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This all-in-one architecture unifies flexible energy storage with multifunctional sensing. With the combination
diverse materials and machine learning for data processing, the platform interprets intrinsic electrochemical
fluctuations as meaningful environmental signals. This integration enables self-powered, real-time monitoring
for next-generation wearable electronics and smart systems. View the article.
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ABSTRACT: The growing demand for high-energy-density
batteries has positioned all-solid-state lithium batteries (ASSBs)
as a leading technology with the potential for significant impact. As
a key material for ASSBs, halide solid electrolytes (SEs) have

emerged as a current research hotspot, especially for non-close- S 4 O _ CEI SEI
packed halide SEs with ultrahigh ionic conductivity (>10 mS cm™ | : o
at room temperature). However, they still suffer from insufficient 80 halide-based ASSBs
compatibility with high-voltage cathode materials (>4.3 V vs Li/ :
Li*) and poor reduction limit (>0.9 V vs Li/Li*). Based on the [Elsctiods s

. innovation b
recent advancements, those challenges have been alleviated through J SE Q Cathode

cation/anion regulation engineering and the introduction of extra
interlayers. This review distinguishes itself from previous works by
systematically examining interfacial failure mechanisms and
modification strategies for emerging non-close-packed halide SEs. Surpassing conventional halide SEs with close-packed structures,
the non-close-packed ones enable broader cationic/anionic doping versatility, including multi-element co-doping and facilitate the
improvement of interfacial engineering through more diverse interlayers. This focused review is expected to inspire more research on
improving the interfacial stability between non-close-packed halide SEs and electrode materials, which would promote the
development of high-performance ASSBs.

KEYWORDS: halide solid electrolytes, all-solid-state batteries, interfaces, element doping, non-close-packed structure

1. INTRODUCTION crystals (Figure 1). The non-close-packed structure and weak
van der Waals interactions between building blocks provide
wide channels for ionic migration, while the “soft cradle effect”
enables the spatiotemporal correlation between building anions
(e.g, [TaO,CL]*") and lithium-ion hopping, reducing the
migration energy barrier.'” Facilitated by these structural
features, non-close-packed halide SEs achieve superior ionic
conductivities, exemplified by LiNbOCI, for 10.4 mS cm™","*
LiTaOCl, for 12.4 mS ecm™.,'* and Li;Ta;0,Cl,, for 13.7 m$S
em-L1S

To meet the growing energy demands of various electrical
products, the development of secondary batteries with high
energy density and long cycle life has become an urgent
requirement. Currently, the energy density of lithium-ion
batteries is gradually approaching a bottleneck (approximately
270 Wh kg™').! Meanwhile, their occasional safety incidents,
such as thermal runaway and flammability, have hindered their
large-scale practical applications.”” ASSBs have emerged as

promising candidates to address these challenges, offering high L . . o
energy degnsity,4’5 long cycle life, and enhancec% safety.é_sg 8 Beyond ionic conductivity, interfacial stability has emerged as

- ) 18,19
Based on differences in chemical composition, inorganic SEs a significant fa.ctor. governing battery performance. In
. . 1.9 10,11 general, the oxidative stability of SEs follows the order of

can be categorized into three major types: oxides,” sulfides,

and halides. 2"® One of the key criteria for evaluating SEs is ionic chlorides > oxides > sulfides, whereas the reductive stability

L. s decreases in the order of oxides > sulfides > chlorides.”
conductivity. Sulfides have long been known for their high ionic Althoush de SEs exhibi P ble ESW® thei
conductivity; however, its electrochemical stability window though many oxide Sks exhibit a favorable ;- their

(ESW) is relatively narrow. While traditional halide SEs were

EEAPPLIED

limited by their moderate ionic conductivity, non-close-packed Received: December 22, 2025
halides exhibit ionic conductivities rivaling those of sul- Revised:  February 24, 2026
fides.”'*”'® Most non-close-packed halides show specific Accepted:  February 25, 2026

configurations where cations/anions are loosely arranged and Published: March 3, 2026

leave significant voids. This feature is distinct from traditional
close-packed halide SEs in which ions stack densely to form

© 2026 American Chemical Society https://doi.org/10.1021/acsaem.5c04039
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Figure 1. Schematic illustration of different halide structures. (a) Hexagonal close-packed type, (b) Cubic close-packed type, (c) UCL; type, (d) Cmc2,

LiNbOC],, (e) Amorphous LiAlIOCL,, and (f) Amorphous LiTaOFs.
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Figure 2. Schematic illustration of various interface issues in ASSBs.

practical application still faces challenges such as relatively low
ionic conductivity and synthetic complexities.”' Sulfide-based
SEs are constrained by a relatively low oxidation potential
(approximately 2.5 V vs Li/Li*) and poor chemical stability,
being prone to decomposition reactions.”” This leads to severe
interfacial side reactions when coupled with high-voltage
cathode active materials (CAMs).”>** By contrast, halide SEs,
which demonstrate high oxidation potential (up to 6 V for
fluorides), possess certain advantages in terms of oxidative
stability.”> Nevertheless, its performance in matching high-
voltage cathodes and high-capacity anodes (e.g., Li, Si, P, etc.)
still needs further improvement. Thermodynamically, high-
valent metals in halide SEs tend to be reduced by lithium metal,
forming high-impedance interfacial layers that impede ion
transport. Furthermore, the cracking of SEs after prolonged
cycles disrupts the intimate contact between SE and electrodes,
leading to interfacial failure.

Previous studies have focused on summarizing the properties
(e.g, ion transport, interfaces) of close-packed halides.”*™*’

2964

However, systematic reviews dedicated to non-close-packed
halides remain scarce, despite their superior ionic conductivity
and broad application prospects. In this review, we systemati-
cally elucidate the interfacial failure mechanisms of non-close-
packed halide-based SEs and outline universal modification
strategies. Through cation/anion regulation engineering, anode
interlayer modification, and innovation of cathodes (particularly
for halides), the interfacial side reactions have been effectively
reduced for higher-performance requirements. Meanwhile, the
strategies for interfacial modification can improve the cyclic
lifespan of batteries while maintaining high ionic conductivity.
This urgent summary not only provides valuable insights into
the interfacial characteristics but also proposes some new

strategies for the future optimization of halide-based SEs.

https://doi.org/10.1021/acsaem.5c04039
ACS Appl. Energy Mater. 2026, 9, 2963—2974
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Figure 3. (a) Schematic illustration of reduction stability enhanced by oxygen substitution. Reproduced with permission from ref 20. Copyright 2025
Royal Society of Chemistry. (b) Deconvoluted 2’Al NMR spectra of Li—Al—O—Cl family with varying oxygen content. Dotted lines indicate the fitted
peaks including peak indicating Al-Cl bond and Al-O bond. Reproduced with permission from ref 20. Copyright 2025 Royal Society of Chemistry.
(c) The observed reduction onset potential of LiAICl,, Li;3AlO,,Cl;, and the Li—Al-O—Cl family depending on the O content (x). The two
governing factors and error bars are indicated. Reproduced with permission from ref 20. Copyright 2025 Royal Society of Chemistry. (d)
Corresponding long-term performance of discharge capacity and Coulombic efficiency of the ASSBs. Reproduced with permission from ref 51.
Copyright 2024 Royal Society of Chemistry. (e) X-ray absorption near-edge structure for Lig 3g5,,L29 475 Ta235Cl3_O, (% =0,0.15,0.30) SEs, as well as
LaCl; and La,O; at La Lj-edge. Reproduced from ref 52. Copyright 2025 American Chemical Society. (f) Wavelet spectra of
Lig3884:La0475T20235Cl3_,O, (¢ = 0, 0.15, 0.30) SEs at Ta Ly-edge with a k® weighting. Reproduced from ref 52. Copyright 2025 American

Chemical Society.

2. MECHANISM OF INTERFACIAL FAILURES

2.1. Poor Reductive Stability

Lithium metal represents an ideal anode for high-energy-density
energy storage due to its exceptionally low electrochemical
potential (—3.045 V vs standard hydrogen electrode), low
density (0.59 g cm™?), and high theoretical specific capacity
(3862 mAh g').*>*" However, the relatively narrow ESW of
halide SEs renders them vulnerable to interfacial degradation
upon contact with electrode materials. Such interfacial

2965

degradation deteriorates both battery performance and
seafet)7.32’33 In traditional halide SEs (e.g., Li;YCl,, LizInCly),
reductive decomposition at the lithium anode interface will
generate electronic conductive phase (e.g., metal alloys), leading
to continuous interfacial degradation.34_36 In situ XPS analysis
revealed that In®" in Li;InClg underwent reduction (to In metal),
accompanied by LiCl formation, which generated a mixed ionic-
electronic conductor interphase (MCI). Such MCI provides
pathways for both Li* and electron transport, leading to
continuous interfacial reactions and eventual failure. A similar

https://doi.org/10.1021/acsaem.5c04039
ACS Appl. Energy Mater. 2026, 9, 2963—2974
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Figure 4. (a) Calculated thermodynamics intrinsic ESW of Li-M-X ternary fluorides, chlorides, bromides, iodides, oxides, and sulfides. M is a metal
cation at its highest common valence state. Reproduced with permission from ref 53. Copyright 2019 Wiley-VCH. (b) O 1s XPS spectra of LiLaO,,
LiLay,5Ta975005Cly s, Lij4Lag35Tag500,Cly 3, and LijLag sTay sOCl,. Reproduced with permission from ref 54. Copyright 2025 Royal Society of
Chemistry. (c) Nyquist profiles of the LilLi, ;Lay 3sTa 650,,Cl, 5ILi symmetric battery before and after CCD. Reproduced with permission from ref 54.
Copyright 2025 Royal Society of Chemistry. (d) Cycling performance of the LiIIHELa0.5ILi symmetric battery under a current density of 4 mA cm™>
and areal capacity of 4 mAh cm ™2 Reproduced with permission from ref 55. Copyright 2025 Elsevier. (e) Depth-dependent Ta 4f X-ray photoelectron
spectroscopy (XPS) spectra of the interface of Lig335T2g235L20.475Cl3 SE after S0 h of cycling. Note the inevitable partial reduction of Ta caused by
etching that occurred during the depth analysis, along with the appearance of the new Ta 4f;, peak at 24.2 eV (purple). Reproduced with permission
from ref 39. Copyright 2023 Springer Nature. (f) XPS spectra of the LilnTaCl solid electrolytes from the Stainless SteellLPSCIILiInTaCllStainless Steel
cells after a static period of 72 h. Reproduced from ref 56. Copyright 2024 American Chemical Society.

issue occurs in Li;YClg (LYC), where an MCI (with Y
nanoclusters and LiCl) aggravates failure.””** The chemical
interaction between lithium metal and high-valence metals still
dominates the interfacial degradation mechanism of non-close-
packed halide SEs. The dominant decomposition product of
some classic non-close-packed halides SE is LiCl, which serves as
an electronic insulator and effectively blocks electron transfer,
thereby precluding continuous interfacial reactions.’” Addition-
ally, lithium stripping during discharge creates interfacial voids
that remain unfilled due to kinetic limitations. The resulting
non-uniform current distribution promotes preferential lithium
deposition around the void rather than void ﬁlhn% which leads
to further deteriorating the interfacial stability."*** However, in
contrast to the conventional halide SEs, non-close-packed halide
SEs exhibit improved anode compatibility through structural
and compositional optimization. The enhanced stability of metal
cations in the electrolyte lattice suppresses reductive decom-
position and subsequent formation of conductive interphases.
Nevertheless, long-term cycling stability remains inadequate, as
side reactions related to metal reduction still occur during
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prolonged charge-discharge cycles, limiting their practical
application (Figure 2).°

2.2. High-Voltage Incompatibility

Halide SEs exhibit superior oxidation stability compared to
sulfide and oxide counterparts, granting them inherent
compatibility with cathode materials. However, interfacial
challenges remain under high-voltage operation. Under high-
voltage operation (>4.3 V), halide SEs (except for fluorides)
undergo oxidative decomposition, often initiating with the
oxidation of halide anions (e.g., Cl7) and the release of halogen
gases. This process generates electrically insulating decom-
position products, forming a resistive cathode- electrolyte
interphase (CEI) that accelerates interfacial degradation.” For
Ni-rich cathodes, high-voltage cycling (>4.3 V) promotes the
formation of residual lithium compounds and lattice oxygen
release, which further destabilizes the interface. These reactions
are exacerbated by the decomposition of the adjacent halide SEs,
resulting in a cumulative degradation of the interfacial
structure.”' ~* Beyond electrochemical degradation, prolonged

https://doi.org/10.1021/acsaem.5c04039
ACS Appl. Energy Mater. 2026, 9, 2963—2974
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cycling above 4.5 V induces cathode particle cracking via lattice
strain accumulation,** ultimately causing mechanical separation
(Figure 2)."7% ¥ 1t is worth noting, however, that in non-close-
packed halide frameworks, the stronger charge shielding effect
provided by the structural configuration enhances the stability of
anions against oxidation compared to conventional close-packed
halide structures.”® This effect partially mitigates the oxidative
decomposition of the electrolyte at high voltages. Last but not
least, conventional close-packed halide SEs typically display a
high Young’s modulus and increased rigidity.”* When
considering physical contact at the electrolyte-cathode interface,
their performance is significantly inferior to that of softer,
amorphous non-close-packed halide SEs.'”**° Thus, while
halide SEs show promise for high-voltage applications, their
interfacial stability remains a critical area for further improve-
ment.

3. ENHANCEMENT OF INTERFACE STABILITY

3.1. Strategies toward Enhanced Interfacial Compatibility
with Anodes

3.1.1. The Effect of Anion Engineering. Most halide SEs
are engineered based on the general composition of Li-M-X,
where M denotes one or more transition metals and X indicates
halogen anions (F~, CI7, Br™, I"). Anion substitution,
particularly with oxygen, serves as a primary strategy to
modulate ESW and interfacial reactivity. For oxyhalides, Kim
et al.”® explored the cathodic stability of oxygen-incorporated
Li—Al-Cl SEs. With increasing oxygen content, aluminum
adopts more oxygen-rich coordination environments, leading to
enhanced Al—O bonding at the expense of Al-Cl bonds (Figure
3ab). This tendency to form chemical bonds with more
electronegative elements results in the reductive onset potential
changes from 1.54 V to 0.9 V. Specifically, for Li,AlO,Cl; (1.0 <
x < 1.6), the optimal ratio of x = 1.1 is crucial: at this juncture,
the oxygen content sufficiently reduces the reductive onset
potential to 0.9 V, while the LiCl content remains at a mere 18
wt % (Figure 3c). These resulting nanoscale LiCl particles (5—
10 nm) are distributed embedded within amorphous matrix.
Despite chemical inertness, these nanoparticles act as
“nucleation centers” for reductive decomposition, which
accelerates the reduction process of the surrounding matrix by
lowering the nucleation barrier.

Building on this strategy, Cai et al.”" and Xu et al.** improved
the stability of the LaCl;-based SEs in relation to the lithium-
based anode through oxygen doping. When employing
LiggZry,sLagsCl,,Og 5 as the electrolyte and Li—In as the
anode for ASSBs assembly, the cell can stably charge and
discharge for over 120 cycles with a capacity retention of 89.7%
(Figure 3d). More remarkably, Lijs3sLag47sTag235Clo1500.15
electrolyte achieves ultralong cycling stability in the Li—Li
symmetric cell (>4000 h at 10 mA cm™ and 10 mAh cm™2), with
an overpotential below 1 V. These results collectively
demonstrate that oxygen doping does not compromise the
intrinsic functionality of the original cations (Figure 3e,f). It can
also significantly enhance the lithium metal compatibility of SEs
and effectively suppress the growth of lithium dendrites.

3.1.2. The Effect of Cation Engineering. In addition to
the anion substitution, substituting the transition metal in Li-M-
X is also a crucial approach to alleviate the anode interfacial
issues of electrolytes. For halides, most of the metal cations will
be reduced by the lithium anode (Figure 4a),”® while the
introduction of multiple cations is a viable method to mitigate
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this issue. Similar to Ligg33Lag.475T29235Clo1500.15, Hu et al.>*

investigated the Li,,La,Ta,_,Cls_,,0,, (x =0.25,0.35,and 0.5),
enabling systematic tuning of five compositions, thereby
overcoming the limitation of the study which only focused on
a specific La/Ta ratio.>” For Li, ;Lag 35 Tag¢5Cl, 300, an optimal
cation doping ratio enables the maximization of the non-
bridging oxygen/bridging oxygen ratio (Figure 4b). At an
appropriate ratio, the material can achieve an exceptionally high
critical current density (CCD). Under a current density of 40
mA cm?, the impedance at the electrolyte-anode interface
exhibits a decreasing trend rather than short-circuiting (Figure
4c), demonstrating excellent compatibility between the electro-
lyte and the lithium metal anode. Meanwhile, the introduction of
La®" stabilizes the coordination environment of Ta®* and
inhibits its reduction to lower valence states (Ta*"). Structural
characterization confirms homogeneous elemental distribution
(La, Ta, O, Cl) without phase segregation, ensuring intimate
interfacial contact that accommodates volume changes during
cycling and prevents delamination.

Multi-cation doping strategies can be further extended to
high-entropy electrolyte systems. Cai et al.>> constructed the
0.5LiCl-xLaCl;(TaCly-ZrCl,-AlCl;-CaCl,) y /4(; ) (HELax)
(0.2 < x < 0.6) electrolyte. The amorphous phase introduced
by multi-ion doping can optimize interfacial contact. In
HELa0.5, the synergistic effect between the crystalline phase
(providing 1D channels) and the amorphous phase (supple-
menting conduction paths) balances interfacial ion transport
and structural stability. Consequently, the LilHELa0.SILi
symmetric cell achieves exceptional stability (>4000 h at 4 mA
ecm™? and 4 mAh cm™?), with an overpotential consistently
below 50 mV, which far surpasses that of traditional halide SEs
(Figure 4d). In parallel, Yao et al.”” have developed a universal
LaCl;-based SE, and conducted in-depth research on
Lij 33T 238129 475Cl;. Compared with oxides that suffer from
severe lithium dendrite issues, sulfides with poor areal capacity,
and chlorides with inferior lithium compatibility,
Lig 33593812 475Cl; exhibits significantly advantageous high
areal capacity and long cycle time. Benefiting from the structure
of the framework LaCl;, the symmetric battery can achieve
stable cycling for over 5000 h under the conditions of 0.2 mA
cm ™2 and 1 mAh cm ™2 Unlike other SEs, it forms not only LiCl
but also an interphase derived from metal gradient reduction at
the interface (Figure 4e). Such an interphase is kinetically stable
against lithium to a certain extent. Importantly, this framework is
compatible with a variety of different cations, presenting broad
application prospects, especially regarding Zr and Ca, due to
their lower electronegativity compared with Ta. The cation-
doped Lig 49571 559Cag ggslag 430Cl; exhibits enhanced oxidation
resistance. Doping with more elements of low electronegativity
is an effective approach to improving anode compatibility.

3.1.3. Interlayers. For most SEs, introducing an interlayer
represents a viable strategy to imgrove interfacial compatibility
between the SE and the anode.”””® In conventional halide-based
SEs, incorporating an LigPS;Cl (LPSCI) interlayer has long been
regarded as a classic approach to enhance anode compatibility;
however, the inherent incompatibility between traditional halide
SEs and LPSCI remains a significant limitation.> "' In contrast,
non-close-packed halide SEs exhibit markedly improved
compatibility with LPSCI (Figure 4f), although their capacity
for further optimization is constrained.®* For cation-doped non-
close-packed halide SEs, the introduction of an LPSCl interlayer
offers moderate isolation and protection, mitigating severe
interfacial side reactions and thereby enhancing cycling

https://doi.org/10.1021/acsaem.5c04039
ACS Appl. Energy Mater. 2026, 9, 2963—2974


https://doi.org/10.1021/acsaem.5c04039?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Energy Materials

REVIEY

www.acsaem.org

°

] b '
! N el ! Cao
1 /’\\\\/ ~ : ______ Aree
I~ 4 .
] J uis [P >
1 < o o
M %. LTOC-10%F| :E 1 )
: s TaF = .
€ © o
1= 18
! | 1S 2] e
" L o .
, % 700 710 720 73 : ’ o 5 10 15 20
1 680 690 700 710 720 730 740
I Photon energy (eV) _: xinLTOC-x% F
| eo
Vg o ————
[ S
1
v LA, -81%0
' % ——LIAIC), - 75% O
: z-2 LIAICI, - 67% O
 E LIAICI, - 60% O
| F-3[ —LACK,-50%0
[ 4 LIAICI, - 40% O
[ Pure LIACI,
1
1 110 120 130 140 150 160
!

0 30 60 90 120 150 1802102402703005

‘l-f T T T T T T T T :
| o _ W |
: U‘J Pulre Ll’lAICL: L 1 Tm 1 1 1 1 :
I — , I
1 N [ — |
: LIAICI,-40% O \|T,, |
: i
| 1
i |LiAICI,-50% O T, !
1 . 1 1 1 1 1 1 1 1 1
T |
. \
1 S . \
E > LiA|C|4-so%mem\ i
\ o 1 1 1 1 1 1 1 1 1 '
' T |LiAci-67% 0 Te '
T e A i
1 (D 1
| I 1 1 1 1 1 1 1 1 1 |
1 T, 1
| i 1
: LIAICI,-75% O 1 ’\ :
1 1 1 1
I , T |
: LIAICI,-81% O 1 !
! 1 1 i 1 1 ! 1 I 1 |
R G
| 1
! LIAICI,-86% O I
1 1 1 1 1 1 1 1 1 1
|
|
|
|

Temperature (°C) !

0
1 Temperature (°C) 1

Figure S. (a) Schematic representation of the role of LiF-rich CEI in enhancing the battery performance. Reproduced with permission from ref 34.
Copyright 2024 Wiley-VCH GmbH. (b) F K-edge bulk XAS spectra of the LTOC-10%F SE, LiF, and TaF;. Reproduced from ref 65. Copyright 2024
American Chemical Society. (c) The corresponding areas of the regions under the linear sweep voltammetry curves and the anodic peak potentials
(E,.); the dotted lines are guides for the eye. Reproduced from ref 65. Copyright 2024 American Chemical Society. (d) Winding membranes of
LiAICl,-75%0 (LiAICl, sO¢s, O/Al ratio of 75%, LACO) obtained by the rolling process. Reproduced with permission from ref 50. Copyright 2023
Springer Nature. () Enlarged endothermic peaks of LACO in the Differential Scanning Calorimetry (DSC) profiles for comparison. Reproduced with
permission from ref 50. Copyright 2023 Springer Nature. (f) DSC heating profiles of LACO with different oxygen contents. Reproduced with

permission from ref 50. Copyright 2023 Springer Nature.

stability.*®®® As mentioned previously, the electrolytes based on
the LaCl; framework can form an interphase composed of LiCl
and other reduced metal species, which can inhibit the
continuous deterioration of the interface.>® Nevertheless, this
approach alone cannot fully resolve persistent anode interfacial
challenges. Notably, in oxygen-doped non-close-packed SEs,
oxygen species within the electrolyte can react with LPSCI to in
situ form a Li;PO, interphase layer situated between the LPSCI
and the bulk electrolyte. This Li;PO, layer exhibits high ionic
conductivity, and its dense morphology effectively reduces
charge transfer resistance while preventing the accumulation of
insulating byproducts such as LiCl. Furthermore, the Li;PO,
interlayer acts as a chemical barrier that suppresses further
reaction between the oxygen-containing halide and LPSC],
inhibits interfacial delamination, and preserves continuous ion
transport pathways during prolonged cycling, thus significantly
enhancing overall interfacial stability and compatibility.”

3.2. Strategies toward Enhanced Cathode Compatibility of
SEs

3.2.1. Anion Doping. While halide SEs exhibit relatively
good cathode stability, their high-voltage stability requires
further enhancement to meet performance demands. Unlike
elemental doping strategies applied to the anode/SE interface,
the doping effect not only determines the interfacial stability
cathode/SE but also improves the intrinsic oxidation limit of the
SEs. By co-doping with oxygen and fluorine, Zhang et al.**
mitigated the cathode interfacial issues of LZC to some extent.
The resulting Li, sZrClsF sOy.s (LZCFO) forms a LiF-rich CEI,
as illustrated in Figure Sa. TEM imaging reveals that the CEI
formed between LZC and LiNij4CoosMng 050, (NCM95S) is
rough, non-uniform in thickness, and severely degraded. In
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contrast, the LZCFO system produces a uniform, flat, and
fluorine-rich CEI that completely coats the cathode particles.
The fluorine-rich CEI considerably suppresses the oxidation of
Cl” when LZCFO is cycled at a high voltage 0of 4.35 V, enabling a
capacity retention of 81.2% after S00 cycles. Moreover, a novel
SE in the form of LiCl-4Li,TiF4 (LiCI-4LTF) is proposed by
Jung et al.** This SE demonstrates exceptional oxidative stability
up to 5.5 V (vs Li/Li*), although its ionic conductivity is
relatively moderate (1.7 X 10™° S cm™). When applied as a
protective interlayer on CAMs, it suppresses side reactions and
reduces interfacial resistance, thereby improving overall battery
performance.

The lithium tantalum oxychlorides (LTOC) system also
exhibits relatively favorable anodic stability after doping with
more electronegative elements. Sun et al.”® reported a series of
amorphous LTOC-x%F (x = 0, 5, 10, 15, 20) SEs. Substitution
of chloride ions by high-electronegative fluoride ions introduces
Ta—F and Li—F bonds into the anionic framework (Figure Sb),
significantly widening the ESW. As the fluorination degree
increases, the high-voltage stability improves accordingly
(Figure Sc). The optimized LTOC-10%F SE showed markedly
enhanced high-voltage stability. During the first charge to 4.5V,
a LiF-rich CEI was in situ formed at the interface with LiCoO,
(LCO), which isolated the LCO from the SE and prevented
continuous interfacial reactions under high voltage, minimizing
active material loss. The improved LTOC-10%F SE delivered a
capacity retention of 81% after 300 cycles at 1.0 mA cm™* and
4.5V, with an average Coulombic efficiency of 99.9%. For Ni-
rich cathodes, LTOC can form a kinetically stable interface even
without fluorine doping.66 Notably, in LTOC-based ASSBs,
lowering the operating temperature (e.g., —10 °C) significantly
suppresses Co diffusion and interfacial reactions between high/
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Figure 6. (a) Cross-sectional images of Li;Nbg,sTa,;sCl;OF taken from focus-ion beam scanning electron microscopy for pristine at 1C between 3.0
V and 4.6 V and after 200th cycles at 1C between 3.0 V and 4.6 V. Reproduced with permission from ref 77. Copyright 2025 Elsevier. (b) Schematic
illustrations of Li, ¢In, 4 Ta,,Cls (LInTaCl) during cycling. Reproduced from ref 56. Copyright 2024 American Chemical Society. (c) Oxidation onset
comparison with typical metal chloride SEs. Reproduced from ref 56. Copyright 2024 American Chemical Society. (d) CV curves of Mid-Entropy SE,
compared with Li;InCl, and High-Entropy SE. Reproduced with permission from ref 78. Copyright 2024 Springer Nature. (e) Solid dissolution feature
of halide SEs in OEMs. Reproduced with permission from ref 80. Copyright 2025 Cell Press. (f) Schematic illustration of interfacial evolution in
asymmetric Nb>*/AI**-based cathode solutions (right) and NCM83 (left) during cycling. Reproduced with permission from ref 81. Copyright 2025

Springer Nature.

medium-cobalt cathodes (LCO, NCMS523) and LTOC, thereby
greatly improving cycling stability. The recent low-temperature
performance of Li;Ta;0,Cl;, shows an ionic conductivity of
5.68 X 107*S cm™" even at —S50 °C. At 0.1C, it stably cycles for
2000 cycles, maintaining about 80 mAh g~ with nearly 100%
Coulombic efliciency, indicating strongly suppressed interfacial
side reactions and far superior interfacial stability compared to
liquid electrolytes.'®

Similarly, in the oxygen-doping system, Al-based oxychlorides
represent another gromising class of cathode-compatible
electrolytes. Li et al.”” demonstrated that doping with oxygen
anions induces the formation of “crystalline—amorphous
composite structure.” The crystalline phases provide a highly
conductive framework, while the amorphous phases adapt to
electrode morphology via flexible polyanion structures, reducin%
interfacial gaps and contact resistance. Furthermore, Hu et al.’
further observed that Al-based oxychloride SEs often exhibit
polymer-like super plasticity, maintaining excellent interfacial
contact (Figure 5d). DSC curves reveal that oxygen doping with
varying oxygen contents significantly influences the physico-
chemical properties (Figure Se,f).

Consistent with the above, oxygen doping strategies have also
achieved certain effects in improving the cathode compatibility
of Zr-based halide SEs. Quasi-crystalline halide SEs (e.g., LZC)
possess ordered crystalline structures but exhibit poor chemical
compatibility with cathodes, leading to interfacial charge-
transfer reactions. In contrast, amorphous oxyhalides such as
Li,ZrCl,0, s* and other similar SEs*®” with structural disorder
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induced by oxygen incorporation show reduced chemical
reactivity toward cathodes and enhanced performance. Li et
al.”% reported that modified Li,,Zro5Cug05Cl, 4O exhibits
improved oxidation stability due to oxygen incorporation, with
minimal Cl oxidation, thereby suppressing side reactions.
3.2.2. Cation Doping. Cation doping is widely used to
modify halide SEs. Doping with Zr**, Ta>*, and AI** can enhance
ionic conductivity,”' " given that aliovalent doping modulates
lithium vacancy concentration, while isovalent doping optimizes
unit cell volume.”>”* Additionally, Zr* and Y** doping enhances
performance while also contributing to reduced production
costs.”” More importantly, cation doping has proven feasible in
improving cathode compatibility. In the case of AI** doping, a
lower Young’s modulus and increased amorphous degree result,
leading to enhanced flexibility.”® This greater flexibility allows
for closer contact between the SE and the cathode, improving
interfacial compatibility at the cathode-electrolyte interface.
Cation doping with high-valent and highly electronegative metal
cations has been demonstrated as an effective strategy to
enhance cathodic oxidation stability. Huang et al.”’ reported a
Li;Nb,Ta,_,Cl;OF electrolyte in which Ta and Nb co-occupy
lattice sites, leading to synergistic improvement in high-voltage
stability. The optimized Li;Nbj,sTa;,sCIsOF electrolyte
elevates the oxidation potential from 4.08 V to 4.35 V.
Structurally, this electrolyte comprises predominantly an
amorphous Li—Ta—Nb—CI—O-F matrix with only trace
amounts of secondary phases such as LiCl and LiF. This
structural characteristic helps mitigate interfacial side reactions.
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Notably, after cycling, interfacial voids are reduced, and more
intimate contact is formed between the SE and the cathode,
which contributes to improved battery performance (Figure 6a).

Wan et al.’>° achieved simultaneous enhancements by
incorporating high-valent cations (Ta’*, Nb**) into the Li;InCl,
lattice. Owing to the high electronegativity and strong bonding
capability of Ta’", the oxidation onset voltage of
Li, ¢Ing s Tay,Clg is elevated to 5.13 V (vs Li*/Li), significantly
higher than the 4.22 V of the undoped material. Ta doping also
leads to a significant suppression of interfacial decomposition
after cycling (Figure 6b). When paired with an NCMS811
cathode, the cell retains 70% capacity after 950 cycles at 4.4 V
and 1C, markedly outperforming the undoped system, which
suffers rapid capacity fade after 200 cycles and conventional
liquid electrolytes that decompose under high voltage (Figure
6¢). Additionally, the high-entropy strategy has been employed
to enhance the high-voltage performance of SEs by incorporat-
ing five or more main-group metal elements. This approach
leverages high configurational entropy to promote structural
stability and modulate ion interactions. Likewise, Luo et al.”®
and Wagemaker et al.’”’ demonstrated that high-entropy
LizInClg-based SEs exhibit significantly improved structural
integrity and reduced interfacial side reactions with cathodes.
ASSBs fabricated with these optimized electrolytes show
substantially enhanced cycling stability under high-voltage
conditions (Figure 6d).

3.2.3. Cathode Innovation. The innovative development
of advanced halide SEs expedites the exploration of new cathode
systems (e.g., organic cathodes) beyond conventional oxide-
layer cathode materials.”* The use of organic cathodes enables
enhanced cathode interfacial stability with advanced halide SEs,
along with higher energy density and lower fabrication costs.*"**
In a recent work, Sun et al.*® revealed a weak interaction
between Zr-based SEs and phenanthrenequinone (PQ) organic
cathode materials, specifically manifested by the formation of a
weak Zr—O bond between the oxygen atoms in the C=0 bonds
of PQ and the Zr atoms in the SE. This weak interaction not only
does not impair the lithium-ion transport capability of the
electrolyte but also slightly increases the operating voltage of the
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cathode. Meanwhile, it effectively suppresses the dissolution
issue of the organic cathode.

Unfortunately, organic cathode materials also suffer from
incompatibility with high operating voltages. To address this
issue, the concept of using halide SEs as solid solutes and organic
cathode materials as solid solvents has been proposed. Through
rational design, the electrolyte and organic cathode form a
homogeneous solid-state cathode solution, which is distinct
from both traditional liquid-phase dissolution and the two-phase
structure of composite electrolytes. The high-valent metal
cations in the electrolyte, acting as Lewis acids, interact strongly
with the carbonyl groups in the organic cathode (which function
as Lewis bases), enabling stable dissolution (Figure 6e).*>"' Sun
et al®' designed a composite electrolyte with tetrachloro-o-
benzoquinone (o-TCBQ) as the solid solvent and halides as the
solutes. During the discharge process, o-TCBQ_ accepts
electrons to form the electron-rich [C40,Cl,]*~ moiety, which
generates electrostatic interactions with metal cations (Nb*",
AP**) in the halide SEs. These interactions drive the penetration
of 0-TCBQ molecules into the grain boundaries of the halide
SEs, filling microcracks and thereby forming a solid solution. In
the course of cycling, the interfacial impedance gradually
decreases, indicating that the interfacial contact is continuously
optimized with cycling (Figure 6f). Compared with traditional
cathode materials, this composite electrolyte can operate stably
under low stack pressure: it achieves 7570 cycles at a high rate of
SC with a capacity retention of 85%, and 6100 cycles at 10C with
a capacity retention of 100%.

4. SUMMARY AND OUTLOOK

Our focused review examines interfacial challenges and
corresponding solutions for non-close-packed halide SEs in
ASSBs. Although halide SEs demonstrate superior oxidative
stability compared to sulfide SEs and better processability than
oxide SEs, their practical application is constrained by limited
reduction stability and incompatibility with high-voltage
cathodes.

To address interfacial issues at the anode and cathode,
strategies including anion doping, cation regulation, and the
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implementation of functional interlayers and innovative
cathodes have been developed (Figure 7). These approaches
effectively suppress the reductive activity of SEs, optimize
lithium-ion transport pathways, and enhance interfacial stability
while maintaining high ionic conductivity. Furthermore, they
facilitate the formation of stable CEI layers, increase oxidation
resistance, and mitigate parasitic side reactions, thereby enabling
compatibility with high-voltage cathode materials. Beyond
preserving ionic conductivity, these strategies significantly
extend cycle life, providing critical pathways toward the practical
implementation of halide SEs.
Future directions in this field are proposed as follow:

(1) Stable operation with high-voltage cathodes represents
the most critical challenge in advancing halide-based
ASSBs. The design of halide-based cathodes that integrate
redox activity, ionic conduction, and electronic transport
within single-phase structures shows significant promise.
These materials exhibit dynamic self-healing behavior
through cation migration and mechanically adaptive
phase transitions, effectively alleviating chemo-mechan-
ical degradation.84 Meanwhile, effective interfacial en-
gineering strategies can mitigate side reactions and enable
stable cycling with 4.5—5 V class cathode materials,
addressing the compatibility challenges with high-voltage
systems.g‘

(2) Expanding interfacial compatibility with high-capacity
anode materials is equally essential for achieving superior
energy density. The intrinsic flexibility of non-close-
packed halide SEs could accommodate volume expansion
in silicon and phosphorus anodes during cycling, thereby
mitigating interfacial failure and capacity fading. More-
over, halide SEs demonstrate exceptional dynamic
stability beyond their theoretical ESW, undergoing
reversible lithiation/delithiation rather than irreversible
decomposition. This mechanism improves interfacial ion
transport with low-potential anodes while contributing
additional capacity, laying a foundation for developing
high-performance anode materials.*
(3) Supporting these interfacial engineering advances re-
quires continued optimization of electrolyte material
systems. Compositional tuning via fluorination represents
a highly promising research direction as replacing CI™
with F~ expands ESW to 0—6 V. This substitution forms
metal cation-F/Li—F bonds that enhance compatibility
with both high-voltage cathodes and lithium metal anodes
while facilitating LiF-rich interfacial layer formation.”>"
Regulating the phase balance of amorphous—crystalline
offers another critical direction, as phase composition
significantly impacts ionic transport kinetics and inter-
facial stability. Current research indicates that most
nonclose-packed halide SEs are predominantly amor-
phous, yet crystalline phases are inevitably incorporated as
secondary constituents.”'® Accordingly, elucidating the
quantitative correlations between phase characteristics
and interfacial stability remains a critical and worthy focus
for advancing material design.

(4) Translating these fundamental advances into commerecial

applications necessitates the development of scalable

manufacturing processes for pouch cell fabrication. Wet
film formation demands systematic investigation of
doping strategies in solvent environments to ensure
scalable wet-processing compatibility. Dry film formation
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requires achieving ultrathin films with robust mechanical
performance through rational elemental doping, which is
critical for high density and excellent flexibility. The
superior doping flexibility of nonclose-packed halide SEs
positions them favorably for large-scale commercializa-

tion of safe, cost-effective, and long-cycle-life pouch
cells.*”*
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