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A B S T R A C T

The traditional doping strategy has emerged as an effective method for addressing challenges such as irreversible 
phase transitions and poor cycling stability in transition metal layered oxides (TMLOs), making them promising 
cathode materials for alkali-ion batteries (AIBs). Recently, high-entropy approaches, a new class of modification 
strategies, have been gaining increasing attention. While these two methods – doping strategy and high-entropy – 
demonstrate some similarities, they also exhibit distinct differences. However, a systematic review of these 
approaches has not been performed yet, and their unique electrochemical outcomes are often confused. Herein, 
we present a comparative analysis and systematic discussion of the traditional doping strategy and the innovative 
high-entropy approaches. Using layered oxide cathodes as specific examples, we initially explore the effects of 
single-atom doping at various sites and the synergistic effects of multi-atom doping. Subsequently, we highlight 
five unique effects of materials modified through the high-entropy approaches: structure stabilization, high 
disorder characteristics, the entropy extension effect, cocktail effect and entropy-enhanced local regulation. 
These properties significantly enhance battery cycling performance, distinguishing the high-entropy method 
from the conventional doping. We also summarized its application in AIBs. Finally, a summary and outlook are 
provided, offering insights for the design and optimization of next-generation layered oxide cathode materials.

1. Introduction

With the growing adoption of electrical energy storage technologies, 
the development of a new generation of rechargeable batteries that are 
cost-efficient, possess high capacity, and offer long cycle life is of utmost 
importance. Advancing efficient cathode materials is crucial for the 
successful commercialization of secondary batteries. To date, re
searchers have explored a diverse array of cathode materials, including 
transition metal oxides,[1–6] poly-anionic compounds,[7–10] Prussian 
blue analogues,[11–16] and organic compounds [17–19]. Transition 
metal layered oxides (TMLOs) are considered very promising cathodes 
due to their high theoretical capacity, high working voltage and 
simplicity of synthesis [20–28].

Although TMLOs show great potential in alkali-metal-ion batteries 
(AIBs),[29–31] they suffer from two significant drawbacks. Firstly, the 
large ionic radii of alkali metal ions (Li+, Na+, K+) cause transition metal 
layer slippage and substantial volume expansion/contraction during 
intercalation and deintercalation processes. This often leads to a series of 
phase transitions and even structural collapse. Additionally, TMLOs 
have poor air stability and may react with moisture in the air, resulting 
in performance degradation [30,32,33]. To address these issues, re
searchers typically modify TMLOs through doping strategy [34–40]. 
This involves doping heterogeneous elements into the transition metal 
(TM) layer, alkali metal (AM) layer, or oxygen (O) layer to achieve 
better structural stability. The doping strategy is also widely recognized 
as an essential method for improving the electrochemical performance 
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of these cathode materials.
In recent years, a modification strategy known as the high-entropy, 

which involves the mixing of five or more elements within a crystal, 
has garnered significant attention from researchers [41–44]. The 
resulting multi-component layered cathodes offer superior performance 
compared to traditional materials due to their extensive compositional 
space [45]. With the emergence of high-performance high-entropy 
transition metal layered oxides (HE-TMLOs), high-entropy doping and 
entropy-tuning approaches are becoming effective strategies to reduce 
the inherent defects of TMLOs. In sodium-ion batteries (SIBs), Hu’s team 
[46] synthesized high-entropy O3-NaNi0.12Cu0.12Mg0.12Fe0.15 
Co0.15Mn0.1Ti0.1Sn0.1Sb0.04O2, containing nine TM elements, achieving 
extended cycling stability and excellent rate performance. In lithium-ion 
batteries (LIBs), Xin’s team [47] developed a zero-strain zero-cobalt 
layered cathode, LiNi0.8Mn0.13Ti0.02Mg0.02Nb0.01Mo0.02O2, through the 
high-entropy doping. This Co-free, high-nickel material with inherent 
"zero strain" showcases significant commercialization potential. In 
potassium-ion batteries (PIBs), Lu’s team [44] tuned the entropy of 
manganese-based layered oxides by varying the composition of the 
cathode materials. They synthesized a series of K0.45MnxCo(1-x)/4 
Mg(1-x)/4Cu(1-x)/4Ti(1-x)/4O2 (where x = 0.8, 0.6, and 0.4). The 
entropy-tuned K0.45Mn0.6Co0.1Mg0.1Cu0.1Ti0.1O2 achieved high K+ ion 
transport rates while mitigating the Jahn-Teller distortion of Mn3+ and 
reducing volumetric changes. They proposed universal high-entropy 
approaches, offering a novel solution for developing next-generation 
TMLOs cathode materials with high stability, high capacity, and low 
cost.

The emerging high-entropy approaches offer advantages over 
traditional doping strategies by simultaneously harnessing the benefits 
of both entropy tuning and doping effects [48–50]. While considering 
the influence of element doping, attention is also focused on the effect of 
entropy increasing on performance. By concurrently doping multiple 
elements into the materials, these elements can partially mimic the ef
fects observed with single-element doping and exploit synergistic in
teractions among multiple elements to improve the performance of 
positive electrode materials through entropy tuning. The introduction of 
multiple elements increases configurational entropy within the lattice, 
lowers Gibbs free energy, and allows for diverse crystal structural 
changes, alterations in ion surroundings, and electron structure modi
fications [51,52]. This comprehensive modification of materials elec
trochemical properties serves to enhance structural stability.

This article primarily discusses the differences between doping 
strategy and high-entropy approach in TMLOs. Starting from the 
perspective of single/multi-atom doping in TMLOs, it elaborates on the 
influence of different doping elements and doping sites on performance, 
aiming to elucidate the relationship between compositional structure 

and electrochemical properties. From the perspective of the high- 
entropy approach, the article analyzes the effects achievable by cur
rent high-entropy materials, which differ from those of single/multi- 
atom doped materials. The effects of traditional doping strategy and 
high-entropy methods on battery performance have been summarized 
for the first time (see Fig. 1). The traditional doping strategy involves 
leveraging anionic redox reactions, lowering the energy barriers, 
establishing strong M (metal) - F bonds, and utilizing the pillar and 
pinning effects. In contrast, the high-entropy approach introduces 
unique effects such as the cocktail effect, structure stabilization, high 
degree of disorder, entropy extension and local regulation effect.

2. TMLOs in the AIBs

TMLOs represent a prominent class of cathode materials for 
advanced AIBs, encompassing LIBs, SIBs, and PIBs. These materials have 
been extensively studied and utilized due to their distinctive layered 
structure and excellent tunability. TMLOs are typically formulated as 
AxTMO2, where A represents Li, Na, or K [33,35]. AM and TM ions 
occupy lattice spaces between densely packed three-dimensional ABC 
stacking oxygen planes [53]. The layered structures are built up by 
edge-sharing TMO6 octahedra, forming repeating layers between which 
alkali ions are positioned in the octahedral, prismatic or tetrahedral 
environment [5,54–59].

TMLOs are categorized based on their metal oxide layer arrangement 
and spatial organization of metal components. Delmas et al [60] intro
duced a nomenclature system using letters (P for prismatic, O for octa
hedral, T for tetrahedral) to denote AM ion polyhedral coordination 
environments, alongside numbers indicating the number of TMO2 layers 
per unit cell. For example, the numbers 2 and 3 correspond to oxygen 
stacking sequences "AB BA" and "AB CA BC" respectively. Structural 
variations, indicated by primes (’), reflect distortions or significant de
viations from the original crystallographic parameters. Current research 
predominantly focuses on TMLO phases such as P2, O2, P3, and O3 
(Fig. 2a-d), which exhibit varying electrochemical performance due to 
different metal combinations and structural configurations [5,20,21,
30]. O3 and P2 layered oxides are particularly prominent as positive 
electrode materials, with O-type structures offering higher theoretical 
specific capacities owing to greater AM content. However, their nar
rower tetrahedral diffusion paths may impose higher ion diffusion bar
riers compared to the broader channels in P-type structures [4,57]. 
Despite their promising attributes, TMLOs face challenges including 
poor capacity retention and structural stability. The large ionic radii of 
AM ions during extraction/insertion cycles often induce TM layer slip
page and significant volume changes, leading to phase transitions or 
structural failures [24,30,55,59]. Moreover, TMLOs are susceptible to 

Fig. 1. Doping strategy vs. high-entropy approach in TMLOs.
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air and moisture-induced degradation, necessitating protective mea
sures [23,30,60,61].

2.1. LixTMO2 in LIBs

Currently, layered LiCoO2 and various ternary materials, including a 
range of nickel manganese cobalt (NMC) compositions, have been 
commercialized for LIBs[62]. Notable examples include LiNi1/3Mn1/3

Co1/3O2, (NMC-111), LiNi0.5Mn0.3Co0.2O2 (NMC-532), and LiNi0.6

Co0.2Mn0.2O2 (NMC-622), among others [32,55,63–65]. Research on 
next-generation cathode materials is increasingly focusing on nickel-rich 
layered oxides (NRLOs) and lithium-rich layered oxides (LRLOs, i.e., 
LixTMO2, (1 ≤ x ≤ 1.2)), due to their high specific capacity, energy 
density, and environmental friendliness [66–68]. Both NRLOs and 
LRLOs have a layered structure, typically composed of elements such as 
lithium, nickel, cobalt, manganese, and oxygen. TM ions and oxygen 
ions alternate in their arrangement, but there are certain differences in 
the distribution and arrangement of lithium-ions and TM ions, which 
determine their performance and applications in LIBs cathode materials 
[25,56,69–71].

NRLOs have rhombohedral crystal structure with an R-3m space 
group (Fig. 2e), which typically corresponds to an O3-type layered 
structure evolving from the LiNiO2 phase through specific TM ion sub
stitutions. Their chemical formula can be expressed as LiNi1-xTMxO2 (0 
≤ x ≤ 0.5). The reversible capacity is mainly provided by the redox 
reactions of Ni2+/3+/4+ [55,70]. On the other hand, LRLOs are 
expressed as (1-x) LiTMO2⋅xLi2MnO3 (Fig. 2f), where TM can be Ni, Co 
or Mn as well as other TM dopants [72]. This composition features a 

layered structure, incorporating both LiTMO2 (TM = Ni, Co, Mn, with an 
R-3m space group) (Fig. 2g) and Li2MnO3 (with a C/2m space group) 
(Fig. 2h) [24]. Both phases have similar structural features: all octahe
dral sites are occupied by oxygen, with the same oxygen-close-packed 
structure with a hexagonal close-packed pattern. Generally, LRLOs 
have higher Li-ion storage capacity because they are designed to 
accommodate more Li ions within their layered structure,[73] while 
NRLOs generally show more redox centers and higher operating voltages 
than NMC-111 and NMC-532, attributed to their elevated Ni content 
[55,70]. Those make NRLOs and LRLOs highly promising candidates for 
developing batteries with high energy density. Nonetheless, the 
commercialization of these materials faces significant challenges, espe
cially concerning potential safety risks and processability in electrode 
manufacturing when the nickel content is 80% or higher [65,74]. 
Additionally, LRLOs face major hurdles such as low initial Coulombic 
efficiency, rapid voltage degradation, and poor rate capability [70,73].

The aforementioned drawbacks on NRLOs and LRLOs cathodes are 
mainly caused by structural instability, particularly at highly delithiated 
states and elevated temperatures [65,70,73]. Ion mixing: Due to the 
similarity in ionic radii between Li+ (0.76 Å) and Ni2+ (0.69 Å), during 
charge and discharge processes of nickel-rich cathodes, Ni2+ ions can 
easily migrate into lithium layer, leading to the cation mixing, causing 
the original layered structure (R-3m) (Fig. 2g) to irreversibly transform 
into spinel phases (Fd-3m) (Fig. 2i) or electrochemically active NiO-type 
rock salt phases (Fm-3m) (Fig. 2j) on the electrode surface [25,61,75,
76]. Ion dissolution: The presence of highly oxidized Ni4+ ions at the 
electrode/electrolyte interface may result in dissolution of TM ions and 
decomposition of organic electrolytes [76]. Material thermal 

Fig. 2. (a-d) Schematic representation of the crystal structures for layered AxTMO2: (a) P2-type, (b) O2-type, (c) P3-type, and (d) O3-type stackings. (e) Schematic 
diagram of NRLOs structure. (f) Schematic diagram of LRLOs structure. (g-j) Crystal structure of layered materials in LIBs: (g) LiNiO2, (h) Li2MnO3, (i) spinel 
LiMn2O4, and (j) NiO-type rock salt phases.

Y. Ma et al.                                                                                                                                                                                                                                      Energy Storage Materials 79 (2025) 104295 

3 



decomposition: Lithium-rich cathodes exhibit thermodynamic instability 
leading to microscopic defects when Li+/Li voltage exceeds 4.6 V. 
Overcharged cathodes are prone to thermal decomposition, disrupting 
TM-O bonds and releasing oxygen from the main lattice [70,73]. Trace 
contamination: Residual lithium compounds, such as LiOH and Li2CO3 
forming during preparation or storage in humid air, are spontaneously 
reduced from Ni3+ ions and enveloped into the particles’ surface. 
Accumulation of Li2CO3 on the surface exacerbates adverse gas evolu
tion significantly [75,76]. Currently, the phase transition from layered 
structure to the spinel/rock salt phases and material surface/interface 
degradation are widely recognized as significant barriers hindering the 
commercialization of NRLOs and LRLOs [70,73,74,76].

2.2. NaxTMO2 in SIBs

Current research on NaxTMO2 (0 ≤ x ≤ 1) primarily focuses on 
manganese-based and nickel-based P2 and O3 phases (Fig. 2a, d) [2,30]. 
Typically, during charging, the O3 phase transforms into the P3 phase, 
while the P2 phase transforms into the O2 phase. Conversely, during 
discharge, the opposite process occurs [5,30,77].

The significant difference in ionic radii between Na+ and TM ions 
makes NaxTMO2 cathodes less prone to the mixing of AM and TM ions 
commonly observed in LixTMO2 [78]. However, this also renders the 
structure more vulnerable to damage during the Na+ extraction and 
insertion processes [1,30,78]. In the extraction of Na+ ions, the O3 phase 
often undergoes more complex transitions compared to the P2 phase 
[77]. For instance, NaNi0.5Mn0.5O2 undergoes a series of structural 
transformations during the charging process, such as O3 → (O3+O′3) P3 
→ P′3 → (P′3+P3′′) → P3′′ [79]. Generally, the O3 phase structured 
materials undergo an O3-P3 transition after roughly 25% Na+ ion 
extraction,[80] while those with P2 phase typically experiences a single 
P2-O2 phase transition [1]. O3-structured materials initially possess a 
higher sodium content compared to those with P2 structure, leading to 
higher theoretical capacities [1,3]. However, in the P2 structure, sodium 
ions traverse a relatively wide planar square center, offering an open 
prismatic path with larger interlayer spacing and lower diffusion bar
riers. This characteristic generally results in superior rate performance 
of P2-structured materials [57,81].

The primary challenges facing NaxTMO2 include irreversible phase 
transitions and storage instability, leading to insufficient battery per
formance [30]. The former are particularly problematic as they can 
cause structural breakdown and rapid capacity degradation [2,3]. 
Therefore, suppressing or reducing these irreversible phase transitions is 
key to improving the electrochemical performance of SIBs layered ox
ides [35,54]. Another significant challenge is their hygroscopic nature 
when exposed to air, resulting in the formation of weakly electro
chemically active NaOH or Na2CO3 on the surface of the active material, 
leading to decreased battery performance [30,82]. Additionally, the 
formed NaOH and Na2CO3 act as electrical insulators, hindering the 
conductivity of the material, and may react with the electrolyte [3,82].

2.3. KxTMO2 in PIBs

Current research on KxTMO2 (0 ≤ x ≤ 1) primarily focuses on 
potassium-deficient P2 and P3 phases (Fig. 2a, c) [33,59,83]. Compared 
to Li+ and Na+, the larger K+ ions typically occupies the large prismatic 
sites rather than octahedral sites, resulting in a P-type structure [21,59].

Motivated by the implementation of Mn-based cathodes in LIBs, 
KxMnO2 has attracted noteworthy interest in PIBs. Layered KxMnO2 
offers high capacity, low cost, and straightforward synthesis methods 
[33,59]. However, its production is influenced by the Jahn-Teller effect 
of Mn3+. In manganese-based layered oxides, the mixed valence states of 
Mn3+ and Mn4+ play distinct roles: Mn4+ helps stabilize crystal struc
tures by forming undistorted (ideal) MnO6 octahedra, while high-spin 
Mn3+ with an electron configuration of (t2g)3(eg)1 often causes 
Jahn-Teller distortion in the three-dimensional orbitals [21,23,33,83,

84]. The alternating valence states of Mn result in recurring distortions 
and phase transitions, making it challenging to maintain structural 
integrity. Therefore, reducing the Jahn-Teller distortion of Mn3+ and 
enhancing the structural stability of these oxides are key to achieving 
long-term cycle stability [84,85].

KxCoO2 is another well-researched single-TM oxide [33]. The K+

storage capacity of P2-K0.41CoO2 and P3-K2/3CoO2 in the 2.0-3.9 V range 
were reported by Hironaka and his colleagues [86]. X-ray diffraction 
(XRD) confirms that K0.41CoO2 retains its original P2 structure during 
reversible intercalation processes, albeit with different degrees of peak 
shifts and asymmetric peak evolution over a wide range of K+ contents 
between 0.23 and 0.47 [86]. However, the cost of Co is a significant 
barrier to the commercialization of KxCoO2 cathodes [87].

3. Doping strategy in AxTMO2

Doping strategies involve the introduction of small amounts of alio- 
elements (typically 1-2 types) into the original material [34,36–38] 
These doping elements are distributed in trace amounts within the 
material’s lattice, altering its physical and chemical properties to 
enhance electrochemical performance [88,89]. TMLOs present three 
unique types of doping sites: AM, TM, and O sites. Researchers 
commonly use doping with metal cations (such as Mg2+,[90–92] Cu2+, 
[93–97] Zn2+,[98–101] Al3+,[36,102,103] Ti4+, [100,104] B3+,[88,
105–107] etc.) and anions (such as F− [108–115]) to address the issue of 
layered structural degradation. This diverse range of doping elements 
and sites offers substantial flexibility for material modification.

This section reviews the doping strategies employed in TMLOs for 
AIBs, including bulk doping and surface doping. The discussion begins 
with single-atom doping at TM, AM, or O sites in the bulk phase and 
progresses to multi-atom doping, typically involving two heterogeneous 
elements. By summarizing and discussing the effects of numerous ele
ments at these three doping sites, the positive impacts of doping stra
tegies in leveraging ARR, lowering the energy barriers, establishing 
strong M-F bonds, and utilizing the pillar and pinning effects, are 
highlighted (Fig. 3). Subsequently, the critical role of surface doping in 
suppressing surface/interface side reactions is explored, offering an 
additional pathway to enhance the stability and performance of TMLOs.

3.1. Single-atom doping in AxTMO2

Single-atom doping primarily focuses on the characteristics of the 
doping element and the effects of different doping sites on the electro
chemical properties of materials [35,40]. The doping of various ele
ments at different sites results in distinct modification effects [35,101,
111,113,116]. For example, doping Li at AM or TM sites in NaxTMO2 
(see Fig. 4a) will produce significantly different modification effects 
[117,118].

3.1.1. Doping at TM layer
Doping in the TM layer is the most commonly used method in doping 

strategies because the TM sites can be occupied by various elements 
(such as Li, Mg, Zn, Cu, Ca, Cr, Al, Ni, Co, Fe, Mn, V, Ti, Sn, Mo, Zr, W, 
etc.) [38,119–127]. When heterogeneous metal ions are doped into the 
TM sites, they typically exert a strong influence on the original metal 
ions and oxygen ions.

Doping high-valence cations (such as Ti4+,[128] Sn4+,[129–131] 
W6+,[132] Mo6+,[133,134] etc.) into the TM layer often results in the 
formation of strong TM-O bonds, which may suppress oxygen vacancy 
formation and even induce a "pinning effect" that stabilizes the layered 
structure. In LIBs, Sun et al [134] investigated the effects of different 
dopants (Mg2+, Al3+, Ti4+, Ta5+, and Mo6+) on the oxidation state of 
LiNi0.91Co0.09O2 and its electrochemical, morphological, and structural 
properties. They showed that cathodes doped with high oxidation state 
dopants outperformed undoped cathodes as well as those doped with 
low oxidation state dopants. In particular, LiNi0.91Co0.09O2 cathodes 
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doped with Ta5+ and Mo6+ exhibited 81.5% capacity retention after 
3000 cycles at 200 mA g− 1. Bao et al [135] synthesized Yb-doped 
Li1.2Mn0.54Ni0.13Co0.13-xYbxO2 cathodes via sol-gel method. XRD and 
scanning transmission electron microscopy (STEM) results indicated 
that Yb ions occupied TM sites at appropriate doping levels (x < 0.005), 
increasing the spacing between Li layers, stabilizing the oxygen frame
work, and suppressing phase transitions due to Yb’s larger ionic radius 
and strong binding energy. Cheng et al [136] doped Ti into the TM layer 
of LiNi0.6Co0.2Mn0.2O2, synthesizing LiNi0.6Co0.2Mn0.18Ti0.02O2. The 
strong Ti-O bonds and absence of unpaired electrons enhance the 
structural and electrode-electrolyte interface stability. Ti doping also 
suppresses undesirable H2-H3 phase transitions, minimizing mechanical 
degradation. Non-in-situ TEM and X-ray photoelectron spectroscopy 
analysis indicated that Ti doping inhibits the release of interfacial oxy
gen and reduced undesirable interface reactions. In SIBs, Yang et al 
[128] successfully doped Ti4+ into Na2/3Fe1/3Mn2/3O2, synthesizing 
P2-Na2/3Fe1/3Mn0.57Ti0.1O2 without any phase transitions during 
low-voltage charge and discharge processes. Ti4+ doping suppresses 
phase transitions caused by the Jahn-Teller effect and promotes sodium 
ion transfer kinetics, thereby enhancing structural stability. In PIBs, Han 
et al [133] doped Mo6+ and Co3+ into P3-K0.45MnO2, introducing 
[Mn-Co-Mo]O6 octahedra. By incorporating Mo6+, which has a smaller 
ionic radius and higher oxidation state, a pinning effect was established 
in the TM layer (Fig. 4c). This induces a second-order Jahn-Teller effect 
(pseudo JTE) in the adjacent MnO6 octahedra, which helps prevent 
uneven elongation of Mn-O bonds, reduces structural instability within 
the cathode materials, and enhances long-term cycling stability.

Doping low-valence cations (such as Mg2+,[137–139] Zn2+, Cu2+, 
[96,97] etc.) into the TM layer may potentially suppress the expan
sion/contraction of TMO6 octahedra and help maintain the integrity of 
the TMO2 layer. Additionally, this doping plays a significant role in 
mitigating the Jahn-Teller effect associated with Mn. Liu et al [96] 
demonstrated that doping Cu2+ into Na2/3MnO2 reduces the deforma
tion of MnO6 octahedra, maintains the integrity of the TMO2 layer, fa
cilitates Na ion transport, and delays the P2-P’2 phase transition. 

Similarly, Gao et al [141] found that Cu doping into NaxTMO2 (TM = Fe, 
Mn) inhibits the Mn4+/3+ redox process, leading to the formation of a 
small amount of inactive Mn, which lowers the average Mn valence and 
improves cycling stability. Additionally, Chen et al [142] prepared a 
series of NayLi0.1CuxMn0.9− xO2 compounds, and theoretical calculations 
indicated that with increasing Cu content, electron aggregation around 
O atoms increases, resulting in strong covalent bonds between Cu and O, 
leading to a more stable structure. Clément et al [139] introduced Mg 
into P2-Na2/3MnO2, which reduces the number of Mn3+ Jahn-Teller 
centers and delays the sliding of the oxygen layers, resulting in a 
higher reversible capacity and smoother charge-discharge curves. Sub
sequently, Zhang et al [99] reported on Zn-doped Na0.833Li0.25Mn0.75O2, 
finding that Zn doping led to lower formation energy, a more stable 
ground state, and fewer spinodal decomposition regions, enabling the 
material to maintain a phase-stable charge-discharge process while 
reducing the number of Mn3+. Xiao et al [84] proposed that adjusting 
the average oxidation state of Mn could mitigate structural degradation 
caused by the Jahn-Teller effect in KxTMO2. Their studies revealed that 
the introduction of Ti4+ reduces the oxidation state of Mn, while Mg2+

increases it, with Mg-doped K0.5Mn0.6Co0.2Fe0.1Mg0.1O2 exhibiting the 
highest oxidation state for Mn. The results indicate that, compared to 
K0.5Mn0.7Co0.2Fe0.1O2, which undergoes harmful phase transitions from 
P3 to O3 due to the Jahn-Teller effect, K0.5Mn0.6Co0.2Fe0.1Mg0.1O2 
demonstrates highly reversible single-phase structural evolution during 
K+ extraction/insertion. After 150 cycles at 100 mA g− 1, it retains 91% 
of its initial capacity, outperforming both the original and Ti-doped 
materials.

During charging and discharging, TMLOs undergo anionic (O2− ) 
redox reaction (ARR) at high cutoff voltages, typically resulting in lattice 
oxygen depletion and the release of oxygen (O2). Doping with low- 
valence cations (such as Li+,[117,143,144] Mg2+,[145,146] Zn2+,[98,
147] etc.) can enhance the cycling stability of cathode materials at high 
voltages and improve the reversibility of ARR, thereby increasing the 
reversible capacity of the battery. In particular, the doping of Li+ in 
NaxTMO2 plays a significant role in enhancing the capacity by triggering 

Fig. 3. Schematic of traditional doping methods at different sites in layered oxides and their corresponding effects.
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Fig. 4. (a) Schematic diagram of the two potential substitution sites for Li in the O3-type layered structure. Reproduced with permission [118]. Copyright 2018, 
Royal Society of Chemistry. (b) Schematic diagram illustrating the role of ARR in enhancing reversible specific capacity in a P2-type cathode. Reproduced with 
permission [143]. Copyright 2018, Elsevier. (c) Diagram illustrating the Pinning Effect: The electronic configurations of Mn, Mo and Co with possible crystal 
octahedra structure. Reproduced with permission [133]. Copyright 2024, Wiley-VCH. (d) Diagram illustrating the Pillar Effect: Mg ions in the Na layer serve as 
"pillars" to facilitate the layered structure. Reproduced with permission [149]. Copyright 2019, American Chemical Society. (e) Synergistic effect inhibiting material 
phase transition: In-situ XRD patterns of LMNM during the first cycle at 2-4.35 V (0.2 C) and Contour plots of (002) and (012) diffraction peaks. Reproduced with 
permission [153]. Copyright 2023, Wiley-VCH.
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ARR. For example, Wang et al [117] reported an O3-type cathode, 
NaLi1/3Mn2/3O2, with ARR, exhibiting a high reversible capacity of 190 
mAh g− 1 and almost no voltage decay after 40 cycles. The introduction 
of Li+ into the TM layer promotes the redox reactions of anionic O2− and 
leads to densification of the electrode through intralayer migration of 
transition metal cations after the first oxygen release, effectively sup
pressing voltage decay. Similarly, Nazar et al [148] reported P2- 
Na0.6Li0.2Mn0.8O2, providing approximately 190 mAh g− 1 after 100 
cycles in the voltage range of 2.0-4.6 V. Rong et al [143] revealed the 
role of ARR in stabilizing the structure of P2-Na0.72Li0.24Mn0.76O2 
cathode (Fig. 4b), which demonstrated an initial charge capacity of 
about 210 mAh g− 1. Even after complete Na+ removal, the P2 structure 
maintained minimal volume changes (1.35%). These studies collectively 
demonstrate the critical role of Li+ doping in activating ARR to signifi
cantly boost the specific capacity of materials.

3.1.2. Doping at AM layer
Doping ions like Mg,[85,90,149] Zn,[150] Ca,[122,151] etc. into 

AM layer may enhance its affinity for surrounding O ions. These ions 
could potentially act as "pillar ions", contributing to a stabilizing "pillar 
effect" that supports the AM layer during the insertion and extraction of 
AM ions (Li+, Na+, K+). In LIBs, Choi et al [90] achieved in-situ elec
trochemical doping of Mg²⁺ at Li sites by assembling a Li-deficient 
Mn-based cathode material with Mg metal in half-cell configuration. 
They synthesized [Li1-xMgy]Mn1− zMzO2 (M = Co and Ni), in which the 
introduction of Mg²⁺ at Li sites effectively reduces cation mixing during 
cycling, leading to enhanced capacity retention over 200 cycles. In SIBs, 
Wang et al [149] introduced Mg ions into the Na layer of 
P2-Na0.7Mn0.6Ni0.4O2, where Mg ions in the sodium layer act as "pillars" 
to stabilize the layered structure, particularly during high-voltage 
charging (Fig. 4d). Additionally, Mg ions in the AM layers can destroy 
the Mn/Ni charge ordering and Na+/vacancy ordering, facilitating 
Na-ion diffusion and helping to smooth the voltage profiles. Peng and 
colleagues [152] synthesized Zn-doped P2-[Na0.67Zn0.05] 
Ni0.18Cu0.1Mn0.67O2 and discovered that Zn ion doping at the AM site 
forms an O2− -Zn2+-O2− "pillar", strengthening electrostatic cohesion 
between adjacent transition metal layers, which prevents the cracking of 
active material along the a-b plane and inhibits the formation of the O2 
phase during deep desodiation. In PIBs, Luo et al [85] introduced Mg2+

into the K layer of P3-K0.5MnO2, which pushes Mn to a higher oxidation 
state significantly suppressing the Jahn-Teller effect. When the Mg 
content exceeds 0.1 equivalents per formula unit, Mg2+ enters the K 
layer, resulting in smoother charge-discharge curves. This demonstrates 
that Mg doping in the K layer effectively stabilizes the AM layer during K 
ion deintercalation, reducing phase transitions caused by slab gliding.

Doping heterogenous alkali metal elements (Li+,[118,154] K+,[155,
156] Na+ [157,158]) into the AM layer is believed to stabilize the 
layered structure during electrochemical reactions and potentially 
enhance the diffusion kinetics of AM ions by lowering the AM migration 
energy barrier. For instance, Li et al [157] introduced Na doping into the 
Li layer of Ni-rich LiNi0.6Co0.2Mn0.2O2 and observed crystal structure 
changes and lattice distortions with picometer precision using 
aberration-corrected STEM. DFT and Modified Planck-Nernst-Poisson 
coupled Frumkin-Butler-Volmer (an electrochemical model) [157,159] 
were employed to reveal the relationship between activation energy and 
charge transfer resistance at multiple scales. Doping with Na+ ions 
reduced the activation energy barrier from 1.10 eV to 1.05 eV and 
decreased the interface resistance from 297 Ω to 134 Ω, demonstrating 
enhanced diffusion kinetics of Li+ and electrochemical reaction kinetics 
with Na+ doping. Li et al [160] introduced K into Li layer of Li-rich 
Li1.20Mn0.54Co0.13Ni0.13O2, demonstrating that in-situ K doping stabi
lizes the host layered structure by preventing the formation of spinel 
structure during cycling. The doped K+ fixed in the Li layer blocked Mn 
migration pathways, thereby inhibiting spinel phase growth. The large 
radius of K+ increases the resistance to spinel phase growth, thereby 
reducing voltage decay caused by phase transitions. Additionally, Wang 

et al [118] reported that Li doping into the Na layer of O3-NaxFeyM
n1-yO2 (0 ≤ x, y ≤ 1) stabilized the layered structure and facilitated Na 
insertion by lowering the Na migration energy barrier. This effect was 
validated through various experimental and computational methods, 
demonstrating the impact of heterogenous alkali metal doping on 
structural stability and ion diffusion.

3.1.3. Doping at O layer
Doping non-redox-active cations at AM/TM sites may potentially 

impact the initial specific capacity, while incorporating anions into the 
O layer could potentially influence the average oxidation state of redox- 
active centers and adjust interlayer spacing. Among various anionic 
dopants (such as F, S, Cl, etc.), F is considered the most promising 
candidate [161,162].

The F− doping can reinforce the layered structure by forming 
stronger metal-F bonds and regulate the interlayer spacing. In LIBs, 
Wang et al [163] introduced F doping into the O layer of LiNi0.8

Co0.15Al0.05O2, resulting in LiNi0.8Co0.15Al0.05O1.96F0.04 with enhanced 
M-F bonds and wider interlayer spacing along the c-axis. This stabilized 
the host structure and enhanced the rate capability. Similarly, Sun’s 
group [164] synthesized LiNi0.80Co0.05Mn0.15O2-xFx with varying con
centrations of F− doping, increases the capacity retention (78% of its 
capacity after 8000 cycles), whereas the undoped LiNi0.80

Co0.05Mn0.15O2 cathode retained only 64.6% of its initial capacity. The F 
doping improved structural stability, reducing microcrack formation 
and enabling 100% depth of discharge (DOD) cycling. This is a signifi
cant improvement over typical cathodes that are limited to 60–80% 
DOD to prevent degradation. In SIBs, Zhang et al [111] synthesized 
NaNi1/3Fe1/3Mn1/3O2− xFx cathode materials, showing that F-doping 
modified the binding energy of oxygen and the Mn3+/Mn4+ ratio, sup
pressing the Jahn-Teller effect of Mn3+ and consequently enhance the 
electrochemical performance. Similarly, Chen et al [109] synthesized 
F-doped P2-Na0.6Mn0.95Ni0.05O2-xFx (x = 0, 0.02, 0.05, 0.08), finding 
that F− doping adjusted lattice parameters and aided charge compen
sation, enhancing the redox activity of Ni2+/Ni3+. In PIBs, Xu et al [89] 
synthesized F-doped P2-K2/3Mn7/9Ni1/9Ti1/9O17/9F1/9, observing that 
F− incorporation increased interlayer spacing and facilitated K+ ions 
transport without severe structural damage. F− doping also raised the 
concentration of redox-active Mn ions by lowering the average manga
nese oxidation state, enabling a reversible capacity of 132.5 mAh g− 1 

with 0.53 K+ reversibly (de)intercalated in the structure.
Overall, the diversity of doping sites and dopant elements plays a 

crucial role in enhancing the design flexibility of layered materials, 
serving as an effective strategy to mitigate inherent structural and 
electrochemical limitations. We have systematically summarized the 
applications of typical element doping in AₓTMO₂ (Table 1) and estab
lished correlations between dopant elements, doping sites, and the five 
key modification effects in layered cathodes (Fig. 5), providing valuable 
insights to guide researchers in selecting optimal doping elements for 
material design.

In addition, different doping concentrations of the same doping 
element significantly influence electrochemical properties. For layered 
oxide cathodes, the dopant content is typically kept below 5% of the 
total cations. While a small amount of doping maintains the original 
phase of the crystal structure, it can induce substantial modifications in 
the crystal structure, electronic properties, nanomorphology, and sur
face stability, ultimately impacting the performance of AIBs [165]. 
Clément et al [139] conducted an in-depth study on the effects of 
different concentrations of Mg doping on the electrochemical perfor
mance and structural stability of P2-Na2/3MnO2. They synthesized three 
Na2/3Mn1− yMgyO2 compounds (y = 0.0, 0.05, 0.1) and found that the 
compound with 5% Mg doping exhibited excellent electrochemical 
performance, with a very high rate capability. Chen et al. [142] devel
oped a series of NayLi0.1CuxMn0.9− xO2 cathode materials by introducing 
Cu2+ into the transition metal layer. Theoretical calculations indicated 
that as the Cu content increased, electron aggregation around the O 
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atom intensified, resulting in stronger covalent bonding between Cu and 
O, which in turn stabilized the structure.

However, the effect of doping is not linear, as excessive doping 
concentrations can lead to detrimental effects on the material’s perfor
mance. For example, F doping can enhance rate performance, but 

excessively high concentrations may reduce the achievable discharge 
capacity [166]. Improper doping levels can negatively impact key 
properties such as electronic conductivity, cation mixing, and alkali-ion 
transfer, ultimately leading to performance degradation at high current 
density rates or operating voltages [167]. Wang et al. [146] doped Mg 

Table 1 
Summary of the electrochemical performance of commonly doped elements in layered cathodes for AIBs.

Cathode Voltage range [V] Initial capacity [mAh g-1] Cycle retention Rate performance [mAh g-1] Ref

Ti doped materials ​ ​ ​ ​ ​
Na2/3Fe1/3Mn0.57Ti0.1O2 1.5-4.3 173 76% after 50 cycles/ 0.2C 52/ 3C [128]
LiNi0.6Co0.2Mn0.18Ti0.02O2 3-4.5 193 91.8% after 150 cycles/ 0.5C 118/ 10C [136]
Sn doped materials ​ ​ ​ ​ ​
Na0.67Ni0.33Mn0.57Sn0.1O2 2.0-4.3 155.2 ~65% after 30 cycles/ 0.3C 99.7 / 3C [129]
Sn doped LiNi0.6Co0.2Mn0.2O2 3.0-4.5 ~180 88.31% after 100 cycles/ 1C 136.2/5C [130]
NaNi0.5Sn0.5O2 1.5- 4.2 100 ~75% after 70 cycles/ 0.1C / [131]
Mo doped materials ​ ​ ​ ​ ​
K0.45Mn0.9Co0.05Mo0.05O2 1.5-4 96 59.6% after 2000 cycles/ 5C 77.3/ 5C [133]
Mo doped LiNi0.91Co0.09O2 2.7-4.3 ~230 94.9% after 100 cycles/ 0.5C / [134]
Mg doped materials ​ ​ ​ ​ ​
Mg doped LiNi0.90Mn0.05Co0.05O2 2.9-4.3 ~187 / 158/ 3C [137]
Na0.9Mn0.60Ni0.35Mg0.05O2 2-4 179 81% after 100 cycles/ 0.1C 102.5/ 5C [138]
Na2/3Mn0.95Mg0.5O2 1.5-4 ~175 ~100% after 50 cycles/ 3C 106/ 28.6C [139]
Na0.67Ni0.23Mn0.67Mg0.1O2 2-4.5 ~125 81.7% after 100 cycles/ 0.1C / [146]
K0.5Mg0.15[Mn0.8Mg0.05]O2 1.4-4 102 48.2% after 400 cycles/ 1C 54.3/ 5C [85]
Zn doped materials ​ ​ ​ ​ ​
Na0.44Mn0.995Zn0.005O2 2-4 100 ~75% after 10 cycles/ 0.14C / [140]
Zn doped Na0.833Li0.25Mn0.75O2 1.5-4.6 166 96.9% after 200 cycles/ 0.2C / [99]
Na2/3Mn7/9Zn2/9O2 1.5-4.5 195 75% after 50 cycles/ 1C / [98]
Na2/3Zn1/4Mn3/4O2 1.5-4.5 ~200 67% after 50 cycles/ 0.2C ~150/ 2C [147]
Cu doped materials ​ ​ ​ ​ ​
Na0.66Mn0.8Cu0.2O2 1.5-4.4 142 ~90% after 100 cycles/ 0.5C 79.9/ 5 C [96]
Na0.67Mn0.6Ni0.2Co0.1Cu0.1O2 1.9-4 131.3 86.7% after 200 cycles/ 0.1C 65/ 15C [97]
Na0.8Cu0.3Fe0.2Mn0.5O2 2.5-4.2 112.6 67.1% after 200 cycles/ 0.1C / [141]
Na0.7Li0.1Cu0.2Mn0.7O2 1.5-4.5 160 84.3% after 100 cycles/ 1C 102.7/ 5C [142]
Li doped materials ​ ​ ​ ​ ​
NaLi1/3Mn2/3O2 1.5-4.5 ~200 / / [117]
Na0.72Li0.24Mn0.76O2 1.5-4.5 270 ~75% after 30 cycles/ 0.05C / [143]
Na0.6Li0.2Mn0.8O2 3.5-4.5 80 ~42% after 60 cycles/ 2C 72/2C [144]
F doped materials ​ ​ ​ ​ ​
LiNi0.8Co0.15Al0.05O1.96F0.04 2.8-4.3 157.8 98.3% after 100 cycles/ 2C ~150/ 5C [163]
F doped LiNi0.80Co0.05Mn0.15O2 2.7-4.3 216 78% after 8000 cycles/ 1C / [164]
F doped NaNi1/3Fe1/3Mn1/3O2 2-4 ~120 ~89% after 70 cycles/ 1C / [111]
Other doped materials ​ ​ ​ ​ ​
W doped LiNi0.92Co0.04Mn0.04O2 2.8-4.3 210.83 93.97% after 100 cycles/ 0.5C 159.11/ 5C [132]
K doped Na0.7MnO2 1.8-4.3 240.5 98.2% after 100 cycles/ 0.5C / [155]
Na doped LiNi0.6Co0.2Mn0.2O2 2.7-4.3 179 90.8% after 100 cycles/ 0.2C 108/5C [157]
Ca doped NaNi1/3Fe1/3Mn1/3O2 2-4 116.3 91.8% after 200 cycles/ 1C 86.2/10C [151]
Yb doped Li1.2Mn0.54Ni0.13Co0.13O2 2-4.8 294.5 84.4% after 100 cycles/ 1C ~150/ 5C [135]

Fig. 5. Schematic illustration summarizing the doping of various elements at different sites in layered cathode materials and their modification effects.
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into P2-Na0.67Ni0.33Mn0.67O2, synthesizing P2-Na0.67Ni0.33-xMn0.67Mgx 
O2 cathode materials. Randomly distributed Mg dopants tend to segre
gate into the Na layer, forming high-density precipitates that serve as 3D 
network pillars. This structural reinforcement strengthens the material, 
suppresses cracking, and significantly enhances cycling stability. 
Increasing the Mg concentration from 5% to 10% further improves 
stability but slightly reduces the initial discharge capacity. Additionally, 
excessive Mg segregation into the Na layer may hinder ion transport, 
leading to a decline in rate capability. Feng et al [135] synthesized a 
series of trace Yb-doped lithium-rich cathode materials, Li1.2Mn0.54

Ni0.13Co0.13− xYbxO2 (0 ≤ x ≤ 0.050). The results showed that when 
Yb3+ was doped at low concentrations (x ≤ 0.005), it enhanced the Yb-O 
bond energy, expanding the lithium layer spacing and stabilizing the 
oxygen stacking. However, when the doping concentration exceeded the 
critical threshold (x > 0.005), the charge transfer impedance increased, 
leading to a dramatic deterioration in electrochemical performance. 
These findings collectively suggest the presence of a concentration 
threshold effect, where the optimal doping concentration is crucial for 
achieving the desired electrochemical and structural stability in elec
trode materials.

Dopants may primarily concentrate near the surface of the layered 
oxides or establish a concentration gradient from the core to the surface. 
When the doping concentration is higher at the surface, this modifica
tion functions similarly to a coating, predominantly influencing surface 
properties without altering the core characteristics [167]. This partic
ular doping approach—surface doping—is also significantly influenced 
by the concentration of dopant elements. For further details on surface 
doping, please refer to Section 3.3.

3.2. Multi-atom doping in AxTMO2

Compared to single-atom doping, multi-atom doping involves 
incorporating multiple heterogeneous elements (typically two or three) 
into TMLOs [108,110,156,158]. This approach aims to harness the ad
vantages of different single-atom dopants and utilize the "synergistic 
effect" among these elements, potentially effective in suppressing irre
versible phase transitions and stabilizing the structure. Currently, the 
application of co-doping strategies is primarily focusing on the 
dual-element doping, with a few cases involving the three-element 
doping [34,40,168,169].

3.2.1. Multi-atom doping in AxTMO2 with cations
In LIBs, Wang et al [170] demonstrated Mg and Ti co-doping to 

inhibit the transition of the layered structure of LiNiO2 to a disordered 
spinel/rock-salt structure and prevent the formation of internal cracks, 
thereby delaying the structural degradation of the layered material. 
Feng et al [102] introduced Al and Zr into LiNi0.6Co0.2Mn0.2O2, resulting 
in the formation of a protective Li2ZrO3 coating suppressing interface 
reactions and enhancing the cycling performance (capacity retention of 
92.1% after 100 cycles at 50◦C). In comparison, single Al and Zr doping 
resulted in lower capacity retention, 85.4% and 87.1%, respectively, 
although improving with respect to the pristine material (76.3%). Sun’s 
group [164] reported a multi-doping strategy for LiCoO2, where Al was 
doped into Co sites and Nb/W into Li sites. In this material, Al doping 
helps stabilizing the structure at high voltage, while Nb/W doping in
creases interlayer spacing and enhanced Li+ diffusion. Overall, the 
dual-site doping improves the cycling stability of the material, resulting 
in a delivered capacity of 142.1 mAh g− 1 at 15C and a capacity retention 
of 60.4% after 1000 cycles at 10C up to 4.5 V. Similarly, Zhang et al 
[171] achieved stable cycling of LiCoO2 at 4.6 V through trace co-doping 
with Ti, Mg, and Al. The presence of Mg and Al reduces high-voltage 
phase transitions by altering phase behavior during the (de)lithiation 
process, while Ti modifies the microstructure of the particles and sup
presses oxygen reactivity at high voltages. The synergistic effects of 
these doping elements significantly enhance the electrochemical 
performance.

In SIBs, Fu et al [172] found that co-doping Mg2+ and Ca2+ in 
Na0.67Ni0.33Mn0.67O2 could reduce O-type stacking in high-voltage re
gions. DFT studies revealed that Mg2+ and Ca2+ hindered high-voltage 
reactions, such as Ni-O bonding issues, enhancing structural stability 
under these conditions. Anilkumar and Nair [173] reported the syner
gistic effect of Li and Cu co-doping in the TM layer in reducing 
Na+/vacancy ordering and P2-O2 phase transition in P2-Na0.67 
Ni0.33Mn0.67O2. The presence of Li and strong bonding between Cu-O 
inhibited irreversible P2-O2 phase transition, preventing the formation 
of O2/OP4 phase upon charging to 4.2 V. Shen et al [153] synthesized a 
quasi-zero-strain P2-Na0.75Li0.15Mg0.05Ni0.1Mn0.7O2 (LMNM) cathode 
by co-doping Li and Mg into P2-Na2/3Ni1/3Mn2/3O2. In-situ XRD results 
indicated that the synergistic effect of Li and Mg suppressed the slip of 
the P2-O2 transition (Fig. 4e), leading to a minimal volume change of 
just 0.49%. After 500 cycles at 5C rate, the capacity retention was 
maintained at 83.9%.

In PIBs, Zhong et al [22] extended this approach by substituting 
Mn3+ ions with Co3+ and Fe3+ ions in the TM layers, creating a 
double-doped P3-K0.5Mn0.7Co0.2Fe0.1O2 material. This substitution 
reduced structural degradation induced by the Jahn-Teller effect of 
Mn3+. The smaller ionic radii of Co3+ and Fe3+ ions resulted in thinner 
TMO2 layers and increased separation between neighboring layers, 
facilitating potassium ion diffusion and buffering volume changes dur
ing cycling. The structure’s alteration also slows down the phase tran
sition from P3 to O3, enhancing the structural resilience of the material. 
Furthermore, the increased layer separation also stabilizes the material 
by mitigating O2− ion release during cycling.

3.2.2. Multi-atom doping in AxTMO2 with cations and anions
In an effort to combine the benefits of both cation and anion doping, 

Guo et al [174] synthesized Li1.2Ni0.13Co0.13-xMn0.54AlxO2(1-y)F2y 
co-doped with Al and F. This co-doping alleviated the layered-to-spinel 
phase transition, reducing capacity and voltage decay (after 150 cycles 
at 0.5 C the discharge capacity was 217 mAh g− 1 with 88.21% retention 
and the average discharge voltage decay was 0.4019 mV. Furthermore, 
with increased electronic and ionic conductivity, this co-doping method 
improved rate capability, providing a discharge capacity of 157 mAh g− 1 

at 10 C. The thermal stability was also enhanced, as evidenced by the 
less intense exothermic peak (221 J g− 1 at 273◦C) compared with the 
undoped material (755 J g− 1 at 210◦C). Similarly, Chae et al [108] 
synthesized the co-doped compound P2-Na0.46Mn0.93Al0.07O1.79F0.21, 
where the incorporation of Al in the TM layer stabilized the layered 
structure by affecting the Jahn-Teller distortion of Mn3+. Meanwhile, 
the substitution of F reduced the Na+ diffusion energy barrier by altering 
the bonding energy between anions and cations and increasing the 
interlayer spacing.

3.3. Surface doping in AxTMO2

Surface doping involves the introduction of specific elements onto 
the surface or near-surface regions of a material, typically within a few 
to tens of nanometers in depth, to enhance the physical and chemical 
properties of the surface or interface [39,61,76,100]. Unlike bulk 
doping, where elements are uniformly distributed throughout the ma
terial, surface doping focuses on optimizing surface performance while 
preserving the internal structure, thus minimizing capacity loss. This 
approach has gained significant attention for its effectiveness in miti
gating interfacial side reactions in lithium-based layered oxides, making 
it a prominent research area in recent years [40,72,175,176].

In NRLOs, Kong et al [177] modified LiNi0.8Co0.2O2 with surface 
gradient doping of Ti, achieving a clean surface free of any residual 
deposits. TEM analysis revealed a about 6 nm disordered layered phase 
at the particle surface, while the rhombohedral structure remained 
intact in the core. This disordered phase on the particle surface 
enhanced rate capacity and cycling stability. Sun’s group [178] modi
fied the LiNi0.9Co0.05Mn0.05O2 cathode using the non-metallic element B 
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doping to alter its surface microstructure. B doping preferentially 
reduced the surface energy of the (003) plane, creating a highly textured 
microstructure. This alleviated internal strain during delithiation, 
enhanced Li migration, and reduced microcracks.

In LRLOs, Liu et al [179] employed Nb5+ surface doping on 
Li1.2Mn0.54Ni0.13Co0.13O2 to suppress TM migration and oxygen va
cancies. Nb5+ ions localized near the Li layers formed strong Nb-O 
bonds, which stabilized the layered structure, inhibited the transition 
from layered to spinel phases at the surface, and reduced surface oxygen 
evolution, thereby improving structural reversibility and discharge 
voltage stability. Building on this, Cheng et al [100] developed a 
dual-gradient surface doping strategy using Zn and Ti. Zn content 
decreased from the interface to the particle interior, while Ti content 
increased to stabilize at a constant level. Zn ions could incorporate into 
both the Li and TM layers, further enhancing surface stability.

From these studies, it is clear that both bulk doping and surface 
doping can achieve significant modifications, albeit with distinct fo
cuses. Bulk doping targets the overall structural stability and evolution, 
whereas surface doping concentrates on mitigating surface side re
actions and preventing microcrack formation. Each approach offers 
unique advantages, allowing for tailored optimization to meet the spe
cific requirements of different layered cathode materials.

4. From doping to high-entropy approaches

The doping strategy entails incorporating a small quantity of foreign 
elements (typically one or two) into the base material to modify its 
properties. The amount of doping elements is typically minimal, usually 
comprising only a few atomic percent [36,109,132,134,146,171]. In 
contrast, the high-entropy approaches are emerging material design 
strategies that incorporates multiple elements — typically five or more 
— into the material’s lattice, resulting in the formation of 
multi-component high-entropy materials or entropy-stabilized com
pounds [180–184].

The high-entropy concept was first demonstrated in high-entropy 
alloys. In 2004, Yeh et al [185] and Cantor et al [186] introduced a 
pioneering concept in their papers, describing a new class of alloys 
composed of several elements in almost equiatomic proportions. These 
alloys were subsequently found to exhibit enhanced mechanical prop
erties and finely tuned catalytic activity, highlighting their promising 
applications in engineering and catalysis [187,188]. In 2015, the 
high-entropy concept was first applied to multi-component oxides, such 
as the Cu0.2Co0.2Ni0.2Mg0.2Zn0.2O,[189] demonstrating the entropy 
stabilization effect in oxide compounds. Since then, the high-entropy 
concept has rapidly expanded to other materials [181,190,191]. 
Recently, high-entropy materials have garnered significant attention 
from researchers due to their potential in electrochemical energy storage 
[182,192–195].

4.1. Basic concepts of high-entropy materials

"High-entropy" is a term created to distinguish materials with com
plex compositions from those with simpler compositions. The so-called 
"high-entropy" refers to the mixing entropy of the system, including 
configurational, vibrational, electronic, and magnetic entropy among 
others [196,197]. Although all these factors contribute to the total 
mixing entropy, the complexity of chemical bonds, physical and me
chanical properties, and structure makes it difficult to quantify entropy 
values other than configurational entropy in ceramic systems [180]. 
Therefore, while acknowledging the importance of other entropy values, 
we categorize materials primarily based on configurational entropy: 
[198] materials are defined as high-entropy if their ΔSconfig exceeds the 
critical threshold value of high-entropy (1.5R), as "medium-entropy" if 
their ΔSconfig between 1R and 1.5R, and as "low-entropy" if their ΔSconfig 

is less than 1R. The specific formula for calculating configurational 

entropy is as follows:
For single-phase solid solutions with N elements uniformly distrib

uted, the system’s configurational entropy can be approximately 
expressed by the following equation: [197] 

ΔSconfig = − R
∑N

i=1
cilnci (1) 

where R represents the gas constant, N denotes the number of compo
nents, and ci signifies the mole fraction of component i. When the mole 
ratios of each element are equal, the configurational entropy of the 
system reaches its maximum value (Fig. 6a): [182] 

ΔSconfig = RlnN (2) 

In reality, the presence of multiple sublattice compositions in 
AxTMO2 systems complicates the calculation of configurational entropy. 
Therefore, their configurational entropy can be calculated using the 
following formula: [48,51,199,200] 

ΔSconfig = − R

[
∑L

a=1
xalnxaAM− site +

∑N

b=1
yblnybTM− site +

(

R
∑M

c=1
zclnzc

)

O− site

]

(3) 

where xa, yb, and zc are the mole fractions of the elements that occupy 
the AM layer, TM layer, and O layer, respectively. Meanwhile, L, N, and 
M are the number of cations present on AM sites, TM sites, and O sites, 
respectively.

In addition to the definition based on configurational entropy values, 
high-entropy materials can also be defined based on their composition. 
Materials are typically labeled as "high-entropy" if they consist of five or 
more main elements, each having an atomic percentage ranging from 
5% to 35% [190].

As the high-entropy strategy advanced, the family of high-entropy 
materials gradually expanded to ceramic system, including oxides, 
[196,201] borides,[202,203] oxyfluorides,[162] carbides,[204,205] 
nitrides,[206,207] and other materials,[183,208–213] experiencing 
sustained growth in popularity. Currently, high-entropy alloys and 
high-entropy ceramics with various structures have garnered significant 
attention in the field of electrochemical energy storage and conversion 
(Fig. 6c, d) [190].

Compared to conventional materials, multi-component disordered 
high-entropy materials typically exhibit distinct characteristics, which 
can be summarized into four main classes: entropy stabilization, slug
gish diffusion, lattice distortion, and the cocktail effect [180,210,215,
216].

Entropy stabilization effect: The concept of entropy stabilization 
was first introduced by Rost et al. in alloy systems [189]. They observed 
that the four-component material could not achieve a single-phase 
structure at the same transition temperature (T) of the five-component 
system. Additionally, when the component ratios deviated from equi
molar proportions, the single-phase transition temperature for 
five-component systems increased accordingly. Therefore, in Rost’s ex
periments,[189] the entropy stabilization effect was shown to reduce 
the synthesis temperature required for forming single-phase solid solu
tions, thereby promoting their formation. As illustrated by this work, 
[189] the conclusion regarding entropy-stabilized phases/structures 
requires extensive experimental data for validation, and it significantly 
differs from the structural stability observed in some high-entropy ma
terials, which will be discussed in detail in section 4.3.1.

Sluggish diffusion effect: In high-entropy alloys, the limited num
ber of vacancies restricts the cooperative diffusion of solute atoms to 
new phase nucleation sites [215]. The lower atomic diffusion efficiency 
results in a significantly slower phase transition rate for high-entropy 
alloys compared to traditional alloys [217]. Consequently, component 
segregation frequently occurs within high-entropy alloys, often resulting 
in precipitates on the sub-10-nanometer scale [218]. In HE-TMLOs, this 

Y. Ma et al.                                                                                                                                                                                                                                      Energy Storage Materials 79 (2025) 104295 

10 



segregation may occur near the material’s surface, forming a 
high-entropy region that inhibits interfacial side reactions and enhances 
structural stability.

Lattice distortion effect: Lattice distortion occurs due to variations 
in atomic sizes and bond energies between different elements [190]. The 
degree of this distortion is dependent upon the types of atoms occupying 
specific positions and their local environment [197]. Recent research 
has indicated that the complex elemental composition of HE-TMLOs can 
result in differences in local coordination environments. The variations 
may lead to the strengthening of individual TM-O bonds, resulting in a 
pinning effect that suppresses oxygen loss [47,219–221] Additionally, 
the local electronic environment could be adjusted, thereby influencing 
ion transport kinetics [222]. The enhancing process is probably associ
ated with lattice distortion, and the specific mechanisms will be 
explored in the subsequent sections.

Cocktail effect: The cocktail effect refers to the enhancement of 
overall performance resulting from the mixing of various elements 
[223]. This phenomenon commonly occurs as a consequence of the 

synergistic effect among multiple elements. Any changes in the type or 
concentration of elements can alter their subtle interactions, thereby 
indirectly impacting the microstructure [180]. Therefore, in the elec
trochemical applications of high-entropy materials, the performance can 
be tailored by optimizing the combination of elements and the stoi
chiometric ratios of the components.

4.2. High-entropy approaches in TMLOs

With the gradual development of the high-entropy concept, the 
creation of compositionally complex material systems has emerged as a 
new trend [48–50,181,184,191,193,195,201]. This development has 
also given rise to various other modification approaches, such as 
entropy-tuning and high-entropy (compositionally complex) doping 
[47,219–221,224,225]. Similar to traditional doping, high-entropy 
strategies involve the introduction of multiple elements into different 
lattice sites, modifying the intrinsic physical and chemical properties of 
the material. In layered oxides, doping typically occurs at the AM sites, 

Fig. 6. Thermodynamic analysis of high-entropy mixing considers both entropy (a) and enthalpy (b). Reproduced with permission [214]. Copyright 2022, American 
Association for the Advancement of Science. (c-d) The crystal structures of high-entropy materials used in energy-related fields: (c) high-entropy alloys (d) 
high-entropy ceramics. Reproduced with permission [190]. Copyright 2021, Royal Society of Chemistry.
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TM sites, and O sites. However, in most reported high-entropy layered 
oxides, the incorporated elements predominantly occupy the TM sub
lattice, where the high-entropy effect plays a critical role in stabilizing 
the layered framework and regulating electrochemical properties. 
Future studies may explore the feasibility of extending high-entropy 
strategies to AM and O sites, which could introduce additional degrees 
of tunability in material design. While many published studies present 
high-entropy approaches as an extension of conventional multi-element 
doping, it is important to emphasize that as the number of incorporated 
elements increases, the interactions among them become more complex 
and pronounced. Additionally, the rise in elemental diversity leads to a 
corresponding increase in configurational entropy (degree of disorder) 
within the material system. Therefore, while acknowledging the simi
larities between high-entropy strategies and conventional multi-element 
doping, it remains reasonable to explore high-entropy approaches as a 
distinct and novel modification method.

To prevent potential confusion surrounding the high-entropy 
concept, this article categorizes high-entropy strategies into three 
main types (see Section 4.3.3 for additional types, such as entropy- 
extension coatings) and explores their similarities and differences 
(Fig. 7):

High-Entropy Structure: A high-entropy structure refers to a ma
terial system where the configurational entropy is greater than or equal 
to the high-entropy threshold (1.5R). In such materials, five or more 
elements can coexist at equal or near-equal molar ratios (or with 
element concentrations between 5% and 35%), sharing the same lattice 
site and forming a unique high-entropy configuration [41,46,226–228]. 
This configuration typically exhibits enhanced structural stability 
compared to simpler compositional systems [41,46,227]. Moreover, the 
coexistence of multiple elements creates a relatively disordered atomic 
arrangement, which significantly influences ion diffusion kinetics [229]. 
It is worth noting that the high-entropy concept is still in its early 
exploratory stage, with most current studies on high-entropy structures 
focusing on the TM sites. In the future, the development of multi-site 
high-entropy structures will become a new focal point in the design of 
high-entropy materials.

High-Entropy Doping: Unlike traditional multi-element doping, 
high-entropy doping adheres to strict standards regarding both the va
riety of elements introduced and their stoichiometric ratios. In terms of 

element variety, high-entropy doping typically involves the introduction 
of four or more foreign elements into a base model [47,221,224,225,
230,231]. Generally, these elements share the same lattice site; how
ever, in some cases, certain ions may escape and migrate to other sites 
during synthesis [221]. The number of elements introduced in tradi
tional multi-element doping is usually fewer (up to three),[66,70,168,
175] and the doping sites are more flexible,[35] including single-site 
doping [116] and doping across multiple sites [119]. Regarding stoi
chiometric ratios, high-entropy doping involves elements that are pre
sent in limited concentrations (each ≤ 5%) but maintain equal or 
near-equal molar ratios, ensuring a relatively uniform distribution of 
element concentrations [219,225,232]. In contrast, traditional 
multi-element doping does not impose strict requirements on the con
centrations of the added elements, and in some cases, individual ele
ments may be present at relatively high levels [131,233].

The differences in the number of elements and their concentration 
result in distinct focuses for these two modification strategies in regu
lating the electrochemical performance of batteries. Multi-element 
doping tends to focus on selecting and optimizing the concentration of 
each element based on its specific contributions to material properties. 
In contrast, high-entropy doping places greater emphasis on the choice 
of element types [47,219,221]. This approach aims to optimize the 
combination of elements and fine-tune their interactions, ultimately 
enhancing the overall performance of the material.

Entropy-Tuning: Entropy-tuning, similar to high-entropy struc
tures, aims to enhance the disorder and configurational entropy of a 
material system, focusing on achieving a higher degree of disorder [44,
52,150,234]. This approach typically involves a dominant element 
constituting over 50% of the composition, which influences the 
configurational entropy values to generally fall within the range of 1R to 
1.5R [44,52,235]. By precisely adjusting element concentrations, en
tropy tuning seeks to optimize this configurational entropy. While ma
terials modified through this method can show significant increases in 
disorder, the predominance of the main element prevents them from 
reaching the high-entropy threshold [236–238]. Nevertheless, 
entropy-tuning strategies are valuable for improving cycling stability 
and other performance aspects in battery materials [49,238].

As discussed above, these high-entropy approaches indeed have 
some fundamental differences. However, they all demonstrate 

Fig. 7. Main classifications of high-entropy approaches.
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significant potential in enhancing the electrochemical performance of 
materials. To better understand the underlying mechanisms of these 
modification strategies and to further establish the relationship between 
configurational entropy and enhanced material properties, this paper 
summarizes several distinct effects of high-entropy approaches observed 
in TMLOs: structural stabilization, high disorder characteristics, 
entropy-enhanced local regulation effect, the cocktail effect — synergy 
of multi-elements, and entropy extension effect. Detailed discussions can 
be found in Section 4.3.

4.3. The distinct effects of high-entropy approaches

HE-TMLOs, entropy-tuned and high-entropy doped cathodes often 
exhibit improved structural stability and ion diffusion kinetics compared 
to traditional materials, resulting in enhanced cycling stability and rate 
performance. Additionally, these materials typically exhibit higher dis
order, a more complex local environment, and more effective elemental 
synergy than conventionally doped materials. These inherent charac
teristics are closely tied to their performance improvements.

In light of this, the following sections will systematically summarize 
the five distinct properties of TMLOs optimized through high-entropy 
approaches, including structure stabilization, high disorder character
istics, cocktail effect — synergy of multi-elements, entropy extension 
and local regulation effect (Fig. 8). Furthermore, relevant case studies 
will be explored to delve into how these properties influence the elec
trochemical performance of these materials.

4.3.1. Structure stabilization
In high-entropy materials, the interactions between elements often 

result in enhanced comprehensive properties, such as structural/phase 
stability. Most studies attribute these phenomena to the entropy stabi
lization effect. However, it is important to note that entropy stabilization 
only occurs under specific conditions and requires substantial experi
mental data to support its validity.

The equation (4) (Gibbs-Helmholtz equation) represents the change 

in Gibbs free energy due to the mixing in a high-entropy system [184,
192,239–242]. 

ΔGmix = ΔHmix − TΔSmix (4) 

where ΔGmixis the change of Gibbs free energy, ΔHmix is the change of 
enthalpy, ΔSmix is the change of entropy, and T is the temperature. The 
Gibbs-Helmholtz equation demonstrates a competition between the −
TΔSmix term and the ΔHmix term (Fig. 6a, b). The formation of a single- 
phase solid solution will be promoted when the usually negative term −
TΔSmix, driven by ΔSmix, overcompensates for the usually positive 
ΔHmix, resulting in a more negative ΔGmix. However, it is important to 
note that various factors, such as defects, can influence phase stability. 
Entropy stabilization only occurs when entropy plays a crucial role in 
the thermodynamic landscape and governs the structure and phase 
behavior [180]. Currently, the phenomenon of neat entropy stabiliza
tion has been confirmed exclusively for individual materials [189].

In layered oxide materials, phase transition behavior is driven by a 
combination of factors. During the charge and discharge processes, 
changes in electronic structure and chemical environment, along with 
lattice distortions occurring during the insertion and extraction of alkali 
metal ions, contribute to the instability of the original phase, thereby 
altering the material’s phase transition characteristic [2,54]. As dis
cussed in the previous sections, traditional element doping typically 
involves adding extra alkali metal ions (e.g., Li⁺, Na⁺, K⁺) to the AM layer 
to stabilize the host structure,[154–158] while elements like Mg2+,[90] 
Zn2+,[150] and Ca2+ [151] may also be selected as dopants to create a 
unique pillar effect that ensures the integrity of the interlayer structure 
during cycling. Additionally, in the TM layer, some electrochemically 
inert elements (e.g., Ti4+,[128] Sn4+ [116]), which do not participate in 
redox reactions, are often used to stabilize the material’s structure. The 
high-entropy strategy builds on these traditional doping approaches 
while introducing additional structural stabilization through the for
mation of high-entropy configurations [180]. This approach shows sig
nificant potential in alleviating lattice strain during ion insertion and 
extraction and in suppressing the occurrence of irreversible phase 

Fig. 8. The distinct effects of high-entropy approaches in TMLOs.
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transitions [193,243]. Although it cannot be conclusively stated that 
these high-entropy materials are entropy-stabilized, their beneficial ef
fects on structural stability are evident, even if the underlying mecha
nisms remain elusive [180]. These effects significantly improve the 
cycling stability of high-entropy materials by enhancing the reversibility 
of redox reactions [190]. For instance, Zhao et al [46] utilized a 
high-entropy strategy to design an O3-type cathode material, 
NaNi0.12Cu0.12Mg0.12Fe0.15Co0.15Mn0.1Ti0.1Sn0.1Sb0.04O2, which unique 
high-entropy configuration modifies the material’s phase characteristics 
endowing it with excellent long-term cycling stability, maintaining 83% 
of its capacity retention after 500 cycles.

From a microscopic perspective, the interactions between multiple 
atoms or ions - including Coulombic attractions/repulsions,[244] elec
trostatic forces,[245] and van der Waals forces [246] - can, to some 
extent, drive the phase transition behavior of materials. In practical 
material design, these interactions can be altered by adjusting the 
combinations of elements to regulate phase transitions and enhance 
structural stability [131,247]. This conclusion has been corroborated by 
various studies utilizing traditional element doping methods. For 
example, Guo et al [248] successfully adjusted the interactions between 
transition metals and oxygen through a Cu/Ti co-doping strategy, 
resulting in the synthesized NaNi0.45Cu0.05Mn0.4Ti0.1O2 effectively 
suppressing charge ordering and complex phase transitions during 
cycling, while improving air stability. In contrast, under high-entropy 
conditions, the presence of various transition metals complicates these 
interactions, which may balance or synergize with one another, signif
icantly affecting the interlayer structural characteristics of layered ox
ides (including interlayer spacing and structural stability) and 
subsequently altering the material’s phase transition properties.

In addition to the diverse elemental composition and subtle micro- 
level interactions between atoms or ions, the stoichiometry of ele
ments plays a crucial role in determining the structural stability of 
materials [190,199]. In high-entropy materials, five or more elements 
are typically present in equimolar or near-equimolar ratios, a feature not 
commonly observed in traditional elemental doping [243]. For instance, 
some electrochemically inert elements, such as Mg²⁺, can reach equal or 
near-equimolar concentrations (theoretically up to 0.2 for 
five-component high-entropy materials) [183,209]. This not only 
significantly enhances the stability of materials, but also prevents the 
phase separation issues typically seen in traditional doping when the 
concentration of inert elements exceeds 0.1 [249]. The precise control of 
stoichiometry is therefore essential for maintaining the structural 
integrity and electrochemical performance of high-entropy materials, 
offering a distinct advantage over conventional materials [199].

4.3.2. High disorder characteristics
In layered oxides, disorder is closely associated with various chem

ical interactions, such as size effects [233] and electrostatic interactions. 
As a critical material design parameter, the disorder can be modulated 
by manipulating chemical parameters to improve material properties 
[250]. In high-entropy oxides, the introduction of multiple transition 
metals further increases the configurational entropy of the system, often 
leading to a more disordered internal environment. This disorder 
significantly impacts both the micro- and macro-level properties of the 
materials, thereby enhancing their electrochemical performance.

During electrochemical cycling, the extraction of sodium ions results 
in the formation of vacancies and the oxidation of TMs. Both of these 
processes thermodynamically drive the in-plane rearrangement of the 
remaining sodium ions and vacancies, leading to a local transition from 
order to disorder (Na⁺/vacancy ordering-disordering) and even trig
gering irreversible phase transitions [251]. Studies have shown that a 
high-entropy strategy can effectively suppress Na⁺/vacancy ordering, 
thereby mitigating these transitions. For example, Ding et al [41] 
designed an O3-type high-entropy layered oxide, NaNi0.25Mg0.05Cu0.1

Fe0.2Mn0.2Ti0.1Sn0.1O2 (HEO424). The high-entropy configuration of 
HEO424 effectively reduced Na⁺/vacancy ordering, and fewer phase 

transitions (including the Na⁺/vacancies order-disorder transition), 
were detected in this material. These characteristics endowed HEO424 
with excellent long-term cycling stability, achieving a capacity retention 
of 75% after 500 cycles.

Research has shown that the atomic arrangement in the TM layer is 
affected by the type and number of elements present [233,252]. A more 
disordered arrangement of TMs can suppress Na+/vacancy ordering, 
thereby optimizing ion diffusion. For instance, Wang et al [233] intro
duced Cr3+ and Ti4+ into NaxTMO2, successfully inhibiting 
Na+/vacancy ordering. The improved sodium-ion diffusion kinetics 
resulted in the designed P2-type cathode material, Na0.6[Cr0.6Ti0.4]O2, 
exhibiting excellent rate performance. In HE-TMLO, the introduction of 
multiple TM elements leads to a more disordered atomic arrangement in 
the TM layers, which further preventing Na+/vacancy ordering. Wang et 
al [237] designed a P2-type entropy-turned cathode with a complex 
atomic arrangement, Na0.65Mn0.65Cu0.2Li0.06Mg0.015Ti0.015Al0.015Zr0.015 
Y0.015La0.015O2 (Mn-Cu-HEO). Benefiting from the reduced Na+/ 
vacancy ordering during desodiation/sodiation processes, Mn-Cu-HEO 
exhibits excellent cyclic stability, with 87.2% capacity retention after 
500 cycles.

4.3.3. Entropy extension effect
During the surface doping/coating modification process of layered 

oxides, certain dopants (elements) have a tendency to undergo self- 
segregation, which may be attributed to their solubility and the high 
temperature heating involved in the synthetic processes. This results in 
the enrichment of the material’s surface or coating layer [253–259]. The 
rise in the quantity of elements (compositionally disorder) results in an 
escalation of the entropy value within this specific area, which is 
referred to as the entropy extension effect. Such effect can alter the 
interfacial properties of electrode materials, significantly suppressing 
side reactions like oxygen evolution.

For instance, Tan et al [253] utilized the entropy extension effect to 
construct a high-entropy region with a disordered rock salt structure on 
the near-surface of LiCoO2 (LCO) particles. This complex surface effec
tively mitigated oxygen evolution and Co ion dissolution, preventing 
cathode electrolyte interface formation and near-surface structure 
degradation. As a result, the modified LCO achieved a capacity retention 
of 86.3% after 800 cycles within the voltage range of 2.8 to 4.6 V, and 
when the lower voltage limit was adjusted to 3.0 V, the capacity 
retention was 72.0% even after 2000 cycles.

This entropy extension effect also occurs during the surface modifi
cation of cathode materials, leading to the formation of localized high- 
entropy regions in specific areas (such as the material’s outer surface 
coating). Amine and colleagues [254] applied a mixture of Nb12WO3 
and ZrO2 nanoparticles onto the surface of LiNi0.9Co0.05Mn0.05O2 
(NCM90) cathode material. They observed that some transition metal 
elements (Ni, Co, Mn) from NCM90 migrated to the surface layer and 
reacted with the nanoparticle mixture during heating, resulting in the 
formation of a new phase aligned along the original particle’s layered 
direction. This epitaxial high-entropy coating significantly mitigated 
lattice dislocations/strain and oxygen release issues in NCM90. 
Compared to the unmodified NCM90, the material with the epitaxial 
high-entropy coating retained 96% of its capacity after 200 cycles at a 
1C rate.

It is important to clarify that the entropy extension effect, while 
being a high-entropy approach, is not part of the mainstream high- 
entropy strategies discussed in Section 4.2, such as high-entropy struc
ture, high-entropy doping, and entropy-tuning. Instead, it represents a 
distinct surface modification method where partial element segregation 
leads to the formation of high-entropy regions at the material’s surface 
[253,255–259]. While this approach shares some common traits with 
high-entropy strategies—such as the incorporation of multiple elements 
and an increase in configurational entropy—it does not rely on 
site-specific doping within the material’s bulk phase. Given the vari
ability in elemental composition and doping sites in the spontaneously 
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formed coating, it is not appropriate to categorize this as a typical 
high-entropy doping strategy. However, it is undeniable that, as the 
number of elements increases, the resulting compositionally disordered 
phase plays a significant role in suppressing surface side reactions and 
enhancing electrochemical performance. Therefore, despite its differ
ences from the primary high-entropy strategies outlined in Section 4.2, 
the entropy extension effect remains an important phenomenon in 
optimizing the electrochemical properties of layered oxides and is 
included in the discussion due to its significant impact on performance 
improvement.

This intriguing self-segregation behavior has actually been observed 
in high-entropy alloys, where the introduction of multiple elements can 
cause lattice distortion, leading to irregular fluctuations in lattice po
tential energy [215,260]. Vacancies in low potential energy act as po
tential wells, making it easier for atoms to diffuse into these positions. 
Consequently, the probability of atoms in low potential energy positions 
jumping out is significantly lower than that of atoms in high potential 
energy positions, hindering the diffusion process and reducing the 
diffusion rate [215]. Moreover, the range of potential energy fluctua
tions is proportional to the number of potential wells; larger fluctuations 
create more potential wells, resulting in higher energy barriers and 
activation energies. A similar vacancy filling diffusion mechanism oc
curs in high-entropy oxides, where slow diffusion kinetics within the 
material significantly reduce the rates of atomic diffusion and phase 
transitions,[199] potentially leading to element enrichment in specific 
areas and promoting the formation of localized high entropy.

4.3.4. Cocktail effect — Synergy of multi-elements
The synergistic effects of multiple elements, arising from their subtle 

interactions during mixing, are one of the key factors contributing to the 
overall performance enhancement of HE-TMLO [180,190]. These in
teractions are influenced by the types of elements introduced and their 
concentration, leading to changes in material properties. This charac
teristic endows HE-TMLOs with highly tunable properties, allowing for 
the customization of material performance based on the desired func
tional characteristics during the design process.

Drawing from the design experience of traditional layered oxides, 
electrochemically active elements (such as Ni, Fe, and Co) in the TM 
layer can serve as redox centers to contribute to capacity, while elec
trochemically inert elements (such as Zn, Ti, and Sn) can act as inter
layer sliding inhibitors to stabilize the host structure. Additionally, the 
introduction of F at oxygen sites aids in charge compensation and helps 
maintain structural integrity. For example, Wang et al [200] meticu
lously selected elements to design a six-component O3-type layered 
oxide cathode material, NaNi0.2Fe0.2Mn0.35Cu0.05Zn0.1Sn0.1O2. In this 
material, Ni, Fe, and Cu act as charge compensators, while the other 
elements serve as interlayer slipping inhibitors, effectively suppressing 
irreversible phase transitions and structural degradation. Benefiting 
from the synergistic effects of multiple elements, this material exhibits 
enhanced electrochemical performance, maintaining a reversible spe
cific capacity of 128 mAh•g⁻¹ at a current density of 0.1C and achieving 
87% capacity retention after 500 cycles at a current density of 3C.

It is worth noting that this effect, as a positive outcome of elemental 
mixing, can sometimes be observed in traditionally doped materials. 
However, in high-entropy materials, where at least five major elements 
are used to enhance material properties, the synergistic interactions 
induced by the "cocktail effect" are much more pronounced and complex 
[48,215]. As such, the cocktail effect-driven synergy has been regarded 
as one of the most distinctive features of high-entropy materials. 
Furthermore, the cocktail effect can occasionally deviate from simple 
mixing rules, providing a framework to explain the factors and mecha
nisms responsible for these deviations [215]. This also accounts for the 
unexpected performance characteristics often observed in high-entropy 
materials following the mixing of multiple elements, thereby offering 
potential application value [180,190,214].

4.3.5. Entropy-enhanced local regulation effect
The local environment of electrode materials is a critical factor in 

determining their electrochemical performance and structural stability. 
Unlike conventional materials with single or limited components, high- 
entropy materials, which typically consist of five or more elements, form 
a highly mixed, multicomponent structure where these elements are 
uniformly distributed in the lattice. This creates a more complex and 
diverse local environment compared to traditional single or binary 
electrode materials [180]. Such a varied local environment exhibits 
strong regulatory characteristics, playing a crucial role in tailoring the 
electronic structure and coordination environment of the material, 
thereby significantly influencing the properties of layered oxides.

In practical design, adjusting the elemental composition can modify 
the electronic local environment of high-entropy oxides, thereby 
altering the density of states (DOS) and the distribution of electrons near 
the Fermi level [222]. This adjustment can facilitate Na+ diffusion and 
improve the rate performance of batteries. Wang et al [222] employed 
this strategy to design an O3-type layered oxide, Na0.9Ni0.2Fe0.2

Co0.2Mn0.2Ti0.15Cu0.05O2 (NaNFCMTC-1). The study showed that the 
high-entropy strategy effectively regulated the local electronic structure 
of the TM layers in NaNFCMTC-1, enhancing the TMO2 framework and 
expanding the sodium ion diffusion channels. This leads to increased 
reversibility of TM redox reactions, a smoother transition from O3 to P3 
phase, and a lower energy barrier for Na+ migration.

Moreover, studies have shown that entropy-tuned oxides exhibit a 
stable local coordination environment, which significantly aids in 
maintaining the structural integrity and fixing oxygen during ion 
intercalation and deintercalation [47,180,219,220,261,262]. For 
instance, Xin and colleagues employed high-entropy doping to modify 
NMC811 and NMC532, designing cobalt-free cathode materials, 
LiNi0.8Mn0.13Ti0.02Mg0.02Nb0.01Mo0.02O2 [47] and LiNi0.5Mn0.43

Ti0.02Mg0.02Nb0.01Mo0.02O2 [220]. The results from various character
izations indicated that these materials maintain a stable local 
coordination environment throughout the cycling process, effectively 
mitigating the structural degradation and oxygen loss commonly 
observed in traditional Ni-rich cathode materials. Additionally, they 
exhibit enhanced thermal stability and smaller volume changes.

5. Applications of high-entropy approaches in AxTMO2

The following sections will delve into how high-entropy approaches 
applied across different battery chemistries, including Li-ion, Na-ion, 
and K-ion batteries, offer new perspectives for battery design and 
innovation.

5.1. Applications of high-entropy approaches in LixTMO2

In the early exploration of high-entropy lithium-containing cathodes, 
researchers focused on nearly equimolar high-entropy transition metal 
layered oxides (HE-TMLOs) (see Table 2). In 2020, Breitung’s group 
[263] synthesized a series of equimolar single-phase HE-TMLOs using 
aerosol spray pyrolysis and high-temperature annealing. Advanced 
characterization techniques, including XRD, TEM, XPS, ICP-OES, and 
Mössbauer spectroscopy, confirmed the formation of uniform 
single-phase layered solid-solution structures capable of lithium storage, 
even under certain degrees of Li/TM mixing. This work highlighted the 
relevance of Hume-Rothery’s second rule for solid-solution formation, 
which specifies that ionic radii differences should not exceed 15%, and 
elements should have similar crystal structures, valence electrons, and 
electronegativity [263]. However, as research progressed, it became 
evident that equimolar HE-TMLOs exhibit suboptimal performance in 
terms of discharge capacity, cycling stability, and production costs 
compared to commercial cathodes. For example, Chen et al [264] re
ported that LiNi0.2Co0.2Mn0.2Fe0.2Al0.2O2, initially studied by Breitung’s 
group,[263] showed rapid capacity decay due to the formation of a 
spinel M3O4 phase on the surface, caused by the migration of TM ions. 
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To address this, Chen et al [265] partially substituted O2- with F-, 
creating Li1.2Ni0.15Co0.15Fe0.15Al0.1Mn0.25O1.7F0.3, which achieved a 
discharge capacity of 85.4 mAh g-1 with a retention rate of 71.5% after 
100 cycles. While this was a marked improvement, these materials still 
lagged behind commercialized cathodes in terms of practicality.

Recognizing these limitations, the focus in LIB research shifted to
ward NRLOs and LRLOs, which are more promising for achieving high 
energy density. These materials require high concentrations of Ni and Li, 
making near-equimolar strategies impractical. To achieve this compo
sitional enrichment, researchers have increasingly turned to high- 
entropy doping and entropy-induced modifications.

High-entropy doping and entropy tuning have emerged as effective 
strategies to balance high capacity and stability while reducing or 
eliminating cobalt usage [47,220,221,232]. Although these approaches 
do not meet the strict high-entropy threshold of 1.5R, the intricate in
teractions among elements during the mixing process significantly in
fluence material properties. These interactions enhance performance 
and structural stability, demonstrating the potential of 
entropy-informed approaches to optimize cathode materials for future 
LIBs. Table 3 summarizes recent advancements in these strategies.

To enhance the cycling and thermal stability of NRLOs while reducing 
cobalt dependence, Xin’s team [220] employed high-entropy doping 
strategy to modify the commercial NMC-532, resulting in the successful 
synthesis of cobalt-free, entropy-tuned cathode, LiNi0.5Mn0.43Ti0.02 
Mg0.02Nb0.01Mo0.02O2 (HE-N50). Fourier-transformed extended X-ray 
absorption fine structures (FT-EXAFS) analysis was conducted to 
compare the lattice parameter changes of HE-N50 and NMC-532 before 
and after long-term cycling. The results revealed that while NMC-532 
experiences significant changes in TM-O and TM-TM coordination 
numbers and distances, HE-N50, benefiting from its stable local coordi
nation environment, maintains consistent interatomic peaks with mini
mal lattice parameter changes. This highlights the crucial role of the local 
coordination environment in suppressing lattice distortions and 
enhancing cycling stability. HE-N50 also demonstrated high specific 
energy (Fig. 9a, b) and excellent cycling stability (Fig. 9c), retaining 95% 
of its capacity after 1000 cycles at 1C in the 2.8-4.3 V voltage range in 
pouch-type cells [220]. Additionally, through a high-entropy doping 

strategy, Xin’s team [47] designed LiNi0.8Mn0.13Ti0.02Mg0.02Nb0.01

Mo0.02O2 (HE-LNMO), which also shows promising performance. The 
XANES (Fig. 9d, f) and FT-EXAFS (Fig. 9e) analyses of HE-LNMO and 
LiNi0.8Mn0.1Co0.1O2 (NMC-811) revealed that the highly stable local 
coordination environment is in HE-LNMO is attributed to the combined 
"pinning effect" of high-valence Ti, Nb, and Mo. This effect localizes ox
ygen vacancies around these dopants, thereby reducing oxygen loss 
around the Ni redox centers. In this material, Ni and Mn had similar 
TM-O bond lengths while Ti, Nb and Mo had significantly shorter TM-O 
bonds resulting from stronger electrostatic interactions. Minimal changes 
in dopant-oxygen bonds after cycling confirmed that oxygen vacancies or 
defects were effectively "trapped" around the dopants, preventing crack 
formation through vacancy aggregation. This pinning effect inhibits lat
tice deformation (such as dislocation nucleation and slip) and the for
mation of nano/microcracks, resulting in improved capacity retention in 
HE-LNMO. After 100 cycles at 2.5 - 4.4 V (vs. Li/Li+), the capacity 
retention rate was 98.5%, and after 50 cycles at 2.5 - 4.5 V (vs. Li/Li+), it 
was 98%. In contrast, NMC-811 showed capacity retention rates of only 
87.1% and 85.8% under the same conditions. The volume strain during 
operation dropped to 0.3%, well below the critical zero-strain threshold 
(1%) [47]. This significant reduction in lattice strain contributed to an 
ultra-stable lattice structure capable of resisting chemical-mechanical 
cracking and lattice defects during prolonged cycling. Additionally, the 
cooperative pinning effect of multiple dopants significantly reduced ox
ygen loss and the detrimental rock-salt phase conversion, leading to 
enhanced structural stability under harsh cycling and thermal conditions. 
Specifically, HE-LNMO exhibited superior thermal stability (Fig. 9g, h), 
retaining 96.6% of its capacity after 50 cycles at 50◦C, compared to 
90.3% for the commercial NMC-811 [47].

Transitioning from NRLOs to LRLOs, researchers have increasingly 
explored high-entropy strategies to tackle challenges such as capacity 
degradation and voltage fade during cycling. In this context, Song et al 
[219] employed a high-entropy approach to synthesize a Li-rich 
Li1.0Li0.15Mn0.50Ni0.15Co0.10Fe0.025Cu0.025Al0.025Mg0.025O2 (E-LRM), 
where the octahedral TM sites are occupied by eight elements. Co3+, 
Ni2+, Fe3+, and Cu2+ serve as electrochemically active centers for charge 
compensation, while Li+, Mg2+, and Al3+ form "Li-O-Li", "Li-O-Mg", and 

Table 2 
Summary of exploration of HE-TMLOs in layered cathodes for LIBs.

Cathode Voltage range [V] Initial capacity [mAh g-1] Entropy value Ref

Li(NiCoMnAlZn)1O2 3-4.5 60 1.61R [263]
Li(NiCoMnAlFe)1O2 3-4.5 45 1.61R [263]
LiNa(NiCoMnAlFe)1O2 3-4.5 100 1.75R [263]
LiNi0.47Co0.2Mn0.18Mg0.04Al0.04Cr0.02Ti0.02V0.015Cu0.015O2 / / 1.53R [263]
LiNi0.46Co0.2Mn0.2Mg0.04Al0.04Cr0.015Ti0.015Zr0.015Cu0.015O2 / / 1.51R [263]
LiNi0.2Mn0.2Co0.2Fe0.2Ti0.2O2 2.6− 4.4 160 1.61R [266]
LiNi0.2Co0.2Mn0.2Fe0.2Al0.2O2 2.8− 4.5 70 1.61R [264]
Li1.2Ni0.15Co0.15Al0.1Fe0.15Mn0.25O1.7F0.3 2.8− 4.5 85.4 1.98R [265]

Table 3 
Summary of high-entropy doped and entropy-tuned layered cathodes for LIBs.

Cathode Voltage range 
[V]

Initial 
capacity 
[mAh g-1]

Cycle retention Rate performance [mAh 
g-1]

Entropy 
value

Ref

LiNi0.5Mn0.43Ti0.02Mg0.02Nb0.01Mo0.02O2 2.7-4.5 185 ~95% after 100 cycles/ 
1/3C

~50 /5C 0.99R [220]

LiNi0.8Mn0.13Ti0.02Mg0.02Nb0.01Mo0.02O2 2.5-4.3 210.1 85% after 1000 cycles/ 
1/3C

/ 0.73R [47]

LiNi0.88Mn0.03Mg0.02Fe0.02Ti0.02Mo0.02Nb0.01O2 2.8-4.5 ~200 89.5% after 300 cycles/ 
1C

~150 /20C 0.57R [221]

LiNi0.8Mn0.12Al0.02Ti0.02Cr0.02Fe0.02O2 2.5-4.5 203.2 80.06% after 300 
cycles/ 0.5C

~140 /5C 0.75R [232]

LiNi0.9Mn0.05Zr0.01Nb0.01Ti0.01Al0.01Mg0.01O2 2.7-4.3V 206.35 76% after 100 cycles/ 
1C

~110/5C 0.47 [267]

Li1.0(Li0.15Mn0.50Ni0.15Co0.10Fe0.025Cu0.025Al0.025Mg0.025) 
O2

2.1-4.8V ~260 93% after 100 cycles/ 
0.1C

~190 /2C / [219]
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"Li-O-Al" configurations, regulating the charge compensation behavior 
of anionic oxygen and stabilizing the crystal structure. XANES spectra 
revealed that the TM electronic structure of E-LRM remained stable 
throughout cycling, with minimal changes between the first and the 
100th discharge. When comparing the FT-EXAFS spectra, E-LRM showed 
milder changes in Mn, Co, and Ni coordination compared to the 

significant variations observed in traditional Li-rich materials 
(Li1.20Mn0.54Ni0.13Co0.13O2, T-LRM). First-principles calculations indi
cated that E-LRM’s diverse combination of TMO6 octahedra and local 
structural diversity contributed to better adaptability to structural 
changes, reducing capacity loss and voltage fade. Under a current den
sity of 0.1 C, E-LRM delivered a capacity of around 260 mAh g− 1 after 

Fig. 9. (a-c) Comparison of the electrochemical performance of HE-N50 and NMC-532: [220]. (a) Second charge and discharge profiles at 0.1C rate. (b) Specific 
energy (based on cathode) in half cells. (c) Long-term cycling performance in single-layer pouch cells. Reproduced with permission [220]. Copyright 2023, Springer 
Nature. (d-f) The local coordinate environment stability of HE-LNMO: (d) Ni-K edge XANES spectrum of pristine and cycled HE-LNMO and NMC-811. (e) FT-EXAFS of 
pristine and cycled HE-LNMO and NMC-811. (f) XANES of Mn-K, Ti-K, Nb-K and Mo-K edges of HE-LNMO after different cycles. (g-h) Comparison of the thermal 
stability of HE-LNMO with other nickel-rich materials: (g) DSC profile of delithiated LiNiO2 (LNO), NMC-811, NMC-622, HE-LNMO and NMC-532. (h) TGA–MS of 
LiNiO2 (LNO), NMC-811 and HE-LNMO. Reproduced with permission [47]. Copyright 2022, Springer Nature.
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100 cycles, with a capacity retention of about 93%, while T-LRM shows 
a rapid capacity drop to around 150 mAh g− 1, retaining only 51% of its 
initial capacity. Within a voltage range of 2.1-4.6 V and at a current 
density of 1C, E-LRM maintains 96.2% voltage retention after 200 cy
cles, with a voltage fade of only 160 mV. The per-cycle voltage fade is 
less than 0.02%, approximately 0.8 mV per cycle, much lower than the 
442 mV observed in T-LRM.

Taken as a whole, the exploration of high-entropy strategies in 

layered oxide cathodes for LIBs has undergone a clear transition—from 
the initial focus on nearly equimolar HE-TMLOs to more practical and 
performance-driven approaches. Although equimolar HE-TMLOs 
demonstrated the feasibility of stabilizing multi-component solid-solu
tion structures, their limited discharge capacity, poor long-term cycling 
stability, and high synthesis cost have significantly restricted their 
commercial relevance. In contrast, NRLOs and LRLOs, known for their 
high energy densities, represent more promising candidates for practical 

Table 4 
Summary of layered cathodes with high-entropy configuration or entropy-tuned in SIBs.

Initial 
phase

Cathode Voltage 
range [V]

Initial capacity 
[mAh g-1]

Cycle retention Rate performance 
[mAh g-1]

Entropy 
value

Ref

O3 NaNi0.3Cu0.1Fe0.2Mn0.3Ti0.1O2 2.0-4.0 141.5 85% after 500 
cycles/ 1C

120/ 5C 1.50R [261]

O3 NaMn0.2Fe0.2Co0.2Ni0.2Ti0.2O2 1.5-4.2 180 97% after 100 
cycles/ 0.1C

173/ 5C 1.61R [268]

O3 NaCu0.1Ni0.3Fe0.2Mn0.2Ti0.2O2 2.0-3.9 130 87% after 100 
cycles/ 0.1C

85/ 5C 1.56R [269]

O3 NaFe0.2Cu0.1Ni0.2Mn0.3Ti0.2O2 2.0-4.1 121 83.8% after 200 
cycles/ 2C

70.2/ 5C 1.56R [270]

O3 Na2/3Li1/6Fe1/6Co1/6Ni1/6Mn1/3O2 2.0-4.5 171.2 89.3% after 90 
cycles/ 1C

78/ 10C 1.56R [227]

O3 NaLi0.1Ni0.3Fe0.1Mn0.25Ti0.25O2 2.0-4.0 123 77% after 400 
cycles/ 2C

78/ 5C 1.51R [271]

O3 Na0.8Ni0.2Fe0.2Co0.2Mn0.2Ti0.2O2 2.0-4.0 107 90% after 100 
cycles/ 0.05C

94.1/ 5C 1.61R [226]

O3 NaFe0.2Co0.2Ni0.2Ti0.2Sn0.1Li0.1O2 2.0-4.2 130.6 72% after 100 
cycles/ 0.1C

80.8/ 2C 1.75R [272]

O3 NaMg0.08Cu0.12Ni0.2Fe0.2Mn0.2Ti0.2O2 2-4.3 131 84% after 200 
cycles/ 1C

110.3/ 5C 1.74R [273]

O3 NaNi0.2Fe0.2Mn0.35Cu0.05Zn0.1Sn0.1O2 0.5-4.0 128 87% after 500 
cycles/ 3C

64.3/ 2C 1.62R [200]

O3 Na0.94Ni0.29Cu0.1Fe0.16Mn0.3Ti0.15O2 2.0-4.0 122 79% after 300 
cycles/ 0.5C

68/ 4C 1.53R [274]

O3 Na0.9Ni0.2Fe0.2Co0.2Mn0.2Ti0.15Cu0.05O2 2.2-4.1 117.8 79.4% after 
2000 cycles/ 5C

98.6/ 10C 1.72R [222]

O3 NaNi0.25Mg0.05Cu0.1Fe0.2Mn0.2Ti0.1Sn0.1O2 2.0-4.0 130.8 75% after 500 
cycles/ 1C

108/ 5C 1.83R [41]

O3 Na0.83Li0.1Ni0.25Co0.2Mn0.15Ti0.15Sn0.15O2-δ 2.0-4.2 109.4 87.2% after 200 
cycles/ 2C

83.3/ 10C 1.75R [228]

O3 Na0.95Li0.07Cu0.11Ni0.11Fe0.3Mn0.41O1.97F0.03 1.5-4.0 138.6 73.1% after 302 
cycles/ 1C

109/ 10C 1.48R [236]

O3 NaNi0.1Mn0.15Co0.2Cu0.1Fe0.1Li0.1Ti0.15Sn0.1O2 2.0-4.1 115 82.7% after 
1000 cycles/ 8C

~100/ 4C 2.04R [275]

O3 Na0.9Li0.1Ni0.4Fe0.2Mn0.44Ti0.04Mg0.02O1.9F0.1 2.0-4.0 105 90% after 200 
cycles/ 0.5C

80/ 3C 1.61R [234]

O3 NaNi0.12Cu0.12Mg0.12Fe0.15Co0.15Mn0.1Ti0.1Sn0.1Sb0.04O2 2.0-3.9 110 83% after 500 
cycles/ 3C

86/ 5C 2.15R [46]

P2 Na0.67Mn0.6Cu0.08Ni0.09Fe0.18Ti0.05O2 2.0-4.5 146 97.1% after 50 
cycles/ 2C

62.5/ 10C 1.18R [235]

P2 Na0.6Ti0.2Mn0.2Co0.2Ni0.2Ru0.2O2 1.5-4.5 174 40.9% after 400 
cycles/ 0.1C

68/ 86C 1.61R [229]

P2 Na0.73Ni0.21Mn0.6Li0.06Cu0.06Ti0.07O2 2.0-4.5 128.12 79.21% after 
500 cycles/ 5C

85.6/ 10C 1.16R [42]

P2 Na0.85Li0.08Mg0.04Ni0.22Al0.04Mn0.62O2 2.0-4.3 110 87% after 100 
cycles/ 8C

91/ 8C 1.09R [238]

P2 Na0.75Mn0.55Ni0.25Co0.05Fe0.10Zr0.05O2 1.5-4.2 143 74% after 100 
cycles/ 2C

53/ 10C 1.21R [276]

P2 [Na0.67Zn0.05]Ni0.22Cu0.06Mn0.66Ti0.01O2 2.0-4.3 146.1 92.7% after 100 
cycles/ 1C

91.54/ 10C 1.07R [150]

P2 Na0.62Mn0.67Ni0.23Cu0.05Mg0.07Ti0.01O2 2.0-4.2 148 75.4% after 
2000 cycles/ 
10C

82.6/ 10C 0.99R [52]

P2 Na0.67Mn0.45Ni0.18Co0.18Ti0.1Mg0.03Al0.04Fe0.02O2 1.5-4.6 113 91.8% after 50 
cycles/ 0.5C

/ 1.52R [277]

P2 Na0.65Mn0.65Cu0.2Li0.06Mg0.015Ti0.015Al0.015Zr0.015Y0.015La0.015O2 2.0-4.5 115 87.2% after 500 
cycles/ 10C

55.5/ 10C 1.15R [237]

P2 Na0.667Mn0.667Ni0.167Co0.117Ti0.01Mg0.01Cu0.01Mo0.01Nb0.01O2 1.5-4.5 166.9 76.4% after 100 
cycles/ 1C

111/ 5C 1.05R [225]

P2/O3 Na0.7Mn0.4Ni0.3Cu0.1Fe0.1Ti0.1O1.95F0.1 2.0-4.3 118.4 88.9% after 200 
cycles/ 2C

86.7/ 8C 1.61R [278]

P2/O3 Na0.75Ni0.33Mn0.4Cu0.1Ti0.13Sn0.05O2 2.0-4.5 150 68.4% after 300 
cycles/ 1C

88.7/ 7.5C 1.38R [279]

P2/O3 Na0.85Li0.05Ni0.25Cu0.025Mg0.025Fe0.05Al0.05Mn0.5Ti0.05O2 2.0-4.2 122 90% after 1000 
cycles/ 10C

81.8/ 10C 1.48R [280]
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applications, yet they suffer from severe degradation during cycling.
Recent progress has shown that high-entropy doping and entropy 

tuning strategies offer an effective path forward. By selectively intro
ducing multiple dopant elements in non-equimolar proportions, these 
approaches enable the retention of high capacity while improving 
structural integrity and suppressing degradation mechanisms. These 
developments highlight a critical shift in the role of entropy—from a 
purely structural concept to a versatile design tool capable of addressing 
key performance limitations in advanced layered cathode materials.

5.2. Applications of high-entropy approaches in NaxTMO2

NaxTMO2, featuring multiple key redox centers (Ni, Co, Mn, Fe) and 
complex phase transitions, has become a prominent area of application 
for the high-entropy approaches. This resulted in the development of 
several high-performance layered cathodes, as summarized in Table 4.

5.2.1. High-entropy O3-NaxTMO2 cathodes
In 2019, Hu’s team pioneered the introduction of high-entropy 

concept into O3-NaxTMO2. They reported a material with the compo
sition of NaNi0.12Cu0.12Mg0.12Fe0.15Co0.15Mn0.1Ti0.1Sn0.1Sb0.04O2, 
which contains nine elements in the TM layer (Fig. 10a). This material 
exhibited delayed unfavorable phase transitions and an extended O3-P3 
phase transition. The O3 phase region provided approximately 60% 
reversible specific capacity (Fig. 10b), significantly surpassing other 
layered materials. The proposed mechanism highlights the crucial role 
of the high-entropy configuration and chemical disorder in the TMO2 
layers. This structure allows for better accommodation of local struc
tural changes induced by electroactive TM cations during Na+ (de) 
insertion and reduces Na+ interactions within the NaO2 layers. As a 
result, the material offers significantly improved rate performance and 
cycling stability as a cathode material for SIBs. Following this success, 
their team further reported high-entropy configurations that enhanced 
the framework structure of NaNi0.25Mg0.05Cu0.1Fe0.2Mn0.2Ti0.1Sn0.1O2 
(HEO-424) [41] and modified the electronic structure of Na0.95Li0.07

Cu0.11Ni0.11Fe0.3Mn0.41O1.97F0.03 (LCNFMF) [236], reinforcing the po
tential of high-entropy strategies for improving the electrochemical 
properties and stability of layered materials.

More recently, Hu’s team conducted a comparative study between 
O3-NaNi0.3Cu0.1Fe0.2Mn0.3Ti0.1O2 (NCFMT) and O3-NaNi0.3Cu0.1

Fe0.2Mn0.3Sn0.1O2 (NCFMS),[261] both of which have the same 
configurational entropy. Both materials exhibit a distinct layered 
structure, composed of alternating Na and TM layers. Elemental map
ping confirmed that all five elements are uniformly and randomly 
distributed within the projected atomic columns in each sample 
(Fig. 10c). However, NCFMS displayed planar strain due to lattice dis
tortions caused by mismatches in ionic size, mass, and valence electron 
configuration. The inherited strain in the TMO₂ layers, along with the 
accumulated lattice strain during repeated TM redox cycles, led to 
thermodynamically driven metal ion migration. This results in 
elemental segregation and crack formation within the NCFMS cathode 
particles, both internally and on the surface. In contrast, NCFMT, with 
better mechanochemical compatibility among the 3d TMs, does not 
exhibit the degradation mechanisms observed in NCFMS, thereby 
enhancing the cycling stability of both half-cells and full cells. In 
half-cells with a Na metal anode, it exhibited outstanding rate perfor
mance within a voltage range of 2.0-4.0V, delivering a specific capacity 
of 120 mAh g− 1 at 5C and retaining 85% of its capacity after 500 cycles 
at 1C at 25◦C. At 45◦C, it showed a discharge capacity of 106 mAh g− 1, 
retaining 80% capacity after 500 cycles. Full cells, with a hard carbon 
anode, delivered an energy density of 269 Wh kg− 1 (based on the total 
mass of active materials) at 0.1C (14 mA g− 1), retaining 80% of its initial 
capacity after more than 600 cycles (see Fig. 10d, e). Even at a higher 
cutoff voltage range of 0.5-4.15V, it maintained excellent rate perfor
mance and good capacity retention (Fig. 10f, g). This work highlights 
the critical impact of elemental compatibility within the TM layers on 

structural integrity and underscores the importance of element 
selection.

Additionally, Cui’s team [200] reported a zero-strain O3-NaNi0.2

Fe0.2Mn0.35Cu0.05Zn0.1Sn0.1O2. In this high-entropy structure, Ni, Fe, 
and Cu serve as charge compensators, while Mn, Zn, and Sn stabilize 
their valence states and act as inhibitors of interlayer sliding by 
enhancing charge localization. Those lead to a significant improvement 
in the cycling performance of the material. Recent studies have shown 
that the high-entropy approach continues to enhance structural stability 
even at high cutoff voltages (above 4.2V). For example, Yao et al [227] 
reported an O3-Na2/3Li1/6Fe1/6Co1/6Ni1/6Mn1/3O2 material, capable of 
operating over a broad voltage window (2.0-4.5 V), with minimal 
impact from phase transitions and oxygen redox reactions (as shown in 
Fig. 10h). This material exhibits a high reversible capacity of 171.2 mAh 
g− 1 at 0.1C and retains 89.3% of its initial capacity after 90 cycles at 1C.

The aforementioned studies show that the high-entropy configura
tion in layered materials can effectively enhance structural stability 
during cycling. However, the inherently slow sodium-ion dynamics, 
significant voltage hysteresis, and poor air stability continue to impede 
the practical application of O3-NaxTMO2. The work of Wang [222], 
Joshi [234], and Dang [270] offers new insights for overcoming these 
challenges. To address the sluggish sodium-ion dynamics and notable 
voltage hysteresis in the O3-NaxTMO2, Wang et al [222] applied a 
high-entropy tailoring strategy, synthesizing O3-Na0.9Ni0.2Fe0.2

Co0.2Mn0.2Ti0.15Cu0.05O2. The high-entropy configuration within the 
transition metal slabs modulates the electronic structure, strengthen the 
TMO2 framework, and widen the sodium ion diffusion channels. This 
leads to higher reversibility of TM redox, a more gradual phase transi
tion from O3 to P3, and a lower Na+ migration barriers (0.17 eV), 
resulting in faster sodium-ion diffusion rate during (de)intercalation 
processes (≈ 10− 10 cm2 s− 1). Consequently, the material exhibits sup
pressed voltage hysteresis (< 0.09 V), enhanced rate capability, and 
prolonged cycling stability. In particular, the material exhibits a 
reversible specific capacity of 106.1 mAh g− 1 at 5C, retaining 79.4% of 
its capacity after 2000 cycles, and superior rate performance with a 
reversible specific capacity of 98.6 mAh g− 1 at 10 C. The study offers 
valuable guidance for the development of high-rate, high-energy TMLOs 
cathodes by reducing voltage hysteresis and promoting Na+ diffusion. 
To achieve better air and water stability, Joshi et al [234] reported on 
O3-Na0.9Li0.1Ni0.4Fe0.2Mn0.44Ti0.04Mg0.02O1.9F0.1, where the presence of 
F at the oxygen site reduced oxygen loss during cycling, and the intro
duction of Li accelerated the Na⁺ insertion/extraction kinetics. The 
cocktail effect and the establishment of a high-entropy configuration 
suppressed the degradation of the layered structure, thereby improving 
both cycling stability and diffusion kinetics while also enhancing air 
stability. Additionally, Dang et al [270] synthesized O3-NaFe0.2Cu0.1

Ni0.2Mn0.3Ti0.2O2, which exhibited excellent water resistance, offering a 
capacity of 105.2 mAh g− 1 after 2 hours of soaking and maintaining 83% 
capacity retention after 200 cycles at 1C.

5.2.2. Entropy-tuned P2-NaxTMO2 cathodes
Inspired by the significant improvements in structural stability 

exhibited by HE-TMLOs in the electrochemical field, entropy-tuning 
strategies have rapidly found application in P2-NaxTMO2 systems. In 
2022, Fu et al [52] tuned P2-Na0.62Mn0.67Ni0.37O2 by adjusting its 
configurational entropy and ionic diffusion structure, leading to the 
development of P2-Na0.62Mn0.67Ni0.23Cu0.05Mg0.07Ti0.01O2 
(CuMgTi-571). This entropy-tuned material features more {010} active 
facets, better structural and thermal stability, and faster anionic redox 
kinetics (Fig. 11a). As a result, CuMgTi-571 exhibited excellent capacity 
retention rates (87% after 500 cycles at 120 mA g− 1 and 75% after 2000 
cycles at 1200 mA g− 1). Similarly, the entropy-tuned P2-[Na0.67Zn0.05] 
Ni0.22Cu0.06Mn0.66Ti0.01O2 [150] exhibits an impressive high practical 
capacity of 91.54 mAh g− 1 at 10 C and maintaining near 100% capacity 
retention over 500 cycles. More recently, Zhou’s team [235] developed 
a P2-Na0.67Mn0.6Cu0.08Ni0.09Fe0.18Ti0.05 (MCNFT) material, which 

Y. Ma et al.                                                                                                                                                                                                                                      Energy Storage Materials 79 (2025) 104295 

19 



Fig. 10. (a-b) Structure evolution and delayed phase transition of NaNi0.12Cu0.12Mg0.12Fe0.15Co0.15Mn0.1Ti0.1Sn0.1Sb0.04O2: (a) Corresponding crystal structure 
evolution of this HE-TMLOs cathode. (b) Discharge curves of the representative O3-type Na-ion cathodes. Reproduced with permission [46]. Copyright 2020, 
Wiley-VCH. (c-g) Atomic-level layered structures of NCFMS and NCFMT and full-cell performance of NCFMT//HC in different voltage ranges: (c) Atomic EDS 
mapping of element distributions in the NCFMS and NCFMT, including the corresponding HAADF-STEM image of the lattice structure along the {110} zone axes. (d) 
Charge-discharge profile at 0.1 C, 0.2 C, 0.5 C, 1 C, 2 C and 4 C within a voltage range of 0.5-4.0 V. (e) Cycling performance at a current rate of 1 C and a cutoff 
potential of 4.0 V. (f) Charge-discharge profile at 0.1 C, 0.2 C, 0.5 C, 1 C, 2 C and 4 C within a voltage range of 0.5-4.15 V. (g) Rate capability at cutoff potentials of 
4.0 and 4.15 V. Reproduced with permission [261]. Copyright 2024, Springer Nature. (h) A schematic representation of the charge/discharge behavior of 
high-entropy and superlattice-stabilized Na2/3Li1/6Fe1/6Co1/6Ni1/6Mn1/3O2. Reproduced with permission [227]. Copyright 2022, Wiley-VCH.
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demonstrated high stability in deeply desodiated states (Fig. 11b). It 
achieved a charge capacity of 158.1 mAh g⁻¹, corresponding to 0.61 Na⁺, 
with an initial Coulombic efficiency of up to 98.2%, significantly sur
passing the 57.7% (corresponding to 0.36 Na⁺) of Na0.67MnO2. Addi
tionally, the MCNFT material exhibited superior cycling stability 
compared to Na0.67MnO2 (NMO).

The aforementioned studies highlight the significant impact of 
entropy-tuned P2 materials on Na+ diffusion kinetics. Therefore, un
derstanding how the TM layer influences Na+ diffusion pathways in the 
AM layer could provide valuable insights into identifying optimal 
element combinations for enhancing performance. To investigate the 
impact of disordered TM elements on Na+ in P2-NaxTMO2, Yang et al 

Fig. 11. (a) Design strategy for optimized P2-type cathode structures involves high-entropy layered cathodes with multiple cations, which can provide enhanced 
structural stability and stable ion-diffusion channels. Reproduced with permission [52]. Copyright 2022, Springer Nature. (b) Schematic diagram of Na⁺ migration in 
NMO (left) and MCNFT (right). Reproduced with permission [235]. Copyright 2024, Wiley-VCH. (c-d) Percolating network of low-barrier pathways enabling rapid, 
large-scale Na diffusion, contributing to the high rate performance observed: (c) Single Na hopping migration barriers (meV) for Na(e)-Na(f)-Na(e) across various Na 
(f) site compositions at the fully charged state. (d) Isosurfaces showing the probability density distribution (P) of Na ions (yellow) at P = Pmax/32 for P2-TMCNR at 
1000 K, based on AIMD trajectories for both the ground-state structure and a low-energy configuration with Na(f)Ti− Ru sites. Reproduced with permission [229]. 
Copyright 2020, American Chemical Society. (e) Schematic diagram of structural evolution of P2/O3-NaMnNiCuFeTiOF. Reproduced with permission [278]. 
Copyright 2023, Elsevier. (f) Elements for near-surface and bulk phase high-entropy region. Reproduced with permission [127]. Copyright 2023, Elsevier.
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[229] conducted a series of analyses the Na+ migration pathways in the 
designed P2-Na0.6Ti0.2Mn0.2Co0.2Ni0.2Ru0.2O2 (P2-TMCNR) using the 
climbing-image nudged elastic-band calculation and ab-initio molecular 
dynamics simulations. Their findings revealed that the optimal transi
tion metal composition can create a percolation network with 
low-energy barrier pathways. Fig. 11c presents the Na migration bar
riers of various Na(f)M− M′, showing that the lowest migration barriers 
occur when Na(f) sites share faces with NiO6 and/or CoO6. Specifically, 
Na(f)Ni− Ni sites have the lowest barriers of 89 meV, while Na(f)Ni− Co and 
Na(f)Co− Co sites have slightly higher values, ranging from 103 to 105 
meV. In contrast, Na(f) sites containing Ti and Mn have intermediate 
diffusion barriers, whereas those with Ru display significantly higher 
migration barriers, making Ti-Ru combinations the least favorable for 
Na+ diffusion (Fig. 11d). The disordered distribution of cations in the 
TM layer helps reduce Na+/vacancies ordering. Computational evalua
tions revealed that P2-TMCNR forms a percolation network with 
low-energy barrier diffusion pathways, enabling the material to achieve 
a specific capacity of 68 mAh g− 1 (with an active material mass loading 
of 1− 2 mg/cm2) at a very high current density of 86C (15000 mA g− 1).

5.2.3. P2/O3 multiphase and gradient doping cathodes
Combining high-entropy design with phase engineering offers a 

promising route for enhancing layered cathodes in SIBs. In 2024, Li et al 
[279] reported that a five-component high-entropy multiphase cathode 
(Ni/Mn/Cu/Ti/Sn) demonstrates enhanced structural stability due to 
the synergistic effect of multiple cations at TM sites. This design enlarges 
the lattice while maintaining capacity, with the high-entropy P2/O3 
phases effectively suppressing harmful phase transitions at high volt
ages, thus improving cycling performance. The cathode showed a ca
pacity retention of 77.3 mAh g⁻¹ after 300 cycles and a rate performance 
of 88.7 mAh g⁻¹ at 750 mA g⁻¹, outperforming both low-entropy P2/O3 
cathodes and single-phase HE-O3 cathodes. Further investigation 
refined the TM content in 43 different high-entropy multiphase struc
tures, revealing that weighted average ionic radius (WAIR) is crucial in 
determining phase compositions. When WAIR ranges between 0.583 
and 0.637 Å, multiphase cathodes containing P2 and O3 are formed, 
with the proportion of the O3 phase increasing with WAIR. The disor
dered distribution of Mn, Cu, Ti, and Sn in the TMO2 layer helps suppress 
undesirable O3→P3 and P2→O2 phase transitions, while the varied 
lattice orientations of P2 and O3 phases prevent interlayer sliding, 
contributing to enhanced stability. Additionally, these materials exhibit 
superior air stability and mechanical strength, demonstrating the com
bined advantages of high-entropy and multiphase structures in cathode 
materials.

Mu et al [280] developed a biphasic high-entropy cathode composed 
of eight elements: Na0.85Li0.05Ni0.25Cu0.025Mg0.025Fe0.05Al0.05Mn0.5 
Ti0.05O2 cathode. Compared to its single-phase analogue, this biphasic 
high-entropy cathode exhibited high initial Columbic efficiency 
(95.4%), and delivered a capacity of 128.4 mAh g− 1 at 40 mA g− 1 

(~90% capacity retention after 300 cycles). The synergy between O3 
and P2 phases helps present sliding of the TM layer during Na+

extraction/insertion, thus improving the structural stability.
Cheng et al [278] explored the effect of P2/O3 ratios on battery 

performance by designing a high-entropy cathode material, 
Na0.7Mn0.4Ni0.3Cu0.1Fe0.1Ti0.1O1.95F0.1, synthesized under varying syn
thesis temperature. In-situ XRD analysis revealed that sintering tem
perature significantly influences phase generation. At 500◦C, a pure P3 
phase is formed, while at temperatures above 640◦C, a P2/O3 biphasic 
structure emerges (see Fig. 11e). The material sintered at 900◦C 
exhibited the highest capacity of 131.5 mAh g− 1 with an initial 
Coulombic efficiency of 97.6% and superior cycling stability. The 
unique P2/O3 two-phase structure facilitated the migration of Na+, and 
the high-entropy doping can effectively inhibit the Jahn-Teller effect of 
Mn3+, thus suppressing the destructive sliding of the TM layer and 
contributing to improved structural stability.

Furthermore, gradient doping in conjunction with the high-entropy 

design enhances cathode- electrolyte interface. Feng et al [127] devel
oped gradient-doped high-entropy cathode, Na0.79Li0.13Ni0.20SS0.1 
Mn0.57O2 by doping steel slag(SS) with available elements such as Mg, 
Al, Si, Fe, and Ca (Fig. 11f). The surface high-entropy region acts as an 
artificial cathode-electrolyte interface layer, preventing impurity for
mation and reducing side reactions during cycling. The Na-O-Mg 
configuration in the near-surface high-entropy region continuously 
stimulates anionic redox activity, while differential electrochemical 
mass spectrometry (DEMS) indicates that the high-strength Al-O bond 
achieves zero oxygen release. Additionally, the Ca2+ in the bulk 
high-entropy region disrupts the Na+/vacancy ordered transition, 
improving the kinetic performance, delivering a capacity of 90 mAh g− 1 

at 1000 mA g− 1.
Taken together, the application of high-entropy strategies in 

NaxTMO₂ layered cathodes has demonstrated remarkable potential in 
addressing key limitations of SIB systems. The successful implementa
tion of these strategies in lithium-ion layered oxides has naturally 
motivated their extension to sodium-ion systems, which share similar 
ion storage mechanisms. In particular, O3-type layered oxides, while 
capable of accommodating a large number of Na⁺ ions, often suffer from 
complex phase transitions during charge/discharge, leading to severe 
structural degradation and capacity fading. The introduction of high- 
entropy configurations has been shown to effectively suppress these 
irreversible transitions, thereby enhancing structural integrity and 
cycling stability.

At the same time, entropy-tuning strategies have demonstrated great 
promise in improving the structural robustness and Na⁺ diffusion ki
netics of P2-type layered oxides, ultimately contributing to superior 
electrochemical performance. From the pioneering development of 
equimolar HE-TMLOs to more compositionally refined entropy-tuned 
and gradient-doped cathodes, researchers have made significant prog
ress in improving rate capability, voltage hysteresis, and long-term 
cycling performance. These advances highlight the critical role of 
compositional complexity in stabilizing the layered framework under 
high-voltage and extended cycling conditions.

Nevertheless, challenges such as sluggish sodium-ion transport, ox
ygen redox instability, and poor tolerance to air and moisture remain 
significant barriers to practical application. Future work should focus on 
the rational integration of high-entropy configurations with phase en
gineering, interface design, and advanced computational tools to deepen 
our understanding of structure–property relationships. Ultimately, fine- 
tuning elemental combinations and spatial distributions within the 
layered lattice will be essential to fully unlock the potential of high- 
entropy strategies in next-generation, high-energy SIBs.

5.3. Applications of high-entropy approaches in KxTMO2

Inspired by entropy stabilization strategies, high-entropy approaches 
are increasingly being utilized to enhance the cycling stability of cost- 
effective Mn-based KxTMO2. In 2023, Li et al [44] introduced entropy 
tuning by altering the composition to address the challenges faced by 
KxTMO2. Specifically, in their study of low-entropy and high-entropy 
variants of K0.45MnxCo(1-x)/4Mg(1-x)/4Cu(1-x)/4Ti(1-x)/4O2, they found 
that K0.45Mn0.6Co0.1Mg0.1Cu0.1Ti0.1O2 exhibits superior electrochemical 
performance in PIBs. By utilizing entropy tuning to suppress the 
Jahn-Teller distortion of Mn3+, K0.45Mn0.6Co0.1Mg0.1Cu0.1Ti0.1O2 ach
ieves high K+ ion transport rates and mitigates volume changes while 
maintaining high specific capacity. In full cells, the K0.45Mn0.6 
Co0.1Mg0.1Cu0.1Ti0.1O2 cathode exhibits a capacity of 100 mAh g− 1 at 50 
mA g− 1, providing superior rate capability (65.8 mAh g− 1 at 500 mA 
g− 1) and cycle stability (67.8 mAh g− 1 after 350 cycles at 100 mA g− 1). 
Similarly, Chu et al [281] successfully synthesized K0.45Mn0.60Ni0.075

Fe0.075Co0.075Ti0.10Cu0.05Mg0.025O2 (HE-K0.45MO). This material 
exhibited semimetal oxide characteristics with a narrow bandgap of 
0.19 eV. The increased entropy also reduces the surface energy of the 
{010} active planes, resulting in a 2.6-fold increase in exposure of the 
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{010} planes compared to that of the low-entropy K0.45MnO2 (K0.45MO). 
Additionally, high-entropy suppresses the space charge ordering during 
the K+ (de)intercalation process and enhances the transition 
metal-oxygen covalent interaction in HE-K0.45MO, thereby inhibiting 
phase transitions within 1.5 - 4.2 V voltage range. Furthermore, 
HE-K0.45MO exhibited superior electrochemical stability, with an 
average capacity fade of 0.2% after 200 cycles, compared to 0.41% for 
low-entropy KMO. Additionally, Cai et al [230] employed a 
high-entropy approach to modify K0.6MnO2, synthesizing a series of 
KxNi0.05Fe0.05Mg0.05Ti0.05MnyO2 (x/y = 3:6, 4:6, 5:6, 6:6, and 7:6) ma
terials. Benefiting from the stabilized high-entropy structure and the 

solid-solution K+ ion storage mechanism, the designed K0.5(NiFeMg
Ti)0.05Mn0.75O2 (HE-KMO4/6) and K0.6(NiFeMgTi)0.05Mn0.725O2 
(HE-KMO5/6) demonstrated superior performance, especially when 
compared to many previously reported doped KxTMO2 layered materials 
(Fig. 12a).

To extend the high-entropy approach beyond traditional PIBs, recent 
research has explored its application in aqueous PIBs. Building on this, 
Zeng et al [224] synthesized K0.27Mn0.9Fe0.02Co0.02Ni0.02Zn0.02Mg0.02O2 
(HE-KMO), featuring a locally disordered structure that demonstrated 
significantly improved cycling performance in aqueous PIBs compared 
to the bare KMO sample (Fig. 12b, c). Fig. 12d illustrates the potassium 

Fig. 12. (a) Comparison of the cyclic retention ratio and rate capability of HE-KMO5/6 and HE-KMO4/6 with other previously reported KxTMO2 layered cathodes for 
PIBs, which have been doped with two or three types of metal ions. Reproduced with permission [230]. Copyright 2023, American Chemical Society. (b-d) Elec
trochemical performance and structural evolution for KMO and HE-KMO: (b) Rate capability of KMO and HE-KMO from 0.5 to 5000 mA g− 1. (c) KMO and HE-KMO 
cycling stability for 500 cycles at 1000 mA g− 1. (d) Schematic diagrams of K+ intercalation and deintercalation in HE-KMO and KMO, as well as the changes in MO6 
octahedral structure parameters by theoretical calculations. Reproduced with permission [224]. Copyright 2024, Elsevier.
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ion intercalation and deintercalation mechanisms in both HE-KMO and 
KMO. Using in-situ XRD, theoretical calculations, and Raman spectros
copy, it was shown that the disordered local environment effectively 
reduced transport barriers, suppressed phase transitions, and enhanced 
the stability of HE-KMO during charge-discharge cycles.

Taken together, manganese-based KxTMO2 layered oxides are among 
the most developed cathode systems for PIBs, offering relatively high 
theoretical capacities. However, the large ionic radius of K+ leads to 
severe lattice strain during repeated (de)intercalation, often resulting in 
structural collapse and rapid capacity fading. High-entropy strat
egies—particularly high-entropy doping—have emerged as a promising 
solution to this challenge. Although still in the early stages of explora
tion, these approaches have demonstrated the ability to suppress irre
versible phase transitions, reduce Jahn–Teller distortion, and improve 
K+ transport kinetics. Recent studies have reported substantial im
provements in structural integrity, rate capability, and cycling stability 
across both organic and aqueous systems. These findings highlight the 
potential of entropy-informed design to enhance the electrochemical 
performance and durability of KxTMO2 cathodes, paving the way for 

more practical and long-lasting PIB technologies.

5.4. Comparison of two methods in enhancing material performance

Traditional doping and high-entropy strategies are two widely used 
methods to enhance the performance of layered oxide cathodes. Tradi
tional doping typically involves introducing one or two elements at low 
concentrations to adjust specific properties such as electronic structure, 
ion transport, or phase stability. It is well-established, with clear 
mechanisms and controllable effects, making it suitable for fine-tuning 
material performance. In contrast, high-entropy strategies introduce 
multiple elements to increase compositional complexity, aiming to 
regulate the overall structural and electrochemical behavior through 
synergistic interactions. This approach is still under development but 
shows potential for improving long-term stability and enabling broader 
performance optimization.

To illustrate the differences between these methods, we summarized 
the electrochemical performance of representative materials before and 
after traditional doping and high-entropy modification (Table 5). Both 

Table 5 
Summary of the electrochemical performances of layered oxide cathodes before and after traditional doping and high-entropy modification.

Cathode Voltage range 
[V]

Initial capacity [mAh 
g-1]

Cycle retention Rate performance [mAh 
g-1]

Ref

LiNi0.6Co0.2Mn0.2O2 2.7-4.3 168 67.5% after 100 cycles 
/0.1C

105.8 /5C [157]

Na doped LiNi0.6Co0.2Mn0.2O2 2.7-4.3 179 90.8 % after 100 cycles 
/0.1C

90 /5C [157]

LiNi0.6Co0.2Mn0.18Ti0.02O2 3-4.5 197 91.8 after 150 cycles 
/0.5C

118 /10C [136]

LiNa(NiCoMnAlFe)1O2 3-4.5 ~100 ~70% after 20 cycles 
/0.2C

/ [263]

LiNi0.2Mn0.2Co0.2Fe0.2Ti0.2O2 2.5-4.4 160 ~78% after 50 cycles 
/0.2C

/ [282]

Li1.2Ni0.2Mn0.6O2 2-4.8 ~180 ~83% after 200 cycles 
/0.5C

/ [283]

Li1.20Mn0.54Ni0.13Co0.13O2 2-4.8 302 81% after 30 cycles /0.1C 142.3 /5C [160]
K doped Li1.20Mn0.54Ni0.13Co0.13O2 2-4.8 315 85% after 110 cycles 

/0.1C
197 /5C [160]

Li1.2Ni0.13Co0.13-xMn0.54AlxO2(1-y)F2y 2-4.8 217 88.21% after 150 cycles / 
0.5C

157 /10C [174]

Li1.0(Li0.15Mn0.50Ni0.15Co0.10Fe0.025Cu0.025Al0.025Mg0.025)O2 2.1-4.8 ~260 93% after 100 cycles/ 
0.1C

~200 /2.5C [219]

Na2/3MnO2 1.5-4.4 150 ~53% after 100 cycles/ 
0.5C

~50/ 5 C [96]

Na0.66Mn0.8Cu0.2O2 1.5-4.4 142 ~90% after 100 cycles/ 
0.5C

79.9/ 5 C [96]

Na2/3Mn0.95Mg0.5O2 1.5-4 ~175 ~100% after 50 cycles/ 
3C

106/ 28.6C [139]

Na0.62Ca0.025Ni0.28Mg0.05Mn0.67O2 2.2-4.35 ~130 83% after 100 cycles 
/0.5C

66.7/ 5C [172]

Na0.667Mn0.667Ni0.167Co0.117Ti0.01Mg0.01Cu0.01Mo0.01Nb0.01O2 1.5-4.5 166.9 76.4% after 100 cycles/ 
1C

111/ 5C [278]

NaNi1/3Fe1/3Mn1/3O2 2-4 122 67% after 200 cycles/ 1C 83.2/10C [151]
Na0.9Ca0.05Ni1/3Fe1/3Mn1/3O2 2-4 116.3 91.8% after 200 cycles/ 

1C
86.2/10C [151]

NaNi1/3Fe1/3Mn1/3O1.99F0.01 2-4 ~120 ~89% after 70 cycles/ 1C / [111]
NaNi0.12Cu0.12Mg0.12Fe0.15Co0.15Mn0.1Ti0.1Sn0.1Sb0.04O2 2.0-3.9 110 83% after 500 cycles/ 3C 86/ 5C [46]
NaNi0.25Mg0.05Cu0.1Fe0.2Mn0.2Ti0.1Sn0.1O2 2.0-4.0 130.8 75% after 500 cycles/ 1C 108/ 5C [41]
K0.45MnO2 1.5-4 68 80% after 100 cycles/ 5C ~50 /5C [133]
K0.45Mn0.9Co0.05Mo0.05O2 1.5-4 96 59.6% after 2000 cycles/ 

5C
77.3/ 5C [133]

K0.45Mn0.6Co0.1Mg0.1Cu0.1Ti0.1O2 1.5-4 100 67.8% after 350 cycles/ 
1C

65.8 /5C [44]

K0.45Mn0.60Ni0.075Fe0.075Co0.075Ti0.10Cu0.05Mg0.025O2 1.5-4.2 106.8 60.4% after 200 cycles/ 
1C

39.6 /5C [281]

K0.5MnO2 1.4-4 136.6 18.4% after 400 cycles/ 
1C

1.2 /5C [85]

K0.5Mn0.7Co0.2Fe0.1O2 1.7-3.9 104 71% after 300 cycles /2C 58 /10C [22]
K0.5Mg0.15[Mn0.8Mg0.05]O2 1.4-4 102 48.2% after 400 cycles/ 

1C
54.3 /5C [85]

K0.6Ni0.05Fe0.05Mg0.05Ti0.05Mn0.0725O2 1.5-4 80 86% after 3000 cycles 
/50C

~40 /20C [230]
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methods can enhance performance, although trade-offs such as slight 
capacity loss may occur depending on the system. Their respective 
strengths and limitations are further discussed in Section 6.1.

6. Summary and outlook

In conclusion, while doping has long been a cornerstone of material 
modification, providing targeted enhancements to the structural and 
electrochemical properties of AxTMO2, the emerging high-entropy ap
proaches present promising alternative strategies with the potential for 
transformative impact. By introducing multiple elements into the crystal 
lattice, high-entropy strategies not only expand the compositional pos
sibilities, but also significantly enhance material stability and perfor
mance. This comparative analysis underscores the complementary 
nature of these approaches, highlighting the precision and reliability of 
traditional doping against the innovative potential of high-entropy ap
proaches. Moving forward, the integration of these strategies, supported 
by advanced computational tools and novel synthesis techniques, holds 
great promise for the development of next-generation materials in en
ergy storage applications.

6.1. Advantages and limitations comparison

Traditional doping and high-entropy approach each present unique 
advantages and limitations. Doping strategies offer precise control over 
the type, concentration, and location of dopant elements within TMLOs, 
allowing for targeted modification of material properties. For example: 
(1) High-valence ion doping — introducing high-valence ions (such as 
Ti4+, Sn4+, Mo6+) into the TM layer can enhance anion attraction, 
potentially creating a pinning effect that mitigates oxygen loss and im
proves material stability; (2) Low-valence ion doping — doping low- 
valence ions (such as Li+, Mg2+, Zn2+) in the TM layer may enhance 
the reversibility of ARR, leading to higher reversible capacity at elevated 
cutoff voltages; (3) Heteroalkali metal doping — incorporating hetero
alkali metal ions (such as Li+, Na+, K+) into the AM layer can lower the 
migration energy barrier of the original AM ions, thereby increasing the 
ion diffusion coefficient; (4) Non-alkali metal doping — doping non- 
alkali metal ions (such as Mg2+, Ca2+, Zn2+) into the AM layer may 
create a pillar effect, stabilizing the layered structure during ion inser
tion and extraction processes and preventing structural collapse; (5) 
Anion doping — introducing anions such as F- into oxygen sites can form 
strong M-F bonds, providing charge compensation while regulating 
interlayer spacing.

Conventional ion doping techniques have been extensively studied 
and widely applied in layered oxides, making them a well-established 
and mature strategy for tuning material properties. Over the years, re
searchers have developed precise control over dopant selection, con
centration, and distribution, enabling systematic optimization of 
electrochemical performance, structural stability, and ionic conductiv
ity. While these well-established strategies benefit from clear design 
rules and empirical guidelines, making them reliable and predictable 
present certain limitations. The amount of dopant introduced is typically 
small; too little may lead to inconspicuous effects, while too much can 
sometimes introduce impurities, compromising material purity and 
performance. Additionally, although doping techniques are relatively 
mature, they still rely heavily on experimental exploration to optimize 
concentrations and configurations, which can increase the complexity 
and time required for development. Moreover, under operational con
ditions, dopants may migrate or segregate, leading to potential degra
dation in performance. These challenges, while significant, should be 
viewed within the context of the overall maturity and established suc
cess of doping methods in improving material properties.

In contrast, the high-entropy approaches introduce multiple ele
ments into the material’s crystal lattice, resulting in high-entropy or 
entropy-turned materials with enhanced structural stability and elec
trochemical performance. This method significantly broadens the 

compositional range, allowing for more comprehensive control over 
material properties through the complex interactions of multiple ele
ments. HE-TMLOs and entropy-turned layered materials often exhibit 
five key advantages: (1) Structure stabilization — Enhancing structural 
stability through interactions between elements under high-entropy ef
fects, leading to superior phase stability during repeated ion insertion 
and extraction processes; (2) High disorder characteristics — Intro
ducing ions of varying sizes and electronegativities not only increases 
the configurational entropy of the system but also contributes to greater 
disorder within the internal environment. This disorder impacts both 
micro- and macro-level properties, ultimately improving electro
chemical performance; (3) Entropy extension effect — During surface 
doping or coating modifications, some elements tend to segregate, 
creating local high-entropy regions. These regions can significantly 
suppress side reactions at the electrode material’s interface, thereby 
enhancing stability; (4) Cocktail effect—Synergy of multi-elements — 
The synergistic effects of multiple elements enhance the overall per
formance of HE-TMLOs. By carefully selecting and balancing the ele
ments, their interactions can be optimized to suppress irreversible phase 
transitions and improve electrochemical performance; (5) local regula
tion effect — Adjusting the elemental composition in HEOs can modify 
their local electronic and coordination environments, which optimizes 
electrochemical performance. These strategies help maintain a stable 
local coordination environment, reducing structural degradation and 
oxygen loss. Despite these significant benefits, the design complexity of 
high-entropy materials is considerably greater than that of traditional 
doping strategies. The expanded design space introduces challenges in 
predicting phase behavior, structural stability, and performance out
comes, often requiring advanced computational tools and extensive 
experimental validation. Additionally, the synthesis of high-entropy 
materials typically demands more intense conditions, such as higher 
temperatures and longer durations, which increase energy consumption 
and complicate scalability[45,189]. The practical application of 
high-entropy approaches, especially in large-scale production, remains 
challenging due to these factors. The lack of well-defined design rules 
and the need for high precision in controlling the elemental composition 
further complicate the reproducibility and consistency of high-entropy 
materials in commercial applications.

Furthermore, while the high-entropy approach introduces additional 
entropy gain to the system, the incorporation of multiple elemental 
species results in greater disorder compared to conventional doping 
strategies. This heightened disorder can complicate atomic and molec
ular interactions, where even minor variations in concentration or 
elemental composition may significantly impact the final regulatory 
outcome. Additionally, challenges commonly encountered in conven
tional doping, such as elemental segregation and compatibility issues, 
may be further exacerbated in high-entropy systems. Therefore, sub
stantial future research efforts should be directed toward establishing 
rational design principles to guide material design and parameter opti
mization for both conventional doping and high-entropy strategies.

6.2. Future Development

Looking forward, both traditional doping and high-entropy ap
proaches offer promising avenues for further research and innovation, 
particularly with the optimization of element modulation, synthesis 
methods, and mechanistic understanding (Fig. 13).

6.2.1. Element modulation
Designing a rational elemental composition is crucial for tailoring 

the functional properties of materials. Whether employing conventional 
doping strategies or high-entropy approaches, material design typically 
involves substituting one or more elements based on a selected reference 
model. Generally, electrochemically active elements (e.g., Co, Mn, Ni, 
Fe) serve as redox centers in layered oxides, contributing to the system’s 
capacity, whereas electrochemically inert elements (e.g., Zn, Ti) do not 
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participate in redox reactions but instead help stabilize the host struc
ture. Moreover, even when the same elemental combination is used, 
variations in elemental concentration can significantly impact material 
performance. Under the premise that the total concentration of doped 
sites remains constant, increasing the concentration of a specific element 
enhances its corresponding functional characteristics, often requiring a 
compensatory adjustment of other components’ functionalities.

Additionally, elemental concentration plays a critical role in deter
mining the configurational entropy of the system. When components are 
present in equimolar (or nearly equimolar) ratios, the configurational 
entropy reaches its theoretical maximum, which may facilitate the for
mation of homogeneous solid solutions. Beyond these fundamental 
compositional design principles, future research could focus on 
exploring novel dopants and assessing elemental compatibility. In this 
regard, high-throughput computation and machine learning can be 
leveraged for element screening, facilitating the establishment of more 
efficient and rational design guidelines.

For traditional doping, future directions may include co-doping 
strategies using well-studied elements or the introduction of new dop
ants such as high-valence Mo6+,[284–286] W6+,[287] Ta5+,[288,289] 
Sb5+,[290] and Zr4+,[291] which, even in small amounts, can stabilize 
structures and enhance performance without directly contributing to 
capacity or acting as redox centers. High-entropy approaches can benefit 

from the established knowledge of traditional doping strategies and 
should place greater emphasis on studying element compatibility, 
particularly in the design of high-entropy layered materials. For 
example, the extensive research on compatibility in rock-salt, high-
entropy materials provides a solid foundation that can be applied to 
layered structures,[292] as demonstrated by Hu’s group,[261] whose 
studies on element compatibility in layered structures can significantly 
inform the design of high-entropy materials. To overcome the design 
complexity associated with high-entropy materials, advanced compu
tational tools are expected to play a crucial role. High-throughput 
computation and machine learning models can rapidly screen poten
tial doping combinations and high-entropy materials, significantly 
reducing design complexity and time costs [293,294]. Leveraging large 
material databases can provide valuable insights into element in
teractions and guide the selection of optimal combinations, streamlining 
the design process [295,296]. Additionally, phase diagrams and ther
modynamic stability screening can help avoid unstable design options 
by predicting the Gibbs free energy and formation energy of various 
combinations [297,298].

6.2.2. Synthesis methods
On the synthesis front, emerging techniques such as carbothermal 

shock synthesis [299,300] and Joule-heating synthesis [301–303] offer 

Fig. 13. Future development of high-entropy approaches.
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potential breakthroughs in reducing energy consumption and achieving 
uniform, small-sized precursors. For instance, carbothermal shock syn
thesis has been successfully used to create high-entropy alloy nano
particles containing up to eight different metal elements,[299] while 
Joule-heating synthesis has rapidly produced high-entropy rock-salt 
oxides and spinel oxides [301]. Traditional methods like ball milling 
also play a crucial role in the synthesis of high-entropy materials. Ball 
milling is an efficient method for producing uniform and small-sized 
precursors by mixing pure composite powders in specific ratios, facili
tating the formation of solid solution powders through continuous lat
tice distortions, dislocations, and vacancies [304]. Looking ahead, 
scaling up these synthesis methods for large-scale production remains a 
significant challenge, particularly for high-entropy materials. However, 
innovations in high-throughput synthesis could pave the way for more 
efficient, cost-effective manufacturing processes. The development of 
scalable synthesis techniques will be crucial for the commercial viability 
of high-entropy materials, enabling their broader application in 
advanced energy storage and other technologies. The commercialization 
of high-entropy materials presents significant potential but also faces 
key challenges such as high production costs and complex synthesis 
protocols [243]. The synthesis of these materials often requires precise 
control over multiple elements and their distribution, which can in
crease production time and costs. Additionally, the reliance on special
ized equipment and facilities adds to the economic burden, making 
large-scale manufacturing challenging in the short term. However, 
with continued advancements in synthesis techniques, we expect more 
efficient methods to emerge, reducing production time and costs. 
Furthermore, innovations in cost-effective and environmentally friendly 
manufacturing processes—such as simplifying synthesis methods, 
reducing energy consumption, and minimizing hazardous chem
icals—will likely make large-scale production more feasible. Developing 
scalable synthesis techniques that retain the unique properties of 
high-entropy materials will be critical for their broader adoption [305]. 
Additionally, phase separation and compositional control during the 
synthesis process remain significant challenges hindering the large-scale 
production of high-entropy layered oxides. In the future, rational 
element modulation will be crucial for mitigating these issues, thereby 
enhancing their commercial viability.

While challenges remain, the trajectory for high-entropy materials 
remains promising. As synthesis efficiency, manufacturing processes, 
and material design continue to improve,[306] high-entropy materials 
are expected to play a pivotal role in various industries, driving inno
vation and contributing to the development of more sustainable tech
nologies in the near future.

6.2.3. Mechanistic understanding
Mechanistic analysis remains a critical area for future exploration, 

particularly in understanding the fundamental effects of layered high- 
entropy materials, which extend into five key effects: structure stabili
zation, high disorder characteristics, entropy extension effect, cocktail 
effect, and entropy-enhanced local regulation effect. Refining the un
derstanding of these effects will be essential for advancing the field. The 
use of advanced characterization techniques, such as synchrotron X-ray 
diffraction and neutron diffraction, will be instrumental in providing 
high-resolution insights into the structural evolution, phase transitions, 
and electronic structures of these complex materials [307,308]. In-situ 
and operando techniques, combined with machine learning-assisted data 
analysis, can offer real-time monitoring of dynamic changes in 
high-entropy nanomaterials during electrochemical reactions, providing 
deeper insights into the underlying mechanisms [309]. Additionally, 
DFT calculations serve as powerful tools for identifying optimal ion 
diffusion pathways, and calculating migration energy barriers. These 
calculations offer intuitive insights into high-entropy mechanisms and 
provide essential theoretical support for experimental research. In 
practical material design, combining DFT with other advanced compu
tational tools, such as high-throughput computation,[310] machine 

learning,[311]. Cluster-Expansion Monte Carlo simulations,[292] and 
the Special Quasi-Random Structure method,[312] will further enhance 
prediction efficiency and accelerate the discovery of new materials.

As research progresses, the goal will be to develop a more compre
hensive understanding of the relationships between element combina
tions, structural features, and electrochemical performance in both 
doping and high-entropy materials, ultimately guiding the design of 
next-generation materials for advanced energy storage applications.
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