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Abstract
Rechargeable all-solid-state batteries (ASSBs) are considered to be the next generation of devices for electrochemical energy 
storage. The development of solid-state electrolytes (SSEs) is one of the most crucial subjects in the field of energy storage 
chemistry. The newly emerging halide SSEs have recently been intensively studied for application in ASSBs due to their 
favorable combination of high ionic conductivity, exceptional chemical and electrochemical stability, and superior mechanical 
deformability. In this review, a critical overview of the development, synthesis, chemical stability and remaining challenges 
of halide SSEs is given. The design strategies for optimizing the ionic conductivity of halide SSEs, such as element substi-
tution and crystal structure design, are summarized in detail. Moreover, the associated chemical stability issues in terms of 
solvent compatibility, humid air stability and corresponding degradation mechanisms are discussed. In particular, advanced 
in situ/operando characterization techniques applied to halide-based ASSBs are highlighted. In addition, a comprehensive 
understanding of the interface issues, cost issues, and scalable processing challenges faced by halide-based ASSBs for practi-
cal application is provided. Finally, future perspectives on how to design high-performance electrode/electrolyte materials 
are given, which are instructive for guiding the development of halide-based ASSBs for energy conversion and storage.

Keywords Halide solid-state electrolytes · Synthesis · Ionic conductivity · Chemical stability · In situ/operando 
characterization · All-solid-state batteries

1 Introduction

Driven by the ongoing advancement of the new energy 
revolution worldwide, the development of high-energy and 
high-power energy storage devices simultaneously exhibit-
ing enhanced safety features is urgently required to satisfy 
the stringent demands of grid-scale and utility-scale station-
ary storage [1–3]. Conventional lithium-ion batteries with 
organic liquid electrolytes have been typically applied as the 
dominant energy storage devices for the mobile electronics 
industry and electric vehicles [4–6]. However, the thermal 

runaway risks caused by flammable organic electrolytes 
as well as the low energy densities (up to 300 Wh  kg−1) 
profoundly limited by the nature of the material chemistry 
have seriously impeded the further development of tradi-
tional lithium-ion batteries with liquid electrolytes [7–10]. 
All-solid-state batteries (ASSBs) are prevailingly acknowl-
edged as the most promising candidate for next-generation 
energy storage, primarily benefiting from their high energy 
density and high safety through the incorporation of non-
flammable solid-state electrolytes (SSEs) and high-voltage 
cathode materials (e.g.,  LiCoO2 and Li[Ni,Co,Mn]O2) or 
high-capacity electrodes (e.g., a lithium metal anode and a S 
cathode) [11–15]. Notably, the appreciable merits of ASSBs 
originate from the nature of SSEs in terms of high single-ion 
conductivity, outstanding thermal stability and simplified 
packaging design [16–18].

To date, several promising SSEs involving oxide, sulfide, 
and halide electrolytes with high ionic conductivity over 
1 mS  cm−1 at room temperature (RT) have received exten-
sive attention for energy storage in ASSBs [19–22]. A com-
parison of various properties among the three families of 
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ceramic solid electrolytes is shown in Fig. 1. The oxides 
exhibit acceptable chemical stability and good electrochemi-
cal oxidation stability; however, their mechanical rigidity 
results in poor interfacial contact with electrode materials, 
requiring high-temperature processes or infiltration of liq-
uid electrolytes for battery assembly [23–26]. In contrast, 
sulfides deliver enhanced properties in terms of higher 
ionic conductivity and excellent mechanical deformabil-
ity, whereas they are vulnerable to moisture in the ambient 
atmosphere, suffering from detrimental hydrolysis reac-
tions along with severe reduction of the ionic conductivity 
[27–30]. Furthermore, the intrinsic poor oxidation stability 
of sulfides critically restricts the direct utilization of high-
voltage cathode active materials (CAMs) [31, 32]. Cur-
rently, emerging halide SSEs are a research hotspot since 
their superior properties integrate the merits of oxides and 
sulfides to some extent, and thus, they possess high ionic 
conductivity (>  10−3 mS  cm−1), reliable deformability and 
superior electrochemical oxidation stability (up to 6 V vs. 
 Li+/Li) and can even be realized through soluble water-
medium synthetic routes [21, 33–35].

A schematic timeline of the development of halide SSEs 
from 1930 to the present with the representative key mile-
stones is shown in Fig. 2. Halide-related materials can be 
dated back to 1930 [36], when lithium halides (LiX, X = F, 
Cl, Br, I) with  Li+ conducting behavior were first studied. 
After that, LiI SSEs were further developed and applied 
in thin-film-type ASSBs at the end of the 1960s [37], and 
subsequently, ternary halides such as  Li1.52Mn1.24Cl4 and 
 Li2TiCl4 were reported in 1984 and 1988 [38, 39]. Unfortu-
nately, both of their ionic conductivities at RT were relatively 
low at ~  10−5 S  cm−1, and as a result, the development of hal-
ide SSEs was severely delayed for a long time [40–43]. In 
2018, Asano et al. [44] achieved a momentous breakthrough 

in the field of halide SSEs; specifically,  Li3YCl6 and  Li3YBr6 
with high ionic conductivities of (0.03–1.7) ×  10−3 S  cm−1 
at RT were successfully synthesized through a high-energy 
ball milling and annealing process, which are several orders 
of magnitude higher than those of previously reported halide 
electrolytes. Shortly afterward, a series of halide superionic 
conductors, such as  Li3ErCl6 [45],  Li3−xM1−xZrxCl6 (M = Y, 
Er, In, Yb) [46–48] and  Li3HoBr6 [49], were gradually 
developed by similar approaches. In particular, Sun’s group 
synthesized  Li3InCl6 by employing a facile water-mediated 
strategy in 2019 [33] and then dexterously developed a uni-
versal ammonium-assisted methodology to synthesize vari-
ous halide SSEs in 2021 [50], which enabled manufacture of 
halide SSEs on a large scale for commercial implementation.

To date, the reported halide SSEs with the formula of 
Li–M–X (M = metal element, X = F, Cl, Br, I) can be clas-
sified into four categories according to the different types 
of central metal element [21, 51] as follows. (1) Halide 
SSEs with group 3 elements (Sc, Y, La–Lu) commonly 
exhibit exceptional electrochemical oxidation stability and 
decent ionic conductivity, especially chloride-based hal-
ides, whereas the high cost of rare-earth materials makes 
scalable manufacturing challenging. (2) Halide SSEs with 
group 13 elements (Al, In, Ga) possess reliable air sta-
bility and good ionic conductivity, for example,  Li3InCl6 
delivers high ionic conductivity (1.49 mS  cm−1) at RT and 
desirable humidity tolerance originating from the genera-
tion of a stable hydrate phase [52]. (3) Halide SSEs with 
divalent metal elements (e.g., Ti, V, Cr) are mostly dem-
onstrated to show undesirable ionic conductivity at RT, 
several orders of magnitude lower than the other SSEs, and 
consequently have received less attention. (4) Halide SSEs 
with tetravalent metal elements (Zr, Hf) have been devel-
oped in recent years, especially  Li2ZrCl6, which has a high 

Fig. 1  Radar plots comparing the performances among three typical families of ceramic solid electrolytes
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ionic conductivity of 0.81 mS  cm−1 at RT and a remark-
able cost effectiveness as well as an exceptional humidity 
tolerance [53]. Radar plots comparing the (electro)chemi-
cal properties of the four types of halide SSEs with various 
central metal elements are shown in Fig. 3. Consequently, 

compared with oxide and sulfide solid electrolytes, emerg-
ing halide SSEs offer a wider range of options in terms of 
composition, structure and chemistry for designing and 
synthesizing prospective electrolytes with enhanced com-
prehensive properties.

In this review, we comprehensively summarize the recent 
developments in halide SSEs for ASSBs. Various synthe-
sis routes of halide SSEs, including the recently developed 
universal ammonium-assisted method, are systematically 
reviewed. Furthermore, the design strategies for optimiz-
ing the ionic conductivity of halide SSEs, such as element 
substitution and crystal structure design, are summarized 
in detail. Simultaneously, the associated chemical stability 
issues in terms of solvent compatibility, humid air stability 
and corresponding degradation mechanisms are discussed. 
The advanced in  situ/operando techniques employed to 
investigate the structural evolution of halide electrolytes 
and the underlying redox mechanisms of halide-based 
ASSBs under realistic operating conditions are thoroughly 
introduced. In addition, a comprehensive understanding of 
the interface, cost, and scalable processing issues of halide-
based ASSBs for practical application is provided. Finally, 
we offer future perspectives on pursuing high-performance 
electrode/electrolyte materials to address the challenges in 
the practical application of halide-based ASSBs.

Fig. 2  Schematic timeline illustrating the developments achieved to date regarding halide SSEs for ASSBs

Fig. 3  Radar plots comparing the performances of the four types of 
halide SSEs with various central metal elements, including group 3, 
group 4, group 13 and divalent metals
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2  Synthesis

A simple and cost-effective synthesis route for manufactur-
ing halide SSEs with high ionic conductivity plays a deci-
sive role in realizing practical application of halide-based 
ASSBs. In general, synthesis methods for halide SSEs can 
be classified into three categories: solid-state reaction routes, 
liquid-phase routes and chemical vapor routes. A schematic 
diagram of various synthesis routes for halide SSEs is shown 
in Fig. 4. The ionic conductivities of various types of halide 
SSEs obtained from different synthesis methods are sum-
marized in Table 1.

2.1  Solid‑State Reaction Synthesis

Solid-state reaction routes are the earliest and most popu-
lar methods for synthesizing halide solid electrolytes. 
According to the various operating conditions, solid-state 
reaction routes can be further divided into three meth-
ods: mechanochemical milling, mechanical milling with 
postannealing and solid-state sintering. Note that the 
operating conditions and the processing parameters in 
solid-state reactions exert a great effect on halide SSEs 
in terms of their lattice structure, crystallinity and ionic 
conductivity.

Fig. 4  Schematics of common synthesis routes for halide solid 
electrolytes, including the mechanochemical milling route  (R1), 
mechanical milling with the postannealing route  (R2), solid-state 

sintering route  (R3), water-mediated synthesis route  (R4) and ammo-
nium-assisted synthesis route  (R5)
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2.1.1  Mechanochemical Milling

Mechanochemical milling methods commonly employ high-
energy mechanical milling technology with appropriate ball 
milling speed and reaction time for synthesizing halide SSEs 
(Fig. 5a), in which the stoichiometric precursors can undergo 
intense shearing, friction and collision between the grind-
ing ball and jar wall to achieve effective reactions at the 
atomic level [69]. Mechanochemical synthesis enables the 
preparation of unique amorphous variants or strong amor-
phization of compounds with low coherence that cannot be 
obtained by classical high-temperature solid-state synthesis, 
while rapid crystallization with subsequent quenching can 
significantly reduce the amorphous structure, giving rise to 
augmentation of long-range coherent structures in crystal-
line compounds (Fig. 5b) [70]. Prevalent site disorder and 
defect structure of halide SSEs can be obtained by mecha-
nochemical milling, which is favorable for enhancing their 
ionic conductivity, and consequently, the corresponding hal-
ide SSEs could be directly applied to battery assembly with-
out post pulverization or heat treatment [54]. In 2018, Asano 
et al. [44] successfully synthesized  Li3YCl6 and  Li3YBr6 
with high RT ionic conductivities of 0.51 and 0.72 mS  cm−1, 
respectively, through mechanochemical milling for the first 
time and found that the remarkably high conductivity of the 
as-synthesized halide SSEs benefits from the partially disor-
dered cation arrangement and the abundant defect structures 
induced by mechanical milling techniques. Sebti et al. [71] 
reported that coexistence of a high concentration of stacking 
faults and Li-only defect layers in  Li3YCl6 can be achieved 
by mechanochemical synthesis, which allows the forma-
tion of extra site linkages with lower migration barriers and 
dramatically promotes  Li+ mobility in the microcrystalline 
structure of  Li3YCl6. Notably, the planar defects induced by 
mechanochemical synthesis are metastable, which is respon-
sible for the highly tunable ionic conductivity of  Li3YCl6. 
Under such circumstances, heat treatment even as low as 
60 °C is demonstrated to be capable of reducing the ionic 
conductivity of  Li3YCl6 due to the gradual elimination of 
metastable defect structures. Schlem et al. [72] demonstrated 
that prevalent cation site disorder between Er/Y sites and a 
disordered structure, such as  LiCl6

5− octahedral distortion, 
could be generated in  Li3YCl6 and  Li3ErCl6 by employing 
mechanochemical synthesis, which exhibited markedly 
intensified ion transport through expansion of lithium diffu-
sion bottlenecks. The microcrystalline structure of  Li3MCl6 
(space group: P3m1) can be described as a trigonal lattice 
formed by three types of  MCl6

3− octahedra (Fig. 5c–e), in 
which Wyckoff positions 1a and 2d are occupied by M1 
and M2, respectively, and M3 occupying the M2-equivalent 
position in the (001) plane enables the formation of M2–M3 
site disorder. The authors found that the M3/M2 ratio was 
high in the halide  Li3ErCl6 synthesized by mechanical ball 

milling (Fig. 5f), yielding abundant M2–M3 disorder, which 
could effectively reduce the  Li+ migration energy barrier 
along the c-axis, while the corresponding site disorder sig-
nificantly decreased after heat treatment even for a short time 
of 1 min, which accounted for the reduced ionic conductivity 
of  Li3ErCl6 prepared by subsequent annealing and ampoule 
synthesis (Fig. 5g). For the synthesis of a 1 g batch of hal-
ide samples through the mechanochemical milling approach, 
an excess amount of rare-earth chlorides of approximately 
10 wt% (wt% means the weight percentage) was applied 
to compensate for the loss during the pregrinding process 
due to the strong adhesion between the rare-earth chloride 
precursors and the agate mortar.

Regarding sodium-conducting halide solid electrolytes, 
the mechanochemically synthesized samples also exhibit 
higher ionic conductivity than the samples with a subse-
quent crystallization route, which deliver similar behavior 
to the lithium-conducting halide counterparts. Kwak et al. 
[67] reported that mechanochemically prepared  Na2ZrCl6 
possessed an ionic conductivity of 0.018 mS  cm−1 at RT, 
which was nearly three orders of magnitude higher than 
that of the sample (6.9 ×  10−8 S   cm−1) synthesized with 
subsequent annealing at 400 °C, although both types of 
electrolytes had the same trigonal lattice (space group P3
m1). Site disorder in terms of Zr and Na can be observed 
in the microcrystalline structure of  Na2ZrCl6 obtained from 
mechanochemical milling syntheses, which could induce 
partial occupation of sodium interstitial sites to form addi-
tional transport pathways, thus leading to a substantially 
improved ionic conductivity. In contrast, sodium ions 100% 
occupy the crystallographic Wyckoff site (6g) without 
undergoing any disordering for the subsequently annealed 
 Na2ZrCl6, and simultaneously, the Na–Cl interatomic dis-
tance is considerably shortened by heat treatment, promoting 
strong bonding between the  Na+ and  Cl− ions, which could 
be responsible for the significantly decreased ionic conduc-
tivity of  Na2ZrCl6 obtained from the subsequent crystalli-
zation route. A similar phenomenon was also found for the 
sodium halide  Na3YCl6 and its derivatives. Wu et al. [66] 
demonstrated that the mechanochemical milling approach 
enables remarkable improvement of the ionic conductivity 
for annealed  Na3YCl6 by nearly three orders of magnitude, 
and for its derivative  Na2.25Y0.25Zr0.75Cl6, the corresponding 
ionic conductivity can also be dramatically improved from 
1.3 ×  10−5 to 6.1 ×  10−5 S  cm−1 at RT after subjecting the 
material to a similar processing procedure. The major disad-
vantage of mechanochemical synthesis lies in its high energy 
and time consumption, and the partial precursors may be 
contaminated by the grinding balls, which is not conducive 
to synthesizing high-purity halide SSEs.
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2.1.2  Mechanical Milling with Postannealing

Typically, in the mechanical milling with postannealing 
route, stoichiometric raw materials are first subjected to a 
high-energy mechanical milling process to achieve fully 
mixed and low-crystallinity halide precursors with a smaller 
size, then pressed into pellets and sealed in a quartz tube, 
followed by annealing to obtain halide SSEs. Through this 
method, a certain amount of a halide, such as  Li3MCl6 

(M = In, Yb) and  Li3YBr6, can deliver higher  Li+ ionic con-
ductivity than the corresponding halide electrolytes obtained 
from the mechanochemical milling route [52, 55, 73], pri-
marily ascribed to the enhanced crystallinity along with evo-
lution of the crystal structure of halide electrolytes that may 
effectively facilitate  Li+ diffusion.

Li et al. [52] investigated the effects of heat treatment 
conditions in terms of various temperatures and durations 
on the ionic conductivity of the halide  Li3InCl6 synthesized 

Fig. 5  Mechanochemical synthesis enhances the disordered structure 
of halides for fast lithium-ion transport. a Schematic diagram of the 
mechanochemical synthesis of solid electrolytes, in which the pre-
cursors (cyan, purple) react to form the final products (red) under the 
impact of the ball milling medium (black spheres). b Comparison of 
the mechanochemical synthesis and classic high-temperature prepara-
tion for solid electrolytes with different degrees of coherence. Repro-
duced with permission from Ref. [70]. Copyright 2021, Wiley–VCH. 
c  Li3ErCl6 unit cell with construction units of  ErCl63− octahedra that 
form a trigonal unit cell and face-sharing  ErCl63− octahedra chains 

perpendicular to the (002) plane, with three possible erbium sites 
(Er1, Wyckoff 1a; Er2 and Er3, Wyckoff 2d). d The vacant octahedral 
sites in  Li3ErCl6 were occupied by lithium (Wyckoff 6g, 100% occu-
pied; Wyckoff 6h, 50% occupied). e The possible lithium pathways in 
 Li3ErCl6 involve face-sharing  LiCl65− octahedra along the c-direction 
and tetrahedral voids in the a–b plane. f Evolution of the Er2–Er3 site 
disorder determined by G(r) fits (open circles) and Rietveld refine-
ments (open squares). g Ionic conductivity and corresponding activa-
tion energy of  Li3ErCl6 as a function of annealing time. Reproduced 
with permission from Ref. [72]. Copyright 2019, Wiley–VCH
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by mechanical milling with postannealing and found that 
annealing ball-milled  Li3InCl6 in the range of 260–400 °C 
could effectively improve the ionic conductivity, accompa-
nied by distinctly enhanced crystallinity. Increasing the heat 
treatment time in the range of 260–400 °C had little influ-
ence on the ionic conductivity of  Li3InCl6, and the highest 
ionic conductivity of 1.49 mS  cm−1 at RT could be achieved 
by annealing at 260 °C for 2 h, which was significantly 
higher than that of ball-milled samples (0.83 mS  cm−1). Park 
et al. [55] successfully synthesized  Li3YbCl6 SSEs through 
the mechanical milling with postannealing route and demon-
strated the dynamic structural evolution of  Li3YbCl6, which 
varied with the annealing temperature. The trigonal (P3m1) 
structure exhibited slightly higher RT ionic conductivity 
(0.19 mS  cm−1) than the orthorhombic (Pnma) structure 
sample (0.14 mS  cm−1), which were prepared by anneal-
ing ball-milled  Li3YbCl6 at 400 and 500 °C, respectively. 
Yu et al. [73] investigated various annealing parameters, 
including the heat treatment temperature (250–550 °C) and 
duration (3–15 h), in terms of the influence on the ionic 
conductivity of  Li3YBr6 prepared by the mechanical mill-
ing with the postannealing method (Fig. 6a–c). The halide 
 Li3YBr6 annealed at 500 °C for 5 h exhibited the highest 
ionic conductivity of 3.31 mS  cm−1 at RT, which is an order 
of magnitude higher than that of mechanical milling prod-
ucts (0.39 mS  cm−1). The high-temperature annealing pro-
cess after mechanical milling can enhance the anharmonic 
vibration in the lattice structure of  Li3YBr6, which is favora-
ble for appreciably enhancing the hopping rate of lithium 
ions between adjacent sites, thereby achieving high mobility 
of lithium ions in the microcrystalline structure to improve 
the ionic conductivity of  Li3YBr6.

Although the additional heat treatment increases the costs 
and time for synthesizing halide SSEs by the mechanical 
milling with the postannealing route, the improved ionic 
conductivity endows the SSEs with application potential in 
ASSBs, which suggests that this method could be regarded 
as a potential option to manufacture halide SSEs.

2.1.3  Solid‑State Sintering

The solid-state sintering route is generally regarded as a sim-
ple approach for synthesizing halide SSEs through direct 
thermal sintering of the stoichiometric precursors in a high-
vacuum ampoule. The starting materials could be cold-
pressed into pellets after manual grinding or mechanical 
milling at a low rotational speed for further heat treatment. 
Notably, the precursor ratio, sintering temperature and dura-
tion are crucial factors for successfully obtaining high-purity 
halide SSEs.

Liang et  al. [60] optimized the composition ratio of 
initial precursors for synthesizing a series of Li–M–Cl 
(M = Tb, Dy, Ho, Y, Er, Tm) halide SSEs through direct 

annealing at 650 °C for 24 h, and different ratios of the start-
ing materials could significantly affect the ionic conductiv-
ity of the halides by changing the crystal phase structure. 
For example,  Li2.73Ho1.09Cl6 with the orthorhombic phase 
exhibited a fourfold increase in the ionic conductivity up to 
1.3 mS  cm−1 at RT compared to  Li3HoCl6 with the trigonal 
phase. Through this method,  Li3HoBr6 halide with a high 
RT ionic conductivity of 1.1 mS  cm−1 could also be success-
fully synthesized through annealing at 450 °C for 12 h [64]. 
Kim et al. [47] investigated the effects of various anneal-
ing temperatures (350–650 °C) and durations (36–100 h) 
on the crystal structure and ionic conductivity of  Li3YbCl6. 
The  Li3YbCl6 with the trigonal phase annealed at 350 °C 
showed a markedly higher ionic conductivity (0.1 mS  cm−1 
at 30 ℃) than that of the orthorhombic phase (0.06 mS  cm−1 
at 30 °C) annealed at 650 ℃, and the metastable trigonal 
phase could be converted to the thermodynamically stable 
orthorhombic phase by increasing the annealing time from 
36 to 100 h. Schlem et al. [74] demonstrated that  Li3YBr6 
prepared by the solid-state sintering method exhibited 
higher ionic conductivity than  Li3YBr6 prepared by the 
mechanochemical milling route or mechanical milling 
with postannealing route, which is closely associated with 
the directional thermal amplitude and partial occupancies 
of additional sites. The structure of  Li3YBr6 (space group 
C2/m) can be described as a monoclinic unit cell. For the 
ampoule-synthesized (solid-state sintering method) com-
pound, the authors found that the larger yttrium occupancy 
of the lithium 4g site produced an increased electrostatic 
repulsion, which could promote rotation of the anisotropic 
thermal displacement ellipsoids away from yttrium octahe-
dra, accompanied by a larger displacement of lithium in the 
a-direction (Fig. 6d1, d3), thus being pushed to the tetra-
hedral position. This phenomenon is highly favorable for 
lithium-ion transport, leading to a higher ionic conductivity. 
In contrast, the lower occupancy of the lithium 4g site in the 
mechanochemically synthesized  Li3YBr6 caused displace-
ment of lithium to octahedral sites rather than tetrahedral 
sites, resulting in a larger displacement of the anisotropic 
thermal displacement ellipsoids in the b-direction (Fig. 6 
d2, d4), thereby increasing the diffusion barrier for lithium 
ions in the microcrystalline structure of  Li3YBr6. The abun-
dant yttrium disorder in ampoule-synthesized  Li3YBr6 can 
effectively affect lithium polyhedral volumes and the thermal 
displacement amplitudes of lithium, which further facilitates 
the formation of optimized transport pathways for lithium 
ions to improve the ionic conductivity (Fig. 6e).

Although the simple solid-state sintering method is 
favorable for easily achieving large-scale production of hal-
ide SSEs, the underlying issues of the harsh high-vacuum 
environment and poor homogeneity as well as impure phases 
generated by elemental volatilization at high temperatures 
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impede its widespread application for manufacturing halide 
electrolytes.

2.2  Liquid‑Phase Synthesis

Recently, wet-chemical synthesis routes employing liquid 
solvents as reaction media have received a strong upsurge 

Fig. 6  a XRD patterns of  Li3YBr6 samples obtained from mechani-
cal milling with postannealing at various temperatures. b Changes 
in the ionic conductivity of the annealed  Li3YBr6 samples with the 
annealing temperature. c Arrhenius plots of the ionic conductiv-
ity of  Li3YBr6 pellets obtained from a precursor mixture milled at 
550 rpm for 32 h followed by annealing at 500 °C for various dura-
tions. Reproduced with permission from Ref. [73]. Copyright 2020, 
Elsevier. d (d1–d4) Anisotropic thermal displacement parameters of 
ampoule and mechanochemically synthesized  Li3YBr6 compounds. e 

Convolution of the effects of the disordered structures in halide com-
pounds on the observed changes in the ionic transport. Reproduced 
with permission from Ref. [74]. Copyright 2021, American Chemi-
cal Society. f Illustration of the water-mediated synthesis route for 
 Li3InCl6. Reproduced with permission from Ref. [33]. Copyright 
2019, Wiley–VCH. g Schematic of solution infiltration synthesis for a 
 Li3InCl6/glass-fiber solid-composite electrolyte film, and correspond-
ing electrochemical test curves. Reproduced with permission from 
Ref. [75]. Copyright 2022, Elsevier
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of interest for fabricating halide solid electrolytes, which 
offer numerous advantages in terms of easily scalable pro-
duction, effective size/morphology control and time-saving 
processes. Wet-chemical synthesis approaches have been 
successfully applied to synthesizing halides and can be 
classified into two strategies, water-mediated synthesis and 
ammonium-assisted synthesis, based on the different reac-
tion mechanisms.

2.2.1  Water‑Mediated Synthesis

Employing an ecofriendly and cost-effective water-medium 
approach for synthesizing halide electrolytes with high ionic 
conductivity and humidity tolerance is regarded as the most 
promising strategy for achieving commercial application of 
halide SSEs.

In 2019, Li et al. [33] successfully synthesized high-
purity  Li3InCl6 through a water-medium approach for the 
first time; in detail, the hydrate intermediate  (Li3InCl6·nH2O) 
was first generated by reacting LiCl and  InCl3 in an aque-
ous solution, followed by heat treatment in vacuum to 
remove water molecules (Fig. 6f).  Li3InCl6 prepared at 200 
℃ in vacuum exhibited the highest ionic conductivity of 
2.04 mS  cm−1 at RT compared with  Li3InCl6 prepared at 
the heat treatment temperatures of 100 and 130 ℃, and the 
production of high-purity  Li3InCl6 can be easily scaled up 
to 110 g by using the water-mediated route. The authors 
found that the dehydrated form of  Li3InCl6 could also be 
acquired by applying a dehydration process in an air or argon 
atmosphere, but the appearance of the impurity phase InOCl 
accompanied this process; thus, the dehydration process 
should be carried out under vacuum to ensure high purity. 
In addition, high-purity  Na3InCl6 can also be successfully 
synthesized under similar synthetic conditions by reacting 
NaCl and  InCl3 in an aqueous solution, followed by heat 
treatment at 200 ℃ in vacuum. Furthermore, Zhao et al. [75] 
proposed an infiltration method for preparing  Li3InCl6 thin 
films that is compatible with the roll-to-roll manufacturing 
technique (Fig. 6g). Glass fibers were immersed into the 
precursor solution of stoichiometric LiCl and  InCl3·4H2O, 
followed by vacuum drying at 60 and 200 °C for 4 h, and 
the prepared composite electrolytes were further roll pressed 
to obtain a free-standing and compact  Li3InCl6 film with an 
ionic conductivity of 5.4 ×  10−4 S  cm−1 at RT.

However, employing the water-mediated synthesis 
method for halide SSEs is limited to In-based electrolytes, 
which is primarily ascribed to the reversible interconversion 
between the hydrated intermediate and dehydrated phase. 
Consequently, developing a general wet-chemical method 
for synthesizing various kinds of halide electrolytes is of 
great importance.

2.2.2  Ammonium‑Assisted Synthesis

Recently, the universal ammonium-assisted wet-chemistry 
route for preparing various halide SSEs with nanoscale par-
ticles was successfully developed, which is a crucial break-
through for realizing large-scale halide production.

Inspired by the industrial preparation of high-purity anhy-
drous rare-earth chlorides, Wang et al. [50] first introduced 
 NH4Cl into an aqueous solution of  YCl3 and LiCl as a coor-
dination agent to preferentially generate the  (NH4)3[YCl6] 
intermediate, and after the moisture was removed in vacuum 
at 80 °C, the acquired powders were pressed into pellets, 
followed by annealing at 500 °C, in which the intermedi-
ate could react with LiCl to synthesize  Li3YCl6 with a high 
ionic conductivity of 0.345 mS  cm−1 at RT. Through this 
method, a series of halide SSEs, such as  Li3ScCl6,  Li3ErCl6 
and  Li3YBr6 with ionic conductivities of 1.25, 0.41 and 
1.09 mS  cm−1 at RT, were successfully synthesized, prov-
ing that the ammonium-assisted route is a universal method 
to prepare various halide SSEs with decent ionic conductiv-
ity. Shi et al. [49] developed a vacuum evaporation-assisted 
(VEA) method for successfully synthesizing the halide 
 Li3HoBr6 by employing a cost-effective rare-earth raw mate-
rial  (Ho2O3). Specifically, the mixed precursor powders of 
 Li2CO3 and  Ho2O3 were introduced to a HBr solution, fol-
lowed by adding  NH4Br as a coordinator, and after removing 
the moisture, the resulting powders were heat treated under 
vacuum and inert gas protection to synthesize high-quality 
 Li3HoBr6 with a high ionic conductivity of 1.25 mS  cm−1 at 
RT. By employing the VEA method, approximately 10 g of 
 Li3HoBr6 with well-dispersed and nanosized particles can 
be prepared each time. This synthesis approach provides an 
important breakthrough for large-scale manufacturing of 
rare-earth halide SSEs with cost-effective raw materials and 
thus offers a critical economically viable foundation for real-
izing practical application of rare-earth halide-based ASSBs.

In summary, wet-chemical synthesis methods can be 
successfully employed to synthesize various types of high-
purity halide SSEs and have shown extensive development 
prospects for practical applications because of the easy 
large-scale production, time-saving processes and homoge-
neity of the resulting electrolytes. However, there are still 
some challenging issues to be solved when synthesizing hal-
ide SSEs through liquid-phase synthesis routes. First, the 
synthesis process and operating conditions are generally 
demanding since halide SSEs are sensitive to the ambient 
atmosphere. Moreover, the introduction of ammonium salts 
induces the generation of corrosive gases, such as HCl and 
HBr, and thus, a special apparatus with corrosion resistance 
should be utilized, especially in large-scale production pro-
cesses. In addition, halide SSEs synthesized by wet-chemical 
methods exhibit decreased ionic conductivity compared with 
halide SSEs synthesized by solid-state reaction routes, so an 
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in-depth understanding of the chemical reactions involved in 
liquid synthesis methods is indispensable for revealing the 
complete reaction mechanism.

2.3  Chemical Vapor Synthesis

Chemical vapor synthesis routes are mainly employed for 
synthesizing thin-film halides, especially fluoride-based 
halides, and they can usually be categorized into thermal 
evaporation methods and vapor deposition methods.

In 1981, Qi et al. [76] successfully prepared mLiF–nAlF3 
films with different stoichiometric ratios (1/3 ⩽ m/n ⩽ 3) and 
a thickness of 0.8 μm by using a thermal evaporation method 
in a high-vacuum environment, and the ionic conductivity of 
the amorphous films could exceed  10−6 S  cm−1 at RT. Only 
3LiF–1AlF3 or  Li3AlF6 can exhibit a stable state, which is 
primarily ascribed to the existence of the structure of vertex-
sharing  [AlF6]3− octahedra. Subsequently, the authors syn-
thesized a series of mLiF–nMF3 (M = Al, Cr, Sc, Ti, V, Cr, 
Ga, Y and Ce) and mLiF–nMF2 (M = Mg, Ca, Ni, Cu, Zn, 
and Sr) thin films by thermally evaporating the precursor 
materials in a high-vacuum environment for 10 min [21, 
77]. Notably, F-based halides with wider electrochemical 
windows can be used as ionic interface layers for metal 
oxide cathode materials to enhance the stability and energy 
density of full cells. For example, Xie et al. [78] success-
fully coated  LiAlF4 on the surface of  LiNi0.8Mn0.1Co0.1O2 
by an atomic deposition method and found that a battery 
based on  LiAlF4-coated cathode materials can exhibit stable 
cycling performance over a wide electrochemical window of 
2.75–4.5 V vs.  Li+/Li. In summary, chemical vapor synthesis 
routes are limited to preparing fluorine-based halide films 
and have underlying scalable production and high cost of 
equipment issues; thus, they may preferentially be used to 
meet the special requirement of fluorine-based halide films 
for assembling high-performance full cells.

3  Strategies for Improving the Ionic 
Conductivity

To date, only a few halide SSEs can experimentally show an 
intrinsic ionic conductivity over 1 mS  cm−1 at RT, and the 
majority of halide SSEs deliver far less satisfactory lithium 
diffusion properties compared to traditional liquid electro-
lytes, requiring valid strategies to further improve the ionic 
conductivity to facilitate the application of halide SSEs in 
ASSBs. Substitution of elements with different valences 
and ionic radii is acknowledged to be a feasible strategy to 
improve the ionic conductivity of halide solid electrolytes by 
tuning the disorder in cation/anion sublattices and vacancy 
concentrations [55, 62, 63, 79]. Furthermore, regulating the 
composition of halide compounds also offers an available 

methodology to achieve distinct ionic conductivity by opti-
mizing the metal/vacancy site occupations and the carrier 
concentrations in the microcrystal structure [57, 60, 80]. The 
effective strategies for improving the ionic conductivity of 
halide solid electrolytes are summarized in Fig. 7.

3.1  Aliovalent Cation Substitution

The substitution of central metals in halide SSEs with alio-
valent cations can be used to tune the distribution and con-
centration of  Li+ or change the local structure framework 
to improve the ionic conductivity. Notably, the preferential 
utilization of elements with high abundance in the Earth’s 
crust for central metal substitution in halide electrolytes 
offers a promising option to realize commercial applica-
tion of halides in ASSBs.

Recent studies have demonstrated that the ionic con-
ductivity of  Li3MCl6 (M = Y, In, Yb, Er) [46–48] and 
 Na3MCl6 (M = Y, Er) [66, 68] can be effectively improved 
through central metal substitution with tetravalent  Zr4+ in 
the structural framework of halide electrolytes. Park et al. 
[46] successfully synthesized new mixed-metal halides 
 Li3−xM1−xZrxCl6 (M = Y, Er; x = 0–0.6) by substituting  Y3+ 
(r = 90 pm) and  Er3+ (r = 89 pm) with  Zr4+ (r = 72 pm), 
reaching the corresponding highest RT ionic conductivity 
of 1.4 mS  cm−1 for  Li2.5Y0.5Zr0.5Cl6 and 1.1 mS  cm−1 for 
 Li2.5Er0.63Zr0.37Cl6. The authors reported that the gradual 
substitution of  Zr4+ for  Y3+ and  Er3+ is accompanied by 
a structural evolution from the trigonal to orthorhombic 
phase through the reduction of the average transition metal 
ion radius (Fig. 8a–c), which is beneficial for increasing 
the number of additional lithium vacancies to improve 
the ionic conductivity. Bond valence site energy (BVSE) 
analysis revealed the emergence of one metastable octa-
hedral interstitial site (“Oct.”, Fig. 8d) in the microcrys-
talline structure, which shares a trigonal face with the 
(Er1/Zr1) octahedron and yields the most favorable 1D 
ion transport path of a [Li3 − Oct. − Li3 − Li2] zigzag 
chain running along the [010] direction (Fig. 8d1, red 
portion). As a result, a 3D transport network for lithium 
ions in  Li2.5Er0.5Zr0.5Cl6 can be formed by the intersection 
between this pathway in the ab plane and other chains of 
[Li2–Li3–Li1] running in the ac plane (Fig. 8d1, green 
and blue portions). The corresponding ion migration path-
way is depicted in the bond valence energy map (Fig. 8e), 
viewed as the yellow isosurface of constant EBVSE(Li) for 
lithium in the model. In contrast, the BVSE calculations 
for  Li3ErCl6 (Fig. 8d2) indicated that the migration energy 
barrier for lithium ions is approximately 1.5 times higher 
than that of Zr-substituted  Li3ErCl6. Consequently, the 
additional Li sites induced by Zr substitution are a deci-
sive factor for enhancing the ionic conductivity of halide 
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electrolytes. Helm et al. [48] demonstrated that substi-
tution of Zr for a central metal in  Li3InCl6 can provide 
a series of  Li3−xIn1−xZrxCl6 (0 ⩽ x ⩽ 0.5) solid solutions, 
which allows an increase in the RT ionic conductivity 
from the initial 0.47 to 1.25 mS  cm−1 for  Li2.4In0.6Zr0.4Cl6. 
This increase is primarily attributed to the incorporation 
of an optimal  Li+/vacancy density and the induced cation 
site disorder capable of forming a three-dimensional  Li+ 
diffusion pathway. Park et al. [55] synthesized a suite of 
 Li3−xYb1−xMxCl6 (M = Hf, Zr; 0 < x < 1) materials by sub-
stituting  Hf4+ and  Zr4+ for  Yb3+ (Fig. 8f), and the high-
est ionic conductivity of 1.5 mS  cm−1 was achieved for 
 Li2.6Yb0.6Hf0.4Cl6 synthesized at 400 ℃ (Fig. 8g), benefit-
ing from the newly generated cubic close-packed (ccp) 
monoclinic structure with substituted halides being more 
favorable for  Li+ diffusion than the hexagonal close-
packed (hcp) orthorhombic structure of  Li3YbCl6.

The newly discovered  Li2ZrCl6 free of rare-earth metals 
has received extensive attention due to its cost-effective start-
ing materials and good ionic conductivity as well as its high 
humidity tolerance. By employing the more inexpensive and 
earth-abundant Fe element, Kwak et al. [56] reported that 

the aliovalent substitution of  Li2ZrCl6 with  Fe3+ dramati-
cally improved the ionic conductivity from 0.4 mS  cm−1 to 
the maximum of 1 mS  cm−1 for  Li2.25Zr0.75Fe0.25Cl6, and the 
substitution of  Zr4+ with trivalent  Cr3+ and  V3+ also exhib-
ited beneficial effects, as shown in Fig. 9a, b. The  Fe3+ sub-
stitution induced shrinkage of  ZrCl6

2− octahedra and aug-
mentation of the bond covalency, which could enlarge  Li+ 
channels and reduce the energy landscape for favorable  Li+ 
migration. Subsequently, the authors found that aliovalent 
substitution with the trivalent metals  In3+ and  Sc3+ was also 
feasible for improving the  Li+ conductivity of  Li2ZrCl6, and 
a more than two orders of magnitude improvement could be 
easily achieved for  Li2+xZr1−xMxCl6 (M = In, Sc; 0 ⩽ x ⩽ 1.0), 
with a maximum of 2.1 mS  cm−1 (M = In, x = 0.7) at 30 ℃ 
(Fig. 9c, d). This improvement is primarily attributed to the 
expanded anisotropic lattice volume and the increased con-
centration of  Li+ in the (002) plane, making  Li+ migration 
more favorable in the microcrystalline structure.

Regarding Na-based halide SSEs, aliovalent sub-
stitution of the central metals of  Na3MCl6 (M = Y, Er) 
with tetravalent  Zr4+ also proved to be an effective 
approach for improving the ionic conductivity. Wu 

Fig. 7  Effective strategies to 
enhance the ionic conductivity 
of halide solid electrolytes
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et al. [66] reported aliovalent substitution of  Y3+ in the 
sodium-based halide  Na3YCl6 with tetravalent  Zr4+, 
and a series of  Na3–xY1–xZrxCl6 (0 < x < 0.875) materi-
als were successfully synthesized. They demonstrated 
that the impurity phase appeared in the X-ray diffrac-
tion (XRD) pattern at 9.6° and 10.5° when the Zr value 

was increased to 0.875 (Fig. 9e), and the highest ionic 
conductivity of 6.6 ×  10−5 S   cm−1 at RT was achieved 
for  Na2.125Y0.125Zr0.875Cl6 (Fig. 9g). Ab initio molecu-
lar dynamics (AIMD) trajectory simulations indi-
cated that the  Na+ trajectories exhibited mostly local 
 Na+ motion with little long-range transport (Fig. 9f1) 

Fig. 8  Structural evolution and corresponding  Li+ conductiv-
ity of heterovalently substituted halide SSEs. a XRD patterns of 
 Li3−xEr1−xZrxCl6. b, c Ionic conductivity and corresponding acti-
vation energy of  Li3−xEr1−xZrxCl6 and  Li3−xY1−xZrxCl6. d (d1, d2) 
BVSE analysis of migration barriers for Li-ion migration within the 
 Li2.5Er0.5Zr0.5Cl6 and  Li3ErCl6 structures. e Li-ion migration path-

way of  Li2.5Er0.5Zr0.5Cl6 in the ab plane. Reproduced with permission 
from Ref. [46]. Copyright 2020, American Chemical Society. f Sche-
matic diagram of the phase evolution of  Hf4+-substituted  Li3YbCl6 
synthesized by annealing at 400 or 500 °C. g Ionic conductivity and 
corresponding activation energies for  Li3−xYb1−xHfxCl6. Reproduced 
with permission from Ref. [55]. Copyright 2021, Elsevier
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and that  Cl− remained relatively static (Fig.  9f3) 
in  Na3YCl6, while macroscopic 3D  Na+ diffusion 
(Fig.  9f2) and substantial  Cl− motion corresponding 
to  YCl6

3−/ZrCl6
2− octahedra rotations (Fig.  9f4) were 

observed in  Na2.125Y0.125Zr0.875Cl6. The synergistic effect 
between the increased carrier concentration and the 
polyanionic rotation was concluded to result in remark-
ably improved  Na+ conductivity upon Zr incorporation. 
Similarly, Schlem et al. [68] found that  Zr4+-substituted 
 Na2.4Er0.4Zr0.6Cl6 exhibits an appreciably improved ionic 
conductivity of ~ 0.04 mS  cm−1 compared with the value 
of  10−9 S  cm−1 for  Na3ErCl6. Accordingly, heterovalent 

substitution of Zr for the expensive central metal element 
of sodium-based halides is highly desirable not only for 
appreciable enhancement of the ionic conductivity but 
also for clear cost effectiveness to further realize practical 
manufacture of sodium-based halide electrolytes.

3.2  Isovalent Cation Substitution

Because the various isovalent cations have different ionic 
radii and chemical bonding properties, isovalent cation sub-
stitution of central metals in halide compounds can effec-
tively optimize the parameters of the unit cell structure and 

Fig. 9  Effect of central metal substitution on the structural evolution 
and ionic conductivity of representative halide SSEs. a, b XRD pat-
terns and ionic conductivities with the corresponding activation ener-
gies of  Li2+xZr1−xMxCl6 (M = Fe, V, Cr). Reproduced with permission 
from Ref. [56]. Copyright 2021, Wiley–VCH. c, d XRD patterns and 
ionic conductivities with the corresponding activation energies of 

 Li2+xZr1−xMxCl6 (M = In, Sc). Reproduced with permission from Ref. 
[62]. Copyright 2022, Wiley–VCH. e (e1–e4) Plots of the probabil-
ity density of  Na+ and  Cl− in  Na3YCl6 and  Na2.25Y0.25Zr0.75Cl6 from 
AIMD simulations. f, g Ionic conductivities and XRD patterns of 
 Na3−xY1−xZrxCl6. Reproduced with permission from Ref. [66]. Copy-
right 2021, Nature Publishing Group
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carrier concentration to achieve enhancement of the ionic 
conductivity.

Li et al. [81] investigated the effect of substituting  In3+ for 
the central metal in  Li3YCl6 on its structural evolution and 
ionic conductivity, and a series of  Li3Y1−xInxCl6 (0 ⩽ x < 1) 
materials were synthesized by mechanical milling with 
postannealing at 260 °C.  Li3YCl6 has an orthorhombic struc-
ture without the introduction of  In3+, and the correspond-
ing crystal structure can transform to a trigonal structure 
when the substitution ratio of  In3+ increases to 0.1, whereas 
both microcrystalline structures are based on hcp anion 
arrangements. The gradual structural conversion from the 
hcp anion arrangement to the ccp anion arrangement can be 
traced when the substitution ratio of  In3+ is over 0.2, which 
allows a dramatic improvement in the ionic conductivity, 
with a maximum of 1.42 mS  cm−1 for  Li3Y0.5In0.5Cl6. The 
 In3+ substitution can be interpreted to induce conspicuous 
changes in the lithium substructure and the metal-Cl cova-
lency along with the generation of the ccp anion arrange-
ment, which are responsible for the appreciably facilitated 
fast  Li+ transport in the microcrystalline structure of In-sub-
stituted  Li3YCl6. Zhou et al. [59] reported a family of lithium 
mixed-metal chlorospinels  Li2InxSc0.666−xCl4 (0 < x < 0.666) 
with a relatively low activation energy of ~ 0.33 eV as well 
as a high  Li+ conductivity of 1.80–2.03 mS  cm−1, which is 
much higher than that of spinel-type superionic  Li2Sc2/3Cl4 
(1.5 mS  cm−1).  Li2InxSc0.666−xCl4 exhibits a pure cubic spi-
nel microcrystalline structure within the corresponding solid 
solution range of 0 ⩽ x < 0.444, whereas the impurity phases 
 Li3InCl6 and LiCl appear in high  In3+ content (x > 0.555) 
compounds, as determined by XRD. The highest ionic 
conductivity of 2.03 mS  cm−1 at RT can be achieved for 
 Li2In1/3Sc1/3Cl4 with four Li sites per unit cell, similar to the 
crystallite structure of  Li2Sc2/3Cl4 but with different occupa-
tion, which primarily benefits from the three-dimensional 
Li-ion diffusion pathway induced by the highly disordered 
Li-ion distribution in the spinel structure. More impor-
tantly,  Li2In1/3Sc1/3Cl4 with an ultralow electronic conduc-
tivity of 4.7 ×  10−10 S  cm−1 could be successfully applied 
in high-output-voltage (4.8 V vs.  Li+/Li) ASSBs with the 
 LiNi0.85Co0.1Mn0.05O2 CAM and simultaneously deliver sta-
ble cycling with very slow capacity degradation during the 
charge‒discharge process. Consequently, isovalent cation 
substitution of central metals in halide compounds can be 
regarded as a promising option to further enhance the ionic 
conductivity and stability of halide SSEs.

3.3  Anion Substitution

The central metal of halide SSEs can be incorporated with 
various halogen anions to crystallize different types of lattice 
structures, such as  Li3ErCl6 (trigonal, P3m1) and  Li3ErBr6 
(monoclinic, C2/m), which thus offers an efficient approach 

to enhance the ionic conductivity through the design of 
halide structures based on halogen anion substitution. Liu 
et al. [63] successfully synthesized a new family of halide 
electrolytes  Li3MBr3Cl3 (M = Y, Er) by substituting  Br− for 
halogen anions in  Li3MCl6 (M = Y, Er), and the  Li3YBr3Cl3 
obtained by mechanochemical milling exhibited a high ionic 
conductivity of 1.6 mS  cm−1 at RT, which is threefold higher 
than that of  Li3YCl6. Notably, interesting coexistence of Li 
tetrahedral occupation (1/3 in total) and octahedral occu-
pation (2/3 in total) in the layered structure of  Li3YBr3Cl3 
is achieved through substitution of  Br−, along with corre-
sponding changes in the lattice parameters, which is rarely 
reported in other halide electrolytes but reasonable in ther-
modynamics. The presence of tetrahedral Li can induce 
more vacancies at the octahedral sites as well as change 
the energy landscape by making it flat, consequently giving 
rise to the appreciably enhanced  Li+ diffusion pathway in 
the microcrystalline structure of  Li3YBr3Cl3. Moreover, the 
ionic conductivity of the  Li3YBr3Cl3 compound could be 
further improved to 7.2 mS  cm−1 at RT after a hot-pressing 
process at 170 °C, mainly ascribed to the  Br− substitution 
inducing rapid 3D diffusion pathways, resulting from a mass 
of Li at the tetrahedral sites as well as enhancement of grain 
boundary contact through hot-pressing. Due to the higher 
ionic conductivity of  Li3YBr3Cl3, a primarily improved spe-
cific capacity of the full cell fabricated with  Li3Ybr3Cl3 was 
achieved compared to the cell with  Li3YCl6. Through this 
method, a noteworthy enhancement of the ionic conductivity 
could also be obtained for  Li3ErBr3Cl3, indicating that this 
anion substitution strategy appears to be general in terms 
of improving the ionic conductivity for mixed anionic hal-
ide electrolytes. Tomita et al. [43] investigated the effect of 
 Cl− substitution of  Br− in  Li3InBr6 on its ionic conductivity 
and thermal stability, and a series of  Li3InBr6−xClx (0 < x < 6) 
solid solutions were prepared by mechanical ball milling 
and subsequent annealing. They reported that  Li3InBr3Cl3 
exhibited the highest ionic conductivity of 1.2 ×  10−4 S  cm−1 
at 300 K, and the phase transition temperature was lowered 
to approximately 295 K. The substitution of bromine with 
chlorine was demonstrated to allow reduction of the lattice 
volume and induction of partial diffusion of lithium ions, 
which was confirmed by 7Li NMR analysis that showed 
faster diffusion of lithium ions in  Li3InBr3Cl3.

3.4  Heterogeneous Compositing

A heterogeneous compositing strategy can be used to 
enhance the ionic conductivity of halide SSEs by introduc-
ing uniformly dispersed heterogeneous materials, and it is 
preferentially applied to the case of halide compounds with 
halogen fluoride anions. Typically, the introduced heteroge-
neous phase could exhibit chemical affinity for the mobile 
ions on the surface of halide compounds and absorb the 
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mobile cations, resulting in defect concentration and con-
sequently enhancement of the ionic conductivity of halide 
solid electrolytes [82, 83].

Feinauer et al. [84] investigated the effect of introducing 
nanocrystalline alumina (γ-Al2O3) on the ionic conductivity 
of the halide β-Li3AlF6, and a series of β-Li3AlF6 +  Al2O3 
(2–20 wt%) composites were prepared through mechanical 
milling. The ionic conductivity of the halide β-Li3AlF6 can 
be increased up to 10 times through compositing with 2 wt% 
γ-Al2O3, whereas a higher content will not further enhance 
the ionic conductivity because of the blocking effect. Nota-
bly, for the corresponding assembled ASSBs, the first charge 
capacity of the cell with Li//β-Li3AlF6 + γ-Al2O3//LiMn2O4 
can reach 108 mAh  g−1, which is 33 mAh  g−1 higher than 
that of the cell based on β-Li3AlF6 under the same test con-
ditions. This difference is primarily attributed to the substan-
tially enhanced ionic conductivity of β-Li3AlF6 induced by 
heterogeneous compositing with nanocrystalline alumina. 
In addition, Miyazakiz et al. [85] reported that the ionic 
conductivity of nanocrystalline β-Li3AlF6 at RT can be dra-
matically increased from 7 ×  10−7 to 2 ×  10−6 S  cm−1 through 
compositing with LiCl, mainly ascribed to the mixing anion 
effect and the dispersion effect related to the space charge 
region. The heterogeneous compositing strategy exhibits an 
easily operated advantage by coupling uniformly dispersed 
materials to enhance the ionic conductivity of the prepared 
halide compounds, which also offers a potential way to opti-
mize the performance of fluorine-based halide electrolytes 
for realizing their application in ASSBs.

3.5  Regulating the Composition

Regulating the composition of halide compounds enables 
optimization of metal/vacancy site occupations, which is 
conducive to achieving a balance between the  Li+ carrier 
concentration and total vacancy content for enhancing the 
ionic conductivity of halide SSEs. Variation of the halide 
composition within a certain range can simultaneously 
induce a gradual transformation of the crystallite struc-
ture, which presents an opportunity for obtaining optimally 
uninterrupted  Li+ diffusion channels in halide compounds. 
Liang et al. [57] discovered a series of  LixScCl3+x (x = 2.5, 
3, 3.5 and 4) superionic halide electrolytes with RT ionic 
conductivities over 1 mS  cm−1 based on the ccp anion sub-
lattice and increasing the x value in  LixScCl3+x gave rise to 
augmentation of the  Li+ carrier, while the opposite trend 
was observed for the total vacancy content. The optimal bal-
ance was obtained for  Li3ScCl6 with appropriate  Li+ carrier 
and vacancy concentrations, and consequently,  Li3ScCl6 
achieved the highest ionic conductivity of 3.02 mS  cm−1 at 
RT among the as-synthesized Li–Sc–Cl halide compounds. 
Wang et  al. [53] investigated the effect of composition 
variation on the ionic conductivity of Li–Zr–Cl-type halide 

SSEs and reported that  Li2ZrCl6 delivered the highest ionic 
conductivity of 0.81 mS  cm−1 at RT compared to  LiZrCl5 
(0.15 mS  cm−1) and  Li3ZrCl7 (0.27 mS  cm−1), although 
these halide compounds could remain phase-pure. Xu et al. 
[80] synthesized a series of  Li3−xYb1+xCl6 (x = 0.017, 0.034, 
0.053, 0.071) materials with various degrees of Li deficiency 
to improve the ionic conductivity of Li–Yb–Cl-type hal-
ide electrolytes by increasing the Li vacancies in the lat-
tice structure. Although all prepared samples exhibited an 
orthogonal crystal structure,  Li2.966Yb1.034Cl6 showed the 
highest ionic conductivity of 0.5 mS  cm−1 at RT, benefiting 
from the optimal balance between the carrier and vacancy 
concentrations.

Optimizing the composition of halide compounds can 
be simultaneously employed to regulate their initial crystal 
structure to enhance the ionic conductivity. Liang et al. [60] 
reported a series of  Li3−3xHo1+xCl6 (− 0.14 < x ⩽ 0.5) halide 
superionic conductors with a transition from the trigonal 
to orthorhombic structure when x was gradually increased. 
The halide  Li2.73Ho1.09Cl6 with the orthogonal structure 
can exhibit the highest ionic conductivity of 1.3 mS  cm−1 
at RT, which is four times higher than that of  Li3HoCl6 
with the trigonal structure, mainly because of the facile 
diffusion in the z-direction in the orthorhombic structure 
for  Li2.73Ho1.09Cl6. Moreover, the trigonal-to-orthorhom-
bic phase transition has been proven to be universal in 
 Li3−3xM1+xCl6 (− 0.14 < x ⩽ 0.5, M = Dy, Y, Er, Tm). Specifi-
cally, the orthorhombic phase of  Li2.73M1.09Cl6 containing 
Dy, Y, Er, and Tm delivers superior ionic conductivities of 
0.9, 0.7, 0.64 and 0.89 mS  cm−1 at RT, respectively, which 
are an order of magnitude higher than the conductivities of 
the corresponding trigonal phases of  Li3MCl6. This trigo-
nal-to-orthogonal structural transition may be a prevailing 
phenomenon in many other types of  Li3−3xM1+xCl6, and fur-
ther investigation of it is highly desirable to discover new 
superionic halide electrolytes. Consequently, precise control 
of the composition of halide compounds can be considered 
a feasible strategy for improving the ionic conductivity of 
halide SSEs by achieving the optimal ion diffusion channel 
in their corresponding microcrystalline structures.

4  Chemical Stability

The chemical stability of halide SSEs is regarded as a crucial 
performance indicator that could significantly affect their 
implementation in their whole life, from synthesis, storage, 
and transportation to application, and is closely related to the 
operation of the material and the application cost of manu-
facturing ASSBs. Chemically unstable electrolyte materi-
als suffer severe mechanical and chemical degradation as a 
result of the destruction of the crystalline structure, which 
can occur even prior to electrochemical cycling, resulting in 
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unsatisfactory ionic conductivity, high interfacial resistance, 
and degraded cell performance [24]. Consequently, rational 
optimization of the chemical stability enables effective regu-
lation of production processes and battery configurations, 
which in turn offers a favorable guarantee for reducing pro-
duction costs to maintain performance standards and large-
scale commercial applications.

4.1  Air/Humidity Stability

4.1.1  Degradation Mechanisms under Humid Air

An in-depth and comprehensive understanding of the influ-
encing factors of humid air on various halide SSEs and the 
corresponding degradation mechanisms is highly benefi-
cial for facilitating efficient application of different halide 
compounds and obtaining feasible strategies against deg-
radation. Halide solid electrolytes exhibit better air stabil-
ity than sulfide electrolytes and can avoid the generation of 
toxic  H2S, which is favorable for safe operation [21, 28]. 
Moreover, halide solid electrolytes that can maintain decent 
stability in dry oxygen environments, such as  Li3YCl6 and 
 Li3YBr6 [44], will not undergo degradation in terms of 
decomposition, phase transition and oxidation reactions. 
Nevertheless, recent studies have indicated that the majority 
of halide electrolytes are unstable when exposed to ambient 
atmosphere and can react with moisture to form different 
hydrated products, including  MCl3·xH2O and LiCl·xH2O 
[86, 87]. As a consequence, an irreversible degradation 
reaction occurs, and  MCl3·xH2O is transformed into  M2O3 
and HCl during the thermal dehydration process. In the case 
of  Li3YCl6, the corresponding degradation reactions can be 
described by Eqs. (1) and (2) [21, 87, 88].

The halide  Li3InCl6 exhibits superior tolerance to ambi-
ent air compared to other halide compounds, which is 
mainly attributable to the preferential formation of hydrated 
intermediates  (Li3InCl6·xH2O) that can effectively resist 
the constant occurrence of harmful hydrolysis reactions 
(Fig. 10a) [87]. Notably, the conversion from  Li3InCl6 to 
 Li3InCl6·xH2O is reversible, which means that the initial 
structure and ionic conductivity of  Li3InCl6 can be recovered 
after removing the crystal water through a simple dehydra-
tion process [52, 81].

However,  Li3InCl6 will inevitably undergo decomposition 
to form  InCl3 and LiCl with long-term exposure, and  InCl3 
further hydrolyzes to produce  In2O3 and HCl through the 
formation of the unstable intermediate phase In(OH)3; the 
related reactions are shown in Eqs. (3) and (4) [87, 88]. The 

(1)Li3YCl6 + 9H2O → YCl3 ⋅ 6H2O + 3LiCl ⋅ H2O

(2)2Li3YCl6 + 3H2O → Y2O3(s) + 6HCl + 6LiCl

formation of the acidic product HCl can corrode aluminum 
foil (Fig. 10b) [87], which is commonly used as a current 
collector for battery assembly, and thus possibly cause a 
safety hazard in application. In addition, Wang et al. [53] 
demonstrated that  Li2ZrCl6 exhibits better stability than 
 Li3InCl6 in an atmosphere with 5% relative humidity. How-
ever, the degradation mechanism of  Li2ZrCl6 with high 
humidity tolerance is still unclear and conducting in-depth 
and comprehensive research in the future is highly desirable.

4.1.2  Strategies to Improve Humid Air Stability

The air/humidity tolerance of halide SSEs is closely asso-
ciated with the type of central metals in the halide com-
pounds with various valences and ionic radii [89]. In addi-
tion, the water absorption rate of the halide electrolytes can 
be changed by adjusting the contact area of the solid/gas 
interface and the particle size of halide compounds to effec-
tively regulate the degradation rate of the halide in practical 
applications.

Zhu et al. [89] investigated the moisture stability of Li- 
and Na-containing halide compounds  A3MCl6 (A = Li/Na, 
M = cation) by quantifying the hydrolysis reaction energy, 
and corresponding thermodynamic analyses based on a 
first-principles computational database were performed, as 
shown in Fig. 10c. Their results demonstrated that sodium 
ternary chlorides with lanthanide cations  (Tm3+,  Er3+,  Ho3+, 
 Tb3+, etc.) exhibit better moisture stability, among which the 
best humidity tolerance is achieved for  Na3TmCl6. Lithium 
ternary chlorides with trivalent metal ions  (In3+,  Ga3+) and 
transition metal ions  (Cd2+,  Zn2+) deliver excellent moisture 
stability, and halide  Li3InCl6 possesses the best moisture 
resistance, which is also in accordance with the superior 
humidity tolerance of  Li3InCl6 reported experimentally. The 
results also imply that several of these identified cations with 
decent moisture stability are viable elements for doping/sub-
stitution to enhance the humidity tolerance of halide SSEs.

Li et  al. [81] investigated the effect of isovalent 
 In3+ substitution of the central metal in  Li3YCl6 on the 
humidity tolerance of  Li3YCl6 and demonstrated that 
 Li3Y1–xInxCl6 (x > 0.5) with a high  In3+ content exhibited 
significantly improved moisture stability. For instance, 
pristine  Li3Y0.2In0.8Cl6 delivered an ionic conductivity of 
1.23 mS  cm−1 at RT, and the reheated  Li3Y0.2In0.8Cl6 after 
3%–5% humidity exposure still exhibited a relatively high 
ionic conductivity of 1.05 mS  cm−1 at RT (Fig. 10f), mak-
ing the corresponding conductivity retention appreciably 

(3)Li3InCl6 + xH2O → Li3InCl6 ⋅ xH2O

(4)2Li3InCl6 + 3H2O → In2O3(s) + 6HCl + 6LiCl
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increase to 85.37% compared to the poor conductivity 
retention of 0.8% for  Li3YCl6. The hydrated intermediate 
 Li3(Y1−xInx)Cl6−xH2O is preferentially formed because of the 
generation of (Y/In)Cl6

3− octahedra in the crystallite struc-
ture after In-substituted halide compounds are exposed to 

a humid atmosphere, which is beneficial for the efficient 
recovery of the initial halide structure after removing crystal 
water (Fig. 10d); thus, a dramatically improved conductivity 
retention is achieved. In contrast, the unsubstituted  Li3YCl6 
is thoroughly hydrolyzed into separated products involving 

Fig. 10  Moisture stability of halide SSEs. a Schematic diagram of the 
 Li3InCl6 degradation mechanism under humid air, and b XRD pattern 
and digital photo of  Li3InCl6 reacted with Al foil for 12  h. Repro-
duced with permission from Ref. [87]. Copyright 2022, Wiley–VCH. 
c Hydrolysis reaction energy for binary chlorides M–Cl, ternary 
lithium chlorides Li–M–Cl, and ternary sodium chlorides Na–M–Cl. 
Reproduced with permission from Ref. [89]. Copyright 2020, Wiley–
VCH. d Illustration of the humidity stabilities of  Li3Y1−xInxCl6 and 

 Li3YCl6. e Arrhenius plots of  Li3Y0.2In0.8Cl6 before and after air 
exposure. Reproduced with permission from Ref. [81]. Copyright 
2020, American Chemical Society. f Schematic illustration of coat-
ing  Li3InCl6 with  Al2O3 by powder atomic layer deposition. g Digital 
photos of powder and pellet samples for  Li3InCl6 over time in ambi-
ent air with (35 ± 5)% relative humidity. Reproduced with permission 
from Ref. [87]. Copyright 2022, Wiley–VCH
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LiCl·H2O and  YCl3·6H2O after exposure to moist air under 
the same conditions, which cannot be converted back by heat 
treatment (Fig. 10e).

Wang et  al. [87] proposed enhancing the moisture 
stability of  Li3InCl6 by coating a layer of  Al2O3 on the 
surface of  Li3InCl6 via powder atomic layer deposition 
(Fig. 10g). They reported that the water absorption rate 
of  Li3InCl6@Al2O3 (5.16 mg  h−1) could be decreased to 
1/4 of that of the as-synthesized  Li3InCl6 (20.83 mg  h−1), 
and the corresponding liquefaction time was significantly 
improved by seven times. Consequently, coating  Li3InCl6 
with an  Al2O3 protective layer can be regarded as a valu-
able methodology to hinder hydrolysis degradation of pure 
 Li3InCl6, although the corresponding ionic conductivity 
slightly decreased after introducing the  Al2O3 protec-
tive layer. The authors simultaneously reported that the 
 Li3InCl6 pellet samples obtained from cold pressing over 
300 MPa could maintain a round shape after exposure to 
humid air for 8 h, whereas for the  Li3InCl6 powder, more 
than half of the sample turned into a solution after only 
1 h of exposure (Fig. 10h) under the same conditions. The 
relative density of  Li3InCl6 is significantly improved from 
powder to pellet samples, which can greatly reduce the 
contact area of the solid/gas interface, and thus, the pellet 
samples exhibited much better moisture stability than the 
powder samples for  Li3InCl6 halide electrolytes.

In summary, the spontaneous degradation of halide SSEs 
in a humid atmosphere is a crucial challenge hindering large-
scale manufacturing and application of halide-based ASSBs. 
In the future, effective strategies for enhancing the humidity 
tolerance of halide SSEs to further develop, through opti-
mization of the design, novel moisture-stable halide elec-
trolytes and for exploiting valuable protection approaches 
are highly desirable.

4.2  Solvent Compatibility

Emerging halide electrolytes are considered promising can-
didates for facile processing of ASSBs due to the advan-
tages of reliable deformability and high ionic conductiv-
ity. Despite this, the solid electrolyte pellets prepared by 
cold pressing exhibit weak mechanical properties, such as 
cracks generated during the pressing process [90, 91], that 
need to be compensated for, which severely limits the large-
scale processing of solid electrolytes for the production of 
commercial ASSBs. Solvent-based processes have received 
extensive attention for fabricating high-energy–density com-
posite cathodes and ultrathin composite electrolyte mem-
branes with outstanding electrochemical performance [28, 
92], which are capable of achieving tight contact between 
materials and effectively avoiding the occurrence of mechan-
ical failures during the pressing process. Consequently, 

solvent-based processes can be regarded as a highly reliable 
strategy for realizing commercial application of halide-based 
ASSBs.

Generally, maintaining good stability of halide SSEs in 
solvents is of great importance, and the requirements for an 
acceptable solvent are that it should not cause chemical or 
structural detrimental effects or loss of the ionic conductiv-
ity of halide SSEs. Unfortunately, the severe reactivity of 
halide SSEs with polar solvents greatly restricts the wide-
spread application of common solvents [51]. As shown in 
Fig. 11a, halide SSEs usually exhibit relatively weak inter-
actions with nonpolar or weakly polar solvents. However, 
because of the strong interaction between halide compounds 
and polar solvents, halide SSEs can easily react with polar 
solvents, accompanied by dissolution through the loss of 
the original microcrystal structures, resulting in reduction of 
the ionic conductivity to some degree. The possible nucle-
ophilic attacks of solvents on halide solid electrolytes are 
illustrated in Fig. 11b. Highly polar solvents are considered 
strong Lewis bases, which contain lone-pair electrons of 
electronegative elements such as N and O and can react with 
electrophilic central metals with high valence in halide solid 
electrolytes according to the hard and soft acids and bases 
(HSAB) principle [93], giving rise to challenging issues in 
terms of the poor compatibility of halide compounds with 
polar solvents.

Kwak et al. [51] investigated the compatibility of  Li2ZrCl6 
with different organic solvents by measuring the ionic con-
ductivities and detecting the amount of  Zr4+ dissolved in 
organic solvents. They found that nonpolar dibromoethane 
(DBM) could only dissolve a very small amount of  Li2ZrCl6, 
corresponding to only 9.9 ppm (1 ppm = 1 μmol  mol−1)  Zr4+ 
detected in the mixed suspension with DBM (Fig. 11c), 
which is also in accordance with the retention of relatively 
complete XRD peaks and the high ionic conductivity reten-
tion achieved after removing the solvent (Fig. 11d). The hal-
ide  Li2ZrCl6 exhibited severe dissolution in both the strongly 
polar solvent N-methyl-2-pyrrolidinone and the intermedi-
ate-polarity solvent hexyl butyrate. Unexpectedly, even when 
 Li2ZrCl6 was exposed to nonpolar (o-xylene) or weakly 
polar (toluene) solvents, the main XRD peaks of  Li2ZrCl6 
disappeared after removing the solvent, accompanied by the 
appearance of the impurity phase of LiCl (Fig. 11d), indicat-
ing that the microcrystal structure of  Li2ZrCl6 severely col-
lapsed, leading to a remarkable loss of the ionic conductivity 
(3 ×  10−10 S  cm−1 at 30 °C). This work implied that halide 
electrolytes may have stringent requirements for compatible 
solvents. To date, reports on acceptable solvents for hal-
ide SSEs are rare; considering the relatively high reactivity 
between common polar solvents and halide compounds, the 
selection of compatible solvents requires great efforts.

Consequently, to obtain acceptable solvents for realizing 
application of solvent-based scalable processes for halide 
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SSEs, revealing the degradation mechanisms of halide elec-
trolytes when they are exposed to incompatible solvents and 
further understanding the stability of halide electrolytes in 
various types of organic solvents are of great significance.

5  In Situ/Operando Characterization 
Techniques Applied to Halide‑Based 
ASSBs

The development of high-performance halide-based ASSBs 
requires an in-depth understanding of the electrochemical 
reaction processes, degradation mechanisms and dynamic 

evolution of the electrolyte under realistic operating condi-
tions. This understanding could be achieved through in situ/
operando characterization techniques, which offer informa-
tion on the structural evolution of electrolytes, redox mech-
anisms and solid-electrolyte interphase (SEI) formation 
under continuous operation. Compared with traditional ex 
situ characterization techniques, which are restricted to the 
understanding of the starting and ending states of materials 
and batteries and have the characteristics of data uncertainty 
and hysteresis, in situ/operando characterization techniques 
are beneficial for gaining deeper insight into the working 
principle of devices and the underlying reaction mechanisms 
of materials and are consequently capable of providing a 

Fig. 11  Solvent compatibility of halide SSEs. a Schematic illustration 
of the compatibility between halide SSEs and organic solvents with 
various degrees of polarity. b Possible nucleophilic attacks by differ-
ent solvents on halide SSEs. c, d Ionic conductivities and dissolved 

amounts of Zr for  Li2ZrCl6 after exposure to various solvents, and 
corresponding XRD patterns. Reproduced with permission from Ref. 
[51]. Copyright 2022, American Chemical Society
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theoretical basis for the design of ASSBs with high energy 
density and long cycle life.

5.1  In Situ/Operando Characterization 
of Electrolyte Materials

Recently, computational simulations and experimental 
results have indicated the existence of metastable state 
materials during the synthesis of halide electrolytes by the 
solid-state reaction route, and metastable halides can deliver 
appreciably enhanced ionic conductivity because of the for-
mation of faster  Li+ diffusion pathways in the microcrystal-
line structure [45, 55, 94]. An in-depth understanding of the 
synthesis conditions and dynamically stable mechanisms of 
metastable halides plays an important role in further devel-
oping novel halide electrolytes. More importantly, limited by 
the data hysteresis of ex situ characterization techniques, the 
underlying degradation mechanisms of halide electrolytes 
upon humid air exposure are still not completely understood. 
In situ/operando characterization methods can provide the 
evolution of the electrolyte microstructure, surface morphol-
ogy and local chemical state during the dynamic reaction by 
obtaining continuous monitoring data, which offers an effec-
tive strategy to deeply investigate the dynamic structural 
evolution of halide electrolytes during solid-state synthesis 
and the degradation mechanisms in continuous operation 
environments.

Ito et al. [95] employed in situ synchrotron XRD to inves-
tigate the solid-phase reaction of LiCl and  YCl3 during the 
continuous heating process for synthesizing  Li3YCl6 and 
reported that the novel metastable phase β-Li3YCl6 with 
smaller lattice parameters was formed in the temperature 
range of 450–600 K, which gradually transformed into 
α-Li3YCl6 in the process of heating over 600 K (Fig. 12a). 
The related reactions can be described by Eq. (5) and (6), 
and the corresponding mass fractions of various phases dur-
ing the solid-state reaction are shown in Fig. 12b, calcu-
lated from the corresponding Rietveld refinement results. 
Furthermore, the authors found that the synthesis by heating 
precursor materials to 823 K followed by annealing at 595 K 
did not yield β-Li3YCl6, suggesting that the phase transition 
from β- to α-Li3YCl6 was irreversible and that β-Li3YCl6 
was a metastable halide electrolyte. β-Li3YCl6 could be 
assigned to a cell with a 1/3 a-axis and a c-axis similar to 
that of α-Li3YCl6, leading to electronic repulsion between 
 Y3+ accompanied by a broadened  Li+ diffusion channel, 
and consequently, the ionic conductivity of β-Li3YCl6 with 
a disordered Y site was appreciably improved by an order 
of magnitude compared with α-Li3YCl6. Consequently, 
in situ investigation of solid-state reactions could promote 
detection of new cation arrangements in the microcrystal-
line structure of solid electrolytes, which is conducive to the 

discovery of novel metastable halide electrolytes with high 
ionic conductivity.

Wang et al. [56] applied in situ neutron powder diffraction 
(NPD) to study the phase evolution of mechanochemically 
synthesized α-Li2ZrCl6 in the temperature range from 27 
to 427 °C, as shown in Fig. 12c. When the temperature is 
higher than 275 °C, β-Li2ZrCl6 with a structure similar to 
that of  Li3InCl6 emerges, along with the gradual reduction 
of the α-Li2ZrCl6 reflection intensities, and β-Li2ZrCl6 is 
the only phase identified in the NPD pattern at temperatures 
above 350 °C. The β-Li2ZrCl6 obtained at high tempera-
tures loses the nonperiodic features in terms of the defect 
structure, strain and amorphous phase, resulting in the ionic 
conductivity decreasing from a value of 8.08 ×  10–4 S  cm−1 
for the initial α-Li2ZrCl6 to 5.81 ×  10–6  S  cm−1 (Fig. 12d).

Li et al. [88] revealed the degradation mechanism of 
halide  Li3InCl6 when it was exposed to moist air through 
various in situ/operando characterization techniques. The 
optical images obtained from operando optical microscopy 
suggested that  Li3InCl6 particles underwent rapid morpho-
logical changes within several minutes of exposure to 30% 
humidity, which confirmed the hydrophilic characteristic of 
 Li3InCl6 (Fig. 12e). Furthermore, a new peak at 131.5  cm−1 
assigned to  In2O3 appeared in the operando Raman spec-
trum, which could be one of the products formed during the 
degradation of  Li3InCl6, and the intensity of the O–H peak 
significantly increased over time, which provided evidence 
of hydrated halide formation. Operando synchrotron-based 
X-ray powder diffraction (SXRD) was employed to detect 
other hydrolysis products of  Li3InCl6, in which a Pilatus 
pixel area sensitive detector was used to record the scat-
tered X-ray beams (Fig. 12f). A new set of peaks assigned 
to  Li3InCl6·xH2O appeared after exposure to moist air for 
10 min, and a mixture of peaks at ~ 19.9° and ~ 23.2° belong-
ing to  Li3InCl6·xH2O and LiCl was detected in the SXRD 
pattern when the exposure time reached 120 min (Fig. 12g), 
indicating that both were products of the hydrolysis reac-
tion. In addition, in situ X-ray absorption near-edge structure 
(XANES) results also confirmed the formation of LiCl and 
 Li3InCl6·xH2O when  Li3InCl6 was exposed to a humid envi-
ronment. Based on this, the authors concluded that hydro-
philic  Li3InCl6 can react with moisture and finally decom-
pose to nonionically conductive  In2O3 and LiCl, while part 
of  Li3InCl6 would absorb moisture to form  Li3InCl6·xH2O 
when it was exposed to ambient air.

(5)
3LiCl + YCl3 → β − LiYCl6 (annealing at 450−600 K)

(6)β − LiYCl6 → α − LiYCl6 (annealing over 600 K)
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5.2  In Situ/Operando Characterization of Electrodes 
and Interfaces

Bulk-type halide-based ASSBs can be directly fabricated 
through stepwise cold pressing of materials, including solid 
electrolytes, CAMs and anodes, benefiting from the out-
standing mechanical deformability of halide electrolytes, but 
the related challenging issues of the interfacial stability of 
the electrolyte and CAMs and the reversible redox reaction 

in the composite cathode require a thorough understanding 
[26, 96]. Specifically, the degradation mechanisms of hal-
ide electrolytes against lithium anodes during realistic elec-
trochemical reactions require further clarification. Without 
disassembling batteries and extracting samples for testing, 
in situ characterization techniques can offer effective infor-
mation on heterogeneous reactions in high-energy-density 
cathodes, SEI formation and degradation mechanisms dur-
ing battery charge and discharge, which in turn can provide 

Fig. 12  In situ/operando characterization of halide solid electrolytes. 
a, b In  situ synchrotron XRD patterns upon heating the mixture of 
LiCl and  YCl3 to synthesize  Li3YCl6, and corresponding mass frac-
tions obtained from Rietveld refinement. Reproduced with permission 
from Ref. [95]. Copyright 2021, Wiley–VCH. c Two-dimensional 
intensity color map of NPD patterns for mechanochemically synthe-
sized α-Li2ZrCl6. d Nyquist plots of α-Li3YCl6 and β-Li3YCl6. Repro-
duced with permission from Ref. [53]. Copyright 2021, Springer 

Nature. e Schematic diagram of the operando optical microscopy 
and Raman spectroscopy device (middle), operando optical micros-
copy photos obtained with various exposure times (left), and Raman 
spectra evolution of  Li3InCl6 exposed to moist air (right). f, g Illus-
tration of operando SXRD for  Li3InCl6, and corresponding patterns 
of  Li3InCl6 during exposure to air with 30% humidity for 120  min. 
Reproduced with permission from Ref. [88]. Copyright 2020, Ameri-
can Chemical Society
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crucial strategies for optimization and design of high-per-
formance halide-based ASSBs.

For the first time, Asano et al. [44] performed in situ 
XRD characterization of a bulk-type cell based on  Li3YCl6 
to investigate the redox reaction of composite cathodes 
under realistic operating conditions. A schematic diagram 
of the in situ XRD measurement geometry and the corre-
sponding cell structure are shown in Fig. 13a. They reported 
that the (003), (006) and (104) peaks of  LiCoO2 shifted to 
a low angle while the (101) peak slightly shifted to a higher 
angle during the initial charging cycle (Fig. 13b), indicating 
that the c-axis of  LiCoO2 was elongated and the a-axis was 
shortened, in accordance with the  LiCoO2 evolution behav-
ior detected in situ with liquid electrolytes. However, the 
in situ XRD peaks of halide  Li3YCl6 were not shifted during 
the charge process, confirming that the charging current is 
solely produced through  Li+ extraction from  LiCoO2 cath-
ode materials. Consequently, they concluded that  Li3YCl6 
with outstanding electrochemical stability can be directly 
used for ASSBs based on uncoated high-voltage CAMs.

Wang et al. [97] used in situ/operando Raman spectros-
copy to investigate the cathode interfacial stability of ASSBs 
with  Li3InCl6@LiCoO2 composite cathodes prepared by 
in situ interfacial growth of  Li3InCl6 on the  LiCoO2 surface. 
The Raman peaks (191 and 269  cm−1) of  Li3InCl6 remained 
the same at high cutoff voltages above 4 V, and no new 
peaks were observed, suggesting that  Li3InCl6 was stable 
and that no side reactions occurred during the charge process 
(Fig. 13c). The intensity of the characteristic peaks (478 and 
596  cm−1) of  LiCoO2 began to decrease after charging to 4 
V (highlighted by a red dashed box) and could be recovered 
during the discharge process (Fig. 13d), which proves that 
 Li+ can reversibly intercalate into the layered structure of 
 LiCoO2. The contour map of the  Li3InCl6@LiCoO2 compos-
ite cathodes distinctly shows that the peak intensities at 478 
and 596  cm−1 decreased after charging to 4.0 V (Fig. 13e), 
which is closely associated with the delithiation of  LiCoO2 
upon charging and  LiCoO2 lattice expansion. In addition, 
the interfacial resistance of the  Li3InCl6@LiCoO2 composite 
cathode was found to be only 6.8 Ω through the use of in situ 
electrochemical impedance spectroscopy (EIS), which is 
several orders of magnitude lower than that of mainstream 
sulfide/oxide-based ASSBs, further demonstrating that the 
in situ interfacial growth of halide electrolytes on CAMs 
possesses a significant advantage in eliminating interfacial 
challenges of halide-based ASSBs.

Riegger et al. [98] employed in situ X-ray photoelectron 
spectroscopy (XPS) to study the interfacial stability between 
halide electrolytes  (Li3InCl6,  Li3YCl6) and lithium metal 
anodes by sputter-depositing lithium onto halide pellets, 
as shown in Fig. 13f. The characteristic peak of metallic 
In at 443.7 eV was detected after ten minutes of lithium 
deposition and showed a remarkable enhancement after one 

hour, accompanied by an observably decreased intensity of 
the  Li3InCl6 peak at 446.1 eV (Fig. 13g), indicating that 
 Li3InCl6 could be reduced by lithium metal to form In metal 
within a short time. Furthermore, a clearly enhanced inten-
sity of the In characteristic peak at 1 076.0 eV was simulta-
neously observed with increasing contact time after lithium 
deposition in the In-MNN Auger spectrum (Fig. 13h). In 
addition, the  Li3InCl6/LiCl signal at 56.7 eV significantly 
decreased in the Li-1s spectrum after Li deposition for one 
hour, while the  Li2O signal at 54.4 eV clearly dominated 
the Li-1s spectrum (Fig. 13i), indicating the occurrence of 
continuous interface reactions between  Li3InCl6 and the 
deposited metal lithium. Similar reaction behaviors were 
also observed between the halide  Li3YCl6 and lithium metal 
anodes, and thus, the authors proposed an idealized net reac-
tion for halide electrolytes and metallic lithium, as shown 
in Eq. (7).

6  Halide SSEs for All‑Solid‑State Batteries

Since the discovery of  Li3YCl6 and  Li3YBr6 with high 
ionic conductivities of 0.03–1.7 mS  cm−1 at RT by Asano’s 
group in 2018 [44], the exploration of halide compounds 
as solid electrolytes for advanced ASSBs has received a 
strong upsurge of interest and has simultaneously achieved 
impressive progress in recent years. For cathodes using 
halide SSEs, 4-V-type Ni-rich layered  LiMO2 compounds 
(M = Ni, Co, Mo, and Al mixture) are crucial CAMs for 
realizing high-energy–density halide-based ASSBs, and 
recently developed Se- and S-based cathode materials for 
assembling halide-based ASSBs with higher rate capabil-
ity have also received extensive attention. For the anodes, 
the thermodynamic instability of halide electrolytes against 
lithium metal anodes is caused by the intrinsically poor elec-
trochemical reduction stability of halide compounds, which 
presents an ongoing challenge, especially for Cl- and Br-
based halide electrolytes. The electrochemical performance 
and cell design of different types of ASSBs using halide 
SSEs as electrolytes are summarized in Table 2. An in-depth 
understanding of the electrochemical stability of halide SSEs 
and the construction of rational interface engineering are of 
vital significance to effectively control the interface behavior 
to achieve high-energy and long-life halide-based ASSBs.

6.1  Intrinsic Electrochemical Stability

The intrinsic electrochemical stability of halide SSEs is 
largely governed by the electrochemical stability window, 

(7)Li3MCl6 + 3Li → 6LiCl + M0 (M = In, Y)
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and a wide electrochemical stability window is also a cru-
cial requirement for realizing halide-based ASSBs with high 
energy density [21, 102]. The electrochemical stability win-
dow originates from the energy separation Eg of the highest 
occupied molecular orbital (HOMO) and the lowest unoc-
cupied molecular orbital (LUMO) of the electrolytes [103]. 
As a result, high-throughput simulation calculations can be 
used for effectively analyzing the electrochemical windows 
of different types of halide electrolytes, which in turn are 

capable of offering instructive guidance for experimental 
design.

Wang et al. [102] calculated the thermodynamic intrin-
sic electrochemical windows of a series of Li–M–X ternary 
compounds (M = cation; X = F, Cl, Br, I, O, S, N) based on 
first-principles computations, as shown in Fig. 14a. The 
thermodynamic electrochemical window is closely related 
to the species of halide anions in the corresponding halide 
electrolytes, and the fluorine- and chlorine-based halides 
exhibit high oxidation stability of over 6 and 4 V vs.  Li+/

Fig. 13  In situ/operando characterization of electrodes and interfaces 
for halide-based ASSBs. a Schematic illustration of the in situ XRD 
measurement geometry and the corresponding cell construction. b 
In  situ XRD patterns of the  Li3YCl6-based cell during initial charg-
ing. Reproduced with permission from Ref. [44]. Copyright 2018, 
Wiley–VCH. c, d In  situ/operando Raman spectra of the  Li3InCl6@
LiCoO2 electrode during the charge and discharge processes. e Con-

tour plots of  Li3InCl6@LiCoO2 during the charge process. Repro-
duced with permission from Ref. [97]. Copyright 2020, Elsevier. f 
Schematic of Li deposition with an argon sputter gun and subsequent 
in  situ XPS measurement. g–i X-ray photoelectron In-3d and Li-1s 
and Auger In-MNN spectra during/after Li deposition on  Li3InCl6. 
Reproduced with permission from Ref. [98]. Copyright 2021, Wiley–
VCH
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Li, respectively, leading to a wider thermodynamic electro-
chemical window. In contrast, the sulfide electrolytes show 
a narrow electrochemical window due to their low oxida-
tion potential of less than 3 V vs.  Li+/Li. Similar to the 
simulation results, related experiments have demonstrated 
that halide electrolytes have higher oxidation potentials and 
wider electrochemical windows, such as  Li3ErCl6 (0.85–4.26 
V) [104] and  Li3ScCl6 (0.15–4.08 V) [57], which are sig-
nificantly superior to those of sulfide and oxide electro-
lytes, such as  Li6PS5Cl (1.71–2.14 V) [105],  Li10GeP2S12 
(1.72–2.42 V) [106],  Li0.33La0.56TiO3 (1.75–3.71 V) [106] 
and LISICON (1.44–3.39 V) [105]. Qie et al. [35] evaluated 
the intrinsic electrochemical window of the ternary sodium-
based halide electrolytes Na–M–X (M = cation, X = F, Cl, 
Br, I, O or S), and their theoretical computations showed 
that nearly all sodium-based halides are capable of exhibit-
ing a 3 V oxidation potential (except for iodides), which 
is conducive to expanding their electrochemical windows. 
For instance,  Na3YCl6 and  Na3YBr6 deliver wide electro-
chemical windows of 0.51–3.75 and 0.57–3.36 V vs.  Na+/
Na, respectively, and such superior intrinsic electrochemi-
cal stability is more impressive compared with the reported 
sodium-based oxide and sulfide solid electrolytes involving 
 Na3Zr2Si2PO12 (1.1–2.4 V), Cl-doped t-Na3PS4 (1.2–2.4 V), 
and  Na3AsS4 (1.9–2.1 V) [107, 108]. The high oxidation 
limits (~ 3.5 V) allow assembly of  Na3YCl6 and  Na3YBr6 
with high-voltage sodium cathode materials, such as the 
layered oxide material  NaCrO2 and polyanionic materials 
 Na2FePO4F and  Na3V2(PO4)3 [109–111].

The intrinsically wide electrochemical window of halide 
SSEs is beneficial for achieving excellent interfacial compat-
ibility with CAMs. Note that an extended electrochemical 
window can be achieved through the sluggish kinetics or 
passivation of interphases during experimental operation 
compared to the theoretically calculated thermodynamic 
electrochemical stability window. Liang et al. [57] inves-
tigated the electrochemical stability window of  Li3ScCl6 
and the compatibility between  Li3ScCl6 and various cath-
ode materials by incorporating experimental measurements 
with simulation computations.  Li3ScCl6 was reported to pos-
sess an intrinsic electrochemical window of 0.91–4.26 V vs. 
 Li+/Li based on first-principles calculations, as shown in 
Fig. 14b. For the  Li3ScCl6 SSE, the anodic limit originates 
from the oxidation of  Cl− to produce  ScCl3 and  Cl2, and 
the cathodic limit is mainly caused by reduction of  Sc3+ to 
produce LiCl and Sc–Cl compounds, followed by reduction 
to Sc metal. Two reduction peaks appeared at 0.75 and 0.50 
V in the cyclic voltammetry (CV) curves obtained with the 
Li//Li7P3S11//Li3ScCl6//Li3ScCl6–C cell, and interestingly, 
there was no obvious oxidation peak up to 5.0 V, which 
was mainly ascribed to interface formation during CV test-
ing (Fig. 14c). The reaction energy of  Li3ScCl6 and  LiCoO2 
calculated by using the binary model is only 60 meV per 

atom (Fig. 14d), which is an order of magnitude less than 
that of sulfide SSEs. The superior compatibility of  Li3ScCl6 
with  LiCoO2 was further demonstrated by XANES and XPS 
characterization, which was consistent with the calculated 
results. The high-throughput computational study by Kim 
et al. [112] also confirmed that most  Li3MCl6 materials 
exhibited a lower reaction energy with different cathode 
materials based on density functional theory (DFT) calcu-
lations, such as  LiCoO2 and  LiMn2O4, as shown in Fig. 14e, 
implying that  Li3MCl6 with good oxidation stability could 
serve as appropriate SSEs for high-voltage cathodes. Their 
calculation results also showed that  Li3MCl6 and  Li3MBr6 
have large band gaps of 6.2 and 5.1 eV on average (Fig. 14f), 
which is supposed to deliver low electrical conductivity ena-
bling the usage of the solid electrolytes as superior separator 
materials between the anode and cathode.

The poor electrochemical reduction stability of halide 
SSEs is not conducive to realizing their utilization with 
lithium metal anodes. The cathodic limits of halide SSEs 
have been demonstrated to be mainly governed by the 
reduction of the central metal cation in halides [112, 113]. 
Typically, halide compounds with group 3 cations have 
relatively good reduction stability [102]. For instance, 
from thermodynamic calculations, Li–M–X ternary hal-
ides with  Sc3+ and  Y3+ cations exhibit reduction poten-
tials of 0.60–0.92 and 0.36–0.62 V vs.  Li+/Li, respec-
tively, while  In3+,  Ga3+, and  Zn2+ cations show reduction 
potentials of 1.98–2.55, 1.85–2.28, and 1.55–1.91 V vs. 
Li/Li+, respectively [102, 112]. As a result, halide SSEs 
with group 3 elements are regarded as promising options 
to provide desirable electrochemical windows due to their 
lower reduction potential and higher oxidation potential 
compared with other types of halide SSEs. Nevertheless, 
no halide SSEs are currently known to be stable with 
lithium metal, and Li-rich alloys are commonly used as 
anode materials for assembling halide-based full cells. 
Consequently, considering the stability in terms of metal-
lic lithium and the electrochemical stability window of 
halide SSEs, constructing a stable interface between halide 
SSEs and lithium metal anodes to obtain high-performance 
halide-based ASSBs is imperative.

6.2  Stability Toward Anodes

Central metal elements with a high-valence state make halide 
SSEs unstable against lithium metal anodes, inevitably result-
ing in detrimental side reactions at the interface during the 
electrochemical cycling process. The interfacial side reactions 
will further cause continuous augmentation of the interfacial 
impedance and overpotential, eventually leading to severe 
impairment of the cell performance [21], which is the promi-
nent issue impeding the application of halide-based ASSBs. 
Constructing interfacial buffer layers, optimally designing 
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microcrystal structures of halide electrolytes, and developing 
lithium alloy anodes are considered effective strategies for sta-
bilizing the anode interface of halide-based ASSBs.

6.2.1  Degradation Mechanisms Against Li Anodes

An in-depth understanding of the composition and properties 
of the interfacial phase as well as the interfacial electronic and 
ionic conduction behavior can offer instructive guidance for 
revealing the interaction mechanisms between halide SSEs and 
metallic lithium.

Fu et al. [114] investigated the interplay between two repre-
sentative halides  Li3YX6 (X = Cl and Br) and Li metal anodes 
by detecting the molar ratio and properties of the interfacial 
reaction products. The halide compounds suffered from reduc-
tive attack by metallic lithium, causing the generation of an 
interfacial phase of mixed ionic and electronic conductors 
involving LiX and Y, of which the reaction product Y could 
conduct electrons and LiX could transport Li ions. The cor-
responding interplay between halide compounds and lithium 
metal is schematically illustrated in Fig. 15a. As a result, both 
electrons and ions migrate across the reduced interface region 
to the unreacted materials, uninterruptedly converting more 
 Li3YX6 to Y and LiX byproducts; thus, the formation of the 
interfacial phase will not stop until either the halide electro-
lyte or the metallic lithium is completely consumed, and the 
corresponding redox reactions are shown in Eqs. (8) and (9). 
Consequently, the formation of a non-self-limiting interfacial 
phase instead of a passivation layer after the halide comes into 
contact with metallic lithium is the essence of its incompat-
ibility with the lithium anode. In addition,  Li3YBr6 showed a 
lower reaction rate toward lithium metal than  Li3YCl6, which 
is consistent with the theoretically calculated lower reduction 
potential of  Li3YBr6 compared to  Li3YCl6 (0.62 V vs. 0.59 
V) [102].

Riegger et al. [98] also reported that the interface between 
halides  Li3MCl6 (M = In, Y) and lithium metal anodes is 
thermodynamically unstable. For the  Li3InCl6-based lith-
ium symmetric cell, a remarkable increase in the interfacial 
impedance could be observed (Fig. 15b), exhibiting a high 
overall resistance of 854 Ω after only 1 h, which confirms 
the continuous growth of the interfacial phase between the 
halide and the metallic lithium anode.

Consequently, the thermodynamic incompatibility 
between halide SSEs and lithium metal anodes can be 
ascribed to the formation of mixed electronic/ionic conduct-
ing interfacial phases including LiX (X = halogen anion) and 

(8)Li3YBr6 + 3Li → 6LiBr + Y

(9)Li3YCl6 + 3Li → 6LiCl + Y
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 M0 (M = transition metal element), which give rise to the 
proceeding interfacial reactions, rather than being self-limit-
ing. Notably, halide SSEs containing different types of metal 
elements with high-valence states deliver varying degrees of 
reactivity with lithium metal anodes, which largely depends 

on the actual reduction potential of the central metals in 
halide electrolytes.

Fig. 14  Thermodynamic intrinsic electrochemical stability of hal-
ide SSEs. a Calculated thermodynamic intrinsic electrochemical 
windows of Li–M–X ternary ionic conductors. Reproduced with 
permission from Ref. [102]. Copyright 2019, Wiley–VCH. b Calcu-
lated thermodynamic equilibrium voltage profile and phase equilibria 
for  Li3ScCl6. c CV curves of  Li3ScCl6 at 0.1  mV   s−1. d Calculated 
mutual reaction enthalpy between SSEs and  LiCoO2, and correspond-

ing phase equilibria. Reproduced with permission from Ref. [57]. 
Copyright 2020, American Chemical Society. e Heatmap of the reac-
tion energy between chlorine-based halides and cathode materials. f 
Calculated band gaps of chlorine-based halides. Reproduced with 
permission from Ref. [112]. Copyright 2021, American Chemical 
Society
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6.2.2  Interfacial Buffer Layer for Stabilizing Lithium 
Anodes

An interfacial buffer layer is commonly introduced to the 
interface between halide SSEs and Li metal anodes to con-
trol the interfacial properties. Sulfide electrolyte layers, 
such as  Li6PS5Cl,  Li10GeP2S12 and  Li7P3S11, are considered 
to be effective interfacial buffer layers to stabilize lithium 
metal anodes for realizing normal operation of halide-based 
ASSBs [33, 53, 64].

Ji et al. [99] employed  Li6PS5Cl electrolytes as a protec-
tive layer for stabilizing the interface between the halide 
 Li3YCl6 and a lithium metal anode and further revealed the 

related stabilization mechanism. The  Li3YCl6-based lith-
ium symmetric cell with the  Li6PS5Cl buffer layer exhib-
its an overpotential of only 100 mV within 1 000 h, and 
the assembled  LiNi0.8Co0.1Mn0.1O2//Li3YCl6//Li6PS5Cl//Li 
ASSB shows significantly improved electrochemical cycling 
performance compared to the full cell without the  Li6PS5Cl 
protective layer. The authors demonstrated that a kinetically 
stable and ionically conductive self-confined interfacial 
layer can be formed between the lithium metal anode and 
 Li6PS5Cl, similar to the SEI layer generated in liquid elec-
trolytes, in which the interfacial phase mainly consists of the 
fast ionic conductor  Li3P (~  10−4 S  cm−1) and electronically 

Fig. 15  Stability of halide SSEs toward lithium anodes. a Schematic 
illustration of the interplay between lithium and  Li3YX6 (X = Cl, 
Br). b Temporal evolution of the impedance for the  Li3InCl6-based 
lithium symmetric cell. Reproduced with permission from Ref. [98]. 
Copyright 2021, Wiley–VCH. c, d Time-resolved EIS spectra of Li/
Li3YCl6/Li and Li/Li6PS5Cl/Li3YCl6/Li6PS5Cl/Li symmetric cells. 
e Corresponding cell performance comparison. f, g Continuously 

growing interface and kinetically stable interface enabled by a thin 
layer of  Li6PS5Cl between  Li3YCl6 and lithium metal. Reproduced 
with permission from Ref. [50]. Copyright 2021, American Asso-
ciation for the Advancement of Science. h LSV curves of  Li3YBr6 
and  Li3YBr5.7F0.3. i Li plating and stripping voltage profiles of the 
 Li3YBr5.7F0.3-based lithium symmetric cell. Reproduced with permis-
sion from Ref. [65]. Copyright 2021, Wiley–VCH
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insulative LiCl and  Li2S and could thus effectively suppress 
the occurrence of continuous interfacial reactions.

Wang et al. [50] found that a semicircle appeared at mid-
dle frequencies and enlarged within 24 h in the EIS spec-
trum of a Li//Li3YCl6//Li symmetric cell (Fig. 15c), indi-
cating continuous interface reactions between Li metal and 
 Li3YCl6. They clarified that  Li3YCl6 can be easily reduced 
by Li metal to generate a highly electronically conductive 
 Li3Y alloy (Fig. 15f), thereby forming a mixed  Li+/e− con-
ducting interfacial phase, allowing  Li3YCl6 to be continu-
ously reduced. However, the absence of the correspond-
ing semicircle was observed in the EIS spectrum for the 
 Li3YCl6-based lithium symmetric cell with the introduction 
of the  Li6PS5Cl protective layer (Fig. 15d), which is primar-
ily ascribed to the fact that  Li6PS5Cl can spontaneously react 
with Li metal to form a highly  Li+-conducting and electroni-
cally insulating interfacial phase (Fig. 15g). As a result, the 
 Li6PS5Cl symmetric cell can stably cycle for 500 h with an 
overpotential of less than 100 mV, while the overpotential of 
the  Li3YCl6 symmetric cell gradually increases to 600 mV 
under the same conditions (Fig. 15e). In addition, other 
similar sulfide electrolytes, such as  Li10GeP2S12,  Li7P3S11, 
and  Li6.7Si0.7Sb0.3S5I, have also been successfully applied 
to stabilize the anode interface in halide-based ASSBs [47, 
64, 115].

6.2.3  Stabilization of Lithium Metal Anodes by an In Situ 
Formed SEI

Constructing an in  situ formed thinner interfacial layer 
is another effective strategy for stabilizing the interface 
between halide electrolytes and lithium metal anodes. In 
principle, the in situ formed interfacial layer should satisfy 
several requirements, including excellent chemical stability 
toward halide SSEs and metallic lithium, high ionic conduc-
tivity and electronic insulation to suppress the formation of 
a mixed ionic and electronic conductor (MIEC) interphase 
and appropriate mechanical strength to avoid the growth 
of lithium dendrites. The LiF compound can serve as an 
effective component for a stable SEI to avoid the growth of 
lithium dendrites due to its high interfacial energy and low 
electronic conductivity.

Yu et al. [65] successfully synthesized a series of new 
halide superionic conductors  Li3YBr6−xFx (0 ⩽ x ⩽ 3) by 
fluorine doping, expecting to form a F-rich component 
to stabilize the interface between halide electrolytes and 
lithium metal. Excessive F doping caused the appearance 
of an impurity phase, and the obtained  Li3YBr5.7F0.3 with 
an appropriate doping amount could maintain a high ionic 
conductivity of 1.8 mS  cm−1 at RT compared to the value of 
2.1 mS  cm−1 for  Li3YBr6. Linear sweep voltammetry (LSV) 
analysis of  Li3YBr5.7F0.3 showed that the reduction onset 
potential was significantly reduced to 1 V compared to that 

of  Li3YBr6 (2 V) and that a lower overall current density 
could be maintained (Fig. 15h). Lithium symmetric cells 
with  Li3YBr5.7F0.3 as the electrolyte can show high stability 
over 1 000 h at 0.75 mA  cm−2 (Fig. 15i), benefiting from 
the formation of uniformly distributed and highly concen-
trated LiF interfacial phases at the interface between the 
halide electrolyte and metallic lithium. The authors found 
that the in situ formed fluoride-containing interface layer 
with dense and reticular structures could effectively hinder 
the growth of lithium dendrites and suppress the occurrence 
of side reactions at the lithium anode interface, which also 
exhibited better solid contact area and uniform distribution 
than the artificial fluorinated interface layer formed by add-
ing additional LiFSI. As a result, markedly enhanced cycling 
stability and electrochemical performance were achieved for 
 Li3YBr5.7F0.3-based ASSBs directly using lithium metal as 
the anode and  LiCoO2 as the cathode. The synthesis of flu-
orine-doped novel halide electrolytes is a promising strategy 
for obtaining an in situ formed SEI, and further investiga-
tions should be carried out on designing cell configurations 
and optimizing electrolyte components to in situ form a sta-
ble SEI to stabilize the interface between halide SSEs and 
lithium metal anodes.

6.2.4  Li Alloys for Stabilizing Lithium Metal Anodes

Li-rich alloy anodes (e.g., In, Si, Sn) have received exten-
sive attention for assembling halide-based ASSBs to address 
the unstable interface issues associated with bare Li metal 
materials. The alloy anodes can exhibit chemical stability 
with halide electrolytes due to their relatively high reduc-
tion potential compared to that of  Li+/Li and the formation 
of kinetically stable interphases. Moreover, the alloy anodes 
could exhibit a lower diffusion barrier than the bare metal 
lithium, and the enhanced diffusivity is beneficial for rapid 
diffusion of lithium atoms at the electrode interface, which 
can effectively reduce the tendency to form lithium dendrites 
[116]. In addition, the alloy anodes with good mechanical 
deformation are capable of enhancing the wettability of the 
halide electrolytes at the interface, which is conducive to 
maintaining uniform contact between halide electrolytes 
and alloy anodes. Notably, Li–In alloys are the most popular 
choice to stabilize metallic lithium anodes for halide-based 
ASSBs.

Anso et al. [44] assembled halide-based full cells of 
 LiCoO2//Li3YX6 (X = Cl, Br)//Li–In by using a Li–In alloy 
(the molar ratio of Li:In is 38:62; thicknesses, LLi = 0.2 mm, 
LIn = 0.4 mm) with a stable voltage at 0.62 V vs.  Li+/Li as 
the negative electrode instead of Li metal to avoid interface 
side reactions. Galvanostatic cycling of the cell was carried 
out in the voltage range of 1.9–3.6 V vs.  Li+/Li–In, and the 
full cells showed excellent stability with the Coulombic effi-
ciency remaining above 99% for 100 cycles at 0.1 C. Zhou 
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et al. [58] assembled  Li2Sc2/3Cl4-based full cells with high 
cycling stability by using a Li–In alloy as the negative elec-
trode, obtained by uniformly dispersing ~ 1 mg of Li powder 
on a thin indium foil (10 mm in diameter, 0.125 mm thick). 
Analogously, Park et al. [55] prepared a Li–In alloy with 
a nominal composition of  Li0.5In through ball milling of 
high-purity In and Li and used it as an anode for ASSBs 
with  Li2.60Yb0.60Hf0.40Cl6 halide electrolytes. In addition, 
other Li-rich alloys have also been demonstrated to stabi-
lize Li metal anodes for halide-based full cells. Park et al. 
[46] used a mixture of  Li11Sn6 and  Li3PS4 in a mass ratio 
of 80:20 as a reference electrode to achieve stable cycling 
of ASSBs based on the  Li2.633Er0.633Zr0.367Cl6 halide elec-
trolyte. However, note that the introduction of a Li–In alloy 
anode for halide-based ASSBs will reduce the operating 
voltage, which in turn leads to a certain attenuation of the 
battery energy density.

6.3  Cathodes Using Halide SSEs

Halide electrolytes exhibit encouraging electrochemical 
oxidation stability (> 4.2 V vs.  Li+/Li), especially chloride-
based halide electrolytes, combining the advantages of high 
ionic conductivity and relatively high oxidation potential 
[102], which means that halide electrolytes can be directly 
mixed with CAMs without any protective coatings to pre-
pare cathode composites. Simple grinding enables hal-
ide SSE coating of CAMs due to the reliable mechanical 
deformability of these SSEs, and simultaneously, direct elec-
tronic and lithium-ion percolation pathways among CAM 
particles in cathode composites can be achieved by control-
ling the volume ratio of CAMs and SSEs (Fig. 16a). Sulfide 
electrolytes with weak oxidation stability require additional 
coating layers of high ionic conductivity and low electronic 
conductivity (such as  LiNbO3 and  LiTaO3) for CAMs to 
avoid their high-voltage oxidation, which causes partial 
electronic conduction through cathode particles and pos-
sibly triggers sulfide SSE oxidation (Fig. 16a); thus, halide 
SSEs exhibit outstanding advantages for the application of 
composite cathodes. Typically, single-crystalline materials 
are preferentially chosen for assembling halide-based ASSBs 
[90], which possess higher mechanical stability, to ensure 
the mechanical integrity of CAM particles and suppress 
contact loss in composite cathodes compared with typical 
polycrystalline materials.

To fabricate competitive composite cathodes for halide-
based ASSBs, optimizing the composition of the composite 
cathodes, designing a stable electrolyte microstructure and 
constructing an electrochemically stable interface between 
heterogeneous components are of vital importance and 
beneficial for realizing practical application of halide-based 
ASSBs with high-voltage, long cycle life and high-specific 
energy.

6.3.1  High‑Voltage Cathodes

High anodic (oxidation) stability is regarded as an essential 
factor for achieving halide-based ASSBs operating at high 
voltage. Although halide SSEs exhibit a high theoretically 
calculated anodic upper limit (> 4 V vs.  Li+/Li), as exem-
plified by recently developed chlorine-based halide SSEs 
 Li3MCl6 (M = Y, In, Er, Sc), combined with good cathode 
compatibility and high ionic conductivity [102], these SSEs 
still show restricted electrochemical stability, which is inad-
equate for ultrahigh-voltage operation. This downside is 
mainly attributable to the oxidation of  Cl− above 4.3V in 
chlorine-based halides, accompanied by the formation of 
Li-deficient metal chlorides  (YCl3,  InCl3, etc.), resulting in 
blockage of the  Li+ conduction pathway in the composite 
cathodes and further continuous deterioration of the full cell 
performance.

Zhang et al. [26] synthesized the novel dual-halogen elec-
trolyte  Li3InCl4.8F1.2 with a practical anodic limit above 6 
V (vs.  Li+/Li) and a decent RT ionic conductivity of 0.51 
mS  cm−1 by employing fluorine to selectively occupy a spe-
cific lattice site (Cl-8j) in  Li3InCl6. An observably improved 
anodic potential of  Li3InCl4.8F1.2 up to 4.3 V was obtained 
from the LSV result compared to unsubstituted  Li3InCl6 
(Fig. 16b). The theoretical anodic potential of  Li3InCl4.8F1.2 
can reach 4.42 V based on first-principles computations, and 
the authors found the formation of a fluorinated interphase 
composed of LiF,  LiInF4 and  LiInF6 (Fig. 16c). Incorpo-
ration with the dual-halogen electrolyte  Li3InCl4.8F1.2 
and the bare high-voltage  LiCoO2 enables stable opera-
tion of ASSBs at a high cutoff voltage of 4.8 V vs.  Li+/Li 
(Fig. 16d), which originates from the in situ formation of a 
cathode-electrolyte interface rich in LiF that can effectively 
suppress the uninterrupted occurrence of detrimental inter-
facial reactions at the cathode. Zhou et al. [59] reported the 
mixed-metal chlorospinel halide  Li2In1/3Sc1/3Cl4 with a high 
ionic conductivity of 2.0 mS  cm−1 at RT, and incorpora-
tion of as little as 10 wt%  Li2In1/3Sc1/3Cl4 with uncoated 
high-Ni  LiNi0.85Co0.1Mn0.05O2 formed a cathode composite 
that could be successfully applied to assemble ASSBs with 
a high cutoff potential of 4.8 V versus  Li+/Li. Moreover, 
these high-voltage cells showed a long cycle life of over 
3 000 cycles with 80% capacity retention under an oper-
ating pressure of 250 MPa, benefiting from the minimal 
reactivity of  Li2In1/3Sc1/3Cl4 with CAMs as well as the 
extremely low electronic conductivity of 4.7 ×  10−10 S  cm−1 
of  Li2In1/3Sc1/3Cl4. Consequently, further optimizing the 
structure design of halide electrolytes can be considered an 
effective strategy for facilitating the development and practi-
cal application of halide-based ASSBs at ultrahigh voltages.
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6.3.2  Interfacial Contact

CAMs are known to undergo an inevitable volume change 
as a function of the lithium content during cycling, along 
with the internal stress generated by chemomechanical 
expansion [118], which results in continuous contact loss 
between the halide SSEs and CAM particles that deterio-
rates the cycling stability of ASSBs [119]. In addition, 
obtaining composite cathodes with close interfacial con-
tact and excellent ion transport requires a higher content 

of halide electrolytes through mechanical mixing meth-
ods, which causes significant dilution of the energy density 
for ASSBs. In situ construction of high ionic conducting 
and electronic insulating halide coatings on the surface 
of CAM particles is beneficial for optimizing the surface 
chemistry at the cathode interface, which in turn effec-
tively mitigates the contact loss and mechanical failure 
of halide-based ASSBs during electrochemical cycling.

Wang et al. [97] successfully achieved strong inter-
facial contact between halide electrolytes and CAMs 

Fig. 16  a Schematic illustration of ionic and electronic conduction 
percolation within cathode composites of bare CAMs with halide 
electrolytes and coated CAMs with sulfide electrolytes. b LSV analy-
sis of  Li3InCl4.8F1.2 and  Li3InCl6. c Phase equilibria of  Li3InCl4.8F1.2 
at various potentials versus  Li+/Li calculated by first-principles com-
putations. d Charge‒discharge curves of SSE cells with  Li3InCl4.8F1.2 
and  Li3InCl6 cathodes. Reproduced with permission from Ref. [26]. 

Copyright 2021, Wiley‒VCH. e Schematic diagram of the in  situ 
interfacial growth of  Li3InCl6 on  LiCoO2. Reproduced with permis-
sion from Ref. [97]. Copyright 2020, Elsevier. f Illustration of the 
process of  Li3AlF6 surface coating on  LiNi0.5Mn1.5O4. Reproduced 
with permission from Ref. [117]. Copyright 2021, American Chemi-
cal Society
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by synthesizing the continuous film-coated cathode 
 Li3InCl6@LiCoO2 through in  situ interfacial growth 
of  Li3InCl6 on the surface of CAMs (Fig. 16e). As lit-
tle as 15 wt%  Li3InCl6 with a high ionic conductivity of 
1.5 mS  cm−1 at RT was uniformly dispersed in the com-
posite cathode, achieving intimate solid‒solid interfacial 
contact, thus leading to an ultrasmall interfacial resist-
ance between  Li3InCl6 and  LiCoO2 (5.3  Ω   cm−2) and 
ensuring an electrode-based gravimetric energy density 
of ASSBs up to 512 Wh  kg−1. Strong interfacial inter-
actions were observed between  Li3InCl6 and  LiCoO2 
by using XPS characterization and DFT calculations, 
which effectively facilitated uniform interfacial growth of 
 Li3InCl6, thus obtaining a high initial discharge capacity 
up to 131.7 mAh  g−1 and an initial Coulombic efficiency 
of 92.7% at 0.1 C for  Li3InCl6-based ASSBs. Kobayashi 
et al. [117] reported that β-Li3AlF6 with a lower migration 
barrier (E = 0.25 eV) can be successfully in situ coated 
onto  LiNi0.5Mn1.5O4 and  LiCoO2 cathodes through a sim-
ple sol–gel calcination process (Fig. 16f) and found that 
the assembled liquid full cells based on β-Li3AlF6-coated 
cathodes exhibited observably improved cycling perfor-
mance by suppressing the side reactions of the cathode-
electrolyte interface (CEI), which implies the potential 
application of in situ coating of fluorine-based halides on 
the surface of CAMs to realize close interfacial contact in 
composite cathodes for ASSBs. In summary, in situ con-
struction of halide coatings on cathode surfaces offers a 
versatile methodology to overcome longstanding interfa-
cial contact challenges between halide SSEs and CAMs, 
which is beneficial for the development of ASSBs with 
high energy density and high stability.

6.3.3  Cathode Composition

The proportions, morphology, and microstructure of the 
cathode composition dramatically affect the chemomechani-
cal properties of the composite cathode during electrochemi-
cal cycling. In addition, in-depth optimization of the prepara-
tion process of the composite cathode is of vital importance 
to achieving long cycle-life as well as high-specific-energy 
halide-based ASSBs [21, 96]. Simple grinding of halide 
electrolytes and CAMs followed by a powder cold-pressing 
operation can obtain composite cathodes for ASSBs, mainly 
attributed to the superior plasticity of halide SSEs, which is 
favorable for obtaining relatively close contact of particles 
in composite cathodes. A rational composition ratio of the 
composite cathode is considered to be one of the most cru-
cial factors for achieving a continuous ionic and electronic 
cross-linked diffusion network in the cathode. A high pro-
portion of CAMs could form a decent electronic percolation 
pathway, accompanied by a significantly improved energy 
density of the full cell, whereas high-content CAMs can 

aggregate to form low ionic transport, which causes poor 
ionic conductivity as a limiting factor.

Single-crystal CAMs exhibit better thermal, high-volt-
age and mechanical tolerance than polycrystalline materi-
als, which can efficiently ensure the mechanical integrity of 
the CAMs and suppress contact loss in composite cathodes 
[120, 121]. In contrast, polycrystalline materials experience 
structural collapse during electrode pressing and anisotropic 
volumetric strain during electrochemical cycling [122], giv-
ing rise to intergranular cracks that prominently weaken ion 
transport kinetics and increase the interfacial impedance.

Han et al. [90] investigated the effect of uncoated single-
crystalline and polycrystalline  LiNi0.88Co0.11Al0.01O2 as 
cathodes on the performance of ASSBs based on the halide 
 Li3YCl6 and  Li6PS5Cl0.5Br0.5 and compared the advantages 
and disadvantages of the single-crystalline and polycrystal-
line CAMs as well as the halide and sulfide, as shown in 
Fig. 17a. They reported that the different composite cathodes 
with polycrystalline materials all exhibited distinct inter-
nal cracks even after the first charge of the corresponding 
ASSBs, which are primarily attributed to the lattice shrink-
age caused by the detrimental H2–H3 phase transition 
at ⩾ 4.1 V (vs.  Li+/Li). Although the ionic conductivity of 
the halide  Li3YCl6 (0.4 mS  cm−1 at 30 °C) is an order of 
magnitude lower than that of the sulfide  Li6PS5Cl0.5Br0.5 
(4.8 mS  cm−1 at 30 °C), the initial Coulombic efficiency of 
 Li3YCl6-based ASSBs (87.7%) is remarkably higher than 
that of  Li6PS5Cl0.5Br0.5-based ASSBs (77.5%) when employ-
ing the same single-crystal cathode at 0.1 C (Fig. 17b), 
which is attributable to the occurrence of severe interfacial 
reactions with the sulfide electrolyte with poor electrochemi-
cal oxidation stability above 3 V (vs.  Li+/Li). The coverage 
by and heterogeneous contact with  Li3YCl6 of CAMs could 
be effectively improved by introducing a larger amount of 
 Li3YCl6 (from 29.1 to 40.7 wt%) into the composite cathode, 
which could avoid loosening and loss of ionic contact under 
volumetric strain during cycling; thus, the capacity retention 
could be distinctly enhanced from 67.2% to 89.3% at the 
200th cycle by using excessive  Li3YCl6 in the composite 
cathode (Fig. 17c).

The introduction of carbon-based conductive agents can 
provide effectively enhanced electronic transport pathways 
in the composite cathode, which is beneficial for obtaining 
lower charge transfer resistance and fast reaction kinetics for 
ensuring the stability of ASSBs during high-rate cycling. 
The addition of carbon conductive agents could accelerate 
the decomposition of sulfide electrolytes due to their lower 
onset oxidation potential [123]. In contrast, halide electro-
lytes have higher electrochemical oxidation stability (> 4 V 
vs.  Li+/Li), which means that the introduction of a moderate 
amount of conductive carbon can serve as a potential option 
to enhance the electrochemical performance of halide-based 
ASSBs. Compared with conductive carbon black, which is 
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susceptible to severe agglomeration, vapor-grown carbon 
fibers (VGCFs) can achieve uniform dispersion and simul-
taneously offer continuous electronic pathways in the com-
posite cathode, benefiting from the multiple points of contact 
with the CAMs.

Shao et  al. [104] investigated the effect of introduc-
ing VGCFs into a composite cathode with  LiCoO2 on the 

electrochemical performance of  Li2.6Er0.6Zr0.4Cl6-based 
ASSBs. They reported that the ASSBs without VGCFs and 
with 5 wt% VGCFs showed similar high initial Coulombic 
efficiencies of 97.1% and 97.4%, respectively (Fig. 17d), 
indicating that the introduction of VGCFs could not induce 
decomposition of the halide  Li2.6Er0.6Zr0.4Cl6. Moreover, 
the addition of 5 wt% VGCFs was beneficial for achieving 

Fig. 17  a Pros and cons of Ni-rich layered oxides (single-crystalline 
vs. polycrystalline) and SSEs (halides vs. sulfides). b Initial charge‒
discharge voltage profiles for electrodes with different combinations 
of  LiNi0.88Co0.11Al0.01O2 (NCA) and SSEs. c Cycling performances 
for the single-crystalline NCA/Li3YCl6 electrodes with different 
amounts of  Li3YCl6. Reproduced with permission from Ref. [90]. 
Copyright 2021, Wiley–VCH. d First charge–discharge profiles for 
 Li2.6Er0.6Zr0.4Cl6-based ASSBs with various amounts of VGCFs. e 

Their corresponding cycling performance. Reproduced with permis-
sion from Ref. [104]. Copyright 2022, American Chemical Society. 
f Illustration of optimizing composite cathode components to obtain 
high-performance ASSBs. g First cycle profiles of  Li3InCl6-based 
electrodes with different amounts of CAMs. h First cycle profiles of 
the electrodes with various halide SSEs. Reproduced with permission 
from Ref. [100]. Copyright 2022, Cell Press
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significantly improved initial discharge capacity from 125.2 
to 147.5 mAh  g−1 and capacity retention from 72% to 80% 
at 0.1 C after 100 cycles (Fig. 17e), which is due to the 
effectively enhanced electron percolation pathways in the 
composite cathode.

Gao et al. [100] systematically investigated the effects 
of the carbon nanofiber (CNF) proportion (1–10 wt%) and 
CAM loading (65–75 wt%) in composite cathodes and 
different halide SSEs  (Li3InCl6,  Li3YCl6 and  Li3AlCl6) 
on the electrochemical performance of ASSBs with 
 LiNi0.83Mn0.06Co0.11O2 (Fig. 17f). They found that ASSBs 
with a suitable CNF content of 5 wt% in the composite 
cathode exhibited the highest capacity, which was primar-
ily ascribed to the lower CNF percentages not being able 
to provide sufficient electronically conducting pathways to 
ensure the activity of CAMs and the higher CNF percent-
ages disrupting ionic pathways in the composite cathode. 
Furthermore, modest augmentation of the CAM loading 
from 65 to 70 wt% reduced the capacity to some extent 
(Fig. 17g), mainly attributed to the decreased SSE quantity 
resulting in a lower capacity utilization of the CAMs. In 
addition, the ASSBs with  Li3InCl6 as an ionic conductor 
in the composite cathode achieved the highest capacity 
(Fig. 17h) since  Li3InCl6 possesses the best ionic conduc-
tivity among the different halide SSEs, which can tolerate 
a high loading of CAMs for their high utilization.

6.4  Industrial Perspective for Halide‑Based ASSBs

6.4.1  Fabrication of Sheet‑Type Electrodes

While most laboratory-scale ASSBs based on halide SSEs 
were tested by using binder-free pellets (containing CAMs, 
conductive carbon, and SSEs), the pelletized electrodes are 
not conducive to implementation of scalable processing 
[31, 124], which in turn significantly restricts the practical 
application of halide-based ASSBs. Wet-slurry fabrication is 
regarded as a well-established scalable strategy to manufac-
ture sheet-type electrodes by using a small amount of poly-
meric binders to achieve intimate contact between uniformly 
dispersed particles [125–127]. Different from the slurry pro-
cess for electrodes of traditional batteries with liquid elec-
trolytes, the slurry process for ASSB electrodes comprises 
homogenization of the four components of CAMs, conduc-
tive carbon, polymer binders and additional SSEs. Unfortu-
nately, the violent reaction between halide electrolytes and 
conventional polar solvents severely limits the application of 
common organic solvents during the slurry fabrication pro-
cess [51]. Consequently, nonpolar or low-polarity solvents, 
such as anisole, toluene, p-xylene and heptane, are usually 
selected as processing solvents for fabricating halide-based 
slurries [128, 129], which in turn limits the choice of accept-
able polymeric binders [28]. In addition, the introduction of 

ionic insulating polymer binders could block ionic transport 
across the bulk of SSEs, consequently resulting in impaired 
electrochemical performance of ASSBs [130, 131]. These 
remaining challenges provide instructive guidance for the 
research direction of fabricating continuous sheet-type elec-
trodes for halide-based ASSBs.

Wang et al. [128] fabricated slurry-cast composite cath-
odes with  Li3InCl6 and  LiNi0.8Co0.1Mn0.1O2 using toluene 
with a weakly polar solvent and investigated different kinds 
of polymer binders, including polymethyl methacrylate 
(PMMA), ethyl cellulose (EC), styrene-butadiene rub-
ber (SBR), and nitrile rubber (NBR), as well as the effect 
of their contents on the electrochemical performance of 
 Li3InCl6-based ASSBs. The content of the polymer binder 
in the composite cathode exerts a crucial influence on the 
performance of ASSBs (Fig. 18a–c), and a 2 wt% binder 
content is the most suitable ratio, which enables close con-
tact between CAMs and SSEs as well as decent lithium-ion 
transport in the composite cathode. All these polymer bind-
ers can be used for fabricating composite cathodes with low 
interfacial resistance to achieve excellent electrochemical 
performance of  Li3InCl6-based ASSBs.

A solvent-free process is another promising strategy to 
fabricate sheet-type electrodes for halide-based ASSBs, 
which can avoid the possible chemical reactions between 
solvents and halide SSEs and simultaneously take advan-
tage of effectively simplifying the technological process as 
well as reducing environmental pollution. Wang et al. [132] 
reported a solvent-free approach to fabricate freestanding 
sheet-type electrodes by mixing  Li3InCl6@LiCoO2 and 
fibrous polytetrafluoroethylene (PTFE), followed by roll-
to-roll pressing to obtain the desired thickness, as shown in 
Fig. 18d. The representative halide electrolyte  (Li3InCl6) and 
sulfide electrolyte  (Li6PS5Cl) were fabricated into ultrathin 
membranes with thicknesses of 15–20 μm and a dimension 
of 8 cm × 6 cm. The assembled all-solid-state pouch cell with 
a configuration of  Li3InCl6@LiCoO2//Li3InCl6 +  Li6PS5Cl//
graphite@Li6PS5Cl delivered a high capacity of 121.2 mAh 
 g−1 and an initial Coulombic efficiency of 71.8% at 0.1 C 
(Fig. 18e) and retained a capacity of 81.3 mA  g−1 after 50 
cycles (Fig. 18f). The solvent-free approach presents sev-
eral advantages in terms of scalable production, environ-
mental friendliness and cost effectiveness and could thus be 
a feasible technology to ensure factory-scale manufacturing 
to effectively facilitate commercialization of halide-based 
ASSBs.

6.4.2  Cost

The cost of inorganic SSEs is known to be a decisive factor 
in allowing their efficient large-scale production for com-
mercial application of ASSBs. Based on laboratory-scale 
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prices (Table 3), the bulk prices of the raw materials required 
to synthesize different types of solid electrolytes (Table 4) 
were estimated using the general correlation between the 
unit price and purchase quantity of the chemicals shown in 
Eq. (10) or Eq. (11) (logarithmic form) [133].

(10)P = aQb

(11)log10P = log10a + b × log10Q

where P and Q represent the unit price and the purchase 
quantity of chemical reagents, respectively, and a and b are 
constants for a given raw material.

For the synthesis of sulfide electrolytes, the precur-
sor  Li2S with a high bulk price of 653.87 USD  kg−1 is 
nearly irreplaceable for preparing all types of sulfide SSEs 
(Table 4), which is also the highest consumption cost for 
synthesizing the various sulfide SSEs. Moreover,  Li2S com-
pounds are unstable when exposed to humid air and need to 
be preserved in an inert atmosphere, thus resulting in addi-
tional costs for fabricating sulfide SSEs. In contrast, for the 

Fig. 18  Electrochemical performance of halide-based ASSBs with 
flexible electrodes. a–c Initial charge–discharge profiles of compos-
ite cathodes with various amounts of binder: PMMA, EC and NBR 
for  Li3InCl6-based ASSBs. Reproduced with permission from Ref. 
[128]. Copyright 2021, Frontiers Media S.A. d Schematic illustra-
tion of a solvent-free process for an all-solid-state pouch cell with 

dry-fabricated sheet electrodes. e, f Charge–discharge curves of the 
 Li3InCl6@LiCoO2/Li3InCl6 +  Li6PS5Cl/graphite@Li6PS5Cl cell, and 
corresponding cycling stability. A photograph of the dry-fabricated 
electrode is shown in the inset of (e). Reproduced with permission 
from Ref. [132]. Copyright 2021, American Chemical Society
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synthesis of halide electrolytes, the bulk price of the precur-
sor LiCl is only 5.88 USD  kg−1, which is much lower than 
that of the raw material  Li2S mentioned above (Table 4), 
and LiCl could simultaneously present decent stability in an 
ambient environment. From this perspective, the synthesis 
of halide SSEs seems to hold great promise for cost effec-
tiveness. Unfortunately, this unique superiority is no longer 
maintained when considering the cost of non-Li-containing 
precursors for preparing halide SSEs. That is, the central 
metal elements of most halides are rare-earth metals, which 
are found in low abundance in the Earth’s crust, as shown in 
Fig. 19a [53]. For example, the abundances of Y and In are 
33 and 25 ppm, respectively, and such values are far below 
those of nonlithium cations in sulfide electrolytes, such as 
the abundance of P, which is 1 050 ppm. As a result, the 
cost of chloride precursors for synthesizing halide SSEs is 
relatively high, as shown in Fig. 19b [53], which is not con-
ducive to the large-scale preparation of halide electrolytes.

Recent investigations have found that Zr is a promising 
central metal element to obtain the cost-effective  Li2ZrCl6 

halide electrolyte [53, 56]. Zr presents a relatively high abun-
dance of 165 ppm in the Earth’s crust (Fig. 19b), which ena-
bles the bulk price of the precursor  ZrCl4 to be several orders 
of magnitude lower than that of other chloride precursors 
(Fig. 19a). More importantly, the substitution of Zr for the 
central metal element in halides can significantly enhance 
the ionic conductivity at RT, such as that of  Li2.5Y0.5Zr0.5Cl6 
(1.4 mS  cm−1) and  Li2.6In0.6Zr0.4Cl6 (1.25 mS  cm−1) [46, 
48], which provides an effective strategy for obtaining per-
formance-enhanced and cost-effective halide superionic con-
ductors. The prices of precursor materials required to syn-
thesize halide and sulfide SSEs are shown in Fig. 19c. Both 
 Li2ZrCl6 and Zr-substituted halides are less expensive than 
the sulfide  Li6PS5Cl, especially  Li2ZrCl6, which has a bulk 
price of only 10.76 USD  kg−1, 26 times lower than that of 
 Li6PS5Cl. In summary, although expensive non-Li-contain-
ing raw materials remarkably increase the production cost 
of rare-earth-based halide solid electrolytes, novel low-cost 
 Li2ZrCl6 and Zr-substituted superionic halide conductors 

Table 3  Laboratory-scale prices 
employed to estimate the bulk 
prices in Table 4. All the prices 
listed here are taken from Alfa 
Aesar

Chemical formula and description Stock number Purchase quan-
tity Q/g

Total purchase 
price/USD

Unit price P/
(USD  kg−1)

Li2S, 99.9% (metal basis) 12839–04 2 43.7 21 850
12839–09 10 136 13 600
12839–18 50 437 8 740
12839–30 250 1 524 6 096

P2S5, 98 + % 19672–36 500 105 210
19672-A1 1 000 154 154

LiCl, anhydrous, 98 + % A10531-22 100 35.6 356
A10531-36 500 75.1 150.2
A10531-0E 2 500 216 86.4

YCl3, anhydrous, 99.9% (REO) 18682–09 10 65.1 6 510
18682–18 50 202 4 040
18682–30 250 705 2 820

InCl3, anhydrous, 98 + % L18758-06 5 45.9 9 180
L18758-14 25 160 6 400

ZrCl4, 98% L14891-18 50 24.8 496
L14891-30 250 68.2 272.8

Table 4  Comparison of the 
prices of the raw materials 
required to synthesize different 
types of solid electrolytes. The 
bulk prices presented here are 
estimated from the laboratory-
scale prices listed in Table 3

Chemical 
formula

Intercept  [log10(a)] Slope [b] Absolute correl. 
coeff. │r│

Unit price in bulk 
(1000 kg) purchase/
(USD  kg−1)

Li2S 4.408 1  − 0.265 4 0.998 2 653.868 0
P2S5 3.529 9  − 0.447 5 1 7.000 0
LiCl 3.408 8  − 0.439 9 0.992 1 5.881 0
YCl3 4.065 0  − 0.259 9 0.996 7 320.265 4
InCl3 4.119 5  − 0.224 1 1 595.291 9
ZrCl4 3.326 6  − 0.371 5 1 12.526 2
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can be regarded as promising candidates for realizing large-
scale manufacturing of halide SSEs.

7  Conclusion and Perspective

In summary, emerging halide SSEs with high ionic conduc-
tivity, exceptional mechanical deformability and outstanding 
oxidation stability represent a promising family of materials 
for realizing the application of high-performance ASSBs. In 
this review, we comprehensively summarize the remarkable 
progress in halide solid electrolytes in ASSBs for energy 
storage.

Herein, the major conclusions can be drawn based on 
the in-depth understanding and comprehensive review of 
the recent advances in the newly emerging halide electro-
lytes as follows. (1) Compared with the conventional solid-
state reaction synthesis with high energy and longtime 
consumption as well as harsh equipment requirements, 

the recently developed universal ammonium-assisted and 
water-mediated synthesis routes are more attractive due to 
the appreciable advantages of the time-saving processes, 
nanoscale uniformity and easily scalable production. (2) 
Engineering strategies in terms of optimization of synthe-
sis parameters, partial substitution of constituent elements 
and tuning of cation site disorder offer valuable oppor-
tunities for acquiring halide SSEs with high ionic con-
ductivity. In particular, heterovalent substitution of rare-
earth-based halide electrolytes with  Zr4+ could achieve 
high ionic conductivities over 1 mS  cm−1 while retain-
ing exceptional oxidation stability and significant advan-
tages in cost. (3) Poor chemical stability is considered the 
crucial factor impeding the synthesis and application of 
halide electrolytes, which is manifested in the irrevers-
ible degradation of most halides when they are exposed 
to humid air, accompanied by the formation of corrosive 
hydrochloric acid, and the strong interaction between the 
halide compounds and polar solvents inevitably causes 

Fig. 19  Raw material costs of the state-of-the-art chloride solid elec-
trolytes. a Estimated unit prices of different chlorides for synthesiz-
ing halide SSEs. b Abundance of the central metal elements of hal-

ide SSEs in the Earth’s crust. Reproduced with permission from Ref. 
[53]. Copyright 2021, Nature Publishing Group. c Costs of precursors 
for  Li6PS5Cl and different chlorine-based halide SSEs
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depletion of the halide microcrystal structures and loss 
of the ionic conductivity. (4) The intrinsically poor elec-
trochemical reduction stability of halide electrolytes with 
high-valence-state metal elements is responsible for the 
severe interfacial reactions with the lithium metal anodes 
in ASSBs. Subtle design strategies, including construction 
of an in situ LiF-rich interfacial layer and interfacial buffer 
layers, are effective protocols for suppressing the occur-
rence of interfacial side reactions. (5) Superior interfacial 
compatibility can be achieved between uncoated high-
voltage oxide cathode materials and halide electrolytes 
with high oxidation potential, and simultaneously, single-
crystal cathode materials are preferentially selected to 
assemble halide-based ASSBs to guarantee the mechanical 
integrity of the composite cathode and avoid interfacial 
contact loss during cycling.

Although promising results have been achieved for halide 
electrolytes in terms of universal wet-chemistry synthesis, 
comprehensive performance improvement and attempted uti-
lization in ASSBs, there are still challenges to be addressed 
and advanced properties to be developed in the future. The 
attractive research directions and prospects are outlined in 
detail as follows.

(1) Enhancement of chemical and electrochemical stability
  Although halide  Li3InCl6 presents superior toler-

ance toward ambient atmosphere due to the formation 
of hydrated intermediates, in which crystal water can be 
readily removed by a simple dehydration process, the 
majority of halide solid electrolytes exposed to humid 
air undergo irreversible degradation reactions, leading 
to a decrease in the ionic conductivity and the forma-
tion of corrosive acid. The strong interaction between 
conventional polar solvents and halide electrolytes 
inevitably causes severe destruction of the crystal phase 
structure and loss of the ionic conductivity, which 
greatly restricts the application of halides in solvent-
based processes. An in-depth understanding of the 
harmful degradation mechanisms of halides in humid 
air and polar solvents can offer fundamental theoreti-
cal guidance for the design of novel halide electrolytes 
with high humidity tolerance and for the development 
of reliable solvents with good compatibility.

  In addition, the thermodynamic instability of halide 
electrolytes with high-valence cations against lithium 
metal anodes is a prominent issue impeding extensive 
application of halide-based ASSBs. The protocol of 
introducing a sulfide interfacial buffer layer to stabilize 
the lithium metal anode possibly causes the instability 
issue of halides with sulfides at elevated temperatures 
and the issue of reduced energy density. The anode 
interface of halide-based ASSBs can be stabilized by 
optimally designing the microcrystal structure of hal-

ide electrolytes and employing lithium alloy anodes. 
Simultaneously, the construction of in  situ formed 
LiF-rich thin interfaces to stabilize lithium anodes and 
the application of the lithium-free composite anode of 
Ag–C offer a prospective direction for addressing the 
instability of lithium anodes in halide-based ASSBs.

(2) Improving the ionic conductivity
  State-of-the-art halide solid electrolytes with triva-

lent metal elements such as  Li3MX6 (M = Sc, Y, Ho, In; 
X = Cl, Br) and the corresponding  Zr4+-substituted hal-
ides  Li3−xM1−xZrxCl6 show ionic conductivities on the 
order of mS  cm−1 at RT to date, which still has a sig-
nificant gap compared to sulfide electrolytes. Moreover, 
fluorine-based halide SSEs with exceptional oxidation 
stability are considered promising electrolytes enabling 
access to cathodes with a high voltage of > 5 V, but they 
suffer from severe limitations due to their unsatisfac-
tory ionic conductivity of approximately  10−5 S  cm−1 
at RT. Similarly, the currently discovered Na-based hal-
ides, such as  Na3YCl6,  Na3ErCl6 and  Na3−xM1−xZrxCl6 
(M = Y, Er), only exhibit a maximum ionic conduc-
tivity of 0.04 mS  cm−1, implying that there is great 
potential for further increasing the ionic conductivity. 
A comprehensive understanding of the underlying local 
structural evolution and the ionic transport mechanism 
of different halide electrolytes is of great significance 
to effectively guiding engineering strategies in terms 
of optimizing synthesis parameters, tuning cation site 
disorder and regulating the lithium vacancy concentra-
tion to enhance the ionic conductivity.

(3) Application of advanced in situ/operando characteriza-
tion as well as theoretical computation and simulation

  In situ/operando characterization techniques can 
provide the evolution of the properties of halide elec-
trolytes, including the microstructure, surface morphol-
ogy, local composition and chemical state, during the 
dynamic reaction, which offers an effective strategy to 
thoroughly understand the SEI formation, degradation 
mechanisms and redox mechanisms under realistic 
operating conditions in halide-based ASSBs. Imple-
mentation of advanced in situ/operando characteriza-
tion techniques involving in situ NPD, in situ XANES, 
in situ Raman/Fourier transform infrared spectroscopy, 
operando SXRD, etc. capable of monitoring the meta-
stable phase and valence evolution and revealing the 
degradation mechanisms of halide electrolytes during 
the dynamic reaction, as well as identifying the SEI 
components and tracing the interfacial processes under 
working conditions, is highly desired.
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  In addition, establishing design principles based on 
high-throughput computation through aliovalent ele-
ment substitution and tailoring of anion/cation sub-
lattices is favorable for providing feasible protocols 
to synthesize novel halide electrolytes with excellent 
(electro)chemical stability and ionic conductivity. A 
comprehensive thermodynamic analysis of the origin of 
the electrochemical and moisture instability for differ-
ent types of halides can also offer theoretical guidance 
for revealing the degradation mechanisms of halide 
electrolytes. Furthermore, high-throughput simulation 
is beneficial for discovering novel halide electrolytes 
with high ionic conductivities and good thermophysical 
properties, which is also highly desirable for identify-
ing attractive halide candidates to accommodate high-
energy–density ASSBs with high-voltage cathodes by 
screening a wide range of halide systems.

(4) Fabrication of thin electrolytes and electrodes
  Bulk-type ASSBs fabricated from cold-pressed hal-

ide and composite cathode powders require compensat-
ing for the weak mechanical properties in terms of the 
formation of microcracks during the pressing process, 
and the poor interfacial contact requires application 
of high additional pressure, which are the prominent 
challenges to large-scale manufacture of electrolytes 
and electrodes for achieving commercial application of 
halide-based ASSBs. Tape casting is considered to be a 
practical technique from the perspective of mass fabri-
cation of both sheet-type electrodes and thin electrolyte 
membranes and for simultaneously realizing compact-
interfacial-contact and high-energy–density ASSBs. To 
date, investigations on such topics are scarce. Consid-
ering the high reactivity of halide electrolytes toward 
conventional polar solvents, the selection of proper sol-
vents and binders as well as compositional control are 
research directions that need to be intensively studied 
in the future. In addition, the solvent-free process pro-
tocol to fabricate ultrathin inorganic or inorganic/poly-
mer composite electrolyte membranes also provides a 
promising strategy for large-scale manufacturing of 
halide-based ASSBs.
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