primary ionic
conducting nature of the Li/Li6PS5Cl interface formed a stable
self-limiting SEI layer (Fig. 17b). In addition, the good ductility
8714 | Chem. Sci., 2023, 14, 8693–8722
of Li6PS5Cl ensured that cracks couldn't form during the
charge–discharge cycle. The NCM-811/Li3YCl6/Li6PS5Cl/Li full
cell displayed excellent recycling ability with a capacity reten-
tion of 91% and a high coulombic efficiency of 99.7% aer 100
cycles.153 The NCM/Li2ZrCl6/Li6PS5Cl/Li–In full cell also exhibi-
ted a stable capacity of ∼150 mA h g−1 at 200 mA g−1 aer 200
cycles.86 The Li/L6PS5Cl–Li2ZrCl6/LCO cell showed good cycling
stability over 70 cycles at a 0.1C rate, with a capacity retention of
80.5% and coulombic efficiency of up to 100%. By contrast, the
Li/Li2ZrCl6/LCO cell lost more than 70% of its capacity aer only
3 cycles, due to severe side reactions between Li2ZrCl6 and the Li
metal anode.154 However, the other experimental results showed
that Li6PS5Cl and Li3InCl6 were chemically incompatible.155–157

The parasitic reaction occurred when these two came into direct
contact and formed the indium sulde-like compound in the
interfacial region, which resulted in interfacial deterioration
and an increase in interfacial resistance. These weren't condu-
cive to the cycle performance of ASSBs. Moreover, Li6PS5Cl
possessed intrinsic chemical incompatibility with high voltage
cathode materials.158,159 Li6PS5Cl was oxidatively decomposed in
the reaction voltage range of NCM811 to produce Li2S, P2S5,
Li2Sn, and other phosphorus species. Themolar volume of these
decomposition products was smaller than that of original Li6-
PS5Cl, forming large numbers of voids between Li6PS5Cl and the
NCM cathode material. This was greatly detrimental to the cycle
stability of ASSBs.

Due to the limitations of Li6PS5Cl, it was necessary to screen
out the coating materials that were compatible with halide
electrolytes and cathodematerials to improve the stability of the
interface.145 According to calculations, the oxidation potential of
binary halides (LiF, LiCl, LiBr, and LiI) and oxides (Li2O) was
higher than the reduction potential of Li3InCl6, which could be
used as efficient coating materials. And Li2S, Li2Se, and Li3P
with a narrow electrochemical stability window were only suit-
able for Li3MCl6 with group 3 elements. As shown in Fig. 17c,
the reaction energy between Li3N and chloride exceeded 100
meV per atom, with the risk of a chemical decomposition
reaction. However, it was proved that b-Li3N could be used as
a coating material to improve the interfacial stability of Li2ZrCl6
and the Li metal anode.160 b-LiN3 was an excellent ionic
conductor and electrical insulator and was fully compatible
with Li metal. b-Li3N could prevent direct physical contact
between the halide SSE and Li metal to avoid interface side
reactions. Furthermore, the high ionic conductivity of b-Li3N
didn't hinder the rapid ion migration of Li+ and was conducive
to the plating/stripping homogenization of Li metal. The b-Li3N
layer dramatically reduced the interfacial impedance between
the halide SSE and Li anode and effectively heightened the
interfacial stability. It was reported that the Li6PS5Cl and Li3N
mixture effectively inhibited the growth of Li dendrites, thus
improving the rate capability and cycle stability of ASSBs.159

Amorphous LiNbO3 reduced the oxidation decomposition of
Li3YCl6 at a high voltage of ∼4.5 V in the cycle process, so as to
ensure the chemical and electrochemical compatibility between
electrolyte and electrode materials.158

In addition, F− doping could also greatly improve the cycle
stability of ASSBs.110,111,118 Compared with Cl− and Br−, the F− in
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 17 (a) Schematic illustration of the reaction of LYX electrolyte and the Li anode. Once LYX electrolyte was in contact with Li metal, it was
reduced to form a Y and LiX interphase that could conduct both Li+ and electrons, allowing the adverse side reaction to continue. Reproduced
with permission.152 Copyright 2021, Science China Press and Springer. (b) Schematic illustration showing the mechanism of LPSCl action on the
interface stability. Reproduced with permission.153 Copyright 2021, The Royal Society of Chemistry. (c) Heatmap of the reaction energy between
binary coating materials and lithium chloride electrolyte. Reproduced with permission.145 Copyright 2021, American Chemical Society. The EIS
evolution at different cycles of (d) Li//Li3YBr6//LCO@LIC and (e) Li//Li3YBr5.7F0.3//LCO@LIC cells. Reproduced with permission.116 Copyright 2021,
Wiley-VCH.
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halide SSEs had shorter and stronger bonds with Li, thus
causing local distortion in the local Li coordination environ-
ment, increasing the barrier for Li+ migration and slightly
reducing the ionic conductivity. Although the F− doped Li3-
YBr5.7F0.3 was still unstable to Li metal, a consecutive and
homogeneous uoride (LiF and YFx) layer was formed at the
interface during the charging/discharging process, which could
effectively inhibit interface side reactions and guarantee long
cycling durability. The interface resistance between Li3YBr5.7F0.3
and the Li metal anode was relatively stable and was increased
by only 300 U aer 50 cycles (Fig. 17e). Using Li3YBr5.7F0.3 as
electrolyte, the Li plating/stripping maintained over 1000 h at
0.75 mA cm−2, and the Li//Li3YBr5.7F0.3//LCO@LIC cell could
still retain 60% of discharge capacity and 99% of Coulomb
efficiency aer 70 cycles. In contrast, the side reactions between
undoped Li3YBr6 and the Li metal interface continue to occur,
contributing to the non-homogeneous deposition of Li+,
increased interface polarization, interface structure decompo-
sition, and contact failure. The interface resistance between
Li3YBr6 and the Li metal anode increased signicantly and
reached about 3000 U in the 50th cycle (Fig. 17d). The plating/
stripping potential of the cell with Li3YBr6 increased gradually
aer 50 h and short-circuit failure occurred aer 500 h. The
ASSB assembled based on Li3YBr6 could only retain 12% of its
© 2023 The Author(s). Published by the Royal Society of Chemistry
discharge capacity aer 70 cycles. By introducing Zr4+ into Li3-
InCl6, the system formation energy was reduced and the
stability between Li3−xIn1−xZrxCl6 and the Li metal anode was
improved. No chemical reaction occurred aer the direct
contact between Li3−xIn1−xZrxCl6 and Li metal for 24 h, while
the side reaction occurred and formed a visible black spot on
the Li metal sheet surface when Li3InCl6 came into contact with
Li metal.108
6.3 Halide SSEs for high voltage ASSBs

Halide SSEs could combine the advantages of oxides and
suldes and exhibited good mechanical formability, consider-
able ionic conductivity, and excellent electrochemical oxidation
stability and were outstanding candidates for next generation
LIBs. Aer solving the interface problem with the Li metal
anode, halide-based ASSBs always showed excellent electro-
chemical performance.156,161,162 The satisfactory capacity and
rate performance of ASSLBs with halide SSEs and high voltage
Li-enriched oxide cathode materials are summarized in Table 2.

Zr was more abundant in the Earth's crust than other rare
earth elements, which gave Li2ZrCl6-based ASSBs an advantage
in terms of raw material cost (Fig. 18a). In addition, Li2ZrCl6
had excellent moisture resistance and further reduced storage
cost and manufacturing cost. Therefore, Li2ZrCl6 exhibited
Chem. Sci., 2023, 14, 8693–8722 | 8715
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Table 2 Summary of electrochemical performances of halide-based ASSBsa

Cathode Solid electrolyte Separator Anode

Voltage
range
vs. Li+/Li
[V]

Cell performance [mA h g−1]

Ref.
First cycle CE
[%]/capacity

Capacity/current
density/cycle

LCO@Li3YCl6 Li3YCl6 — Li–In 2.5–4.2 94.8/119 111/0.1C/100 31
NCM811@Li3YCl6@C Li3YCl6 Li6PS5Cl Li 2.9–4.3 87/181 164.7/0.1 mA cm−2/

100
153

LiNi0.88Co0.11Al0.01O2/Li3YCl6@SC Li3YCl6 — Li–In 3.0–4.3 89.6/199 192.6/0.1/200 28
LCO@Li3InCl6 Li3InCl6 Li10GeP2S12 Li–In 3.1–4.2 92.7/132 90.3/0.5C/200 163
NCM811@Li3InCl6@C Li3InCl6 Li10GeP2S12 Li–In 1.9–3.8 80.44/174.8 165.7/0.1C/200 62
NCM811@Li3InCl6 Li3InCl6 Li10GeP2S12 Li–In 1.9–3.8 84.2/154 150/0.13 mA cm−2/70 61
LCO@Li3InCl6 Li3InCl6 Li6PS5Cl Li 2.5–4.2 —/125 124/10C/150 132
LCO@Li3InCl6 Li3InCl6 Li10GeP2S12 Li 2.5–4.2 92/127 95/0.1/100 25
LCO@Li3InCl4.8F1.2 Li3InCl4.8F1.2/Li3InCl6 Li6PS5Cl In 2.6–4.47 92/160.6 102/0.125 mA cm−2/

70
110

LCO@Li2.7In0.7Hf0.3Cl6 Li2.7In0.7Hf0.3Cl6 Li6PS5Cl Li–In 3.0–4.2 92.2/104.4 76.3/0.1C/50 88
LCO@Li2ZrCl6 Li2ZrCl6 Li6PS5Cl Li–In 1.9–3.6 97.9/137 114/0.5C/100 86
NCM811@Li2ZrCl6 Li2ZrCl6 Li6PS5Cl Li–In 2.2–3.8 90.3/181 181/0.1C/200 86
NCM622@Li2ZrCl6 Li2ZrCl6 Li6PS5Cl Li 3.0–4.3 96.1/158.8 138.3/0.3C/70 154
LCO@Li2ZrCl6 Li2ZrCl6 — Li–In 3.0–4.3 91.4/156 142.1/0.1C/100 85
LiNi0.88Co0.11Al0.01O2/
Li2.25Zr0.75Fe0.25Cl6/SC

Li2.25Zr0.75Fe0.25Cl6 — Li–In 3.0–4.3 85.8/206 188.1/0.5C/100 85

LiNi0.6Co0.2Mn0.2O2@Li2.25Zr0.75Fe0.25 Li2.25Zr0.75Fe0.25Cl6 Li5.5PS4.5Cl1.5 In–Li 3.0–4.3 86.99/153.1 105.5/0.2C/90 129
NCM88@Li2.5Zr0.5In0.5Cl6@SC Li2.5Zr0.5In0.5Cl6 Li6PS5Cl Li–In 3.0–4.3 87.2/202 174.5/0.5C/100 105
LCO@Li3ScCl6 Li3ScCl6 — In 2.5–4.2 90.3/126 104.5/0.1/160 24
NCM@Li3ScCl6 Li3ScCl6 Li6PS5Cl Li 2.8–4.4 85.6/166.9 85.9/0.2C/100 63
NMC622@Li2Sc2/3Cl4 Li2Sc2/3Cl4 Li6.7Si0.7Sb0.3S5I Li–In 2.8–4.5 93.9/180 170/0.1C/110 45
LCO@Li2Sc2/3Cl4 Li2Sc2/3Cl4 Li6.7Si0.7Sb0.3S5I Li–In 3.0–4.3 93.7/135 120/1C/70 45
NCM622@Li2In1/3Sc1/3Cl4 Li2In1/3Sc1/3Cl4 Li6.7Si0.7Sb0.3S5I In/In–

Li
2.8–4.6 —/194 180/0.2C/320 46

NCM85@Li2In1/3Sc1/3Cl4 Li2In1/3Sc1/3Cl4 Li6.7Si0.7Sb0.3S5I In/In–
Li

2.8–4.3 —/200 180/0.2/600 46

NCM85@Li2In1/3Sc1/3Cl4 Li2In1/3Sc1/3Cl4 Li6.7Si0.7Sb0.3S5I In/In–
Li

2.8–4.3 —/90 72/3C/3000 46

NCM811@Li2.5Sc0.5Zr0.5Cl6 Li2.5Sc0.5Zr0.5Cl6 Li6PS5Cl Li–In 2.8–4.3 89.6/203.6 174.5/0.2C/200 115
LCO@Li2.6Er0.6Zr0.4Cl6@VGCF Li2.6Er0.6Zr0.4Cl6 Li6PS5Cl Li–In 3.0–4.2 97.4/140 106.4/0.1C/500 39
LCO@Li2.633Er0.633Zr0.367Cl6 Li2.633Er0.633Zr0.367Cl6 Li3PS4 Li11Sn6 3.0–4.3 96.4/110 80/0.5C/200 44
NCA88@Li2.6Yb0.6Hf0.4Cl6@SC Li2.6Yb0.6Hf0.4Cl6 Li6PS5Cl0.5Br0.5 Li–In 3.0–4.3 84.8/188 157.2/0.5C/1000 43
LCO@Li2.556Yb0.492Zr0.492Cl6 Li2.556Yb0.492Zr0.492Cl6 Li10GeP2S12 In–Li 2.5–4.5 93.3/193.9 159.2/0.3C/50 100
LCO@Li3YBr6 Li3YBr6 — Li–In 2.5–4.2 94.2/120 117/0.1C/100 33
NMC811@Li3YBr6 Li3YBr6 Li5.7PS4.7Cl1.3 In 2.5–4.4 —/180.2 67.8/0.127 mA cm−2/

90
121

LCO@Li3InCl6@Li3YBr5.7F0.3 Li3YBr5.7F0.3 — Li 2.5–4.2 89/126.7 85.1/0.1 mA cm−2/70 118
NCM523@Li0.388Ta0.238La0.475Cl3@VGCF Li0.388Ta0.238La0.475Cl3 — Li 2.2–4.35 84.96/163 138.5/0.44C/100 17
NCM91@LiTaCl6 LiTaCl6 Li5.4PS4.4Cl1.6 Li–In 2.5–4.8 91.17/232.39 207.6/0.3C/200 117
LCO@ZrO2–2Li2ZrCl6@C65 ZrO2–2Li2ZrCl6 Li6PS5Cl Li–In 3.0–4.3 95.4/156 134.1/82 mA g−1/100 114

a SC: super C; VGCF: vapour-grown carbon bre.
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broad application prospects. Li2ZrCl6 with the as-expected ionic
conductivity could be prepared by ball milling, and then Li2-
ZrCl6-based ASSBs with excellent performance could be fabri-
cated by the facile cold pressing method.86 The LCO/Li2ZrCl6/
Li6PS5Cl/Li–In cell exhibited an initial discharge capacity of
137 mA h g−1 and a Coulomb efficiency of 97.9% at 0.1C
between 1.9 and 3.6 V. Aer 100 cycles at 0.5C, the capacity was
114 mA h g−1 and the Coulomb efficiency reached 99.9%. By
replacing the cathode material with NMC811, the performance
of ASSBs could be further improved. The NMC811/Li2ZrCl6/
Li6PS5Cl/Li–In cell could deliver an initial discharge capacity of
181 mA h g−1 and a Coulomb efficiency of 90.3% at 0.1C
between 2.2 and 3.8 V. Aer 200 cycles at 1C, the capacity was
8716 | Chem. Sci., 2023, 14, 8693–8722
149 mA h g−1 and the Coulomb efficiency was 99.9%. Aer the
Fe doping, the rate performance of Li2ZrCl6 was further
improved.85

Li3InCl6 could be synthesized through a H2O-mediated
synthesis route, which reduced the requirement for
a manufacturing facility and had the potential for scale-up
production. Li3InCl6 synthesized by mechanochemistry had
better cycling stability and reversible capacity than Li10GeP2S12
(Fig. 18b). The LCO/Li3InCl6/Li–In cell still had a specic
capacity of 95 mA h g−1 aer 100 cycles at 0.1C.25 Li3InCl6
synthesized by the wet-chemistry method also showed a stable
cycling performance. The LCO/Li3InCl6/Li10GeP2S12/In cell
exhibited an initial reversible specic capacity of 154 mA h g−1
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc02093b


Fig. 18 (a) The price per unit of raw materials required for the synthesis of different chloride SSEs. Reproduced with permission.86 Copyright
2021, Springer Nature. (b) The cycling performance and coulombic efficiency of LiCoO2@Li3InCl6/Li3InCl6/In and LiCoO2@Li10GeP2S12/Li10-
GeP2S12/In cells at 0.1C. Reproduced with permission.25 Copyright 2019, The Royal Society of Chemistry. (c) Illustration of the in situ synthesis of
Li3InCl6 on the LCO surface. Reproduced with permission.163 Copyright 2020, Elsevier Ltd. (d) Cycling performance of the LCO/Li3InCl6/Li6PS5Cl/
Li cell at 20C. Reproduced with permission.132 Copyright 2023, The Royal Society of Chemistry. (e) Voltage profile of the Li/Li0.388Ta0.238-
La0.475Cl3/Li symmetric cell cycled at a current density of 0.2 mA cm−2 at 30 °C. Reproduced with permission.17 Copyright 2023, Springer Nature.
(f) Schematic of the gradient structural interphase layer generated at the Li/Li0.388Ta0.238La0.475Cl3 interface. Reproduced with permission.17

Copyright 2023, Springer Nature.

Review Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
av

gu
st

 2
02

3.
 D

ow
nl

oa
de

d 
on

 3
1.

 0
1.

 2
02

6 
12

:0
5:

39
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
and retained up to ∼150 mA h g−1 aer 70 cycles.61 Li3InCl6
could be grown in situ on the surface of the LCO cathode for
intimate solid–solid contact and ultra-small interfacial resis-
tance (Fig. 18c).163 The LCO@Li3InCl6 composite cathode
delivered an initial discharge capacity of 131.7 mA h g−1 and
a coulombic efficiency of 92.7% at 0.1C. Aer 200 cycles, the
capacity retention rate was 68.6%. By rening the Li3InCl6
particles, the performance of the ASSB was further improved.132

Small electrolyte particles were conducive to interfacial contact
© 2023 The Author(s). Published by the Royal Society of Chemistry
and ion transportation, which were the basis of achieving
excellent rate performance and cycle performance. Most of the
Li3InCl6 particles prepared by freeze-drying technology were
less than 200 nm in diameter. The LCO/Li3InCl6/Li6PS5Cl/Li cell
reached an initial capacity of 201 mA h g−1 at 0.5C or even
125 mA h g−1 at a high rate of 10C and then released a capacity
of 124 mA h g−1 aer 150 cycles at 10C. Even up to 49C, the
Li3InCl6-based ASSB could still be charged and discharged
normally, with a capacity of 17 mA h g−1. At 20C, the LCO/
Chem. Sci., 2023, 14, 8693–8722 | 8717
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Li3InCl6/Li6PS5Cl/Li cell had an ultra-long cycle life, and the
capacity retention rate reached 70 aer 30 000 cycles (Fig. 18d).
The ASSB fabricated with the large-particle Li3InCl6 failed
completely aer 16, 000 cycles.

Yin et al. reported a novel chloride electrolyte Li0.388Ta0.238-
La0.475Cl3, with a room temperature ionic conductivity of 3.02
mS cm−1 and stability with a Li metal electrode.17 In the Li/
Li0.388Ta0.238La0.475Cl3/Li symmetric cell, the interphase
impedance only increased slightly during the rst 20 h and then
stabilized at 5000 h (Fig. 18e), which was better than that of the
inorganic SSEs previously reported. This was due to the
formation of a dense gradient interface passivation layer during
the Li stripping/plating (Fig. 18f). The passivation layer isolated
the direct contact between electrolyte and Li metal, relieved the
interfacial strain and inhibited the growth of Li dendrites. Thus,
Li0.388Ta0.238La0.475Cl3-based ASSBs used bare Li metal as an
anode without the need for an extra buffer layer. The Li/
Li0.388Ta0.238La0.475Cl3/NCM523 full cell delivered a specic
capacity of 163 mA h g−1 at a 0.44 C rate and an initial
coulombic efficiency of 84.96%. Aer 100 cycles in the cut-off
voltage range of 2.2–4.35 V, the capacity retention was 81.6%.

Halide SSEs could also be used in other ASSBs. The
Se@Li3HoCl6@C/Li3HoCl6/Li cell exhibited a reversible capacity
of 402 mA h g−1 at 0.1C aer 750 cycles.89 The Li/Li7P3S11/Li3-
HoBr6/S cell could maintain high coulombic efficiency (close to
100%) at 0.2C aer 400 cycles.119 Li3InCl6 could be used as an
interlayer to improve the stability of the Li10SnP2S12-based
ASSB's cathode interface.164 Li3InCl6 could also be used to
modify the interface for high-performance solid-state Li–O2

batteries.165 Li3TiCl6 could be used as a positive electrode active
material for Li3TiCl6/Li2ZrCl6/Li6PS5Cl/Li–In cells with an initial
capacity of 92.5 mA h g−1 at 0.1C.92 Aer 2500 cycles, the
capacity retention was 62.3% and the nal coulombic efficiency
was as high as 99.7%. The halide–sulde hybrid SSEs formed by
the combination of Li3YCl6 and Li6PS5Cl showed excellent
electrochemical performance in terms of discharge capacity,
rate capability and cycling performance.166

7. Conclusion and outlook

In summary, this review presented the cognition and under-
standing of halide SSEs and their applications in ASSBs. Firstly,
the screening principle of halide SSE composition was
proposed. With the assistance of computational simulation, Cl−

was considered to be the most suitable halogen anion because
of chloride's ability to well balance ionic conductivity and the
electrochemical stability window. Group 3 elements (Sc, Y, and
lanthanides) were the most promising metal cations because
they matched the electronegativity of halogen anions. Secondly,
the theory of structural design of halide electrolytes with high
ionic conductivity and the mechanism of Li ion migration were
described. Compared with trigonal and orthorhombic struc-
tures, the monoclinic structure-based electrolyte had a 3D
diffusion pathway with a low energy barrier and obtained higher
ionic conductivity. Additionally, strategies for halide SSEs were
discussed, including dual-halogen, isovalent cation substitu-
tion, and aliovalent cation substitution. Reasonable
8718 | Chem. Sci., 2023, 14, 8693–8722
substitution could improve the ionic conductivity of halide
SSEs, broaden the electrochemical stability window, and
enhance moisture resistance. Furthermore, the mechanism of
moisture resistance and synthesis of halide electrolytes were
analyzed. Wet chemical synthesis was the most potential
method, which had the advantages of convenience and high
efficiency and was benecial for scale-up preparation of halide
SSEs. Finally, the applications of halide SSEs in ASSBs were
outlined. Li2ZrCl6 had more advantages in terms of cost, while
Li3InCl6 was outstanding in terms of electrochemical perfor-
mance. A Li3InCl6-based ASSB could cycle normally up to 30 000
times at a high rate of 20C.

Although halide SSEs ushered in their second spring since
2018 and made breakthrough progress in recent years, to ach-
ieve commercial applications as soon as possible, there are still
urgent issues to be solved in the following aspects.

(1) The upper limit of ionic conductivity for halide SSEs is
still an open question. Although the formation of dual-halogen
SSEs by haloanion substitution makes the ionic conductivity of
Li3Y(Br3Cl3) reach up to 7.2 mS cm−1, enough to be comparable
to that of sulde SSEs known for their high ionic conductivity,
there is still a signicant gap from theoretical prediction. Some
strategies should be used to try to narrow this gap, such as
defect design and grain boundary enhancement.

(2) At present, halide SSEs with high ionic conductivity
mainly rely on rare earth metals as central elements, resulting
in high raw material cost. Li2ZrCl6 can greatly reduce the
manufacturing cost, but its ionic conductivity is only 0.81
mS cm−1. Through partial substitution of Sc, the ionic
conductivity of Li2.5Sc0.5Zr0.5Cl6 reaches 2.23 mS cm−1, which is
still not outstanding. Other substitution strategies are needed
to further improve the ionic conductivity of Li2ZrCl6 under the
premise of controlling the cost of raw materials.

(3) Wet chemistry synthesis is the most convenient and
efficient preparation method, which can realize the large-scale
manufacturing of halide SSEs. The H2O-mediated synthesis
route is only applicable to Li3InCl6. Although wet chemistry
synthesis is extended to the preparation of other electrolytes by
ammonium-assisted methods, it is only successful for ternary
electrolytes. Developing a quaternary electrolyte through
substitution is an effective way to improve the comprehensive
properties of halide SSEs. Cationic substitution by the wet
chemistry synthesis should be attempted.

(4) The compatibility of halide SSEs with high voltage cathodes
has reached a satisfactory level, but the interface instability with Li
metal anodes is still a difficult problem. Introducing an additional
separator mitigates this dilemma, but the manufacturing process
increases. The report of Li0.388Ta0.238La0.475Cl3 inspires researchers
to improve the interfacial stability between halide SSEs and Li
metal by designing electrolytes to in situ generate a gradient
interfacial passivation layer.
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