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Broader context

The growing demand for high-energy-density rechargeable ion batteries drives the 

rapid development of high-entropy materials (HEMs) that synergistically integrate 

multiple ion storage mechanisms—intercalation, conversion, alloying, and 

space-charge storage—within a single electrode system. This perspective 

systematically elucidates the intrinsic characteristics and synergistic interactions of 

the four core ion-storage mechanisms in HEM anodes, demonstrating how strategic 

element selection (including cation/anion zoning) and tailored structural design (e.g., 

multi-mechanism enabling nano-architectures) collectively enhance specific capacity, 

cycling lifespan, and fast-charging performance. Furthermore, we identify key future 

research directions: AI-driven design for optimizing HEM compositions and 

structures, atomic-level multi-scale structural control, and in-situ/operando 

characterization techniques to quantify four mechanism contributions on capacity. 

Collectively, this perspective provides a comprehensive framework essential for 

developing high-performance HEM anodes for next-generation RIBs, though their 

widespread deployment remains subject to overcoming synthesis and manufacturing 

bottlenecks related to multi-element precision, cost, and process control.
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Abstract

High-entropy materials (HEMs) have gained significant research interest as potential 

anodes for rechargeable ion batteries (RIBs), attributed to their exceptional 

electrochemical performance. However, the ion storage mechanisms in HEMs remain 

complex and incompletely understood, primarily due to multi-element synergy. This 

perspective critically examines the ion storage mechanisms of HEMs, focusing on 

intercalation, conversion, alloying, and the less-explored space charge. Emphasis is 

placed on the critical role of element selection in governing these mechanisms: anion 

elements are necessary for conversion reactions; Sn, Bi, Sb, Zn, In, Ge, and Si enable 

alloying, while transition metals like Fe, Co, and Ni are pivotal for space charge. 

Furthermore, we analyze the correlation among capacity, cycling stability, and fast-

charging performance in HEMs relative to element selection. Elements promoting 
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conversion, alloying, and space-charge mechanisms enhance capacity, whereas non-

converting elements improve cycling stability. Anions with high electrical conductivity 

and cations facilitating space-charge formation improve fast-charging performance. We 

further emphasize that effective structural design is crucial to fully exploit these four 

mechanisms. The key principle is accelerating intercalation and conversion reaction 

kinetics, thereby promoting finer metal nanoparticle formation to maximize alloying 

and space-charge mechanisms. Finally, we outline current challenges and future 

research directions for HEM anodes in RIBs.

Keywords: Rechargeable ion batteries, High-entropy anodes, Ion storage mechanisms, 

Element selection, Structure design

1. Introduction

Rechargeable ion batteries (RIBs) have become the cornerstone technology for 

efficient bidirectional conversion between electrical and chemical energy owing to their 

high energy density, good fast-charging, and long cycle life.1, 2 This capability provides 

essential support for the use of portable electronic devices, the realization of 

electrification of transportation, and the large-scale deployment of renewable energy. 

Among current technologies, lithium-ion batteries (LIBs), leveraging their well-

established industrial foundation, have secured a dominant position in the consumer 

electronics sector and are making significant inroads into the electric vehicles and 

electric vertical take-off and landing market.3 Meanwhile, sodium-ion batteries (SIBs), 

leveraging the abundance of sodium resources, inherent cost advantages, and excellent 

low-temperature and fast-charging performance, demonstrate considerable promise for 

large-scale energy storage applications and electric vehicles.4 Furthermore, emerging 
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RIB systems based on K, Ca, Mg, etc. are continuously pushing the technological 

boundaries, collectively enabling a multi-tiered energy storage ecosystem.5-7 

Fundamentally, battery operation relies on directional ion migration through 

electrolytes and redox reactions at electrode interfaces during charge/discharge cycles. 

Within this framework, the anode serves as the primary host for ion 

intercalation/deintercalation, making its performance critical for key battery metrics.8 

Crucially, the ion storage mechanisms fundamentally dictate the anode materials' 

capacity, fast-charging performance, and cyclability.

Based on distinct ion storage mechanisms, anode materials are primarily 

categorized into four major systems: intercalation (e.g., graphite, Li4Ti5O12, etc), 

conversion (e.g., transition metal oxides, phosphides, sulfides, etc.), alloying (e.g., Si, 

Sn, and Ge), and space charge.9,10 Intercalation-type materials store energy through the 

reversible insertion/extraction of ions into/from lattice interstices or interlayer spaces 

(Fig. 1a). Renowned for their low volume strain and high structural stability, they 

represent the mainstream commercial anode choice for RIBs. However, they face 

challenges such as limited theoretical capacity or poor intrinsic conductivity.11 

Conversion-type materials achieve high specific capacity through the reversible 

breaking/reformation of chemical bonds (Fig. 1b). Nevertheless, they are hindered by 

sluggish reaction kinetics, significant volume effects, and insufficient conductivity. 

Performance optimization often necessitates nanocrystalline design, carbon 

compositing, and defect engineering to achieve enhanced reaction dynamics.12, 13 

Alloying-type materials deliver ultra-high capacity via alloying reactions (Fig. 1c), but 
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suffer from severe volume expansion leading to electrode pulverization. Strategies like 

nano-structuring, porous structure, carbon compositing, or incorporating oxide buffers 

are employed to mitigate stress.14 Particularly noteworthy are recent findings revealing 

an additional ion storage mechanism in conversion-type anodes during low-voltage 

discharge: metal salt crystals produced by the conversion reaction can further store 

charged ions. This occurs through the injection of spin-polarized electrons into the 

metal nanoparticle (M0) surface, and the corresponding cations are stored in the bulk 

phase of the metal salt. Simultaneously, a space-charge region forms at grain 

boundaries while magnetization undergoes a significant reduction (Fig. 1d).15, 16

Fig. 1 Ion storage mechanisms of RIBs anodes: (a) intercalation, (b) conversion, (c) 

alloying, and (d) space charge.

High-entropy materials (HEMs) originate from the concept of high-entropy alloys 

proposed by Cantor et al.17 and Yeh et al.18. They are formed by integrating five or more 

elements in equimolar or near-equimolar ratios (composition range: 5-35 at.%) into a 
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single-phase crystalline structure characterized by configurational disorder. Their 

unique physical, mechanical, and electrochemical properties stem from four core 

effects: high-entropy effect (stabilizing solid-solution phases), severe lattice distortion 

(stress field reconstruction due to atomic size mismatch), sluggish diffusion (inhibiting 

phase transformations), and cocktail effect (synergistic multi-element modulation of 

electronic structure).19 This design strategy has been extended to diverse systems, 

including high-entropy oxides20, sulfides21, phosphides22, fluorophosphates23, and 

borides24, finding broad application in electrochemical energy storage. Critically, the 

elemental diversity of HEMs enables the concurrent operation of multiple energy 

storage mechanisms—including intercalation, conversion, alloying, and space charge. 

This multi-mechanism synergy facilitates a triple breakthrough: capacity multiplication 

by superimposing reaction pathways to transcend the limits of single mechanisms; 

kinetics optimization via vacancy and dislocation introduction through defect 

engineering; and structural self-stabilization achieved by suppressing volumetric 

degradation through differentiated stress distribution. By leveraging this multi-

mechanism synergy, HEM anodes enable the integration of high capacity, long cycle 

life, and fast-charging capability, thereby laying the material foundation for next-

generation energy storage devices.

Recently, HEMs have stimulated significant research interest as anodes for RIBs. 

It is noteworthy that the working potential and underlying charge storage mechanisms 

differ significantly between cathodes and anodes.19 Cathodes typically operate at 

relatively high potentials and often rely on reversible cationic and/or anionic redox 
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reactions in insertion-type frameworks.25 In contrast, anode materials function at lower 

potentials, which enable the involvement of a broader spectrum of ion storage 

mechanisms, including intercalation, conversion, alloying, and space charge.16, 20-24 

While several reviews on HEM anodes exist, they largely concentrate on defining 

HEMs, and discussing their synthesis routes and applications.26-28 A comprehensive 

overview and future perspective, specifically on the ion storage mechanisms of HEM 

anodes, are particularly scarce, as are comprehensive reviews addressing critical 

determinants such as element selection and structure design. This perspective offers a 

comprehensive analysis of the four ion storage mechanisms—intercalation, conversion, 

alloying, and space charge — in HEM anodes. Furthermore, it offers a forward-looking 

analysis on how synergistic element selection and structure design collaboratively 

influence the four mechanisms, thus enhancing electrochemical performances. By 

elucidating the multi-scale mechanisms coupling in HEM anodes, this perspective aims 

to reveal the underlying "composition-structure-property" relationship and establish a 

novel paradigm for overcoming the capacity, cycling life, and fast-charging limitations 

of conventional anode materials in RIBs.

2. Four core ion storage mechanisms

2.1 Intercalation

The process of introducing external ions into a host lattice is termed "intercalation". 

As shown in Eq. (I), intercalation reactions occur within electrode materials MN (where 

M = Fe, Co, Ni, Mn, Cu, etc., and N = O, S, P, Se, etc.), incorporating alkali metal ions 
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(X = Li, Na, or K) to form the intercalation compound XₐMN. During this process, the 

structure of the guest-host compound undergoes only minimal changes compared to the 

host structure. Owing to an extremely low degree of volume change caused by 

intercalation reactions in the material lattice, intercalation-type electrodes typically 

exhibit exceptional cycling stability.29 Furthermore, the intercalation/deintercalation 

process is reversible. Intercalation reactions induce controlled and systematic 

modifications to the physical properties of the host lattice, particularly its electronic, 

magnetic, and optical characteristics.30

(I)

The intercalation mechanisms in high-entropy anode materials have been 

extensively investigated. In 2021, Huang et al.31 utilized transmission electron 

microscopy (TEM) and electron energy-loss spectroscopy (EELS) to characterize the 

lithium intercalation process in high-entropy spinel oxide (CrMnFeCoNi)3O4 (Fig. 2a). 

During this process, Mn tends to segregate from other elements during cycling, leading 

to the formation of CrxFe3-xO4 phases in Fe/Cr-rich regions (Figs. 2b-f). Conversely, 

Ni/Co-rich regions further react with intercalated Li ions to form LiNixCo1-xO2 phases. 

The EELS spectra of Cr, Mn, Fe, Co, and Ni acquired during cycling show high 

similarity between the spectra obtained in the first and second lithiation steps, as well 

as between those obtained after the first and second delithiation steps. These results 

indicate highly reversible changes in the valence states of elements within the HEO 

electrode. Furthermore, the LiNixCo1-xO2 phase generated by the intercalation reaction 

remains persistent throughout the lithiation/delithiation cycles. This persistent phase 

aMN aX ae X MN+ -+ + «
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acts as a structural stabilizer, contributing to the exceptional electrode cyclability. 

Subsequently, Zhao et al.32 employed high-resolution TEM to observe the intercalation 

reaction process in the high-entropy anode material CuMnFeSnGeS for SIBs (Figs. 2g-

j). HRTEM images discharged to 0.6 V clearly reveal the (020) lattice planes of 

NaxCuMnFeSnGeS (Fig. 2g), indicating the intercalation of Na+ into CuMnFeSnGeS. 

Ultimately, upon charging to 3.0 V, the reappearance of the (220) planes of 

CuMnFeSnGeS is clearly visible in Fig. 2j, demonstrating highly reversible sodium 

storage performance. Similarly, Chien et al.33 investigated the potassium-ion storage 

mechanism in the high-entropy anode CoVMnFeZnPS3 for potassium-ion batteries 

(PIBs) (Figs. 2k-s), also revealing its high reversibility during charging and discharging. 

Currently reported high-entropy anode materials for various RIBs—encompassing 

oxides, chalcogenides, phosphides, and alloy systems incorporating transition metals, 

alkaline earth metals, and main group metals—all involve the intercalation reaction 

mechanism.9, 31-39 Notably, Cheng et al. 40 revealed that in high-entropy anodes, the 

intercalation reaction primarily occurs during the early stages of discharge (low depth 

of discharge), and its contribution to the sodium storage capacity significantly 

diminishes upon further discharge.
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Fig. 2 (a) Lithiation/Delithiation processes in (CrMnFeCoNi)3O, (b) EELS L-edge 

spectra of Cr, Mn, Fe, Co, and Ni elements and summary of valence state variations of 

constituent elements of HEO. (c) TEM and HRTEM images of (d) CrxFe3-xO4, (e) 

LiNixCo1-xO2, and (f) Mn phases of (CrMnFeCoNi)3O4. Reproduced with permission.31 

Copyright 2021, Elsevier Inc. Ex-situ TEM patterns at sodiation conditions of 
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CuMnFeSnGeS at (g) 0.6 V and (h) 0.01 V and desodiation states of (i) 1.2 V and (j) 

3.0 V. Reproduced with permission.32 Copyright 2022, Wiley–VCH. (k) Schematic 

illustration of the K+ storage mechanism CoVMnFeZnPS3 during charging/discharging 

process. Low magnification TEM images of the cycled CoVMnFeZnPS3: (l-m) 

discharged to 0.5 V (n-o) discharged to 0.01 V (p-q) charged to 2.5 V (r-s) charged to 

3.0 V. Reproduced with permission.33 Copyright 2023, Elsevier Inc.

2.2 Conversion 

The conversion reaction constitutes a distinct energy storage mechanism in 

advanced electrode materials, defined by the complete reconstruction of the host 

material's chemical bonding network. Unlike intercalation reactions—which involve 

reversible ion insertion/extraction without breaking primary bonds—conversion 

reactions entail the full cleavage of the host's original chemical bonds. Consequently, 

the theoretical capacity can reach 3-5 times that of intercalation materials. Furthermore, 

unlike intercalation, the metallic elements (M) generated via conversion reactions can 

potentially exhibit even greater capacities through subsequent alloying or space-charge 

mechanisms.10, 16, 21 In HEMs, conversion reactions often occur concomitantly with 

intercalation. Here, the electrochemically active metal compounds (MaNb) can react 

with ions (X+), transforming into metallic elements (M) and Li/Na/K salts (XnN) as 

described in Eq. (II).35, 41, 42

(II)

Researches on the conversion reaction mechanisms of HEMs in RIBs have rapidly 

a b nM N (b n)X (b n)e bX N+aM+ -+ × + × «
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emerged in recent years. This surge is driven by the dual advantages arising from 

synergistic effects among multiple active sites: breakthrough improvements in 

theoretical capacity and unique structural buffering capabilities. Liu et al.41 utilized 

selected-area electron diffraction (SAED) and in-situ X-ray diffraction (XRD) to 

characterize the conversion reaction process in (LiFeZnNiCoMn)3O4 serving as a LIB 

anode (Fig. 3a). The SAED and XRD results reveal that the emergence of diffraction 

rings corresponding to Fe, Co, Ni, and Li2O, alongside the disappearance of diffraction 

peaks of the spinel phase, signifies the occurrence of the conversion reaction (Figs. 3b-

h). Furthermore, upon full charging, the diffraction rings for Fe, Co, Ni, and Li2O 

progressively become invisible, with only the diffraction patterns of the parent spinel 

and rock-salt phases being identified, confirming the high reversibility of conversion 

reactions within the electrode. Additionally, galvanostatic intermittent titration 

technique (GITT) analysis confirms a high Li+ diffusion coefficient in the 

(LiFeZnNiCoMn)3O4-HoMS material (Figs. 3i-k). Notably, the Li2O matrix generated 

by the conversion reaction provides shortcut pathways for ion conduction, resulting in 

the fastest Li+ diffusion observed in the fully lithiated state. Research demonstrates that 

the conversion reaction exhibits universality in the energy storage field and is not 

confined to oxide anodes in LIBs. This mechanism has also been validated in HEM 

anodes for SIBs/PIBs across diverse compound systems, including oxides, sulfides, 

selenides, phosphides, and tellurides, incorporating a wide range of elements such as 

transition metals, main group metals, and noble metals.32, 33, 43-45 However, the 

conversion process from metal compounds to metallic phases involves multi-electron 
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transfer, triggering the cleavage and reformation of chemical bonds, which inevitably 

leads to lattice collapse and drastic volume expansion. Resolving this fundamental 

conflict is a key challenge for advancing practical applications. Specifically, the 

reversibility of conversion reactions in high-entropy anodes exhibits significant 

disparities. Microstructural heterogeneity causes discrete energy barriers for bond 

reformation, inducing irreversible phase separation. Meanwhile, the entropy 

stabilization effect can only delay, but not entirely prevent, the structural collapse 

resulting from chemical bond cleavage, ultimately resulting in poor cyclic stability. 

Marques et al.46 confirmed this mechanism through Fourier transforms and fitting 

results of the extended X-ray absorption fine structure (EXAFS) spectra. For 

(Mg0.2Co0.2Ni0.2Cu0.2Zn0.2)O, during the conversion/de-conversion process, only partial 

re-oxidation occurs for Co and Ni, while Zn undergoes complete oxidation. Crucially, 

only Zn maintains reversible conversion behavior after long-term cycling (300 cycles) 

(Figs. 3l-m).

Page 13 of 58 Energy & Environmental Science

E
ne

rg
y

&
E

nv
ir

on
m

en
ta

lS
ci

en
ce

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 2
2 

 2
02

5.
 D

ow
nl

oa
de

d 
on

 0
2/

11
/2

5 
03

:1
2:

06
. 

View Article Online
DOI: 10.1039/D5EE05507E

https://doi.org/10.1039/d5ee05507e


  

Fig. 3 (a) Schematic diagram of morphology evolution of (LiFeZnNiCoMn)3O4. (b-f) 

SAED patterns at different voltages for identifying phase evolution. (g) In-situ XRD 

patterns, contour maps, and cell volume variations of (LiFeZnNiCoMn)3O4 electrode 

upon first cycling. (h) GITT curves of different electrodes. (i) Enlarged GITT curve of 

(LiFeZnNiCoMn)3O4-HoMS. (j) The calculated Li+ diffusion coefficients of different 

electrodes. Reproduced with permission.41 Copyright 2024, Wiley–VCH. (k) Fourier 
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transforms of the EXAFS spectra of Co, Ni, Cu and Zn K-edges at uncycled (black), 

1st lithiated (red), and 1st delithiated (blue) states. (l) EXAFS fit results: number of 

near neighbors (top) and TM-O distance (bottom) for Co-O (black square), Ni-O (red 

circle), Cu-O (blue triangle), and Zn-O (green diamond) as a function of charging states. 

Reproduced with permission.46 Copyright 2023, Elsevier Inc.

2.3 Alloying 

Beyond intercalation and conversion, alloying constitutes another chemically 

distinct mechanism for alkali-ion storage. During the alloying process, alkali metal ions 

form intermetallic compounds with host metals or semimetals from Group IV and V 

elements (Eq. (III)). Si, Sb, Ge, Bi, and Sn are recognized as common base materials 

for alloying reactions.9 Distinct from intercalation reactions involving only ion 

insertion, this process entails chemical bond reconstruction, where alkali metal atoms 

embed into the metal lattice, forming new phases with covalent/metallic bonding. 

Nevertheless, alloying reactions based on non-Group IV/V metals (e.g., In and Zn) in 

HEM anodes have also been reported.44, 47-49

(III)

Alloying reactions often coexist with intercalation and conversion reactions, 

enabling anode materials with low Li/Na/K insertion potentials to achieve exceptionally 

high specific capacities far exceeding those of single-mechanism materials. Li et al.47 

investigated the alloying reactions of In, Ge, and Si in the InGeSiP3 LIB anode material 

during deep discharge, along with the synergistic effects among intercalation, 

a a bM bX be X M+ -+ + «
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conversion, and alloying reactions, using in-situ XRD (Fig. 4a). This concept is 

subsequently extended to HEMs such as GaCuZnInGeSiP6, GaCu(or Zn)InGeSiP5, and 

CuZnInGeSiP5. Nevertheless, severe volume expansion induced by alloying reactions 

remains a key challenge for anodes, as particle pulverization and interfacial instability 

accelerate capacity degradation. HEMs address this issue synergistically through a 

trinity mechanism: an entropy-stabilization-induced lattice distortion network disperses 

stress; a "cocktail" effect optimizes the reaction sequence to delay stress concentration; 

and interfacial self-adaptivity dynamically maintains ionic channel integrity.35, 36, 50-52 

This enables reversible alloying reactions even in SIBs and PIBs with larger ionic radius, 

achieving exceptional capacity and cycling stability. Wang et al.44 synthesized a high-

configuration-entropy Sb1.4Bi0.2Sn0.2Co0.1Mn0.1Te3 anode for PIBs. As shown in Fig. 4b, 

polycrystalline diffraction rings from the (420) plane of cubic K3Sb, the (220) plane of 

cubic K3Bi, and the (745) plane of tetragonal KSn, along with HRTEM lattice fringes—

specifically the (220) plane of cubic K3Sb along the [11̅1] zone axis, the (400) plane of 

cubic K3Bi along the [011̅] zone axis, and the (321) plane of tetragonal KSn along the 

[12̅1] zone axis—collectively confirm alloying reactions in 

Sb1.4Bi0.2Sn0.2Co0.1Mn0.1Te3. Similarly, Zhang et al.49 used HRTEM to identify lattice 

fringes corresponding to alloying products (Na9Sn4, Na3Sb, and Na3Bi) in the 

hexagonal Cu0.88Sn0.02Sb0.02Bi0.02Mn0.02S0.9Se0.1 high-entropy SIB anode (Figs. 4c-e), 

directly demonstrating the synergistic conversion-alloying sodium storage mechanism 

in HEMs. Furthermore, the reversible restoration of lattice fringes in 

Cu0.88Sn0.02Sb0.02Bi0.02Mn0.02S0.9Se0.1 upon complete desodiation confirms the 
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reversibility of this coupled mechanism.

Fig. 4 (a) In-situ XRD along with the GCD profiles of InGeSiP3. Reproduced with 
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permission.47 Copyright 2024, Wiley–VCH. (b) TEM image, IFFT patterns, and SAED 

pattern of Sb1.4Bi0.2Sn0.2Co0.1Mn0.1Te3 when charging and discharging. Reproduced 

with permission.44 Copyright 2025, American Chemical Society. (c-e) HRTEM images 

for Cu0.88Sn0.02Sb0.02Bi0.02Mn0.02S0.9Se0.1 electrode at 0.1 V and (I-Ⅵ)  corresponding 

intensity profiles and fast Fourier transform (FFT) Pattern; HRTEM images of 3.0 V 

states and corresponding FFT patterns. Reproduced with permission.49 Copyright 2025, 

Nature Publishing Group. 

2.4 Space charge 

Transition metal salts often show substantially higher capacities than their 

theoretical capacity calculated based on intercalation, conversion, and alloying. The 

intrinsic mechanisms behind their anomalous capacities exceeding theoretical limits 

remain a subject of ongoing debate in academia.53 In 2002, Laruelle et al.54 proposed a 

potential correlation between the extra electrochemical capacity in metal oxide LIBs 

and the growth of a polymeric or gel-like film surrounding transition metal (M0) 

nanoparticles within the low discharge voltage window. Voltage-window cycling is 

applied to confine the electrochemical operation to specific potential ranges, thereby 

isolating the extra capacity exclusively to the low-voltage region where the film forms 

and establishing its potential-dependent nature. Ex-situ TEM observation directly 

correlates the film's appearance and disappearance with the charge-discharge states, 

visually confirming its reversible formation and dissolution were synchronized with the 

extra capacity, thus providing definitive structural evidence. Kinetic analysis via cyclic 

voltammetry (CV) characterizes the current response as a function of scan rate, which 
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demonstrated a capacitive-like (as opposed to diffusion-limited) behavior, confirming 

the pseudocapacitive charge storage mechanism of the surface film. Subsequent studies 

have elucidated the mechanism of interfacial space-charge storage, wherein in 

transition metal oxide anode materials, excess Li ions are accommodated within the 

Li2O bulk phase formed during conversion, while electrons accumulate at the metallic 

phase, collectively establishing a space-charge layer that contributes additional 

capacity.10, 55 This space-charge-derived capacity is clearly distinguishable from other 

sources of excess capacity. The space-charge capacity is intrinsically interface-driven, 

arising from localized charge separation at the Li2O/metal interfaces, which can be 

measured using operando magnetometry. It also differs fundamentally from surface 

adsorption, which relies on a finite number of immobilized surface sites for charge 

trapping—lacking cross-phase electron compensation—and often leads to irreversible 

capacity saturation. By contrast, space-charge storage involves Li+ insertion into Li2O 

and electron localization in the metal phase, reversibly coupled via the interfacial 

electric field without site saturation, thereby enabling stable cycling.16 Moreover, 

unlike irreversible electrolyte decomposition—which continuously consumes active 

lithium through parasitic reactions, forms electrochemically inert species, and leads to 

progressive capacity fading with low Coulombic efficiency, as can be detected using 

isotope labeling techniques56 — the space-charge contribution demonstrates 

exceptional reversibility and cycling stability. This mechanism operates through 

electrostatic accumulation at metal–Li2O interfaces without involving chemical 

breakdown of electrolyte components or generating persistent surface films, thereby 
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fundamentally distinguishing it from capacity derived from side reactions.55

In 2020, Li et al.57 employed operando magnetometry to investigate the origin of 

"extra capacity" and the evolution of the internal electronic structure in Fe3O4/Li cells. 

They concluded that the formation of space-charge zone is the primary source of extra 

capacity in the Fe3O4/Li system. The formation mechanism is as follows: the accumulation 

of spin-polarized charges within the first few atomic layers at metal-insulator interfaces 

can induce significant changes in interfacial magnetization, governed by the surface 

density of states and near-Fermi-level spin polarization of the ferromagnetic metal.58 In 

3d transition metals, ferromagnetism originates from differential filling of majority- 

and minority-spin d-bands, where the majority-spin up (↑) d-band exhibits substantially 

higher occupancy than the minority-spin down (↓) counterpart (Fig. 5a). Net 

magnetization intensity (M) is given by M=(N↑-N↓)μB, where N↑ and N↓ are the total 

number of electrons in each spin, and μB is the Bohr magneton. It is proposed that spin-

polarized charge storage (Qs, in mAh g-1) correlates with extra charge storage (Qextra) 

provided by surface capacitance via effective spin polarization (P) (Eq. (IV)). 

Neglecting minor orbital angular momentum contributions, each additional electron 

contributes a magnetic moment of +1 or -1 Bohr magneton, depending on which spin 

band it occupies. Consequently, the net change in surface magnetization M under 

high magnetic fields depends on the accumulation of spin-polarized electrons (with 

elementary charge e) at the Fermi surface, as expressed in Eq. (V). Based on this 

equation, the capacity contribution values of space-charge effects can be estimated from 

magnetization variations. During low-potential discharge (0.01-1 V), the Fe3O4 

D
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electrode exhibits a rectangular CV profile. Power-law analysis (i = aυb) yields a b-

value of 1 for both anodic and cathodic peaks, confirming capacitive behavior 

dominates in the low-voltage region. This capacitive process demonstrates high 

reversibility, as evidenced by magnetic response measurements: magnetization 

decreases substantially during discharge and fully recovers upon charging. This directly 

demonstrates the excellent reversibility of the spin-polarized capacitive reaction 

occurring at the Fe0/Li2O interfaces. Specifically, as depicted in Fig. 5b, during low-

potential discharge at the Fe0/Li2O interfaces, spin-polarized electrons are injected into 

the d orbits of the Fe to a depth comparable to the Thomas–Fermi screening length, and 

the corresponding Li ions are stored in the Li2O, forming a space-charge zone.

(IV)

M (V)

With further research, the space-charge effect has extended beyond LIBs and 

transition metal oxide systems to SIBs and sulfur/selenium compounds, emerging as a 

universal mechanism for ion storage. Li et al.59 discovered a marked decrease in 

magnetization during discharge (highlighted in "region 3" of Fig. 5c) within the low-

voltage range of 0.8-0.01 V for the FeS2/Li system via operando magnetometry, 

followed by a subsequent increase during charging (0.01-1.6 V). This confirms ion-

electron decoupling storage, where Fe acts as the electron acceptor phase and Li2S as 

the Li+ acceptor phase—termed the "job-sharing" mechanism—providing additional 

battery capacity. Further investigation during low-potential discharge (0.01-1.2 V) 

extrasQ =P Q´

D

s extra

B B
3.6 3.6 .Q Q P

e e
m m´ ´

= ´ = ´ ´
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successfully measures the rectangular profile in CV curves and reversible magnetic 

variations (Figs. 5d-e). Qiu et al.60, through ex-situ M-H curve studies and discharge 

curve fitting for FeSe nanosheets in the low-voltage region, found that although FeSe 

nanosheets exhibit surface sodium storage behavior, their magnetic moment 

continuously increases in this region (Fig. 5f). This phenomenon contradicts the 

conventional electric double-layer mechanism. The slopes of the F(Q,E) vs Q curves 

match the expected magnitudes (Fig. 5g), further confirming a space-charge sodium 

storage mechanism involving superparamagnetic Fe0 nanoparticles: spin-polarized 

electrons inject into the d-orbitals of Fe0, while Na+ ions enter the Na2Se bulk phase. 

Ultimately, an "intercalation-conversion-space charge" sodium storage mechanism for 

FeSe nanosheets is established (Fig. 5h).
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Fig. 5 Fe3O4/Li cell’s (a) schematic of spin-polarized density of states at the surface of 

ferromagnetic metal grains (before and after discharge), which is opposite to the bulk 

spin polarization for the case of Fe. EF, Fermi energy. (b) Formation of a space-charge 

zone in the surface capacitance model for extra lithium storage. Reproduced with 

permission.57 Copyright 2021, Nature Publishing Group. (c) Time-sequenced operando 
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magnetometry and potential response in the first three cycles of FeS2/Li cells operating 

at a constant current density of 200 mA g–1, (d) CV curves of FeS2/Li cells for the three 

cycles at a rate of 0.5 mV s-1, (e) function of voltage and magnetization in the three 

consecutive cycles of discharge-charge from 0 V to 1.2 V. Reproduced with 

permission.59 Copyright 2021, American Chemical Society. (f) ex-situ M–H curves for 

discharging to different voltages at 0.25 A g–1, (g) dependence of F(Q, E) on interfacial 

space charge Q. of FeSe nanosheets. (h) Schematic illustration of the sodium storage 

mechanism of FeSe-NS Reproduced with permission.60 Copyright 2023, American 

Chemical Society. (i) Time-sequenced operando magnetometry and potential response 

in the first cycle of NiS/Li cells.

Notably, existing studies have confirmed that the space-charge effect—which 

plays a positive role in balancing high capacity and rate performance—exists in 

transition metal (e.g., Fe and Co) compounds for both LIBs and SIBs, spanning oxides, 

sulfides, selenides, and oxysalts (such as hydroxides and carbonates).57, 59-62 

Furthermore, our recent experimental result, revealed by operando magnetometry (Fig. 

5i), shows that the formed Ni nanoparticles during conversion can also trigger a space-

charge storage mechanism in NiS/Li cells, despite their lower magnetization change 

compared to Fe/Co systems. However, investigations into the space-charge effect 

induced by spin-polarized electrons remain unexplored in the realm of HEMs. This gap 

is particularly critical given HEMs' unique "cocktail effect" and complex electronic 

structures endowed by high configurational entropy—including potential, 

compositionally tunable spin ordering. Understanding how spin-polarized carriers 
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modulate the space-charge layer in HEMs—such as influencing its intensity and 

distribution, and how this affects charge transfer resistance, interfacial ion diffusion 

barriers, and interfacial evolution during long-term cycling (e.g., solid/cathode 

electrolyte interphase formation)—is essential for elucidating potential unique 

electrochemical enhancement mechanisms in HEMs. Therefore, systematic research on 

the spin-polarized electron-induced space-charge effect in HEMs (especially those with 

magnetic components or specifically designed electronic structures) will not only 

bridge current knowledge gaps but also provide unique perspectives on electronic 

structure modulation and design principles for developing high-performance HEMs 

electrodes.

3 Element selection and structure design of HEMs

3.1 Element selection

The elemental composition of HEMs directly determines the ion storage 

mechanism of anodes, thereby influencing their electrochemical performance.63 

Elements that facilitate conversion, alloying, and space charge enhance capacity, while 

elements that do not participate in conversion contribute to increased cycling stability. 

Hence, appropriate element selection is crucial for constructing high-performance 

HEMs with hybrid ion storage mechanisms. Currently, HEMs materials used in the 

anodes of RIBs involve a wide range of cation elements, such as Li, Mg, Al, Si, Ca, Ti, 

V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ge, Sr, Mo, Ru, Ag, In, Sn, Sb, La, Ce, W, and Bi, etc, 

and anion elements, such as P, S, O, Se, and Te, etc. However, there is still a lack of 
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systematic summarization of the elements that may occur in different ion storage 

mechanisms. In this perspective, we comprehensively categorize and summarize the 

elements potentially involved in distinct ion storage mechanisms. As illustrated in Fig. 

6a, to trigger the occurrence of conversion reactions, anion elements like P, S, O, Se, 

or Te is a prerequisite, while cation elements on Plane A (including Si47, Fe64, Co64, 

Ni64, Cu46, Zn42, In47, Sn44, Mn65, Ge47, Ru40, Bi44, Sb44, V42, and Cr66) participate in 

conversion reactions. It is also important to emphasize that the anion elements 

significantly govern the feasibility and pathway of conversion reactions in HEMs, as 

they directly determine the chemical bonding environment, redox activity, and 

thermodynamic stability of the compound. Furthermore, cation elements on Plane B 

(including Sn44, Bi44, Sb44, Zn67, In47, Ge47, and Si47) after conversion reaction undergo 

additional alloying reactions, thereby achieving synergistic hierarchical ion storage. 

Besides, cation elements on Plane C (including Fe63, 64, 68, 69, Co56, 61, and Ni (Fig. 5i)) 

after conversion reaction can contribute to the space-charge storage, which is beneficial 

for improving fast-charging performance.  
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Fig. 6 (a) Research on HEM anodes in RIBs and ion storage mechanisms involving 

elements. (b) Theoretical specific capacity and intrinsic conductivity of cation elements 

involved in alloying reactions. (c) Saturation magnetization of Fe, Co, and Ni. (d) 

Theoretical specific capacity and intrinsic conductivity of HEMs involving anion 

elements.

Precise functional selection of elements in HEMs constitutes a core strategy for 

achieving synergistic enhancement of structural stability and electrochemical 

performance. In HEM anode systems, the inherent conflict between specific capacity 

and cycling longevity can be reconciled through coordinated integration of 
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electrochemically active components and inactive structural units. Active cation 

elements (e.g., Si, Sn, Fe, Co, etc) drive reversible charge storage reactions (including 

alloying or space-charge mechanisms), directly contributing to capacity. Although 

certain cation elements (e.g., Li, Mg)—defined as "inactive stabilizers"—primarily 

function as structural stabilizers without participating in conversion reactions. While 

serving this fundamental structural role, these elements can additionally undergo 

valence changes that mediate electron transfer, thereby enhancing charge transfer 

efficiency in pseudocapacitive processes. Concurrently, they function as essential 

structural pillars, constructing rigid frameworks that alleviate cycling-induced stress 

and suppress phase separation. It is noteworthy that certain specific elements are not 

fixed but highly dependent on the overall composition and structure of the material 

system, meaning that the same element can function either as an active or inactive 

component in different electrochemical environments. This design principle is 

convincingly demonstrated in representative studies. For example, in the 

(LiFeZnNiCoMn)3O4 LIB anode reported by Liu et al.41, Fe, Co, and Ni enable 

conversion reactions for capacity delivery, while Li, Zn, and Mn provide essential 

structural support. The electrode exhibits a capacity retention of 89% after 500 cycles 

at 0.5 A g-1. The high-entropy oxide with a hollow multishelled structure (HEO-HoMS) 

demonstrates significantly enhanced cycling stability and capacity compared to its 

unary counterpart. Specifically, the (LiFeZnNiCoMn)3O4 HEO-HoMS maintains 100% 

of its initial capacity (exceeding 1200 mAh g-1) after 100 cycles at 0.2 A g-1, whereas 

Co3O4-HoMS retains only 65% of capacity (final capacity less than 800 mAh g-1) under 
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the same conditions, highlighting the superior structural and electrochemical durability 

of the high-entropy system. Similarly, in the rock-salt (MgCoNiCuZn)O LIB anode 

developed by Ren et al.48, Mg functions as a structural stabilizer, whereas Cu, Co, Ni, 

and Zn participate in conversion reactions to provide primary capacity, with Zn 

contributing supplementary capacity through additional alloying reactions. This Mg-

stabilized HEM anode demonstrates exceptional long-term performance, with almost 

no capacity decay after 1000 cycles at 1 A g-1 and a retention of 80% even after 2500 

cycles. The two works highlight the crucial role of electrochemically inactive cation 

elements in sustaining structural integrity to increase the long cycling stability. The 

space-charge effect enhances fast-charging stability by enabling spin-polarized 

interfacial capacitance, as demonstrated by yolk–shell FeS/C anodes maintaining 96.8% 

capacity retention over 10,000 cycles at 10 A g-1 in the voltage window of the formation 

of space charge from 0.01 to 1 V.70 The magnetized interface of superparamagnetic 

metal nanoparticles significantly promotes stable and rapid ion transport, particularly 

under high-rate conditions. Therefore, a rational elemental selection strategy is essential 

to overcome the "capacity–lifespan trade-off" in HEM anodes. Elements that facilitate 

conversion, alloying, or space-charge mechanisms contribute significantly to high 

specific capacity and enhanced fast-charging performance, while electrochemically 

inactive elements improve long-term cycling stability by maintaining structural 

integrity. Through deliberate combination of these complementary functions, HEMs 

can simultaneously achieve high capacity, exceptional stability, and superior rate 

capability. 
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It is noteworthy that even within a common ion storage mechanism, theoretical 

specific capacities vary significantly across elements due to differences in atomic mass, 

number of electrons transferred, and reaction stoichiometry. For instance, in alloying 

reactions, Si exhibits a remarkable theoretical capacity of 4200 mAh g-1—the highest 

among all the elements—due to its low atomic weight and ability to host up to 4.4 Li+ 

ions (Fig. 6b). However, its extremely low intrinsic electrical conductivity (~10-5 S m-

1) severely limits rate performance. In contrast, Ge demonstrates superior rate capability, 

capable of sustaining ultrafast charging up to 1000 C in architecturally optimized 

anodes, attributed to its higher intrinsic carrier mobility and ductility, which 

accommodates rapid ion transport without fracturing.71 These properties, combined 

with a high volumetric capacity of 8646 mAh cm-3, make nanostructured Ge a 

promising candidate for high-power applications. This underscores a key advantage of 

HEMs: the ability to synergistically combine elements with high theoretical capacity 

and those with high conductivity. Leveraging these intrinsic properties, multi-element 

synergistic designs have been pursued. A notable example is the ternary medium-

entropy compound InGeSiP3, which integrates intercalation, conversion, and alloying 

mechanisms. Here, Si and Ge provide high Li storage capacity, while In offers high 

electrical conductivity to facilitate electron transport. These elements act cooperatively, 

collectively enabling a high reversible capacity of 1733 mAh g-1.47 

The decreasing saturation magnetization from Fe to Co and to Ni (Fig. 6c) leads 

to reduced efficiency in spin polarization and accumulation of electrons at the interfaces, 

thus decreasing the capacity contribution from the space-charge effect, sequentially, as 
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discussed in section 2.4 above. Beyond the role of cations, the selection of anions 

significantly influences the electrochemical behavior, including both intercalation and 

conversion processes. While anion elements such as P, S, and O offer high theoretical 

capacity (Fig. 6d) in such reactions, elements like Se and Te provide distinct practical 

advantages despite their lower theoretical values. Specifically, Se and Te enhance 

electronic conductivity and improve reaction kinetics, facilitating more efficient ion 

intercalation and conversion processes.44, 49 This results in superior rate capability and 

more effective charge storage, making them particularly suitable for high-power and 

fast-charging applications. In contrast, P-, S-, and O-based HEMs remain preferable in 

scenarios where high energy density is the primary requirement. 

To support the above viewpoint, we summarize the change of magnetization at 

key voltage nodes from the electrodes containing superparamagnetic Fe, Co, and Ni 

conversion. Clearly, a gradual decrease in the extent of magnetization variation of the 

electrode containing Fe, Co, and Ni conversion during charge–discharge processes is 

observed in Fig. 7a, thereby weakening the space-charge effect due to Fe, Co, and Ni 

conversion sequentially. Specifically, the magnetization values at the conversion cutoff 

voltage, discharge cutoff voltage, and oxidation onset voltage follow the order Fe > 

Co > Ni in absolute terms. The differences in magnetization between the conversion 

cutoff and discharge cutoff voltages, as well as between the oxidation onset and 

discharge cutoff voltages, also exhibit the same trend (Fe > Co > Ni) in relative terms. 

Notably, for metallic cobalt nanoparticles, an intermediate increase in magnetization is 

observed between the conversion cutoff and discharge cutoff voltages, which is 
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attributed to the release of internally spin-polarized electrons during this stage.61 

Despite this unique behavior, the overall magnetic variation still follows the sequence 

Fe > Co > Ni, further indicating that the space-charge effect decreases in the order Fe > 

Co > Ni, consistent with the experimentally observed differences in practical capacity.61, 

72 It is worth noting that even for the same element (taking Fe as an example), 

systematic differences in magnetization evolution are observed across different alkali-

ion systems, as quantitatively compared in Fig. 7b. Both the absolute magnetization 

values at characteristic voltages (conversion cutoff, discharge cutoff, and oxidation 

onset) and the relative changes between these voltages exhibit a consistent decreasing 

trend: LIB > SIB > PIB, which is attributed to the increasing cation radius from Li+ 

(0.076 nm), Na+ (0.102 nm), to K+ (0.138 nm). The larger ionic radius decreases 

intercalation and conversion reaction kinetics, leading to the formation of larger-size 

conversion products with reduced interfacial area for space-charge layer formation, 

while simultaneously accommodating fewer charge carriers per unit interface area. This 

change of magnetization shows a similar trend with the corresponding decline in the 

strength of the space-charge effect from lithium-, sodium-, to potassium-ion systems.73 

As shown in Figs. 7c-f, a systematic comparison at different anion systems is conducted 

on the maximum capacity and rate capability in representative lithium-ion and sodium-

ion systems. As illustrated in Fig. 7c, the maximum capacity trends in LIBs align well 

with theoretical expectations of P, S, O, and Se. In contrast, the corresponding trends 

for SIBs in Fig. 7d exhibit certain deviations from theoretical predictions, particularly 

in oxide-based systems. These discrepancies may be attributed to the poor conductivity 
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often associated with oxide materials under sodium cycling conditions, which leads to 

insufficient sodiation of the active material to prevent the theoretical capacity from 

being fully utilized. On the contrary, high-conductivity selenides can make the active 

material more fully sodiated and exert its theoretical capacity, which is more 

pronounced in SIBs. Therefore, selenides have more advantages as anode materials of 

SIBs than LIBs. Besides, the rate performance of electrode materials at different anion 

systems in LIBs and SIBs shows a similar trend with theoretical predictions (electrical 

conductivity) but still has some deviations (Figs. 7e and f). This is because rate 

performances are influenced by a combination of multiple factors, including cation 

selection and structure stability during cycling, etc. Among them, selenides exhibit a 

more excellent rate capability (Fig. 7f) due to high electrical conductivity of Se, 

whereas phosphides, despite possessing higher theoretical conductivity than oxides, 

struggle to maintain their high theoretical capacity advantage under high-current 

charging and discharging conditions due to structural instability caused by large volume 

expansion. Notably, introducing a small amount of Se into sulfide-based HEMs in SIBs 

can effectively enhance their conductivity, resulting in significantly improved rate 

capability compared to pure sulfides (Fig. 7f).49, 74

To construct practical full cells, HEM anodes have demonstrated excellent 

compatibility with various commercial cathode materials, as evidenced by several 

successful configurations. In LIBs, the high-entropy phosphide GaCuZnInGeSiP6 pairs 

effectively with LiFePO4
47, while high-entropy oxide (LiFeZnNiCoMn)3O4 couples 

well with LiNi0.8Co0.1Mn0.1O2
41. In SIBs, high-entropy sulfide 
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Cu0.88Sn0.02Sb0.02Bi0.02Mn0.02S0.9Se0.1 works compatibly with Na3V2(PO4)3
49

. In PIBs, 

high-entropy telluride Sb1.4Bi0.2Sn0.2Co0.1Mn0.1Te3 matches effectively with 

K1.47Fe0.5Mn0.5[Fe(CN)6]·1.26H2O.44 These diverse pairing examples confirm the 

practical viability of HEM anodes across multiple battery chemistries.38, 44 However, 

despite the remarkable electrochemical properties of HEM anodes, including enhanced 

capacity, cycling stability, and rate capability, a critical challenge remains: their 

relatively high working voltage, with typical voltage plateaus occurring at ~1.0 V 

compared to conventional anode materials (e.g., graphite or hard carbon operating ~0.2 

V). This characteristic leads to reduced energy density in full-cell configurations, as the 

higher working voltage narrows the operational voltage window and consequently 

lowers the overall voltage output. To fully exploit the potential of HEM anodes in 

practical applications, future research should focus on strategies to lower their redox 

potentials while maintaining structural stability.47 Possible solutions should focus on 

incorporating alloying elements with lower working potentials, particularly Si, which 

exhibits a favorable voltage plateau ~0.4 V versus Li/Li+ while delivering high specific 

capacity. Strategic integration of such elements into high-entropy systems presents a 

promising pathway to reduce the overall operating voltage while maintaining 

competitive capacity, thereby enhancing the energy density of full-cell configurations.

In addition, the rational selection of constituent elements is equally critical for the 

successful formation and stabilization of high-entropy phases. For instance, Lun et al.75 

computationally evaluated the mixing temperatures of 23 cations in different valence 

states via energy differences between pseudo-random configurations and competing 
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phases, identifying Mg2+, Zn2+, Ga3+, Al3+, and Sn4+ as poorly compatible in 

conventional systems. However, the ultrahigh configurational entropy in high-entropy 

environments significantly reduces overall mixing temperatures, enabling the 

incorporation of otherwise immiscible ions (e.g., Cr3+, Sb5+) into single-phase solid 

solutions. Furthermore, introducing dual-redox-center cations (e.g., Mn2+/Mn4+, 

V3+/V5+) helps maintain high electron capacity while suppressing undesirable short-

range ordering. Lun et al.76 systematically assessed 13 metal cations using metrics such 

as M–P bond length distribution, intrinsic conductivity, and cost, highlighting that 

smaller electronegativity differences between phosphorus and metal elements promote 

weakly polar covalent bonds and facilitate solid-solution formation. Multi-parameter 

radar chart analysis identifies optimal combinations (e.g., Zn–Cu–Sn–Ge–Si–Sb–Fe) 

that balance capacity, stability, conductivity, and cost, demonstrating the power of 

element selection in achieving multifunctional synergy.
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Fig. 7 (a) Summary of changes in electrode magnetization at different voltage nodes 

induced by the formation of Fe67, Co56, and Ni nanoparticles during conversion 

reactions in LIBs. The data on Ni is from Fig. 5i. (b) Summary of changes in electrode 

magnetization at different voltage nodes induced by the formation of Fe nanoparticles 

during conversion reactions in LIBs, SIBs, and PIBs.73 (MVi---The value of 

magnetization corresponds to the conversion cut-off voltage; MV0.01---The value of 

magnetization corresponds to the discharge cut-off voltage of 0.01 V; MVii---The value 
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of magnetization corresponds to the oxidation onset voltage; MVi-MV0.01 corresponds to 

their difference value; MVii-MV0.01 corresponds to their difference value). (c,d) 

Maximum capacity of different types of representative reported HEMs for (c) LIB and 

(d) SIB electrodes. (e,f) Rate capability of different types of representative reported 

HEMs for (e) LIB and (f) SIB electrodes. 40, 45, 47, 49, 74, 77-90  

3.2 Structure design

The selection of elemental components dictates the theoretically accessible ion 

storage mechanisms—intercalation, conversion, alloying, and space charge. To 

maximize their collective contributions to capacity, fast-charging capability, and 

cyclability, a tailored structural design is essential. The overarching principle is to 

enhance the reaction kinetics of intercalation and conversion, which in turn promotes 

the formation of finer metal nanoparticles to maximize the alloying and space-charge 

mechanisms. Lower ion diffusion barriers and higher ion diffusion coefficients 

facilitate deeper progression of intercalation, which in turn satisfies the thermodynamic 

conditions required to initiate conversion reactions. This enhances the completeness of 

conversion (Fig. 8a), refines the particle size of conversion products, and, more 

importantly, yields finer metallic particulates that alleviate stress concentration from 

large volume expansion during alloying, thereby mitigating structural collapse (Fig. 8b). 

Conversely, coarse particles result in incomplete electrochemical reactions, diminished 

reversibility of conversion processes, and the formation of electrochemically inactive 

dead zones. Agglomerated nanoparticles further develop thick insulating layers around 

active materials, severely reducing electronic conductivity, blocking electron transport 
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to inner regions, and impairing alloying reversibility.91 The refined metallic particulate 

size formed during conversion significantly increases the electrochemically active 

interfacial area available for space-charge storage (Fig. 8c), substantially enhancing the 

overall capacity of the electrode. Moreover, the presence of metallic particles smaller 

than 10 nm is essential for enabling pronounced space-charge effect, with further size 

reduction enhancing both magnetic properties and space-charge contribution at the 

interfaces.57 Ultimately, the effectiveness of structure design in harnessing synergistic 

contributions from these four mechanisms depends on its ability to modulate two 

interconnected physicochemical properties: (1) ion diffusion kinetics of intercalation 

reaction (controlled by diffusion barriers and coefficients), (2) thermodynamics of 

conversion reactions (determined by Gibbs free energy), which further governs the 

metallic particle size of conversion products, consequently influencing stress 

dissipation in alloying reactions and the ion storage interfaces enabled by the space-

charge effect.
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Fig. 8 Schematic illustrations: (a) The effect of ion types on the extent of conversion 

reactions. (b) The effect of particle sizes on the structural stability during alloying 

reactions. (c) The effect of the size of conversion products on the storage number of 

ions and electrons in the same space. (d) The modified methods of nanostructures.

Strategic structural engineering reduces diffusion barriers and raises diffusion 

coefficients, promoting intercalation depth and lowering conversion activation energy. 

This dual action ensures complete conversion and refines metallic nanocrystals. These 

ultrasmall, stabilized particles favor alloying and maximize space-charge interfaces, 

collectively unlocking full theoretical capacity. This mechanism was confirmed 

through ex-situ XRD and in-situ TEM experiments by Ren al.48 Lithiation of HEO 

(MgCoNiCuZn)O led to the irreversible disappearance of the rock-salt phase and the 

formation of ultrafine metallic nanocomposites. In-situ nanobattery testing revealed 

limited volume expansion of only ~7%—far below the >100% typical of metal 

oxides—with nearly complete reversal upon delithiation. No cracking was observed, 

demonstrating exceptional mechanical resilience and morphology retention, which 

effectively supports highly reversible alloying behavior. Although research on space-

charge effect in HEMs is currently lacking, the principle of regulating the space-charge 

mechanism in non-high entropy systems can be referenced. For example, Li et al.92 

employed a heteroatom doping strategy to engineer Fe-doped MoS2 anodes for SIBs. 

This approach precisely tunes the electronic structure and interlayer spacing of layered 

transition metal sulfides, successfully constructing monolayer Fe-doped MoS2 that 

significantly modulates triple ion storage mechanisms: intercalation, conversion, and 
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space charge. The overlapping architecture of monolayer Fe-doped MoS2 with N, O-

co-doped carbon synergistically enhances sodium storage performance through three 

mechanisms. Expanded interlayer spacing combined with Fe-induced electrostatic 

repulsion stabilizes the structure, substantially reducing Na+ diffusion barriers and 

enabling superior kinetics for intercalation across broad temperature ranges. Spatial 

confinement by the carbon monolayer suppresses nanocrystal growth during 

conversion, reducing Mo nanoparticle size from ≈10 nm in pure MoS2 electrodes to 

just over 2 nm—and stabilizing both Mo and Fe particles near ~2 nm upon Fe 

incorporation—which is essential since the spin-polarized surface capacitance effect 

weakens with increasing size of 3d transition metal nanocrystals and vanishes beyond 

10 nm.57 This not only improves reaction completeness but also shortens ion/electron 

transport pathways. The overlapping structure of monolayer carbon and MoS2 

suppresses the agglomeration and growth of Fe0 and Mo0 nanocrystals generated during 

the conversion reaction through spatial confinement, stabilizing Fe0 nanocrystals. Fe0 

nanocrystals maintain at these critical dimensions, forming charge-separation zones 

with Na2S to generate robust space-charge storage. Particularly in the discharged state, 

the monolayer configuration significantly increases the Fe/Na2S interfacial area93 (Fig. 

8c), substantially boosting Na+ storage density in the space-charge region and 

ultimately doubling the rate capability. 

Our recent research found that ion diffusion coefficients and energy barriers in the 

intercalation reaction, and the Gibbs free energy required for the conversion reaction 

among Li/Na/K ions show significant differences.73 This resulted in a decreasing extent 

Page 40 of 58Energy & Environmental Science

E
ne

rg
y

&
E

nv
ir

on
m

en
ta

lS
ci

en
ce

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 2
2 

 2
02

5.
 D

ow
nl

oa
de

d 
on

 0
2/

11
/2

5 
03

:1
2:

06
. 

View Article Online
DOI: 10.1039/D5EE05507E

https://doi.org/10.1039/d5ee05507e


of the conversion reaction and contribution of conversion to the specific capacity with 

the increase of ion radius for LIBs, SIBs, and PIBs (the conversion capacity 

contributions for SIBs and PIBs were only 90.5% (476.0 mAh g-1) and 46.8% (246.1 

mAh g-1) of that for LIBs (525.9 mAh g-1), respectively. This led to substantial 

differences in the capacity contribution from the space-charge effect (the space-charge 

capacities for SIBs and PIBs were merely 22.8% (163.0 mAh g-1) and 17.1% (122.6 

mAh g-1) of that for LIBs (714.2 mAh g-1), respectively. 

HEMs leverage their inherent structural features—lattice distortion, entropy-

stabilized effect and sluggish diffusion—to synergistically enhance multi-mechanism 

energy storage: expanded ion channels facilitate intercalation; flexible frameworks 

accommodate volume changes during conversion; and gradient bonding, combined 

with ultrafine metallic particles, effectively dissipates stress in alloying reactions. These 

structural characteristics collectively contribute to improved reversibility, higher active 

site availability, and enhanced interfacial ion transport across intercalation, conversion, 

and alloying processes. For instance, Wei et al.38 investigated the structure-ion storage 

mechanism relationship in high-entropy Prussian blue analog selenides containing Mn, 

Co, Ni, Cu, Fe, and Zn. Voids within the high entropy selenide lattice effectively 

alleviate volume expansion during Na+ insertion/extraction, reducing stress 

concentration. Significant lattice distortion induced by high entropy increases Na+ 

adsorption sites, facilitating easier Na+ intercalation and formation of intermediates like 

NaxHESe2. This enhances reversible capacity and kinetic efficiency during intercalation. 

The high-entropy character effectively suppresses phase separation of multiple 
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elements during reactions, rendering the conversion reaction more completely 

reversible. These ultrafine metal particles provide abundant electrochemically active 

sites, significantly reduce charge transfer resistance, and notably weaken lattice 

expansion from conversion reactions, preserving electrode structural integrity. 

Conversion reactions occur upon Na+ intercalation, generating highly conductive 

ultrafine metal particles and Na2Se. No distinct new phases form during conversion; 

only minor lattice displacement is observed. This stable crystal structure evolution 

minimizes stress accumulation, ultimately improving the material's structural stability 

during long-term cycling.

Nanotechnology further enables the construction of low-dimensional and hybrid 

nanoarchitectures for anodes, providing shortened ion/electron diffusion pathways and 

enlarged specific surface areas. This significantly accelerates intercalation reaction 

kinetics while enhancing interfacial-dominant pseudocapacitive behavior, thereby 

improving charge/discharge rates. Simultaneously, nanostructures effectively buffer 

volumetric deformation induced by conversion and alloying reactions, preserving 

electrode structural integrity and enhancing cycling stability. These features facilitate 

efficient synergy among multiple ion storage mechanisms (Fig. 8d).94 Han et al.95 

synthesized FeS/C yolk-shell structures featuring hollow carbon layers encapsulating 

FeS nanosheets, achieving triple synergistic functions. The carbon shell and void space 

efficiently accommodate volume expansion during sodiation (in-situ TEM confirms 

only 4.0% deformation). The carbon coating significantly enhances conductivity and 

promotes charge transfer. Ultrasmall Fe nanoparticles generated upon full sodiation 
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induce strong spin-polarized interfacial capacitance at Fe/Na2S interfaces. This effect 

synchronously enhances ion transport kinetics and contributes additional sodium 

storage capacity within the low-voltage region (0.01-1 V), particularly excelling at high 

current densities. Critically, such nanotechnology is equally essential for HEMs, where 

they provide dual protection under extreme cycling conditions: physical confinement 

mitigates cyclic stress, while interfacial modification enhances electrode-electrolyte 

contact and exposes accessible active sites. Wang et al.96 employed phase-separated 

polymers with distinct decomposition temperatures to fabricate porous hollow HEO 

nanofibers. This architecture promotes lithium-ion diffusion and accommodates 

volume expansion, enhancing electrochemical performance in LIBs. During 

intercalation, the fibrous porous structure provides abundant lithium-ion insertion sites 

and shortens diffusion paths, while the hollow configuration facilitates rapid electrolyte 

infiltration, markedly reducing diffusion resistance and boosting intercalation kinetics. 

This enables more efficient lithium-ion insertion/extraction, increasing the intercalation 

capacity contribution. During conversion reactions, the porous and hollow fiber matrix 

effectively buffers volume expansion from metal oxide conversion to metallic species 

and Li2O, preventing material pulverization. Concurrently, the high-entropy effect 

suppresses metal particle aggregation, ensuring complete and reversible conversion 

reactions while maintaining conversion capacity stability.

Finally, the crucial roles of elemental selection and structural design in regulating 

the four primary ion storage mechanisms are summarized. As shown in Table 1, the 

element selection fundamentally determines which mechanisms are activated: 
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conversion and alloying are driven by electrochemically active cation elements (e.g., 

Sn, Ge, Si etc. for alloying; Fe, Co, Ni for space charge), while structurally stabilizing 

elements enhance cycling durability. Anionic elements also play a crucial role in 

determining whether the conversion reaction can occur. Moreover, the intrinsic 

electrical conductivity and theoretical capacity of the constituent elements govern the 

rate performance and initial reversible capacity of HEMs to a certain extent. Beyond 

element selection, a tailored structural engineering at multiple scales is essential to fully 

exploit these mechanisms. Through strategies that minimize primary particle size, 

construct robust conductive frameworks, and introduce abundant defect sites, we can 

enhance intercalation and conversion reaction kinetics. By enhancing intercalation and 

conversion reaction kinetics, the structural design of HEMs can result in ultrafine 

metallic nanoparticles and a high density of conversion product interfaces during 

conversion, such that both alloying efficiency and space-charge storage are 

significantly enhanced.

Table 1. Design guidelines for HEM anodes in RIBs.

Ion storage mechanisms

Influencing Factors
Intercalation Conversion Alloying

Space 
charge 

Ref.

Cations

Li, Mg, Al, Si, Ca, Ti, V, 
Cr, Mn, Fe, Co, Ni, Cu, 
Zn, Ge, Sr, Mo, Ru, Ag, 
In, Sn, Sb, La, Ce, W, Bi

Si, Fe, Co, Ni, 
Cu, Zn, In, Sn, 
Mn, Ge, Ru, Bi, 

Sb, V, Cr

Sn, Bi, Sb, Zn, 
In, Ge, Si

Fe, Co, Ni

40, 42, 

44, 46, 

47, 64-66Element 
selection

Anions - P, S, O, Se, Te - - 97
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Theoretical 
capacity 

- P>S>O>Se>Te
Si>Ge>Sn>Sb>

Zn>Bi>In
Fe>Co>Ni 76, 98

Intrinsic electrical 
conductivity

- Se>Te>P>S>O
Si>Ge>Sn>Sb>

Zn>Bi>In
- 76

Smaller initial 
particle size

↑ ↑ - - 9, 35

Smaller particle 
size of conversion 

products
- - ↑ ↑ 57, 91

Higher conversion 
product interface 

density
- - ↑ ↑ 47, 95

More developed 
conductive 
framework

↑ ↑ - - 31, 41

Structure 
design

Increased defect 
sites

↑ ↑ - - 21

This upward arrow (↑) indicates that the structural factors have a positive effect on the 
corresponding ion storage mechanisms.

4. Conclusion and perspective

In summary, HEMs can effectively integrate four ion storage mechanisms — 

intercalation, conversion, alloying, and space charge—through multi-element synergy, 

offering a promising strategy to overcome the capacity-rate-cycling trade-offs of 

conventional anodes in RIBs. The selection of elements fundamentally determines 

which mechanisms are activated: conversion and alloying are driven by 

electrochemically active cation elements (e.g., Sn, Ge, Si etc. for alloying; Fe, Co, Ni 

for space charge), while structurally stabilizing elements enhance cycling durability. 
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Anion elements also play a critical role; for instance, Se has a high conductivity to 

benefit the improvement of rate performance of HEMs; P and S have high theoretical 

capacities after binding with alkali metal ions, which can improve the reversible 

capacity of HEMs. Beyond element selection, a tailored structural engineering at 

multiple scales is essential to fully exploit these mechanisms. By enhancing 

intercalation and conversion kinetics, HEMs promote the formation of ultrafine 

metallic nanoparticles that facilitate efficient alloying and amplify space-charge storage. 

This synergistic approach—combining element selection with hierarchical structure 

design—enables simultaneous improvements in capacity, cycling life, and fast-

charging performance. Moving forward, elucidating the interplay of multi-ion storage 

mechanisms, especially the underexplored space-charge effect, and advancing 

synthetically scalable architectures will be key to unlocking the full potential of HEM 

anodes for next-generation RIBs.

However, research on HEM ion storage mechanisms and optimized design 

remains at a nascent stage. The complexity introduced by multi-component systems 

(elements/solvents/salts) poses significant challenges to elucidating intrinsic 

mechanisms. A universal theoretical framework for systematically interpreting HEM 

functionality evolution is still lacking. Consequently, three critical breakthroughs are 

required for HEMs' anodes in the RIBs. An integrated summary of ion storage 

mechanisms and three key research frontiers in HEM anodes is presented in Fig. 9.
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Fig. 9 Three breakthrough dimensions in HEMs anodes: (I) intelligent design, 

(II) structural innovation and (III) mechanism elucidation.

(I) The super-exponential combinatorial space and near-infinite property 

distributions in HEMs with five or more components induce a dimensionality 

catastrophe for traditional trial-and-error approaches. Manual screening proves 

inefficient due to the strong sensitivity of synthesis routes and parameters 

(temperature/pressure/precursor ratios, etc) to microstructures, phase composition, and 

defect concentration. Identical compositions can yield divergent morphologies 

(nanodendrites, porous frameworks, core-shell structures, etc), amplifying performance 

prediction complexity. To resolve this multidimensional coupling challenge, an AI-

driven paradigm shift is imperative: establishing a cross-scale digital twin platform via 

generative large models, decoding implicit process-structure-property relationships 
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through deep neural networks. Integrating high-throughput quantum computing for 

entropy-stable phase screening enables precise targeting of materials with desired 

properties from vast "composition-process-structure" combinations, revolutionizing 

experience-oriented material development.

(II) To meet the stringent commercial requirements for energy storage—including 

high initial Coulombic efficiency, high capacity, long cyclability, and excellent rate 

capability—a fundamental breakthrough through deliberate multiscale structural design 

is imperative. While HEMs offer unique compositional advantages, their structural 

configuration remains underexplored and represents a critical direction for future 

development. To maximize the synergy of the four primary storage mechanisms—

intercalation, conversion, alloying, and space-charge storage—structural optimization 

must occur across multiple scales: At the atomic scale, precise structural design can 

greatly improve storage kinetics: Single-atom dispersion or sub-nanometric clusters 

significantly increase active sites and shorten diffusion lengths, thereby enhancing ion 

diffusion kinetics; Tailored cationic valence gradients reconstruct continuous 

conductive networks to facilitate charge transfer; Rational anion selection adjusts 

ligand fields to reduce diffusion energy barriers, promoting rapid ion transport. These 

designs benefit for the intercalation reaction. At the nanoscale, interface and 

morphology engineering play decisive roles: Core-shell interfaces by compositing 

highly conductive carbon materials with HEMs accelerate charge transport and 

structure stability; Yolk-shell or porous structure by finely controlled porosity not only 

buffers large volume variation in conversion and alloying reactions but also ensures 
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efficient ion flux and structural integrity. Beyond intrinsic material design, further 

performance enhancement can be achieved through integration with exogenous 

structural systems, such as supported matrix materials (carbon nanofibers, nanotubes, 

and felts, etc), which improve electrical connectivity and alleviate mechanical 

degradation during cycling. Such a holistic and multi-level structural strategy is 

expected to promote HEM-based anodes to approach theoretical limits of initial 

Coulombic efficiency, second-level rate performance, and ultra-long cycle life, thereby 

accelerating their commercialization.

(III) The electrochemical performance of HEMs is attributed to multi-mechanism 

synergy, yet fundamental challenges persist regarding the voltage-resolved activity and 

quantitative capacity contribution of each ion storage mechanism. Conventional ex-situ 

characterization techniques offer limited insight into dynamic and coupled processes of 

the four mechanisms, particularly under realistic operating conditions. In addition, the 

synergy of the four mechanisms involves a series of complex processes, such as the 

interaction between spin-polarized electrons and transition metals, the interaction 

between electric and magnetic fields, and the mutual conversion between electrical and 

chemical energy. A single in-situ characterization technique is difficult to solve the 

challenges. The combination of multiple advanced in-situ characterization techniques 

is expected to overcome this challenge. For example, in-situ XRD enables real-time 

tracking of phase transitions and lattice evolution of intercalation, conversion and 

alloying reactions. In-situ TEM provides nanoscale visualization of structural 

revolution, including the process of conversion and alloying reactions. operando 
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magnetometry detects conversion onset and end voltages, spin-polarized electron 

transfer and the corresponding magnetic responses during space-charge storage. In-situ 

EIS and EPR spectroscopy offer complementary insights into charge transfer kinetics 

and electron structure evolution during the four ion storage mechanisms. Together, 

these techniques form a multidimensional platform for deciphering mechanism-specific 

potentials, quantifying individual capacity contributions, and ultimately establishing a 

mechanistic foundation for the rational design of HEM electrodes with tailored ion 

storage behavior.
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