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T HEENEAARTS, O F /\HAF G, KRS
T XA T A A (B 4d). LisOClosBros FEELH
1.94 mS-cm™ K s =i B TSR, BORH Brfl
BN CHE AL E A I, Al i H R AR
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BRI S SRR B 7 BN LisOX (X = Cl. Br)f#)
e HL T FEAN R BT B AL ST A RN i 5 T B

LiCI-xH,0 fy #7564, Li,OHCI 1 Li,OHBr [A]
FER SR LAY, LibOHBr NS J5 4544,
Li,OHCI fE= iR FNIEAS M, il RHEAR A T 4s
FE9l, N7y S A R i S, AN
Pm3m, EA SR SRR 451, X (AN
Pmc2;, Hrft OH-5 LitLLE iz, B mE
) A R (] 4e)48), Li Z5MMRE T S AL
[ LioN2Cls FEMRIT, BT [EA BT st 5 A
PLRIAFLE, LisNoCls 2 0.043 mS-cmrt ) 55 1 HL 5
R, WP 4F Fis, LioN2Cls B 377 X FR 1 (Fm 3 m)
(PRI s B A 454, Lit S PR DU TR ZE e, N3 CI-
BEAL 4 Li(N/Cl)a DU A T A

1 [AUIESEERNES FESEMEN
Table 1 Lithium ion conductivity and structure of halide solid electrolytes

Material Conductivity/(S-cm™?) Structure References
Li,ZnCl, 2.0x10* at 280 C spinel [56]
Li,CdCl, 1.2x107at 300 C Inverse spinel [12]

6.2x10~* at 400 C

Li,MnCl, 5.0x1072 at 300 ‘C Inverse spinel [12]
Li15:Mn1.24Cly 1.5x10° at 25 C Deficient inverse spinel [5]
Li; oCd1.05Cls 3.9x1071 at 400 C Deficient inverse spinel [5]
Li,ZnCl, 3.3x10%at200 C Olivine [9]
Li,CrCl, 6.3x102 at 400 ‘C Distorted monoclinic [14]
LigFeClg 1.4x101 at 500 ‘C Suzuki [15]
LisCoCls 1.5x10t at 500 C Suzuki [15]
LigNiClg 6.9x1072 at 500 C Suzuki [15]
LisYCls 5.1x10* at RT Trigonal (P3m1) [19]
LisYBre 7.2x10* at RT Monoclinic (C2/m) [19]
Li3ScClg 3.02#10% at RT Monoclinic (C2/m) [24]
LiScy3Cly 1.5x102% at RT Disordered spinel ( Fd3m) [25]
BM-SmCl;-0.5LiCl 1.2x10*at30 C UCls-type (P63/m) [26]
LizY(BrsCls) 1.6x10-% at RT Trigonal & Monoclinic [27]
LizIneSco.666-xCla 2.03x103 at RT Disordered spinel ( Fd3m) [28]
Lio.388Ta0.238L-20.475Cl3 3.02x102at 30 'C UCls-type (P63/m) [29]
Li2.9IN0.75Zr0.1SC0.05Er0.05 Y 0.05Cls (2.18+0.06)x10% at RT Monoclinic (C2/m) [31]
Li2.75Y0.16Er0.16 YD0.161N0.25Zr0,25Clg 1.171x10% at RT Monoclinic (C2/m) [32]
Li,ZrClg 8.08%10*at RT Trigonal (P3m1) [33]
Li>ZrClg 5.81=10%at RT Monoclinic (C2/m) [33]
Li,ZrClg 1.0x10%at 30 'C Layered ( P31c) [34]
Li,HfClg 0.5x103%at 30 'C Layered (P2/m) [34]
LiTaCls 10.95x10-% at RT Amorphous [43]
LiTaClg 6.05x10-% at RT Amorphous [44]
LiNbOCl, 1.04x102at RT Orthorhombic (Cmc2;) [45]
LiTaOCl,4 1.24x102at RT Orthorhombic (Cmc2;) [45]
1.6Li,0-TaCls 6.6x10°% at RT Amorphous [46]
Li3OClgosBros 1.94x10-% at RT Cubic (Pm3m) [47]
LigN2Cl3 4.3x10°at RT Cubic (Fm3m) [49]

RT is room temperature.
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Table 2 Commercial comparison of synthesis methods for halide solid electrolytes
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Fig. 7 (a) Calculated the bulk modulus (Kvrw), shear modulus (Gvrn), and Young's modulus (E) of lithium halides (LisMXs, X=Cl,
Br, and 1) %1, (b) Winding membranes of MACO75 (M = Li, Na) obtained by the rolling process, the stress-strain curve of
LACO75 under quasi-static loading by compression with a strain rate of 10 %-s* at 30 “C and creeping curve of LACO75

under an applied load of 0.1 MPa at 60 ‘C[8l; (c) SEM image of LiiwGeP2S12, LisPSsCl, Li2ZrCle, LisInCls and LZCO after

cold pressing!®; (d) Schematic of the fabrication process for thin SE membranes!®l; (e) SEM image of LisInCle/ZrO:

inorganic solid electrolyte membranes!®®!
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Fig. 8 (a) Thermo-electrochemical windows of Li-M—X ternary fluorides, chloride, bromides, iodides, oxides, and sulfides®?%; (b)
Reaction energy diagrams between ternary halide electrolytes and sulfide electrolytes with four positive electrode materials
(LFP, LMO, NCM, and LCO)88l; (c) Band gap of LisMXs (X = CI, Br and 1)i; (d) Schematic diagram of ion and electron
conduction permeation in sulfide composite positive electrode and halide composite positive electrodel?]; (e) Leakage
current test, charge discharge curve, and impedance spectrum of NCM85 and LizInysScysCls at 4.8 VI281: (f) Long cycle and
high-voltage electrochemical performance of NCM85 and Li2In13Sc13Clal?8]
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Fig. 9 (a) Evolution of Rcathode of NCM85—LYZC, NCM85-LIC, NCM85-LSIC cells during the aging at 4.1, 4.3 and 4.6 V, the
oxidation initiation potential of LIC, LYZC, and LSIC, and the intensity of InCI3~ and CIO~ fragments before and after
cycling®8l; (b) Interface formation of LTOC/CAM with temperature variation®®; (c) LSV curves of LisInCls and
LisInClasF12, phase equilibrium diagrams of LisInClsgF12 at different potentials, and calculated thermodynamic and

electrochemical stability windows of LisInClssF12, LiF,

isosurfaces and LSV curves of LIC and HE-LICPZ;
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Extended Abstract

The global transition toward renewable energy and electrified transportation has intensified the demand for advanced energy
storage systems with high energy density, intrinsic safety, and long-term durability. Conventional lithium-ion batteries (LIBs) in the
market face critical limitations, i.e., organic liquid electrolytes are flammable, posing significant safety risks (i.e., thermal runaway
and combustion), and their energy density is approaching theoretical limits (i.e., ~300 W-h-kg). These shortcomings hinder their
applicability in emerging technologies such as electric vehicles (EVs), grid-scale storage, and high-power portable electronics.
All-solid-state batteries (ASSBs), which replace liquid electrolytes with solid-state electrolytes (SSEs), offer a revolutionary solution.
SSEs eliminate flammability risks, enable the use of lithium metal anodes (i.e., theoretical capacity of 3860 mA-h-g1), and facilitate
compact cell designs through bipolar stacking. Among SSE candidates, halide-based electrolytes emerge as a game-changing material
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class due to their unique advantages like ultrahigh ionic conductivity, high voltage compatibility, mechanical adaptability, and scalable
synthesis. The urgency to develop halide SSEs is further underscored due to the growing need for safe, high-energy-density batteries
in critical applications. This article provides a comprehensive and updated review of the classification, structure, synthesis methods,
air stability, mechanical stability, and applications of halide electrolytes at both cathode and anode interfaces.

Structural design is pivotal in developing superionic conductors as it serves as a primary determinant of ionic conductivity.
Effective strategies to enhance lithium-ion conductivity include regulating the concentration and rational occupation of lithium ions
and lithium vacancies within the electrolyte. Halide-based electrolytes exhibit an exceptional structural tunability, providing a
foundation for designing novel electrolytes with optimized properties. Among these strategies, elemental doping stands out as one of
the most common approaches to improve ionic conductivity in halide electrolytes. In recent years, high-entropy materials,
characterized by their adjustable chemical compositions and unique properties, indicate widespread applications in various fields.
Introducing high-entropy strategies into SSEs can effectively boost ionic conductivity through chemical disorder and local lattice
distortions, while reducing reliance on rare-earth elements. In addition, amorphous SSEs have attracted much attention due to their
outstanding mechanical flexibility and rapid ion transport capabilities, which arise from the decoupling of charge carriers from the
supporting matrix. This review also highlights the synthesis methods for halide-based electrolytes. Simple, cost-effective, and
environmentally friendly synthetic routes are crucial for advancing the industrialization of these materials. The existing approaches
primarily involve solid-state, liquid-phase, and vapor-phase synthesis techniques, each of which significantly affects the resulting
electrolyte structure and ionic conductivity.

Air stability is crucial for SSEs, impacting their entire lifecycle from synthesis to application. Halide-based electrolytes, derived
from hygroscopic halide salts, are prone to moisture-induced degradation during synthesis and storage. To enhance their air stability,
some methods like surface coating and structural modification are employed. For instance, creating physical barriers,
superhydrophobic membranes, or doping with In* can significantly improve moisture resistance. In ASSBs, inorganic SSEs must
have good electrochemical properties and excellent mechanical properties. Bulk modification as a common approach to improving
halide-based electrolytes performance also boosts mechanical stability. For instance, O%- doping can disrupt the crystal structure of
electrolyte, making it more ductile. In addition, adjusting the particle size of halide-based electrolytes and combining them with
binders to form organic-inorganic composite membranes can also enhance their mechanical properties.

As a component in direct contact with the positive and negative electrodes, understanding the electrochemical stability and
interfacial reactions of halide SSEs is crucial for achieving high-energy-density and long-cycle-life halide-based ASSBs. For
high-voltage cathodes, halide SSEs are among the most promising. The oxidation potential of halide SSEs mainly depends on the
halogen anion, especially for chlorine- and fluorine-based halides, whose high electronegativity prevents oxidation at battery
operating voltages. To further enhance the cathode interface stability of halide SSEs, element doping can broaden the thermodynamic
electrochemical window or form a stable cathode-electrolyte interphase (CEI) in-situ. Structural control, like reducing the SSE's
Young's modulus and particle size or coating the SSE on the cathode material surface to improve solid-to-solid contact in composite
cathodes, is also effective. The instability of halide SSEs with metal lithium mainly stems from the transition metals in the halide. The
high potential difference between halide SSEs and lithium metal makes direct contact with lithium or lithium alloy anodes extremely
unstable. This leads to high-resistance interfacial layers that impede Li* diffusion and cause SSE degradation, triggering lithium
dendrite growth. To stabilize the halide SSE/anode interface, constructing interfacial buffer layers, optimizing SSE structure, and
developing lithium alloy anodes are essential strategies.

Summary and Prospects Although halide electrolytes demonstrate remarkable advantages, their practical implementation in
ASSBs systems still faces significant challenges. To overcome these barriers, future research must prioritize the large-scale production
of highly stable, cost-effective halide electrolytes with superior ionic conductivity, while exploring composite electrolyte architectures
that synergistically combine the strengths of halides with complementary materials. Advanced characterization techniques should be
systematically employed to elucidate structure-property relationships and interfacial dynamics, guiding the rational design of batteries
with enhanced safety, ultrahigh energy density, and extended cycle life. These efforts will accelerate the commercialization of ASSBs
technologies, addressing the growing demands for clean energy solutions in electric mobility, grid storage, and next-generation
electronics.
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