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To overcome the challenges raised by the utilization of intermittent clean energy, rechargeable aqueous

zinc metal batteries (AZMBs) stand at the forefront due to their competitive capacity, low cost, and

safety metrics. However, the side reactions at the anode, the instability of the cathode and the limited

applications of aqueous electrolytes hinder its commercialization. High-entropy materials (HEMs), known

for their multi-elemental composition and synergy, have shown great potential to alleviate the failure

behaviors in various components, such as the electrochemical instability of electrodes, side reactions

and electrolyte incompatibility with the reactive metallic anode. Based on the evaluation of emerging

HEM strategies and the failure behavior analysis of AZMBs, this review discloses that the adoption of

HEMs could be a universal solution to break the constraints in AZMBs and pave the way toward the

development of high-performance AZMBs.

Broader context
Aqueous zinc metal batteries (AZMBs) have attracted widespread attention due to their significant advantages of low cost and high safety, making them one of
the best candidates for large-scale energy storage. However, AZMBs face several challenges, including structural instability, cathode dissolution, zinc dendrite
growth and side reactions during electrochemical reactions at the zinc anode, and a narrow electrochemical stability window of the electrolytes. To date, these
dilemmas have not yet been fully overcome. In this case, high-entropy materials (HEMs) stand out due to their unique properties and functionalities, such as
the pinning effect, lattice distortion effect, and cocktail effect. While specific electrode materials and electrolytes vary across different battery systems, the
selection of key components in batteries generally follows some common principles and reaction mechanisms. Based on the significant progress made by
HEMs in solving critical issues in LIBs or SIBs, this review examines the prospects of applying HEMs in AZMBs to address their failure behaviors and
comprehensively enhance their performances. This review aims to bridge the applications of the high-entropy concept from existing rechargeable battery
systems to AZMBs and offer innovative directions for the development of robust and practically feasible HEM-based AZMBs.

1. Introduction

The large-scale exploitation of fossil fuels coupled with the inten-
sifying environmental deterioration have underscored the urgency
of harnessing clean energy.1 In this case, renewable energy sources
hold significant importance in suppressing the increasingly severe
energy crisis and catalyzing sustainable growth. Nevertheless,
these energy sources usually show the characteristics of intermit-
tent, unpredictable, and unstable power generation patterns.2 To
effectively utilize clean energy, these critical issues need to be given

sufficient attention.3 Battery technology for the storage of inter-
mittent clean energy is regarded as an effective approach and has
garnered significant attention. Within this emerging field, aqu-
eous zinc metal batteries (AZMBs) have stood out due to their low
cost and high security.4 Due to their competitive theoretical
capacity (820 mA h g�1 or 5855 mA h cm�3), high crustal
abundance, intrinsic safety, low standard potential (�0.762 V vs.
SHE) and reversible stripping/plating, AZMBs have received much
attention in recent years, and they are considered one of the best
candidates for large-scale energy storage.5,6

Numerous research studies on AZMBs have emerged in an
endless stream.7 While the remarkable properties of AZMBs
present outstanding development prospects, there are still
many challenges in their practical applications.8 Most promi-
nently, similar to the phenomenon occurring in other battery
systems, zinc ions tend to deposit on the anode inhomogen-
eously, which leads to uncontrollable dendrite growth and

a Beijing Key Laboratory of Environmental Science and Engineering, School of

Materials Science & Engineering, Beijing Institute of Technology, Beijing, 100081,

China. E-mail: 6120230129@bit.edu.cn, chuanwu@bit.edu.cn,

membrane@bit.edu.cn
b Yangtze Delta Region Academy of Beijing Institute of Technology, Jiaxing, 314019,

China

Received 28th September 2024,
Accepted 30th October 2024

DOI: 10.1039/d4ee04442h

rsc.li/ees

Energy &
Environmental
Science

REVIEW

Pu
bl

is
he

d 
on

 0
3 

  1
44

6.
 D

ow
nl

oa
de

d 
on

 0
7/

08
/4

7 
11

:4
3:

57
 . 

View Article Online
View Journal  | View Issue

https://orcid.org/0000-0001-7936-6360
https://orcid.org/0000-0002-1251-7977
https://orcid.org/0009-0008-9724-1113
https://orcid.org/0000-0003-3878-179X
https://orcid.org/0000-0003-3645-4357
http://crossmark.crossref.org/dialog/?doi=10.1039/d4ee04442h&domain=pdf&date_stamp=2024-11-22
https://rsc.li/ees
https://doi.org/10.1039/d4ee04442h
https://pubs.rsc.org/en/journals/journal/EE
https://pubs.rsc.org/en/journals/journal/EE?issueid=EE018001


98 |  Energy Environ. Sci., 2025, 18, 97–129 This journal is © The Royal Society of Chemistry 2025

triggers the internal short-circuit.9 The continuous side reac-
tions, including corrosion, surface passivation and hydrogen
evolution, result in an inferior coulombic efficiency (CE) and
deteriorated performance, setting barriers to the real-world
deployment of AZMBs.10 Moreover, suitable cathode materials
are still severely plagued by their limited selection.11 The
specific types and proportions of cathode materials used can
be referred from Fig. 1(c). Cathode materials typically face
several issues, as follows: (1) slow diffusion kinetics. The strong
Coulomb interaction between Zn2+ and highly polar H2O mole-
cules forms hydrated [Zn(H2O)6]2+. The large volume effect and
the complicated desolvation at the electrode/electrolyte inter-
face result in the slow migration of Zn2+ ions;12 (2) structural
collapse. The lattice spacing undergoes periodic expansion/
contraction during the repeated ion insertion/deintercalation,
inevitably leading to volume changes and structural pulveriza-
tion;13 (3) irreversible phase transition. Transition metals with
d-electrons, such as Mn and Cu, are prone to induce the Jahn–
Teller effect during the cycle process, which leads to distortion
of the coordination of MO6 from octahedron to quadrilateral;14

(4) cathode dissolution. Transition metals undergo dispropor-
tionation reactions due to the Jahn–Teller effect, resulting in
their dissolution in the electrolyte. Also, the acidic environment
may accelerate the dissolution process.15 The electrolytes in
AZMBs also constrain their practical development.16 Water as
the solvent possesses a narrow electrochemical stable potential

window (ESPW) of only B1.23 V vs. SHE, restricting the practical
energy density of AZMBs.17 Moreover, owing to the high freezing
point of water, AZMBs cannot be employed under low tempera-
ture conditions.18,19 Zinc metal presents a high hydrogen over-
potential and suitable standard potential, which make it suitable
for direct use as an anode of AZMBs.20 However, the hydrogen
evolution reaction (HER) will spontaneously occur at the zinc
anode/electrolyte interface based on thermodynamic aspects,
elevating the local pH on the electrode surface, and thus facil-
itating the formation of by-products.21 Furthermore, the gas
evolution reactions increase the internal pressure and lead to
the exhaustion of electrolyte. As a result, the cells show a
decrease in both cycle durability and overall battery lifespan,
and eventually damage the packed cells.22 To date, various
strategies have been proposed to solve these problems and
optimize the electrochemical performance of AZMBs, but there
is still room for improvement.

Fig. 1(a) illustrates the key milestones in the development of
high-entropy materials (HEMs). Presently, HEMs are in the stage
of rapid development and attract increasing interest.23,32–35 HEMs
usually refer to compounds containing five or more elemental
components within a single-phase material.36 Due to their unique
structural characteristics, designable chemical composition and
corresponding specific functions, HEMs have been widely applied
in diverse areas of environmental science and renewable energy
technologies (Fig. 1(b)).37 The purpose of researching HEMs is to

Fig. 1 (a) Developmental milestones of HEMs.23–31 (b) Major applications of HEMs. (c) Publications of HEMs in the research of energy storage devices
and zinc ion batteries (data from Web of Science). (d) Proportion of research papers on various cathode materials in AZMBs (data from Web of Science).
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develop advanced materials with unique performances. Remark-
ably, the progressive applications of HEMs provide a new research
approach and have the potential to solve many problems that are
difficult to break through in lithium ion batteries (LIBs),38–40

sodium-ion batteries (SIBs)24,41–45 and other systems.46–49 Based
on the unique properties of HEMs, such as pinning effect, cocktail
effect, and lattice distortion effect, they can achieve a comprehen-
sive performance improvement, resulting in fast ion transport
dynamics, enhanced structural stability and reduced internal
stress and/or strain accumulation in energy storage systems.50–52

Based on the significant progress using HEMs to solve critical
issues in LIBs or SIBs, this review examines the prospects for the
application of HEMs in AZMBs to address their failure behaviour
and comprehensively enhance their performance. Firstly, this
review clarifies the specific applications and elucidates the
mechanisms of HEMs as components in LIBs and SIBs. HEMs
can synthetically enhance the mechanical properties, thermal
stability and cycle stability of the electrode materials. Through
the cocktail effect and pinning effect, HEMs can mitigate problems
such as oxygen loss, dislocation generation, volume expansion and
harmful phase transformations happening in electrode materials.
Electrolytes with high-entropy increase the ionic conductivity and
broaden the operating temperature range of the electrolyte. By
leveraging molecular or configurational diversity, these electrolytes
significantly optimize the solvation structure and reduce ionic
aggregation through entropic effects. After thorough analysis and
careful judgment, we determined that although the specific elec-
trode materials and electrolyte types vary across different battery
systems within the energy storage field, the selection of key
components in batteries generally adheres to common principles
and reaction mechanisms. Furthermore, various energy storage
systems encounter similar failure behaviors and mechanisms,
such as phase transitions and structural instability in the cathode,
dendrite growth and gas evolution reactions at the anode, and
narrow operating voltage window for the electrolyte. The explora-
tion of the high-entropy concept within AZMBs remains in its early
stages. After comprehensively dissecting the specific application
pathways and functions of HEMs for electrode and electrolyte
modification in LIBs and SIBs, we can deduce that HEMs can
eliminate the failure behaviour of the key components of AZMBs
and address the common issues related to critical materials in
batteries with similar structures and compositions. Additionally,
the possible difficulties and challenges encountered in the
potential application of HEMs in AZMBs are also analyzed by
drawing on their comprehensive and basic understanding. This
review aims to bridge applications ranging from the high-entropy
concept existing in rechargeable battery systems to AZMBs and
offer innovative directions for the development of robust and
practically feasible HEM-based AZMBs.

2. Basic theory and synthesis of HEMs

The investigation of HEMs aims to delve deeper into the unex-
plored central regions of the multi-component phase diagrams
and uncover unexpected synergies.23,25,26 Precise regulation of the

configurational entropy, which is achieved by altering the number
and/or ratio of constituent elements, allows tuning of the phase
composition and the adjustment of the intrinsic material
properties.27,33 The early investigations into HEMs date back to
2004, when Yeh first reported the field of metal alloys with high
entropy and demonstrated their superior performance.27,28 Since
then, HEAs have been proven to be resistant to abrasion, corrosion
and oxidation.29 Following the success of HEAs, the concept of
high entropy was extended to other compound types, broadening
the scope of HEMs. The first HEO, extending the entropy concept
to five-component oxides, was reported by Christina et al. in
2015.23 The novel mixed oxides possess high configurational
entropy and indeed remained entropy stable, which confirmed
that the cations were distributed randomly and homogeneously.
To date, the development of HEMs has been ongoing, encompass-
ing a wide variety of compounds. These compounds include high-
entropy alloys (HEAs),27,28,30,33,46 HEOs,24,31,53–58 high-entropy
fluorides (HEFs),59 high-entropy sulfides (HESs),43,60 and high-
entropy Prussian blue analogues (HEPBAs),47 which have been
explored for their potential applications in energy storage systems.

The definition of HEMs has two common manifestations,
which are based on component composition and configuration
entropy, respectively.61 Introduced from the perspective of
component composition, this definition first originated from
HEA materials and refers to the fact that HEA materials are
usually composed of five or more elements, each with an
atomic ratio usually between 5% and 35%.28,61 Subsequently,
this concept transitioned from metal atoms to compound
components. Hence, single-phase compounds containing five
or more molecular compositions can also be generally referred
to as HEMs.53,62 Nowadays, HEMs are usually composed of one
anion and multiple cations, and some studies also explored the
composition of more than one type of anion.63 Some studies
proposed that five or more oxides with equimolar or non-
equimolar ratios can be defined as HEOs.25,53 This way to
definite HEMs is also used in other compounds.64 Significantly,
regardless of the quantity of specific elements and phase
number, HEMs with chemical disorder and structural order
are usually single-phase compounds.55,60

The other way for defining HEMs emerged from the per-
spective of configuration entropy.43,45,60,65 The material
configuration entropy (Sconfig) can usually be calculated via
the following equation:

Sconfig ¼ �R
XN
i¼1

xi ln xi

 !
cation

þ
XN
i¼1

xj ln xj

 !
anion

" #
(1)

where xi and xj represent the molar fractions of elements
present in the cationic and anionic positions, respectively. R
is the universal gas constant. Sconfig in the solid solution of
component N (N = 2, 3, 4 or 5) represents a function related
to the molar fraction of component N. Transitioning the
focus towards compounds, particularly HEOs, it should be
noted that the influence of potential oxygen vacancies is usually
not considered because there is only one anion in HEO
materials.66 Therefore, the contribution of the anion sites will
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have little influence on Sconfig in HEOs. When modulating both
the type and content of anions in other materials, the entropy
of anions should also be considered in the calculation. When
the materials are composed of different atoms, usually metal
atoms, eqn (1) can be simplified to eqn (2), as follows:

Sconfig ¼ �R
XN
i¼1

xi ln xi (2)

Based on the standard definition introduced, HEMs are
defined as materials with a configuration entropy higher than
1.5R; materials with a value between 1.5R and 1R are classified
as middle entropy; and materials with Sconfig lower than 1R can
be determined as low entropy systems.67 The value of Sconfig

increases with the number of elements present in a given
system. As illustrated in Fig. 2(a)–(e), entropy calculation and
related trend analysis have been carried out in various studies.
The maximum value of Sconfig can be calculated when the
elements within a particular system have equal atomic propor-
tions. The value of Sconfig can reach up to 1.61R in a five-cation
system when each species component accounts for one fifth.68

HEMs have garnered significant attention due to their
inherent capability and outstanding performance owing to
the following four core effects.30 These four core effects are
shown in Fig. 3.

(1) High-entropy effects.69,70 When mixing five or more
elements to form large mixing entropy materials, HEMs tend
to promote the development of a single-phase structure rather
than a simple mixture of compounds.

(2) Lattice distortions.43,61,71 Tremendous lattice distortion
tends to emerge due to the different sizes of the doped atoms,
depending on the atoms occupying these positions in the
lattice and atomic types in local environments. These devia-
tions introduce an intricate structure, which can influence the
behavior of materials.

(3) Sluggish diffusion.70 Predominantly manifested in HEAs,
this effect elucidates the slow diffusion rates of the components
in HEAs as opposed to that in stainless steels or pure metals.
The phase equilibrium separation requires the cooperative
diffusion among the components, which is obstructed by

multi-components. Thus, the cooperative diffusion process
becomes difficult.72 The sluggish diffusion effect presents the
possibility that the single-phase structure can maintain relative
stability even in high-temperature and corrosive operating
environments.73

(4) Cocktail effects.61,74 The cocktail effect refers to the
synergistic effect caused by the interaction between various
elements, that is, a special combination of elements may pro-
duce the specificity of various properties. Generally, the cocktail
effect explains the synergistic effect among these components,
but the specific physical significance and how to promote a
certain special property guided by linear laws are both still
unclear.25,37 Typically, the excellent properties in HEMs can be
ascribed to the cocktail effect, such as near zero thermal expan-
sion coefficient or catalytic response, ultra-high strength, good
fracture toughness, fatigue resistance and ductility and other
structural characteristics.26,37,70 The appearance of cocktail effect
mainly depends on the composition, microstructure, electronic
structure and other characteristics of materials.45,71

The selection of the synthesis methods and the precise tuning
of the reaction conditions are crucial for crafting high-entropy
nanomaterials. By meticulously adjusting the synthesis para-
meters, HEMs with a controllable size, phase structure, and
composition distribution can be produced.75 The methods for
the synthesis of HEMs are relatively straightforward, and gen-
erally follow routes similar to that used for traditional electrode
materials. Taking the most commonly used materials in the
energy storage field as an example, HEOs are mainly manufac-
tured through solid-state reaction techniques.76 Solid-state reac-
tion methods involve the precise mixing of the precursor
compounds in stoichiometric ratios, followed by mechanical
grinding or ball milling, and then sintering at high temperatures
to obtain the desired product.77,78 The temperature and holding

Fig. 2 Calculated configurational entropy of (a) HEOs;23 (b) HE-PBAs;45

(c) and (e) HEAs;69,70 and (d) HESs.43

Fig. 3 Four common core effects in HEMs.
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time significantly affect the formation of single-phase materials.
The solid-state reaction method is simple and easy to implement
on an industrial scale, making it suitable for the large-scale
preparation of HEOs. The sol–gel method involves dissolving
metal alkoxides or salts to form a homogeneous sol, followed by
a gelation process to produce solid HEOs. Solution combustion
synthesis is also an effective method for synthesizing HEOs. This
method involves the reaction of mixtures of various metal nitrates
with glucose fuel, with short reaction times and the ability to
synthesize homogeneous materials at lower temperatures.57,79–81

HESs are typically synthesized through ambient temperature
solid-state synthesis or traditional hydrothermal methods, with
the precursors being multiple sulfide components.43 The synth-
esis of HEPBAs mainly relies on co-precipitation methods, where
multiple metal salts are mixed with hexacyano compounds in an
aqueous solution to induce a precipitation reaction.45,64,65 The
processes of these typical synthesis methods are shown in Fig. 4.

The method for the preparation of liquid HE-electrolytes is
similar to that of traditional electrolytes, involving mixing
various different solutes or organic components into organic
solvents or deionized water.82 During the synthesis process, not
only the solubility issue needs to be considered, but also the
addition order and amount need to be precisely controlled. By
stepwise addition, appropriate heating, and reasonable control
of the molar ratio of components and solvent ratio, all the
components can be uniformly dissolved and the electrolyte
performance can be optimized. The synthesis method for solid
HE-electrolytes can refer to the methods for the preparation of
electrode materials. The synthesis methods used in existing
research often involve high-energy ball milling, solution chem-
istry, sol–gel methods, and other methods to uniformly mix
precursor materials, followed by high-temperature calcination
to obtain solid HE-electrolytes.83 The method for the mixing of

the precursors refers to the physical and chemical properties of
different substances. Usually, in the case of precursors that are
easily soluble in solvents, the sol–gel method can be chosen to
obtain solid electrolytes with better uniformity, while for metal
oxides or nitrides that are not easily soluble, ball milling or
solid-phase synthesis methods will be more appropriate.

3. HEO cathodes with improved
structural stability

The quest for energy storage systems with superior energy den-
sities and stability has sparked extensive research on cathode
materials with impressive performances.84 The poor structural
stability and narrow operating window of cathode materials in the
current field of rechargeable batteries limit further application
breakthroughs.85 Introducing various elements into the lattice
increases the configurational entropy, and the obtained cathodes
combine the advantages of entropy configuration and doping
effects, which can enhance the structural stability and effectively
alleviate the lattice distortion caused by the Jahn–Teller effect.61

This section delves into the specific applications of high-entropy
cathodes in LIBs and SIBs, and then elucidates the relationship
between composition and properties and extends this under-
standing to the design principles of cathodes for AZMBs.

3.1 HEM cathodes in LIBs

The most widely investigated cathode materials in LIBs include
LiCoO2, LiMn2O4, and LiFePO4.86 The rapid development of
electric vehicles and portable electronic devices has led to an
escalating demand for energy storage, which in turn fuels
the relentless pursuit of enhancing the energy density of LIBs.
Due to the high volatility of cobalt prices and geopolitical
restrictions caused by the rare cobalt ore, many studies have
been carried out on cobalt-free alternatives.87 High-nickel
cathodes, notable for their impressive energy density and
cobalt-free composition, have garnered significant attention.
However, in high-nickel cathodes, Ni2+ tends to migrate to the
lithium layer and occupy the Li+ site, leading to cation mixing
between Li+ and Ni2+, which subsequently affects the extraction
of Li+.88 An irreversible phase transition from the H2 to the H3
phase can easily occur during electrochemical cycles. This
transition is accompanied by changes in lattice parameters
and the generation of micro-stress, ultimately leading to elec-
trode pulverization.89 The timely introduction of the concept
of high entropy offers a potential solution to these challenges.
The LiNi0.8Mn0.13Ti0.02Mg0.02Nb0.01Mo0.02O2 cathode, featuring
high entropy, exhibited an unprecedented zero volume change
during Li+ intercalation and deintercalation, as illustrated in
Fig. 5(a), and also achieved enhanced stability simultaneously
(Fig. 5(b)), demonstrating a significant advantage over most
cutting-edge high-nickel and low-cobalt cathodes.35 The pin-
ning effect is based on the high-entropy concept, which can
reduce oxygen loss, avoid lattice expansion/shrinkage and pre-
vent defect generation (Fig. 5(c)). Besides, the pinning effectFig. 4 Four common core effects in HEMs.
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contributes to the structural stability even in both harsh long-
term cycles and thermal abuse.

Conversion materials provide high capacity and low cost,
but also face constraints due to their inherent structural
instability, substantial volume changes, poor Li-storage rever-
sibility, and limited cycle life.90 The cocktail and pinning effects
can effectively address the intrinsic challenges associated with
conversion materials.91 This synergy, achieved through a multi-
farious ionic framework, fosters the electrochemical properties
of heightened stability. In this regard, HEFs, as conversion
materials, have been proposed, demonstrating highly reversible

lithium storage and enhanced Coulomb efficiency.92 The addi-
tion or elimination of specific elemental constituents signifi-
cantly influences the redox potential. Furthermore, materials
subjected to high-entropy doping also manifest an obvious
reduction in voltage hysteresis during electrochemical
cycling.61,77,92 It has been proven that HEMs present significant
advantages in both capacity and voltage compared to medium-
entropy materials, which are formed by reducing one element.
This underscores the necessity for complex composition and
meticulous element selection in HEMs. Moreover, HEMs also
demonstrate an excellent performance in Li–S batteries. The

Fig. 5 (a) Volume change curves of HE-LNMO and traditional NCM811 cathode during the first charge. (b) Significantly optimized cycle life of HE-LNMO
compared with NMC811. (c) Synchrotron-based TXM tomography (left) and cross-sectional SEM (right) images of NMC811 and HE-LNMO after long-
term cycling.35 (d) Schematic of the lattice-confined conversion reaction process. (e) Diagram of ligand environment change during the lattice restricted
transformation reaction. (f) HAADF-STEM images of the HEOS in the fresh, discharged and charged states. (g) Intensity curve exhibits periodic changes.89
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high-entropy perovskite oxide La0.8Sr0.2(Cr0.2Mn0.2Fe0.2Co0.2-

Ni0.2)O3 (HE-LSMO) stands out due to its distinctive sulfur-
infused porous fiber morphology, enabling its deployment as a
sulfur carrier. A device based on HE-LSMO@S achieved a high
specific capacity, remarkable rate performance and commend-
able cycling stability.93 The incorporated metal elements can
efficiently regulate the binding interaction of soluble polysul-
fides. The nanofibers, with their significant entropic contribu-
tion, serve as a bidirectional electrocatalyst between the soluble
polysulfides and insoluble Li2S during the liquid–solid conver-
sion reaction.48 HEAs are also cleverly used as key catalytic
substrates to enhance the electrochemical capability of sulfur
cathodes in lithium sulfur batteries.46,94 Obviously, these alloy
nanocrystals are strategically dispersed on nitrogen-doped car-
bon substrates, exhibiting significant electrocatalytic abilities.
This helps to convert crystalline sulfur into the corresponding
solid discharge residues through the soluble lithium polysul-
fide during the conversion process.

The regulation of anions in HEMs also results in outstand-
ing electrochemical performances. Metal fluorides typically
exhibit a higher electrochemical potential than oxides due to
the strong ionic property of the M–F bond.95 By incorporating
fluorine ions into the lattice of HEOs, the working potential of
LIBs increases to 3.4 V vs. Li+/Li.63 Concurrently, the stable
entropy induced by the M–F bonds contributes to enhanced
lithium storage properties and optimized cycle performance.
As shown in Fig. 5(d), the integration of anions into the HEO
framework can also be viewed as lattice-constrained conversion
chemistry, which can prevent the structural collapse caused by
stress localization and atom rearrangement in the conversion
reactions.96 By introducing sulfur and fluorine elements, and
then forming HEOS/HEOF, respectively, the conversion reaction
can be confined within the lattice framework during charge and
discharge processes without significant phase changes and
structural collapse. The sulfur/fluorine elements adjust the
framework to accommodate lattice stress and inhibit atomic
migration under the entropy stabilization effect (Fig. 5(f)).

3.2 HEM cathodes in SIBs

Cathode materials pose significant challenges to the rapid
expansion of SIBs, given that they significantly lag behind
anode materials and determine the energy density of the
SIBs.97,98 The common cathode materials in SIBs include
transition-metal oxides (TMOs), polyanionic compounds and
PBAs.99 Among them, TMOs offer a higher energy density and
the most mature preparation process, making them an impor-
tant choice for commercial applications.100 However, their low
stability limits their practical application.101 PBAs possess a
high operating voltage, reversible capacity and significant cost
advantage.102 However, they are prone to defect formation and
phase transition, leading to a decline in overall capacity and
poor cycle stability.103 Moreover, the technical threshold for the
commercialization of PBAs presents a significant obstacle.98

Polyanionic compounds exhibit high structural stability, long
cycle life and high safety, but the development of polyanionic

compounds is limited by their low specific capacity, poor
conductivity, and challenges in large-scale production.104,105

Specifically, NaxTMO2 compounds have been extensively
studied as cathode materials for SIBs, typically classified into
O3, P3 and P2 types (P = prismatic, O = octahedral). P-type
NaxTMO2 exhibits a superior rate performance and higher relia-
bility than O-type NaxTMO2, owing to the larger residing sites
for accommodating Na+, reduced phase transition possibility,
and faster ion diffusion kinetics in the trigonal prismatic
environment.106 However, after deep sodium deintercalation,
P-type NaxTMO2 can easily transform into the detrimental P–O
phase under high voltage charging conditions, harming the
structural integrity and accelerating the capacity loss (Fig. 6(a)
and (b)).107 To inhibit this harmful phase transition, as shown
in Fig. 6(c)–(e) and (l), the introduction of multiple metal
elements into TM layers to achieve high-entropy has been proven
to be an effective strategy. The pinning effect has also been
demonstrated.108 This effect not only can stabilize the structure
and restrain the detrimental slab sliding and phase transition
during the charge–discharge process, but also slow down the
migration of cations from the TM slabs to Na layers, which can be
confirmed by XRD during the cycle processes (Fig. 6(f)–(h) and
(j)).24,42,55,109 The phase transition can be divided into two parts
during the cycle processes, i.e., the O3 structure transforms to O30

structure during the first charge process, followed by highly
reversible phase transition behavior from P3 to the newly formed
O30 phase in subsequent cycles. The optimal diffusion paths
of Na+ in pristine P2, HE-P2, pristine O3, and HE-O3 cathode
are presented in Fig. 6(i). The introduction of different metal
elements generates multiple types of pinning centers within the
materials, and the high-valence dopants present stronger inter-
action with the oxygen atoms, which can effectively pin the
structure in place, making it more difficult for significant volume
changes to occur.110 The specific function of the pinning effect
includes curtailing oxygen depletion, maintaining efficient path-
ways for ion and electron transport, limiting the growth and
movement of detrimental phases or compounds and stabilizing
the cathode structure during electrochemical reactions.110,111

The incorporation of electrochemically inactive dopants can
further activate the redox reaction of oxygen, bringing the non-
bonding O 2p band closer to the Fermi level after sodium ion
intercalation.112,113 Beyond the high-entropy effect, electroche-
mically inert Mg–O can prevent nanoparticle agglomeration
through the bystander effect, thus maintaining the high rever-
sibility of the active fraction.114–116 However, the introduction
of many inactive elements in HEMs results in discharge capa-
cities that are lower than that of purely active materials. Thus, a
balance must be achieved between enhancing the discharge
capacity and ensuring a stable cycle life.107

The practical applications of PBAs are constrained by poor
conductivity, inferior reversibility and low specific capacity,
largely due to phase changes during the charge and discharge
cycle.117 As displayed in Fig. 7(a), the introduction of multiple
elemental ions to achieve the high-entropy concept in the
crystal structure of PBAs significantly enhances the structural
stability and electrochemical properties, given that different
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metal species share the same nitrogen coordination sites
(Fig. 7(i)). With the unique cocktail effects formed synergisti-
cally by multiple elements, HEMs can stabilize the lattice and
inhibit phase transitions (Fig. 7(b) and (h)).45 There are differ-
ing perspectives on the phase transitions exhibited by HEPBAs
during charge and discharge cycles. One perspective suggests
that HEPBAs achieve a reversible transition through monocli-
nic–cubic–tetragonal phases (Fig. 7(c)).118 HEPBAs exhibit a
quasi-zero strain reaction mechanism (Fig. 7(d)), with the key
to this improvement lying in the high entropy with correlation
effects and the presence of several active redox centers.65

Another viewpoint posits that the material only undergoes a
highly reversible two-phase transition, not a three-phase
transition.119 Regardless of the specific phase transition
mechanism, both viewpoints concur on the positive impact of
high-entropy strategy on enhancing the lattice stability. Con-
currently, theoretical calculations confirm that the Jahn–Teller
effect of manganese elements is effectively suppressed, and the
high-entropy strategy also enhances the bond strength of PBAs
by increasing the integrated crystal orbital Hamiltonian popu-
lation (ICOHP) values.119 Based on different synthesis methods

(Fig. 7(e)), the HEPBAs formed differ significantly in tap density
and energy density, but there are significant advantages in both
increased voltage plateau and cycle life (Fig. 7(f)). Besides,
HEPBA also exhibits small voltage hysteresis and excellent
energy efficiency (Fig. 7(g)).

The phase transition behavior of the pristine NVPF cathode
at a low voltage plateau (E3.4 V) could be mitigated by
introducing other elements to design the HE-NVPF cathode
(Fig. 8(a)).120 This phase transition originates from the prefer-
ential intercalation of Na+ at the Na(2) site during the charge
and discharge processes. The high entropy effect could disrupt
the occupation of the Na sites, suppress the rearrangement effect
of the Na(2) site, and then inhibit the occurrence of the phase
transition in the low voltage region (Fig. 8(e) and (f)). The average
operating voltage was further increased to achieve the adequate
storage of Na ions at high voltage platforms (Fig. 8(b)–(d)).
As shown in Fig. 8(g), under the thermodynamic entropy gain
and synergistic effect of multiple elements, HE-NVPFs also tend
to form zero-strain materials.121 When utilizing the HE-NVPF
cathode, due to the existence of a high-entropy-assisted restraint
mechanism, Na+ can be fully retained within the potential

Fig. 6 (a) Crystal structure evolution of traditional layered oxides.44 (b) Transition of the O3-type layered structure to the P3-type layered structure.107 (c)
Trend of O–Na–O slab spacing changes with configuration entropy in sodium deficient layered HEO.107 (d) Possible structural changes in traditional
layered oxides and layered HEOs after desodiating.44 Schematic of crystal structure changes in layered HEO as cathode materials for SIBs (e) and in situ
XRD patterns during sodium insertion/extraction (f).42 (g) XRD patterns of an O3 layered HEO cathode for the first two cycles.24 (h) XRD patterns and
corresponding voltage curves of NaCu0.2Ni0.2Fe0.2Mn0.2Ti0.2O2 cathode.55 (i) Optimal diffusion paths of Na+ in pristine P2, HE-P2, pristine O3, and HE-O3
cathode. (j) Contour plots of in situ XRD spectra of layered HEOs at different temperatures. (k) Change curve of lattice parameters upon Na+ extraction. (l)
Schematic of structural evolution of P2/O3-NaMnNiCuFeTiOF.109
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window, maintaining a high-voltage platform.41 The solid-solution
mechanism at low voltages can be observed in the HEM cathode.
The theoretical calculation results confirmed that HE-NVPF has a
smaller sodium ion migration energy barrier and lower band gap
based on the lattice distortion effect, which can significantly
improve the sodium ion migration kinetics and enhance the
electronic conductivity of NVPF materials (Fig. 8(h)–(l)).121

3.3 HEM cathode in other systems

In the case of other energy storage systems, such as potassium-
ion batteries (PIBs) and aluminum-ion batteries (AIBs), the
insertion of large-volume or high-charge-density metal ions into
the cathode inevitably leads to cathode volume expansion or
structural collapse, resulting in a decline in cycle life. HEMs have
also been preliminarily applied in key cathode materials for PIBs
and AIBs.122–124 The multi-component characteristics of HEMs
can enhance the chemical and structural stability of materials,
reducing the performance decline caused by volume changes
during charge and discharge processes. The complex structure of
HEMs may promote the rapid migration of high-charge-density
ions, improving the rate of electrochemical reactions.

Manganese oxides, especially potassium ion pre-intercalated
MnO2 (KMO) cathodes, have great potential for energy storage
in PIBs due to their high theoretical capacity, abundant raw
material reserves, environmental friendliness, and low cost.
However, the large radius of potassium ions causes significant
volume changes in KMO cathodes during K+ insertion/extrac-
tion. The KMO material also undergoes a P3–O3 phase transition
during the K+ extraction process, which affects the structural
stability, leading to a rapid decline in capacity and limiting cycle
life. The intrinsic low conductivity of KMO cathodes also affects
the rate performance of PIBs. The introduction of HEM-based
cathode plays a positive role in PIBs, especially in improving the
ion transport, suppressing phase transitions, and enhancing the
cycle stability. By introducing the high-entropy strategy into
KMO (HE-KMO) cathodes, the harmful O3–P3 phase transition
in KMO cathodes could be alleviated by effectively enhancing the
covalent interaction between the transition metals and oxygen,
and then reducing the structural stress changes caused by K+

insertion/extraction (Fig. 9(a)). To date, two studies have already
focused on HE-KMO cathodes, which could confirm this view-
point, utilizing both theoretical calculations and in situ XRD

Fig. 7 (a) Synthesis process of a two-pronged approach of HE-PBA. (b) In situ XRD contour plot and representative reflection planes evolution of HE-
PBA. (c) Diagram of the phase transformation of HE-PBA. (d) Unit volume of HE-PBA during the charge and discharge process. (e) Radar chart of two
different synthesis speeds of HE-PBA based on physical and chemical properties and electrochemical performance.118 (f) Charge and discharge curves of
HE-PBA and different ME-PBAs at the first cycle. (g) CV curves for HE-PBA and different ME-PBAs. (h) XRD and the corresponding discharge/charge
curves of the extraction/insertion of Na+ into HE-PBA.45 (i) XANES data of the elements in HE-PBAs.119
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technology (Fig. 9(b) and (c)).122,123 The local disordered struc-
ture caused by high-entropy doping allows the material to better
accommodate stress changes during cycling, thus avoiding
material dissolution and surface degradation (Fig. 9(d)). The
HE-KMO cathode has achieved significant improvements in
kinetics. From the perspective of electronic structure, the high-
entropy strategy introduces a variety of transition metal ele-
ments. Through multi-element doping, the bandgaps of HE-
KMO are narrowed, thereby enhancing the electronic conductivity.
The introduction of multiple elements into KMO materials forms a
locally disordered distribution of electron clouds. This local dis-
order not only disrupts the long-range ordered structure of the
material but also creates more low-energy K+ transport pathways
between the layers, significantly reducing the energy barrier for K+

transport and increasing the contribution of pseudocapacitive
effects, allowing potassium ions to insert and extract more rapidly
within the material, and thereby improving the rate performance
of PIBs. Moreover, the reduction of the surface energy exposes
more active (010) crystal faces (about 2.6 times more than low-
entropy materials), which helps to enhance the K+ diffusion and
improve the reaction kinetics of the electrode.

The introduction of the high-entropy concept into the PBA
cathode of AIBs has also resulted in a long cycle life and good
rate performance.124 As shown in Fig. 9(e), the high charge
density of Al3+ inevitably leads to a large coulombic repulsion

force during the electrochemical process, causing the severe
structural degradation of conventional PBAs and poor long-
term stability. In contrast, due to the doping of different atoms,
the high-entropy effect and long-range disorder effect of HEP-
BAs give them a strong anisotropic lattice strain field. In the
high-entropy structure, appropriate lattice expansion and con-
traction can greatly suppress the irreversible phase transitions.
The situ X-ray diffraction test results show that the original PBA
shifted to a higher degree during the discharge process, and
excessive lattice changes led to stress accumulation and phase
transitions (Fig. 9(f) and (g)). The initial displacement degree of
the (200) and (400) crystal faces of HEPBA-Cu was low, and after
a large number of discharge processes, it almost returned to the
initial degree. The lattice change of HEPBA-Cu is similar to
‘‘breathing’’. After the introduction of high entropy, the strong
distortion stress of the high-entropy material lattice causes the
lattice to contract and return to the initial state. This ‘‘lattice
breathing’’ effect of the HEPBA structure results in lower
volume strain during cycling and enhances its cycle stability,
as shown in Fig. 9(h).124 At the same time, by synergistically
mixing multiple metal elements, the intrinsic d-band expan-
sion of metal elements in HEPBAs effectively regulates the local
electron distribution, and the enhanced local charge compen-
sation ability reduces the electron relaxation effect, achieving a
better rate performance.

Fig. 8 (a) Configuration simulation of pristine NVPF and HE-NVPF. (b) Charging and discharging curves of pristine NVPF and HE-NVPF. (c) Discharge Cs

values and capacity contribution rate of discharge voltage interval. (d) Corresponding migration energy distribution in pristine NVPF and HE-NVPF.120 (e)
Contour plot and corresponding voltage curve of HE-NVMP. (f) XRD patterns of HE-NVMP at different states. (g) Volumetric variation of HE-NVMP and
other typical cathode materials.121 (h) Migration energy barriers of Na+ in pristine NFPP and HE-NFPP; Na+ migration pathways of (i) NFPP and (j) HE-
NFPP; DOS of (k) NFPP and (l) HE-NFPP.121

Review Energy & Environmental Science

Pu
bl

is
he

d 
on

 0
3 

  1
44

6.
 D

ow
nl

oa
de

d 
on

 0
7/

08
/4

7 
11

:4
3:

57
 . 

View Article Online

https://doi.org/10.1039/d4ee04442h


This journal is © The Royal Society of Chemistry 2025 Energy Environ. Sci., 2025, 18, 97–129 |  107

3.4 Promising application prospect of HEM cathodes in AZMBs

As an emerging strategy, the application of HEMs in other
rechargeable batteries offers multiple advantages by the pining
effect, cocktail effect and lattice distortion effect, achieving
cathode materials with superior stability, enhanced conductivity,
improved tolerance to high voltage and higher capacity. Given
that the failure mechanisms of rechargeable battery systems are
very similar, such as unstable structure, harmful phase transi-
tion, low operating voltage, sluggish kinetics and byproduct
formation, these existing findings in other systems suggest that
the integration of HEMs can also stabilize the cathode materials
of AZMBs and effectively address the existing challenges.

Despite the rapid progress in AZMBs in recent years, the lack
of cathode materials that offer a stable cycle performance and
high discharge specific capacity hampers their practical
application.125 The cathode materials in AZMBs include be PBAs,
V-based materials, Mn-based materials and others, as demon-
strated in Fig. 10. PBAs, as mentioned earlier, show a low
reversible capacity and poor rate performance.126 V-based mate-
rials show the merits of satisfactory specific power, but their fatal
shortcomings need to be solved, including low operation voltage,
low conductivity, dissolution behavior and high toxicity to
humans.127 Mn-based materials have been most widely investi-
gated as cathode materials for AZMBs due to their low cost,
moderate operating potential and numerous unique structural
types.128 However, the inevitable Jahn–Teller distortion originat-
ing from Mn-based materials manifests in the transition
between Mn3+/Mn4+ and Mn2+ generation during electrochemi-
cal cycles.129 This phenomenon results in cathode dissolution,
structural deterioration, and cycle performance degradation.

The other types of materials usually show sluggish kinetics
and structural instability, which are attributed to the intercala-
tion of zinc ions with high charge density and large volume.130

Thus, to optimize the electrochemical performance of
AZMBs, various strategies have been adopted, including defect
engineering,131 doping engineering,73 pre-intercalation,132

amorphization133 and compositing with other materials.134

However, these methods have certain limitations in improving
their performance. Recently, a preliminary work was conducted
using HEMs as cathode materials in AZMBs.135 Benefiting from
the cocktail effect (Fig. 11(a)), the HEO with five different
metallic elements (Fig. 11(b)) achieved an optimized electronic
structure and enhanced lattice strain field. The interaction of
diverse types of metal atoms in HEOs resulted in a significantly
broadened d-band and reduced degeneracy compared to mono-
metallic oxides, which facilitated electron transfer and contrib-
uted to an exceptional rate performance (Fig. 11(c)).

Based on the successful applications of HEMs in rechargeable
batteries and their intrinsic effects, it could be estimated that the
HEMs possess broader application as cathode in AZMBs, and
their potential effects are discussed in the following sections
(Fig. 11(d)).

Enhancing the stability and extending the cycle life. The
cathode materials in AZMBs, especially Mn-based and V-based
materials, encounter significant challenges, such as structural
instability and limited cycle lifespan.136 Accordingly, one effec-
tive method to mitigate these challenges is metal ion doping,
where the doped metal ions usually serve as structural pillars,
establishing robust electrostatic interactions with the oxygen
atoms within the lattice, reinforcing the interlayer bonds,

Fig. 9 (a) Schematic of the lattice structure of KMO and HE-KMO. (b) In situ XRD contour plot of HE-KMO (left) and KMO (right).123 (c) In situ XRD
patterns of KMO and HE-KMO electrodes at a current density of 20 mA g�1 in the wide voltage range of 1.5–4.2 V during the first cycle process. (d)
Schematic of structural stability/failure mechanism of HE-KMO and KMO.122 (e) Structural diagram of conventional PBA and HE-PBAs in AIBs. In situ XRD
patterns of HEPBA-Cu (f) and conventional PBA (g) in AIBs. (h) Schematic of lattice changes of HE-PBAs during cycling process.124
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effectively stabilizing the lattice and extending the lifespan of
the electrochemical system.137 Although the pre-intercalation
strategy exhibits significant potential, there is still scope for
improvement. The adoption of high-entropy components can
achieve a comprehensive performance optimization. The
unique pinning effect in HEMs is one of the key factors in
improving their structural stability. The pinning effect refers to
the significant lattice distortion and the complex local chemical
environment caused by the presence of multiple metal
elements.138 These distortions and complex chemical environ-
ments can form potent pinning centers. (1) The random
distribution of solute atoms within the materials and the
interactions between different elements, such as size effects
and elastic distortion effects, generate local stress fields. The
pinning effect with local stress fields in high-entropy config-
urations inhibits dislocation slippage during ion intercalation
and deintercalation across the crystal lattice. Due to the fact
that the dislocations are pinned, the mechanical properties of
the electrode materials are also enhanced.123 (2) The close
arrangement of different metal atoms tends to achieve the
in situ confinement of the transition metal ions within the
matrix structure. The synergistic pinning effect of multiple
atoms contributes to the realization of zero-strain design,
where the volume change in the material during the charge
and discharge processes is minimized. This minimizes the
structural damage caused by volume expansion or contraction,
thereby significantly enhancing the cycling stability of
batteries.35 (3) The pinning effect appearing in layered HEMs

can stabilize layered structures and maintain the integrity of
the charge carrier migration pathways.139

Besides, each element in HEMs has a distinct valence
electron configuration. The random distribution of these ele-
ments leads to the spatial mixing of their electron cloud
structures.140 This mixing can increase the overlap between
electron clouds, potentially strengthening the metallic or cova-
lent bonds, which in turn enhances the mechanical strength and
chemical stability the of materials.140 For example, the electron
cloud between manganese and oxygen in Mn-based cathodes
presents a denser overlap due to the interactions between the
various metal elements, which enhances the bond energy of the
Mn–O bond, making it less prone to breakage. The uniform
charge distribution, facilitated by the presence of multiple
elements, aids in reducing the localized electrochemical stres-
ses, thereby enhancing the durability of the material.43

To achieve a high discharge specific capacity and enhanced
lattice stability, it is crucial to carefully select and proportion-
ally adjust various metal ions. Both the capacity and structural
resilience can be optimized by precisely regulating the type and
ratio of these ions, effectively utilizing the synergistic effect to
elevate the performance threshold of the material.

Elevating the output voltage and increasing the energy den-
sity. To rapidly facilitate the practicality of AZMBs, it is vital to
increase their energy density, which can be achieved by selecting
materials with a superior theoretical capacity or high average
discharge voltage. The high voltage plateau can be considered
as a key parameter for attaining an improved energy density.

Fig. 10 Key issues in the existing cathodes in AZMBs.
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For example, V-based cathode materials offer a higher theore-
tical capacity (generally exceeding 300 mA h g�1, and even
reaching up to 400 mA h g�1), but suffer from a lower voltage
plateau (0.9 V), which leads to a poor energy density.141

In this case, the adoption of the high-entropy strategy is
beneficial to enhance the output voltage on the cathode side due
to its multiple compositional and structural characteristics,
which can be achieved by two pathways, i.e., increasing the
component entropy or structural entropy of cathode materials
and introducing high entropy into the host materials or con-
structing a high-entropy interface layer between the cathode and
electrolyte. (1) Firstly, the complex combination of elements
in HEMs leads to the reorganization of their electronic structure
at the microscopic level, which in turn alters the energy band
structure of these materials, resulting in the formation of new
bands or the broadening of existing ones.142 This alteration in
the band structure can have profound implications on the
electronic and optical properties of materials. Adjusting the
band structure can alter the electrochemical window of a battery,
thereby affecting its discharge voltage.143 (2) The enhanced
structural stability of the bulk material and the interface, char-
acteristic of high-entropy compositions, ensures material integ-
rity over a broader voltage range, which can increase the
electrochemical capacity contribution under high voltage.110

(3) The diverse elements within these HEMs can undergo redox
reactions at distinct potentials, contributing to an increase in
energy density from a capacity perspective.78 The above-
mentioned arguments regarding the benefits of high entropy
have been verified in various cathode materials, such as lithium
cobalt oxide,39 polyanion-type cathodes,41 and Prussian
blue.45,144 These materials demonstrate a notable elevation in
working potential following the introduction of high entropy.

Suppressing phase transitions and maintaining optimal
reaction conditions. During the charge and discharge pro-
cesses, cathode materials undergo phase transitions, which
can lead to the instability of their crystal structures. This
instability can result in their structural degradation, thereby
reducing the reversible capacity and cycling stability of the
battery.145 Moreover, phase transitions may also induce altera-
tions in the chemical properties at the surface of the cathode
material, affecting the rate of carrier insertion and extraction
reactions. For example, Mn-based cathodes, which are com-
monly used in AZMBs, frequently encounter significant phase
transition issues. Within these Mn-based oxides, a mixture of
Mn3+ and Mn4+ valence states exist. Mn4+ can form distortion-
free [MnO6] octahedra, contributing to stable crystal structures,
but the high-spin Mn3+ tends to induce Jahn–Teller distortion.
The valence state of Mn changes between +3 and +4 during the
charge/discharge cycles.146 This transformation causes the
Jahn–Teller distortion to be repeatedly eliminated and reintro-
duced, leading to irreversible multi-phase transitions. Addi-
tionally, the vanadium in V-based cathode materials can exist
in multiple oxidation states, and the transition between these
states during battery operation can lead to phase changes,
particularly in structures such as vanadium oxide. These phase
transitions pose a considerable challenge to the practical
application of these materials.147

Although the precise mechanism by which HEM cathodes
suppress phase transitions has not been conclusively revealed to
date, the effectiveness of HEM interface or bulk cathode materi-
als in suppressing phase transitions could be elucidated from
the fundamental theories.42,122,148,149 (1) The disparity in the size
and electronic properties of the constituent elements leads to a
distribution of local stresses, which can hinder phase transitions
at the microscopic level.150 (2) A high mixing entropy contributes
to stabilizing the disordered solid solution structure. The ran-
dom distribution of multiple elements induces lattice distortion,
which can impede long-range order within the lattice, thereby
suppressing phase transformations.151 (3) The dispersion in the
electronic state of HEMs contributes to the stabilization of the
lattice structure and reduces the electronic degrees of freedom
within the lattice.24 The interactions among different elements
trigger the pinning effect, which can create a localized energy
minimum value, stabilizing the lattice structure and inhibiting
atomic or ionic mobility under thermal or electrochemical
stimuli.41,45 (4) An elevated thermodynamic stability, a typical
characteristic of high-entropy systems, implies a lower free
energy under specific temperature and pressure conditions,
which further suppresses the tendency of phase transitions.143

(5) Introducing high entropy at the cathode/electrolyte interface,

Fig. 11 (a) Schematic of traditional metal oxide electrode materials and
high-entropy electrode materials with multiple electron paths in AZMBs.
(b) EDS mapping of element distributions of HEM as cathode. (c) Radar
maps based on HEM, conventional Mn- and V-based materials.135 (d)
Potential major advantages of HEMs as cathode materials for AZMBs.
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the robust interface confers additional stability and prevents
phase transitions from the interface to the bulk. These view-
points all indicate that HEMs possess the potential to suppress
phase transitions effectively.152 In brief, these properties endow
HEMs and their interfaces with the capacity to effectively sup-
press phase transitions, thus enhancing their stability and
applicability in various demanding applications, as well as
in AZMBs.

Accelerating the transmission dynamics and optimizing the
rate performance. HEMs profoundly influence the kinetics of
materials through their unique compositional and structural
characteristics. (1) Regarding electronic transport properties,
the diverse elemental composition of HEMs potentially results
in band structure modulation, thereby influencing the electron
transport characteristics. The synergistic amalgamation of
multiple metal elements broadens the density range of the
intrinsic d-band center, while reducing the degeneracy.152,153

This adjustment of the band gap, coupled with the complex
local electronic states arising from the combination of various
valence electron structures, can increase the electron scattering
within the material, affecting the electron mobility
rate.142,154,155 (2) The distribution of stress and strain, resulting
from differences in atomic sizes and chemical bonding, modi-
fies the deformation behavior. Due to the complex diffusion
pathways and lattice distortion caused by the intricate mixture
of multiple elements with different sizes, HEMs can easily
trigger localized strain within the lattice, which will affect
the atomic migration kinetics and alter the diffusion
behaviors.154,156 (3) HEMs exhibit improved interface stability,
which is crucial for controlling atomic and electronic transfer
at the interface. The varying elemental interfaces may offer a
range of distinct catalytic active sites, affecting the rate and
pathways of chemical reactions at these boundaries.157

The complex behavior of material defects is significantly
influenced by the unique characteristics of high entropy. For
instance, the presence of oxygen vacancies is closely related to
the elemental composition of materials. HEOs tend to generate
more oxygen vacancies during their synthesis due to the presence
of multiple elements with different valence states.158,159 Both
experimental results and computational models indicate that
the vacancies introduced in HEMs can reduce the band gap in
these compounds, and an increase in oxygen vacancies contri-
butes to enhance electrical conductivity.159 Besides, these oxygen
vacancies provide additional active sites and cause imbalances in
the charge distribution. The additional active sites are beneficial
for increasing the specific capacity and imbalances in the charge
distribution tend to create external coulombic forces, which
facilitate carrier migration.160 Recent advancements have explored
the integration of vanadium ions into Mn-based oxides used in
AZMBs, aiming to create a more extensive vacancy landscape.161

This introduction not only can alter the electronic structure of
traditional Mn-based materials, but also significantly improve the
electric conductivity and enhance the diffusion kinetics of Zn2+.
This focus on the benefit of defect engineering in the synthesis of
materials highlights the ongoing requirement to explore the use
of HEMs as a method to introduce beneficial defects, thus

advancing our understanding and capabilities in material design
and functionality.

Looking back, the innovative incorporation of HEMs as
components in cathode design has proven to be significantly
effective across diverse electrochemical systems. Celebrated for
their exceptional lattice robustness, the introduction of HEMs
into AZMB frameworks perhaps leads to an enhancement in
their comprehensive performance.

4. HEM anodes with enhanced
reversibility

HEMs are regarded as anodes with great potential in the realm
of rechargeable energy storage systems, which have been suc-
cessfully applied in LIBs and SIBs. The high-entropy strategy
can serve as a promising regulation method to alleviate the
failure behaviors of the Zn anode in AZMBs. Its potential
applications are presented as follows.

4.1 HEM anodes in LIBs

Metal lithium anodes, while offering high energy density,
present significant safety issues in organic lithium-ion bat-
teries. Consequently, the primary focus of research is alterna-
tive anode materials that can offer a balance between safety and
high energy density. Transition metal oxides (TMOs) have
emerged as potential candidates as LIB anodes. However,
TMOs typically encounter issues such as low coulombic effi-
ciency during the initial cycle, volume expansion, and poor
conductivity.162 Alternatively, disordered rock salts (DRXs) have
gained recognition as promising anode materials, which
achieve rapid lithium migration due to the permeable network
provided by the octahedral–tetrahedral–octahedral pathway.
Nonetheless, their rapid capacity decay and intricate charge
storage dynamics have posed difficulties for the widespread
application of DRXs.163 Alloy anodes, formed by the combination
of lithium with various metals, are expected to deliver extra-
ordinary capacity, but alloying reactions frequently result in
considerable volume expansion, resulting in significant strain
during the electrochemical cycles. This strain can cause particle
cracking, fragmentation, or pulverization, which in turn leads to
a continuous reduction in capacity.164 Conversion-type anode
materials typically exhibit higher redox potentials during the
charge–discharge processes and undergo significant volume
changes during alloying or conversion reactions, which result
in a reduction in overall working voltage and a diminished cycle
life of the battery.165

Conventional binary metal oxides are usually two oxide
compounds with different expansion coefficients to buffer
the volume change in the conversion reaction. However, this
enhancement is limited and still requires pre-structuring or
combinations with conductive nanomaterials to achieve stable
cycling. HEOs possess cations with different properties, leading
to semi-coherent entanglement of the metal and oxide phases
on the nanoscale, which provides an advantage over conven-
tional bicationic oxides.166 Similar to the applications of HEMs
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as cathode materials, the distinctive characteristics of HEMs,
notably the entropic stabilization effect, enhance the structural
robustness and electrochemical stability of the anodes, thereby
effectively alleviating the rapid capacity degradation typically
encountered in rock-salt anodes.167–170 The atoms/ions only
need to locally align their positions along the well-defined
lattice, which not only ensures a fast reaction, but also reduces
the formation of Li2O that leads to a capacity decline in the
battery. All these factors help to protect the micron particles
from fragmentation during the conversion and alloying
reactions, giving the material an artificial pre-nanostructured
behavior. This ultimately leads to a significant increase in the
volumetric energy density of the electrodes and reduces the cost
of industrial production. Entropically stabilized oxides have
demonstrated outstanding capacity retention and reversible
lithiation/delithiation behavior, maintaining their intrinsic
rock-salt structure, while also serving as a stable host matrix
for the conversion cycle.167 Infusing inactive metal ions into
TMOs is considered a viable method to improve their cycle
performance; these ions act as pillars to reinforce the lattice
structures.171 The multi cation synergistic effect and cocktail
effect of HEMs as anodes at the atomic and nanoscale in
electrochemical reactions have been well validated.172–174 Their
excellent electrochemical properties are the result of the cation
synergies, in which various metal elements can be combined to
provide different functions. The mechanism for achieving a
high discharge specific capacity in TM-HEO has been eluci-
dated as a two-stage process. The initial stage involves the
conversion of cations in the host material, for example, Cu2+,
Co2+ and Ni2+, with the process initiated by Cu2+. The subse-
quent stage involves conversion reactions, such as Mg2+ and
Zn2+ ions, followed by an alloying/dealloying process. It is
noteworthy that some elements undergo dual mechanisms
for lithium storage, further demonstrating the intricate inter-
play among various components in the successful implementa-
tion of HEMs in battery technology.175 Another view exists
regarding the reaction mechanism, where during the first
discharge, Li+ ions migrate into the HEO particles, and the
reduction of metal ions to the metallic state leads to a phase
separation. (1) Some metal ions, such as Co2+, Ni2+, and Cu2+,
form simple face-centered cubic-structured alloys at the nano-
scale throughout the micrometer-sized particles to form a 3D
network; (2) some metal ions, such as Zn2+, are further alloyed
with Li to form an alloying nanophase; and (3) electrochemically
inert metal ions, such as Mg2+, maintain the oxide structure and
act as a substrate to fill the metal network and accommodate Li+

or LixO. After the first discharge, some of the metal ions, such as
Cu and Ni, do not participate in the redox reaction, but maintain
the backbone of the nanoscale three-dimensional metal network
with good electronic conductivity.174 The micrometer-sized
material particles are transformed into composites with an
intrinsic semi-common-lattice metal/oxide nanophase.166

The key physicochemical properties of HEMs, such as their
electronic structure, geometric configuration, and surface
adsorption, can be fine-tuned through the rational and con-
trolled introduction of defects. The viability of introducing

defects has been demonstrated through various techniques,
including ion doping,160 the creation of oxygen vacancies,176,177

acid etching,178 and plasma treatment.179 For instance, the
targeted introduction and regulation of oxygen vacancies in
the rock-salt type (MgCoNiCuZn)O anode of LIBs using a wet
chemical molten salt strategy can significantly enhance the
conductivity by accelerating the ion and electron transport.
This approach also provides additional active sites, increasing
the surface capacitance. Both experimental results and theore-
tical calculations indicate the potential for the improvement in
lithium storage, charge transfer, and diffusion kinetics through
HEO surface defects, ultimately enhancing the electrochemical
properties.180

The introduction of the high-entropy strategy into spinel-type
anodes is also an effective modification method. Anodes with a
spinel phase consistently demonstrate superior Li storage capa-
city compared to that with a rock-salt structure. By incorporating
the high-entropy approach to construct spinel-type anodes,
multi-stage Li storage behavior emerges (Fig. 12(a)).77 Li+ also
undergo conversion reactions in high-entropy spinel-type
anodes, forming a multiphase state composed of various metal
phases and Li2O phases. This behavior serves as an effective
countermeasure against the adverse effects of volume expansion
and the resulting electrode pulverization.78 The coordination
and integration of various metal cations with different radii,
valence states and reaction potentials, coupled with the entropy
stabilization effect, endows spinel-type HEMs with enhanced
reversible cycle durability and excellent electrochemical perfor-
mance as anode materials in LIBs. As shown in Fig. 12(f), during
the cycling process, reversible phase transformations within the
spinel phase and reconstruction of crystalline domains occur.
Both the transition metals and generated lattice oxygen partici-
pate in the charge compensation, contributing to the reversible
capacity (Fig. 12(g)).181 Doping more elements into the high-
entropy M3O4 dramatically changes the static charge distribution,
providing more free electrons for electron transport, as well as
altering the local chemical order, resulting in a more stable
molecular structure and higher electronic conductivity at the
negative electrode.181 By substituting pristine Ni with Mg ele-
ments in spinel-type HEO anodes, high capacity and excellent
stability are obtained.180 Based on the medium-entropy (CrNiMn-
Fe)3O4, HEMs were formed after introducing different fifth ele-
ments (Fig. 12(d) and (e)), presenting diverse discharge ability and
cycle reversibility, which can be attributed to the differences in
oxygen vacancy concentrations resulting from the distinct ele-
mental compositions.81 Moreover, as shown in Fig. 12(c), the
surface modification of HEMs has been proven to increase their
total specific surface area and improve their transport dynamics.

Fluorides, known for their strong ionic bonding and high
electrode potential, often undergo irreversible lattice structure
transformations after the initial lithiation. Thus, high-entropy
perovskite fluorides (HEPFs) have been designed to effectively
address this issue, featuring a unique three-dimensional cubic
framework structure (Fig. 12(b)).182 The synergistic effect
between the high entropy and the multiple redox-active centers
in HEPFs is crucial for optimizing their performance. It has
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been confirmed that only a portion of metal ions participate in
the electrochemical reaction at the TM5 electrode during
complete discharge, while the remaining metal ions play a
crucial role in its structural stability.

Silicon-based anode materials for LIBs offer significant
advantages such as high theoretical specific capacity, low
operating voltage, abundant resource availability, and low cost.
However, they also face challenges such as severe volume
expansion during the charge and discharge processes and poor
intrinsic electronic and ionic conductivity. In this case, intro-
ducing the high-entropy concept into silicon-based anodes can
improve their electrical conductivity and ionic diffusivity,
enhance their structural stability, and suppress side reactions
through multi-element phase reactions. The high-entropy strat-
egy introduces a variety of elements, reducing the bandgap
width and increasing the electronic state density, which signifi-
cantly enhance the electronic conductivity, especially near the
Fermi level. The results of experiments and theoretical calcula-
tions have shown that high-entropy silicon-based compounds

exhibit lower migration barriers for Li+ ions and higher Li+

diffusion coefficients, facilitating rapid charging and dischar-
ging processes. Among the high-entropy silicon-based com-
pounds, InZnSiP3 demonstrates the highest Li+ affinity, the
fastest electron conduction and Li+ diffusion, the highest
lithium storage capacity and reversibility, and good mechanical
flexibility.183 By forming more complex lattice structures, high-
entropy silicon-based compounds have better resistance to
volume expansion during the charge–discharge cycles, redu-
cing the pulverization of the electrode caused by the lithium
insertion/extraction process, and thereby improving cycle sta-
bility (Fig. 12(h)). The introduction of multiple elements in
high-entropy silicon anodes creates more local disorder and
structural defects, which help to disperse the stress from Li+

insertion and extraction, suppressing phase transitions and
structural degradation of the silicon electrode during cycling.
As shown in Fig. 12(i), the introduction of multiple elements
and the formation of complex electrochemical intermediates
during the reaction process can effectively suppress the

Fig. 12 (a) Schematic of cycling mechanisms of HEO and Co3O4 materials used as anodes for LIBs.77 (b) High-entropy effect and synergistic effect of
HEPFs.182 (c) PANI interface on the HEO surface facilitates the inhibition of side reactions.81 (d) Bond length calculated from bond valence model.
(e) Calculated configurational entropy for different compositions.43 (f) Schematic of the evolution of the atomic-scale microstructure of HEO during the
cycling process.181 (g) Illustration of lithiation/delithiation mechanism with the conversion reaction of HE-TMOs as anode of LIBs.181 (h) Lithium storage
mechanism of In (or Ga or Al) ZnSiP3 silicon-based compounds. (i) Schematic of the generalized reaction mechanism of In (or Ga or Al) ZnSiP3.183
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occurrence of side reactions on the material surface, enhance
the coulombic efficiency, and extend the electrode life.

The high-entropy concept serves as inspiration to expand
the basic elements to alloy anodes, thereby avoiding volume
expansion and bolstering the reversibility. The configuration
entropy values of HEAs increase and overcome the enthalpy of
compound formation, which suppresses the occurrence of
potentially undesired additional intermetallic compounds.184

For instance, an atomically disordered HEA composed of Ge–
Sn–Sb–Si–Fe–Cu–P exhibited high reversibility, suitable dis-
charge potential and large discharge capacity.185 As displayed
in Fig. 13(a), HEA nanoparticles were greatly embedded and
encapsulated into a carbon matrix to form a dragon-fruit-like
HEA/C composite, which also showed an improved perfor-
mance. The reaction mechanism, as shown in Fig. 13(b), sug-
gests that some of the elements (Ge, Sn, Sb, Si, and P)
contribute to the Li storage capacity, while the remaining
elements (Fe and Cu) bridge the fast electronic connection
across the electrode. The binary Y5Sb3 compound was partially
substituted with elements such as Pr and Sb to form alloys with
high entropy and the general formula Y5�xPrxSb3�yMy (M = Sn,
Pb), and this HEA showed a highly disordered phase.186 The
insertion of Li/Na into the octahedral gap promotes the for-
mation of highly disordered high-entropy intermetallic phases
during the electrochemical lithiation process. After modifying
this HEA with CNTs, the composite achieved a higher discharge
capacity and an extended cycle life.186 The cocktail effect of
different constituent elements results in the existence of multi-
ple Li+ transport pathways and abundant active centers in HEAs

(Fig. 13(c)).187 The active centers with gradient absorption
energy reduce the local current density and nucleation over-
potential on the anodic surface, promoting selective binding
and providing a low potential barrier for uniform Li nucleation
(Fig. 13(e)). Multiple transport pathways facilitated the Li+

diffusion behavior, resulting in uniform Li deposition
(Fig. 13(d)). The lithophilic sites of HEAs reduced the surface
tension of the Li metal nuclei and formed a uniform SEI layer
on the lithophilic surface, which greatly contributed to the
homogeneous dispersion of Li nanoparticles across the HEA/C
surface.

The examples mentioned all confirm the successful applica-
tion of HEMs as anode materials in LIBs, including rock-salt
type anodes, spinel-type anodes, conversion anodes and alloy
anodes. HEM anodes can not only the improve structural
stability of various anode materials, but also enhance their
ion transport kinetics and cycle life.

4.2 HEM anodes in SIBs

The research on HEMs for improving the anode materials
in SIBs remains in a relatively early stage, which was only
presented in two investigations of oxide and sulfide.43,188

The mechanical stress from transition metal sulfides (TMSs)
accumulated during the cycling process may lead to persistent
fracture of the SEI film and anode pulverization, leading to a low
CE and unexpected capacity degradation. In this case, some
approaches, such as hollow structures, introduction of layered
carbon skeletons and phase engineering of heterogeneous inter-
facial structures, have yielded encouraging electrochemical results.

Fig. 13 (a) SAED image and elementary mapping of HEA/C composite. (b) Multi-alloying reaction mechanism of HEA/C composite.185 (c) Schematic of
the preparation processes of the ultra-sleek HEA tights. (d) SEM images of lithium deposition morphology on HEA/C and C host surface and schematic of
lithium deposition on HEA/C and C hosts. (e) Schematic of Li adsorption and diffusion over HEA/C.187
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However, nanocrystal aggregation and structural collapse still
occur in subsequent cycles.189 By adopting a high-entropy configu-
ration strategy in TMSs, the anode can achieve high electronic
conductivity and multiple electron transfer reactions facilitated
with near-metallic compounds.43 The innovative combination of
the two concepts of high entropy and reduced material size has
resulted in excellent material properties. The uniformly dispersed
cations effectively suppress the continuous coarsening of the Sn
nanoparticles and maintain effective interfacial contact between
M0 and Na2S, potentially leading to highly reversible sodium
storage. The most obvious advantage is the highly reversible
crystalline phase transition and inherent strong mechanical stabi-
lity achieved by HEMs, which effectively alleviate the continuous
accumulation of mechanical stress. Multiple immiscible metal
oxides were controllably doped into sub-1 nm nanowires using
polymetallic oxide clusters, and in this process, the metal oxide
and polyoxometalate (POM) species could be flexibly tuned. The
resulting synthetic HEO-POM SNWs achieved a high degree of
structural order and improved electrochemical performance due to
the entropy modulation effect.188

4.3 Application of HEM as anodes in AZMBs

Notably, metal zinc, with its favorable standard potential
(�0.76 V vs. SHE), low cost and substantial theoretical capacity
(820 mA h g�1, 5854 mA h L�1), has become the dominant
anode of choice in contemporary AZMBs.190,191 However, several
challenges hinder the practical application of AZMBs, including
dendrite growth, gas evolution, and passivation.192–194 The intract-
able issue of Zn dendrite growth in AZMBs largely originates from
the heterogeneous electric field and ion flux distribution.195,196

After nucleation, during the two-dimensional diffusion process,
zinc ions, similar to lithium ions, experience a tip effect and
preferentially continue to react at sites of high curvature, inducing
the formation of dendrites.197 Eventually, they can pierce the
separator, leading to a short circuit, and significantly reducing
the cycle life of AZMBs. Furthermore, metal zinc is prone to the
hydrogen evolution reaction (HER) in aqueous electrolytes.198 The
HER competes with zinc deposition, affecting the normal progress
of the electrode reaction and causing battery swelling. As the HER
reaction continuously consumes H+, local pH changes lead to the
formation of electrochemically inert by-products.199 Subsequently,
these by-products passivate the zinc/electrolyte interface, reducing
the cycling coulombic efficiency of AZMBs.

The methods for the modification of zinc anodes are mainly
achieved from two perspectives, i.e., optimizing the bulk struc-
ture and surface treatment. Zinc alloying is an important
method for optimizing the bulk structure, and the metals
currently used for alloys mainly include Ni,58 Cu,200–202 In,203

Al,204,205 Ag,206 Ti,207 and Bi.208 This method has potential to
inhibit dendritic growth, HER, and surface corrosion. The
formed alloys show a microstructure different from pure zinc,
and the changes in these microstructures can slow down the
diffusion of corrosive media and improve the corrosion
resistance.209 Also, the addition of alloying elements can sup-
press the occurrence of HER by affecting the hydrogen evolution
overpotential and the ability of zinc to bind with protons.210

Alloying also promotes the dense deposition of zinc, and the
decrease in Gibbs free energy leads to mixed nucleation and
growth modes, which contribute to the uniform distribution of
zinc atomic nuclei in space.211 However, the alloy anodes in
AZMBs generally encounter challenges such as volume changes,
active particle fracture, and reduced reversibility during the
charge and discharge processes.212 Another important method
is surface modification using materials such as metal oxides,213

carbon-based polymers,214 molecular sieves,215 and alloys.216

Generally, the modified layer can regulate the transport path
of zinc ions through its pore structure or chemical properties,
optimize the electric field distribution at the electrolyte/anode,
and suppress the dendrite growth of zinc during the charge and
discharge processes.215 The modified layer isolates the surface of
the zinc anode from the electrolyte, reducing the reaction
between zinc and the active water molecules in the electrolyte
and minimizing the occurrence of side reactions. However, the
modified layers may gradually fail during long-term use of the
battery, and thus their long-term stability and durability need to
be studied.217 The application of HEMs in AZMB anodes can be
achieved through two main methods, i.e., high entropy surface
engineering and high entropy materialization (Fig. 17).

High entropy surface engineering. HEMs can serve as ideal
coating materials to enhance the performance of anode materials.
(1) Enhance the stability of the modified layer. The combination
of multiple elements greatly helps to strengthen the structural
stability of materials. Due to the pinning effect of the O and TM
bonds, as well as the high entropy strategy, which can regulate the
basic physical properties of materials, the high entropy modified
layer with good mechanical properties and structural stability can
suppress the structural instability caused by the shuttle of the
highly polar zinc ions during the charge and discharge processes,
extend the service life of the interface functional protective layer,
and further improve the service life of the anodes. (2) Accelerate
ion transport. The unique charge distribution of HEMs can
promote continuous high-speed ion transport. The multi-
metallic compositions of HEM lead to complex electronic struc-
tures, and the interaction of valence electrons among multiple
elements may alter the local electron cloud density, thereby
affecting the distribution of charges.218 HEM can form continu-
ous and uniformly distributed potential gaps on the surface and
bulk structure, effectively generating a built-in electric field,
promoting the redistribution of mobile charges, and establishing
gradients in the built-in electric field.219 This gradient enhances
the point-to-point electron transfer and promotes continuous ion
transport.220

In addition to using high-entropy compound materials as
modification layers, introducing continuous HEAs as modifica-
tion layers is also feasible. By forming a uniform interface with
abundant zinc affinity sites and magnetism, it can promote
the uniform nucleation and deposition of metallic zinc. The
high mechanical strength and corrosion resistance of HEAs
can provide physical and chemical stability and inhibit den-
drite growth.220

The existing results emphasize the feasibility of introducing
high entropy surface engineering into AZMBs.135 As shown in
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Fig. 14(a), the modification process involves constructing a self-
supporting layer of ultrafine high-entropy nanoparticles
(approximately 2 nm) on the surface of the zinc anode. These
nanoparticles act as zinc-friendly sites and exhibit a continuous
distribution of potential gaps and a built-in electric field,
reducing the activation energy for multi-electron reactions
and regulating ion transport during zinc deposition
(Fig. 14(b)). The hydrophobic nature and effective desolvation
capability of these ultrafine high-entropy nanomaterials pre-
vent unfavorable side reactions at the zinc anode, thereby
enhancing the zinc deposition process (Fig. 14(c)).

High entropy materialization. AZMBs are based on zinc
metal as the anode, and anodic high entropy alloying shows
potential in optimizing the anode stability. The atomic strain
fields in HEAs exhibit a more randomized distribution, altering
the statistical distribution of lattice strain and augmenting the
resistance to dislocation slip, thereby enhancing the structural
stability. The staged alloying characteristics between elemental
components help to buffer the volume expansion during alloy-
ing/dealloying processes.

Currently, HEMs have not been directly utilized as anode
materials in AZMBs, but the introduction of more metallic
elements into alloys has been preliminary explored. For exam-
ple, the ZnLiMn alloy regulates the electrodeposition process
through the generation of Li+ and Mn2+ ions, creating an
electrostatic shield mechanism that restricts the lateral diffu-
sion of Zn2+.221 The huge crystalline stresses induced by Zn
deposition can lead to significant cracks on the Zn anode
surface, which are associated with capacity loss and should
be mitigated by appropriate methods.151 Some effective strate-
gies have been implemented to address stress issues and
encourage uniform nucleation. These strategies include the
introduction of metal solid solutions and the formation of
stable chemical bonds.222 Innovative research has shown that
a liquid metal anode containing three types of elements
(ZnGaIn) could successfully alleviate deposition stress and
eliminate nucleation barriers. The stress can be released by
creating surface wrinkles, which facilitate zinc plating.217

Furthermore, spontaneous alloying between Zn and liquid

Ga–In has demonstrated enhanced cycling stability. Although
alloys with five and more metal element have not been intro-
duced as anodes for AZMBs, preliminary attempts have been
made, and positive results in other systems offer possibilities
for their application.

The full capabilities of HEMs in AZMBs remains insuffi-
ciently explored. The journey towards unlocking the potential
of HEMs as anode materials in AZMBs may depend on a
comprehensive understanding of their intrinsic properties
and how these properties can be aligned with the distinctive
characteristics of zinc-ion electrochemistry.

5. HEMs as electrolytes with boosted
ion transport kinetics

The key development directions of electrolytes include improving
their ion conductivity, enhancing their stability, and optimizing
the interface compatibility between the electrolyte and electrode
materials. The rapidly developing energy storage industry has
brought new challenges to the existing electrolytes. Energy storage
devices need to meet the requirements of maintaining a good
performance in extreme environments and supporting rapid
charging and discharging, which puts higher demands on the
low-temperature performance and ion conductivity of electrolytes.
The introduction of the high-entropy concept in electrolytes is
aimed at utilizing its various mechanisms of action to effectively
improve their comprehensive performance such as low-temp-
erature performance, ion conductivity, and electrochemical stabi-
lity. This breakthrough will help expand the application fields of
energy storage devices.

5.1 HEMs as electrolytes in other systems

The cycle performance of LIB and SIB deteriorates at low
temperature, mainly due to the effect of the slow kinetics of
the electrolyte. The viscosity of the electrolyte increases with a
decrease in temperature, limiting the movement of ions and
solvent molecules and slowing down the diffusion rate of ions.
The slowed movement of ions leads to a decrease in the
conductivity and increases the internal resistance of the battery.
At the same time, low temperature conditions will increase the
energy barrier required for ion desolvation, resulting in slower
charge transfer reactions of ions at the electrode interface. The
kinetic processes at the electrode–electrolyte interface, such as
ion adsorption and insertion, will also slow down, affecting the
charging and discharging efficiency of the battery.223

HE-electrolytes are still in the early stages of research. HE-
electrolytes achieve high-entropy strategies by altering the
specific composition or configuration in the solvation structure
of metal cations. Firstly, HE-electrolyte helps to enhance the
ion conductivity. (1) An increase in the configuration entropy
induces local disorder, resulting in inhomogeneous interac-
tions between different ions or molecules, allowing some ions
to dissociate more readily and move freely, increasing the
number of free-moving ions in the system, and thus enhancing
the diffusion of ions and the overall ionic conductivity.224

Fig. 14 (a) Process for the synthesis of HEO as anode of AZMB. (b)
Mechanism of HEO for improving the electrochemical performance of
zinc ion anode (c) long-term cycling performance of the anode modified
with HEMs.135
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(2) The increased entropy drives the thermodynamic equili-
brium, making the metal cations more inclined to interact with
the solvent molecules, inhibiting the formation of ion clusters
and reducing the cluster volume (Fig. 15(a)).225 This effect
reduces ion aggregation, increases the free space for ion migra-
tion, and accelerates the ions migration process (Fig. 15(b)),
thereby improving the ion conductivity of the electrolyte. (3) An
increase in the number of components leads to a more diverse
distribution of diffusion barriers for different solvation struc-
tures, which broadens the available percolation network and
provides more low-energy ionic diffusion channels, effectively
promoting the diffusion of charge carriers, and significantly
improving the conductivity of the electrolyte (Fig. 15(f)).225

Secondly, HE-electrolytes can affect the deposition/stripping
process of ions and the temperature range of electrolyte appli-
cation. Changes in the composition of solvation groups alter
the ion-solvent molecule interactions as well as the desolvation
barriers of the metal ions, modulating the desolvation process

of the charge carriers and the deposition/stripping process of
the metal ions, achieving a denser and more uniform deposi-
tion morphology (Fig. 15(j)) and improving the overall electro-
chemical performance of the battery (Fig. 15(c)–(e)).226 The
complex solvation structure leads to stronger solvation effects
by altering the interactions between the solute ions and solvent
molecules. This effect increases the mixing enthalpy of various
salts in HE-electrolytes and reduces the Gibbs free energy,
thereby increasing the solubility of solutes and reducing the
tendency for solute crystallization.230 In addition, the entropy
increase effect of HE-electrolytes disrupts the orderliness of the
solid-state lattice, making the solid phase unstable, lowering
the solid–liquid coexistence temperature, and resulting in a
decrease in melting point, which helps to achieve a better low-
temperature performance (Fig. 15(g)) and expands the actual
temperature range of battery applications.226

The entropy control of the liquid electrolyte components has
achieved high conductivity and optimized kinetic behavior in

Fig. 15 (a) Illustration of solution structure in different electrolytes.225 (b) Ionic conductivity of electrolytes of different components. (c) Electrochemical
cycling performance of electrolytes with different components.225 (d) Raman spectra of the 1.4 M HE-electrolyte and traditional electrolyte. (e) Liquid 7Li
NMR spectra of 1.4 M HE-electrolyte and traditional electrolyte. (f) Ionic conductivity of the 0.75 M HE-electrolyte and traditional electrolyte at various
temperatures. (g) Variable temperature liquid 7Li NMR spectra of 0.75 M traditional electrolyte and 0.75 M HE-electrolyte.226 (h) Schematic of high-
entropy microdomain interlocking polymer electrolytes.227 (i) Typical solvation sheaths and corresponding electrostatic potential distribution of Mg
(TFSI)2/DME and Mg (TFSI)2/DME with LiOTf/TMP electrolytes.228 (j) Cryo-TEM images of anode and cathode in 1.4 M HE-electrolyte and 1.4 M traditional
electrolyte.229 (k) Proportion of water with strong (left) and non-HB (right) in four electrolytes at different concentrations fitted from Raman spectra. (l)
Schematic of water structure around ClO4

�, Br�, Cl� and SO4
2�.228
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the design of magnesium metal battery (MMB) electrolytes. By
co-adding LiOTf and TMP salts to the Mg(TFSI)2/DME-based
electrolyte, an electrolyte with a high-entropy solvation
structure of Mg2+-2DME-OTf�-Li+-DME-TMP was formed, as
shown in Fig. 15(i).229 The unique solvation structure effectively
weakens the strong interaction between the Mg2+ ions and DME
solvent, thereby reducing the solvation potential barrier of
Mg2+. This solvation structure brings OTf� and TMP to the
surface of the Mg anode, promoting the formation of an
Mg3(PO4)2-rich layer, preventing the formation of insulating
components on the anode surface, and facilitating an improve-
ment in the conductivity of Mg2+.

Solid-state electrolytes offer higher safety; however, they face
the complex challenges of simultaneously improving their
mechanical strength and accelerating ion migration. HE solid
electrolytes exhibit excellent performances in terms of ion
transport kinetics, cycling performance, mechanical properties,
and other aspects. HE-electrolytes introduce chemical disorder,
resulting in a more uniform distribution of site energy, which
helps break the long-range order of atomic arrangement in
traditional solid-state electrolytes and may simultaneously
improve the ion transport kinetics and cycle performance.231

Moreover, the introduction of the high-entropy concept into
solid electrolytes leads to local structural distortions, and the
overall energy state of solid electrolytes is more dispersed,
which helps to reduce the energy barrier for ion migration in
the materials, and thus improve the ion conductivity.232 Solid
electrolytes with increased configurational entropy not only pos-
sess excellent mechanical strength, but also maintain high ionic
conductivity and stable Li+ migration numbers in complex and
dynamic environments, thereby improving the reliability and
durability of their overall performance.227 By combining strategies
such as entropy elasticity, supramolecular self-assembly, and
topological chemical polymerization, polymer electrolytes with
high-entropy microdomain structures with increased configu-
ration entropy can be effectively designed (Fig. 15(h)), which
simultaneously improves the mechanical strength and ionic
mobility of the materials, and endows them with excellent multi-
functionality and environmental adaptability.228

5.2 Expected implementation of HEM electrolytes in AZMBs

Aqueous electrolytes have received widespread attention due to
their inherent safety, excellent ion conductivity, and significant
environmental friendliness. However, the practical application
of aqueous electrolytes faces significant challenges. Based on
the classical Pourbaix plot, which illustrates the relationship
between electrolyte pH and HER/OER potentials, the operating
voltage range of AZMBs is limited to a relatively narrow ESPW
of approximately 1.23 V.233 The limited electrochemical window
of the electrolyte restricts the operating voltage and energy
density of AZMBs. Meanwhile, the low boiling point and high
freezing point of water, as well as the intensified side reactions
within the battery at high temperatures, greatly limit the wide-
spread application of AZMBs.234 In addition, the deposition
process of metal ions is not only closely related to the proper-
ties of the metal anode, but also significantly affected by the

way they act in the solvation group.235 Therefore, it is crucial to
modulate the solvation structure to optimize the deposition
behavior of metal ions to achieve higher interfacial stability.

Currently, the common methods to expand the ESPW of
electrolytes and broaden the temperature range for their applica-
tion include adjusting the solute concentration in the
electrolyte,236 introducing different soluble salts,237 and adding
organic additives.238 HE-electrolytes can significantly optimize
the kinetic performance, enhance the zinc ion conductivity
under low temperature conditions, and effectively suppress side
reactions on the surface of the zinc anode, thereby enhancing
the overall performance of aqueous zinc ion batteries.

The introduction of the high-entropy strategy can signifi-
cantly optimize the kinetic properties of the electrolyte. The
inherent hydrogen bonding network in aqueous electrolytes
can affect the viscosity and conductivity of the electrolyte.
Strong hydrogen bonding networks can limit the movement of
ions, and an increase in the entropy of the electrolyte can disrupt
the continuous hydrogen bonding network between water
molecules.225 By disrupting the hydrogen bonding network,
the viscosity of the system can be reduced, thereby improving
the migration speed of the solvation groups. Meanwhile, the
high-entropy strategy can affect the interaction between the
metal ions and solvent molecules, which in turn affects
the desolvation process and ion dissociation behavior, and this
effect can significantly increase the overall ion mobility of the
electrolyte, thus improving the kinetic properties.239

HE-electrolytes can break the inherent solubility limitation
of soluble salts and enhance the kinetic performance of AZMBs
operating at low temperatures. By modulating the diversity of
soluble salts and solvent molecules in the electrolyte or designing
electrolytes with higher configurational entropy, the increase in
entropy increases the degrees of freedom of the electrolyte and
significantly enhances the solubility.224 Firstly, an increase in the
configurational entropy directly affects the distribution of soluble
salts and solvent molecules in the electrolyte, which makes it
easier to be dissolved; secondly, the multi-component high-
entropy effect of dissolved salts and solvents can produce eutectic
effects, reducing the melting points of the components and
further increasing their solubility at room temperature.240 An
increase in configurational entropy can also affect the freezing
point of the electrolyte, and this chaos and disorder increases the
free energy of the system, thereby reducing the tendency of the
system to form an ordered solid state (i.e., solidification).241 It also
helps maintain good ion transport kinetics at low temperatures.

The formation of high-entropy aqueous electrolytes can
effectively suppress the side reactions occurring on the surface
of metal anodes. HE-electrolytes regulate the solvation structure
of Zn2+ by introducing multiple components or utilizing various
configurations of Zn2+ with anionic/solvent molecules.232 This
regulation can optimize the solvation environment of ions and
reduce the amount of active water molecules in the solvation
groups. The reduction of reactive water molecules contributes to
the disruption of the hydrogen bonding network between water
molecules, which in turn weakens the reactivity of water. Under
the action of an electric field, these optimized solvation groups

Energy & Environmental Science Review

Pu
bl

is
he

d 
on

 0
3 

  1
44

6.
 D

ow
nl

oa
de

d 
on

 0
7/

08
/4

7 
11

:4
3:

57
 . 

View Article Online

https://doi.org/10.1039/d4ee04442h


118 |  Energy Environ. Sci., 2025, 18, 97–129 This journal is © The Royal Society of Chemistry 2025

can be enriched in the double-layer structure at the electrolyte/
electrode interface, which effectively avoids side reactions such
as HER and corrosion occurring on the surface of the
zinc anode.

The synergistic effect of HE-electrolytes can achieve a combi-
nation of multiple advantageous characteristics, which further
enhances their comprehensive performance. For example, by
introducing solvent molecules with weak solvation properties
to replace some water molecules, the desolvation barrier of Zn2+

can be significantly reduced, which can accelerate the deposi-
tion kinetics of Zn2+ and enhance the coulombic efficiency of
the zinc anode. Meanwhile, other components within the same
solvation structure, such as certain anions and organic mole-
cules, may play a crucial role in promoting the formation of a

solid electrolyte interface (SEI) film, which helps to balance the
ion concentration and charge density on the surface of the zinc
anode, and thus promotes the uniform deposition of Zn2+. In
addition, by regulating the electron density distribution and
Fermi energy level of these components on the surface of
the zinc anode, the proton adsorption characteristics of the
surface are affected, thereby increasing the overpotential for
HER. By inhibiting the electrochemical decomposition beha-
vior of water, and thus broadening the electrochemical window
of the electrolyte, the energy density of the batteries its
improved. These performance enhancements are due to the
synergistic effect of the multiple components in the HE-
electrolyte, and thus it is difficult for traditional additives to
achieve this comprehensive functional optimization.

Fig. 16 (a) Schematic of the solution structure in an HE-electrolyte and traditional electrolyte. (b) Arrhenius plots of the overall ionic conductivity of
Li2ZnCl4�9H2O electrolyte compared with concentrated LiCl�3H2O, ZnCl2�3H2O solutions and dilute LiCl and ZnCl2 aqueous solutions. (c) Galvanostatic
Zn stripping/plating in a Zn||Zn symmetrical cell with Li2ZnCl4�9H2O and ZnCl2 electrolyte at 0.2 mA cm�2 and temperature range of +80 1C to�70 1C.225

(d) Hofmeister series with four diverse anions and the models of the corresponding four aqueous zinc salt solution for MD simulations. (e) Original water
molecules form a tetrahedral network structure through hydrogen bonding. (f) Comparison of the performances of AZMBs with HE-electrolyte and the
former electrolytes at low temperatures. (g) Tetrahedral entropy of water molecules in HE-electrolytes over the temperature range of �80 1C to 40 1C.
(h) Cycling performance of AZMBs based on HE-electrolyte at �80 1C.228 (i) LUMO energy levels of Zn2+ clusters in four types of electrolytes. (j)
Schematic of Zn ion transport between electrodes and electrolytes in HE-electrolyte and conventional electrolyte.228
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Preliminary progress has been made in the application of
HE-electrolytes in AZMBs, which not only broadens their elec-
trochemical stability window and the operating temperature
range, but also suppresses the interfacial side reactions, achiev-
ing an improvement in the coulombic efficiency of Zn2+ deposi-
tion/stripping. The introduction of the support salt LiCl into
the ZnCl2 electrolyte, utilizing Zn2+ and Cl� to form anion
clusters [ZnCl4�m

2�m]n with different lengths and structures,
resulted in a high-entropy solvation structure (Fig. 16(a)).225

Based on this electrolyte system, the preferential coordination
of free water with Li+ at low salt concentrations and the
elimination of free water at high salt concentrations reduced
the content of reactive water molecules in the solvation clusters
and disrupted the hydrogen-bonding network in the solvent
water, optimizing the reversibility of the Zn deposition/strip-
ping. The length of the anion clusters is limited by the decrease
in water molecules and the increase in Li–Cl contact, thus
maintaining high ionic conductivity (Fig. 16(c)). The significant
decrease in solvent activity suppresses the shrinkage and
crystallization of the solvent clusters at low temperatures,
thereby expanding the temperature range suitable for electro-
lytes. In addition, there is a direct correlation between the
entropy value of the tetrahedral network structure formed by
water molecules through hydrogen bonding and the freezing
behavior of water in the Zn2+-based electrolyte (Fig. 16(g)).228

Different anions were utilized to alter the configuration entropy
of the tetrahedral network structure formed by hydrogen bond-
ing of the original water molecules (Fig. 15(l) and 16(d)),
and the relatively weak interactions between the ‘‘structure-
breaking’’ ClO4

� anion and water molecules promotes their
migration, resulting in a more disordered distribution of water
molecules and endowing them with the highest tetrahedral
entropy, which helps to achieve optimal frost resistance, while

the introduction of SO4
2� gives water the lowest tetrahedral

entropy, providing the worst frost resistance, as shown in
Fig. 16(e). The AZMBs based on the electrolyte with the highest
tetrahedral entropy successfully operated at �80 1C and
achieved a capacity retention rate of approximately 85% after
1200 cycles (Fig. 16(f) and (h)). The introduction of the high-
entropy strategy also helps to enhance the cyclic reversibility of
Zn deposition/stripping. By mixing volumes of ethyl acetate
(EA), ethylene glycol (EG), and dimethyl sulfoxide (DMSO) as
solvent components to increase the entropy of the electrolyte
system, this strategy not only changes the solvation sheath
composition and structure of Zn ions in the electrolyte environ-
ment, but also induces the hydrogen bonding reconstruction of
the water molecules in the solvent due to the complex solvent
composition.239 As shown in Fig. 16(i), Zn clusters exhibit
different LOMO energy levels in different solvents. The lowest
LUMO of HE-30 indicates that this electrolyte has a strong
electron affinity and tends to decompose and form a passivated
intermediate layer. In addition to its key role in mitigating
surface corrosion, the synergistic coupling of mixed co-solvents
effectively utilizes the characteristics of individual solvent
additives and promotes significant advantages in cycle reversi-
bility (Fig. 16(j)).

The utilization of electrolyte additives to regulate the elec-
trode double layer (EDL) structure of the zinc anode is an
effective strategy for suppressing interface side reactions and
promoting uniform zinc deposition. The design of an EDL with
multi-component collaborative functionality was inspired by
the concept of high entropy.242 The addition of diphenylsulfo-
nylimide (BBI) and LaCl3 additives to ZnSO4 electrolyte
achieved the high-entropy strategy by regulating the number
of components in EDL. EDL contains high-valence cations,
anions, anions forming an SEI layer and the zinc ion solvation

Fig. 17 Schematic of the introduction of high-entropy anode and high-entropy electrolyte to solve the problems occurring at the anode in AZMBs.
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groups in the desolvation process. Different components in
high-entropy EDL have different functions, where La3+ prefer-
entially adsorbs and aggregates at the dendrite tip, shielding
the concentration electric field and allowing the Zn deposition
layer to grow uniformly. Meanwhile, a net depletion zone is
formed near the Zn surface, attracting more BBI anions or Cl�

ions into EDL. As Zn deposition proceeds, the Cl� ions promote
the desolvation process of the Zn2+ ions within the EDL and
accelerate the kinetics of Zn deposition. The BBI anions are
reduced to generate BBI-derived components, forming a strong
SEI layer with high mechanical strength, which enhances its
ability to inhibit corrosion reactions and dendrite formation.

In summary, the inherent structure and chemical diversity
of HE-electrolytes are considered to be a strong candidate for
addressing the complex challenges faced by the aqueous elec-
trolytes of AZMB. Currently, the application of HE-electrolytes
in AZMBs has shown initial results, and the synergistic
effect of multiple components has achieved a better compre-
hensive performance based on single-component additives.
HE-electrolytes can not only reduce the solvation energy barrier
of Zn2+, improve the coulombic efficiency of Zn2+ deposition/
stripping, and effectively suppress interfacial side reactions,
but also broaden the operating temperature range. These
advances have laid a solid foundation for the further develop-
ment of AZMBs. In the future, by providing microscopic control
and optimization within the electrolyte system, we can further
enhance the performance and promote the widespread applica-
tion of high-performance and long-life AZMBs.

6. Summary and outlook

In this perspective, based on the existing application of HEMs
in the field of secondary energy storage, we analyzed and
assessed the potential and effective application paths of HEMs
in AZMBs. The application of HEMs in AZMBs has made initial
progress, especially in solving the existing problems of inter-
face side reactions at the anode as well as insufficient kinetic
and low-temperature performances of the electrolyte, demon-
strating great potential. In the future, it is expected that HEMs
will continue to develop with superior performances through
further material optimization and design to promote the prac-
tical application and commercialization process of AZMBs.
Firstly, herein, we focused on the specific application methods
and reaction mechanisms of HEMs in LIBs and SIBs. Based on
the similarity between AZMBs and these two systems in terms
of battery structure, electrode materials and failure mechan-
isms, initially the three key components, namely, cathode,
anode and electrolyte, were introduced and the specific pro-
blems that HEMs may solve in AZMBs explored in detail,
looking forward to its application in this field.

The practical application of AZMBs is hampered by the
failure behavior of various important battery components,
including structural degradation of the commonly used cath-
odes, dendrite growth/side reactions on the surface of the zinc
anode, and the narrow electrochemical windows and

temperature ranges of aqueous electrolytes. In terms of the
cathode, cathode materials based on the high-entropy effect,
lattice distortion, pinning effect, and cocktail effect exhibit
characteristics such as enhanced structural stability, prolonged
cycle life, widened operating voltage, delayed phase transition,
and accelerated transmission kinetics, which are expected to
solve the common problems of poor structural stability, phase
transition, and slow kinetics in cathodes in AZMBs. In terms of
the anode, high entropy surface engineering and high entropy
materialization endow materials with high structural stability.
The optimized electrolyte/electrode interfaces are conducive to
a uniform surface metal ion and electric field distribution,
achieving uniform ion deposition and rapid kinetics. When
applied in AZMBs, different surface/bulk components may
increase the overpotential of HER and inhibit the occurrence
of side reactions, while achieving a uniform deposition with
homogeneous electric field distribution. In terms of electrolyte,
the complex salt/solvent compositions are conducive to enhan-
cing the configuration entropy of metal ions in the electrolyte.
The change in configuration entropy significantly affects the
viscosity and temperature range of the electrolyte. The solvation
structure of metal ions in HE-electrolytes can be adjusted to
reduce the number of free water molecules in the EDL and
disrupt the hydrogen-bonding network of the water molecules
in the original electrolyte. The introduction of high-entropy
components or high-entropy configuration changes the com-
position and solvation effect of metal anions/solvents in the
solvation structure, which in turn solves the side reactions such
as HER and corrosion in AZMBs, broadens their application
temperature, and realizes the rapid desolvation and uniform
deposition of Zn2+. Besides, we provided a detailed description
of the definition, mechanism of action, and methods for the
synthesis of high entropy, which guides the direction in selec-
tion and synthesis. Although the application of HEM is still in
its infancy, it can be predicted that this strategy has great
potential in alleviating the shortcomings of existing AZMBs.

In addition to the specific descriptions provided in each
subsection, we also offer insights into potential future research
directions. These insights are intended to guide the integration
of HEMs in AZMBs to achieve efficient energy storage. Fig. 18
shows a schematic diagram of these implementation paths.

Theoretical calculations should be employed to screen suitable
HEMs

HEMs have demonstrated unprecedented properties, but their
exploration and development present significant challenges.
Due to their complex atomic arrangement and element inter-
actions, which are difficult to determine, it is necessary to
carefully decouple the actual effects of the individual elements
on the intrinsic properties and electrochemical behaviors.
Currently, no database has been established to directly exhibit
the relationship between the elemental composition and stoi-
chiometry in HEMs and their fundamental properties. To
pinpoint the desired characteristics, a large number of con-
trolled experiments is necessary to determine the optimal types
and ratios of various elements.
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Expand the concept of high entropy to broader material
composition

Nowadays, there are significant limitations in the application of
high-entropy concepts. When studying the concept of high
entropy, most of the research tends to be limited to the study
of high-entropy components, ignoring the deeper role of configu-
ration. The majority of HEMs investigated are based on the
multiple species of cation ion doping, achieving improvements
in stability, specific capacity, and kinetic performance. Inspired
by the configuration entropy in HE-electrolytes, it is possible to
introduce defects or substitute anions in the development of
electrodes to introduce configuration entropy, thereby affecting
the performance of materials.

Explore simpler and more efficient synthesis methods

It is urgently needed to delve deeper into the development of
efficient, large-scale preparation methods for HEMs that facil-
itate facile synthesis, mild reaction conditions and cost-
effectiveness. This approach is crucial for facilitating the tran-
sition of HEMs from laboratory research to practical and
industrial-scale production. The realization of HEMs requires
consideration of the temperature conditions and reaction
environments under which the introduced metal ions or anions
enter the lattice interior of the materials, as well as the

balancing of the negative effects of structural collapse and
defect diffusion generated during the synthesis process on
the material properties.

HEMs require careful assessment of their cost and environ-
mental impact. Solid-state electrode materials are often based
on high-entropy compositions, typically consisting of com-
pounds with multiple metal ions. Thus, to leverage the cocktail
effect of HEMs for the comprehensive optimization of material
properties, it is common to introduce metal ions with different
electronic properties or chemical states. The uniqueness of
HEMs lies in their complex lattice structures formed by the
random arrangement of multiple metals, but these complex
structures also pose challenges for electron conduction. To
improve the electrical conductivity and reaction kinetics, exist-
ing research introduced transition metals with d-bands, such
as Ni, Co, and V. The interaction of d-orbital electrons among
different metal atoms in HEMs can enhance electron migra-
tion. The overlapping of d-bands from various transition metal
ions helps form continuous conductive pathways, allowing
more electrons to participate in the conduction process, and
thereby increasing the electrical conductivity. To enhance the
capacity of HEMs, researchers consider incorporating high-
valence metal ions, which can achieve more electron transfer
through multiple valence redox reactions during battery
cycling, leading to higher energy density, such as Co, Ni, Ti,

Fig. 18 Road ahead for HEMs.60,243–251
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V, and Ta. Despite playing a key role in enhancing the battery
performance and remaining in laboratory research with rela-
tively small amounts of additives, the high cost and limited
supply of these metals pose challenges for large-scale commer-
cial application. These expensive rare or noble metals not only
increase the production cost of materials but also place higher
demands on the stability of the supply chain. Thus, by sub-
stituting rare metals with cheaper elements with stable supply
chains, the cost of materials can be reduced. For example,
using relatively inexpensive elements such as Fe and Mn as
components of high-entropy materials can significantly reduce
costs, but there may still be performance issues that do not
meet expectations in specific applications. Moreover, due to
their unique mechanism, HEMs require precise control of the
ratio of added metal elements to achieve expected and stable
material performance, but the performance of HEMs often
depends on the high purity of the elements, and the extraction
and processing of high-purity elements involve high costs,
which can significantly increase the costs in large-scale produc-
tion. Furthermore, to ensure the stability and consistency of
synthesized materials and avoid side reactions due to the
introduction of multiple elements under different synthesis
conditions, issues such as uncontrollable phase separation,
element volatilization, and different reaction rates need to be
strictly controlled in the synthesis process, which requires
expensive equipment and precise control. Processes commonly
used in laboratories, such as high-temperature melting,
vacuum furnaces, and mechanical alloying, work well for
small-scale production, but the cost and equipment require-
ments of these processes may be beyond the feasible range for
large-scale production.

In the case of liquid high-entropy electrolytes based on high
entropy components, the solubility and concentration of indi-
vidual components and the compatibility between different
components need to be considered. The solubility of high-
entropy electrolytes not only affects their performance in bat-
teries but also has a direct impact on the synthesis difficulty
and cost of the overall material. Some components are difficult
to dissolve within the operating temperature range and require
special synthesis conditions, such as high temperature, high
pressure, and the use of special solvents, which will increase
the preparation cost of the material. The solubility of the
components in HE-electrolyte systems may interfere with each
other, and there may be poor compatibility, making the com-
ponents unable to coexist in the solution, and leading to their
precipitation or sedimentation, which affects the uniformity of
the overall electrolyte. In addition, the electrolyte salts in AZIBs
are usually high-purity salts, and the cost of high-purity salts is
high. Introducing multi-component electrolyte salts will signifi-
cantly increase the total cost of the electrolyte. Thus, to reduce
the manufacturing cost of HE-electrolytes, it is necessary to
fully analyze the compatibility between components before
their preparation, which can avoid reactions or decomposition
of certain components, avoid electrolyte failure and unneces-
sary phase separation or solid phase formation, thereby redu-
cing additional material processing costs. By predicting the

coexistence behavior of different components based on existing
experimental data and selecting components with similar
electrochemical properties to enhance the compatibility of
the system, costs can be reduced.

HEMs exhibit many obvious advantages, including improv-
ing the stability and cycle life of the active substance in the case
of the cathode, inhibiting dendrite growth and improving the
Zn2+ deposition/stripping behavior at the zinc electrode, and
enhancing the ion conductivity and broadening the electroche-
mical window in the electrolyte. However, HEMs are a double-
edged sword and may bring some problems when applied in
AZMBs, which need to attract sufficient attention and further
research (Fig. 19).

Balancing energy density and cycle life

The introduction of electrochemically inert components in
HEMs can help stabilize the complex material structure and
improve the long-term stability of the materials. However, the
introduction of inactive elements into HEMs can inevitably
affect the energy density of the battery. Consequently, a delicate
balance must be struck, carefully weighing the benefits of
extended cycle life against the suitability for specific applica-
tions. Achieving this balance is crucial to ensure that the
integration of HEMs enhances, rather than diminishes the
overall performance and effectiveness of the battery system.

Defect engineering

The precise adjustment of point defect concentrations after
introducing the high-entropy strategy is beneficial to enhance
the conductivity of materials. However, the incorporation of
metal ions into the lattice introduces various defects, which
require careful evaluation. This challenge encompasses
potential issues across various aspects, such as reducing the
component heterogeneity, rectifying microstructural distor-
tions, optimizing point defects, fine-tuning the electronic
structure, and regulating ion migration. Moreover, dislocations
within the material structure can trigger phase transitions,
which may reduce the overall capacity of the battery. These
dislocations also contribute to the formation of undesirable
cracks, increasing the resistance and further degrading the
electrochemical performance.

Interlayer spacing

An adequate interlayer spacing is instrumental for the inter-
calation of Zn2+ and protons in HEM cathodes. The introduc-
tion of ions with diverse volume sizes and charge numbers
following the high-entropy transformation of materials can
significantly influence the bulk structure. The interactions
among various ions within the lattice may induce lattice dis-
tortion, causing the constituent atoms to deviate from their
ideal positions. This deviation can potentially impact the
channels available for ion intercalation. Considering the slow
kinetics associated with polarized Zn2+ groups, HEMs that
incorporate a variety of metal elements in their lattices must
satisfy stringent requirements regarding interlayer spacing.
This spacing is not only conducive to Zn2+ insertion/extraction
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but also significantly enhances the ion transport process and
mitigates the electrostatic interaction between Zn2+ and the
HEM substrates.

HEM anode reconsideration

HEMs as anodes hold significant potential for precisely con-
trolling the zinc nucleation behavior and hydrogen evolution
overpotential. However, there are critical issues that require
careful reconsideration before their practical application. The
complex strategies for the synthesis of HEMs pose significant
cost challenges, especially for large-scale energy storage appli-
cations. Furthermore, HEMs are typically in powder form, and
when used directly as anodes, their high specific surface area
and the presence of hydrogen precipitation sites may trigger
severe side reactions without further modification. The multi-
ple metals in HEMs may interact with the electroplating
process of zinc, thereby affecting the deposition behavior of

Zn2+. Under deep discharge conditions, the growth of zinc
dendrites may become more pronounced, especially when the
electroplating behavior of certain metals in HEMs is not
coordinated with zinc. The competitive deposition behavior
between different metal ions in HEMs may lead to a decline
in the quality of zinc deposition, thereby affecting the discharge
depth of the battery.

Electrolyte kinetics

Electrolytes containing HEMs have the potential to alter the
chemical environment of water molecules, which can modulate
the solvated Zn2+ ions and attenuate the electrostatic coupling
between anions and cations. These effects can help inhibit
corrosion, HER, and the generation of by-products. Neverthe-
less, it is critical to note that strong interactions between Zn2+

ions and the solvent molecules, driven by the high-entropy
mechanism, may lead to challenging desolvation processes.

Fig. 19 Challenges that need to be considered in the development of HEMs in AZMBs.
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This can result in sluggish transfer kinetics for Zn2+ ions,
ultimately leading to inhomogeneous deposition and dendrite
formation. When strong solvation shells are formed, it becomes
difficult for Zn2+ ions to intercalate into the cathode material or
deposit at the anode surface. Therefore, the binding strength
between the cation and the solvent must be carefully consid-
ered to optimize the performance of the electrolyte.

Synthesis process control

HEMs used as electrodes or solid-state electrolytes typically
contain multiple metal ions, which may not be uniformly
distributed within the lattice. When the sintering temperature
is inappropriate or the reaction time is too short, phase
separation may occur among the various metal components,
resulting in uneven electrochemical reactivity of the material.
Furthermore, during the charge and discharge cycles, the
differences in the chemical properties and ionic radii of the
metals may cause them to migrate and redistribute within
the material, or even form independent phases. This process
may be induced by the stress generated when zinc ions are
inserted into and extracted from the electrode material, espe-
cially during deep discharge, where stress changes are more
pronounced. Due to the differences in the chemical properties
and lattice energy of the metal ions, some metals may pre-
cipitate from the original high-entropy structure during long-
term cycling or deep discharge, forming localized oxides or
other phases, which may negatively affect the overall electro-
chemical performance of the electrode material.

In conclusion, this perspective exhibited the potential and
effective application path of HEMs in AZMBs. Although the
application of HEMs is still in its infancy, it can be predicted
that this strategy has great potential to alleviate the defects of
the existing AZMBs. Meanwhile, the concerns regarding the
compatibility of HEMs also need to be considered. It is vital to
get a deep and thorough understanding of the fundamental
chemistry of HEMs within the context of AZMBs. Future efforts
should focus relentlessly on identifying the key elements and
species that comprise HEMs, characterizing them with
advanced testing methods and selecting the most suitable
application scenarios.
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