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ABSTRACT
Sodium‐ion batteries (SIBs) are emerging as a viable and cost‐effective alternative to lithium‐ion batteries, benefiting from 
sodium's high terrestrial abundance. However, their practical application is limited by rapid capacity fading stemming from 
structural instability during cycling and intrinsically sluggish Na+ diffusion kinetics. High‐entropy materials (HEMs), through 
configurational entropy maximization and multi‐cation synergy, provide a promising strategy to stabilize structures and 
enhance the energy of SIB cathodes. This review focuses on the structural and chemical principles of key SIB cathodes—layered 
oxides and Prussian blue analogs—and critically evaluates high‐entropy engineering strategies to performance enhancement. 
Mechanistic insights into entropy‐driven performance enhancement are analyzed alongside current challenges and future 
research directions. The high‐entropy strategy offers significant flexibility in cathode design, potentially overcoming conven
tional material limitations and accelerating commercialization. Although in its nascent stages, requiring extensive fundamental 
investigation, this analysis aims to guide the development of next‐generation entropy‐stabilized cathodes and advance SIB 
technologies.

1 | Introduction

Amid global efforts to achieve carbon neutrality, restructuring 
energy systems is crucial for mitigating the climate crisis. The 
International Energy Agency projects renewable source must 
supply over 85% of global electricity by 2025 [1–7]. As a major 
source of carbon emissions, transportation is undergoing rapid 
innovation, and the utilization rate of new energy is gradually 
increasing. Among them, power batteries are the core of electric 
vehicles and clean energy infrastructure [8–13], but they face 
performance, cost, safety, and sustainability constraints that 
hinder development [14–17]. Although lithium‐ion batteries 

(LIBs) dominate the market with featured high technical read
iness levels (TRL, as shown in Figure 1 and Table 1), their 
scalability is limited by lithium's low crustal abundance (0.006 
wt.%), geopolitical risks in cobalt and nickel supply chains, 
rising extraction costs, and inherent thermal runaway risks 
[32–38]. Surging demand (> 22% electric vehicle adoption) ex
acerbates market volatility, underscoring the need for resource‐ 
resilient alternatives [39–46].

SIBs offer a promising alternative because of sodium's high 
crustal abundance (2.74 wt.%, 420 times that of lithium), low 
cost, reduced polarization, and wide‐temperature operability 
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[40]. Paradoxically, conventional sodium‐ion cathode materials, 
for example, layered transition metal oxides (LTMOs) and 
Prussian blue analogs (PBAs) (Figure 1 and Table 1), suffer from 
limited specific capacity, rapid capacity fading, and sluggish 
Na+ diffusion kinetics. Transformative cathode design is thus 
essential for high‐energy and long‐cycle applications.

Although methods such as traditional doping have been used to 
modify SIBs cathodes simultaneously addressing phase transi
tion and interfacial decay remains challenging. High‐entropy 
doping overcomes the concentration limits and elemental 

exclusivity of traditional doping, achieving atomic‐level synergy 
among multiple elements. This strategy not only generates 
unique properties beyond the sum of single elements but also 
imparts excellent thermal and structural stability, offering a new 
paradigm for bulk atomic control to achieve breakthrough 
performance improvements.

High‐entropy materials (HEMs) typically refer to single‐phase 
solid solutions formed by five or more principal elements 
(each with a molar fraction between 5% and 35%), whose high 
thermodynamic stability primarily stems from the mixing 

FIGURE 1 | TRL diagram of Li/Na ion battery cathodes. TRL definition [18]: TRL 1: Fundamental principles of a new electrochemical system/ 
material are discovered. TRL 2: A technological concept for a new electrochemical system/material is formulated. TRL 3: Laboratory proof‐of‐ 
concept is completed, with key performance metrics preliminarily validated experimentally. TRL 4: A small‐scale battery prototype is fabricated, 
and systematic evaluation of its physicochemical properties is completed in a laboratory environment. TRL 5: The battery prototype is tested 
under simulated real‐world operating conditions; performance data can support preliminary feasibility analysis for specific application scenarios 
(e.g., consumer electronics and energy storage). TRL 6: Batch‐stable production of kilogram‐scale material is achieved and integrated into actual‐ 
size battery modules or packs; TRL 7: The battery system undergoes field demonstration and data collection in real end‐use scenarios (e.g., pilot 
energy storage stations and test vehicles). TRL 8: Mass production processes are verified and finalized; the product obtains authoritative 
certifications for the target market and receives its first commercial orders. TRL 9: Stable high‐volume production is achieved; the product is 
validated long‐term in application, costs are competitive, and it holds a stable market share in the target market.
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entropy‐driven effect provided by the enormous configurational 
entropy (ΔSconfig) [47]. The classical criterion originates from 
the field of high‐entropy alloys, generally requiring 
ΔSconfig ≥ 1.5 R (where R = 8.314 J·mol−1 ·K−1) [48]. It is worth 
noting that the high‐entropy definition itself serves as a guide
line for related research rather than a rigid “law.” According to 
its foundational definition, strictly calculating configurational 
entropy should account for all elements (including minor ele
ments or dopants with concentrations below 5%). However, in 
practice, due to the very low concentration of minor elements, 
their contribution to the total entropy value is negligible and 
does not affect the determination of the material's compliance 
with the essential nature of being high‐entropy. Therefore, in 
most studies, including this work, to highlight the design focus 
and simplify analysis, the calculation of configurational entropy 
and the determination of the high‐entropy threshold are typi
cally based solely on the composition of the principal elements 

(≥ 5%). Introducing small amounts of dopants (< 5%) to opti
mize specific properties has become a common and effective 
strategy in high‐entropy material design and does not contradict 
their core attributes as high‐entropy materials. Leveraging the 
unique structural and thermodynamic features, HEMs enhance 
electrochemical performance and accelerate SIBs industrializa
tion, driving significant academic and commercial interest 
within a wide range of fields [21, 49].

In the context of battery materials, four effects govern HEMs 
performance (Figure 2):

i. High‐entropy effect: The core of this effect lies in the 
elevated configurational entropy (ΔSconfig) introduced by 
the mixture of multiple principal elements. By contrib
uting to the Gibbs free energy (ΔG = ΔH – TΔS), it 
significantly reduces the system's free energy at high 

TABLE 1 | Advantages and disadvantages of mainstream Li/Na‐ion battery cathode materials and their TRL.

Cathodes Advantage Disadvantage TRL Refs
LIBs LiCoO2 Discharge platform: 4.2–4.6 V (3.7 V) Cycle life: > 500 cycles 9 [19]

Energy density: 500 Wh kg−1 

(180–240 Wh kg−1)

NCM/NCA Energy density: 180–300 Wh kg−1 Thermal runaway: 220°C–250°C 9 [20]

Low‐temperature performance:

> 70% capacity at −20°C

LiMn2O4 High safety performance Energy density: 130–180 Wh kg−1 9 [21]

Cycle life: > 500 cycles

LiFePO4 Cycle life: > 2000 Energy density: 130–160 Wh kg−1 9 [22]

High safety performance Low‐temperature performance: ~60% 
capacity at −20°C

LiMnxFe1−xPO4 Energy density: 559 Wh kg−1 

(160–230 Wh kg−1)
Electrical conductivity:10−13 S cm−1 6–7 [23]

Low‐temperature performance: > 75% 
capacity at −20°C

Ni‐rich 
NCM/NCA

Energy density: 941.2 Wh kg−1 Thermal runaway: 150°C–200°C 6–7 [24]

High discharge plateau

Li‐rich cathode Energy density: 1100 Wh kg−1 Voltage decay: 1–2 mV per cycle 5–6 [25]

Cycle life: > 2000 cycles

SIBs Layered oxide Energy density: 534 Wh kg−1 

(130–170 Wh kg−1)
Air sensitivity 7–8 [26]

Mature preparation process Poor structural stability

Prussian blue 
analogs

Theoretical specific capacity: 170 mAh g−1 Energy density: 450 Wh kg−1 

(50–160 Wh kg−1)
5–6 [27]

Cycle life: > 1000 cycles

Polyanionic 
compound

Cycle life: > 4000 cycles Energy density: 405 Wh kg−1 

(90–130 Wh kg−1)
6–7 [28]

High safety performance

Tunnel‐type oxide Stable structure Energy density: ~90–130 Wh kg−1 4–5 [29]

Environmentally friendly Specific capacity: 93mAh g−1 at 5C

Fluoride‐type Operating voltage: > 3.5 V Complex preparation process 3–4 [30]

Organic Environmentally friendly Electrical conductivity: 10−7 S cm−1 2–3 [31]
Note: The bold values represent business data.

EcoEnergy, 2026 3 of 28

 28359399, 2026, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece2.70037 by Statens B

eredning, W
iley O

nline L
ibrary on [17/03/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



temperatures. From a macroscopic and statistical ther
modynamic perspective, the high‐entropy effect stabilizes 
single‐phase multi‐component solid solutions, effectively 
suppressing compositional segregation, metastable phase 
transitions, and the precipitation of ordered phases or 
simple compounds [50]. Consequently, the high‐entropy 
effect provides the material with excellent intrinsic ther
mal and phase stability, forming the foundation for con
structing homogeneous solid solutions and mitigating 
performance degradation often associated with multi
phase coexistence in conventional materials [51].

ii. Diffusion delay effect: From a dynamic perspective, the 
diffusion delay effect in HEMs originates from the slug
gish diffusion of multiple ions and the interfacial atomic 
disparities [52]. This inhibits disordered metal migration 
and undesirable phase transitions. As a result, it mitigates 
battery volume expansion and capacity degradation, 
extending cycle life.

iii. Lattice distortion effect: It stems from cooperative 
mismatch in ionic radii, which induce localized distor
tions across the crystal lattice. These create ion transport 
barriers that facilitate efficient alkali‐ion percolation. 
Simultaneously, the generation of surface defects and 
unsaturated coordination sites enhance Li+/Na+ adsorp
tion and provide additional active sites for electro
chemical reaction intermediates, thus improving overall 
reaction kinetics [53];

iv. Cocktail effect: When multiple elements coexist at the 
atomic scale, the complex interactions among their 
electrons—such as charge transfer, orbital hybridization, 
and coupling with lattice distortions—can induce unique 
and unpredictable properties that surpass a simple linear 
combination of the individual components' characteristics 
[54]. This effect adopts a microscopic and performance‐ 

oriented viewpoint, focusing on the synergistic enhance
ment phenomenon of “the whole being greater than the 
sum of its parts” arising from the chemical interactions 
between elements. For example, specific multi‐element 
combinations may confer upon the material high 
intrinsic electrical conductivity, exceptional catalytic ac
tivity, or unusual mechanical strength [55].

Collectively, the four effects form a comprehensive theoretical 
framework that underpins the unique advantage of HEMs in 
addressing the intrinsic limitations of conventional battery 
materials [56].

In SIBs high‐entropy cathode materials, although research on 
high‐entropy polyanionic compounds has recently emerged, 
LTMOs and PBAs exhibit more promising overall performance 
advantages over polyanionic compounds in the context of power 
battery applications [57–59]. High‐entropy engineering enhances 
their structural stability and capacity through component mod
ulation. LTMOs are susceptible to interlayer sliding and phase 
transitions during deep sodium insertion and extraction, whereas 
PBAs often suffer from structural defects and poor cycling per
formance [60]. The high‐entropy approach has been shown to 
effectively suppress the inherent structural degradation mecha
nisms in these two material systems. In contrast, polyanion 
compounds typically possess open and stable three‐dimensional 
frameworks, along with high thermal and electrochemical sta
bility due to strong covalent bonding [61]. Consequently, the 
enhancement in structural stability achieved through multi‐ 
element doping is relatively limited. Their primary performance 
limitations are generally associated with low electronic conduc
tivity and voltage or capacity constraints in certain systems. 
Although the high‐entropy strategy may theoretically influence 
the electronic structure by modulating transition metal sites, its 
effectiveness in addressing key bottlenecks—such as intrinsic low 

FIGURE 2 | Schematics illustrating four core mechanisms of HEAs including high‐entropy effect, sluggish diffusion effect, lattice distortion effect, 
cocktail effect.

4 of 28 EcoEnergy, 2026

 28359399, 2026, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece2.70037 by Statens B

eredning, W
iley O

nline L
ibrary on [17/03/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



conductivity—has not been conclusively demonstrated. More
over, the inherently robust framework of polyanion compounds 
may exhibit limited reliance on the lattice distortion and slow 
diffusion effects induced by high entropy [62]. Therefore, high‐ 
entropy LTMOs and high‐entropy PBAs, due to their superior 
compositional tunability and lower industrialization costs, are 
more likely to facilitate the large‐scale application of sodium‐ion 
batteries in the field of power batteries.

Most existing reviews fail to systematically elaborate on how 
high‐entropy strategies specifically tackle the application chal
lenges encountered by cathode materials, which hinders the 
accelerated innovative application of such materials. Conse
quently, this review provides a forward‐looking analysis of the 
structural basis and inherent limitations of LTMOs and PBAs. It 
systematically elucidates recent research progress in employing 
the high‐entropy strategy to transcend these constraints, offer
ing an in‐depth analysis of the underlying performance 
enhancement mechanisms. Furthermore, the study summarizes 
the existing challenges and optimization pathways for HE‐ 
LTMOs and HE‐PBAs, aiming to provide valuable insights for 
future research and accelerate the applications of high‐entropy 
approaches in the design of SIB cathodes.

2 | High Entropy Layered Oxide Cathode Material

Among the numerous cathode materials for sodium‐ion batte
ries, layered transition metal oxides (LTMOs) have garnered 
significant attention due to their high theoretical capacity and 

mature preparation processes. However, their structural insta
bility limits further application. The introduction of the high‐ 
entropy strategy offers a new avenue for enhancing their over
all performance. Next, this article will systematically elaborate 
on the structural characteristics, modification strategies, and 
performance enhancement mechanisms of high‐entropy layered 
oxides.

2.1 | Infrastructure and Characteristics

Their 2D layered structure comprises transition metal–oxygen 
(TMO2) slabs stacked by van der Waals/electrostatic forces, 
providing interlayer diffusion channels for reversible 
Na+ deintercalation. LTMOs are typically formulated as 
NaxTMO2, and are structurally classified into P‐type and 
O‐type structures (Figure 3a). In P‐type structures, Na+ oc
cupies trigonal prismatic sites, common in P2 (ABBA stack
ing) and P3 variants, whereas in O‐type structures, Na+

resides in the octahedral sites, as seen in O3 (ABCABC 
stacking) and O2 form [63]. “P” and “O” denote trigonal 
prismatic and octahedral Na+ coordination, respectively, with 
numerals indicating oxygen‐layers per unit cell. Na+ content 
strongly influences the coordination environment, with high 
Na+ favoring octahedral and low Na+ favoring trigonal pris
matic coordination [64].

Among these, O3‐ and P2‐type LTMOs show particular promi
nence. O3‐type LTMOs deliver high initial capacity and broad 
voltage plateaus but suffer from limited rate capability and cycle 

FIGURE 3 | Basic structure and main characteristics of LTMOs. (a) Crystal structure of different types of LTMOs. (b) Schematic diagram of phase 
transition instability in LTMOs. (c) Schematic diagram of poor interfacial stability between LTMOs electrode and electrolyte. (d) Schematic diagram of 
atmospheric instability in LTMOs.
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stability. Conversely, P2‐types provide superior rate perfor
mance and cyclability through open frameworks, yet their low 
Na+ content reduces capacity and induces irreversible phase 
transitions with lattice distortion [65]. Conventional strategies 
including cation doping, structural tuning, and biphasic engi
neering partially mitigate these issues. Nonetheless, persistent 
issues, for example, irreversible phase transformations, interfa
cial degradation, and poor air stability performance, continue to 
hinder the practical deployment of LTMOs in SIBs.

During the electrochemical cycling, repeated Na+ dein
tercalation induces lattice stress accumulation in LTMOs, 
leading to irreversible phase transitions and structural degra
dation. As illustrated in Figure 3b, P2‐type materials undergo 
interlayer sliding at high potentials, with the oxygen stacking 
sequence shifting from ABBA to ABACAB. This transition is 
accompanied by the Na+ migration from trigonal prismatic 
positions to octahedral positions, ultimately forming a thermo
dynamically stable O2 phase or transforming into OP4/“Z” 
phase [66]. In contrast, O3‐type materials follow more complex 
multi‐step phase transition pathways, such as O3–P3–O′3 or 
O3–P3–OPn/O1, causing gradual distortion and eventually 
structural collapse. These phase transitions not only compro
mise structural integrity but also induce microcracking within 
the electrode, severely impairing cycling stability [60, 67].

Simultaneously, high‐voltage cycling exacerbates side reactions 
at the electrode–electrolyte interface. Oxidative decomposition 
of the electrolyte generates acidic species that corrode the TM‐O 
layers, resulting in metal ion dissolution, lattice oxygen loss, and 
the formation of a non‐uniform cathode electrolyte interphase 
(CEI) film (Figure 3c). This non‐uniform CEI introduces local
ized charge imbalance, evaluating Na+ transport resistance and 
inducing safety hazards. Volume changes during cycling further 
amplify the surface stress, leading to nanoscale cracking that 
exposes fresh active sites, perpetuating a feedback cycle of 
interfacial degradation and parasitic reactions [68].

Additionally, the air sensitivity of LTMOs presents significant 
challenges for both material synthesis and storage. Their open 
layered structures and surface basicity promote reactions with 
atmospheric H2O and CO2, resulting in the formation of insu
lating compounds such as NaOH and Na2CO3 (Figure 3d). 
These surface deposits block Na+ diffusion channels and 
degrade structural integrity. More critically, water‐induced 
Na+/H+ exchange reactions irreversibly consume active so
dium sites, lowering sodium content and causing permanent 
capacity decay [69–71].

2.2 | High Entropy Strategy and Application

To address the limitations of LTMOs, various modification 
strategies, including ion doping, structural design, surface 
coating and process optimization, have been explored with 
notable progress in performance enhancement [72–75]. How
ever, the industrial implementation remains constrained by the 
synthesis complexity, low yield, and limited cost‐effectiveness. 
With rational design, high‐entropy cathode materials featuring 
equimolar multi‐element compositions offer cost reduction and 

enhanced sustainability over traditional battery cathodes. The 
high‐entropy strategy integrates entropy stabilization and multi‐ 
element doping effects, offering a robust approach to mitigating 
irreversible phase transitions, interfacial instability, and air 
sensitivity [58, 76–78].

2.2.1 | Phase Transformation Stabilization Strategies

Irreversible phase transitions remain a major obstacle to the 
large‐scale commercialization of LTMOs in SIBs. For instance, 
a typical O3‐type LTMO usually undergoes a complex and 
continuous O3–P3–O′3 phase transition with significant lattice 
distortion during the charging cycle, resulting in significant 
structural degradation and rapid capacity loss [79]. Stabilizing 
the phase evolution process is therefore essential for 
improving the electrochemical performance of layered oxide 
cathodes and enabling the practical deployment of SIB tech
nology. Among various stabilization strategies, high‐entropy 
doping strategy offers a robust pathway to enhancing the 
long‐term structural and electrochemical stability of LTMO 
cathodes, with strong implications for advancing the indus
trial viability of SIBs [80].

Employing high‐entropy configurations to modulate the local 
electronic environment within TM layers offers an effective 
strategy to promote reversible phase transitions in LTMOs. 
High‐entropy doping enhances electron localization around 
oxygen atoms, thereby reducing the electron density in Na‐O 
bonds and weakening the electrostatic interaction between 
electrons and interlayer Na+. This modification stabilizes the 
TM‐O framework and facilitates faster Na+ diffusion. In the 
system of NaNi0.2Fe0.2Mn0.35Cu0.05Zn0.1Sn0.1O2(NFMCZS), the 
strong charge localization effect (Figure 4c) induced by inactive 
elements such as Sn/Mn/Zn firmly anchors the coordinated 
oxygen atoms in the TM layer, effectively suppressing the slip
page of the TMO2 layer during Na+ deintercalation, and 
avoiding irreversible phase transitions and structural collapse 
(Figure 4b). In addition to enhancing the stability of the tran
sition metal framework, Mn/Zn/Sn can also stabilize the 
valence state, while Ni/Fe/Cu plays a role of charge compen
sation, which is confirmed in the calculation of synchrotron 
radiation hard x‐ray absorption spectrum (XAS) and charge 
localization function (Figure 4d). Rietveld refinement of XRD 
pattern of NFMCZS and NFM (NaNi0.2Fe0.2Mn0.6O2) cathode 
after 300 cycles at 1.0 C (Figure 4a) showed that the NFMCZS 
cathode achieved a reversible phase transition of O3–P3–O3 
during the cycle (Figure 4e), whereas the NFM cathode expe
rienced a complex phase transition of O3–P3–P′3–O3+P3. 
Compared with NFM material, the volume strain is 0.11% after 
300 cycles, and the capacity retention rate increases from 24% to 
87% after 500 cycles at 3.0 C [81]. Similarly, the study of the 
O3–Na0.9Ni0.2Fe0.2Co0.2Mn0.2Ti0.15Cu0.05O2(NaNFCMTC) sup
ports the above view again. The improvement of electron 
localization around oxygen leads to the significant enhancement 
of Ti‐O bond, which enhances the stability of transition metal 
framework in high entropy system (Figure 4f). In addition, the 
increase of electron localization also reduces the electron den
sity between Na–O bonds, which significantly reduces the 
electrostatic interaction between electrons and interlayer Na+, 
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promotes the rapid diffusion of Na+ (Figure 4g,i), and delays the 
evolution from O3 phase to P3 phase. The NaNFCMTC−1 
TMO2 slab synthesized by the researchers shrank (Figure 4h), 
realized rapid Na+ transmission through the expanded Na+

transmission channel, and realized low Na+ migration energy in 
the process of Na+ (de) intercalation [82].

Complementary to integrity studies of multiple doped metals, 
targeted studies on the specific metals may offer a more 

insightful approach to unraveling the mechanisms of material 
enhancement. In the study of Sn4+ gradient doping regulation, 
the NaNi0.4Mn0.3−xFe0.1Ti0.1SnxLi0.05Sb0.05O2 system exhibits a 
solid solution reaction characteristic dominated by the P3 phase. 
As the content of Sn4+ increases, the O3–P3 phase transition 
process becomes smoother (Figure 5a), the two‐phase region of 
O3/P3 narrows, and the ionicity of the transition metal–oxygen 
bond increases simultaneously. The dominant P3 phase has an 
enlarged layer spacing and an open ion diffusion channel, which 

FIGURE 4 | (a) Rietveld refinement of XRD pattern of NFMCZS and NFM cathode after 300 cycles at 1.0 C. Reproduced with permission [81]. 
Copyright 2024 Wiley. (b) The optimized crystal structure of NFMCZS. Reproduced with permission [81]. Copyright 2024 Wiley. (c) Electron 
localization function (ELF) of valence electrons viewed along (001) lattice planes of NFMCZS. Reproduced with permission [81]. Copyright 2024 
Wiley. (d) Partial density of states (PDOS) of metal d and O2p orbitals of NFMCZS. Reproduced with permission [81]. Copyright 2024 Wiley. 
(e) Schematic diagram of the O3–P3–O3 reversible phase transition of NFMCZS. Reproduced with permission [81]. Copyright 2024 Wiley. (f) In 
situ XRD patterns of NaNFCMTC corresponding voltage profile during the first charge–discharge at 0.1 C in the voltage range of 2.2–4.1 V. 
Reproduced with permission. [82]. Copyright 2024 Wiley. (h) Evolution of lattice parameters (a‐axis, c‐axis, and volume) calculated from the in 
situ XRD data. Reproduced with permission [82]. Copyright 2024 Wiley. Corresponding Arrhenius plots of diffusion coefficients in NaNFCMTC 
−1 are presented in (g) O3 and (i) P3 phase, from which Na+ migration energy barriers of 0.24 and 0.17 eV are obtained, respectively. 
Reproduced with permission [82]. Copyright 2024 Wiley.
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reduces the sodium ion migration barrier (Figure 5b) [83]. It is 
worth noting that the synergistic effect of B doping and high‐ 
entropy strategy has been verified in the NaFe0.2Co0.15Cu0.05
Ni0.2Mn0.2Ti0.2B0.02O2 (NFNCCMT‐B0.02) material. High‐entropy 
doping effectively suppresses phase transitions and volume 
changes during the cycling process, enhancing the stability of the 
structure (Figure 5c). Meanwhile, strong covalent B–O bond 
formation causes the transition metal layer to contract, trig
gering outward expansion of the sodium–oxygen layer. This 
expansion increases the sodium interlayer spacing, thereby sta
bilizing the P3 phase region, which facilitates rapid sodium‐ion 
diffusion and enhances structural rigidity. Thus, this synergis
tic doping exhibit excellent cycle performance (Figure 5d) and 
rate performance in a wide temperature range (−20°C–60°C) 
[84]. Breaking through the traditional single‐phase research 
paradigm, multiphase high‐entropy systems exhibit unique ad
vantages. By regulating the weighted average ionic radius 
(WAIR = 0.583–0.637 Å) of transition metals, a precise P2/O3 
dual‐phase structure can be constructed. The disordered distri
bution of Mn/Cu/Ti/Sn effectively suppresses the irreversible 
O3–P3 and P2–O2 phase transitions and enhances the Na+

migration rate (Figure 5f) while the lattice orientation difference 
between the two phases further hinders interlayer slip and lattice 
volume strain (Figure 5e) [85].

2.2.2 | Interface Stabilization Strategies

In addition to suppressing phase transitions, the high‐entropy 
strategy also demonstrates significant advantages in enhancing 
the stability of the electrode‐electrolyte interface. Under high‐ 
voltage conditions, interfacial side reactions and oxygen loss are 
major contributors to performance degradation. Under high‐ 
voltage conditions, the anionic redox reactions in LTMO mate
rials exhibit significant irreversibility. Released oxygen forms 
reactive oxygen species (ROS) that react with the electrolyte, 
catalyzing electrolyte degradation and gas evolution. These pro
cesses severely compromise interfacial stability and cycling per
formance, leading to battery swelling or even thermal runaway 
[86]. Therefore, regulating the redox stability of oxygen in the 
layered oxide lattice, suppressing oxygen migration, and reducing 
persistent oxygen loss and irreversible structural degradation are 
critical for enhancing interfacial and cycling stability. Addition
ally, volumetric fluctuations during cycling induce nanoscale 
cracks on the electrode surface, allowing electrolyte infiltration 
into these cracks and triggering cascading detrimental side re
actions that exacerbate interfacial instability [87].

High‐entropy doping can modulate the electronic structure and 
strengthen the lattice framework of LTMOs, inhibiting TM 

FIGURE 5 | (a) The comparison of c‐lattice parameters changes of HEO‐Sn0.15, HEO‐Sn0.1, and HEO‐Sn0.075 electrode materials in the first cycle. 
Reproduced with permission [83]. Copyright 2025 Elsevier. (b) The illustration of the Na+ ions migration energy barriers of O3‐type and P3‐type 
phases structure. Reproduced with permission [83]. Copyright 2025 Elsevier. (c) Structure diagram of NFNCCMT and NFNCCMT‐B0.02 models. 
Reproduced with permission [84]. Copyright 2024 Elsevier. (d) Low‐temperature cycling performance of NFNCCMT‐B0.02 at 1 C. Reproduced 
with permission [84]. Copyright 2024 Elsevier. (e) The changes of lattice parameter c in HE‐P2/O3. Reproduced with permission [85]. Copyright 
2024 Wiley. (f) Comparison of DNa + among LE‐P2/O3, HE‐P2/O3, and HE‐O3 in the first cycle based on Galvanostatic Intermittent Titration 
Technique tests. Reproduced with permission [85]. Copyright 2024 Wiley.
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dissolution, lattice oxygen release, and crack formation in high‐ 
voltage regimes, thereby improving cycling stability and battery 
safety [88, 89]. Inducing high desodiation state electronic 
structure disorder (ESD) through entropy enhancement strate
gies can effectively address the oxygen stability issue of high‐ 
voltage cathode materials. NaCu0.1Ni0.25Co0.15Mn0.35Li0.05
Ti0.05Sn0.05O2 system (CNCMLTS) have shown that the ESD 
mechanism (Figure 6c,d) effectively inhibits the mobility of 
oxygen at the lattice interface and controls the oxygen activity 
(Figure 6b), stabilizes the redox behavior of lattice oxygen, 
raising the oxygen migration energy barrier to 1.85 eV. 
Compared with other configuration entropy, the cation disorder 
caused by high‐entropy components perturb the redox bound
aries and inhibit the formation of the harmful O′3 phase. This 
material exhibits excellent cycling stability (Figure 6a) and rate 
performance [90].

In the P2‐type manganese‐based cathode (HE‐NMCO) system, 
high‐entropy effect has been confirmed to optimize the revers
ibility of oxygen anion redox. High‐entropy configuration en
hances the stability of lattice framework, inhibits the movement 
of lattice oxygen, and achieves sustainable reversible oxygen 
activity by regulating the chemical properties of the local envi
ronment, reduces the stress concentration at the grain bound
aries, reduces the lattice distortion and simultaneously 

promotes the Na+ migration. Furthermore, various transition 
metal elements in HE‐NMCO act synergically, promoting 
reversible oxygen anion redox reactions, reducing the formation 
of intramolecular cracks [92]. Similarly, the Na2/3Li1/6Fe1/6Co1/ 

6Ni1/6Mn1/3O2 system enhances the structural stability of the 
host lattice by inducing the superlattice structure through Li 
doping. The superlattice structure formed by doping lithium 
ions in the transition metal layer helps stabilize the host 
structure and promotes the rapid diffusion of sodium ions 
during the charging and discharging process. The stabilizing 
effect of high entropy and superlattice effectively inhibits the 
phase transition (Figure 6e–g) and irreversible oxygen‐redox 
reactions of the material at high voltage, thereby significantly 
improving the cycle stability and fast charging of sodium‐ion 
batteries [91].

Based on high‐entropy doping mainly with transition metals, 
introducing other metals with synergistic effects (such as Li/ 
Mg/Sb/Sn/F, etc.) for doping is also an innovative strategy to 
improve the interface stability. Ti/Sb to replace strategy in 
NaNi0.35Fe0.2Mn0.3Ti0.1Sb0.05O2 (NFMTS) system brought the 
double effect, The introduction of Ti4+ expands the interlayer 
spacing of the (101) crystal plane and promotes the insertion/ 
deinsertion of sodium ions. Meanwhile, Sb5+ exerts a significant 
constraining effect on the surrounding oxygen ions through its 

FIGURE 6 | (a) XRD patterns of CNCMLTS powders aging for different times upon exposure to an ambient air environment. Reproduced with 
permission [90]. Copyright 2025 Wiley. (b) Oxygen magnetism of CNCM and CNCMLTS at different concentration. Reproduced with permission 
[90]. Copyright 2025 Wiley. Crystal structures and the corresponding charge density contours of (c) CNCM and (d) CNCMLTS. Reproduced with 
permission [90]. Copyright 2025 Wiley. Ex situ HR‐TEM image of NaLFCNM at (e) 4.5 V state and (f) 2.0 V state. Reproduced with permission 
[91]. Copyright 2022 Wiley. (g) Schematic illustrations of the whole phase evolution of NaLFCNM upon charge and discharge. Reproduced with 
permission [91]. Copyright 2022 Wiley.

EcoEnergy, 2026 9 of 28

 28359399, 2026, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece2.70037 by Statens B

eredning, W
iley O

nline L
ibrary on [17/03/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



strong electron delocalization field (Figure 7b), enhances the 
covalent property of the TM–O bond, inhibits the redox activity 
of oxygen, and alleviates the irreversible structural degradation 
and phase transition (Figure 7a) caused by the continuous loss 
of oxygen ions, Thereby enhancing the cycling stability of the 
material [93]. In the HE‐CFMO system, Li/Mg/Ti co‐doping 
demonstrates structural optimization effects on LTMOs. The 
partial substitution of Na by Li (Na: Li = 4:1) in the sodium layer 
not only reinforces interlayer connectivity between adjacent TM 
layers and stabilizes Na+ diffusion pathways but suppresses the 
Jahn–Teller effect through valence elevation of Mn, synergisti
cally enhancing the structural stability of the layered frame
work. Mg/Ti act as structural anchors, reducing the lattice 
distortion rate to 0.32% while effectively stabilizing the layered 
architecture and suppressing ion migration coupled with 

structural deformation. The synergistic effects of high‐entropy 
doping endow the TM layers with homogeneous elemental 
and stress distribution (Figure 7c), establishing a compact 
structural framework that effectively suppresses the formation 
of intragranular cracks and structural degradation. In stark 
contrast, the non‐uniform atomic strain distribution in CFMO 
(Figure 7d) suggests an inherently unstable lattice structure, 
which is susceptible to phase transitions and lattice distortions. 
The valence state variation of Mn leads to significant structural 
deformation and crack propagation in the CFMO cathode dur
ing discharge, thereby severely impeding the diffusion and 
storage capability of Na+ ions [94].

In addition to emphasizing the structural stability of the lattice, 
the compatibility between the electrode and the electrolyte must 

FIGURE 7 | (a) In situ XRD patterns collected during the galvanostatic charge/discharge process of NFMTS at 0.3 C, 1.9–4.1 V. Reproduced with 
permission [93]. Copyright 2024 Royal Society of Chemistry. (b) Combined bar and line graph of the maximum average electron density and TM‐O 
bond lengths. Reproduced with permission [93]. Copyright 2024 Royal Society of Chemistry. HAADF images and the corresponding atomic strain 
distribution mapping of (c) HE‐CFMO and (d) CFMO, where the red color in the analysis represents tensile strain, and the blue represents 
compression strain. ɛXX, ɛXY, and ɛYY represent horizontal normal strain, shear normal strain, and vertical normal strain, respectively. Reproduced 
with permission [94]. Copyright 2024 Wiley.
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also be given critical attention. In the fluorine‐containing high‐ 
entropy layered oxide NMHE0.1OF (P′2: Na0.59Mn0.90Ti0.02
Cu0.02Ni0.02Co0.02Fe0.02O1.95F0.05) system, undoped NMO expe
riences severe and irreversible structural degradation and 
capacity attenuation during charge‐discharge cycles due to the 
incompatibility between the electrode and the electrolyte. 
However, the strategies of high‐entropy doping and fluorine 
doping effectively mitigate the contraction/expansion of the 
transition metal layer during these cycles. ToF‐SIMS analysis 
(Figure 5e,f) indicates that, compared with NMO, NMHE0.1OF 
exhibits a higher content of inorganic components, which 
contribute to the formation of a dense and stable CEI layer on 
the electrode surface. This layer effectively passivates the elec
trode surface, thereby suppressing the decomposition of ether‐ 
based electrolytes under high‐voltage conditions. Meanwhile, 
the PO2F− signal intensity in NMHE0.1OF is significantly lower 
than that in NMO (Figure 5g), indicating reduced HF genera
tion. This leads to the formation of a more stable and denser CEI 
layer, enhancing the compatibility between the electrode and 
the electrolyte and minimizing side reactions such as electrolyte 
decomposition and gas evolution [95].

2.2.3 | Air Stabilization Strategies

Beyond stability during electrochemical cycling, the material's 
tolerance to atmospheric conditions during storage and electrode 
preparation is another critical factor limiting the practical appli
cation of LTMOs. Enhancing the material's intrinsic inertness to 
air is a necessary step for achieving its scaled‐up production and 
application. When exposed to the atmosphere for extended pe
riods, LTMOs cathode materials tend to react with moisture, 
carbon dioxide, and oxygen present in the air. These reactions can 
lead to the dissolution of sodium ions from the crystal lattice, 
resulting in irreversible capacity loss [96, 97]. Concurrently, water 
molecules facilitate Na+ dissolution through Na+/H+ ion ex
change, promoting the formation or structural transformation of 
hydrated phases. Furthermore, alkaline compounds generated on 
the material surface may induce gelation during electrode slurry 
preparation, complicating the coating process. These phenomena 
can potentially increase battery internal resistance and gas evo
lution, hinder Na+ and electron transport, and ultimately 
degrade overall battery performance [98]. Therefore, maintaining 
and enhancing structural stability as well as promoting the rapid 
diffusion of sodium ions are important directions for improving 
the air stability of LTMOs. In traditional strategies, the main 
means to enhance air stability are elemental doping and surface 
coating. However, the application of surface coating is con
strained by factors such as complex procedures, uneven coating 
distribution, and high costs, which hinder its practical imple
mentation [99].

In the context of doping strategies, doping elements can be 
categorized into active and inactive elements based on their 
redox activity. Active elements, including Ni, Fe, Mn, and Cu, 
serve a functional regulatory role by providing charge 
compensation during sodium ion intercalation and dein
tercalation, thereby significantly improving the material's 
specific capacity. This has been validated in both the NFMTS 

(NaNi0.3Fe0.2Mn0.2Ti0.15Sn0.15O2) [100] and NaxLiy (Na0.9Li0.1
Ni0.4Fe0.2Mn2+

0.4Ti0.04Mn 4+
0.04Mg0.02O1.9F0.1) [101] systems. 

Conversely, inactive elements such as Ti and Sn contribute to 
structural stabilization by inhibiting structural evolution dur
ing charge–discharge cycles, optimizing electron conduction 
pathways, and thus markedly enhancing electron transport 
efficiency and structural stability. Notably, Sn4+, because of 
its unique electronic configuration, avoids hybridization with 
the O 2p orbital, further strengthening the ionic character of 
the Ni–O bond and elevating the redox potential of Ni. These 
mechanisms collectively enable the NFMTS material to 
exhibit superior air stability (Figure 8a). Even after 80 days of 
air exposure (Figure 8b), although the specific capacity de
creases by approximately 30%, it can be restored to 81.9% of 
its initial value through simple secondary annealing, accom
panied by a significant increase in initial Coulombic efficiency 
to 95.9% [100]. Inactive elements such as Mn4+ and Mg 
enhance charge localization, effectively suppressing interlayer 
slippage and irreversible phase transitions, thereby improving 
both structural and air stability. Furthermore, the incorpora
tion of Li in the NaxLiy system not only expands interlayer 
spacing to facilitate rapid sodium ion diffusion but also cre
ates Na vacancies, which further enhance structural stability 
and oxidation resistance while inhibiting unnecessary re
actions in air, demonstrating excellent air stability and ca
pacity retention rate (Figure 8e). After 30 days of air exposure 
(Figure 8c,d), the XRD pattern of the Na0.9Li0.1 cathode re
veals negligible impurities [101].

Al exhibits effects similar to those of Li, which reinforcing the 
TM–O bond, inhibiting TM layer slippage, and enhancing air 
stability. In the O3‐Na0.85Li0.1Al0.02Sn0.08Cu0.1Ti0.1Ni0.3Mn0.3O2 

(HEO) system, high‐entropy doping effectively preserves the 
covalency of the TM–O bond, maintains electron localization, 
and stabilizes interlayer oxygen charge, thereby preventing 
structural collapse caused by uneven O–O repulsion. Addi
tionally, doping with inactive ions mitigates Jahn–Teller 
distortion induced by Ni3+ and suppresses the formation of 
the P'3 phase. Low oxidation state ion doping reduces interlayer 
oxygen charge, leading to sodium layer contraction and 
enhanced Na‐O bond strength (Figure 8g), which suppresses 
sodium loss and water erosion while improving air stability. 
After 15 days of air exposure, HEO demonstrates minimal 
active sodium ion loss and alkaline compound formation 
(Figure 8f). By contrast, the control sample NFM 
(O3–Na0.85Ni0.3Fe0.2Mn0.5O2) generates substantial alkaline 
compounds within 5 days, resulting in a capacity retention rate 
of only 66.03%, significantly lower than the 96.12% retention 
rate observed in the HEO system [102].

Based on element doping, combining high‐entropy doping with 
other strategies may achieve collaborative optimization. For 
example, the combination of the high‐entropy, single‐crystal, and 
bipolar‐triad strategies applied to the O3–Na (Fe1/6Co1/6Ni1/ 

6Mn1/6Ti1/6) LixO2 high‐entropy system effectively mitigated the 
local structural changes during sodium‐ion (de)intercalation. 
Combined with the single crystal structure, it further promotes 
the rapid transport of sodium ions in the system, reduces the 
diffusion distance, and thereby enhances the electrochemical 
performance (Figure 8g,h). Notably, the biphasic strategy ensures 
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strong cyclic stability and excellent durability (Figure 8i) against 
air exposure and water immersion by introducing LiCoO2 (similar 
to LiTMO2), which enhances the stability of the host framework, 
reduces water sensitivity, and prevents electrolyte erosion [103].

2.3 | Performance Improvement Mechanism

High‐entropy doping strategies significantly enhance the 
comprehensive performance of LTMOs through multidimen
sional synergistic mechanisms. To address irreversible phase 
transitions, structural modulation is achieved via high‐entropy 
configurations and elemental synergy. Introducing transition 

metal elements with distinct functionalities forms a disordered 
high‐entropy framework, leveraging thermodynamic advantages 
of high configurational entropy to reduce energy barriers for 
reversible phase transitions. Concurrently, the disordered lattice 
environment delays and suppresses irreversible phase transi
tions typical in conventional LTMOs [104, 105]. Doping element 
selection should extend beyond transition metals, prioritizing 
alkali and light metals. In addition, other specific metal ele
ments may also offer distinct advantages. Redox‐active Ni/Fe/ 
Cu/Co/Mn2+ ions act as charge‐compensation elements to boost 
capacity; Non‐redox‐active high‐valent elements (Sn/Mn4+/Ti/ 
Zn/Mg) inhibit interlayer sliding and structural degradation; 
Light elements (e.g., B) widen sodium layer spacing to mitigate 
phase transition stress while enhancing structural rigidity 

FIGURE 8 | (a) Schematic diagram of the challenges faced by layered oxides exposed to humid air from the outside to the inside. Reproduced with 
permission [100]. Copyright 2025 Elsevier. (b) XRD patterns of the TS, TS‐Air and TS‐Re. Reproduced with permission [100]. Copyright 2025 Elsevier. 
(c) XRD pattern of initial and aged Na0.9Li0.1. Reproduced with permission [101]. Copyright 2023 Wiley. (d) Comparison between the first cycle of 
aged Na0.9Li0.1 and that of the initial Na0.9Li0.1 (2–4 V). Reproduced with permission [101]. Copyright 2023 Wiley. (e) Comparison of capacity 
retention of Na0.9Li0.1 during cycling at 0.5 C discharge rate (initial at 0.06 C). Reproduced with permission. [101] Copyright 2025 Wiley. The 
XRD patterns for different exposure times to air and soaked in water of (f) HEO. Reproduced with permission. [102] Copyright 2025 Wiley. The 
mechanism demonstrations of (g) HEO exposed to air and soaked in water. Reproduced with permission. [103] Copyright 2024 Elsevier. (h) The 
charge and discharge curves of the water‐soaked NFCNMTL1/6 for the first three cycles at 0.1 C. Reproduced with permission. [103] Copyright 
2024 Elsevier. (i) The cycling performance of water‐soaked NFCNMTL1/6 electrode at 1C. Reproduced with permission [103]. Copyright 2024 Elsevier.
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through strong covalent bonds [88, 100, 106, 107]. In addition, 
some other doping methods such as gradient doping establishes 
energy barriers at phase interfaces, forcing phase transitions to 
proceed via a quasi‐solid‐solution mechanism. Combined with 
the 3D steric hindrance network formed by P3/O3 dual‐phase 
synergy, this mechanically restricts slip amplitude through 
interlocked stress fields. This achieves thermodynamic and ki
netic synergy, maintaining reversible phase transition pathways 
and structural integrity during repeated Na+ (de)intercalation.

The enhancement of interfacial stability primarily stems from the 
synergistic interplay between high‐entropy strategies and struc
tural regulation. On one hand, multi‐element doping reinforces 
the rigidity of the lattice framework and optimizes electronic 
structures, suppressing lattice oxygen migration and irreversible 
redox reactions under high voltages, thereby reducing oxygen loss 
and electrolyte decomposition triggered by reactive oxygen. On 
the other hand, the disordered high‐entropy configuration ho
mogenizes electrochemical stress distribution and mitigates lat
tice volume fluctuations, inhibiting crack propagation and 
structural degradation. Concurrently, strengthened covalency in 
TM–O bonds and stabilized sodium‐ion diffusion channels 
further suppress interfacial side reactions. Thermodynamic en
tropy maximization stabilizes and simplifies reversible phase 
transition pathways, ultimately enabling the formation of a dense, 
chemically compatible interface layer that minimizes electrolyte 
penetration and gas evolution risks [108].

The regulation of air stability is rooted in phase transition sta
bility and interfacial stability. The disordered distribution of 
multiple elements reduces material surface activity, suppressing 
chemical corrosion reactions with atmospheric components and 
mitigating sodium ion loss and alkali compound formation. The 
entropy stabilization effect from the high‐entropy configuration 
enhances lattice rigidity, alleviating the sensitivity of sodium 
layers to moisture or oxygen [109]. Simultaneously, inert 
element doping optimizes electron localization states, inhibiting 

the enhanced covalency of TM–O bonds and structural distor
tion to stabilize interlayer charge distribution. Additionally, 
specific elements (e.g., Li and Al) expand interlayer spacing and 
create vacancy buffering mechanisms, weakening Na+ shielding 
effects and enhancing oxidation resistance. This synergistically 
suppresses surface phase transitions and structural degradation, 
maintaining chemical inertness and structural integrity in 
ambient conditions [91, 110].

Indeed, the diversity of dopant elements enables high‐entropy 
doping to simultaneously address multiple challenges 
(Table 2), whereas most experimental results also resist attri
bution to a single mechanism [111]. Based on the four major 
effects of high‐entropy materials, the high‐entropy strategy has 
accomplished multi‐directional collaborative optimization of 
phase transition, interface, and air stability in LTMOs. 
Furthermore, the multi‐element synergistic effect can fortify 
lattice covalent bonds, optimize sodium layer spacing and 
charge distribution, mitigate volume fluctuations during the 
intercalation and deintercalation of sodium ions, and enhance 
the material's oxidation resistance and chemical inertness [84, 
89, 94]. Through this synergy, the high‐entropy strategy has 
constructed a multi‐directional stabilization mechanism of 
“thermodynamics–kinetics–chemical compatibility” for the 
layered oxide cathode materials of SIBs. This has led to a 
remarkable improvement in the overall performance of the 
materials, spanning from the micro‐scale to the macro‐ 
structural level.

3 | High Entropy Prussian Blue Analogs

Although the high‐entropy strategy has achieved significant 
performance improvements in the application of LTMOs, its 
structural stability remains limited by the Jahn–Teller effect. 
This limitation naturally motivates the exploration of PBAs with 
open‐framework structures. The abundant vacancies within 

TABLE 2 | Synergistic mechanisms of high‐entropy effects in addressing key challenges for HE‐LTMOs.

Challenge type Dominant high‐entropy effects Mechanism description
Phase transition 
stability

High‐entropy effect, lattice distortion 
effect

Multi‐element disorder increases configurational entropy, 
reducing phase transition driving force; ionic radius mismatch 
suppresses TM‐layer sliding and irreversible O3–P3 transitions.

Interfacial stability Cocktail effect, sluggish diffusion effect Multi‐element synergy enhances covalency of TM–O bonds, 
inhibiting lattice oxygen release; increased atomic diffusion 
barrier slows oxygen migration and electrolyte decomposition, 
promoting dense CEI formation.

Air stability High‐entropy effect, cocktail effect High‐entropy surface reduces chemical reactivity, suppressing 
Na+/H+ exchange; electronegative elements (e.g., Sn, Ti) 
strengthen TM–O bonds, mitigating water erosion and alkaline 
byproduct formation.

Oxygen loss Cocktail effect, lattice distortion effect Multi‐element doping enhances electron localization around 
oxygen, raising oxygen migration barrier; lattice distortion 
constrains oxygen vacancy diffusion, suppressing sustained 
oxygen loss.

Na+ diffusion 
kinetics

Lattice distortion effect, sluggish 
diffusion effect

Lattice distortion creates low‐energy pathways for Na+

migration; multi‐element synergy reduces electrostatic potential 
in Na layers, enhancing ionic conductivity.
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PBAs offer an ideal platform for incorporating high‐entropy 
ions. However, the practical application of PBAs still encoun
ters critical challenges: structural vacancies and the presence of 
crystalline water can lead to reduced cycling stability and low 
initial Coulombic efficiency. Notably, the “lattice distortion”, 
“slow diffusion”, and “entropy stabilization” effects—hallmarks 
of high‐entropy strategies—have been demonstrated as effective 
approaches to mitigate these intrinsic drawbacks of PBA ma
terials. This chapter provides a systematic review of the appli
cation and progress of high‐entropy strategies in the design of 
PBAs, aiming to elucidate their synergistic optimization 
mechanisms.

3.1 | Infrastructure and Characteristics

Prussian Blue (PB, molecular formula NaxM [Fe (CN)6], x ≤ 1). 
As a mainstream cathode material for sodium‐ion batteries, 
demonstrates high theoretical capacity and rapid sodium‐ion 
migration characteristics due to its face‐centered cubic open 
framework (alternating Fe/M‐C ≡ N‐M' arrangement), three‐ 
dimensional macro‐porous structure, and low‐cost synthesis 
advantages, making it an ideal candidate for large‐scale energy 
storage applications [112]. However, limitations such as vacancy 
defects, crystalline water occupying effective sodium sites, and 
poor conductivity lead to low capacity and significant cycling 
degradation [113, 114]. Therefore, many researchers focus on 
Prussian Blue analogs (PBAs). The molecular formula of PBA 
cathode materials can be expressed as AxM1 [M2(CN)6]1 

−y·◻y·nH2O (0 ≤ x ≤ 2, 0 ≤ y < 1) (Figure 9a), where A is Na/K, 
M1 and M2 are different coordinated transition metal ions (M1 

coordinates with N, M2 with C), such as Mn, Fe, Co, Ni, Cu, Zn, 
Cr, etc. ◻ represents [M2(CN)6] vacancies [115]. In 
AxM1M2(CN)6, materials with x ≤ 1 are termed sodium‐deficient 
states (Prussian Blue, PB), whereas those with x > 1 are sodium‐ 
rich states (Prussian White, PW) [116]. PBAs can regulate redox 
potentials and enhance capacity by introducing different tran
sition metals at M1 or M2 sites. PW exhibits both high capacity 
and low‐stress structural advantages due to occupancy of 
interstitial sodium ions and single metal valence states 
(e.g., Fe2+/Fe3+) [116].

The mainstream synthesis of PBAs for sodium‐ion batteries 
involves coprecipitation reactions between Na4Fe [CN]6 and 
transition metal ions. However, this process inevitably in
troduces intrinsic defects such as vacancies of Fe [CN]6, coor
dinated water, and interstitial water (Figure 9b), leading to 
incomplete crystal structures and severely degraded electro
chemical performance. Specifically, Fe [CN]6 vacancies disrupt 
the Fe–CN–TM bridging structure, not only reducing redox‐ 
active sites but also inducing lattice distortion to form 
sodium‐deficient cubic phases. The breakage of electron con
duction paths caused by vacancies further decreases material 
electronic conductivity, exacerbating electrode polarization ef
fects. Additionally, vacancies compromise lattice integrity, 
causing severe lattice distortion or even structural collapse 
during Na+ extraction/insertion, resulting in significant cycling 
degradation [117]. Current research suggests that interstitial 
water reduces the specific capacity of PBAs, whereas stable 

FIGURE 9 | (a) Basic structural framework of PBAs (AxM [Fe [CN]6] as an example). (b) Vacancy defects and crystallization water problems of 
PBAs (AxM [Fe [CN]6]0.75•◻0.25 •zH2O as an example).
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coordinated water improves cycling life [118]. Specifically, un
stable interstitial water occupies ion storage sites, hinders Na+

migration, participates in side reactions, reduces conductivity, 
and severely impacts capacity and cycling performance [119]. 
When interstitial water desorbs into the electrolyte, hydrolysis 
side reactions occur, reducing specific capacity and potentially 
causing gas evolution, posing serious safety risks [120]. In 
contrast, small amounts of coordinated water can replace con
jugated structures in vacancies, playing a critical role in stabi
lizing the lattice [118, 121]. Beyond crystallinity and water‐ 
related issues, high‐spin Fe2+ in PBAs is highly susceptible to 
oxidation into low‐spin Fe3+ during synthesis, repelling Na+

ions and forming extensive sodium‐deficient phases, leading to 
severe structural changes [122, 123].

3.2 | High Entropy Strategy and Application

The above‐mentioned problems have been modified by PBAs 
through morphological regulation, material composite, surface 
coating, element substitution or doping, etc. in previous studies, 
and positive progress has been made [124–126]. However, their 
practical applications remain limited by problems such as Fe 
(CN)6 vacancy defects, capacity decay caused by lattice water 
molecules, and insufficient cycling performance. In contrast, 
high‐entropy strategies introduce multi‐metal co‐doping, struc
tural regulation and defect engineering, as well as entropy sta
bilization, providing new approaches to tackle these challenges.

3.2.1 | Polymetallic Doping Strategies

Polymetallic doping forms a high‐entropy system by intro
ducing multiple elements (not limited to transition metals). 
Through the high‐entropy effect, it reduces the water content 
and vacancy defects in the PBA framework, optimizes the 
local coordination environment and electronic structure, and 
inhibits material phase transformation and structural degra
dation, significantly enhancing the electrochemical activity 
and structural stability of PBAs. Specific metal elements 
maintain similar functional roles across different systems. In 
the K‐doped high‐entropy PBA system Kx (MnFeCoNiCu) [Fe 
(CN)6] (HE‐K‐PBA), Mn, Fe, Co, and Cu serve as active el
ements for charge compensation, whereas Ni functions as an 
inactive element stabilizing the structural framework. K+

substitution not only partially replaces Na+ to enable per
manent (de)intercalation but also elevates the working voltage 
to 3.46 V through its lower redox potential (Figure 10a), 
resulting in enhanced energy density. The high‐entropy 
strategy ensures uniform distribution of five transition metal 
elements at nitrogen‐coordinated sites, forming a stable 
framework that effectively mitigates structural distortion 
during charge/discharge cycles. This optimized configuration 
achieves improved sodium ion diffusion coefficients (DNa

+) 
(Figure 10b) and enhanced sodium storage kinetics 
(Figure 10c), leading to exceptional long‐term cycling stability 
[127]. Similarly, in Ni‐PBAs, the introduction of Fe, Co, Mn, 
and Cu active elements replaces electrochemically inert Ni 
sites, facilitating reversible Na+ (de)intercalation (Figure 10f) 

and thereby increasing specific capacity (Figure 10d). This 
modification also promotes electron transfer and rapid charge 
compensation. The three‐dimensional energy level hybridiza
tion effect elevates valence electron concentration, activating 
multiple redox centers (Figure 10e). Thermogravimetric 
analysis (TGA) reveals that HE‐PBA (Na1.36Ni0.4Fe0.15
Co0.15Mn0.15Cu0.15 [Fe(CN)6]) exhibits lower weight loss than 
Ni‐PBA above 270°C, indicating that multi‐metal cation 
incorporation effectively reduces crystal vacancies and en
hances thermal stability [61]. Furthermore, the equimolar 
five‐component high‐entropy system M5HCF (Na2(MnCoNi
CuZn)0.2 [Fe(CN)6]) demonstrates improved performance 
through metal d‐orbital hybridization, which narrows the 
band gap and facilitates electron excitation to the conduction 
band (Figure 10g,h). Concurrently, high‐entropy doping re
duces water content in PBAs and regulates spin states to 
mitigate Jahn–Teller distortion. These combined mechanisms 
endow HE‐PBA with superior cycling stability and rate 
capability compared to conventional Ni‐PBAs [128].

3.2.2 | Structural/Defect Engineering Strategies

Beyond compositional regulation through elements, structural 
optimization, and defect engineering are also key to enhancing 
the performance of PBAs. In conjunction with the high‐entropy 
strategy, approaches such as morphology control, single‐ 
crystallization, and structural fusion can be employed to 
further optimize sodium‐ion transport pathways and structural 
integrity. With the assistance of high‐entropy strategy, structural 
regulation and defect engineering significantly enhance the 
sodium storage kinetics and stability of PBAs by optimizing the 
microstructure and defect distribution of materials. The com
bination of high‐entropy structure and unique morphology can 
enhance the performance improvement brought by structural 
engineering. For instance, the combination of single‐crystal and 
high‐entropy strategies can effectively suppress lattice distortion 
and transition metal dissolution. The single‐crystal strategy 
significantly reduces the vacancies and water content in the 
material (Figure 11a), forming a high‐sodium‐content mono
clinic phase. The complete framework structure increases the 
thermal decomposition temperature of SC‐HEPBA and im
proves thermal stability (Figure 11b). The high‐entropy and 
defect‐suppressing structure enables unrestricted Na+ diffusion, 
and in coordination with the single‐crystal strategy, SC‐HEPBA 
achieves reversible monoclinic–cubic–‐tetragonal phase transi
tions with small volume changes, significantly inhibiting metal 
dissolution and improving structural integrity, thereby 
enhancing cycling stability [129].

When the high‐entropy strategy is combined with the hollow 
stepped spherical morphology of PBAs, it not only increases the 
surface area for Na+ diffusion but also significantly shortens the 
average diffusion distance of Na+ (Figure 11c), thereby 
improving Na+ diffusion kinetics (Figure 11d). Through the 
disordered distribution of multiple metals and the hollow 
stepped spherical structure, the volume change is effectively 
mitigated, achieving a high‐rate performance of 76.4 mAh g−1 at 
4.0 A g−1 and a capacity retention rate of 75.6% after 1000 cycles 
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[130]. Furthermore, the high‐entropy strategy can also assist in 
the combination of different structures to achieve complemen
tary advantages. The traditional double octahedral connection 
structure (DOC) in Prussian blue is limited by its insufficient 
structural stability and narrow ion transport channels, which 
restricts the cycling and rate performance of the material. The 
tetrahedral–octahedral (TOC) structure exhibits higher struc
tural stability and ion transport capability, but is limited by 
electrochemically inert elements such as zinc, resulting in low 
capacity. However, the difference in configuration and forma
tion speed between the two structures makes it difficult to 
achieve uniform fusion. The use of double polymerization re
actions combined with the high‐entropy strategy can achieve 
uniform fusion of DOC and TOC, optimizing central metal co
ordination environment (Figure 11e,f), enhancing the structural 
stability through the enhancement of C ≡ N bond (Figure 11g), 
and significantly enhancing the electrochemical performance of 
PBAs. Compared with the single‐structured DOC materials, the 
TOC/DOC fused structure (HE‐Zn/PPy) demonstrates a more 

robust structure, a larger ion diffusion channel, and better cycle 
and rate performance [131].

3.2.3 | Entropy Increases Stability Strategies

The entropy increase stabilization mechanism can significantly 
enhance the structural stability and electrochemical cycling 
stability of PBAs by rationally regulating the configurational 
entropy and taking advantage of the intrinsic connection be
tween configurational entropy/disorder degree of components 
and the cycling stability of PBAs materials. The HEM‐HCF in
troduces five equimolar metals into the PBA lattice, resulting in 
a configurational entropy ΔSconfig = 1.61 R, inducing lattice 
distortion and a “pinning effect” that suppresses the cell volume 
change during sodium intercalation and deintercalation to 
below 0.6%, significantly improving the cycling stability 
compared to single‐metal systems.

FIGURE 10 | (a) Long‐term median voltage performance of HE‐K‐PBA and HE‐Na‐PBA at 0.1 A g−1. Reproduced with permission [127]. Copyright 
2023 American Chemical Society. (b) Linear fitting Randles‐Sevcik curves of HE‐K‐PBA and Mn‐K‐PBA by plotting the maximal current as a function 
of the square root of the sweep rate. Reproduced with permission [127]. Copyright 2023 American Chemical Society. (c) Arrhenius plots and 
corresponding activation energy of HE‐K‐PBA and Mn‐K‐PBA. Reproduced with permission [127]. Copyright 2023 American Chemical Society. 
(d) First‐cycle voltage profiles at 0.01 A g−1 (left) and comparison of specific energies (right). Reproduced with permission [61]. Copyright 2021 
Wiley. (e) Initial cyclic voltammogram at 0.05 mV s−1 for HE‐PBA and the different ME‐PBAs. Reproduced with permission [61]. Copyright 2021 
Wiley. (f) The linear response of specific peak current as function of the square root of the sweep rate for determining the apparent sodium‐ion 
diffusion coefficient. Reproduced with permission [61]. Copyright 2021 Wiley. (g) Schematic diagram of the band edges for M5HCF and medium 
entropy doped PBAs. Reproduced with permission [128]. Copyright 2023 Royal Society of Chemistry. (h) DOS and PDOS plots of M5HCF. 
Reproduced with permission [128]. Copyright 2023 Royal Society of Chemistry.
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The high‐entropy effect, by reducing the atomic diffusion coeffi
cient and increasing the activation energy for phase separation, 
shows significant advantages in cycling stability, Coulombic ef
ficiency, and rate performance [132]. The increase in entropy can 
also exhibit quasi‐zero‐strain behavior during the charge‐ 
discharge process. The HE‐HCF with a disordered Rubik's cube 
structure reduces the Gibbs free energy through the entropy in
crease effect, demonstrating an ultra‐long cycle life of over 50,000 
cycles and an excellent fast‐charging capability up to 75C. The 
best sample remains structurally unchanged after being exposed 
to air for 3 months (Figure 12a), breaking the air stability limit of 
traditional materials. Specifically, the high‐entropy strategy en
hances the bond strength (ICOHP value increases, Figure 12b), 
inhibits the Jahn–Teller effect of Mn. Meanwhile, the sodium ion 
diffusion remains isotropic, and the activation energy decreases 
(Figure 12c), improving the kinetic performance. Additionally, 
the increased entropy in HE‐HCF not only enhances structural 
stability and thermal/air stability, but also enables a highly 
reversible zero‐strain two‐phase Na+ storage mechanism, 
reducing the migration energy barrier of Na+ [133]. With the 
increase in entropy, materials tend to form high‐symmetry 
structures during electrochemical cycling. The high‐entropy 
strategy‐introduced Prussian white (HE‐PW) significantly im
proves the structural stability of PW by suppressing structural 
phase transitions and gas generation during Na+ insertion/ 

extraction. On one hand, the disordered distribution of multiple 
metals inhibits the transformation from monoclinic to tetragonal 
phase. Systems with lower component disorder are more prone to 
phase transitions, while the entropy increase of HE‐PW signifi
cantly reduces the phase transition driving force, maintaining a 
high‐symmetry structure during cycling and raising the phase 
transition energy barrier to 1.8 eV, thereby blocking harmful 
phase transition pathways. On the other hand, the entropy in
crease suppresses the undesirable evolution of gases during 
cycling (Figure 12d), resulting in nearly zero‐strain lattice 
parameter changes during charging and discharging, and a ca
pacity retention rate of over 90% after 200 cycles [134].

3.3 | Performance Improvement Mechanism

The high‐entropy strategy systematically addresses core chal
lenges of PBAs in sodium‐ion batteries (capacity decay, irre
versible phase transitions, and sluggish kinetics) through multi‐ 
component synergy, structural optimization, and thermody
namic stabilization. The intrinsic mechanisms of performance 
enhancement can be analyzed from four dimensions:

High‐entropy systems introduce diverse transition metals to 
create local coordination environment heterogeneity, breaking 

FIGURE 11 | (a) FTIR curves of PC‐HEHCF and SC‐HEHCF. Reproduced with permission [129]. Copyright 2023 Elsevier. (b) SC‐HEPBA 
structural evolutions during heating from 30°C to 350°C, corresponding TGA and DSC curves are shown at the left and right. Reproduced with 
permission [129]. Copyright 2023 Elsevier. (c) Distributions of Na+ surface concentration by COMSOL Multiphysics simulation and (d) curves of 
the Na+ concentration inside the cubic and hollow stair‐stepping spherical models after diffusing of 0.4 ms. Reproduced with permission [130]. 
Copyright 2024 American Chemical Society. (e) Representation of metal‐N≡C interaction by σ bonding and π‐back bonding. Reproduced with 
permission [131]. Copyright 2025 Elsevier. (f) Molecular orbital diagram for C≡ N ligand. Reproduced with permission [131]. Copyright 2025 
Elsevier. (g) FTIR spectra of three single‐metal hexacyanoferrates. Reproduced with permission [131]. Copyright 2025 Elsevier.
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the electronic structure limitations of single‐metal PBAs. Hy
bridization of multiple d‐orbitals narrows the material's 
bandgap, reducing the energy barrier for electron transitions 
from valence to conduction bands, thereby improving electron 
mobility [128]. Simultaneously, multi‐metal synergy activates 
multiple redox centers, broadening the redox potential window 
and ensuring reversible Na+ insertion/extraction across wider 
voltage ranges. Additionally, intermetallic charge compensation 
suppresses oxidation tendencies of high‐spin metals, mitigating 
Jahn–Teller distortions induced by spin‐state transitions to 
maintain lattice integrity [130, 132].

High‐entropy design promotes atomic‐level homogeneous 
doping through entropy‐driven effects, significantly reducing the 
formation of Fe(CN)6 vacancy defects. The decreased vacancy 
density not only maintains structural continuity to ensure un
impeded electron conduction pathways but also prevents lattice 
distortion caused by localized stress concentration during Na+

(de)intercalation [48]. Furthermore, combining high‐entropy 
strategies with single‐crystallization or morphological engineer
ing optimizes material microstructure. The integrity of single‐ 
crystal frameworks eliminates grain boundary obstruction to 
ion migration, whereas rational morphology control provides 

short‐range diffusion pathways for Na+, lowering diffusion en
ergy barriers and enabling rapid stable ion transport [130].

The high configurational entropy of high‐entropy systems 
significantly enhances thermodynamic stability. During Na+

(de)intercalation, the “atomic‐scale pinning effect” from multi‐ 
component disorder inhibits abrupt lattice parameter changes 
and reduces driving forces for irreversible phase transitions, 
enabling near‐zero strain behavior [132]. Entropy effects also 
compensate for Gibbs free energy increases caused by Na va
cancy formation, maintaining low‐energy states even in highly 
sodiated structures. Additionally, multi‐metal synergy weakens 
the binding energy between Fe3+ and coordinated water, sup
pressing interstitial water desorption and electrolyte decompo
sition side reactions, thereby improving cycling stability [128].

The high‐entropy strategy achieves performance optimization 
from atomic to mesoscopic scales through the synergy of multi‐ 
metal doping, defect engineering, and structural regulation. At 
the atomic scale, multi‐component disorder enhances lattice 
rigidity to suppress phase transitions; at the nanoscale, single‐ 
crystallization or hierarchical pores optimize ion transport 
pathways; at the macroscopic scale, entropy stabilization lowers 

FIGURE 12 | (a) XRD comparison of the HE‐HCF powder in the fresh state and after exposure to air for 3 months. Reproduced with permission 
[133]. Copyright 2023 Wiley. (b) The integrated crystal orbital Hamilton population values of various bonds. Reproduced with permission [133]. 
Copyright 2023 Wiley. (c) The diffusion activation energies of MFe‐HCF and HE‐HCF in cubic phase. Reproduced with permission [133]. 
Copyright 2023 Wiley. (d) Schematic illustration of the structural evolutions and corresponding gassing behavior of HE‐PW and LE‐PW. 
Reproduced with permission [134]. Copyright 2024 Wiley.
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the system's overall energy state. This cross‐scale synergy 
maintains stable Na storage sites, rapid reaction kinetics, and 
mechanical stress mitigation during cycling, collectively over
coming the comprehensive performance limitations of conven
tional PBAs (Table 3).

4 | Challenges and Optimization Direction

HE‐LTMOs and HE‐PBAs represent emerging strategies for 
sodium‐ion battery cathodes. Leveraging the structural stability 
and superior electrochemical performance derived from their 
high configurational entropy effect, they exhibit significant 
application potential. However, research on high‐entropy bat
tery materials remains in its early stages, and their practical 
application faces critical challenges including the complexity of 
multi‐element systems, limitations of synthesis processes, in
adequacies in characterization techniques, and ambiguity in 
structure‐property mechanisms. Future research should address 
these challenges by focusing on four key dimensions: rational 
design of high‐entropy systems, innovative synthesis processes, 
optimized characterization methods, and in‐depth mechanistic 
analysis.

4.1 | Rational Design of High‐Entropy Systems

In designing high‐entropy material systems, although multiple 
elements can suppress phase separation and enhance structural 
stability via the high‐entropy effect, the sensitivity of layered ox
ides to element valence states and site occupancy leads to local 
structural distortion, element segregation, and inactive phase 
formation when mismatches in ionic radius, electronegativity, or 
redox activity occur. This consequently deteriorates sodium‐ion 
diffusion kinetics and specific capacity [87, 135]. Simulta
neously, the lack of universal rules for element functionalization 
(e.g., charge compensation, glide suppression, and oxygen 
anchoring) further increases the cost of material design.

Although the high‐entropy strategy demonstrates significant 
potential in enhancing the performance of electrode materials, it 
still faces several inherent challenges and limitations on the 
path to practical application, which require careful consider
ation during material design. For instance:

Performance‐wise: The different cations introduced into a high‐ 
entropy system typically play distinct functional roles during 
reactions, such as conductive, active, and structural roles. This 
inevitably includes components that are electrochemically inert 
or exhibit low activity. Although these components may 
contribute to structural stabilization, they dilute the overall 
concentration of redox‐active sites, potentially leading to a lower 
specific capacity compared to traditional binary or ternary 
cathode materials [136]. Future designs need to more precisely 
balance the ratios of different functional elements or explore 
highly active multi‐principal element combinations with multi‐ 
electron reactions to mitigate this capacity dilution effect.

Synthesis‐wise: The homogeneous synthesis of high‐entropy 
materials heavily relies on the precise stoichiometry and 
atomic‐level uniform mixing of multiple high‐purity metal pre
cursors. This presents significant challenges, including the diffi
culty in controlling precursor consistency, complex synthesis 
processes, and substantial cost increases. For example, to ensure 
the formation of a homogeneous solid solution rather than im
purity phases during solid‐state diffusion, higher sintering tem
peratures, longer heat treatment times, or more complex 
processes are often required [137]. This is a key area requiring 
prospective consideration during the design of future high‐ 
entropy materials, especially in the context of commercialization.

Characterization‐wise: The increased number of element types 
in high‐entropy systems necessitates more diverse and refined 
characterization techniques, particularly for accurately charac
terizing and resolving the random distribution, local coordina
tion environments, and possible short‐range order of multiple 
elements at the sub‐nanometer scale [138]. Furthermore, the 

TABLE 3 | Synergistic mechanisms of high‐entropy effects in addressing key challenges for HE‐PBAs.

Challenge type Dominant high‐entropy effects Mechanism description
Vacancy defect 
suppression

High‐entropy effect, lattice distortion 
effect

Uniform multi‐element doping reduces Fe (CN)6 vacancy 
formation; lattice distortion induces a “pinning effect,” inhibiting 
vacancy aggregation and structural collapse.

Crystalline water 
control

High‐entropy effect, cocktail effect High‐entropy composition lowers surface energy, reducing water 
adsorption; strongly coordinating elements (e.g., Zn and Ni) 
replace partial Fe sites, decreasing crystalline water content and 
stabilizing coordinated water.

Phase transition 
reversibility

Sluggish diffusion effect, high‐ 
entropy effect

Multi‐atomic diffusion barrier delays structural rearrangement; 
high configurational entropy stabilizes the cubic phase, 
suppressing detrimental monoclinic‐tetragonal transitions.

Cycling stability Cocktail effect, lattice distortion 
effect

Hybridization of multiple metal d‐orbitals enhances electron 
conduction; lattice distortion homogenizes stress distribution, 
enabling near‐zero‐strain Na+ (de)intercalation.

Oxidation state control Cocktail effect, high‐entropy effect Inter‐element charge compensation inhibits excessive Fe3+

oxidation, maintaining low‐spin state; high‐entropy environment 
stabilizes local coordination fields, mitigating Jahn–Teller 
distortion.
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structure–property relationships become more complex. Any 
minor modification or adjustment of a single element may 
amplify its impact on the overall performance through syner
gistic effects, posing a significant challenge for the rational 
design of material systems and the trade‐off of properties.

In future systematic design strategies based on ionic radius 
gradients, electronegativity matching, and charge compensation 
capability, quantitative descriptors such as cationic potential can 
be further incorporated to provide a rational design basis for the 
precise construction of high‐entropy systems [139]. On one hand, 
controlling the difference in ionic radii of transition‐metal ions 
within a specific threshold helps reduce lattice stress. On the 
other hand, balancing the redox activity among elements avoids 
competitive reactions that would disrupt the host framework, 
thereby advancing the paradigm of materials design from “trial‐ 
and‐error” toward quantitative design [140].

4.2 | Innovative Synthesis Processes

The synthesis processes for high‐entropy materials mainly 
include solid‐phase methods and liquid‐phase methods. Among 
them, solid‐phase methods are the mainstream path for scaled‐ 
up production, encompassing traditional ball milling, high‐ 
pressure/high‐temperature methods, and emerging rapid Joule 
heating techniques. Liquid‐phase methods, favored for 
laboratory‐scale synthesis, enable better atomic‐level mixing 
and precise morphology control, and include sol‐gel, co‐ 
precipitation, and solvothermal methods. Furthermore, some 
emerging synthesis methods with unique advantages have been 
developed for high‐entropy materials [136].

When synthesizing HE‐LTMOs, solid‐phase methods offer ad
vantages such as simple processes and ease of industrialization, 
making them suitable for thermodynamically stable phases. 
However, they rely on bulk diffusion at high temperatures, 
making it difficult to achieve uniform mixing of multiple cations 
at the atomic scale, which can easily lead to local compositional 
segregation and affect material purity. Moreover, prolonged 
high‐temperature annealing can exacerbate sodium loss and 
disproportionation reactions of transition metals, causing 
oxidation state fluctuations and impurity phase formation. 
Compared to solid‐phase methods, the sol‐gel method forms 
uniform nanoparticle gels through hydrolysis and condensation. 
Its advantage lies in mixing precursors at the molecular scale in 
solution, providing an ideal starting point for achieving atomic‐ 
level homogeneity and enabling precise control over stoichi
ometry. However, the sol‐gel process has a long cycle time, and 
differences in the hydrolysis or polycondensation rates of pre
cursors can easily lead to agglomeration, especially during scale‐ 
up. Additionally, although the solvothermal method can achieve 
morphology control and accelerate ion diffusion by adjusting 
process parameters, it suffers from low yield and is likely to 
introduce intergranular lattice discontinuities and surface re
sidual alkali.

For the synthesis of HE‐PBAs, the common co‐precipitation 
method involves reacting multi‐metal ion solutions with a 
precipitating agent to obtain uniformly composed precursors, 

which are then calcined at high temperature to obtain the target 
product. However, process parameters such as concentration, 
temperature, pH, and time during synthesis significantly affect 
the product and are difficult to control precisely. Therefore, 
overcoming the limitations of traditional co‐precipitation re
quires a focus on developing precisely controlled multi‐element 
co‐precipitation techniques. On one hand, dual‐injection pumps 
or multi‐channel feeding systems can be employed to precisely 
control the feed rates and mixing sequences of different metal 
salt solutions, enabling efficient co‐precipitation rather than 
layered precipitation. On the other hand, introducing chelating 
agents (such as sodium citrate or EDTA) can form complexes 
with different metal ions, each with varying stability constants, 
thereby balancing their solubility product differences, stabiliz
ing the metal ions, promoting synchronous nucleation, and 
improving product quality and synthesis efficiency. Further
more, by precisely regulating the local pH, temperature, and 
stirring intensity within the reactor, a uniform nucleation and 
growth environment can be created, effectively inhibiting 
compositional segregation and crystal defects [141, 142]. 
Building on this, further strategies such as ligand environment 
design, reaction kinetics optimization, or gradient synthesis can 
achieve synchronous nucleation and uniform growth of multi
valent precursors. Concurrently, developing anhydrous or low‐ 
water‐content synthesis systems, combined with post‐ 
treatment techniques to reduce crystalline water content in 
the material, helps reconstruct the structural continuity of 
sodium‐ion transport channels and enhance electrochemical 
performance.

Furthermore, for both HE‐LTMOs and HE‐PBAs, optimizing 
the synthesis process requires attention to emerging methods 
that offer advantages such as high efficiency, homogenization, 
and intelligence. For example, microwave‐assisted synthesis 
enables ultrafast energy transfer through molecular‐level selec
tive heating, significantly shortening reaction time while sup
pressing sodium volatilization and grain coarsening [143]. The 
spatial confinement oxidation strategy can load high‐entropy 
oxides onto single‐walled carbon nanotube (SWCNT) surfaces, 
restricting grain growth and enhancing conductivity through 
confinement effects, thereby reducing interfacial resistance and 
achieving uniform element distribution [144]. Spray pyrolysis 
atomizes multi‐metal precursor solutions into micro‐droplets, 
enabling instantaneous drying, decomposition, and reaction in a 
high‐temperature reactor. This method allows for the one‐step 
synthesis of compositionally uniform nano‐ or sub‐micron 
spherical particles and is easily adaptable to continuous pro
duction, providing an efficient pathway for the controlled 
preparation of high‐entropy materials [145]. Electrospinning 
involves spinning a mixture of multi‐metal precursors with 
high‐molecular‐weight polymers, followed by heat treatment, to 
obtain flexible, self‐supporting high‐entropy electrode materials 
featuring a continuous conductive network, high specific sur
face area, and short ion diffusion paths [146].

4.3 | Optimization of Characterization Methods

The lack of advanced characterization techniques severely 
constrains the analysis of microscopic mechanisms. Because of 
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insufficient spatial resolution and dynamic response capabil
ities, conventional tools such as XRD and SEM fail to accurately 
track multi‐element distribution, atomic site preference, and 
hierarchical structural evolution. Even with sophisticated in
struments, characterizing atomic‐scale features (e.g., lattice 
distortion and local ordered configurations) still faces technical 
bottlenecks [80, 147]. Therefore, it is necessary to optimize the 
integration of multimodal techniques, such as in situ XRD, 
TEM, and XANES, to track in real‐time the lattice distortion, 
phase transition pathways, and dynamic valence state responses 
of transition metals during sodium (de)intercalation. Addition
ally, priority should be given to combining aberration‐corrected 
HAADF–STEM with EELS atomic‐scale imaging to precisely 
resolve transition metal layer site preferences, oxygen vacancy 
distribution patterns, and their coupling relationships with so
dium interlayer spacing [148].

4.4 | Deepening Mechanistic Analysis

The interpretation of structure‐property relationships remains 
challenging due to the highly coupled nature of multi‐element 
synergistic effects, making it difficult to isolate the influence of 
individual variables. In addition, methods for in situ tracking of the 
cross‐scale kinetic evolution bridging the microscopic atomic 
environment and macroscopic phase transformations are lacking. 
The complex interplay between thermodynamics and kinetics is 
also difficult to decouple [53, 149]. Furthermore, insufficient 
spatiotemporal resolution in in situ characterization (e.g., dynamic 
capture of microcrack propagation and oxygen loss pathways) and 
challenges in integrating multimodal data further impede the 
quantitative correlation of “composition–structure–performance”. 
These interconnected challenges collectively limit breakthroughs 
in the practical application of HE‐LTMOs in high‐performance 
sodium‐ion batteries.

However, gaining deeper insights into high‐entropy mechanisms 
requires advances in fundamental experimental research, char
acterization methods, and computational tools. Future work 
should integrate multi‐scale in situ characterization with ma
chine learning‐assisted molecular dynamics simulations and 
high‐throughput calculations. This integration aims to dynami
cally track entropy‐dominated energy barrier changes along 
sodium‐ion diffusion pathways, resolve the influence of multi‐ 
element valence states on oxygen framework stability, and 
establish a cross‐scale theoretical model for “electron– 
ion–lattice” transport [150]. Ultimately, this will provide pro
found insights into the structure–property mechanism of high‐ 
entropy configurations.

4.5 | Commercial Viability and Environmental 
Friendliness

When developing high‐entropy cathode materials in the future, 
enhancing commercially viable attributes and meeting envi
ronmentally friendly requirements are also critical directions 
to consider. For commercialization, prioritizing the develop
ment of cathode materials exhibiting high energy density and 
long cycle life over a wide voltage range is essential [148]. 

Concurrently, good rate capability is fundamental for enabling 
fast charging in current new energy vehicles, whereas appli
cability across a broad temperature range (particularly low‐ 
temperature performance) is a crucial performance require
ment for expanding application scenarios. Furthermore, 
designing high‐entropy systems solely for extreme performance 
without considering cost‐effectiveness is detrimental to com
mercial application. Substituting elements with similar func
tionalities (e.g., Fe/Mn for Co/Ni) offers a potential route to 
cost reduction [101]. It is important to note that while incor
porating multiple elements in high‐entropy cathodes enhances 
performance, it simultaneously introduces new challenges for 
recycling processes and environmental friendliness. This ne
cessitates a comprehensive life‐cycle consideration, ranging 
from designing with non‐toxic elements to optimizing recy
cling procedures.

4.6 | AI Empowerment

Artificial intelligence (AI) and machine learning (ML) tech
nologies are profoundly transforming the research and devel
opment paradigm for HEMs. By constructing intelligent systems 
that span the entire chain of design, synthesis, and mechanism 
analysis, they accelerate the transition from empirical explora
tion to rational design, thereby driving their R&D and 
commercialization processes [151].

In terms of element combination design, machine learning 
models (such as random forest, support vector machines, or graph 
neural networks) can efficiently predict the probability of forming 
stable single‐phase solid solutions for any proposed multi‐ 
element combination by learning from high‐quality datasets 
generated by first‐principles calculations (e.g., formation energies 
and crystal structure information). This enables rapid screening 
of promising high‐entropy candidate materials within the vast 
compositional space. For example, Liu et al. demonstrated the 
effectiveness and advantages of AI in predicting the phase sta
bility of multi‐element combinations by training a deep neural 
network (DNN) as a surrogate model for CALPHAD calculations. 
This work, utilizing large‐scale datasets, proved that DNNs could 
accurately predict phase fractions, including the BCC phase, and, 
after training on data from low‐component systems, reliably 
predict the stable phase composition of multi‐component 
alloy [152].

At the synthesis level, for a given target composition, AI can 
analyze the “synthesis conditions‐product structure” correlation 
data extracted from literature and experimental databases. By 
training generative models or employing Bayesian optimization 
strategies, it can recommend optimal synthesis parameters for 
achieving high phase purity and uniform element distribution, 
significantly reducing experimental trial and error. For instance, 
Jaemin Wang et al. developed a hybrid AI model integrating 
convolutional neural networks and graph neural networks to 
explore the compositional space of high‐entropy alloys. By 
simultaneously characterizing atomic‐scale local environments 
and global compositional distributions, the model achieved 
high‐precision classification of alloy phase structures and 
quantitative prediction of mechanical properties. Based on this, 
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the researchers employed inverse design using the recom
mended synthesis conditions to fabricate a novel Co/Cr/Fe/Ni/ 
Mn‐based high‐entropy alloy, greatly enhancing synthesis effi
ciency. Experimental verification showed that this alloy ach
ieved an excellent combination of strength and ductility, with a 
room‐temperature tensile strength reaching 1.5 GPa, repre
senting an approximate 40% improvement over conventional 
systems [153].

Furthermore, deep learning‐based algorithms can efficiently 
parse large volumes of complex characterization data (e.g., XRD 
and XAS) and mine hidden “composition‐structure‐property” 
correlations within vast performance datasets, thereby guiding 
the inverse design and performance optimization of materials. 
Li et al. proposed deploying “Agentic AI” at synchrotron facil
ities to construct an autonomous characterization system 
centered on automation and the collaboration of specialized 
agents, forming a closed loop from experimental design and 
execution to multimodal analysis and reporting, accelerating 
material characterization and scientific discovery [154]. Ghose 
et al. developed a framework based on neural network ensem
bles and uncertainty quantification (UQ) for predicting molec
ular x‐ray absorption spectra (XAS) while simultaneously 
providing prediction confidence intervals [155]. This method 
not only significantly improves the accuracy of spectral inter
pretation but also enhances the model's robustness against 
compositional and structural perturbations through its uncer
tainty output, providing an intelligent and interpretable analysis 
tool for extracting reliable structure‐property relationships from 
complex spectroscopic data. Therefore, AI empowerment, 

which integrates “candidate composition generation–synthesis 
scheme recommendation–experimental data parsing–feedback 
for optimized design” into an intelligent closed loop, is 
becoming a key driver in advancing high‐entropy materials 
R&D [156–159].

5 | Conclusion and Outlook

As an innovative material design paradigm that transcends the 
traditional doping concept, the high‐entropy strategy has pro
foundly transformed the research and development pathways for 
sodium‐ion battery cathode materials. Its core lies in deliberately 
introducing multiple principal elements to construct high 
configurational entropy within the material, thereby triggering a 
series of synergistic “high‐entropy effects” that systematically 
reshape the material's intrinsic properties across multiple di
mensions, including thermodynamics, kinetics, and electronic 
structure. These four effects—the thermodynamically driven 
“High‐entropy effect,” the pronounced “Lattice distortion effect” 
caused by atomic size differences, the “Sluggish diffusion effect” 
that influences ion migration, and the “Cocktail effect” stemming 
from multi‐element electronic interactions—collectively form 
the cornerstone for the performance leap in both HE‐LTMOs and 
HE‐PBAs (Figure 13).

In different cathode systems, the dominant roles and manifes
tations of these effects are context‐dependent, revealing rich 
scientific implications and engineering value. In LTMOs, the 

FIGURE 13 | Entropy‐driven design unlocks high‐performance SIB cathodes.
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“High‐entropy effect” fundamentally suppresses the thermody
namic driving force for harmful, complex phase transitions 
during high‐voltage, deep desodiation by lowering the system's 
free energy, laying the foundation for structural reversibility 
[160]. The intense “Lattice distortion effect” acts like countless 
microscopic “rivets,” effectively pinning the overall sliding of 
transition metal layers through introduced, continuous local 
stress fields, thereby mitigating accumulated strain during 
cycling. Concurrently, the “Sluggish diffusion effect” moder
ately adjusts the migration energy barrier for sodium ions, 
helping maintain a more uniform concentration gradient during 
rapid (de)intercalation and reducing local overloading. Mean
while, the “Cocktail effect,” through charge transfer and orbital 
hybridization among multiple metals, synergistically optimizes 
electronic conductivity and stabilizes lattice oxygen. Together, 
these effects achieve long‐cycle stability under high voltage, 
enhanced air stability, and reduced voltage decay.

For PBAs, their open‐framework structure provides a unique 
stage for high‐entropy effects. The powerful “High‐entropy 
effect” and “Lattice distortion effect” jointly enhance the 
rigidity of the three‐dimensional framework, effectively 
resisting the lattice breathing stress induced by repeated 
sodium‐ion insertion/extraction, and significantly reducing 
intrinsic defects and phase transition tendencies caused by [Fe 
(CN)6] vacancies and crystalline water. The “Sluggish diffu
sion effect” in this system may manifest as a subtle modula
tion of sodium‐ion migration paths within the broad channels, 
while the “Cocktail effect” optimizes the material's redox 
potential and electron conduction network through electronic 
synergy among different metal sites. These work in concert to 
achieve excellent rate capability, high cycling life, and higher 
electrode compaction density.

In contrast, polyanionic compounds (such as phosphates, fluo
rophosphates, and NASICON‐type materials), as another pillar of 
sodium‐ion battery cathodes, inherently possess numerous ad
vantages like good thermal stability, air stability, and structural 
stability. However, they also face fundamental challenges in 
applying the high‐entropy strategy due to limitations such as their 
rigid polyanionic frameworks, low dopant compatibility, and 
redox mismatch. Furthermore, the performance gains from 
entropy‐driven stability enhancement appear less pronounced. 
Nevertheless, it is worth noting that the application potential of 
the high‐entropy strategy in this direction remains significant. 
Some researchers have successfully utilized high‐entropy ap
proaches to optimize ion migration paths and barriers, inhibit 
lattice strain, and enhance redox reaction kinetics in polyanionic 
compounds, thereby overcoming inherent bottlenecks like con
ductivity and specific capacity and opening new frontiers in 
performance [59, 161]. In summary, high‐entropy cathode ma
terials emerge as a critical pathway for next‐generation sodium‐ 
ion batteries by breaking through traditional constraints in en
ergy density, cycle life, and structural stability. Future research 
should prioritize entropy‐functionalized design, comprehensive 
optimization, advanced characterization integration, and cross‐ 
scale theoretical modeling, incorporating AI tools and commer
cialization considerations. This will facilitate a transition from 
passive validation of material properties to active design and 
establish a comprehensive understanding of high‐entropy 
mechanisms.
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