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Graphical Abstract 1 

 2 

Fe-based halides serve as both solid electrolytes and high-capacity cathodes in all-3 

solid-state lithium batteries, offering a low-cost, dual-function pathway toward 4 

simplified architecture and high energy density. 5 
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 30 

ABSTRACT: All-solid-state lithium batteries (ASSLBs) are considered a promising 31 

next-generation energy storage technology due to their enhanced safety and potential 32 

for high energy density. However, their practical deployment is constrained by 33 

challenges such as immature manufacturing processes and the high cost of key 34 

materials. Fe-based halides (FBHs) have recently emerged as compelling material 35 

candidates to address these issues, benefiting from their low cost, structural tunability, 36 

and inherent multifunctionality. This review highlights the unique dual-function of 37 

FBHs in ASSLBs, wherein they can serve simultaneously or separately as solid-state 38 

electrolytes with decent ionic conductivity and as high-capacity cathodes featuring 39 

reversible redox chemistry. We begin by discussing the structural characteristics and 40 
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cost advantages of FBHs. Subsequently, we examine their applications as solid 41 

electrolytes and as cathodes in full-cell configurations, with an emphasis on interfacial 42 

compatibility and electrochemical performance. Finally, we outline the remaining 43 

challenges and perspectives on the practical implementation of FBHs in ASSLBs. This 44 

review is expected to provide a systematic understanding of the dual-function potential 45 

of FBHs and to offer significant guidance for the development of low-cost and high-46 

energy-density ASSLBs. 47 
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1 Introduction  51 

The field of energy storage technology is currently undergoing a profound 52 

transformation. With growing range anxiety in electric vehicles and the increasing 53 

integration of renewable energy into power grids, the demand for large-scale, high-54 

safety energy storage systems has intensified. Consequently, developing next-55 

generation energy storage technologies that overcome the limitations of conventional 56 

lithium-ion batteries (LIBs) has become a global priority. Although LIBs dominate the 57 

market, they rely on flammable liquid organic electrolytes and are approaching their 58 

theoretical energy density limits, while posing significant safety risks due to thermal 59 

runaway[1]. All-solid-state lithium batteries (ASSLBs), which replace liquid 60 

electrolytes with non-flammable solid-state electrolytes (SSEs), are widely regarded as 61 

a promising solution to simultaneously address the challenges of safety and energy 62 

density. They have therefore attracted substantial investment from both the research 63 

community and industry[2-4]. 64 

The core advantages of ASSLBs originate from their all-solid-state configuration. 65 

First, they eliminate risks associated with electrolyte leakage, volatilization, and 66 

decomposition, thereby offering intrinsic safety[5]. Second, certain SSEs, particularly 67 

sulfides and halides, exhibit exceptionally high lithium-ion conductivity at room 68 

temperature (RT)[6-8]. Their wide electrochemical windows enable pairing with high-69 

energy-density cathodes, such as lithium-rich manganese-based materials, as well as 70 

lithium metal anodes. Moreover, ASSLBs offer a broader operating temperature range 71 

and the potential for extended calendar life[9].  72 

Despite these advantages, transitioning ASSLBs from laboratory to industrial 73 

application presents formidable challenges involving materials and interfaces. At the 74 

material level, an ideal SSE is expected to simultaneously possess high RT ionic 75 

conductivity (>1 mS cm-1), a wide electrochemical window, good stability against 76 

electrodes, ease of processing, and low cost. However, all currently developed systems 77 

have their respective shortcomings. For example, oxide electrolytes, such as the doped 78 

Li7La3Zr2O12, exhibit high chemical stability but suffer from high interfacial impedance. 79 
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Sulfide-based SSEs (e.g., Li6PS5Cl) offer extremely high conductivity but are air-80 

sensitive and prone to reactions with high-voltage cathodes[10,11]. Polymer-based SSEs 81 

provide good processability but are limited by low RT conductivity and a narrow 82 

voltage window[12]. At the interface level, the physical instability of solid-solid contacts 83 

between electrodes and the SSEs, compounded by contact failure owing to volume 84 

changes during charge-discharge cycles, results in substantially increased interfacial 85 

impedance[13,14]. Simultaneously, chemical and electrochemical instability between the 86 

electrolyte and lithium metal anodes can trigger continuous interfacial degradation and 87 

accelerate dendrite growth[15-17]. These interconnected challenges underscore the urgent 88 

need for new SSEs that combine excellent overall performance with superior interfacial 89 

compatibility. 90 

In 2018, Asano et al. prepared trigonal-phase Li3YCl6[18] and monoclinic-phase 91 

Li3YBr6, which exhibited room-temperature ionic conductivities of 0.51 and 1.7 92 

mS⋅cm−1, respect-tively. Notably, Li3YCl6 demonstrated favorable chemical and 93 

electrochemical compatibility with uncoated LiCoO2 (LCO) cathodes. Thermodynamic 94 

calculations revealed that SSEs possess high oxidative stabilities, rendering them 95 

suitable to be compatible with high-voltage cathode materials[19]. Typically, the 96 

oxidation potentials of Li3YCl6 and Li3YBr6 were determined to be 4.21 and 3.15 V, 97 

respectively[20]. The F-type SSEs exhibit an even wider electro-chemical stability 98 

window, with oxidation and reduction potentials of 6.36 and 0.36 V, respectively [19]. 99 

Since then, SSEs have garnered widespread attention in the ASSLB field. Various high-100 

performance SSEs have been thus developed, with Li3MX6 compounds as prototypical 101 

examples. SSEs display diverse crystal structures, including trigonal-phase Li2ZrCl6[21] 102 

and Li3ErCl6[22] and Li3HoCl6[23], orthorhombic-phase Li3YBr6[24] and Li3HoBr6[25,26], 103 

and monoclinic-phase Li3ScCl6[27] and LiTaCl6[28] and Li3-xY1-xHfxCl6[29]. More 104 

innovatively, the role of halide extends beyond SSEs[30]. Certain transition metal halides, 105 

such as FeF3 and FeCl3, can serve as high‑capacity conversion‑type cathodes, 106 

leveraging multi‑electron transfer to deliver specific capacities exceeding 300 mAh g-107 

1, far beyond those of conventional intercalation‑type cathodes[31-33]. This dual‑function 108 
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capability, acting as both an ion‑conducting medium and an energy storage host, enables 109 

an integrated design strategy within a single material family, providing a novel platform 110 

for constructing ASSLBs with higher energy density and simplified interfaces. Despite 111 

these promising prospects, early development of halide-based SSEs relied heavily on 112 

scarce or expensive metallic elements like indium, making high raw material costs a 113 

major barrier to large-scale commercialization[34-37].  114 

The emergence of Fe-based halides (FBHs) shows great promise to solve the above 115 

backdrop. Iron is the fourth most abundant element on Earth, offering extremely low 116 

cost and environmental friendliness. Initially, researchers attempted to partially or fully 117 

replace precious metals with iron to develop low-cost halide SSEs. However, 118 

subsequent studies revealed that FBHs are far more than mere cheap substitutes. 119 

Through judicious crystal and electronic structure design, they achieve more 120 

advantages in terms of cost, performance, and functionality. As SSEs, doping strategies 121 

with high-valent cations, such as Fe3+ in materials like Li2+xHf1-xFexCl6[38], can optimize 122 

lithium-ion migration pathways while introducing additional charge carriers, achieving 123 

an ionic conductivity exceeding 0.9 mS cm-1, comparable to that of precious metal-124 

based pristine SSEs. As cathodes, materials such as FeCl3 exhibit a flat discharge 125 

plateau as high as 3.8 V (vs Li+/Li) and ultra-long cycling stability over more than 1000 126 

cycles, while compounds like LixFe1.2Cl4 pioneer an integrated cathode paradigm that 127 

inherently possesses both ionic and electronic conductivity, eliminating the need for 128 

additional SSEs or conductive additives[58]. In terms of functional integration, FBHs 129 

blur the traditional boundaries between cathodes and SSEs, enabling the construction 130 

of active composites that combine energy storage and ion-transport functions. This 131 

fundamentally simplifies battery architecture and holds great promise for enhancing 132 

volumetric energy density. Thus, FBHs represent a paradigm shift from a substitution 133 

mindset to an innovation mindset. They are not merely a solution to cost challenges but 134 

also a key to unlocking new battery chemistries and novel device architectures. 135 

In this review, we systematically summarize recent advances in FBHs for ASSLBs 136 

and provide a forward-looking perspective on their future development. We first outline 137 
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the fundamental physicochemical properties, crystal structure families, and cost 138 

advantages of FBHs. We then highlight doping modification strategies for their use as 139 

high-performance SSEs, focusing on ion transport mechanisms and interfacial 140 

compatibility with high-voltage cathodes. Subsequently, we shift focus to the 141 

breakthroughs of FBHs as high-performance cathodes, with a detailed discussion of 142 

their coupled intercalation-conversion mechanisms, high-voltage conversion reactions, 143 

and the emerging integrated cathode design. Finally, we discuss the key challenges 144 

currently facing the field, such as air stability and compatibility with lithium metal, and 145 

offer perspectives on future research directions. 146 

2  Fundamental Properties and Structural Chemistry of Fe-Based Halides 147 

Among the diverse material families explored for ASSLBs, FBHs are increasingly 148 

attracted by their rich crystal structures and exceptional compositional tunability. Their 149 

most compelling feature, however, lies not in the performance of any single compound 150 

but in the inherent flexibility of their crystal architectures, which function as a versatile 151 

“chemical LEGO” platform. By rationally controlling cation types and ratios or through 152 

anion substitution, a continuous structural landscape can be obtained, ranging from 153 

two-dimensional layered networks to three-dimensional frameworks, and from highly 154 

ordered configurations to long-range disordered states. This structural versatility serves 155 

as the fundamental basis for the designability and optimization of their electrochemical 156 

properties, enabling tailored functionalities that are central to their dual-role capability 157 

in ASSLBs[53]. 158 

2.1 Crystal Structure Families and Structural Characteristics 159 

FBHs exhibit a remarkable diversity of crystal structures, ranging from layered motifs 160 

to three-dimensional frameworks, and from highly ordered arrangements to long-range 161 

disordered configurations. This structural richness provides the foundation for tailoring 162 

their electrochemical properties. As shown in Figure 1a, classic FeCl3 adopts a typical 163 

O1-type layered structure[39]. Its structural complexity arises from the honeycomb-like 164 

ordering of Fe3+/vacancies within the layers and the intergrowth of two stacking modes 165 
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along the c-axis (R̄3 and P̄31m)[40,41]. This stacking disorder reveals the intricacy of ion 166 

migration pathways in layered materials and provides a basis for subsequent structural 167 

tuning to optimize transport channels. Based on this, researchers have intentionally 168 

induced the collapse of the layered architecture through anion doping, such as fluorine 169 

substitution in FeOCl, yielding an amorphous phase characterized by long-range 170 

disorder yet locally featuring low-energy-barrier channels (Figure 1b). This 171 

demonstrates that controlled disruption of layered structures can instead create an 172 

environment conducive to rapid ion diffusion[49-52]. 173 

Through various strategies such as heterovalent cation doping, site occupation 174 

regulation, and valence state mixing, it is possible to achieve multi-level design of phase 175 

stability, ion distribution, and transport network. As shown in Figures 1c-d, the 176 

structural landscape ranges from the ordered distribution in LiFeCl₄, where Fe3+ 177 

occupies tetrahedral sites, and Li+ occupies octahedral sites, to the formation of a pure 178 

C2/m phase in Li2.9Fe0.9Zr0.1Cl6[42,43]. The introduction of heterovalent cations not only 179 

stabilizes specific phases but also redistributes ions within the structure by favoring 180 

particular coordination environments[44,48]. In Li2FeCl4 and Li6FeCl8, controlled 181 

concentrations of lithium vacancies are intentionally introduced by partially occupying 182 

Li sites with Fe2+ (Figures 1e-f). These vacancies are not merely defects but rather 183 

designed highways that provide essential sites for Li+ hopping. As in Li1.3Fe1.2Cl4, 184 

where Fe and Li mix at specific Wyckoff sites, a stable and interconnected three-185 

dimensional mixed-conduction framework was constructed[53-57]. 186 

Recently, the non-stoichiometric FBH of the Li1.3Fe1.2Cl4 compound was prepared 187 

by mixing Fe2+ and Fe3+ (Figure 1g). Its orthorhombic Cmmm structure is not a simple 188 

derivative of any known phase but rather a novel, stable three-dimensional framework 189 

formed by edge-sharing of distinct coordination polyhedra[58]. This structural 190 

innovation, achieved by controlling the valence state of the transition metal and overall 191 

charge balance, significantly expands the compositional space and structural diversity 192 

of FBHs. 193 

Overall, FBHs exhibit a rich configurational landscape, from the layered disorder of 194 
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FeCl3 to the ordered three-dimensional framework of Li1.3Fe1.2Cl4, profoundly 195 

demonstrating the high structural tunability. This property intricately links synthetic 196 

chemistry, structural analysis, and electrochemical performance. Leveraging this 197 

tunability to establish precise composition-structure-property relationships would 198 

enable the rational design and preparation of FBHs with targeted architectures, tailored 199 

to meet the specific voltage, capacity, and rate capability requirements of ASSLBs. 200 

2.2 Elemental Abundance and Cost Advantages 201 

FBHs derive a formidable cost advantage from their elemental composition. As one of 202 

the most abundant transition metals in Earth's crust (~4.7 wt%), iron benefits from high 203 

production volumes and historically stable, low prices. The halogen components further 204 

reinforce this advantage. Chlorine is primarily sourced from ubiquitous NaCl deposits, 205 

while bromine is widely distributed in brines, both serving as fundamental, low-cost 206 

chemical feedstocks. This stands in stark contrast to the critical, supply-constrained 207 

metals that underpin current commercial cathodes, such as cobalt, which is 208 

geographically concentrated and price-volatile, and nickel, which is subject to demand-209 

driven price surges.  210 

Beyond low-cost, FBHs exhibit compelling electrochemical performance, with FeCl3 211 

exemplifying this dual promise[32]. Its market price is only about 1–2% that of 212 

conventional cathodes, highlighting a substantial affordability advantage (Figure 1h). 213 

Remarkably, FeCl3 demonstrates electrochemical performance comparable to or even 214 

surpassing that of commercial cathodes such as lithium iron phosphate (LFP) (Figure 215 

1i). It delivers a higher operating voltage (3.65 V vs. 3.4 V), competitive capacity (165 216 

mAh g-1 vs. 170 mAh g-1), and higher gravimetric energy density (602 Wh kg-1 vs. 578 217 

Wh kg-1). As shown in Figure 1j, the cost of FeCl3 was calculated to be USD 0.86 kWh-218 

1, which is lower than the cost of current cathodes, which ranged from USD 39 kWh-1 219 

to USD 125 kWh-1. Additionally, its low Young's modulus enhances flexibility for dense 220 

composite electrodes. Although FeCl3 exhibits a lower theoretical density, its estimated 221 

volumetric energy density exceeds 1500 Wh L-1, rivalling that of lithium nickel 222 

manganese cobalt oxide.  223 
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By leveraging earth-abundant elements, FBHs achieve ultra-low material costs while 224 

matching or exceeding the electrochemical metrics of incumbent cathode materials. 225 

Their favorable packing density and mechanical flexibility further benefit electrode 226 

processing. This unique combination of resource sustainability, cost-effectiveness, and 227 

high performance positions FBHs as a highly promising candidate for next-generation 228 

ASSLBs with high-energy-density. 229 

 230 

Figure 1. Structural diagrams of different FBHs. (a) Side view of the layered structure and the anion 231 

stacking of pristine FeCl3. Reproduced with permission from Ref.[32] ©2024, Nature. (b) Amorphous 232 

LFFOC-x CAMs. Reproduced with permission from Ref.[49] ©2025, Wiley. (c, d) Crystal structures 233 

of LiFeCl4 (P21/c) and Li2.9Fe0.9Zr0.1Cl6 (C2/m) projected along the a-axis, respectively (where Fe, 234 

Zr, Li, and Cl are represented by brown, blue, pink, and green spheres, respectively). Reproduced 235 

with permission from Ref.[43] ©2024, American Chemical Society. (e) The crystal structure of 236 

Li2FeCl4 with Li-Cl tetrahedrons (red) and octahedrons (yellow). Reproduced with permission from 237 

Ref.[53] ©2024, American Chemical Society. (f) The crystal structures of Li6FeCl8. Reproduced with 238 

permission from Ref. [53] ©2024, American Chemical Society. (g) Crystal structure of Li1.3Fe1.2Cl4 239 

with a Cmmm space group. Reproduced with permission from Ref.[58] ©2024, Nature. The cost chart 240 
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and electrochemical performance of FeCl3. (h) market prices of different cathode materials and (i) 241 

Voltage and specific capacity of different cathode materials, and (j) calculated cost of cathode 242 

materials per kilowatt hour. Reproduced with permission from Ref.[32] ©2025, Nature. 243 

3 Fe-Based Halides as Solid-State Electrolytes 244 

The SSE serves as the heart of ASSLBs, directly governing the ion transport efficiency, 245 

operating voltage window, and cycle life. Research on FBHs as solid electrolytes has 246 

undergone a notable evolution, transitioning from the initial concept of low-cost 247 

substitution to a distinct research thrust centered on achieving performance 248 

breakthroughs through precise crystal structure engineering. 249 

3.1 Ion Transport Mechanisms 250 

When FBHs are used as SSEs, ionic conductivity is a key indicator for evaluating their 251 

practical application potential. Current research suggests that the main factors affecting 252 

lithium-ion transport include crystal structure, lithium vacancy concentration, and 253 

structural dimensionality. The following sections will discuss the impact of these 254 

factors on lithium-ion transport in the FBH-based solid-state electrolytes. 255 

Crystal structure plays a crucial role in lithium-ion transport in FBHs. For instance, 256 

the Li3FeCl6 typically contains about 13.7% of a low-ionic-conductivity P21/c impurity 257 

phase. The doping of Zr4+ effectively suppresses the formation of this impurity phase. 258 

As demonstrated in Li2.9Fe0.9Zr0.1Cl6[43], the impurity phase content is reduced to 2.4%, 259 

and the ionic conductivity consequently increases by an order of magnitude. When the 260 

Zr doping level is further raised to 30%, a pure C2/m phase can be obtained. Previous 261 

studies have shown that FBHs adopting the C2/m structure possess a three-dimensional 262 

lithium-ion diffusion network, which serves as the structural basis for their high ionic 263 

conductivity. The amorphous FBHs also generally show improved ion transport. For 264 

example, subjecting the F‒-doped FeOCl to a halogen-exchange reaction can transform 265 

the material from a crystalline layered structure into an amorphous state and create a 266 

fast lithium-ion conduction pathway[49]. As such, the ionic conductivity improves from 267 

an extremely low level (10-8 S cm-1) to a high value of 10-4 S cm-1. Amorphous 268 
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1.2LiOH-FeCl3 prepared from LiOH and FeCl3 also delivers an ionic conductivity as 269 

high as 6.1 mS cm-1 [70].  The mechanism study reveals that Li+ transport in such 270 

amorphous FBH is not simply hopping between fixed crystal structure sites; instead, it 271 

is intimately coupled with the cooperative motion of the flexible network. Namely, the 272 

Li+ migration and structural rearrangement of the network are coupled together. 273 

Besides, the ion transport in FBHs is highly affected by the lithium vacancy 274 

concentration. For example, researchers employed an Fe2+ self-doping strategy to 275 

achieve precise control over the lithium vacancy concentration in Li2FeCl4[59] and 276 

Li6FeCl8. Each Fe2+ ion replaces two Li+ ions, directly introducing one lithium vacancy 277 

into the lattice and thereby effectively increasing the carrier concentration. Meanwhile, 278 

owing to the difference in ionic radii between Fe2+ and Li+, this doping also induces a 279 

slight lattice expansion and widens the migration bottleneck[49]. More importantly, this 280 

aliovalent substitution introduces pronounced local disorder into the lithium sublattice. 281 

The cation arrangement no longer retains strict long-range order, and the local 282 

coordination environments and electrostatic potential distributions become distorted. 283 

This leads to a flattening of the potential energy landscape, thereby further lowering the 284 

ion-hopping energy barrier. This synergistic interplay by increasing vacancy 285 

concentration, enlarging channel dimensions, and local structural disorder enhances the 286 

room-temperature ionic conductivity of Li1.8Fe1.1Cl4 by more than two orders of 287 

magnitude relative to its parent material. 288 

Structural dimensionality also plays a critical role in the ion transport performance 289 

of FBHs. Low-dimensional (one- or two-dimensional) channels are highly susceptible 290 

to interruption by grain boundaries, antisite defects, or local blockages, whereas three-291 

dimensionally interconnected diffusion networks can provide abundant detour 292 

pathways, ensuring reliable long-range conduction. For example, the ion transport in 293 

the spinel-derived phase c-Li2FeCl4 further corroborates this point. This phase retains 294 

an intact three-dimensional lithium-ion percolation network with every diffusion 295 

pathway remaining fully connected[62]. Through compositional tuning, the 296 

orthorhombic phase o-Li1.75FeCl4 likewise constructs highly efficient three-297 
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dimensional conduction channels, achieving an ionic conductivity as high as 0.39 mS 298 

cm-1, thereby demonstrating the superiority of three-dimensional diffusion pathways 299 

over low-dimensional structures. Meanwhile, the non-stoichiometric compound 300 

Li1.3Fe1.2Cl4 delivers an impressive ionic conductivity of 2.28 × 10-4 S cm-1 due to the 301 

three-dimensional structural integrity enabled by the complex composition[58]. These 302 

results suggest that the ionic conductivity of FBHs can achieve the practically relevant 303 

threshold of 10-4 S cm-1 by tuning their structural dimensionality.  304 

The impact of structural dimensionality on lithium-ion transport in FBHs has been 305 

probed by bond valence site energy (BVSE) calculations and ab initio molecular 306 

dynamics (AIMD) simulations. Taking Li2FeCl4 as an example[59–61], its orthorhombic 307 

structure is primarily composed of FeCl6 octahedra and LiCl6 octahedra, where lithium 308 

ions predominantly occupy octahedral sites and tetrahedral vacancies serve as 309 

intermediate states during migration. Theoretical calculations by AIMD have also 310 

revealed that ionic conduction in Li2FeCl4 is not a simple one-dimensional process: 311 

lithium ions migrate via octahedral–tetrahedral–octahedral hops, forming zigzag (Z-312 

shaped) one-dimensional chains along edge-sharing polyhedra. These one-dimensional 313 

chains interweave in three-dimensional space, collectively building a connected 314 

isotropic diffusion network. We have compiled the ionic conductivities of 315 

representative FBHs in Table 1. Notably, some values already approach those of sulfide-316 

based solid electrolytes.  317 

In summary, the ion transport properties of FBHs are mainly influenced by crystal 318 

structure, lithium vacancy concentration, and structural dimensionality. By modulating 319 

these factors, the ion transport capability can be effectively enhanced. 320 

Table 1. Ionic and electronic conductivity of different FBH materials. 321 

Chemical formula σion (mS cm−1) σe (mS cm−1) Refs. 

FeCl3 / / [32] 

LiFeCl4 0.014 2.8×10-4 [42] 

Li3FeCl6 0.13 5.1×10-4 [43] 
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Li2.9Fe0.9Zr0.1Cl6 0.25 2.2×10-4 [43] 

Li2FeCl4 0.01 2.0×10-4 [59] 

Li3/4Fe3/4Cl4 0.02 1.8×10-6 [60] 

Li1.75FeCl4 0.39 1×10-1 [62] 

Li1.3Fe1.2Cl4 0.22 6.9×10-2 [58] 

1.2LiOH-FeCl3 6.1 / [70] 

LiFeCl3 0.036 1.4×10-4 [57] 

LiFeBr3 0.013 / [57] 

0.5LiF-FeOCl 0.26 / [49] 

3.2 Strategies for Enhancing Ionic Conductivity 322 

Unlike sulfide or oxide electrolytes, FBH SSEs initially faced the challenge of 323 

insufficient intrinsic conductivity. In recent years, through a deepening understanding 324 

of structure-property relationships, researchers have developed material design 325 

strategies centered on chemical bond regulation and defect engineering. These 326 

approaches have successfully elevated the RT ionic conductivity of FBHs beyond the 327 

practical application threshold of >1 mS cm-1, establishing them as strong contenders 328 

among high-performance SSEs. Crucially, these strategies focus not only on increasing 329 

the concentration of lithium-ion charge carriers but also on modulating migration 330 

energy barriers and transport pathways within the crystal lattice, thereby enabling a 331 

decisive leap in performance. 332 

3.2.1 Self-Doping and Defect Engineering 333 

Within the development of the FBH SSEs, a clear technological main line emerges: by 334 

systematically introducing lithium vacancies into the lattice and optimizing the 335 

topological connectivity of ion migration pathways, intrinsic breakthroughs in mixed 336 

ionic-electronic conduction are ultimately achieved at specific compositions. 337 

Early work on Li2FeCl4 demonstrated the foundational principles of vacancy 338 

engineering. Prepared via high-temperature sintering of LiCl and FeCl3 precursors at 339 

673 K, Li2FeCl4 exhibits a RT ionic conductivity of 1×10-5 S cm-1[42]. As shown in 340 
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Figure 2a, the resultant Li2FeCl4 adopts an NaCl-type superstructure with the Cmmm 341 

space group, in which Li+ form a three-dimensional transport network interconnected 342 

through one-dimensional zigzag chains. 343 

Building on this, researchers prepared Li1.75FeCl4 by controlling the Li/Fe ratio[60]. 344 

The adjusted composition introduced a higher concentration of lithium vacancies, 345 

resulting in a 20-fold increase in ionic conductivity (to 3.9×10-4 S cm-1) and a 346 

remarkable four-order-of-magnitude enhancement in electronic conductivity compared 347 

to pristine Li2FeCl4. Structural analysis reveals that Li1.75FeCl4 retains the spinel 348 

structure, where Li+ migrates from tetrahedral sites (8a) to adjacent vacant octahedral 349 

sites (16c), forming a continuous three-dimensional diffusion path. Furthermore, BVSE 350 

analysis indicates that the most favorable migration pathway in the ac plane has an 351 

energy barrier of only 0.47 eV, while the pathway in the bc plane has a barrier of 0.60 352 

eV, collectively forming a three-dimensional network (Figure 2b). This demonstrates 353 

that increasing vacancy concentration not only raises the migration rate of charge 354 

carriers but also potentially refactors the topology of migration pathways, upgrading 355 

low-dimensional channels into a three-dimensional transport network. 356 

Pushing vacancy engineering further, the discovery of LiFeCl3 achieved a vacancy 357 

concentration exceeding 33%[53]. As shown in Figure 2c, its cubic crystal structure 358 

features two migration pathways with energy barriers below 0.32 eV, yielding a room-359 

temperature conductivity of approximately 3.6×10-5 S cm-1. This finding suggests that 360 

when vacancy concentration surpasses a critical threshold, the material can 361 

spontaneously form a percolation network of low-energy-barrier channels, reducing 362 

reliance on precise engineering of a specific crystalline phase and opening new avenues 363 

for designing low-cost solid electrolytes. Recently, Sun et al. successfully prepared 364 

Li1.3Fe1.2Cl4 by controlling the Li+/Fe2+/Fe3+ ratio. This compound crystallizes in an 365 

orthorhombic structure with the Cmmm space group (Figure 2d)[58]. In Li1.3Fe1.2Cl4, Fe 366 

primarily occupies the Wyckoff 2a octahedral sites, while Li and a small amount of Fe 367 

jointly occupy the Wyckoff 4f sites, forming mixed occupancy. This unique Li/Fe 368 

mixed occupancy structure not only optimizes ion transport (RT ionic conductivity of 369 
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2.28×10-4 S cm-1) through lithium vacancies but also increases intrinsic electronic 370 

conductivity due to the mixed Fe2+/Fe3+ valence states, creating a genuine three-371 

dimensional mixed conduction network. For the first time, this work achieves the 372 

functional integration of ionic and electronic conduction within a single material 373 

through precise control of vacancy concentration and transition metal valence. This 374 

provides a new pathway toward simplified and high-performance battery architectures. 375 

 376 

Figure 2. Lithium-ion transport pathways for different FBH SSEs. (a) Li+ potential map calculated 377 

by BVSE superimposed with the crystal structure of Li2FeCl4 in the Cmmm space group. 378 

Reproduced with permission from Ref.[59] ©2024, American Chemical Society. (b) The Li+ transport 379 

pathway of LiFeCl3. Reproduced with permission from Ref.[60] ©2024, American Chemical Society. 380 

(c) Li+-ion migration pathway in the ac plane (noted by the red curve) and bc plane (noted by the 381 

purple curve) in LiFeCl3. Reproduced with permission from Ref.[57] ©2024,American Chemical 382 

Society. (d) The crystal schematic diagram of Li1.3Fe1.2Cl4. Reproduced with permission from Ref.[58] 383 

©2025, Nature. 384 

3.2.2 Cation and Anion Substitution 385 

Cation doping and anion substitution represent two complementary strategies for 386 

enhancing ionic conductivity in FBHs, each operating through distinct mechanisms. 387 
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Cation doping precisely introduces lithium vacancies via heterovalent substitution, 388 

enabling a stepwise increase in ionic conductivity while preserving the lattice 389 

framework. Anion substitution, in contrast, induces structural disorder that can 390 

fundamentally restructure ion transport pathways, often leading to more dramatic 391 

conductivity enhancements. 392 

Cation doping is usually achieved by substituting higher-valence cations into the 393 

lattice; additional lithium vacancies are generated through charge compensation. For 394 

example, Zhang et al. prepared Li2.9Fe0.9Zr0.1Cl6 by doping Zr4+ into Li3FeCl6 to 395 

partially replace Fe3+[43]. This heterovalent substitution introduces extra lithium 396 

vacancies while the larger Zr4+ ions preferentially occupy octahedral sites, stabilizing 397 

the desired C2/m phase and minimizing the presence of impurity phases that can impede 398 

ion transport. The combined effect yields a room-temperature ionic conductivity of 0.25 399 

mS cm-1 for Li2.9Fe0.9Zr0.1Cl6, nearly double that of undoped Li3FeCl6 (0.13 mS cm-1) 400 

(Figure 3a). 401 

In contrast to cation doping, anion substitution can induce structural disorder that 402 

fundamentally breaks the constraints of traditional lattice frameworks, pushing 403 

conductivity to entirely new orders of magnitude. As shown in Figure 3b-c, Liu et al. 404 

reported the 1.2LiOH-FeCl3 material that forms an amorphous Fe3O4Cl2 framework 405 

through O/Cl bridging, achieving an ionic conductivity of 6.1 mS cm-1[70]. This value 406 

represents an increase of more than two orders of magnitude compared to crystalline 407 

FBH. The amorphous phase provides isotropic lithium-ion migration pathways with 408 

significantly reduced diffusion energy barriers. Additionally, the presence of 12 wt% 409 

LiCl nanocrystallites within the amorphous matrix forms a synergistic transport 410 

network that further optimizes ion conduction. Similarly, the LFFOC-0.5 material 411 

(xLiFeOCl) employs partial F substitution for Cl to disrupt the ordered layered structure 412 

of FeOCl, forming an amorphous oxyhalide rich in Fe-O-F/Cl coordination[49]. As 413 

shown in Figure 3d, this mixed halogen strategy elevates the ionic conductivity to 0.26 414 

mS cm-1.  415 

The increase of ionic conductivity in FBHs delineates a clear three-stage progression: 416 
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the first stage activates ion migration through vacancy regulation; the second stage 417 

achieves order-of-magnitude conductivity increases by optimizing vacancy 418 

concentration and structural dimensionality; and the third stage realizes intrinsic mixed 419 

conduction through the synergy of mixed occupancy and multivalence, laying the 420 

foundation for integrated electrode design.  421 

 422 

Figure 3. Summary of electrochemical data for FBH doped with different anions. (a) Nyquist plots 423 

of the as-milled LiFeCl4, Li3FeCl6, and Li2.9Fe0.9Zr0.1Cl6 at 25 °C. Reproduced with permission from 424 

Ref.[43] ©2024, American Chemical Society. (b) Arrhenius plots of xLiOH-FeCl3 materials (x=1~3) 425 

and (c) Schematic diagram of the oxygen-bridging reaction. Reproduced with permission from Ref. 426 

[70] ©2025, Oxford University Press. (d) RT-ionic conductivity and activation energy of LFFOC-x 427 

cathode active materials. Reproduced with permission from Ref.[49] ©2025, Wiley. 428 

3.3 Electrochemical Stability Window and Interfacial Compatibility 429 

In FBHs, the highest occupied molecular orbital is predominantly composed of the p 430 

orbitals of halide anions, while the lowest unoccupied molecular orbital is derived from 431 

the 3d orbitals of Fe3+. This electronic configuration endows the material with excellent 432 

thermodynamic compatibility with high-voltage oxide cathodes, and its oxidation 433 

potential typically exceeds 4.0 V. This intrinsic advantage allows researchers to focus 434 
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their efforts on anode interface design and dynamic behavior studies, rather than 435 

resorting to extensive doping to ensure oxidation stability, as is necessary for sulfide 436 

systems[63]. 437 

Partial substitution of (Cl-) with (F-) or (Br-) enables direct tuning of the energy levels 438 

of the anion p orbitals, while aliovalent cation substitution indirectly modulates the d 439 

orbital energy level of Fe[64]. Both strategies can broaden the electrochemical window 440 

of FBHs. Although these approaches effectively mitigate interfacial side reactions with 441 

the lithium metal anode, the underlying principle remains the identification of 442 

chemically stable components that resist reaction upon contact with the electrodes. 443 

Another noteworthy insight into the interfacial stability arises from the brittle-to-444 

ductile transition observed in Li1.3Fe1.2Cl4 during charge–discharge cycling[58]. This 445 

FBH exhibits a periodic variation in mechanical properties, becoming brittle upon 446 

charging and ductile upon discharging-a feature that may allow microcracks generated 447 

during cycling to close under applied stress. The stable interface is believed not to 448 

originate from chemical inertness, but can instead stem from reversible recovery 449 

following reaction. The material retains approximately 90% of its capacity after 3000 450 

cycles at a high rate of 5 C, suggesting that a dynamic interface enabled by intrinsic 451 

material properties may offer superior durability over the static physical contact 452 

achieved solely by mechanical pressing. Nevertheless, the relationship between the 453 

brittle-to-ductile transition and capacity retention still requires further verification. The 454 

exact mechanism of crack closure, as well as its generality across different FBHs, 455 

awaits further investigation.  456 

Recent studies on the interface between FBHs and electrodes are progressively 457 

shifting from passive adaptation toward the exploration of dynamic regulation. The 458 

intrinsic high-voltage stability provides a foundation for simplified design, chemical 459 

substitution offers a means for interfacial tuning, and the discovery of periodic 460 

mechanical-property variations and dynamic recovery is expected to be a new direction 461 

for understanding interfacial stability. 462 

3.4 Emerging Fe-Based Halide Electrolyte Systems 463 
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While the exploration of FBH electrolytes has traditionally focused on optimizing 464 

performance within specific crystalline frameworks through anion engineering, a 465 

fundamentally different approach has recently emerged that transcends these 466 

boundaries. “Solid-state dissociation” strategy that completely bypasses reliance on 467 

predetermined crystal lattices, pioneering an entirely new pathway to program 468 

electrolyte performance through the free combination of components[85-87]. The core of 469 

this strategy lies in the use of van der Waals crystals such as FeCl3 and ZrCl4 as solid 470 

solvents[88]. The metal centers (e.g., Fe3+) possess strong Lewis acidity, enabling them 471 

to directly dissolve and dissociate lithium salts such as Li2SO4[89,90]. This process 472 

generates a homogeneous, highly ionically conductive amorphous phase in situ. Using 473 

this approach, researchers rapidly constructed a material library containing over 70 new 474 

SSEs. Notably, more than 40 of them achieved practically useful room-temperature 475 

ionic conductivity, ranging from 10-3 to 10-2 S cm-1. Moreover, the approach enabled 476 

custom design of electrolytes to meet extreme operating conditions, such as ultra-high 477 

voltage (4.8 V) or low temperature (-50 °C). 478 

This solid-phase dissociation approach represents more than an incremental 479 

improvement over conventional anion engineering. Rather than making minor 480 

adjustments within a single crystalline lattice, it establishes a novel and highly flexible 481 

amorphous material platform. This platform inherently incorporates the principles of 482 

anion engineering. For instance, this enables the direct synthesis of high-performance 483 

amorphous mixed fluorine-chlorine SSE by selecting fluorine-containing components. 484 

Moreover, the resultant high ionic conductivity and excellent interfacial contact provide 485 

a richer material foundation and greater design flexibility for developing next-486 

generation multifunctional active electrolytes. This strategy represents a foundational, 487 

horizontally enabling paradigm that can connect and empower diverse research 488 

directions. It significantly accelerates the discovery and application of FBH SSEs 489 

tailored for specific scenarios, moving beyond the constraints of crystalline framework 490 

optimization toward a more versatile and programmable materials design approach. 491 

4 Fe-Based Halides as Cathode Active Materials 492 
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Conventional lithium-ion batteries predominantly rely on layered oxide cathodes (e.g., 493 

LiCoO2), which operate on the basis of lithium-ion intercalation and deintercalation. 494 

Their specific capacities are inherently limited by single-electron redox reactions, 495 

making it difficult to exceed the capacity ceiling of approximately 200 mAh g-1. To 496 

overcome this bottleneck, researchers have turned to conversion-reaction materials that 497 

leverage multi-electron transfer. Among these, FBHs have rapidly emerged as one of 498 

the most promising cathode material families for ASSLBs, owing to their high 499 

theoretical capacity (495 mAh g-1), low cost, favorable operating voltage, and unique 500 

potential for multifunctional integration. FBHs featuring high ionic conductivity and 501 

theoretical capacity can serve both as a capacity-contributing electrolyte and as a novel 502 

conversion-type cathode material. When used as a capacity-contributing electrolyte, it 503 

should exhibit excellent ionic conductivity, enabling the construction of efficient fast 504 

lithium-ion transport pathways within the composite cathode while also providing 505 

additional capacity. Furthermore, the electrolyte must possess good interfacial 506 

compatibility and structural stability, effectively suppressing adverse interfacial side 507 

reactions when in contact with oxide cathode materials. When used as a cathode 508 

material, they should possess a high theoretical capacity, a high output voltage platform 509 

and structural stability, thereby significantly enhancing the energy density of the full 510 

battery. 511 

4.1 Fe-Based Halides with Controllable Capacity Contribution 512 

In ASSLBs, the physical nature of solid-solid contacts introduces a set of inherent 513 

challenges that are difficult to overcome. These can be summarized into three major 514 

issues: (1) the “dead weight” problem, where inactive components contribute mass but 515 

not capacity[71-73]; (2) high ionic transport tortuosity that impedes efficient ion 516 

conduction[74-76]; and (3) unstable heterogeneous interfaces that degrade during 517 

cycling[77-79]. FBHs offer a unique solution to these challenges. The intrinsic Fe2+/Fe3+ 518 

redox couple enables reversible reactions within the battery's operating voltage window, 519 

allowing the material to function simultaneously as both an SSE and an active material. 520 
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This enables transitioning from passive transport to active contribution. 521 

Redox-active SSEs not only provide ionic conductivity but also deliver additional 522 

capacity, thereby significantly boosting the energy density of the composite cathode. 523 

For example, a composite cathode comprising LCO and Li2.9Fe0.9Zr0.1Cl6 (70:30 by 524 

mass) exhibits two distinct plateaus in the initial charge curve[43]. The lower plateau at 525 

3.1 V is attributed to Fe2+/Fe3+ oxidation in the electrolyte, while the higher plateau at 526 

3.3 V is assigned to Co3+/Co4+ oxidation in LCO (Figures 4a-b). During discharge, the 527 

electrolyte contributes a stable capacity of 26.1 mAh g-1, resulting in an apparent 528 

specific capacity of 152.8 mAh g-1 based on LCO mass at the second discharge. This is 529 

significantly higher than previously reported LCO-based ASSLBs. The energy density 530 

calculated based on the total mass of the composite cathode reaches 399.6 Wh kg-1. 531 

Notably, Li1.3Fe1.2Cl4 possesses both high ionic conductivity (2.28×10-4 S cm-1) and 532 

appreciable electronic conductivity (6.9×10-5 S cm-1)[58]. This enables the preparation 533 

of high-nickel NCM83 composite cathodes without the need for conductive carbon, 534 

substantially increasing the proportion of active material. As a result, the 535 

NCM83/Li1.3Fe1.2Cl4 composite cathode with a 7:3 mass ratio reaches a discharge 536 

specific capacity of 196.1 mAh g-1, with an energy density of 725.6 Wh kg-1, and it also 537 

has excellent rate performance, with a reversible capacity of 100 mAh g-1 at 1C 538 

(Figures 4c-d).  539 

The recently developed amorphous 1.2LiOH-FeCl3 material exhibited stable 540 

interfacial stability under zero external pressure and excellent ionic conductivity (6.1 541 

mS cm-1) comparable to liquid electrolytes[70,80,81]. As shown in Figures 4e-f, when 542 

composited with LFP, the discharge capacity of LFP-1.2LiOH-FeCl3 composite cathode 543 

based on LFP mass reaches 199.2 mAh g-1, exceeding the theoretical capacity of LFP 544 

(170 mAh g-1), and it also has excellent rate performance[82-84]. The excess capacity is 545 

attributed to the Fe2+/Fe3+ redox reaction of the active SSEs. More notably, under zero 546 

external pressure (Figure 4g), the prepared LFP-1.2LiOH-FeCl3 composite cathode 547 

maintains a 86.6% capacity retention after 100 cycles (Figure 4h). 548 

83/LFC cell at different rates. Reproduced with permission from Ref.[47] ©2025, Nature. (e) 549 
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Charge/FBH-based active SSEs are redefining the design logic of composite cathodes. 550 

By integrating the ion transport medium and energy storage host into a single entity, 551 

they fundamentally eliminate the mass contribution of inactive components, thereby 552 

enabling a substantial leap in battery energy density.  553 

 554 

Figure 4. Application of redox-active FBHs as solid SSEs in ASSLBs. (a) The charge/discharge 555 

curves of LCO-Li2.9Fe0.9Zr0.1Cl6 composite cathode at 0.1 C and (b) rate capability at 0.1, 0.2, 0.35, 556 

0.5, 0.75, and 1 C. Reproduced with permission from Ref.[43] ©2024, American Chemical Society. 557 

(c) The charge/discharge curves of the composite of NCM83/LYC and NCM83/Li1.3Fe1.2Cl4 at 25 °C 558 

and 0.05 C, and (d) The charging/discharging curve of the NCMdischarge profiles of LFP-559 

1.2LiFeOCl and LFP-LZC composite cathodes at 0.1 mA cm-2, and (f) The rate performance of 560 

LFP-1.2LiFeOCl and LFP-LZC composite cathodes, and (g) Schematic diagram of the zero-561 

pressure ASSLB configuration and (h) cycling stability of LFP-1.2LiFeOCl and LFP-LZC 562 

composite cathodes at 0.3 mA cm-2. Reproduced with permission from Ref. [70] ©2025, Oxford 563 

University Press. 564 

4.2 Reaction Mechanisms: From Intercalation to Conversion 565 
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The core breakthrough of FBH cathodes lies in their unique intercalation-conversion 566 

coupled reaction mechanism. This mechanism is not a simple superposition of 567 

intercalation and conversion reactions but rather, through sophisticated crystal structure 568 

design, enables the framework stability provided by the intercalation reaction and the 569 

multi-electron transfer capability endowed by the conversion reaction to work 570 

synergistically within the same material system. This synergy achieves high capacity 571 

approaching the theoretical limit while maintaining good reaction reversibility, 572 

establishing a new design paradigm for overcoming the capacity bottlenecks of 573 

traditional cathode materials. 574 

A representative example of this coupled mechanism is demonstrated by the LiFeCl₃ 575 

cathode. As shown in Figures 5a-b, the LiFeCl3 cathode exhibits an initial discharge 576 

capacity of 446 mAh g-1 at 0.1 mA cm-2[57], reaching 94% of the theoretical capacity 577 

(475 mAh g-1) based on three electron transfer. Its charge-discharge curves display three 578 

characteristic plateaus. The plateau at approximately 3.7 V corresponds to the 579 

intercalation reaction involving one-electron transfer (contributing approximately 150 580 

mAh g-1), while the plateau at approximately 1.5 V originates from the conversion 581 

reaction involving two-electron transfer (contributing approximately 300 mAh g-1). The 582 

dQ/dV further reveals four charging peaks and three discharging peaks within the range 583 

of 1.0-3.9 V, corresponding to multistep reversible redox transformations between Fe3+ 584 

and Fe0 (Figure 5c). Even at a high current density of 1.0 mA cm-2, LiFeCl3 maintains 585 

a specific discharge capacity of 202 mAh g-1, highlighting the critical role of high ionic 586 

conductivity in supporting reaction kinetics. As shown in Figure 5d, after 100 cycles 587 

at 0.3 mA cm-2, the LiFeCl3 cathode delivers a discharge capacity of 240 mAh g-1, with 588 

a capacity retention rate of 73%, confirming the good reversibility of the intercalation-589 

conversion coupled process. The versatility of this coupled mechanism across different 590 

compositions is further illustrated by the LFFOC-0.5 material (0.5LiF-FeOCl), 591 

prepared by partially substituting (Cl-) with (F-)[49]. This material achieves a discharge 592 

specific capacity of 201 mAh g-1 at 0.5 mA cm-2 and maintains over 100 mAh g-1 at 2.0 593 

mA cm-2, corresponding to a power density of 1846 W kg-1 (Figures 5e-f). After 700 594 
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cycles, the capacity retention of the LFFOC-0.5-based ASSLBs reaches 65% (Figure 595 

5i), a benefit attributed to the intimate electrode/electrolyte interface enabled by the 596 

SSE's high compressibility[91].  597 

 598 

Figure 5. Application of redox-active FBH compounds as positive electrodes in ASSLBs. (a) Rate 599 

performance of LixFeClx+2 cathode materials at various current densities of 0.1-1 mA cm-2, and (b) 600 

charging-discharging profiles of LiFeCl3 cathode material at various current densities, and (c) 601 

dQ/dV curve of the LiFeCl3 cathode material in the voltage window of 1–3.9 V at 0.1 mA cm-2, and 602 

(d) cycling performance of LixFeClx+2 cathode materials at 0.3 mAcm-2 after activation at 0.1 mAcm-603 

2 for 3 cycles. Reproduced with permission from Ref.[57] ©2025, Wiley. (e-f) Rate performance and 604 

charging-discharging profiles of LFFOC-0.5 CAM at various current densities from 0.1 to 2 mA 605 

cm-2, 25 °C, and (g) schematic illustration of the assembled ASSLB using LFFOC-0.5 CAM, and 606 

(i) long-term cycling performance of LFFOC-0.5 CAM with LiIn anode at 0.5 mA cm-2 with 5 607 

cycles activation at 0.1 mA cm-2 and 25 °C. Reproduced with permission from Ref.[49] ©2025, Wiley. 608 

The mechanistic underpinnings of this coupled reaction have been systematically 609 

elucidated through structural and spectroscopic analyses. A detailed exploration of the 610 
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energy storage mechanism of LiFeCl3 is provided by Zhou et al[57]. As shown in Figures 611 

6a-c, in situ XRD of LiFeCl3 shows that (101) and (220) diffraction peaks shift to higher 612 

angles during charging, with the lattice spacing contracting from 6.0 Å to 5.8 Å, 613 

corresponding to framework contraction caused by Li+ extraction. The peak positions 614 

recover in the early stage of discharge, confirming the full reversibility of the 615 

intercalation reaction. When discharged to below 1.37 V, the characteristic peaks of 616 

LiFeCl3 gradually weaken, while the (111) and (311) diffraction peaks of LiCl appear 617 

and sharpen. Transmission electron microscopy reveals that the cubic LiCl phase 618 

(lattice spacing 2.6 Å) gradually replaces the pristine phase (Figure 6d). Upon full 619 

discharge to 1.0 V, the LiFeCl3 peaks completely disappear, and a broadened peak 620 

assigned to Fe (110) emerges, indicating the formation of amorphous Fe. X-ray 621 

absorption near-edge structure (XANES) analysis shown in Figures 6e-i further tracks 622 

the evolution of the Fe valence state. During discharge, Fe3+ is progressively reduced 623 

to Fe2+ at 1.7 V, followed by the emergence of mixed Fe0/Fe2+ characteristics upon 624 

further discharge to 1.0 V. Ultimately, the initial valence state is fully and reversibly 625 

recovered during the subsequent charging process. These results collectively delineate 626 

a coupled reaction pathway. In the first (intercalation) stage, the Fe3+/Fe2+ redox couple 627 

is active, governed by reversible lattice expansion/contraction. In the subsequent 628 

(conversion) stage, Fe2+ is further reduced to Fe0 with concomitant LiCl formation. 629 

Critically, the interfacial processes in both stages are reversible.[92-94]. 630 

The core value of the intercalation-conversion coupled mechanism of LixFeClx+2 lies 631 

in its synergistic enhancement. During the intercalation reaction stage, the Fe-Cl 632 

framework remains intact, providing a structural template for the subsequent 633 

conversion reaction and avoiding the drastic volume changes and structural collapse 634 

that can result from direct conversion. During the conversion reaction stage, multi-635 

electron transfer releases high capacity, while the ion transport channels established 636 

during the intercalation stage ensure favorable reaction kinetics. Although intercalation-637 

conversion occurs at distinct voltage ranges (intercalation plateau at ~3.7 V, conversion 638 

plateau at ~1.5 V), these two stages are seamlessly connected in terms of structural 639 
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evolution, collectively endowing FBH cathodes with both high capacity and long cycle 640 

life. Other compounds in the LixFeClx+2 series, such as Li2FeCl4 and Li4FeCl6, also 641 

exhibit coupled electrochemical behavior[50,95,96]. However, their higher molecular 642 

weights and lower ionic conductivities result in inferior capacity and rate performance 643 

compared to LiFeCl3, suggesting that future efforts are expected optimize intrinsic 644 

transport properties while maintaining the coupling mechanism.  645 

The intercalation-conversion coupled mechanism represents the main effective 646 

strategy for achieving high energy density for FBH cathodes. By merging the 647 

advantages of both reaction types, it breaks through the capacity ceiling of single-648 

reaction mechanisms while ensuring stable cycle life through reversible structural 649 

evolution.  650 

 651 

Figure 6. Structural changes of redox-active FBH cathodes during charge–discharge processes. (a) 652 

Charge-discharge profiles, (b-c) ex situ XRD patterns during the charging-discharging process, and 653 

(d) TEM images of LiFeCl3 cathode material at different charging-discharging depths. Reproduced 654 

with permission from Ref.[57] ©2025, Wiley. (e-f) Quasi-situ EIS and the corresponding DRT 655 

analysis of LFFOC-0.5 CAM after the first cycle, and (g-i) normalized Fe K-edge XANES spectra 656 

and the first derivative of the XANES spectra of LFFOC-0.5 CAM at different charging–discharging 657 

depths. Reproduced with permission from Ref.[49] ©2025, Wiley.  658 

4.3 High-Capacity Conversion Cathode: The Case of FeCl3 and FeF3 659 
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As a typical representative of conversion-type FBH cathodes, one of the advantages of 660 

FeCl3 lies in challenging the conventional perception that conversion reactions are 661 

confined to low voltage ranges. Leveraging the unique thermodynamic environment of 662 

the Fe3+/Fe2+ and Fe2+/Fe0 redox couples within the halide matrix, FeCl3 achieves a flat 663 

discharge plateau as high as 3.5-3.8 V (vs. Li+/Li) while delivering capacity (495 mAh 664 

g-1) approaching the theoretical limit through three-electron transfer. This synergy 665 

between high voltage and multi-electron transfer enables FeCl3 to exhibit energy 666 

density comparable to intercalation cathodes while maintaining an extremely low cost 667 

advantage. 668 

The electrochemical behavior of FeCl3 is characterized by highly reversible two-step 669 

redox reactions. During discharging, cathodic peaks appear at 3.56 V and 3.67 V; upon 670 

charging, the corresponding anodic peaks are observed at 3.70 V and 3.74 V (Figure 671 

7a)[32]. The peak positions exhibit only minor shifts in subsequent cycles, indicating 672 

high reaction reversibility. The unusually high conversion voltage of FeCl3 originates 673 

from the Fe-Cl bonds[33]. The strong electronegativity of the halogen anions endows the 674 

Fe3+/Fe2+ and Fe2+/Fe0 redox couples with relatively high redox potentials relative to 675 

metallic lithium, while the high enthalpy of formation of the conversion product LiCl 676 

further contributes to the reaction driving force. This mechanism of synergy between 677 

bonding and formation enthalpy provides theoretical guidance for developing other 678 

high-voltage conversion-type cathode materials. Notably, FeCl3 demonstrates excellent 679 

electrochemical performance. After 1000 cycles at 0.5 C and room temperature, the 680 

capacity retention of FeCl3 reaches 83%, with an average Coulombic efficiency of 681 

99.98% (Figure 7b).  682 

The SSE plays a critical role in unlocking the full performance potential of FeCl3. 683 

When paired with the Li2ZrCl5.6F0.4 (LZCF) solid electrolyte, FeCl3 delivers capacities 684 

of 440, 401, and 367 mAh g-1 at current densities of 0.1, 0.15, and 0.25 A g-1, 685 

respectively (Figure 7c)[33]. Even at a high current density of 0.5 A g-1, it maintains a 686 

capacity of 314 mAh g-1, significantly outperforming the reference system. As shown 687 

in Figure 7d, after 500 cycles at a high current density of 1.0 A g-1, FeCl3 in the LZCF 688 
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system still retains a capacity of 213 mAh g-1, with a retention rate as high as 84%. 689 

Overall, the capacity, rate capability, and cycling stability of FeCl3 are significantly 690 

superior to those of Li2ZrCl6. This difference originates from the superior interfacial 691 

compatibility and ion transport matching between LZCF and FeCl3, suggesting that 692 

future practical development should optimize the cathode material and electrolyte as a 693 

coupled system. Collectively, these results demonstrate that FeCl3 achieves exceptional 694 

cycling reversibility in the three-electron transfer. 695 

Mechanistic investigations further elucidate the structural evolution underpinning 696 

this reversibility. As shown in Figures 7e-f, ex situ XANES tracking of the Fe valence 697 

state evolution confirms the high reversibility of the Fe3+/Fe2+ redox couple[21]. Energy-698 

dispersive X-ray diffraction (EDXRD) reveals a multistep phase transformation process 699 

of FeCl3 during the first cycle (Figures 7g-i). In the early stage of discharge, the pristine 700 

FeCl3 phase diminishes, and an intermediate α-phase (space group P6₃cm) appears. 701 

Further lithiation leads to the transformation of the α-phase into a lithium-rich β-phase. 702 

The charging process does not follow a simple reverse path but instead proceeds 703 

through a solid-solution delithiation region to form a γ-phase, followed by recovery 704 

through a second solid-solution region. Although the structural evolution of FeCl3 is 705 

not directly reversible in a strict sense, overall electrochemical reversibility is achieved 706 

through multistep phase transition pathways. 707 
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 708 

Figure 7. The performance of FeCl3 as the cathode in the ASSLBs, and its structural changes during 709 

charging and discharging. (a) Charge/discharge profile of FeCl3 at 0.1 C and RT with Li3YCl3Br3 710 

electrolyte, and (b) long-term cycling performance at 0.5 C and RT. Reproduced with permission 711 

from Ref.[32] ©2024, Nature. (c) Rate capability for FeCl3 cathode in LZCF and LZC SSEs, and (d) 712 

cycling performance at 1 A g-1 in the potential range of 1.5-3.9 V. Reproduced with permission from 713 

Ref.[33] ©2024, Wiley. (e) Ex situ Fe K-edge XANES spectra of FeCl3 at different charge/discharge 714 

states, and (f) first-order derivatives of Fe K-edge XANES spectra of FeCl3 at different charge and 715 

discharge states, and (g) contour map between 2 and 3.5 Å of the phase evolution of the cathode 716 

during the initial discharging and charging processes, and (h-i) structure evolution diagram of FeCl3 717 

during the charge-discharge process. Reproduced with permission from Ref.[32] ©2024, Nature. 718 

In addition, other FBHs have been reported to be explored for solid-state batteries. 719 

For instance, FeF3 can serve as a novel conversion-type cathode owing to its excellent 720 

high specific capacity (712 mAh g-1) and high-voltage stability. During the 721 

charge/discharge of FeF3, a multi-electron transfer proceeds in two successive stages: 722 

the first involves the conversion from Fe3+ to Fe2+, and the second from Fe2+ to Fe 723 

(Figures 8a,d). Two pairs of voltage plateaus of the discharge–charge curve can be 724 
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ascribed to the reversible conversion reactions between FeF3/Li+ and Fe/LiF associated 725 

with the lithiation/delithiation process, matching well with the redox peaks in the cyclic 726 

voltammogram (CV) curves. The first discharge curve shows a plateau at ~3 V, 727 

indicating that the Fe3+ from FeF3 is gradually reduced to Fe2+ during Li intercalation 728 

(Li+ + e− + FeF3 → LiFeF3). The second plateau at lower potential corresponds to the 729 

conversion reaction (2Li+ + 2e− + LiFeF3 → 3LiF + Fe)[97,98]. The lower and longer 730 

plateau observed during the first discharge may be respectively attributed to the initial 731 

overpotential often observed in conversion reactions for the lithiation of the slightly 732 

fluorinated carbon and the formation of cathode solid electrolyte interphase. The 733 

voltage profiles of different rates demonstrate similar loops with typical redox plateaus, 734 

suggesting good reversibility and favorable rate capability (Figure 8b-c). Thus, FeF3 is 735 

widely regarded as one of the candidates for solid-state batttteries. 736 

As a low-cost conversion-type cathode, FeCl3 redefines the application boundaries 737 

of conversion reactions through the trinity of high voltage plateau, multi-electron 738 

transfer, and long cycle life. Its exceptional performance, demonstrated in the 739 

Li2ZrCl5.6F0.4 electrolyte, further reveals the critical role of cathode-electrolyte 740 

interfacial synergy in achieving performance leaps. Future research can deepen the 741 

understanding and control of multistep phase transformation pathways and explore the 742 

compatibility of FeCl3 and FeF3 with a broader range of electrolytes to fully unleash its 743 

practical potential. 744 
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 746 

Figure 8. The performance of FeF3 as the cathode in the ASSLBs. (a) Galvanostatic 747 

discharge/charge curves of the FeF3-C NF 600 electrode at a current density of 70 mA g-1 with a 748 

voltage range of 1-4 V (vs Li/Li+), and (b) voltage profiles of the FeF3-C NF 600 electrode at various 749 

current densities (100-1000 mA g-1),and (c) rate capability of the FeF3-C NF samples (500, 600, 750 

700) in comparison with that of commercial FeF3 nanoparticles (ball-milled with C additives; at the 751 

same or higher total C content in the electrode) at different current densities. Reproduced with 752 

permission from Ref.[97] ©2018, Wiley. (d) The Phase Reactions and Hysteresis of the FeF3 Cathode 753 

in Lithium Batteries. Reproduced with permission from Ref.[98] ©2019, Elsevier. 754 

 755 

4.4 The All-in-One Cathode: Integrating Active Material, Electrolyte, and 756 

Conductive Agent 757 

The composite cathode of traditional ASSLBs has long been constrained by the three-758 

component paradigm, in which active materials contribute capacity, solid electrolytes 759 

facilitate ion transport, and conductive carbon enables electron conduction. The latter 760 

two components, as non-capacity-contributing “dead weight,” not only dilute electrode 761 

energy density but also introduce complex multiphase interface issues that compromise 762 

stability and performance.  763 

A transformative departure from this paradigm is exemplified by the Li1.3Fe1.2Cl4 764 
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material, which achieves an integrated design through its intrinsic high mixed ionic-765 

electronic conductivity (~10-5 S cm-1)[58]. The designed Li1.3Fe1.2Cl4 integrates the three 766 

functions of active material, electrolyte, and conductive agent into a single entity, 767 

fundamentally eliminating the mass contribution of inactive components. Beyond this 768 

compositional integration, the material’s exceptional electrochemical performance is 769 

underpinned by a dynamic and reversible iron migration mechanism. This mechanism 770 

also highlights the structural self-adaptability during cycling, enabling the electrode to 771 

accommodate volume changes and maintain stable ion and electron transport pathways 772 

over extended operation.  773 

Various advanced techniques have been employed to study the three-dimensional ion 774 

transport mechanism of Li1.3Fe1.2Cl4. The crystal structure was subsequently 775 

characterized by combined X-ray diffraction (XRD), neutron diffraction and pair 776 

distribution function (PDF) analyses, which identified a Cmmm space group (Figures 777 

9a-c). More specifically, the Li and Fe atoms are bonded to six Cl atoms to form edge-778 

sharing octahedra (Figure 1g). Most of the Fe atoms sit in Wyckoff position 2a, whereas 779 

Li atoms and a small amount of Fe atoms occupy Wyckoff position 4f. The Li+ diffusion 780 

dynamics of Li1.3Fe1.2Cl4 revealed by ab initio molecular dynamics (AIMD) simulations 781 

(Figure 9e) show that the Li+ forms a fast three-dimensional diffusion network for fast 782 

ion transport, resulting in high ionic conductivity (0.22 mS cm-1). 783 

Ex situ X-ray absorption near-edge structure (XANES) and X-ray diffraction (XRD) 784 

techniques have confirmed the highly stable structure of Li1.3Fe1.2Cl4 during charge–785 

discharge, with a volume change of only 8%. The Cl and Fe K-edge XANES spectra 786 

have revealed the electron transfer process during the charge-discharge process (Figure 787 

9g-i). Upon charging, Fe2+ is completely oxidized to Fe3+, as evidenced by a progressive 788 

shift of the Fe K-edge (E0) to higher energy. This oxidation was fully reversed during 789 

discharge, with Fe3+ subsequently reducing to Fe2+. Notably, the generation of Fe3+ 790 

coincides with the transition from insulating to conductive behaviour, consistent with 791 

conductivity measurements (Figure 9k). Ex situ XRD measurement revealed two phase 792 

transitions during the discharge of Li1.3Fe1.2Cl4 (Figure 9j), which is consistent with the 793 
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two charge–discharge plateaus. Rietveld refinement of the XRD data indicates an 794 

overall volume change of approximately 8.0% between the fully discharged and 795 

charged states. These characterization demonstrate that Li1.3Fe1.2Cl4 exhibits good 796 

reversibility of Li+ intercalation and deintercalation during charge–discharge. 797 

Probing the change of ionic and electronic conductivities during the charge-discharge 798 

process is very important to evaluate the possible use of FBHs as redox-active 799 

electrolytes. For example, the intermediate products of Li1.3Fe1.2Cl4 during charge–800 

discharge were prepared by electrochemical and ball-milling methods to study the 801 

evolution of their ionic and electronic conductivities. In situ Electrochemical 802 

impedance spectroscopy (EIS) was also explored to elucidate cathode dynamics during 803 

Li+ intercalation/deintercalation at room temperature (Figure 9f) and 60 °C. The EIS 804 

measurement indicated that their ionic and electronic conductivities change very little 805 

and remain at a relatively high level (generally >10-5 S cm-1) during the charge–806 

discharge process (Figure 9l),  indicating excellent kinetic stability. This explains why 807 

LixFe1.2Cl4 can be used as an "integrated positive electrode"[58]. 808 
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 809 

 810 

Figure 9. Charge/discharge mechanism of LixFe1.2Cl4 halide framework. (a,b) Synchrotron-based 811 

XRD (a) and neutron diffraction (b) patterns with the Rietveld refinement results for Li1.3Fe1.2Cl4 as 812 

a function of momentum transfer (Q). The weighted profile residual (Rwp) of the fittings is also 813 

presented and (c) the reduced PDF, G(r), and the fitted result for Li1.3Fe1.2Cl4 as a function of 814 

interatomic distance r. The difference is offset by -4 for clarity and (d) the G(r) in the low-r region 815 

for Li1.3Fe1.2Cl4 and (e) Li+ probability density marked by yellow isosurfaces from AIMD 816 

simulations at 900 K in Cmmm-phase Li1.25Fe1.25Cl4 and (f) in situ EIS of Li1.3Fe1.2Cl4 cell. Data 817 

sets 1-9 correspond to the charging process, measured at 15 mAh g–1 intervals; data sets 10-17 818 

represent the discharging process, measured at 20 mAh g–1 intervals and (g) the Cl K-edge XANES 819 

spectra of pristine, fully charged and fully discharged Li1.3Fe1.2Cl4 and (h-j) ex situ Fe K-edge 820 
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XANES spectra (h,i) and ex situ XRD profile as a function of Bragg angle (θ) with an X-ray 821 

wavelength of 0.3497 Å (k) of Li1.3Fe1.2Cl4 at different states of charge and discharge and (k) Fourier 822 

transform (FT) of the Fe K-edge EXAFS oscillation function χ (k) of charged and discharged 823 

Li1.3Fe1.2Cl4 as a function of radial distance R, with a k3 weighting and (l) Graph showing the 824 

changes in ionic conductivity and electronic conductivity during the charging and discharging 825 

process of Li1.3Fe1.2Cl4. Reproduced with permission from Ref.[58] ©2025, Nature. 826 

5. Conclusion and Outlook 827 

In summary, Fe-based halides (FBHs) leverage the dual advantages of high elemental 828 

abundance and low cost, and through structural design have exhibited novel 829 

functionalities such as mixed ionic/electronic conductivity and dynamic self-healing, 830 

making them a material system with unique potential for all-solid-state lithium batteries 831 

(ASSLBs). At the same time, it should be objectively recognized that these advantages 832 

are currently based primarily on laboratory-stage validation. The proposed integrated 833 

interface design strategies still require further verification under practically relevant 834 

conditions (e.g., high areal capacity, low stack pressure, and wide-temperature 835 

operation). A gap remains between the fundamental understanding already achieved 836 

and the stringent requirements of practical cells, and this gap needs to be systematically 837 

addressed. Future in-depth exploration of the following key issues will, to a large extent, 838 

determine whether FBHs can evolve from promising material candidates into truly 839 

viable technological solutions. 840 

(1) Accelerating Discovery through High-Throughput Approaches: The vast 841 

compositional and structural space of FBH renders traditional trial-and-error methods 842 

inefficient. By integrating first-principles calculations, molecular dynamics simulations, 843 

and machine learning, structure-property relationship models can be established to link 844 

material composition and structure with key performance metrics such as ionic 845 

conductivity, voltage, and stability. This enables virtual high-throughput screening of 846 

new candidates, accelerating the discovery of high-performance materials while 847 

providing deep insights into microscopic mechanisms. Such an approach serves as a 848 

critical bridge connecting fundamental research with applied development. 849 
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(2) Interfacial Stability with Lithium Metal Anodes: The thermodynamic instability 850 

of most FBHs electrolytes against metallic lithium is one of the primary obstacles to 851 

realizing their high-energy-density potential. The commonly envisioned strategy of 852 

forming a dense, uniform, and ionically conductive solid electrolyte interphase to 853 

passivate subsequent side reactions is sound in principle, yet its practical 854 

implementation requires satisfying multiple, often mutually constraining criteria: 855 

negligible electronic conductivity to prevent continued electrolyte reduction, 856 

sufficiently high ionic conductivity to control interfacial impedance, good mechanical 857 

compliance to accommodate lithium volume changes, and chemical stability over long-858 

term cycling. Recent concepts such as valence-gradient layers incorporating iron 859 

nanoparticles (Fe0, Fe2+, Fe3+) demonstrate the promise of proactive interface design, 860 

but their long-term structural and chemical evolution under current load and 861 

temperature gradients remains poorly understood. Whether the interphase can achieve 862 

truly self-limiting growth, rather than gradually evolving into an electronically leaky, 863 

high-impedance layer, still requires careful observation and thorough verification. 864 

Future research may increasingly employ in situ characterization techniques to track 865 

dynamic interfacial evolution and, on this basis, design gradient structures capable of 866 

self-terminating growth. 867 

(3) Balancing Energy Density and Power Density: In conventional composite 868 

cathodes, substantial amounts of SSEs and conductive additives are required to 869 

establish ion and electron transport pathways, directly compromising energy density. 870 

While all-in-one cathode materials such as LixFe1.2Cl4 fundamentally address this issue 871 

by integrating all three functions into a single phase, further optimization is needed to 872 

balance specific capacity, ionic conductivity, and electronic conductivity. Excessively 873 

high electronic conductivity or superhigh ionic conductivity may limit rate capability. 874 

Moreover, for high-capacity conversion materials like FeF3, significant volume changes 875 

and sluggish kinetics remain major obstacles. Future material discovery should 876 

therefore move beyond simple elemental substitution toward crystal structure 877 

innovation and multi-anion engineering. Unique frameworks such as pyrochlore-like 878 
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structures, which may support single-phase lithiation mechanisms that mitigate volume 879 

strain, warrant further investigation. Systematic exploration of multi-anion 880 

combinations (F, Cl, Br, O) offers a pathway to tailor materials that simultaneously 881 

achieve high stability, high conductivity, and suitable mechanical properties. 882 

(4) Air Stability and Scalable Preparation: The air-stability advantage of FBHs over 883 

sulfides is often regarded as a significant manufacturing benefit, but this merits a 884 

comprehensive assessment. Currently, typical compositions, upon exposure to ambient 885 

moisture, may still undergo irreversible hydrolysis, accompanied by the generation of 886 

acidic gases, structural degradation, and permanent loss of ionic conductivity. 887 

Consequently, multiple steps from synthesis and storage to electrode fabrication and 888 

cell assembly still largely rely on strict inert-atmosphere control, meaning that the cost 889 

advantage conferred by air stability has yet to be fully realized. Partial fluorine 890 

substitution to enhance moisture tolerance is a direction receiving considerable 891 

attention; however, this approach often entails a trade-off with reduced ionic 892 

conductivity and material deformability, and the associated property compromises still 893 

lack systematic understanding. Moreover, while mechanochemical methods are flexible 894 

at the laboratory scale, substantial room for improvement remains in terms of batch-to-895 

batch reproducibility, impurity control, and energy efficiency when transitioning to 896 

large-scale production. Future research may focus on constructing a multi-objective 897 

parameter space that comprehensively considers moisture tolerance, processability, and 898 

electrochemical performance, coupled with life-cycle analysis and techno-economic 899 

assessment, to more holistically evaluate the practical industrialization prospects of 900 

FBHs. 901 

Through sustained and prudent efforts in the above key directions, FBHs are 902 

expected to progressively move from laboratory highlights toward industrial-grade 903 

applications, providing critical material support for the development of safe, high-904 

energy-density all-solid-state lithium batteries, and thereby making tangible 905 

contributions to the sustainable development of global energy storage technologies. 906 
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