
Wang et al., Sci. Adv. 8, eadc9516 (2022 )     7 September 2022

S C I E N C E  A D V A N C E S  |  R E V I E W

1 of 13

E L E C T R O C H E M I S T R Y

Prospects of halide-based all-solid-state batteries: 
From material design to practical application
Changhong Wang, Jianwen Liang, Jung Tae Kim, Xueliang Sun*

The safety of lithium-ion batteries has caused notable concerns about their widespread adoption in electric 
vehicles. A nascent but promising approach to enhancing battery safety is using solid-state electrolytes (SSEs) to 
develop all-solid-state batteries, which exhibit unrivaled safety and superior energy density. A new family of SSEs 
based on halogen chemistry has recently gained renewed interest because of their high ionic conductivity, 
high-voltage stability, good deformability, and cost-effective and scalable synthesis routes. Here, we provide a 
comprehensive review of halide SSEs concerning their crystal structures, ion transport kinetics, and viability for 
mass production. Furthermore, their moisture sensitivity and interfacial challenges are summarized with corre-
sponding effective strategies. Last, halide-based all-solid-state Li-ion and Li-S pouch cells with energy density 
targets of 400 and 500 Wh kg−1 are projected to guide future endeavors. This work serves as a comprehensive 
guideline for developing halide SSEs from material design to practical application.

INTRODUCTION
Since their commercialization in 1991, lithium-ion batteries (LIBs) 
have played a pivotal role in enabling portable electronics, electric 
vehicles, and grid-scale energy storage. Still, LIBs continue to domi-
nate the battery industry, powering millions of devices across the 
globe. However, with the rise of next-generation devices such as 
aerial drones and electric planes, there has been a surging demand 
for new battery technology that can surpass the fast-approaching 
physicochemical limit of current LIBs and address the safety concerns 
that arise from their highly flammable liquid electrolyte component. 
Thus, concerted efforts have been made to develop next-generation 
energy storage technologies with high energy density and intrinsic 
safety (1–4). In this context, all-solid-state batteries (ASSBs) have 
been revived to meet these criteria, beginning with the revisitation 
of various solid-state electrolytes (SSEs) based on different anion 
chemistries, including oxides (5–7), sulfides (8–10), borohydrides 
(11, 12), and halides (13–16). Among them, halide SSEs are consid-
ered the best candidates for enabling ASSB technology because of 
several intrinsic chemical features of halogen anions compared to 
chalcogen counterparts (16, 17). First, monovalent halogen anions 
forming as a framework have a weaker coulombic force with lithium 
ions than divalent sulfur or oxygen anions during ion migration. 
Thus, Li-ion transport kinetics in halide SSEs are quicker, corre-
sponding to higher ionic conductivity. Second, the ionic radii of 
halogen anions (Cl− = 167 pm, Br− = 182 pm, and I− = 202 pm) are 
relatively larger than oxide and sulfide anions (O2− = 126 pm and 
S2− = 170 pm), indicating that halide SSEs have longer ionic bond 
lengths than oxides and sulfides, from which high ion mobility and 
good deformability are expected. Third, halide anions (especially 
for F− and Cl−) have a higher electrochemical redox potential than 
oxide and sulfide anions, thus offering higher oxidative stability. 
Inspired by these intrinsic chemical features, halide SSEs have been 
pursued since the 1930s however failed to receive wide attention 
due to their low room temperature ionic conductivity (18–23).

In 2018, Asano et al. (16) revisited the halide SSEs Li3YCl6 and 
Li3YBr6, demonstrating high room temperature ionic conductivity 
(> 1 mS cm−1), high voltage stability, excellent deformability, and 
desirable dry air stability. This groundbreaking work has sparked 
global research interest in halide SSEs (13–16, 18–21, 24–30). Until 
now, various halide SSEs have been synthesized, spanning from 
fluorides to iodines, such as Li3AlF6 (31, 32), Li3GaF6 (33), Li3InCl6 
(24, 25), Li3ScCl6 (34), spinel LiSc2/3Cl4 (35), Li3ErCl6 (36), Li3YCl6 
(37, 38), Li3HoCl6 (39), Li3YBr6 (40–42), Li3HoBr6 (43), Li3InBr6 (44), 
Li2ZrCl6 (45), Li3−xM1−xZrxCl6 (M = Y, Er, Yb, and Fe) (29, 45–49), 
Li3LaI6 (50), and Li3ErI6 (51). In parallel, halide Na-ion counter-
parts have also been developed (52,  53), some of which include 
Na2ZrCl6 (54), Na3−xEr1−xZrxCl6 (55), and Na3−xY1−xZrxCl6 (56). Apart from 
the advances made at the material level, promising electrochemical 
performance based on halide SSEs has also been broadly reported 
(57), such as ultralong cycling stability (15), high areal capacity (15), 
and high-voltage operation (47). As the quest for a preeminent SSE 
continues, there is a vital need to review state-of-the-art halide SSEs 
from fundamental research to practical engineering design.

Here, we first discuss the structural characteristics of SSEs using 
halogen chemistry. The recent progress of halide SSEs is summarized 
in terms of their room temperature ionic conductivity, electro-
chemical window, material cost, and elemental abundance. Moreover, 
recent advances in understanding moisture stability are discussed. 
Halide-based ASSBs are presented with an emphasis on interfacial 
compatibility, particularly their cathode interface stability and 
anode interfacial challenges. Last, practical all-solid-state pouch cells 
(including NMC811/Li and Li-S) are numerically analyzed toward 
the energy density targets of 400 and 500 Wh kg−1, respectively. 
This Review analyzes halide SSEs from fundamental materials syn-
thesis to rational interface design to practical solid-state pouch cell 
engineering, intending to encourage more research toward devel-
oping practical ASSBs based on halide SSEs.

Structural category of halide SSEs
The search for new functional superionic conductors with a high 
room temperature ionic conductivity is an essential prerequisite for 
enabling high-performance ASSBs. In this regard, fundamental 
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guidelines based on well-known physicochemical parameters are 
highly desired to aid the design and discovery of new halide SSEs 
with high ionic conductivity. Here, we present the fundamental 
principles of the halogen anion framework and their effect on ion 
transport pathways.

Typically, the crystallographic structure of metal halide superionic 
conductors with a general formula of Li3MX6 (M =  trivalent rare 
earth metal, X = F, Cl, Br, and I) is formed on the basis of the matrix 
LiX structure through M element dopping and vacancy formation. 
These structures hinge on the ionic radii of cations and anions, 
polarity, and ionic packing styles. On the basis of the law of ionic 
packing, the structure of halide SSEs is only stable when cations and 
anions are in close contact with each other. In other words, the 
radius ratio of cations to anions (r+/r−) must meet certain conditions 
(Fig. 1A) (13). According to this ionic packing law, most fluoride 
Li-ion conductors (F−, 122 pm) tend to form a LiMF4 phase with M 

ion occupancy in the cubic site of the F− framework (MF8 cube), as 
their radius ratio of M3+/F− is often greater than 0.732. Although 
fluoride SSEs have a wide electrochemical window, they generally 
exhibit a low ionic conductivity at room temperature (31), such as 
LiAlF4 (1 × 10−6 S cm−1) (58). Li et al. (32, 33) synthesized Li3AlF6 
and Li3GaF6 using ionic liquids, which exhibit a decent ionic 
conductivity close to 10−4 S cm−1 at room temperature. More efforts 
are required to understand the structure-to-performance relation-
ship of fluoride SSEs. Compared with fluoride SSEs, chloride (Cl−, 
167 pm), bromide (Br−, 182 pm), and iodide (I−, 202 pm) superionic 
conductors tend to form a stable Li3MX6-type structure with the 
same local anion coordination environment of MX6 octahedron, as 
their radius ratio, M3+/X−, is between 0.414 and 0.732 (13).

In terms of typical ternary halide SSEs with a general formula of 
Li3MCl6, there are two kinds of anion sublattice structures, which 
include hexagonal close packing (hcp) (Fig. 1B) and cubic close 

Fig. 1. Crystallography and ion transport kinetics of halide SSEs. (A) crystal radius ratio of cation to anion. (Cation: Li+ = 90 pm, M3+ = 88 ~ 118 pm; F− = 122 pm, 
Cl− = 167 pm, Br− = 181 pm, and I− = 202 pm). The radius is from Shannon’s research (115). (B) Hexagonal closest packing of halogen ions. (C) Cubic closest packing of 
halogen ions. (D) A trigonal crystal structure (P3̅m1) with hcp anion arrangement. (E) An orthorhombic crystal structure (Pnma) with an hcp anion arrangement. (F) A 
monoclinic crystal structure (C2/m) with a ccp anion arrangement. Adapted with permission from (79). Copyright 2020, ACS (The American Chemical Society). (G) Crystal 
structures of Li3YCl6 with hcp-like anion lattice and (H) Li3YBr6 with ccp-like anion lattice, superimposed with Li+ probability density marked by yellow isosurfaces from 
AIMD simulations. (I) The energy landscape of single Li-ion migration in hcp sublattice. (J) The Li-ion migration pathways in Li3YCl6. (K) The Li-ion migration pathways in 
Li3YBr6. (L) The energy landscape of single Li+ migration in ccp sublattice. Adapted with permission from (17). Copyright 2019, Wiley.
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packing (ccp) (Fig. 1C). The average ionic radius of metal cations 
plays a decisive role in the crystal structure, which can be further 
divided into three space groups. The first is a trigonal structure 
(P3̅m1) with an hcp anion sublattice (hcp-T), in which M3+ cations 
with a relatively larger ionic radius ranging from 106.4 to 102 pm 
(e.g., Tb3+ = 106.3 pm, Dy3+ = 103 pm, Ho3+ = 104.1 pm, and Er and 
Tm = 102 pm) normally occupy its octahedral sites (Fig. 1D). The 
second is an orthorhombic structure (Pnma) with an hcp anion 
sublattice (hcp-O), their octahedral sites are usually taken by M3+ 
cations with a relatively small ionic radius spanning from 102 to 100 pm 
(e.g., Yb3+ = 100.8 pm and Lu3+ = 100.1 pm) (Fig. 1E). The third is 
a monoclinic structure with an ABCABC stacking of the ccp 
anion sublattice (ccp-M) (Fig. 1F), in which the octahedral sites are 
occupied with M3+ cations with an ionic radius less than 100 pm 
(e.g., In3+ = 94 pm and Sc3+ = 88.5 pm). The representative halide 
SSEs are Li2Sc2/3Cl4 (space group of Fd3̅m) and monoclinic Li3InCl6 
(space group of C2/m). Unlike ternary chlorides, all the ternary 
bromides and iodides of Li3MBr6 and Li3MI6 fall into the ccp-M 
structure and theoretically should exhibit high ionic conductivities. 
However, only a few bromides and iodides with high ionic conduc-
tivities have been reported thus far. It can be inferred that many 
potential components with high ionic conductivity can be discovered 
because of their structural characteristics.

Li transport kinetics in halide SSEs are also closely related to 
their anion framework (36, 50, 59–61). Different anion sublattices 
lead to different ion transport pathways. In an hcp anion sublattice 
(e.g., Li3YCl6; Fig. 1G), ion diffusion is anisotropic with fast c-axis 
one-dimensional (1D) diffusion channels, where Li-ions hop among 
adjacent face-sharing octahedral sites (Fig. 1J). These 1D c channels 
are connected through the ab planes through tetrahedral (Tet) 
interstitial sites, forming an anisotropic 3D diffusion network. In 
the ccp anion sublattice, e.g., Li3YBr6, Li+ diffusion occurs through 
a 3D isotropic network, where Li+ ions hop to the other octahedral 
sites through Tet sites (Fig. 1K). Whether the anion framework 
exhibits an hcp or ccp structure, the energy barrier for single Li+ 
migration in halide SSEs is still considerably lower than sulfide 
anions in both cases (Fig. 1, I and L), indicating the great potential 
to obtain high ionic conductivity based on halogen chemistry (16).

Besides the ion-migration pathway, Li content and the cation 
sublattice have a profound influence on factors such as low cation 
concentration and sparse cation distribution, which play a critical 
role in determining the overall ionic conductivity, as demonstrated 
by Mo’s group via first-principles calculations (59). On the basis of 
these findings, they concluded the following: (i) low Li content, typi-
cally between 40 and 60% of the available octahedron sites; (ii) low 
cation concentration; and (iii) sparse cation distribution are the 
three critical factors for improving ionic conductivity of halide 
SSEs. Moreover, tuning the defects and disordering of the sublattice 
is also a promising strategy to improve the ionic conductivity of 
halide SSEs further, which will be further discussed in the following 
section. Furthermore, new ion transport mechanisms, such as the 
anion rotation effect and multi-ion concerted migration, also need 
to be explored in the halogen anion framework (62–64).

Current advances and cost-effectiveness of halide SSEs
Along with theoretical advancements, many halide SSEs with decent 
ionic conductivity at ambient temperature have been experimentally 
synthesized. The most common way to summarize this progress is 

by the chemical elemental composition of A3MX6. Halide Na-ion 
conductors can be obtained by changing mobile ions from Li-ion to 
Na-ion at the A site (53). Changing trivalent metal cations at the M 
site leads to halide SSEs with different reduction potentials (17, 65). 
Altering halogen anions at the X site can adjust the oxidation stability 
of halide SSEs (F− > Cl− > Br− > I−) (66). To better understand 
the structure-to-performance relationship, we summarize the ionic 
conductivity of various halide SSEs according to their anion sublattice 
and space groups (Fig. 2A). It can be seen that monoclinic halide 
SSEs with a ccp anion sublattice demonstrate much higher ionic 
conductivity than trigonal and orthorhombic halide SSEs with an 
hcp framework. The general trend of ionic conductivity is monoclinic > 
orthorhombic > trigonal (48).

On the basis of the ccp anion sublattice, many monoclinic halide 
SSEs have demonstrated decent ionic conductivity at room tem-
perature. For instance, our group synthesized monoclinic Li3InCl6 
using a water-mediated synthesis route, exhibiting an ionic conductivity 
of 2.02 mS cm−1 (24). Recently, we reported monoclinic Li3ScCl6 
with high ionic conductivity of 3 mS cm−1, which was realized by 
tuning Li and Sc site occupations. The ionic conductivity that we 
reported is based on cold pressing. However, the ionic conductivity 
can be further enhanced by minimizing grain boundary resistance 
using hot pressing. This has been verified by Chen’s group, demonstrat-
ing that the ionic conductivity of Li3Y(Br3Cl3) can reach 7.2 mS cm−1 
after hot pressing (26). It should be noted that the ionic conductivity 
of SSEs tested by different methods and under different conditions 
(i.e., pressure and processing atmosphere) has some variations (67).

On the basis of the hcp anion sublattice, trigonal and orthorhom-
bic halide SSEs usually present a relatively lower ionic conductivity 
(15, 24, 25, 34, 43). However, many promising strategies have been 
proposed to enhance their ionic conductivity, including: (i) aliovalent 
substation; (ii) tuning cation site disorder; (iii) introducing micro
strain; and (iv) stacking faults. Aliovalent substitution is the most 
common strategy to enhance the ionic conductivity of halide SSEs 
with an hcp sublattice, which boosts the ionic conductivity over 
1 mS cm−1 (Fig. 2B) (29, 45, 46, 48). The trigonal and orthorhombic 
structure changes to a new orthorhombic structure (orthorhombic-II) 
by aliovalent substitution (e.g., Zr, Hf, and Fe) (46, 47). Zeier’s 
group proposed that the ionic conductivity of Li3YCl6 can reach 1 mS 
cm−1 by increasing the disorder of Y2 and Y3 sites in the z-direction 
through a mechanochemical synthesis process (68). Moreover, a 
microstrain induced by an ammonium-assisted wet chemistry 
synthesis process is found to be beneficial to Li-ion transport, 
particularly for halide SSEs with an hcp anion sublattice (e.g., Li3YCl6 
and Li3ErCl6) (69). Recently, Sebti et al. (70) revealed the presence 
of a high concentration of stacking faults in Li3YCl6 through a 
mechanochemical synthesis process. These stacking faults and Li 
defect layers generate additional site linkages with lower migration 
barriers and facilitate Li-ion transport. All the previous results 
demonstrate that structural tuning can substantially influence the 
ionic conductivity of halide SSEs (68, 71, 72). On the basis of our 
understanding, halide SSEs with an hcp anion sublattice have an 
anisotropic ion transport network, in which ion transport in the 
z-direction is likely the rate-determining step (39). Therefore, any 
strategy facilitating ion transport along the z-direction can increase 
the ionic conductivity of halide SSEs.

In terms of the voltage stability of halide SSEs, fluoride-based 
ones demonstrate the widest electrochemical window, indicating 
their high oxidation stability and low reduction stability (Fig. 2C). 
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Fig. 2. Ionic conductivity, electrochemical window, cost, and abundance of halide SSEs. (A and B) Room temperature ionic conductivity of ternary halide electrolytes 
and quaternary halide electrolytes. (C) The electrochemical window of halide SSEs in comparison with sulfides. The data are reproduced with permission from (17). Copyright 
2019, Wiley. (D and E) Price of chemical elements used for halide SSEs and their abundance in Earth’s crust. The data are obtained from “prices of chemical elements” 
on Wikipedia.
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However, fluoride-based halide SSEs exhibit low ionic conductivi-
ties, which originates from their structural characteristics. The low 
ionic conductivity of fluoride SSEs considerably constrains their 
practical application for ASSBs. Chloride-based halide SSEs also 
demonstrate high voltage stability (>4 V), while most bromides 
show lower oxidization stability of approximately 3.2 V, other than 
Li3ScBr6, which shows high voltage stability based on theoretical 
calculations (17). Iodine has an electrochemical window compara-
ble to sulfide SSEs. Considering their electrochemical window, 
fluoride and chloride SSEs are suitable choices for high-voltage 
transition metal oxides. Conversely, bromide and iodide SSEs are 
good choices for developing solid-state lithium-sulfur (Li-S) and 
lithium-oxygen (Li-O2) batteries considering that the operating 
voltage of these battery systems falls between their electrochemical 
windows (43, 73). Several essential points should be mentioned 
regarding the electrochemical window of halide SSEs. First, when 
determining the electrochemical stability of halide SSEs using cyclic 
voltammetry, the initial potential should be used to determine the 
electrochemical window rather than the peak voltage. Second, using 
carbon additives to provide sufficient electron conduction pathways 
is essential for obtaining intrinsic electrochemical stability (74).

Halide SSEs have satisfied many criteria required for application 
in ASSBs, such as high ionic conductivity and high-voltage stability. 
However, the practicality of halide SSEs is still under question, as 
they are often composed of costly metallic elements. Thus, it is cru-
cial to analyze the cost of halide SSE materials. Figure 2 (D and E) 
summarizes the average price and abundance of different chemical 
elements typically used for halide SSEs, using cobalt as a reference. 
Most trivalent metals are far more expensive than cobalt, except for 
a few, such as Y, Eu, Gd, Er, Yb, Sm, La, and Ce. Although the latter 
is cheaper than cobalt, they are not abundant in Earth’s crust. In this 
regard, elements such as Y, La, Ce, Zr, Ti, and Nb are more practical. 
Although many halide SSEs are composed of expensive metals, this 
can be alleviated by aliovalent substitution with cheap metals, thus 
reducing their cost and increasing their ionic conductivity, as 
demonstrated in recent works (45–47, 75). In addition, the price 
generally goes down when worldwide production increases.

Moisture stability of halide SSEs
Another concern for deploying halide SSEs in ASSBs is their mois-
ture sensitivity (76). In general, most halides are hygroscopic and 
easily absorb water molecules from the surrounding environment 
(Fig. 3A). This property is also known as deliquescence. To address 
this challenge, Zhu et al. (76) conducted a systematic thermodynamic 
analysis for a wide range of ternary halide materials, which provides 
a theoretical guideline for designing air-stable halide SSEs. Their 
theoretical analyses confirm that In3+ cation shows the best mois-
ture stability, which is in good agreement with the experimental 
results (25). Figure 3B shows a guiding chart for cation selection to 
simultaneously achieve good moisture and reduction stability 
(toward the top right corner), paving the way for the development 
of air-stable SSEs based on chloride chemistry.

Experimentally, Li et al. (77) investigated the air stability of 
Li3InCl6 and Li3YCl6 and their degradation mechanism upon expo-
sure to air. In comparison, the water absorption rate of Li3InCl6 is 
quicker than that of Li3YCl6, whereas the amount of water absorp-
tion of Li3YCl6 is more than that of Li3InCl6 due to the higher solu-
bility of InCl3 compared to YCl3. The air stability is closely related 

to the contact area of the halide SSEs with air (Fig. 3C). Our group 
also used in situ and operando synchrotron x-ray analytical tech-
niques to probe the degradation mechanism of Li3InCl6 upon expo-
sure to air (78). We found that a portion of Li3InCl6 reacts with H2O 
to form In2O3, LiCl, and HCl, while the remaining Li3InCl6 absorbs 
moisture to form the hydrate Li3InCl6·xH2O. In dry room condi-
tions with a dew point of −40°C, the ionic conductivity decay of 
Li3InCl6 upon exposure to air with a low humidity degree (3 to 5%) 
was slow, which indicated that Li3InCl6 can be easily integrated into 
ASSBs manufacturing in a dry room with a low dew point (78).

Several effective strategies have been proposed to ameliorate the 
poor air stability of halide SSEs, such as surface coatings and struc-
tural tuning. For example, atomic layer deposition techniques have 
been developed to coat a thin layer of Al2O3 on Li3InCl6 (Fig. 3D), 
effectively blocking their exposure to air and notably slowing down 
their degradation in ambient environmental conditions (Fig. 3E). 
Our group investigated the function of the M atom in Li3MX6 by 
tuning a series of Li3Y1−xInxCl6 (0 ≤ x < 1) (79). When the ratio of 
In3+ was increased, a gradual structural conversion from the hcp 
anion arrangement to the ccp anion arrangement occurred (Fig. 3F). 
The humidity tolerance of Li3Y1−xInxCl6 is considerably enhanced 
when the In3+ content is high enough due to the formation of 
hydrated intermediates. As a result, the high ionic conductivity of 
Li3Y1−xInxCl6 is retained after exposure to humid air (Fig. 3G). 
Besides ALD (atomic layer deposition) coatings and structural tuning, 
developing intrinsically air-stable halide SSEs is also a good direc-
tion. For example, Ma et al. (75) recently reported a cost-effective 
Li2ZrCl6 with relatively high ionic conductivity and excellent air 
stability. Along with the strategies mentioned above, more efforts 
are needed to improve the air stability of halide SSEs, particularly 
new strategies from the viewpoint of the electronic structure.

Synthesis methods of halide SSEs
For the large-scale application of halide SSEs, cost-effective, green, 
and high-throughput production is critical. Now, three synthesis 
routes have been proposed, including mechanochemical synthesis 
(68), comelting (34, 80), and wet-chemistry synthesis (24, 69). 
Mechanochemical synthesis (e.g., high-energy ball milling) is con-
sidered a feasible method for halide SSE production (Fig. 4A). This 
method can obtain amorphous or low-crystallinity (or metastable) 
halide SSEs with narrow particle size distribution. In addition, the 
low crystallinity can be further enhanced by a post-annealing pro-
cess. The comelting method is also a facile approach, in which two 
precursors are directly sealed in an ampoule tube and heated to 
form a solid solution based on a phase diagram (Fig.  4B). This 
method is beneficial for obtaining large crystalline sizes by carefully 
controlling the temperature and time (81). Wet chemistry was first 
reported by our group (Fig. 4C), which was successfully developed 
to synthesize Li3InCl6 (24). Recently, an ammonia-coordinate route 
was also proposed to synthesize various halide SSEs (69). In addi-
tion, a vacuum evaporation–assisted synthesis method was devel-
oped for the gram-scale synthesis of halide SSEs. The as-prepared 
Li3HoBr6 shows a decent ion conductivity close to the mS cm−1 
level (82). Because of the viability of wet-chemistry synthesis, now 
kilogram-scale Li3InCl6 can be produced for large-scale application. 
Despite this, concerted efforts to develop scalable and cost-effective 
synthesis routes for the mass production of halide SSEs are still 
encouraged.
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The synthesis method also subtantially influences the ionic con-
ductivity of halide SSEs. For instance, Zeier’s group investigated the 
influence of the synthetic procedure on the structure and ionic 
transport properties of Li3ErCl6 and Li3YCl6. It is found that a 
cation defect within the structure in which Er/Y is disordered to a 
new position enormously benefits the transport properties (68). 
This work shows that the synthetic procedure can considerably 
affect the crystal structure and resulting diffusion pathways in supe-
rionic conductors.

Interfaces of halide ASSBs
Benefiting from their high-voltage stability, halide SSEs can directly 
contact high-voltage transition metal oxide cathodes (i.e., LiCoO2 
and LiNi0.8Mn0.1Co0.1O2) without any extra surface coatings. As 
demonstrated by Asano et al. (16), the initial charge and discharge 
curves of Li3YCl6@LiCoO2/Li3YCl6/In-Li cells almost follow the 
LiCoO2 electromotive force curve, indicating that minimal side 
reactions occur in this battery configuration. The initial coulombic 
efficiency is as high as 94.8% (Fig. 5A1). Such a high coulombic 
efficiency indicates that Li3YCl6 is highly stable against 4 V class 

Fig. 3. Air stability of halide SSEs. (A) A schematic of a halide SSE absorbing water in the atmospheric environment. (B) The moisture stability versus reduction stabil-
ity of 14 ternary lithium chlorides. Adapted with permission from (76), Copyright 2020, Wiley. (C) Halide SSEs with different exposure areas have different liquification 
rates. Adapted with permission from (77), Copyright 2021, Wiley. (D) Using a surface coating to mitigate the degradation of halide SSEs in air. (E) Pristine Li3InCl6 and 
Al2O3@Li3InCl6 powder shows different absorption rates. Adapted with permission from (77), Copyright 2021, Wiley. (F) Tuning crystal structure to alleviate the air instability 
of halide SSEs. (G) Ionic conduction retention of Li3Y1−xInxCl6 on the function of x. Adapted with permission from (79). Copyright 2020, ACS.

Fig. 4. Synthesis methods of halide SSEs. (A) High-energy ball milling. (B) Comelting. 
(C) Wet-chemistry synthesis.
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cathode active materials. Revealed by electrochemical impedance 
spectroscopy, the interfacial resistance between LYC and LCO is as 
low as 16. 8 ohm·cm2, which is much smaller than 128.4 ohm·cm2 for 
sulfide ASSBs (Fig. 5A2) (16). LiCoO2-based ASSBs have high capacity 
retention of 98% at the 100th cycle. In addition, LiNi0.6Mn0.6Co0.2O2 
and LiNi0.8Mn0.1Co0.1O2 have also demonstrated ultrastable cycling 
performance when using a halide SSE (24, 35). Recently, Nazar’s 
group demonstrated stable cycling over 3000 cycles with a capac-
ity retention of 80% and a high areal capacity of 4 mAh cm−2 for 
500 cycles (15), which almost meets the practical criteria. Despite 
this, the temperature-dependent electrochemical performance of 
halide-based ASSBs has not been thoroughly investigated yet, which 
is crucial for the all-weather application of EVs. In addition, some 
high-voltage cathodes, such as LiCoPO4 (~4.8 V versus Li+/Li) (83) 
and LiNi0.5Mn1.5O2 (~4.7 V versus Li+/Li) (84), have not been re-
ported with halide SSEs. Although their high operation voltage is 
beyond the electrochemical windows of solid-state halide electro-
lytes, stabilizing their interface with solid-state halide electrolytes 
via advanced interface engineering is of particular interest.

Unlike the cathode interface, halide SSEs are relatively stable 
under elevated voltages due to the high oxidation potential of chlo-
ride anions. However, the central trivalent metal cations are not 
beneficial for their reduction potential. Therefore, halide SSEs are 
generally unstable at the anode interface, particularly when in 
contact with lithium metal anodes (17, 85, 86). As predicted by 
the density functional theory, direct contact with Li metal leads to 
considerable interfacial reactions and results in SSE degradation 
(17, 43)

	​​ Li​ 3​​ ​MX​ 6​​ + 3Li =  6LiCl + M (M =  In . , Y, etc . )​	

The most common strategy to alleviate this issue is to put a 
buffer layer between the halide SSE and Li metal. By exploiting the 
self-limiting reactions between Li6PS5Cl and Li metal, the ion/electron 
mixing interface between halide SSEs and Li metal can be converted into 
an ion-conducting interface, thus preventing halide SSE degradation 
(37, 69). Therefore, using bilayer solid electrolytes (halide + sulfide) can 
enable the Li metal anodes in halide ASSBs. Janek et al. (85) recently 

Fig. 5. Interface property of all-solid-state LIBs with halide SSEs. (A) Cathode interface stability. (A1) Initial charge/discharge curves of bulk-type ASSB cells at 25°C 
at 0.1 C. The schematic cell structures are drawn on the right side of each plot. (A2) The Nyquist plots of the electrochemical impedance spectroscopy spectra of ASSB cells 
after the first charging cycle. Open circles are the measured plot color-coded with the frequency. Black lines are the fitted curve using the equivalent circuit model. Adapted 
with permission from (16). Copyright 2018, Wiley. (B) Anode interface stability. (B1) The mixed electronic and ionic interface between lithium metal and Li3YCl6. (B2) The 
Li+-conductive interface between Li3YCl6 and Li is enabled by a thin layer of Li6PS5Cl. (B3) The symmetric cell performance comparison. Adapted with permission from (69). 
Copyright 2021, AAAS.
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demonstrated that the interfacial ion transport resistance between sul-
fide and halide SSEs is negligible. In contrary, Tarascon et al. (87) reported 
that halides are incompatible with sulfide SSEs (e.g., Li6PS5Cl and 
-Li3PS4). More detailed studies are still required to understand the 
heterointerface between halide and sulfide SSEs. Counterintuitively, 
Yao et al. (88) recently reported Li-stable Li2ZrCl6 and Li2HfCl6. They 
claimed that the thick LiCl film formed between Li2ZrCl6 and Li, Li/
Li2ZrCl6/Li symmetric cells demonstrated superior stability against Li 
metal anodes with 4000 hours of steady lithium plating/stripping at 
0.1 mA cm−2. However, soft breakdown frequently occurs in solid-state 
Li symmetric cells, resulting in misleading Li stability. A rigorous 
examination of solid-state Li/SSE/Li symmetric cells is strongly 
recommended to exclude the soft breakdown in the future (89).

Other than sulfide SSEs, some Li-stable SSEs, such as nitrides 
(90), borohydrides (91, 92), and antiperovskites (93, 94), are also 
excellent choices for stabilizing Li metal anode in halide ASSBs. Be-
sides, some organic solid polymer electrolytes and inorganic-polymer 
composites that are compatible with Li metal and halide SSEs are 
also worth developing for halide ASSBs (4, 95, 96). Besides Li metal, 

other anode materials, such as silicon (97), silicon-carbon composites 
(98), and Li4Ti5O12 (10) and alloy anodes (99–101), are also worth 
investigating in halide ASSBs considering their high thermal stability 
and low-cost fast-charging capability. Using halide SSEs to develop 
anode-free ASSBs will also be an emerging direction for realizing 
ultrahigh energy density (2).

Halide SSEs for all-solid-state Li-S/Li-Se/Na-ion batteries
Apart from their application in all-solid-state LIBs, halide SSEs 
have also been used in other electrochemical energy storage systems 
(Fig. 6A), such as all-solid-state Li-S batteries (43), all-solid-state 
Li-Se batteries (102), solid-state Li-O2 batteries (73), and all-solid-
state Na-ion batteries (56). Compared with all-solid-state LIBs, Li-S 
chemistry offers higher energy density (2600 Wh kg−1), better 
cost-effectiveness, and compatibility with halide SSEs. Moreover, 
all-solid-state Li-S chemistry is free of the notorious “polysulfide 
shuttle” phenomenon (103, 104). Recently, Du et al. (43) synthesized 
Li3HoBr6 with a decent ionic conductivity of 1.1 mS cm−1 at room 

Fig. 6. Conversion-type all-solid-state lithium batteries and all-solid-state Na-ion batteries using halide SSEs. (A) Schematic illustration of all-solid-state Li-S and 
Li-Se batteries. (B) Cycling stability and (C) rate performance of the Li/Li3PS4/Li3HoBr6/S battery at 60°C (1 C = 1675 mA g−1). Adapted with permission from (43). Copyright 
2021, ACS. (D) The typical discharge/charge profile of Se@C@Li3HoCl6 cathode at 50 mA g−1 with an enlarged discharge profile in the range of 1.90 to 2.05 V. (E) Rate 
performance and (F) cycling stability of Se@C@Li3HoCl6 cathode. Reproduced with permission from (102). Copyright 2022, Wiley. (G) Schematic illustration of all-solid-state 
Na-ion batteries with a configuration of NaCrO2@Na2.25Y0.25Zr0.75Cl6@VGCF/Na3PS4/Na-Sn. (H) Charge-discharge curves of the all-solid-state Na-ion batteries at 0.1 C and 20°C. 
(I) Long-term cycling stability of all-solid-state Na-ion batteries at 1 C and 40°C. Reproduced with permission from (56) Copyright 2021, Springer Nature.
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temperature and a wide electrochemical window (1.5 to 3.3 V versus 
Li+/Li). When using it as the SSE, all-solid-state Li-S batteries exhibit 
a long cycling life of 400 cycles, high coulombic efficiency of close to 
100% (Fig. 6B), and excellent rate performance (Fig. 6C), indicating 
the excellent chemical and electrochemical capability between ha-
lide SSEs and sulfur cathodes. Compared to sulfur (5 × 10−28 S cm−1), 
selenium has a much higher electronic conductivity (1 × 10−3 S cm−1) 
(105, 106). Therefore, selenium chemistry has better kinetics than 
sulfur chemistry. Recently, our group demonstrated Li3HoCl6-based 
all-solid-state Li-Se batteries (102). Because of high-efficient charge 
transfer and excellent chemical and electrochemical compatibility, 
all-solid-state Li-Se batteries exhibit two distinctive plateaus in the 
discharge process (Fig. 6D). Regarding their rate performance, a high 
reversible capacity of 270 mAh g−1 is retained at 2 C. After reversing 
the current density to 0.1 C, a reversible capacity of 597 mAh g−1 is 
recovered (Fig. 6E). Moreover, this all-solid-state Li-Se battery shows 
stable cycling for 750 cycles and high coulombic efficiency greater 
than 99.9% (Fig. 6F). Solid-state Li-O2 batteries that use Li3InCl6 as 
an interfacial modifier have also been demonstrated (73). Considering 
the catalytic activity of halogen chemistry in Li-O2 and Li-S batteries 
(73, 107, 108), using halide SSEs as solid-state catalysts for develop-
ing solid-state Li-O2 and Li-S batteries is a promising direction.

Along with the success of halide-based all-solid-state Li batteries, all-
solid-state Na-ion batteries have also been demonstrated. For exam-
ple, Meng et al. (56) reported a Na-ion conductor (Na2.25Y0.25Zr0.75Cl6) 
with an ionic conductivity of 0.066 mS cm−1 at ambient tempera-
ture, which is attributed to abundant Na vacancies and coopera-
tive MCl6 rotation. All-solid-state Na-ion batteries comprising a 
NaCrO2 + Na2.25Y0.25Zr0.75Cl6 composite cathode, Na3PS4 electrolyte, 

and Na-Sn anode exhibit an exceptional first-cycle coulombic effi-
ciency of 97.1% at room temperature can cycle over 1000 cycles 
with 89.3% capacity retention at 40°C (Fig. 6, G to I). These findings 
highlight the immense potential of halogen chemistry for develop-
ing all-solid-state Na-ion batteries (56). Foreseeably, all-solid-state 
Na-S, Na-O2, and Na/Li-organic batteries can also be developed on 
the basis of halide SSEs (109, 110).

Energy density evaluation and targets of halide ASSBs
Assuming that all the challenges at the material level are resolved, 
we further evaluated the feasibility of halide SSEs in practical solid-
state pouch cells toward the energy density targets of 400 and 
500 Wh kg−1, respectively. Using typical LiNi0.8Mn0.1Co0.1O2 and 
Li metal as electrodes, the gravimetrical and volumetric energy 
densities of all-solid-state LiNi0.8Mn0.1Co0.1O2 (NMC811)/halide/Li 
pouch cells were analyzed (111–113). High-loading electrodes and 
ultrathin halide SSE membranes are crucial for achieving a high 
energy density (Fig. 7, A and B). It can be seen that 400 Wh kg−1 is 
attainable when 4 mAh cm−2 electrodes and 30-m halide mem-
branes are used in all-solid-state pouch cells (2). The corresponding 
volumetric energy density is 990 Wh liter−1. Furthermore, the 
weight of each component in this 10 Ah is presented in Fig. 7C. Halide 
SSEs account for 28.2% of overall cost, which means that decreasing 
the cost of the halide SSEs can substantially reduce the entire cost of 
halide-based all-solid-state pouch cells.

All-solid-state Li-S chemistry using halide SSEs holds a great 
promise to attain a high energy density of 500 Wh kg−1 (43). Figure 7 
(D and E) presents the gravimetrical and volumetric energy densities of 

Fig. 7. Energy density evaluation of practical solid-state pouch cells based on halide SSEs. (A and B) Gravimetrical and volumetric energy density of all-solid-state 
NMC811/halide/Li batteries. (C) Component weight of a 10-Ah all-solid-state NMC811/halide/Li pouch cells. (D and E) Gravimetrical and volumetric energy density of 
halide-based all-solid-state Li-S batteries. (F) Component weight of 18.5-Ah halide-based all-solid-state Li-S pouch cells.
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halide-based all-solid-state Li-S batteries. Similarly, a high-loading 
sulfur electrode with approximately 10  mg cm−2 (8.4 mAh cm−2) 
should be attained to realize 500 Wh kg−1. In addition, each component 
in an 18.5-Ah solid-state pouch cell is also broken down. The mass 
of the halide SSE accounts for 42.9% (Fig. 7F), indicating that re-
ducing the cost of halide SSEs is critical for cost-effective all-solid-
state Li-S pouch cells with an energy density of 500 Wh kg−1. The 
corresponding volumetric energy density is 650 Wh liter−1. It should 
be emphasized that the insufficient volumetric energy density of 
all-solid-state Li-S batteries can be further boosted by the rational 
design of sulfur composites with a high tap density (114), such as 
selenium-sulfur chemistry or transition metal sulfides (i.e., Co8S9) 
(105). The specific requirements for each component are specified 
in Table 1, acting as criteria for future development.

Conclusion and perspectives
In this Review, we first provide a fundamental understanding of 
SSEs using halogen chemistry and discuss their structural charac-
teristics and design principles. Then, the current progress of halide 
SSEs is summarized according to their crystal structure. The feasibility 
of halide SSEs according to their cost and abundance is also discussed. 
Furthermore, various synthesis approaches are summarized, includ-
ing mechanochemical synthesis, comelting, and wet-chemistry 
synthesis. It should be highlighted that both high-energy ball milling 
and wet-chemistry synthesis are promising synthesis methods for 
mass production. Now, the main issues hindering halide SSE develop-
ment are moisture sensitivity and anode instability. Although these 
challenges have been somewhat alleviated by using ALD coatings, 
crystal structure tuning, and interfacial buffer layers, more efforts 
are still needed. In terms of their practical application, large format 
all-solid-state pouch cells using halide SSEs are simulated toward 
energy density targets of 400 Wh kg−1 (all-solid-state Li-ion batteries) 
and 500 Wh kg−1 (all-solid-state Li-S batteries). In addition, specific 
requirements of each component are listed to aid future endeavors.

Although remarkable progress has been made on halide SSEs, 
several crucial challenges have yet to be resolved. First, intensive 
fundamental studies are needed to gain a mechanistic understanding 
(e.g., structure-to-performance relationship) via advanced charac-
terizations (e.g., in situ and ex situ) and theoretical calculation, 
which can help improve the ionic conductivity of halide SSEs to 
over 10 mS cm−1. Some new mechanisms (i.e., paddle-wheel mecha-
nism and multi-ion concerted migration) that govern ion transport 
of halide anion framework are worth studying. Second, developing 
fluoride-based halide SSEs with decent ionic conductivity and wide 
electrochemical windows is also desirable, as they can effectively 
enable high-capacity anodes (i.e., Li and Si anodes) and high-voltage 

cathodes (i.e., LiNi0.5Mn1.5O4 and LiCoPO4). Third, developing 
innovative, economically feasible, and environmentally benign syn-
thesis routes is essential for the successful commercialization of 
halide SSEs. Fourth, along with the success of halide Li-ion superionic 
conductors, concerted efforts to develop other halide-based fast-ion 
conductors (i.e., Na-based) are also encouraged. Fifth, the moisture 
sensitivity of halide SSEs should be addressed so they can be easily 
handled in a dry room. Other than surface coatings and structural 
tuning that can ameliorate the poor air stability of halide SSEs, 
developing humidity-tolerant halide electrolytes with inherent mois-
ture stability is a good direction. Sixth, the anode interfacial 
instability of halide SSEs should be overcome by designing a stable 
artificial solid electrolyte interphase with nitrides and synthesizing 
innovative halide SSEs that are highly chemical and electrochemical 
stable against anode materials. Seventh, lowering the cost of halide 
SSEs is a must for their large-scale application. This can be achieved 
using low-cost precursors, substituting precious elements with cheap 
elements, or developing cost-effective synthesis routes. Eighth, the 
dry-film method provides an effective way to explore engineering 
issues in all-solid-state pouch cells (30). The slurry coating process 
is compatible with current LIB roll-to-roll manufacturing, which 
has the advantages of high efficiency and low cost. Therefore, com-
patible solvents and binders, indispensable for the wet-chemistry 
slurry coating process, are highly desirable for mass production in 
the future. Last but not least, next-generation solid-state Li/Na 
batteries using sulfur, oxygen, and organic cathodes should be 
investigated on the basis of halide SSEs. Only targeting these advances 
and prospects will halide SSEs be able to make a smooth transition 
from fundamental study to practical application.
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