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Revealing the Potential and Challenges of High-Entropy
Layered Cathodes for Sodium-Based Energy Storage
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Yang Xiao, Dingyi Zhang, Xin Guo,* Yong Wang, Yong-Mook Kang, Guoxiu Wang,*

and Hao Liu*

Sodium-ion batteries (SIBs) reflect a strategic move for scalable and
sustainable energy storage. The focus on high-entropy (HE) cathode
materials, particularly layered oxides, has ignited scientific interest due to the
unique characteristics and effects to tackle their shortcomings, such as
inferior structural stability, sluggish reaction kinetics, severe Jahn-Teller effects
induced lattice distortion, and poor oxygen reversibility at high voltage. This
review focuses on high-entropy oxide materials, highlighting their
fundamentals, design principles, and application in layered oxide cathodes for
SIBs. It delves into the growth mechanism, composition-properties
correlations, and the functional roles of high-entropy design in enhancing the
performance of layered oxide cathodes. Furthermore, it furnishes a
comprehensive survey of recent advancements and persisting challenges
within the domain of layered high-entropy cathode materials, as well as offers
insights into potential future research directions in line with the current state

of knowledge.

1. Introduction

Sodium-ion batteries (SIBs) are emerging as a cost-effective alter-
native to lithium-ion batteries (LIBs) due to the abundant avail-
ability of sodium.*l The growing utilization of intermittent

clean energy sources and efficient grid
electricity has spurred research on sus-
tainable SIBs, providing scalable and
environmentally conscious energy stor-
age solutions.l>8] However, the larger ra-
dius of Na* and inherent limitations of
electrode materials, particularly for typ-
ical cathodes such as sodium layer ox-
ides and Prussian blue analogues, ham-
per the performance of SIBs.°!! Re-
cently, the high-entropy strategy stands
out among other modification meth-
ods due to its unique composition and
structure. By introducing a diverse ar-
ray of elements, the configurational en-
tropy within the lattice is increased, re-
sulting in a decreased Gibbs free energy,
varied crystal structures and heightened
structural stability. Concurrently, certain
selectively incorporated elements serve
a role analogous to doping strategies.
Therefore, this approach amalgamates the merits of entropy con-
figuration and doping effects, efficiently suppressing detrimental
phase transitions. This leads to enhanced the structural stability
and ionic conductivity in materials, thereby contributing to pro-
longed cycle life and improved charge/discharge rates.
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High-entropy oxides (HEOs) are an emerging and intriguing
class of oxides distinguished by their distinctive composition,
often amalgamating equal or substantial proportions of five or
more elements, resulting in materials with heightened config-
urational entropy.['>13) In 2015, Rost and colleagues introduced
the pioneering concept of “high entropy oxides” (HEOs).1?*] They
compellingly demonstrated the role of entropy in orchestrat-
ing the reversible transition from multi-phase to single-phase
configurations within materials, influencing the thermodynamic
processes. This deliberate combination of diverse primary ele-
ments results in materials with heightened configurational en-
tropy, bestowing upon them a range of exceptional character-
istics, such as outstanding ionic conductivity and strong struc-
tural stability.'*23] Significant advancements have been achieved
in developing cathode materials based on HEOs, each exhibit-
ing distinct electrochemical performance characteristics. Ceder
and his team took the lead in exploring high entropy disor-
dered rock salt (DRX) cathode materials by incorporating mul-
tiple transition metal species into the structure. This approach
increased metal redox capacity and addressed challenges in
short-range ordering, enhancing lithium transport in cation-
disordered rocksalt cathodes. The DRX cathode with six TM
species maintained a capacity of 170 mAh g=! at a high rate
of 2000 mA g 1.[2] Moreover, Ceder and his team demon-
strated the introduced distortions in high-entropy materials lead
to a convergence of site energies for alkali ions, facilitating
percolation with low activation energy. Experimental verifica-
tion highlights the substantial enhancement of ionic conduc-
tivities across diverse structures due to high entropy.l?’] Con-
sidering cost, Xin et al. achieved a zero-strain, zero-cobalt and
high-nickel layered LiNij¢Mn, ;5 Ti; o, Mg 0, Nbg oMoy o, O, cath-
ode (HE-LNMO) through compositionally complex high-entropy
doping. HE-LNMO exhibited exceptional stability and capacity re-
tention, paving the way for the practical application of Co-free
cathodes.[?®! A pioneering high-entropy layered oxide cathode
NaNi ;,Cug 1, Mg 1,Feg 15C0g.15Mng ; Tig 1 -Sng 1 Sby 0, O, for SIBs
realized reversible O3-P3 phase transition and cationic redox, ex-
hibits enhanced cycling stability, retaining ~ 83% of its initial ca-
pacity after 500 cycles.[?] These findings introduced a guiding
principle with profound implications for the design and develop-
ment of high-entropy cathodes.

Layered oxide cathodes are favored among other candidates
owing to the high energy density, ease of fabrication, and pres-
ence of 2D ion migration channels between layers.[?*2>3% The
development of high-entropy layered oxides, achieved by in-
corporating appropriate elements into the structure, has been
demonstrated as an effective solution for tackling challenges
such as inferior structural stability derived from phase transi-
tions, Jahn-Teller effect-induced lattice distortion, and poor re-
versibility of oxygen redox. This is due to the improved stability
of high-entropy layered oxides when compared to conventional
materials.?!! This review provides a comprehensive overview of
recent research progress, future prospects, and the challenges
faced in the development of layered high-entropy cathodes for
SIBs. We also emphasize the design principle of HEOs, delving
into their formation mechanism and clarifying the composition-
properties correlations, aiming to unravel the intricate details of
influential elements and the evolution of crystal and electronic
structures during sodium (de)intercalation. Meanwhile, the func-
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tional roles of high-entropy structures in achieving excellent per-
formance and their typical applications have been classified and
discussed insightfully.

2. Fundamentals of High Entropy Oxide (HEO)
Materials

The extensive range for compositional adjustments and the di-
verse crystal structures make HEOs promising for various ap-
plications, such as protective coatings,[“®*’] energy storage, 44
and catalysis.’**!] In the energy storage field, the HEOs with
a combination of active and inactive transition metal (TM) ele-
ments would lead to a minor reduction in capacity, primarily at-
tributed to the decrease in redox couples. Achieving a balance
between high entropy and high capacity can be attained through
fine-tuning the concentration of individual TMs.l? Indeed, delv-
ing deeper into the fundamental mechanisms governing the in-
terplay between high-entropy configurations and their impact on
the structure-property relationship. In this section, by introduc-
ing high-entropy materials, design principles and crystal evolu-
tion of HEO formation, we aim to enhance our understanding of
the intricate relationships between composition and properties
in HEO materials, and offer insights into the underlying mecha-
nisms that shape their behavior and characteristics.

2.1. Defining High Entropy Materials

The process of entropy stabilization involves enhancing configu-
rational entropy (S,p), ultimately resulting in the stabilization
of a single-phase crystal structure. This is achieved by introduc-
ing more elements randomly distributed across the same lattice
positions. The molar configurational entropy of oxide systems
can be computed using equation (1):3233]

N N
ASconﬁg = -R |:(Z xilnxi) + Z lenx1> :| (1)
i=1 cation—site =1 anion—site

Where R denote the universal gas molar constant (R = 8.314).
x; and x; is the molar fractions of anions and cations, re-
spectively, and N represents the number of elemental species.
Expanding the number of elements in a system leads to
an increase in S_ ... For instance, consider a P2-type 3-
cation oxide Na,;Ni;;;Mn,;Fe;;0, with an entropy value
of 1.10. However, when transitioning to a 4-cation oxide
Na, ;Ni;;;Mn, ;Fe; ; AL O,, the entropy value increases to
1.28R.[B1 When each element’s molar ratio is equal, the system’s
configurational entropy reaches its maximum.** In a system
with five cations at equiatomic proportions, the highest achiev-
able S 4, value is 1.61 R. Based on configurational entropy
classification,”) materials with S, < 1 R are considered “low
entropy”, those with 1.5 R > S ¢, > 1 R are “medium entropy”,
while materials with S5, > 1.5 R are categorized as “high
entropy” systems. Thereby, the high-entropy systems intention-
ally incorporate a substantial proportion of multiple elements in
roughly equal amounts, creating materials with significant con-
figurational entropy. This approach goes beyond trace doping,
distinguishing itself from conventional doping practices and is
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Figure 1. Thermodynamic analysis of high-entropy mixing considers both entropy A) and enthalpy B), which are mainly determined by the composition
of HE materials. Reproduced with permission.[41] Copyright 2022, American Association for the Advancement of Science. C) XRD and Rietveld pattern,
D) structure schematic and E) SEM-EDS mapping of the O3-NFCNTSL cathode. Reproduced with permission.[>>] Copyright 2022, Royal Society of

Chemistry.

characterized by a more balanced and extensive compositional
diversity.

The impact of entropy on phase stability of compounds can
be comprehended by examining the Gibbs free energy of mixing
(AGmiX):[35—40]

A Gmix = AHmix - TASmix (2)

In equation (2), AH,;, represents the mixing enthalpy, AS,
is the mixing entropy, and AS ., typically dominates AS, ;.. T
denotes the absolute temperature. In numerous instances, a sin-
gle phase can be attained when S5, > 1.5 R. In such cases, the
dominance of TAS,,, term in the free energy landscape, over-
coming AH, .., resulting in a negative overall AG, ;. , establishing
entropy stabilization (Figure 1A,B).[*!] It’s important to note that
entropy is directly tied to temperature, and elevated-temperature
synthesis tends to promote the formation of a single-phased sys-
tem with increased configurational entropy.[**-+]

2.2. Design Principle of HEO Cathodes

Typically, the design of a HEO cathode hinges on two pivotal fac-
tors: i) the promotion of disorder among TMs. This goal can be
accomplished through a meticulous selection of elements, ensur-
ing that their ionic radii differences fall within a range of 15%. For
instance, it is impossible to synthesize sodium superionic con-
ductors (NASICONSs) materials containing five equimolar M**
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metal cations (Ge, Ti, Zr, Sn, Hf), likely due to the substantial size
difference between Ge** and the other metal cations;[?’! ii) the se-
lected elements must provide charge compensation, thereby sig-
nificantly improving electrochemical performance.[535*

Based on these criteria, Wang et al. prepared a six-
component layered HEO O3-Na(Fe,, Co,,Ni,,Ti,,Sn,,Li,;)O,
(O3-NFCNTSL) as a cathode material for SIBs.I>>] The selected
elements (Fe*t, Ni2*, Co**, Ti**, Sn**) have ionic radii smaller
than 15%, facilitating the creation of disorder among TMs
(Figure 1C-E). Meanwhile, the Fe**, Ni>* and Co** can offer
charge compensation and enhance the electrochemical perfor-
mance, evidenced by the ex situ X-ray absorption spectroscopy
(XAS) characterizations. The incorporation of multiple elements
is essential for inducing transition metal disorder, which sup-
presses sodium vacancies and the ordering of electric charges,
consequently alleviating interlayer sliding and phase transition of
the layer oxide. The capacity of the O3-NFCNTSL cathode retains
81% after 100 cycles at 0.5C. At 2C, a reversible specific capacity
of 81 mA h g™! can be achieved.

2.3. Understanding the Growth Mechanism of HEO Materials
Gaining insight into the nucleation and growth mechanisms of
HEO materials is pivotal for shaping their structure and opti-

mizing their functions. Gao’s group investigated the formation
dynamics of HEO materials at atomic scale.[*”] They utilized
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Figure 2. In situ STEM imaging of the HEO evolution during the first heating process using gas cell. A—H) Sequential HAADF STEM images showing the
evolution of a cluster of HEO particles during in situ annealing in the formation gas of 20% O, /80% N,. |) Schematic of the HEO formation mechanism.
With an increase in temperature, the polymetric precursor 1) goes through oxidation and nucleation 2), grain growth 3), the state of supercooled liquid
4), the formation of a liquid phase via dissolution of small particles 5), the formation of a metastable liquid 6), and recrystallization 7). The blue, purple,
orange, and red dashed lines show the synthesis processes of a HEO polycrystal with amorphous grain boundaries 8), the degree of supercooling
controlled grain growth 9), the formation of HEO polycrystal structure 10), and the formation of a stable HEO single crystal by a recrystallization process
at high temperature 11), respectively. Reproduced with permissionl*] Copyright 2022, American Chemical Society.

advanced in situ gas-phase scanning transmission electron mi-
croscopy with atomic resolution to observe and analyze the com-
plete generation process of a high-entropy fluorite oxide (HEFO)
derived from a polymeric precursor. As shown in Figure 2A-H,
a process of liquid-assisted grain growth in high-entropy fluorite
materials is presented. The microstructural transition is evident
around 900 °C. Below 800 °C, nanosized pores form and grains
grow as the precursor pyrolyzes. At 900 °C, the pores almost dis-
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appear, and a liquid phase gradually emerges in the intergran-
ular, accelerating grain growth. Notably, grain growth primarily
occurs in the solid state at lower temperatures, while at higher
temperatures, the presence of the liquid phase speeds up the pro-
cess due to enhanced atomic diffusion. The competition between
grain growth and melting depends on the annealing tempera-
ture. Small grains undergo melting into the liquid phase, result-
ing in fewer but larger grains. This transition in grain growth
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kinetics occurs in HEFO formation. Above 950 °C, a significant
part of the particles grows larger, and some nanograins dissolve
in the liquid phase. By 960 °C, the particle transforms into a lig-
uid sphere. Moreover, when a liquid sphere is naturally cooled,
a nanoparticle consisting of diverse nanograins with varying di-
ameters is obtained.

However, this structure is not thermodynamically stable.
When heated above 900 °C, the nanoparticles undergo a tran-
sition back into a liquid phase. This melting occurs at the inter-
face between liquid and solid, and small pores form within the
grains, leading to grain dissolution in HEFO. This dissolution is
associated with the distribution of specific metal cations. Main-
taining the HEFO in a liquid state at temperatures exceeding
990 °C, with an extended holding period leads to recrystalliza-
tion into a single crystal, which is thermodynamically stable. Un-
derstanding the dissolution and crystallization processes involves
examining changes in free energy, enthalpy, and entropy (Equa-
tion 2). The dissolution of local clusters plays a crucial role in
HEFO recrystallization, fostering a homogeneous mix of prin-
cipal elements in the liquid phase, increasing the AS ; and
making recrystallization thermodynamically preferred. A com-
prehensive four-stage formation mechanism, encompassing nu-
cleation during precursor oxidation, diffusive grain growth, com-
positional homogenization, and entropy-driven recrystallization
is outlined (Figure 2I). This understanding is critical for tailoring
the structure and functions of HEO materials effectively. More-
over, the strategic distribution of elements within the polymeric
precursor is pivotal in facilitating oxidation and nucleation at
lower temperatures.

3. Exploring Composition-Properties Correlations
of HEO Materials

In this segment, we reviewed the progress of unravelling the in-
tricate relationships between composition and properties in HEO
materials from both experimental and theoretical perspectives.
This journey aims to shed light on how the deliberate manipu-
lation of composition influences their properties, paving the way
for innovative advancements in materials engineering.

3.1. An Experiential Perspective

Analyzing the electronic and local structure of various TMs in
HEO during sodium ion extraction/insertion provides crucial
insights into the charge compensation mechanism. This explo-
ration contributes to a comprehensive understanding of how
these materials undergo changes during charge and discharge
processes in SIBs, providing valuable insights to optimize high-
entropy cathode materials for enhanced performance. In addi-
tion to ex situ XAS spectra for studying valence changes during
charge and discharge processes, Fourier-transformed extended
X-ray absorption fine structure (FT-EXAFS) spectra can further
elucidate element-dependent properties. This allows for the ob-
servation of short-range local structure evolution for the spe-
cific absorbing atom. Wang et al. utilized the FT-EXAFS to learn
the local environment changes near Fe, Co, Ni and Ti met-
als in layered HEO O3-Na(Fe,, Co,,Ni,,Ti,,Sn,,Li,;)O, (O3-
NFCNTSL) (Figure 3A-D).5%] Two major peaks are observed: the
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first peak (around R ~ 1.5-1.6 A) represents the closest oxy-
gen atoms forming the nearest TMO, octahedra around the ab-
sorbing TM, and the second peak (at R & 2.6 A) corresponds to
the TM-TM, hexagonal arrangement in the second coordination
shell. The simulated analysis provides structural details, with Ni-
O showing the longest bond length and the highest Debye-Waller
factors, attributed to the ionic radius and Ni** ions’ activity. No-
tably, Fe-O exhibits larger R and d values than low-spin Co**,
suggesting a prevalence of high-spin Fe** in O3-NFCNTSL. The
Méssbauer spectrum analysis of the O3-NFCNTSL electrode with
iron (Fe) provides valuable insights. Charging to 4.1 V induces
asymmetry in the spectrum, indicating the oxidation of Fe** to
Fe**, affirming its electrochemical activity. Upon discharge, most
Fe** ions are reduced, though incomplete recovery of Fe’s elec-
tronic structure suggests factors like unreduced Fe** contribut-
ing to initial irreversible capacity and slight lattice distortion
induced by Na* extraction/insertion. Electrochemically inactive
Ti** and Sn** play crucial roles in stabilizing the O3 structure,
with Ti** suppressing Fe migration and Sn*" enhancing redox
potential through reduced orbital overlap. This effect, coupled
with the simultaneous increase in bond ionicity, is expected to
enhance the redox potential.[*¢57]

More  recentlyy,  Walczak et al.  designed the
NaMn,,Fe,,Co,,Ni,,Ti;,0, HEO cathode and comprehen-
sively analyzed its structural, transport, and electrochemical
properties.®®l To confirm whether electrons/holes dominate
electrical conductivity, a potentiostatic polarization experiment
was conducted (Figure 3E). Applying a polarization potential of
100 mV resulted in a gradual decay of current over about 2 hours,
reaching a steady-state value indicating a non-ionic conductivity
of 1.05e107¢ S cm™'. The total conductivity, determined from
an AC impedance response under identical conditions (refer to
the inset of Figure 3E), showed a singular, slightly distorted arc,
indicative of a total electrical conductivity of 1.09¢107¢ S cm™!.
This suggests that the electronic/hole component significantly
dominated the total electrical conductivity, accounting for around
96% of the total conductivity. Additionally, changes in the valence
states of transition metals within Na Mn, ,Fe,,Co,,Ni,,Ti,,0,
during cycling are proposed based on synchrotron XAS measure-
ments (Figure 3F). In the pristine layer, manganese displayed a
mixture of +2, +3, and +4 valence states. Surface manganese
underwent oxidation, while bulk manganese experienced reduc-
tion during discharge. The spectra for iron indicated Fe3* in the
pristine sample, which oxidized during charging. For cobalt and
nickel, Co?* and Co’** coexisted initially, then rapidly oxidized;
nickel ions in the bulk oxidized to various states, including Ni**.
While titanium remains electrochemically inactive during cell
operation. These findings provide insights into the dynamic
valence changes of transition metals during cell operation.
Moreover, the O3-P3 phase transition initiates at around x =~ 0.9
moles of sodium per formula unit, marking a critical point in
the material’s behavior.

3.2. A Theoretical Perspective
The potential for battery applications is significantly promis-

ing with the advancement of high-entropy composites, and
the utilization of machine learning plays a vital role in
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Figure 3. The least-square fits of the calculated FT-EXAFS phase and amplitude functions to the experimental EXAFS spectra for A) Fe, B) Co, C)
Ni, and D) Ti in O3-NFCNTSL. Reproduced with permission.I>3] Copyright 2022, Royal Society of Chemistry. E) Current response in potentiostatic
polarization experiment for NaMng ,Fey ,Coq ,Nig 5 Tig O, layered oxide with ion-blocking Au electrodes at 23 °C. Inset presents a Nyquist plot for the
sample measured at the same conditions. F) Changes of valence states of transition metals in Na,Mn ,Feq,Coq , Nig,Tig ,O, during charge/discharge
processes. G,H) The variation of total energy (Etot) difference versus Na concentration in Na,Mnq ,Fey,Coq,Nig,Tig,0, computed by the KKR-CPA
method for two structures (O3 and P3) (G); The variation of total energy (Etot) with transition metal M) and oxygen O) distance (dM-O) in O3 and P3
structure Na,Mng ,Feg ,Coq, Nig,Tig,O, computed by the KKR-CPA method for x = 1 and x = 0.7 H). I) The variation of the Fermi energy versus Na
concentration in P3- Na,Mn ,Fey,Coq ,Nig,Tig,0, computed by the KKR-CPA method for different M-O interatomic distances. Inset presents EMF
versus Na concentration in Na|Na*|Na,Mn ,Fey,Coq,Nig,Tig, O, cell. Reproduced with permission.[>8] Copyright 2022, Elsevier.

realizing their capabilities. The diversity within high entropy
materials opens up various avenues for designing battery ma-
terials. However, crafting high entropy materials is a complex
process involving multiple factors like element choice, ratio
control, and crystal structure. Insights into the elements capa-
ble of creating a compatible high-entropy combination through
high-throughput modelling are desired to accelerate experimen-
tal approaches.’®>°l The traditional trial-and-error and first-
principles calculation approaches are time-consuming and in-
efficient. Therefore, machine learning methods are gaining
prominence in accelerating high entropy material develop-
ment. This data-driven technique leverages existing data to pre-
dict material properties and structures, expediting the design
process.

Adv. Energy Mater. 2024, 14, 2304529 2304529 (6 of 18)

Sturman et al. employed a data-driven strategy to iden-
tify potential high entropy cathodes for LIBs. They success-
fully determined the best cathode, LiN;,,Mn,,Co,,Fe,,Ti,,0,,
which maintained a consistent capacity of 85 mAh g dur-
ing charging up to 4.4 V.I%! In the computational exploration
of SIBs, Walczak et al. applied the KKR-CPA method to an-
alyze the electronic structure of high-entropy layered oxide
Na, Mn,) ,Fe, ,Co, ,Ni, , Ti,,0,,¥ specifically focusing on the O3
and P3 crystal structures and their influence on the O3-P3 phase
transition (Figure 3G, H). The analyses reveal several key find-
ings: firstly, the O3 phase is energetically favored, influenced
by variations in M-O interatomic distances and magnetic inter-
actions among transition metal atoms, which significantly im-
pact the total energy. Notably, iron atoms are active participants
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in electron transport within the P3 structure. Moreover, elec-
tronic structure differences between the phases are evident, with
O3 displaying near half-metallic behavior and strong polariza-
tion of electronic states for transition metal atoms. The analy-
sis also indicates that the phase transition has a profound im-
pact on transport properties and electromotive force (EMF) in
Na|Na*|Na,Mn,,Fe,,Co,,Ni,,Ti,,0, cells. Changes in M-O in-
teratomic distances substantially affect the Fermi energy (EF),
leading to a broader EF span with shorter distances due to en-
hanced orbital hybridization. Transitioning to the metallic P3
phase during sodium deintercalation shifts the Fermi level and
enhances transport properties (Figure 3I). The observed EMF
variations are closely related to changes in the chemical poten-
tial of electrons within the cathode material. By applying a semi-
empirical model, the study aligns these computational insights
with experimental observations, revealing that the O3 phase be-
haves as a semiconductor, while the P3 phase exhibits metal-
lic characteristics. In essence, this computational analysis pro-
vides a comprehensive understanding of how the phase tran-
sition impacts EMF, transport behavior, and the transition be-
tween semiconductor and metallic features within the HEO
Na,Mn, , Fe, ,Co, ,Niy , Tiy , O,

While there has been some progress, challenges remain in op-
timizing HEO materials, especially in terms of optimizing mul-
tiple properties and dealing with limited data.l®!] Emerging data-
driven models like DRXNet offer hope as they can establish con-
nections between cathode composition and electrochemical per-
formance. Successful machine learning applications in future in-
vestigations of high entropy compounds require thorough data
collection and thoughtful feature engineering.l>%] As this field
continues to evolve, the integration of machine learning in bat-
tery research will be closely monitored and further advanced.

4. Merits of HEO Cathodes for Reversible Sodium
Storage

High-entropy materials have garnered growing attention in the
realm of electrochemical energy storage. In the domain of SIBs,
layered transition metal oxides (Na,TMO,, x < 1) are categorized
into types like O3, P3, and P2 based on sodium content.[®>6¢]
While O3 layered oxides offer a higher theoretical capacity, they
grapple with challenges related to Na* resistance and reversibility
at elevated voltages. On the contrary, P-type Na,TMO, performs
well at high rates due to its superior sodium ion accommodation,
reduced phase transition risk, and fast ion diffusion. However,
a problematic P-O phase transition during high-voltage charg-
ing remains a significant challenge.[*”] These challenges have
fueled exploration into high-entropy cathodes, featuring multi-
ple components and showcasing superior electrochemical per-
formance with heightened energy density and extended cycling
life.[%71] The subsequent section provides a detailed exploration
of the functional roles played by high-entropy design in address-
ing these challenges.

4.1. Protecting the Structure from Detrimental Phase Changes

Phase transitions in layered materials during cycling can harm
battery capacity and cycle life. The issue arises because, dur-
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ing sodiation, the shielding effect between oxygen atoms weak-
ens, resulting in increased spacing between sodium layers. Deep
sodium deintercalation transforms the structure of O3-type ox-
ides to the P3 phase, and covalent bonds between transition met-
als and oxygen are strengthened, but oxygen-oxygen interactions
are weakened along with the increase of transition metal va-
lence. This can potentially lead to structural deformation or al-
kali metal layer collapse. This can potentially lead to structural
deformation or alkali metal layer collapse. To address this chal-
lenge, researchers are exploring ways to suppress these phase
transitions. As early as 2015, introduced a single-phase quinary
layer transition metal oxide NaNi,,Co, ,Fe;,Mn,;Ti; 30, as
a cathode for SIBs. At a 2 C rate, a stable capacity of
96.82 mAh g' can be achieved after 100 cycles, retaining
nearly 97.72% of its initial capacity. The introduction of Ti dop-
ing expands the interlayer spacing of the sodium layer, and
Mn doping enhances carrier transport properties.>* This work
makes an initial exploration of layered high-entropy materials for
SIBs.

Recent research has explicitly shown that a high-entropy
strategy effectively prevents detrimental phase changes in
layered oxides. Hu’s group pioneered the introduction of the
high-entropy concept in developing sodium-layered oxides,
and they reported an HEO with nine transition metal ele-
ments  (NaNi;,Cuy ;Mg ;,Feq 15Cog15Mn, 1 Tig 5 S1p 4 Sby 040,)
for SIBs.’) The nine component ions exhibit varying ox-
idation states (bivalent to pentavalent) at the octahedral
TM site within the O3-NaTMO, system. These elements,
as per existing literature,”>7# are anticipated to bring
about certain potential characteristics: Ni**, Cu?*, Fe’t,
and Co’" are expected to facilitate charge compensation,
thereby enhancing capacity. Ti** and Mg?* play as stabiliz-
ers in maintaining the overall structural integrity during
Na-(de)intercalation. Mn*" acts as a structure former due
to its abundance, while Sb> and Sn*" contribute to ele-
vating the average voltage. Therefore, this high-entropy ap-
proach significantly improved cycling stability, with ~83%
capacity retention after 500 cycles, and improved rate ca-
pability, maintaining around 80% capacity retention at a
5 C rate. This improvement is attributed to the highly re-
versible phase transition between O3 and P3 structures during
cycling.

Compared to the conventional O3-type layered materials, an
increased reversible capacity of up to ~60% was found com-
ing from the O3 phase region of the HEO layered counter-
parts. The researchers proposed a mechanism for how high-
entropy compositions support the layered O3-type structure.
They used spectral fingerprints to show element types and ox-
idation states (Figure 4A, B). In an HEO cathode, diverse re-
dox elements are randomly distributed, resulting in varied lo-
cal interactions. During charge-discharge, specific transitional
metals change in size and oxidation state, while Na content
also fluctuates, impacting local interactions and phase transi-
tions. Traditional cathodes have an even distribution of redox
elements, making phase transitions more likely. High-entropy
compositions, however, adapt to changes in the diverse lo-
cal structure. This random arrangement effectively aligns with
the unique characteristics of the original structure, postponing
phase transitions.
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Figure 4. A-B) Possible mechanism of high-entropy composition in facilitating layered O3-type structure. A) The conventional O3-type Na-ion cathodes
with three different types TM elements. B) The proposed HEO cathodes with multi-transition-metal element components. TM2 is assigned as the redox
element in blue. Note: Two fingerprint spectra are used to illustrate the types and oxidation states of the elements in TM site of O3-type cathodes; the
colors represent the types of different TM elements and the sizes represent the different oxidation states where the lower the oxidation state the larger
the size of the element. The wavy lines give the local interaction between the elements in TM site and Na in TMO, slabs and NaO, slabs, respectively.
Reproduced with permission.[?3] Copyright 2020, Wiley-VCH. C) a Schematic of O3-type Nag o5 LNCFM structure design. D,E) Rate performance. F)
Long-term cycling performance at 8C rate. G) Schematic structures of Na0.95LNCFM. H) Contour maps of charge density on corresponding planes in

Nag o5 LNCFM. Reproduced with permission.[®8] Copyright 2023, Springer Nature.

Chen and his colleagues further confirmed this conclusion.!”]

A high-entropy O3-type layer-structured material with
non-equimolar  components, NaCu,,Ni,;Fey,Mn,,Ti,,0,
(NCNFMT), was fabricated, establishing as a cathode for SIBs.
Significantly, in situ synchrotron X-ray diffraction unequivocally
studied the reaction mechanism, indicating that the phase
transition was postponed until the removal of 0.32 sodium ions
from NCNFMT, underscoring the stabilization of the O3-phase
facilitated by the high entropy effect. However, further in-depth
research is required to explore the feasibility of retarding or
accelerating the phase transition in high-entropy structures. The
composition of the high-entropy NCNFMT with various element
ratios was investigated as well. This study confirmed that certain
elements, such as Mn** and Ti**, remain inactive during cycling,
which aids in maintaining structural stability. Meanwhile, the
presence of Ni** and Cu’* ions increases both capacity and
potential. Additionally, Co** helps relieve the Jahn-Teller effect
of Mn3*, further enhancing the structural stability of HEO
materials.

Very recently, a high-entropy design, incorporating a Li doping
strategy, was introduced for Na, o5 Li; o6 Nij 55 Cuy o5 Feg 1sMny 40O,
(Na, s LNCFM) (Figure 4C).I] This innovative approach aims
to alleviate lattice stress and boost ionic conductivity. The cath-
ode not only showcases outstanding rate capability, achiev-
ing a discharge capacity of 85 mAh g! even at 20 C,
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but also exhibits remarkable long-term stability, retaining
83.2% of its capacity after 500 cycles at 8C (Figure 4D-F).
These exceptional electrochemical characteristics are attributed
to the swift and reversible O3-P3 phase transition in low-
voltage regions, effectively suppressing phase transitions. More-
over, the Na;osLNCFM electrode behaves highly stable in
air and heat. DFT calculations revealed that by replacing
Li* ions with slightly larger Na* ions, the weaker Li-O or-
bital hybridization was achieved, promoting efficient charge
transfer from sodium to oxygen (Figure 4G,H). This re-
sulted in a stronger Na-O binding energy, reducing the risk
of active Na loss and preventing irreversible phase tran-
sitions during air exposure. Additionally, the higher redox
potential of Cu?* made it more resistant to oxidation in
air, preventing the chemical extraction of Na' from the
lattice.

The high-entropy design also can stabilize the P2-type lay-
ered oxide cathodes. Liu and co-authors underscored the im-
portance of the entropy stabilization concept in battery cy-
cling by comparing the electrochemical performance of P2-
type medium-entropy 3-cation oxide (1.28 R) and 4-cation ox-
ide (1.28 R) under the same testing conditions.®!! Their re-
search indicated that a rise in configurational entropy led to
smoother charge—discharge profiles. Furthermore, it bolstered
the stability of the crystal structure and mitigated the complex
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phase transitions of Mn?** during the continuous Na intercala-
tion/delamination process. The outcomes presented above in-
dicate that the presence of a high entropy structure in the
layered material can efficiently inhibit the typical monoclinic
phase transition observed in both O3- and P2-type layered materi-
als, thereby enhancing the stability of the structure during cycling
processes.

4.2. Facilitating the Reaction Kinetics

An early investigation into P2-type high-entropy oxides was
conducted by Yang and their team.®! They crafted a P2-
type high-entropy oxide, Na, ,Ti, ,Mn,,Co,,Ni,,Ru,,0,, using
a solid-phase method. This high-entropy cathode stands out with
smoother charge/discharge curves, indicating reduced resistance
during Na* ion movement. The researchers suggest that various
high-entropy components in the transition metal layer disrupt
cation and charge ordering, making it easier for sodium to dif-
fuse. Conversely, non-high-entropy layered materials tend to have
ordered transition metal arrangements, leading to higher diffu-
sion barriers for Na* ions. The high-entropy cathode achieves
discharge capacities of 78 and 68 mAh g™', even at 10 and
15 A g7!, respectively. Moreover, Monte Carlo simulations were
utilized to evaluate the impact of various transition metal ele-
ments on Na' jon migration barriers (Figure 5A). They found
that Na(f)y,n; sites had the lowest barrier to Na* ion migra-
tion, with Na(f)y;.c, and Na(f)q,.c, sites ranking next. Ti and Mn
showed intermediate migration barriers, while Ru presented the
highest barrier. x Additionally, they defined the element ratio
needed for swift Na* ion diffusion in the P2 structure. To sup-
port rapid charging and discharging, Ru, a significant hindrance
to the migration of sodium ions, should be present at less than
0.293, while elements favoring sodium migration should exceed
0.293. This initiative study provides valuable insights for future
research on P2-type layered cathode materials. Similar boosted
electrochemical reaction kinetics and enhanced performance
were witnessed in HEO cathodes with different chemical for-
mulas, such as Nag ;sMnj 565 Nig 55 Ctlg 0625 M80.0625 Tio 0625 0, and
Nay 6, Nig 15YCtlg 1 214,05 Fe, M 7., 0,172

Ji et al. manipulated configurational entropy by adjust-
ing the stoichiometric ratio of inactive cations (Mn*t,
Ti**) and investigated the entropy contributions to per-
formance in Na-deficient O3-type layered HEOs cathode,
Nag g3 Lig ; Nig 5 C0p,Mn, Ti, S1y 45 .0, 5 (MTS45, x = 0; MTS35,
x = 0.05; MTS25, x = 0.1; MTS15, x = 0.15).[8%) The theoretical
configurational entropy (S, values gradually increase per
unit cell for the MTS45, MTS35, MTS25, and MTS15 cathodes.
(Figure 5B) In-depth electronic structure analysis (Figure 5C)
revealed heightened electron localization between O and Ti in
MTS15 compared to MTS45. This concentrated electron density
weakened the Na—O bond, facilitating Na* diffusion by reducing
electrostatic interaction with interlaminar sodium ions. To
gain a deeper understanding of the exceptional entropy-driven
kinetics of Na* diffusion, the activation energy (E,) was derived
through EIS analysis at varying temperatures. (Figure 5D, E)
According to the Arrhenius equation, depicted in the inset of
Figure 5F, the diffusion energy barrier of MTS15 is effectively
relieved.
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4.3. Regulating the Crystal Structure of Oxides

An optimized crystal structure could provide capacious chan-
nels for rapid ion migration and protect the structure in-
tegrity from degradation, thereby contributing to enhanced per-
formance. Understanding the interplay between entropy and
anionic redox kinetics within the crystal structure of layered
cathodes, especially under high voltage, offers a promising av-
enue for developing layered cathodes with both rapid charg-
ing and extended cycle life. Xu et al. put forth the idea that
the surface energy of P2-type entropy-tuned materials, exem-
plified by Na,, ;, Mn, ¢, Ni; ,;Cuy os Mg o7 Tl 010, (CuMgTi-571), is
primarily shaped by configurational entropy (S.,g,) at specific
temperatures.® This suggests that variations in S, can effec-
tively modify the surface energy of crystal planes, impacting the
growth rate of distinct facets. Their study showcases that high
configurational entropy acts as the driving force for the growth
of a significant percentage of {010} active facets in layered cath-
odes, as illustrated in Figure 5G-I. The CuMgTi-571-based pos-
itive electrode exhibits impressive performance, boasting 87%
capacity retention after 500 cycles at 120 mA g~! and ~ 75% ca-
pacity retention after 2000 cycles at 1.2 A g~!. These results high-
light the potential of entropy-tuned materials to address struc-
tural issues associated with high-voltage operations, providing
a promising avenue for advanced battery technology, while also
emphasizing the significant impact of configurational entropy on
surface energy and facet growth rates.

4.4. Tailoring Electronic Structure of Oxides

Recently, Hu and colleagues demonstrated that the incorporation
of strategic low-valence cation in HEO composition can maxi-
mize high-voltage TM redox reactions, tailoring the electronic
structure by increasing the Nat/TM charge transfer ratio.®! Sub-
stituting Li* for Na,Cuy,;N,,,;Feo;Mn, 40, (CNFM, LCNFM)
boosts this ratio, facilitating high-voltage TM redox activity. Ad-
ditionally, F co-substitution stabilizes the crystal structure, result-
ing in Na g9 Lig o5 Ctlg 11 Nig 1, Fey ;M1 430, o Fg g3 (LCNEME). In-
depth DFT calculations on Na-Cu-Fe-Mn-O oxide material and
Li-substituted versions revealed Cu and Fe 3d band centers over-
lapping Mn at a lower energy level, indicating higher redox po-
tential. In CNFM, the Mn 3d band near the Fermi level suggests
Mn3*/** redox upon Na* removal. Li-substituted samples show
a positive shift in Mn d projected density of states (PDOS), in-
dicating Mn ion oxidation and improved charge balancing, re-
sulting in a narrower band gap compared to CNFM (Figure 6A).
Despite similar initial Na* content, CNFM experiences Na* loss
and Mn ion oxidation due to the Fermi level residing in Mn 3d or-
bitals. Conversely, in LCNFM, controlled low-valence cation sub-
stitution optimizes the Na* content to the average coordination
number (ACTN) of TMs, promoting TM redox reactions for max-
imal capacity contribution (Figure 6B).

Initial charge-discharge curves reveal increased charge capaci-
ties with Li substitution, attributed to improved high-voltage TM
oxidation reactions (Figure 6C). The high-entropy LCNFMF cath-
ode exhibits a ~29% capacity increase from high-voltage TMs and
outstanding extended cycling durability due to enhanced struc-
tural reversibility. Analyzing the Na* to TM coordination ratios
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Figure 5. A) Na(e)—Na(f)—Na(e) single Na hopping migration barriers (meV) of different Na(f) site compositions at the fully charged limit. Reproduced
with permission.[3%] Copyright 2022, American Chemical Society. B) Variation trends between configurational entropy (S.,.) and the O—-Na-O slab
spacing. C) 2D slices of the charge density distribution for MTS45 (left) and MTS15 (right). D,E) electrochemical impedance spectroscopy (EIS) spectra
of the electrodes at the fully discharged state after 10 cycles. F) Arrhenius curve for the R, and activation energy of the MTS15 and MTS45 cathodes.
Reproduced with permission.[82] Copyright 2023, American Chemical Society. G) Schematic illustration of microparticles with six {010} facets and two
{001} facets. The surface atomic arrangement of (010) facet is shown on the right. H) Schematic illustration of microparticles with six {010} facets and
two {001} facets. The surface atomic arrangement of (010) facet is shown on the right. I) The percentage of {010} facets and configurational entropy of
CuMgTi-533, CuMgTi-552, CuMgTi-571, and NaMNO, samples. Reproduced with permission.[34] Copyright 2022, Springer Nature.

ratio tends to infinity, only oxygen redox occurs because there are
no available electrons from the TMs to facilitate Na* deintercala-

in Mn-based Na-ion layered oxide cathodes reveals redox mech-
anisms and the impact on electronic structure (see Figure 6D).

When the ratio is around or marginally above 1, conventional
cationic redox, involving high-voltage TMs, dominates charge
storage. In cases of Na* deficiency, discharge triggers low-voltage
Mn reduction with extra Na* intercalation, evident in the down-
ward shift of Mn 3d orbitals. Conversely, when all Na crystallo-
graphic sites are filled, there is no increase in capacity gain from
additional Mn redox due to the limit of Na* intercalation. With
a significantly higher ratio, oxygen redox is activated as the O 2p
state energy rises towards the Fermi level. In scenarios where the

Adv. Energy Mater. 2024, 14, 2304529 2304529 (10 of 18)

tion. This encourages involvement in electrochemistry with in-
creased energy levels of the O 2p states.

4.5. Alleviating the Jahn-Teller Distortion and Enhancing Oxygen
Reversibility upon Cycling
The dominance of Ni and/or Mn as transition metal elements

in layered oxides introduces structural distortion because of the
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Figure 6. A) Calculated projected density of states of TMs for Nay,CugFegMn;,Os,, Nay,Li;CugFegMny,Os,, and Nay,LiyCugFegMn,;Os3F;. B)
Schematic illustration of the electronic structure adjustment of CNFM and LCNFM, E¢: Fermi level. Dotted box: the electron occupancy in 3d orbitals of
Mn3* and Mn**. C) Initial charge-discharge curves of CNFM, LCNFM, and LCNFMF at 0.1 C in a voltage range of 1.5-4.0 V. Inset: quantitative analysis
results of the reversible capacity contributions. D) Schematic band structure of typical Na layered oxides. Reproduced with permission [3°] Copyright

2023, American Chemical Society.

Jahn-Teller effects of high-spin Mn?** and Ni**, leading to elec-
trode instability. Besides, the poor oxygen redox reversibility at
high voltages compromises oxide structural integrity, negatively
impacting SIB performance. Recent works in HEO cathodes have
proven that the high-entropy design could effectively address
these challenges and benefit the structural stability of layer ox-
ides.

Hu’s group introduced a high-entropy configuration into O3-
NaNi,,Fe,,Mn,,0, (NFM424) base cathode material, synthe-
sizing NaNig,sMgg o5 Cuy; Feg,Mny,Tig;Sny,0, (HEO424).17°)
HEO424 achieved balance by offering charge compensation
(Cu**), structural stability (Mg?* and Ti**), and increased av-
erage voltage (Sn*"). Moreover, the expanded TMO, slabs of
HEO424 compared to NFM424 during the initial charging pro-
cess (Figure 7A) may alleviate the Jahn—Teller distortion of
the Ni** active center and favor high-symmetry structures.””]
Thereby, it maintained a pure O3-type phase, enabling fast Na*
transport and ensuring structural integrity during cycling, even
with improved thermal safety properties.

Combining high-entropy design with superlattice stabiliza-
tion offers a strategy to prolong cycle life and improve
the rate capability of layered cathodes. Illustrated by high-
entropy Na, ;Li, Fe, ;Co, (Ni; sMn, ;0, cathode, this approach
showcases a superlattice structure with ordered Li/transition
metals.”®l Notably, this cathode displays outstanding electro-
chemical performance, remaining unaffected by phase transi-
tions and oxygen redox during cycling (Figure 7B-D). The cath-
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ode retains 63.7% of its capacity at 5 C after 300 cycles and
demonstrates a rapid-charging capability of 78 mAh g~* at 10 C.
EXAFS experiments were conducted to verify the electrochem-
ically active/inert ions and gain insights into the alteration of
the local ligand environment in NaLFCNM (Figure 7E). A no-
table reduction in interatomic distance is identified at Ni and
Fe K-edges during charging, indicating the oxidation of Ni and
Fe ions. Conversely, the Co and Mn K-edges exhibit minimal
changes during Na removal from the crystal lattice, which avoids
the Jahn-Teller effects and stabilizes the electrode structure
(Figure 7F).

5. Applications of HEO Materials for SIBs

5.1. Overview of the Development of P2 or O3 Layered HEO
Cathodes

Thanks to the merits of the high entropy design discussed
above, HEOs stand out as promising contenders as cath-
odes for sustainable SIBs. This prominence arises from their
straightforward fabrication process and robust structural com-
patibility, enabling efficient reversible Na* (de)intercalation
chemistry.[*%¢] Table 1 summarizes the battery performance of
various O3 and P2 layered cathodes with high-entropy config-
urations in SIBs. It's worth mentioning that Ni is a common
constituent in all of the layered oxides listed in the table, serv-
ing as an active redox center with the potential advantage of
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Cathode Voltage range [v] Initial Capacity Cycle retention Rate performance Reference
[mAh g™] [mAhg™]
P2-Nag ¢, Nig 165 Clig 120,05 Fe0 03 Mg 655 O 25-44 105 92.7% after 200 77.49/5C 9]
cycles/ 1C
P2-Nag 75 Mng 5625 Nig 25 CUg 0625 M80 0625 Tio.0625 O2 2.0-4.3 108 97.2% after 100 / [20]
cycles
03-NaNig 1,Cug 1,Mg 15 Feg 15 Cog 15 Mng 1 Tig 1Sng 1Sbg 04O, 2.0-3.9 110 83% after 500 86/ 5C [25]
cycles/ 3C
03-NaNiy,Coy4Fey sMny 5 Tiy 50, 2.0-4.0 128 97.72% after 100 38.6/ 60C [54]
cycles/ 2C
03-NaFe, ,Coq,Nig,Tig,5Ng 1Lig 10, 2.0-42 130.6 72% after 100 80.8/2C [55]
cycles/ 0.1C
03-Na Mng,Fey,Cog, Nig,Tig,0, 1.5-4.2 180 97% after 100 173/5C 58]
cycles/ 0.1C
Nag o5 Lig o6 Nig 25 U o5 Feg 15 Mg 460, 2.0-42 141.2 83.2% after 500 85/ 20C [68]
cycles/ 8 C
03-NaCug ; Nig 5 Feg ,Mng 5 Tig 20, 2.0-3.9 130 87% after 100 85/5C [75]
cycles/ 0.1C
03-NaNig ,5Mgg o5 Cg 1 Feg ,Mng , Tig 1S 1O, 2.0-4.0 130.8 75% after 500 108/ 5C 76]
cycles/ 1C
03-Nay s Liy gFey5Coy 6 Nig sMny 50, 2.0-4.5 1712 89.3% after 90 78/ 10C 78]
cycles / 1C
03-NaggNig, Feg,Cog,MNg 5 Tig 205 2.0-4.0 107 90% after 100 94.1/5C (79]
cycles/ 0.05C
P2-Nag ¢ (Tig,Mng ,Cop 2 Nig2Rug,) O, 1.5-4.5 174 40.9% after 400 68/ 86C 80]
cycles/ 0.1C
Nag g3 Lig 1 Nig 25 C00 ,Mng 15 Tig 15 SMg.15 Oz_s 2.0-4.2 109.4 87.2% after 200 83.3/10C 82]
cycles/ 2C
Nag g5 Lio 07 Clio 11 Nig 11 Feg s Mg 101 97 Fo.03 15-40V 138.6 73.1% after 302 109/ 10C [85]
cycles/ 1C
P2-Nag 6 Lig 13 Nig 205001 Mo 660, (LNSM-0.01) 2.0-45 ~160 93.27% after 100 85.7/ 7C 38]
cycles/ 0.5C
03/P2-Nag g5 Li 05 Nig 25 CUig 025 MZ0.025 F€0.05 Alo.s Mg s Tig .05 02 2.0-4.2 122 88% after 300 81.8/ 10C 89]
cycles/ 2C
03-Na(Feg,Cug 1 Nig,Mng;Tip,)O, 2.0-4.1 121 83.8% after 200 70.2/ 5C [90]
cycles/ 2C
P2/03-Nag;Mng 4Nig 3 Cug 1 Feg 1 Tig 101 5 Fo 1 2.0-4.3 118.4 88.9% after 200 108.5/ 2C [91]
cycles/ 2C
03- NaNig ; Cug ; Feg,Mng , Tig, 0, 2.0-4.0 123.6 77.2% after 200 110.0/ 0.5C [92]
cycles /0.1C
03- NaMng,Feg ,C0g 5 Nig ;SN0 1Al 0s Mo 05 O, 1.5-4.2 152 71.1% after 200 142/ 0.5C 93]
cycles/ 0.5C
03-Nag g5 Lig 06 Nig 25 Cuig 05 Feg 15 Mg 450, 2.0-42 1412 88% after 200 112.6/ 5C [94]
cycles/ 2C
P2-Nag 667 Mg 667 Nig 167C00 117 Tio.01 M80.01 Clig 01 MOg 01 Nbg 0105 1.5-4.5 169.8 76.4% after 100 111/ 5C [95]
cycles/ 1C
03-NaNig ;Mng, 15C0g ,Clg 1 Feg 1 Lig 1 Tig 1550 10, 2.0-4.1 15 82.7% after 1000 ~100/ 8C [96]
cycles / 16C
P2-Nag g7 (Mng .45 Nig 15C00 18 Tio.1Mg0.03Al0 04 Fe0.02) O2 2.6-4.6 102 86% after 50 / [97]
cycles /0.5C
03-Nag g4 Nig 20 Ctig. 1 Feg 16Mng 3 Tig 150, 2.0-4.0 122 79% after 300 68/4C 98]
cycles/ 0.5
P2-Nag 75 Mng 55 Nig 25 C00.05 Feo 10Z70.05 O2 1.5-4.2 143 81% after 100 22/10C [99]
cycles/ 0.1C
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Figure 7. A) Schematic illustrations showing the TMO, slabs in both cathodes during the initial charge process. Reproduced with permission [76]
Copyright 2022, American Chemical Society. B,C) Ex situ HR-TEM image of NaLFCNM at B) 4.5 V state and C) 2 V state. D) Schematic illustrations of
the whole phase evolution of NaLFCNM upon charge and discharge. E) EXAFS spectra of Ni k-edge, Fe k-edge, Co k-edge, and Mn k-edge. F) The TM-O

(TM = Ni, Fe, Co, and Mn) bond length changes upon charging from 2.0 to 4.5 V. Reproduced with permission!’8] Copyright 2022, Wiley-VCH.

offering higher voltage. Moreover, Fe/Mn/Ti is frequently em-
ployed in high-entropy-based layered oxides as well. Research
on high-entropy layered oxides in SIBs covers both O3 and P2
phases, with a preference for O3 because of their higher spe-
cific capacities and potential for more considerable performance
improvement.

For example, Anang and Walczak both pioneered HEO
cathodes for SIBs, introducing compositions like Nagg
Niy ,Fe,,Co,,Mn,,Ti;,0, and  NaNi, Fe,,Co,,Mny,Tiy,0,,
respectively. These cathode materials exhibit a reversible O3-

Adv. Energy Mater. 2024, 14, 2304529 2304529 (13 of 18)

P3-O3 phase transition during cycling.’®”°1 Walczak et al.
suggest that the transition from O3 to P3 phases could be
associated with magnetic interactions within high-entropy
structures. Through operando-XRD tests, the material was
observed undergoing an O3-P3 phase transition at a sodium
content (x) of 0.9. This rapid phase transition results in a low
sodium diffusion coeflicient and excellent metal conductivity,
elucidating the material’s high capacity and rate capability. They
propose that high-entropy layered oxide, with lower cobalt and
nickel content, could be suitable for sodium battery technology,
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particularly in large-scale energy storage systems. In a similar
vein, Tian and colleagues also investigated an O3-type layered
high-entropy oxide, Na(Fe,,Co,,Ni,,Ti,,Sn,,Li,;)O0,, where a
reversible O3-P3-O3 phase transition process was evidenced in
this system.[>]

The preceding materials demonstrate that a high-entropy
structure in layered materials can efficiently inhibit the typi-
cal monoclinic phase transition found in O3-type layered ma-
terials, enhancing the stability of the structure during sodia-
tion/desodiation. However, the relatively low ICE caused by ini-
tial capacity loss still hinders the practical application of HEOs.[*!
Chen’s work may help explain the underpinning mechanisms.!®’]
During the initial charging process, they discovered the genera-
tion of an M;0, phase on the surface of equimolar high-entropy
layered oxide LiNi,,Mn,,Co,,Fe,,Al;,0,. This surface phase
obstructs the re-intercalation of lithium ions in subsequent cy-
cles. Metal ion migration involves Ni** passing from octahedral
to tetrahedral sites, while reduced Fe?* and Co?* migrate directly
to tetrahedral 8a sites, forming the M;0, phase. As more Fe**
and Co’* are reduced, more irreversible M,0, is formed, which
should be suppressed to achieve high-performance cathode
materials.

5.2. P2/03 Biphasic HEO Cathodes

The high-entropy design was also adopted together with
the phase engineering to reinforce the robustness of lay-
ered oxide cathodes. Cheng et al. developed a high-entropy
cathode material, Na,,Mn,,Ni,;Cu,,Fe,Ti;;0;0sF,; (P2/O3-
NaMnNiCuFeTiOF), with a tunable P2/O3 biphasic structure.!%3!
In situ XRD analysis during synthesis at various sintering
temperatures revealed the generation process’s sensitivity to
temperature, showcasing the tunable P2/03 biphasic structure
(Figure 8A). At 500 °C, a pure P3 phase forms, transition-
ing to the P2/03 biphasic structure at temperatures exceeding
640 °C. The P2/03 ratio within the biphasic structure changes
with sintering temperature. HRTEM confirms the presence of
the biphasic P2/O3 at the phase boundary (Figure 8B). The
P2/03-NaMnNiCuFeTiOF cathode demonstrates a high initial
Coulombic efficiency (97.6% at 20 mA g!), substantial capac-
ity retention across a broad temperature range (—40 — 50 °C),
and extended storage stability (90 days). The outstanding Na-
storage performance is credited to the engineered high-entropy
and biphasic structure, which enhances structural stability by al-
leviating Jahn-Teller distortion and preventing the sliding of tran-
sition metal layers over a broad temperature range (Figure 8C).

5.3. Gradient HEO Cathodes

Very recently, Li et al. pioneered a unique methodology uti-
lizing steel slag for multi-element gradient doping, intro-
ducing SS (the SS includes numerous available elements,
like Fe, Ca, Mg, Si, Li and Mn) into P2-type layered ox-
ides (Nay soLig13Nig20SS,Mn, e, ,0,, x = 0, 0.005, 0.01, 0.03)
(Figure 8D).[®8] The high-entropy cathode materials (HECMs) ex-
hibit outstanding capacity retention, maintaining 93.27% of their
capacity after 100 cycles in SIBs. The study illustrates the self-
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segregation of elements from surface to bulk phase in the pre-
pared HECMs. XPS spectroscopy suggests a proton exchange
mechanism dominates in surface impurity generation, where
exposed Na, ;Li, 13Niy,oMn, ¢;0, without doping (LNSM-0) re-
acts with air, exchanging Na* with H* on the surface, leading to
impurity formation. In contrast, Na, ;oLi 13Nij ,0SSq.0: M1 4,0,,
x =0.01 (LNSM-0.01), with an enriched high-entropy region, pre-
vents Na*/H* exchange, inhibits impurity formation, and en-
hances air stability. Correspondingly, SEM images of exposed
LNSM-0 display large clump impurities, while LNSM-0.01 ex-
hibits uniform surface oxides formed during calcination. These
oxides act as an artificial cathode-electrolyte interface (CEI) film,
preventing impurity generation and reducing side reactions
during cycling. (Figure 8E) The near-surface high-entropy area
thereby improves air stability, reduces impurities, and stimulates
anionic redox activity. DFT calculations further elucidate the syn-
ergistic effect based on entropy stability, reinforcing the layered
oxide configuration for enhanced structural stability during cy-
cling. This underscores not only technological advancements but
also sustainable recycling possibilities for solid waste, accentuat-
ing the importance of materials recycling in the preparation of
high-entropy electrode materials.

6. Summary and Outlook

The rational high-entropy design has addressed the electro-
chemical performance limitations of layered transition metal ox-
ide cathodes and provided an effective solution for advancing
sodium-ion battery performance. But it has been admitted that
high-entropy layered oxides are still a nascent concept, and their
complexity grows with the incorporation of various transition
metals, posing challenges in terms of synthesis, characterization,
and understanding of their intricate electrochemical behaviors.
We lack a systematic theory that can explain the exact mecha-
nism of HEOs, which can be used to guide the HEO design to
improve electrochemical performance further. In this section,
we will present both opportunities and challenges in developing
high-performance HEOs for sustainable SIBs below.

1) Clarifying mechanisms with advanced characterization tech-
niques in Layered HEOs. The analysis of layered high-entropy
oxides presents formidable challenges due to their perfor-
mance being a result of synergistic interactions among mul-
tiple components. Many of these elements, closely posi-
tioned in the chemical periodic table, share similarities in
atomic masses, radii, and chemical properties. Current struc-
tural characterization of high-entropy materials relies on
techniques such as XRD and Neutron Powder Diffraction
(NPD) for phase composition determination. For elemen-
tal distribution, scanning electron microscopy coupled with
energy-dispersive X-ray Spectroscopy and Scanning Trans-
mission Electron Microscopy is employed. Probing the elec-
tronic structure and short-range geometries of metals in high-
entropy materials is accomplished through X-ray absorption
spectroscopy. Despite these techniques, conventional mate-
rial characterization methods sometimes struggle to unravel
the intricate structure and electrochemical reaction mech-
anisms of these materials precisely. Therefore, the utiliza-
tion of advanced tools and methodologies like X-ray Pair
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2)
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Distribution Function (XPDF) becomes imperative for a com-
prehensive understanding of the complex relationship be-
tween material structure and electrochemical behavior, par-
ticularly during in situ/ex situ electrochemical processes.

Achieving rational designed HEOs via machine learning and
high-throughput screening. The compositional design offers
potential for tailoring high-entropy oxides’ properties, but
identifying functional units, understanding the role of indi-
vidual elements, and dealing with the cocktail effect poses a
significant challenge. Current studies are in an early stage,
and the random nature of “tailoring” makes rational design
challenging. Computational approaches, especially machine
learning techniques, may aid in designing high-entropy ma-
terials with desired properties efficiently. Some ongoing chal-
lenges need to be addressed to foster machine learning-driven
research on HEOs, including tackling the scarcity of diverse
datasets, enhancing model interpretability, and developing

2304529 (15 of 18)

3)

convincing computational models based on the pool of com-
prehensive data from collaborative efforts. The complexity of
high entropy materials, spanning multiple length scales, also
calls for future research to explore multiscale modelling ap-
proaches, deepening insights into the intricate relationship
between structure and properties.

Synergizing phase engineering with HE designs to improve
performance. Both P2-and O3-type sodium layered oxides
have their limitations for practical SIBs. The P2-type layer ox-
ides possess faster diffusion kinetics and better surface and
structure stability but lower specific capacity compared to O3
phase. By contrast, the O3-type oxides display higher energy
density and ICE, but inferior cycle life and more severe struc-
tural degradation during cycling. A rational high-entropy de-
sign can overcome the limitations of both types of materi-
als to some extent; however, it is still challenging to elim-
inate the drawbacks of each electrode material. Continued
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exploration is imperative to comprehend the impact of config-
urational entropy on the structure of different layer HEOs. Ac-
cordingly, the integration of entropy control with phase engi-
neering holds promise for capitalizing on the distinctive mer-
its of two crystal phases, potentially leading to the realization
of SIBs with superior energy density, high power capabilities,
and extended cycle life.

4) Considering commercial prospects and environmental im-
pacts in the development of HEOs. High entropy layered
oxide materials with strong structural stability enable high-
capacity retention and long cycle life. Future research endeav-
ors should prioritize augmenting energy density and ensur-
ing consistent sodium storage performance across a broader
voltage range. The enhancement of initial Coulombic effi-
ciency stands out as a critical objective for optimizing the over-
all electrochemical performance of cathode materials in full-
cell applications. Additionally, there is an imperative to design
cost-effective cathode materials, exemplified by systems such
as Cu-Fe-Mn-based high entropy layered cathodes, leveraging
the abundance of these elements. Furthermore, the intricate
challenge of recyclability arises with the introduction of multi-
ple elements in electrode materials. This presents novel obsta-
cles in the recovery process and necessitates the development
of innovative strategies for material characterization and re-
cycling. It is worth mentioning that the investigation into lay-
ered cathode materials with superior thermal and air stability
for SIBs is crucial. The careful selection of suitable elements
for layered HEO cathode materials not only unlocks their in-
herent potential but also ensures their applicability across di-
verse practical scenarios. Addressing these multifaceted com-
plexities will be pivotal in advancing the practical applications
of high entropy layered oxide in the landscape of energy stor-
age technologies.

In conclusion, this review provides a comprehensive overview
of the intricate formation mechanisms of high-entropy materi-
als, offering a detailed exploration of influential elements and
the dynamic evolution of crystal and electronic structures during
sodium (de)intercalation. The comprehensive analysis extends to
the current research landscape, prospects, and the challenges en-
countered within the realm of high-entropy layered cathode ma-
terials for SIBs. This review emphasizes the tremendous poten-
tial of layered HEO cathode materials, which is expected to be a
valuable reference for researchers immersed in the study of high-
entropy materials and layer oxide cathode. Despite being in the
early stages of the investigation, these materials show consider-
able promise, positioning them as key players in propelling the
widespread adoption of cost-effective SIBs in energy storage sys-
tems in the foreseeable future.
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