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Nickel (Ni)-rich cathode materials hold immense promise for high-energy-density lithium-ion batteries (LIBSs),
yet their widespread deployment is hampered by significant challenges related to structural and interfacial
degradation. These include rapid capacity fading, which diminishes their long-term performance, and the risk of
thermal runaway caused by crystal disintegration, leading to safety concerns. Additionally, interfacial instability
poses a hurdle to the widespread adoption of these cathodes in commercial applications. Addressing these issues
is crucial for the successful commercialization of layered Ni-rich cathodes in energy storage systems. This paper
provides a comprehensive analysis of the electrochemical dynamics underlying the degradation mechanisms in
Ni-rich cathodes and explores innovative modification strategies to mitigate these issues. Through an in-depth
investigation, we uncover the intricate processes leading to voltage fade, capacity decay, and structural insta-
bility. Utilizing advanced characterization techniques, including in situ and operando methodologies, we gain
real-time insights into the degradation mechanisms. Furthermore, this study delves into cutting-edge modifi-
cation strategies, such as surface coatings, doping techniques, and nano-structuring approaches, aimed at
enhancing the stability of Ni-rich cathode materials. By synthesizing knowledge from electrochemical dynamics
and innovative modification strategies, this research contributes valuable insights for the development of high-
performance and long-lasting LIBs, essential for the future of energy storage and electric transportation
technologies.

storage. Hence, there is a critical need for high-performance energy
storage devices exhibiting both high energy and power density to ensure
the sustainability and safety of storing renewable energy. Electro-
chemical cells have long been recognized as promising candidates for

1. Introduction

1.1. Background and significance

The excessive consumption of fossil fuels results in the uncontrolled
release of carbon dioxide and significant amounts of greenhouse gases
into the atmosphere, leading to the dispersion of impurities and envi-
ronmental damage. Considering this, the imperative for sustainable
energy growth becomes evident, as even renewable energy cannot fully
achieve its desired impact without a more efficient method of electricity
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reliable energy storage. In this context, LIBs have emerged as dominant
players, showcasing outstanding characteristics such as high energy
density, extended life cycles, cost-effective maintenance, absence of
memory effect, sustainability, and relative eco-friendliness (Fig. 1)
[1-3]. Recently, they have opened up new applications widely in
portable electronic devices, electric vehicles, energy storage grids and
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other fields. Despite all this, automotive applications will have a huge
impact on the rapid development of LIBs due to the huge element
resource consumption as compared to portable devices [4]. However,
the widespread adoption of electric vehicles still faces obstacles, such as
range anxiety, price, capital preservation rate, capacity retention and
safety [5-71].

In contrast to traditional Ni-metal hydride, Ni-cadmium, and lead-
acid batteries, LIBs gained widespread attention following their
commercialization by Sony in 1991 [9-11]. This was attributed to their
impressive performance, high energy density, and extended cycle life.
Over the past two decades, the demand for LIBs has consistently risen,
prompting extensive research into high-performance electrode materials
[12]. Typically, a LIB comprises three main components: the cathode,
anode and electrolyte (Fig. 1). The initial prototype LIB utilized the
LiCoO4/Li system, with LiCoO5 as the cathode material and Li metal as
the anode material. The charge/discharge cycle involved Li insertion
and extraction from the layered structure of LiCoO,. However, for safety
considerations, metallic Li was substituted with carbon-containing ma-
terials in the secondary LIB. Beyond carbonaceous materials, various
other substances, including Si, Sn, Li4TisO12, and other metal oxides,
have been reported as potential anode materials (Fig. 1). However, with
a diverse range of anode materials available, there is a notable scarcity
in the selection of applicable cathode materials. Despite the extensive
study of intercalation chemistry spanning hundreds of years, the variety
of cathode materials remains limited [13]. The main groups of cathode
materials comprise spinel LiMnyO4, layered LiCoOj, layered LiNiy.
CoyMn; x.yO2, polyanion LiFePO,4 and their byproducts (Fig. 1) [14-171.
Among these cathode material categories, LiFePO4 has dominated the
scene for the past three decades. However, there is a recent surge in
interest in layered transition metal (TM) oxides for LIBs due to their
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ability to offer significantly higher energy density compared to LiFePO4
cathode materials.

Generally, numerous approaches have been focused on progressing
the electrochemical performance and energy density of layered TM ox-
ides for LIBs [18]. Several strategies have been explored in the pursuit of
enhancing Li* transmission rates and mitigating challenges in cathode
materials. These strategies include element doping, which accelerates
Li* transmission, and surface modification, which reduces charging
resistance during the transfer process and hinders side reactions at the
electrolyte interface [19]. Additionally, adjusting the component ratio is
recognized as a beneficial approach. Ni-rich materials are anticipated to
emerge as the next-generation cathode materials due to their
cost-effectiveness and high energy density [20]. Nevertheless, these
materials encounter notable issues, such as irreversible capacity decay
in the initial cycle, voltage lag in charging/discharging, rate capability
challenges, and voltage attenuation [21]. Recent findings highlight the
pivotal role of Ni in mitigating voltage decay among these materials.
During the charging/discharging process, a protective Ni-rich and
Li-poor rock salt crust forms, acting as a barrier to oxygen loss [6].
Increasing the proportion of Ni suppresses phase changes and effectively
addresses the voltage attenuation issue by establishing a Ni>* redox
buffer that inhibits the Mn3'/Mn** redox reaction [22]. Therefore,
among various layered cathode materials, Ni-rich cathode materials like
LiNiyMnyCo,02 (NMC) and LiNiyCoyAl,O, (NCA) emerge as practical
contenders for widespread LIB applications, considering reversible ca-
pacity, rate capability, and capital cost [23]. Notably, Ni-rich cathodes
with Ni content exceeding 80 % offer advantages of higher gravimetric
energy density compared to that with Ni content below 80 % [24].
Presently, Ni-rich cathodes with less than 60 % concentration have been
successfully commercialized. However, challenges persist in the
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commercialization of Ni-rich cathodes with >80 % Ni content, partic-
ularly concerning powder properties and electrode manufacturing pro-
cesses [25]. Indeed, the structural degradation of Ni-rich cathode
materials is a critical challenge that affects the performance and
longevity of LIBs, as shown in several recent review articles [26-28].
This degradation can begin even before battery assembly when the
materials are exposed to air. Surface impurity species formed on
LiNigp gMng 1Cop 102 (NMC811) upon exposure to ambient air not only
lead to a significant delithiation voltage peak in the first charge, but also
markedly reduce the cycling stability of NMC811-graphite cells due to
significant polarization of the NMC811 electrode [29]. Understanding
and mitigating these degradation mechanisms are crucial for improving
the overall stability and efficiency of Ni-rich LIBs.

This review delves into innovative strategies aimed at overcoming
structural and interfacial degradation challenges in Ni-rich cathode
materials used in LIBs (Fig. 2). The focus is on dynamic solutions, of-
fering insights into electrochemical dynamics and state-of-the-art
modification techniques. The continued exploration of Ni-rich cathode
materials is yielding new perspectives and insights that have the po-
tential to drive significant advancements in battery technology, enabling
the development of safer, more efficient, and long-lasting energy storage
devices. By going beyond traditional approaches, the article aims to shed
light on promising avenues for enhancing the durability and perfor-
mance of Ni-rich cathodes, ultimately contributing to the advancement
of safer and long-lasting LIB technology.

1.2. Challenges in the synthesis and stability of Ni-rich cathode materials

Despite the enhanced storage capacity offered by Ni-rich cathodes,
there comes a tradeoff in terms of electrochemical stability [35].
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Research has confirmed that the crystal structure of Ni-rich cathode
materials tends to undergo irreversible transformations during the
delithiation process, leading to rapid performance deterioration. The
extent of degradation is influenced by the specific elemental composi-
tion within the cathode material. Nevertheless, all Ni-rich cathodes
experience comparable electronic and structural changes. It is crucial to
note that, in addition to considering cathode materials, the degradations
occurring in the battery anode and electrolyte should also be taken into
account when assessing the overall performance from a full-cell
perspective [36].

Graphite stands out as the most commercially viable anode material
currently available in the market and is frequently paired with Ni-rich
cathodes in modern batteries. In contrast, Li-metal is deemed as an
ideal anode material due to its lowest negative electrochemical potential
and possesses the highest specific capacity among any cathode material.
both anode materials encounter significant challenges, including the
formation of solid-electrolyte interphase (SEI) and the dendrite growth
[37]. These issues present significant obstacles to the widespread
commercialization of Ni-rich-based LIBs as the next generation of bat-
teries. Various techniques have been employed to address these chal-
lenges and improve the electrochemical performance of Ni-rich layered
oxides. These include elemental doping, surface modification, Li*
extraction by increasing the cut-off voltage, increasing the fraction of
redox elements such as Ni or other transition metals, and preserving
structural stability [38-42]. Adjusting the proportions of components is
also considered a viable strategy. Due to its high discharge capacity and
cost-effectiveness, LiNiOy layered oxide has emerged as a potential
cathode material for further development [43]. Unfortunately, the
preparation of LiNiO, with complete stoichiometry faces difficulties due
to unavoidable cation disorder. Consequently, LiNiOy with Ni>0.6 has
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been developed as a Ni-rich layered cathode material, similar to the
rhombic phase of LiNiO, [44]. While Ni-rich materials demonstrate high
energy density, their cycle performance decreases with increasing ca-
pacity. This is attributed to the weaker Ni-O bond, which compromises
the stability of the layered structure and induces anisotropic volume
changes during the lithiation/delithiation process. Additionally, Ni-rich
materials, despite their potential as next-generation cathode materials
due to low cost and high capacity, encounter issues such as irretrievable
capacity degradation, voltage degradation, rate capability challenges,
and voltage hysteresis during charge/discharge [45]. Notably, Ni plays a
crucial role in inhibiting voltage degradation among these materials.
During charging and discharging, Ni-rich and Li-poor rock salt crusts are
formed, acting as a protective layer to suppress oxygen loss. Increasing
the proportion of Ni inhibits phase changes and efficiently resolves the
issue of voltage attenuation by forming a Ni>* redox buffer to prevent
the redox reaction of Mn3*/Mn*" [46]. The electrochemical perfor-
mance of the cathode material is intricately linked to the physical
properties of the precursor. As the synthetic route significantly in-
fluences precursor properties and electronic conductivity, exploring the
synthesis method is crucial for producing an optimal product [47].
Various synthesis techniques, such as sol-gel, solid-state reaction, spray
drying, and co-precipitation, have been developed [48-51]. A compar-
ative overview of all the synthetic techniques is presented in Table 1.
The effectiveness of this complex cathode material is intricately linked
to the nature of the precursor particles in terms of the chemical
composition and various physical characteristics, such as particle size,
shape, crystal structure, crystallinity, structural integrity, and cation
arrangement. Presently, the synthesis technique that offers the highest
degree of control for mass production in an industrial setting involves a
hydroxide coprecipitation process followed by solid-state reaction.
While certain NMC compounds have made their way into commercial
products, the optimized synthesis conditions for precursors like tem-
perature, duration, pH level, stirring rate and compositions attributes on
the material’s physical features and ultimate electrochemical perfor-
mance remains poorly understood, particularly at the scale of industrial
manufacturing. A significant amount of research has focused on the
development of synthetic methods for various Ni-rich cathode materials
for LIBs, resulting in substantial enhancements. The summary im-
provements in their electrochemical performance with different syn-
thesize techniques are detailed in Table 2.

In Ni-based layered oxides, the migration of Ni2" to vacancies in the
Li layer through tetrahedral interstices occurs after Li" extraction,
accompanied by a loss of lattice oxygen (Fig. 3a). These parasitic re-
actions, occurring during charging, contribute to unfavorable phase
transformations and a reduction in thermal stability. The oxidation of
Ni%* at the Li layer leads to a significant contraction of the octahedral

Table 1
Comparative overview of all the synthetic techniques.
Synthesis Advantages Disadvantages
method
Co- Cost effective, scalable, tunable Agglomeration, reaction
precipitation  composition and morphology dependent

Solid-state Simple, scalable Low homogeneity,
impurity risk, high energy

consumption

Sol-gel Small and uniform particle size, Long reaction time, high
tunable morphology and cost
composition, low agglomeration

Spray Continuous, scalable, uniform Complicated, high cost, low

pyrolysis particle size, high reproducibility density particle

Hydrothermal Simple, low cost, controlled Long reaction time, non-
particle size, homogeneity scalable

Solvothermal Uniform and controlled particle Non-scalable, equipment
size, homogeneity, tunable dependent
composition

Spray drying Simple, scalable, uniform particle Equipment dependent

size, homogeneity,
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Table 2
Summary of various Ni-rich cathode materials with different synthesize tech-
niques and electrochemical performance.

Material Synthesis Capacity Cut-off Ref.

method retention voltage (V)
(%)/cycle

LiNig.gC0g.1Mng, 102 Co- 88/200 4.3 [52]
precipitation

LiNig.g5C00,0sMng 102 Co- 82/100 4.3 [53]
precipitation

LiNig g3C09.1Mng 9702 Co- 84/400 4.35 [54]
precipitation

LiNig.g5sC0p.1Mng 0502 Co- 82/150 4.3 [55]
precipitation

LiNig 65C00.0sMng 270,  Co- 96/50 4.3 [56]
precipitation

LiNig.48C00.26Mng 2602  Co- 93/100 4.5 [57]
precipitation

LiNig 56C00,18Mng 2602  Co- 91/100 4.5 [57]
precipitation

LiNip7C0g,15Mng.1502 Co- 84/50 4.3 [58]
precipitation

LiNig 58C00.25Mng 1702  Co- 78/500 4.3 [59]
precipitation

LiNig72C00.10Mno 1802  Co- 70/100 45 [60]
precipitation

LiNig 76C00,14Mng 1002  Co- 86/100 4.5 [61]
precipitation

LiNig.g0C00.15A10.0502 Co- 88/200 4.3 [62]
precipitation

LiNig 7Cog.15Mng 1502 Solvothermal 86/100 4.3 [63]

LiNig oMng, 10 Sol-gel 57,/100 45 [64]

LiNig 5C0g 2Mng 305 Hydrothermal 79/50 4.6 [65]

LiNip gCop.1Mng 102 Hydrothermal 94/100 4.3 [66]

LiNip gCog 1Mng 105 Spray drying 81/200 4.3 [671

LiNig gCog.1Mng 105 Solid-state 71/100 4.3 [68]

LiNig.6C0g.2Mng 202 Co- 83/100 4.3 [69]
precipitation

LiNig gCog.1Mng 10» Spray pyrolysis ~ 85/100 4.4 [70]

cell due to the corresponding loss of electrons in the eg orbit (Fig. 3b).
The shrinkage of the unit cell is intricately connected to the contraction
along the c-axis, leading to anisotropic volume deformation of the pri-
mary particles and internal mechanical stress. The crystal fields gener-
ated by the coordination of octahedral oxygen anions for Ni, Mn, and Co
divide the 5d orbitals of TMs into two energy level groups known as eg
and tyg [71]. In addition, due to the increase in electrostatic repulsion of
coordination anion, the energy of eg is higher than the other [72]. The
ionic states of Ni ions, where oxygen redox reactions start the main role
of material capacity. The overlapping between the Ni>*/** position in
the e; band and the top of the 0>~ 2p band is smaller than the Co®/4*
position in the tyg band, indicating that Ni®*** has less electron delo-
calization [73]. Therefore, the Ni** state can be achieved in the layered
material with a higher lithium utilization rate in the main structure,
reaching a capacity of 220 mAh g~! [74]. The interfacial reactions be-
tween the Ni-rich cathode and electrolyte stem from the spontaneous
reductions of transition metal ions. This reduction process facilitates the
catalytic decomposition of the electrolyte solvent, resulting in the for-
mation of the organic SEI layer. This SEI layer consists of carboxylate
(0—C=0) and semi-carbonates (ROCOsLi), as depicted in Fig. 3¢ [75].
The decomposition of the electrolyte solvent is accompanied by the
generation of gases such as CiHy, CO2, and CO [76]. Notably, the
decomposition of the solvent is reported to be enhanced at higher
temperatures. Shikano et al. [77] conducted an analysis of the formation
of the organic SEI layer in the LiNig73C0¢.17Alg.1002 cathode after
electrochemical testing at different temperatures. As the temperature
increased, the intensity of the organic SEI layer components, such as
semi-carbonate and poly-carbonate, significantly increased (Fig. 3d)
[77]. Particularly, the presence of carbonate-containing organic com-
pounds substantially increased at temperatures exceeding 60 °C, indi-
cating that the catalytic decomposition of the electrolyte solvent was
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Fig. 3. (a, b) A schematic illustration of the failure mechanism of Ni-rich cathode. Reproduced with permission [34]. Copyright 2021, Nature. (c) Surface film
formation during charged state in Ni-rich cathode. Reproduced with permission [75]. Copyright 2005, Elsevier. (d) Cls and Ols high-resolution hard X-ray
photoemission spectroscopy (HX-PES) spectra of the LiNig 73C00.17Alp.1002 cathode before and after the electrochemical test with increasing temperature. Repro-
duced with permission [77]. Copyright 2007, Elsevier. (e-g) Formation of artificial SEI layer and SEI compounds. Reproduced with permission [78]. Copyright

2018, Wiley-VCH.

more pronounced at temperatures >60 °C. The study also delves into the
robustness and stability of the LiNigg4C0¢.14Alg.0202 (NCA) cathode
material during battery cycling, summarizing the impact of the artificial
SEl layer (Fig. 3e and 3f) [78]. In the formation of the artificial SEI layer,
native surface species like LioCO3 and LiOH at the cathode surface un-
dergo reactions with the Co-phosphate composite, specifically CooP20;
and Co3(PO4)s. This SEI compound appears blurred and is exclusively
observed on the cathode surface. Notably, the artificial SEI layer, with a
thickness of approximately =200 nm, is predominantly composed of
phosphorus elements (Fig. 3g).

2. Electrochemical dynamics of Ni-rich cathode materials

The electrochemical characteristics and structural stability of NMC
materials are mostly determined by the Ni concentration. Many

investigations have now proven that increasing Ni concentration leads
to increased storage capacity and lower electrode stability [79-81]. A
rise in the Ni ratio, in particular, leads to an increase in high-valence Ni
ions (Ni3+, Ni4+), which contributes to the increased capacity. These
ions, on the other hand, react readily with the battery electrolyte,
causing cycle instabilities. Presently, commercially successful NMCs
with x < 0.6 and NCA with x ~ 0.8 have been established. However, the
commercialization of those with even higher x values encounters
numerous challenges due to performance degradation and safety haz-
ards throughout the battery’s lifespan [82]. Battery performance de-
grades with reduced capacity and voltage, increased volume, and
impedance. This degradation poses safety risks, including thermal
runaway during abuse conditions like overcharging and overheating
[83]. The prevailing agreement is that the former problem stems from
the aggressive chemical, structural, and mechanical deterioration of the
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Ni-rich layered oxides. Meanwhile, the latter is ascribed to the ther-
modynamic instability of the Ni-rich layered oxides near the fully
charged state or at elevated temperatures [34]. Although the mecha-
nisms behind battery failure are intricate and may vary case by case, the
following discussion highlights the key problems and their origins.

2.1. Surface reactions and gas evolution

In spite of the increased interest in Ni-rich cathode-based LIBs, their
practical applicability is still limited due to performance deterioration
and safety concerns. Different types of cathode materials (LiFePOj,
LiCOOZ, LiMl’l204, LiNiOz, LiNiXCOYMnl_X,yOZ, LiNiXCOYAll_X_yOZ, etc.)
have been explored in LIBs, representing a research hotspot over the past
few decades due to their high reversible capacity and cost-effectiveness
[72,84,85]. A common strategy to achieve high reversible capacity is to
increase the Ni-content [86]. Numerous researchers have successfully
synthesized Ni-rich cathode materials with Ni-content exceeding 90 %,
demonstrating high reversible capacity [87]. However, the elevated
Ni-contents also pose risks such as the formation of residual
Li-compounds (RLCs), and the associated side effects of these impurities,
including low first efficiency and weak storage properties, cannot be
overlooked [88-90]. A comprehensive understanding of the RLC for-
mation mechanism on the surface of Ni-rich cathode materials is
essential to minimize its negative impacts and enhance the electro-
chemical performance of LIBs.

This knowledge can provide insights into the origin of RLCs and the
conditions necessary for designing high-performance Ni-rich cathode
materials. Fig. 4a illustrates a schematic depiction of RLCs growth on a
Ni-rich cathode surface [78]. The actual composition and quantity of
surface impurities can vary based on synthesis parameters and storage
conditions.

The primary components of RLCs on the surface of Ni-rich cathode
materials include LipCO3, LiHCOs3, LiO, LizOs, and LiOH. During the
storage process, the majority of these compounds decompose into LiOH
and LiyCO3 (Fig. 4b) [91,92]. To compensate for Li loss during calci-
nation due to volatilization at high temperatures, an additional quantity
of Li salts is introduced as a transition metal precursor throughout the
synthesis process. Moreover, a higher Li salt concentration helps prevent
Li/TM ion mixing. However, the excess Li content remains at the particle
surface and reacts with HyO, Og, and COj in the air, forming a surface
RLC composed of Li»CO3, LiHCO3, and LiOH. Consequently, the for-
mation of RLCs on Ni-rich cathode materials appears to be inevitable,
and airborne H,0 and CO, are two variables that encourage their for-
mation [93]. In a study by Sora et al. [93] the impact of residual Li
compounds in LIBs with liquid electrolytes was investigated using
non-washed pristine-NMC and washed-NCM (Fig. 4¢). FE-SEM images of
NMC particles reveal that the surface of the pristine-NMC is covered
with film-like residual Li compounds, while the surface of the
washed-NMC is clear and bare, aligning with previous literature (Fig. 4d
and 4e). The X-ray photoelectron spectroscopy (XPS) analysis shows the
O1ls spectra identifying the removed species on the surface for both
pristine and washed NMC cathodes (Fig. 4f). Although the voltage
profiles of pristine and washed NMC cathodes were nearly identical, the
initial charged capacities were different (Fig. 4g).

According to Sung et al. [92] H,0 is required to create surface RLCs
at room temperature. Keeping LiNig gCop.1Mng 102 (NMC811) material
powder in a reactor with airflow for 24 h to examine the involvement of
H20 and CO; in the formation of RLCs. They found that the RLCs
increased considerably in the wet CO; gas, however, in the other two
gases, dry CO2 (99.99 %) and wet Ar gas, the RLCs increased much less.
This indicates that at ambient temperature, both H,O and CO, are
required for the formation of RLCs. Furthermore, the heterogeneity of
the electrochemical reaction, attributed to the insulating LioCO3 coating
on the surface, has been reported. This phenomenon is illustrated in
Fig. 4h [99]. where the splitting of the (003) reflection is revealed
through in-situ XRD analysis. Expanding on this observation, Qian et al.
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[95] suggested that the uneven accumulation of residual Li compounds
leads to reaction heterogeneity, causing variations in energy barriers
and activation energies for the delithiation of individual particles
(Fig. 4i). Moreover, adverse interactions between the LiPFg-based elec-
trolyte and residual Li compounds at the electrode-electrolyte interface
may result in the generation of LiF and CO5 gas (Fig. 4j). Bi et al. [96]
examined the electrochemical performance of Li;COs-coated and
LiF-coated NMC811 in order to support the effect of surface LiF and
LioCO3 on the performance of Ni-rich cathode materials. Fig. 4k illus-
trates how cycle stability was negatively impacted by the surface LioCO3
coating layer, but not at all by the LiF coating. This discrepancy was
explained by the electrolyte’s reaction with Li;CO3’s breakdown. Ren-
frew et al. [97] made the unexpected discovery that CO,/CO emission
resulted from the first charge’s breakdown of leftover LioCO3. Further-
more, after removing a portion of the surface Li,COs3, the oxygen evo-
lution from the lattice of Ni-rich cathode materials reduced, indicating a
connection between the oxidation of Li;CO3 and the lattice oxygen
release (Fig. 41) [97]. Hatsukade et al. [98] used isotope labeling to look
into the source of COy during LiNip ¢Cog 2Mng 202 (NMC622) cycling.
The surface LioCO3 breakdown at high potential was identified as the
cause of the CO, production during the initial charge step. Nevertheless,
COq, resulting from chemical and electrochemical oxidation at high po-
tential of the electrolyte solvent became predominant with extended
cycling and the reduction of surface Li;COs3 (Fig. 4m) [98].

The most dangerous safety concern with LIBs is the gas leaking
problem. The events that cause the gas release are often exothermic,
causing a succession of chain reactions that finally result in the battery
self-combusting catastrophically [100]. The most common gaseous
breakdown products are COy and Oj. The gas production in Ni-rich
cathodes is mainly due to the electrolyte/surface mixed reactivity,
LipCO3 breakdown and direct electrolyte oxidation as illustrated in
Fig. 5a [101]. A high state of charge will increase gas formation due to
the existence of surface imperfections. Electrolyte decomposition pro-
cesses are also stimulated by a high delithiation condition. Washing has
long been used to relieve adverse effects such as gaseous emissions
resulting from surface pollution. Varied solvents and processes utilized
in the washing process result in variable surface contaminant com-
pounds, leading to different gas evolution behavior, according to
studies. Renfrew and McCloskey [101] investigated the effect of surface
contamination on gas evolution in delithiated NMC622 using a variety
of washing methods (Fig. 5b). They generated NMC622 samples with
various treatments and monitored the gas evolution for a long period at
4.8 V. The sample with the H0 soaking procedure had the least amount
of gas evolution and capacity loss. Their findings revealed complicated
gas production mechanisms that are influenced by surface pollutants
and flaws. In order to reduce total gas creation, adequate surface
preparation is required.

The development of Oy and CO, gas in the battery system is
considerably accelerated under high voltage operation. The gas gener-
ation at the NMC622 electrode was examined using differential elec-
trochemical mass spectrometry under potentiostatic control at 4.8 V, as
illustrated in Fig. 5¢ [101]. Surprisingly, the development of CO2 and O4
exhibits divergent patterns. The rate of Oz evolution peaked at 4.8 V at
the conclusion of galvanostatic charging and then reduced as the current
dropped during the potentiostatic period. The CO5 evolution rate con-
tinues to climb towards the start of the potentiostatic phase, only after 1
hour does it begin to fall. This pattern implies that the quantity of Oz
evolution is regulated by the delithiation depth and is directly connected
to lattice defection at the outermost surface. The breakdown of LioCO3 at
the cathode surface is responsible for the majority of CO2 evolution.
Growing a surface carbonate layer and examining these materials as a
function of various cut-off voltages further corroborated this finding. At
3.9 V, the surface carbonate layer was discovered, and the beginning
voltage of O, lattice loss was identified at roughly 4.45 V. After
discharge, the majority of the electrolyte breakdown products will come
from the surface. On the other hand, the creation of the surface disorder
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layer is irreversible and can stay at the electrode surface. It is well un-
derstood that gaseous breakdown products originate from the intricate
interplay between surface reconstruction and interface reactivity. CO2
production might also result through a phase transition at the electrode
surface, in addition to the breakdown of surface impurity products. Berg
and coworkers discovered these processes at the electrode surface, as
shown in Fig. 5d [104]. On one hand, CO; is produced when partially
oxidized surface oxygen combines with organic carbonate electrolytes
such as ethylene carbonate (EC), dimethyl carbonate (DMC), and diethyl
carbonate (DEC). However, the lattice oxygen loss caused by structural
changes results in Oy evolution. Furthermore, the COy, O3, and R-O
intermediates formed during electrolyte breakdown are known to be
highly reactive with electrolyte solvents, leading to the creation of the
surface inactive layer. The beginning points of gas production, according
to electrochemical mass spectroscopy (EMS), falls within a restricted
range of the Ni-oxidation state (85-100 %). The creation of gas is aided
by a higher Ni concentration (Fig. 5e). As shown in Fig. 5f, the authors
also reported electronic density of state (DOS) estimations for NMC111
and NMC811 at three distinct states. They came to the conclusion that
the pace of electron depletion from the Ni-O»* surface state determines
the rate of gas production (CO, and O,). Competitive Co tyg bulk
oxidation and Co-Oy* surface states impact it to a lesser extent.

2.2. Thermal degradation

In addition to gas evolution, a significant issue associated with Ni-
rich cathode materials is the development of microcracks induced by
the anisotropic lattice volume change of each primary particle. As the
repulsive force between the oxygen slab and the TM intensifies, the c-
axis expands during the charging process. Simultaneously, the increased
electrostatic attraction between the oxygen slab and the TM leads to a

reduction in the a-axis [105]. The significant safety concerns associated
with the widespread adoption of multilayer NMC cathodes arise from
their intrinsically low thermal stability and the exothermic side re-
actions induced by the ensuing oxygen release (Fig. 6a). Liu et al. [106]
conducted an investigation into Co/Mn exchange in a Ni-rich LiNig g3
Cop.11Mng 0602 cathode, providing a comprehensive analysis of this
matter. Their findings revealed that Co, rather than the commonly
emphasized Mn, plays a substantial role in influencing the chemical and
structural stability of deeply delithiated NMC cathodes (Fig. 6b). Using
in situ mass spectrometry in conjunction with operando synchrotron
X-ray analysis, it was shown that Co** decreases before Ni** does. This
might extend the Ni migration by occupying the tetrahedral sites,
delaying thermal failure and oxygen release. Mn is stable in and of itself,
but it seldom stabilizes Ni** [106]. These results highlight how crucial it
is to evaluate the inherent effects of compositional tweaking in
Ni-rich/Co-free layered oxide cathode materials in order to guarantee
the secure functioning of high-energy Li-ion batteries. Mn has tradi-
tionally been regarded as a stabilizing element for the NMC structure
[19]. On the other hand, new research by Amine and colleagues casts
doubt on this notion, indicating that Co may have the primary effect on
the thermal stability of highly delithiated Ni- rich NMCs [107]. The
findings from their study reveal that the initiation temperature of the
phase transition and the presence of unstable Ni?* in Mn-rich cathodes
occur at lower temperatures than in Co-rich cathode materials. Addi-
tionally, as depicted in Fig. 6¢, the onset temperatures of the two oxygen
outgassing phases (first period: purple bar; second period: red bar) are
similar for Mn-rich and Co-rich NMCs. In contrast to the Co-rich cath-
ode, which releases 13 % of its total oxygen in the first period, the
Mn-rich cathode releases 36 % of its total oxygen. This early release of
oxygen, due to its strong reactivity with the electrolyte and lithiated
anode, poses a higher risk of thermal runaway. Therefore, the Mn/Co
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ratio in Ni-rich cathodes significantly affects battery safety. Given these
results, it is necessary to conduct a thorough investigation of Ni-rich
batteries that have improved thermal stability. In Ni-rich cathodes,
surface reconstruction is associated with a phase transition process
primarily occurring at the material’s surface. This phase transition leads
to a transformation in the original crystal structure, transitioning from a
layered structure to spinel and ultimately to rock-salt. Distinctive dif-
ferential capacity patterns are observed in the highly delithiated state, as
depicted in Fig. 6d and 6e, indicating that the H2-to-H3 transition is the
driving force behind this process. The acceleration of this transition is
notable at high Ni-content, high state of charge (SOC), and elevated
temperatures, resulting from the combined influences of cation disorder
and lattice oxygen loss.

Li species

ROCO,Li + Polycarbonate

ROCO,R

M dissolve
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2.3. Voltage fading mechanism

Voltage fading in Ni-rich cathode materials is a complex phenome-
non, involving several mechanisms that contribute to the gradual
decrease in the operating voltage of the cathode during charge-
discharge cycles. Researchers have consistently observed the forma-
tion of the cathode SEI layer, even though conventional Ni-rich cathode
materials are typically operated in the voltage range of 2.8 to 4.4 V,
where there is no thermodynamic driving force for electrolyte electro-
decompositions. This phenomenon endures even following electro-
chemical examinations or interaction with the electrolyte, underscoring
the impact of the electro-oxidation process on the electrolyte [110,111].
Beyond the formation of the SEI layer, modifications to the local elec-
trical structure can lead to structural alterations in the cathode (Fig. 7a).
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Lin et al. observed a phase transition in the LiNiy 4Mng 4C0¢.18Tig 0202
cathode when it was exposed to the electrolyte [112]. Divalent Ni ions,
owing to their ionic radii comparable to those of Li*, exhibited a pref-
erence for forming the cation mixing layer over cobalt and manganese
ions [74]. This observation suggests that the surface reconstruction layer
is formed due to the spontaneous reductions of nickel ions among
transition metal ions. This phenomenon significantly increases the
charge transfer resistance. The evolution of the valence band structure
was linked to the generation of a surface layer composed of organic
species during the charging process, establishing a tight correlation
between the valence band structure and surface composition [113]. The
presence of acidic species, such as HF, formed during the breakdown of
LiPFg salt and PVDF binder, could potentially dissolve TM ions in the
cathode structure [78]. At present, it is understood that the structural
instability of Mn ions is the underlying cause for the preferential
dissolution of trivalent Mn ions from the cathode among the TM ions
[114]. The disproportionation reactions (2Mn3+—>Mn2++Mn4+) were
induced by the Jahn-Teller distortions of the trivalent manganese ions,
leading to the removal of divalent Mn ions from the cathode [115]. In a
study by Li et al. [116], it was clearly observed that various chemicals
were generated at the surface of the LiNigg;C00.12Mng 2702 cathode
after long-term cycling. Specifically, Li fluoride and Mn fluoride were
produced at the cathode surface, where acidic species significantly dis-
solved the TM ions and Li ions after 3000 cycles at ambient temperature.
Moreover, as depicted in Fig. 7b, the concentration of these fluoride
compounds increased with the growing cycle number. Undesirable
fluoride-containing substances may contribute to a decline in battery
performance by obstructing processes involved in charge transfer at the
cathode surface [117].

Furthermore, the conducting material in the electrode, such as car-
bon black, may experience weakening due to the presence of dissolved
TM ions, leading to a reduction in the electrode’s electrical conductivity
[120]. The reciprocal exchange of surface species between the cathode
and the conducting agent, such as TM fluoride, resulted in the passiv-
ation of the conducting agent. More concerning is the observation that
this behavior occurred specifically when the electrode was in contact
with the electrolyte during the electrochemical test. Li and colleagues
demonstrated the dynamic behavior of the cathode-electrolyte interface
using region-of-interest sensitive time of flight secondary ion mass
spectrometry (TOF-SIMS). As depicted, the intensity of the fluoride
containing species increased after the electrode was immersed in the
electrolyte for 30 days compared to a pristine electrode. The surface
species responsible for CoF and COF3 can originate from two distinct
sources: (1) an acidic species attacking the carbonated electrolyte, or (2)
a direct HF assault on the conducting agent. Interestingly, compounds
containing fluorine, like CoF and COF3, were found at the cathode sur-
face, indicating migration from the conducting agent. The presence of
organic compounds decreased with reduced conducting agent, sug-
gesting acidic species directly attacked the conducting agent, the pri-
mary source of fluorine-containing organic compounds. Dissolution
products, including LiF and MnF5, moved from the cathode towards the
carbon-binder interface areas, appearing as metal fluoride compounds.
The electrode with 10 wt% conducting agent showed higher metal
fluoride compound intensity compared to the 1 wt% counterpart, sug-
gesting that a conducting agent with a larger surface area is a more
effective HF scavenger than Ni-rich cathode materials (Fig. 7c). There-
fore, to achieve outstanding electrochemical performance, attention
must be paid to the microstructure of the cathode surface, coupled with
appropriate electrode design. The anode integrity may degrade not only
due to the deteriorating cathode and conducting agent but also because
of dissolved TM ions from the cathode. It is well-established that the
full-cell setup with Ni-rich cathodes may experience substantial capacity
fading due to the migration of TMs from the cathode to the anode side.
The migration of dissolved TM ions from the cathode side to the anode
side occurred during battery cycling, settling on the anode. These
deposited TM ions, during the electrochemical test, contributed to the
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breakdown of the electrolyte solvent. Enhanced decompositions of the
electrolyte solvent at the anode side could result in the formation of an
unstable, thick, and unevenly layered anode SEI layer, potentially
impeding Lit transport [121].

Increasing the upper cut-off voltage (UCV) of the cell led to poor
electrochemical performance. Dissolved TM concentrations on the
cycled graphite anode revealed that, below a UCV of 4.3 V, Mn ions were
the most unstable, exhibiting the highest concentrations. Notably, at a
UCV of 4.4 V, dissolved TM ions on the anode showed stoichiometric
characteristics similar to the cathode material (Ni:Co:Mn=50:20:30).
This suggested that newly exposed primary particles formed by micro-
crack evolution reacted with acidic species. The heightened TM disso-
lutions at high UCV contributed to severe capacity fading in the full-cell,
likely due to irreversible Li consumption at the anode. Fuller et al.
investigated the morphological change of the anode SEI layer triggered
by dissolved TM ions by artificially adding TM salts as electrolyte ad-
ditives in a full cell with LiNi;,3C0;,3Mn;,30, cathode and graphite
anode [122]. The HR-TEM images in Fig. 7d compare the interfacial
structure of NMC particles in the discharged state after volage holds at
4.3 and 4.6 V. This indicated that TM ions contributed to additional
solvent breakdown, causing an unstable cathode surface and resulting in
significant overpotential and capacity fading during the electrochemical
test [123].

More importantly, the cycled graphite anode was shown to contain
metallic Li, or dead Li, during the extended cycling. Because of the
irreversible Li consumption on the graphite anode during the electro-
chemical cycling, the metallic Li deposition on the anode severely re-
duces the full-cell’s capacity and power [124]. Furthermore, the
battery’s internal short circuit may result from the development of a
metallic Li microstructure [125]. It was shown that the dissolved Mn-ion
were the source of the metallic Li development on the anode. They found
that the anode SEI layer is disrupted and forms new layers as a result of
the dissolved manganese ions, and that the higher interfacial resistance
of the unstable anode SEI layer causes metallic Li deposition. The dis-
tribution of Li elements in various compounds, including metallic Li at
the cycled anode and the SEI layer component (LiF), is depicted in. On
the graphite-electrolyte interface, the organic SEI layer components
were localized; in contrast, on a heavily cycled anode, metallic Li
developed beneath the anode SEI layer. It is noteworthy in particular
that no electrochemical strain, such as quick charge or overcharge,
occurred during the formation of the metallic Li under standard elec-
trochemical test circumstances. Because of this, maintaining the
cathode-electrolyte interface (CEI) stability is essential for high-energy
and secure LIBs. In a study, Xue et al. [119] stabilized the cycle per-
formance at ultrahigh voltage (4.7 V) by using sulfonamide-based
electrolyte (Fig. 7e and f). Additionally, Sun et al. [33] have also
discovered that preparing single-crystal (SC) Ni-rich cathode can also
improve the cycle stability at high voltage (Fig. 7g and 7h).

TMs, including Ni, Co, and Mn, exhibit increased dissolution during
chemomechanical breakdown. Among these metals, Mn ions dissolve
more readily, and two possible reasons can account for this phenomenon
[126,127]. The Mn3+ disproportionation reaction, as per the
2Mn**t/Mn%*/Mn** pathway, is the initial mechanism. The cathode is
attacked by HF as the second mechanism. LiPFg, a typical liquid elec-
trolyte component, breaks down readily into LiPFe/LiF+PFs. PF5 can
further break down into PFs+H,0/2HF+POFj in the presence of water
[75]. The dissolution of transition metals, such as Mn, can occur due to
an HF reaction with the cathode. This process generates HyO as a
byproduct, leading to an auto-catalytic loop that accelerates PFs
breakdown and produces more HF. The dissolved Mn ions have adverse
effects, contributing to the formation of a resistive layer on the cathode
surface and hindering SEI layer formation on the anode [128]. This
interference on the anode surface results in the formation of an inactive
layer and fractures in the SEI layer, leading to the breakdown of SEI
components like (CHa—OCO;Li)9, forming LisCOs3. Li;CO3 can react with
LiPFg, producing LiF and CO». The breakdown of TMs disrupts SEI layer
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formation and promotes the generation of additional SEI, ultimately
impacting electrochemical performance [122]. As a result, the dissolu-
tion of TMs intersects the SEI growth and induces more SEI formation,
which leads to decreased electrochemical performance [96]. While Co
ion dissolution is not predominant, it is frequently observed in cathode
materials containing Co [129]. Additionally, the transition from a
layered structure to spinel and/or rock-salt structure often accompanies
Ni ion dissolution, which can be accelerated by factors such as high Ni
concentration, high cut-off voltage, and elevated temperature [130]. For
instance, LiNip.gMng ¢5C00.0502 exhibits a significantly higher degree of
Ni dissolution than NMC622, even though its Co and Mn concentration
is only one-fourth that of NMC622. The increased dissolution of Co and
Mn ions in LiNig 9Mng 05C0¢.9502 may be attributed to more fractures in
the material, providing additional routes for cathode-electrolyte
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reactions and electrolyte infiltration [131].

2.4. Capacity fading mechanism

The observed capacity fading of NMC cathodes is generally explained
by oxygen release destabilizing the crystal structure and parasitic sur-
face reactions causing the accumulation of a NiO-like phase on the
cathode material’s surface [132-134]. Recently, anisotropic lattice
contraction during cycling, identified as the primary mechanism for
LiNiOy, may also contribute to the structural degradation of NMC
cathodes [135,136]. Multiscale modeling based on first-principle cal-
culations suggests that anisotropic volume shifts create mechanical
stress, leading to microcracking and eventual intergranular
fracture-induced disintegration of Ni-rich NMC particles. Using the
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density functional theory (DFT) approach, Major and coworkers inves-
tigated NMC materials with varying Ni concentrations and enlarged the
critical influence of Ni content [137]. The quantities of high-valence Ni
ions (Ni*") in NMCs are illustrated. As the Ni content increases from
low-Ni NMCs to Ni-rich NMCs, the amount of Ni*' also increases.
Notably, when the SOC increases, the concentration of Ni*t decreases
rapidly. The presence of Ni*' is associated with rapid deterioration
during charging due to its low-lying lowest unoccupied molecular
orbital (LUMO), allowing it to readily react with oxygen or electrolyte
species.

According to recent studies, NMCs with higher Ni percentages
showed reduced capacity retention during cycling. Fig. 8a summarizes
the key electrochemical characteristics of Ni-rich NMC-based electrodes.
Experiments of NMCs with different Ni concentrations, as reported by
Sun et al. [24] reveals that Ni-rich cathodes quickly lose their capacity
when the composition gets closer to LiNiO, showing the drop of the
capacity retention to 75 % after 100 cycles and making it unsuitable for
real-world applications (Fig. 8b). Greater Li consumption (greater SOC),
in addition to the Ni content in the compounds, is a significant
contributor to mechanical fracture acceleration. In a similar way,
Manthiram et al. [138] found the abrupt lattice collapse of NMCs with
different concentrations of Ni. In many NMCs, structural damage is
noted when Li consumption reaches 80 % at a high cut-off voltage. The
charge-discharge voltage curves (Fig. 8c-f) show that Ni-rich NMCs (x >
90 %) have a higher specific capacity despite the decreased stability. The
investigations conducted by the authors indicate that there is a linear
relationship between the discharge capacity of Ni rich NMCs and the Ni
content in the compounds. In addition, NMC appears to have a lot of
potential to grow based on its theoretical capacity of 275 mAh/g.
Therefore, additional Ni content is needed for further development,
which become one of the most crucial study fields. Moreover, higher Ni
content results in higher rate capacity when compared with the rate
capabilities of NMC622 and LiNig.99Cog 05sMng 0502 [131].

A detailed understanding of NMC phase changes throughout the
charge and discharge operations is crucial for mechanistic study. Before
the study of Dahn and coworkers in 1993, the structural evolution of
layered LiNiO as a function of voltage has only been explored in two-
phase domains. Using in situ XRD data, they showed four-phase re-
gions for the first time for the operation of LiNiO, electrodes. Subse-
quent NMC studies have widely acknowledged this phase diagram since
then. The areas that comprise the four phases are described below. Li;.
xNiO5 undergoes many phase changes throughout the delithiation pro-
cess: hexagonal-1 (H1), hexagonal-2 (H2), and hexagonal-3 (H3). Three
hexagonal phases are defined by the evolution of lattice parameters in
Li;.xNiOs. They can be followed using the differential capacity (dQ/dV)
curves [140]. These graphs may be used to electrochemically determine
the phase transitions of related layered Ni-rich materials. The phase
changes in LiNig95C00.025Mng 02502, LiNig.9C00.05Mng 0502, and
LiNig.gCog.1Mng 102) with respect to NMCs with a Ni ratio higher than
80 % are the same as those in LiNiO», with the initial H1 phase changing
into M, H2, and H3 phases. Three phase-coexistence zones are found at
3.7 V (H1+M), 40 V (M + H2), and 4.2 V (H2+H3). The abrupt
shrinkage on the c-axis in the unit cell, causing detrimental anisotropic
lattice volume changes, is primarily responsible for the shift from H2 to
H3 under a high voltage regime. The absence of the apex of the H2-to-H3
transition in the phase diagram of NMC622 suggests that the H2-H3
transition becomes more apparent as Ni concentration increases,
emphasizing its importance for structural stability. Therefore, exam-
ining lattice collapse in Ni-rich NMCs at high SOC is crucial [141].
Beyond 4.11 V, the electrode undergoes the H2-H3 transition, followed
by lattice oxygen reduction. This transition leads to lattice collapse,
detrimentally affecting reversible storage capacity. The c-axis lattice
shrinkage during the H2-to-H3 phase transition is linked to the lattice
collapse of Ni-rich NMCs, as indicated by theoretical and experimental
research. The distance between Li layers in the electrode material is
associated with the c-axis parameter, showing a consistent evolutionary
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pattern with unit cell volume across various compositions and
Ni-contents. It has been found that NMC811 experiences a bulk O3 to O1
phase change at high voltages and temperatures [142]. This phase
transition is kinetically sluggish, as evidenced by the fact that the phase
fraction of the O1 phase depends on temperature, duration, and hold
voltage in addition to the material’s lithium content. The O3 to O1 phase
transition suppressed in fully charged NiO; when Ni ions move from
their initial octahedral locations in NiOs slabs to face-sharing tetrahe-
dral sites in Li layers. Fig. 8g and h illustrate the in situ XRD measure-
ments tracking the development of the c-axis lattice parameter with
voltage and Li concentration during delithiation [143]. At 4.1 V, as the
cathode reaches a higher SOC, there is a sudden decrease in the length of
the c-axis lattice. Numerous studies have consistently demonstrated
similar findings, reinforcing the understanding that the highly unstable
H2-to-H3 phase transition in Ni-rich layered materials is correlated with
changes in anisotropic lattice characteristics during deep delithiation. In
a novel approach, Yoon and collaborators [144] investigated the evo-
lution of lattice parameters in LiNig 5,xCog 2Mng 3402 (x = 0, 0.1, 0.2)
materials during discharging. By keeping Co content constant in various
Ni-rich NMCs, they provided a comprehensive analysis of Ni’s impact,
independently of Mn, on the charge composition process [145]. The
study revealed that the c-axis parameter’s significant decrease at high
SOC is primarily attributed to the shrinking thickness of the TMOg slab,
shedding light on the intricacies of Ni-rich cathode lattice changes
during the electrochemical process. This enhanced understanding is
crucial for addressing degradation issues and exploring mitigation
strategies as Ni-rich cathodes aim for higher Ni content. Even if it is
indirect, there is some correlation between the mechanical deterioration
of the cathode material and the capacity fading. Anisotropic volume
variations during (de)lithiation create stress in the material, which
causes interparticle contact loss due to particle fracture and unfavorable
side reactions such as the creation of a cathode SEI layer [146].

3. Innovative modification strategies

Researchers have devoted considerable efforts to enhancing the
electrochemical performance of Ni-rich cathode materials, addressing
challenges through multifaceted approaches. Substantial progress has
been achieved in areas such as enhancing cycle stability, preserving
capacity over cycles, improving ionic conductivity, and mitigating
voltage decay. A key solution to challenges like low cycle life and ca-
pacity retention in Ni-rich cathodes involves designing materials with
minimal particle cracking and sustained cycling performance. Various
strategies, including doping with inactive ions, intergranular modifica-
tion, concentration gradient design, production of SC materials, and
dual modification, have been proposed and applied to achieve these
goals, paving the way for the practical utilization of Ni-rich cathodes in
LIBs.

3.1. Multifunctional doping strategy

Numerous components, including metal and non-metallic ones, have
been partially or completely integrated into the structure of the Ni-rich
layer oxides with the aim of overcoming capacity fading. Others may
prevent the migration of the Ni?* ions to the Li layer, which lowers the
degree of cation mixing, and some of the element’s doping can provide a
surface protective layer to prevent penetration and corrosion of the
electrolyte. Additionally, these doped elements may function as pillar
ions to control anisotropic strain and reinforce the bulk structure, which
is crucial for preserving the crystal structure. To enhance mechanical
and electrochemical performance, the most optimum dopant should be
traded off and applied to any of the Ni-rich layer oxides, according of the
needs. To address thermal and structural instability in Ni-rich cathodes,
one widely explored method is the doping of inactive ions into the
layered structure [147,148]. This involves substituting atoms in the
crystal lattice with stable dopants to mitigate various issues associated
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with Ni-rich cathodes. For example, substitution at Mn sites can impede
cation mixing and gas evolution, while substitution at Co sites reinforces
phase stability and charge transfer. The selection of doping elements
profoundly influences the structural stability of Ni-rich cathode mate-
rials. Researchers have investigated the effects of different dopants (Al,
Fe, Cu, Mg, Si, Ti, V, Zr, and Ga) on Ni-rich NMC, revealing that no single
dopant can comprehensively resolve all issues [43,149,150]. Instead,
each dopant tends to improve specific aspects while potentially exac-
erbating others. In many cases, substituting at the Co site enhances
charge transfer and phase stability, while substitution at the Mn site
helps prevent oxygen evolution and cation mixing. A promising strategy
for doping modification involves substituting Ti or Zr in the Co site and
Al in the Mn site. The selection of different doping elements for Ni-rich
cathodes can significantly influence their structural stability and elec-
trochemical performance. Both compositionally complex (high-entropy)
doping and cation/anion co-doping strategies offer promising avenues
for enhancing the structural stability and electrochemical performance
of Ni-rich cathodes. However, careful optimization of doping parameters
and thorough characterization are essential to harness their full poten-
tial and address associated challenges effectively. In this context, the
primary focus is on doping agents that can generate particles without
cracks, thereby improving electrochemical performance and reducing
crack formation in Ni-rich layered cathodes.

In a recent study, Park et al. [151] provided a detailed study to push
the Ni-composition upto 94 % with Ta-doping in core-shell (Ta-CSN94)
cathode with a retention rate of 92.6 % after 1000 cycles. A cation
disordered structure can be observed in selected area electron diffrac-
tion (SAED) patterns for CSN94 resulting in capacity fading as compared
to Ta-CSN94, which showed a stable capacity even for long-term cycling
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(Fig. 9a-k). The presence of superlattice along [001] zone corresponds to
the absence of TMs. The anion dopants, particularly fluorine (F), are
considered effective candidates for this purpose [152]. DFT calculations
were employed to assess the impact of F doping on the electrochemical
characteristics of the LiNiO, (LNO) cathode. The results indicated that F
doping had a positive impact on redox potential, ionic conductivity,
lattice distortion, and Ni migration during delithiation, exhibited a
negative influence on Li/Ni exchange. Kim et al. [152] discovered that F
doping in compositionally graded Li[NiggoCog 05Mng 15102 (GC80)
resulted in extended battery life, with retention rate of 78 % after 8000
cycles, attributed to cation ordering induced by F doping. HAADF-TEM
images of the virgin and cycled F-doped GC80 cathodes are presented in
Fig. 91. The observed additional superlattice peaks suggest the presence
of TM-ions between two TM layers. The most plausible explanation is
that Ni ions migrate into the Li layer in a precisely ordered pattern,
causing Li ions to occupy alternate TM-sites and resulting in the gen-
eration of a super unit cell. This ordered structure not only facilitates
paths for Li-ion migration to the TM layer, enhancing Li migration, but
also stabilizes the delithiated structure by acting as pillars to prevent the
collapse of the layered structure at high SOC. Electrochemical testing
demonstrates the impressive cycling stability of the F-doped GC80
cathode (Fig. 9m) after 2000 cycles.

Recent studies suggest that the presence of a spinel or rock-salt phase
significantly enhances the structural stability of Ni-rich cathodes
[154-156]. Doping with elements like boron (B) [157-160], tungsten
(W) [155,161], and tantalum (Ta) [83], allows for the creation of
microstructure-modified cathodes. Unlike other dopants, these elements
can reduce the size of parent particles, forming secondary particles with
unique microstructures. B, for instance, is effective in preventing the
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Reproduced with permission [153]. Copyright 2021, RSC.
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formation of microcracks (Fig. 10a-c¢) [157]. Introducing Li
[Nip.9C00.09W0.01102 (NCW90) as a novel layered oxide cathode has
demonstrated exceptional cycle performance, retaining 92 % of the
original capacity after 1000 cycles and exhibiting a larger initial
discharge capacity than Li[Niggg5C0g.10Alp.015]102 (NCA89) (231.2
mAh/gat 0.1C) [161]. Substituting W for Al refines particle size, leading
to the development of inter-particulate microfractures in secondary
particles (Fig. 10d-g). Additionally, W serves as a potent dopant to
inhibit the initiation and propagation of microcracks. Li[Nig goC-
00.05Mng 05102 cathodes with 1.0 mol% W-doping (W1-NCM90) show
significantly enhanced chemical stability with minimal initial capacity
loss, achieving 89 % capacity retention after 500 cycles in a full-cell
cycled at 4.3 V [155]. The suppression of microcrack development
and reduced internal strain contribute to the chemical stability
(Fig. 10h). Kim et al. [83] introduced a unique microstructure by
creating Li[Nip.99Cog.09Tap.01102, where secondary particles were
aggregated by radially aligned parent grains with crystallographic
texture. This innovative approach achieved long-term cycle stability at
full depth of discharge. The tailored microstructure dissipated internal
anisotropic strain under high delithiation conditions, inhibiting micro-
crack development and propagation and resulting in an unparalleled
capacity retention of 90 % even after 2000 cycles.

Moreover, a quaternary layered LiNig 93Al.05Tig.01Mg0.0102 (NATM)
cathode demonstrated excellent performance compared to NC and NMC
with Ni>90 % (Fig. 10i-j) [165]. It retained 82 % capacity after 800
cycles at C/2 for pouch cell. In another study, Ni-rich NMA showed an
improved electrochemical performance than NMC and NCA cathodes in
pouch cells paired with graphite, and only slightly trails than Al-Mg
doped NMC and a commercial cathode after 1000 deep cycles
(Fig. 10k). Substituting Al into the NMC cathode reduced the unit cell
volume change caused by the H2-H3 phase transition, as revealed by in
situ XRD examination. The single-particle compression test demon-
strated increased intrinsic mechanical strength, leading to enhanced
structural stability and improved thermal stability of the cathode by
suppressing microcrack creation and propagation. Similarly, Zhang
et al. rationally designed a structurally and electrochemically stable
single crystal LiNig ¢Cog.1Mng 305 cathode with zirconium and titanium
co-doping (Z/T@SC—NCM) for high-energy density batteries (Fig. 101).
In summary, inactive ion doping techniques, aiming to stabilize Ni ion
oxidation states, strengthen M-O bonds, reduce lattice distortion, or
create unique structures like heterostructures and microstructures,
prove effective in minimizing microcrack formation, enhancing the
structural stability of the host material, and improving electrochemical
cycling performance. However, reducing lattice distortion through
doping becomes challenging when the cutoff voltage exceeds 4.3 V, as
more Li ions are removed during charging.

Future doping studies should focus on enhancing the structural sta-
bility of Ni-rich cathodes at high voltages. Furthermore, by combining
theoretical calculations (such as formation energies, band structures,
electronegativity, ionic radius, and charge densities to assess the feasi-
bility and effectiveness of doping with different elements) with molec-
ular dynamics simulations and finite element analysis, researchers can
effectively screen doping elements, simulate ion behavior, and predict
the mechanical response of single crystal materials, facilitating the
design and optimization of advanced functional materials for various
applications. Ab initio molecular dynamics simulations generate tra-
jectories of atomic motion over time to study diffusion mechanisms, ion
migration pathways, and the effects of doping on ion transport proper-
ties. Analyze the resulting data to quantify ion concentration profiles,
diffusion coefficients, and migration barriers in the doped material.
Finite element method analysis can also be used to model the stress
distribution and mechanical response of the doped SC material under
external loads or during electrochemical cycling [166].
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3.2. Surface coating and modification

Although defects in Ni-rich cathode materials can be reduced by
structural modification techniques, surface side reactions that cause
deterioration, including HF corrosion and CEI production, are still an
open challenge. Protective layer coatings emerge as a practical solution
to address these issues, effectively blocking both electrolyte breakdown
and the dissolution of TM ions from Ni-rich cathodes [167]. It has been
suggested that the surface protective layer and doping, in addition to the
surface coating layer, might ensure the interfacial stability in the Ni-rich
cathode materials (Fig. 1la) [78,168,169,170]. For instance, the
LiNig gCog.15Alp.0502 (NCA) cathodes underwent the vanadium-based
surface treatment [171]. Surprisingly, throughout the annealing pro-
cess, the multivalent vanadium ions interacted with the remaining
Li-compounds, moderating the interactions with the HF and guaran-
teeing the interfacial stability. Another good example of surface treat-
ment is subjecting NMC622 powder to a H3PO4 solution treatment
followed by a heating treatment during which H3POj4 reacts with re-
sidual LiOH, Li3O and Li,CO3 on the surface of NMC622 to form LigPOy4
coating, leading to substantial improvement in cycle stability [172].

Surface coatings for Ni-rich cathodes employ a diverse range of
materials, including solid-state electrolytes (LigPO4, LioZrOs, LiNbOsg,
etc.), phosphates (AIPO4, MnPOy, Si3(PO4)4, etc.), metal oxides (AlOs3,
MgO, TiO,, etc.), and conductive organic compounds (polyimide, pol-
yaniline, etc.) [177-183]. Ionic conductive materials, such as solid-state
electrolytes and conductive organic compounds with strong Li-ion
conductivity, are combined with nonconductive substances like metal
oxides, fluorides, and phosphates, known for high stability, to form
protective coatings on Ni-rich cathode surfaces. A wide range of
methods have been devised to deposit surface coatings, including atomic
layer deposition (ALD), chemical vapor deposition (CVD), solid-state
coating method, coprecipitation, hydrothermal, solvothermal, and
sol-gel techniques [184]. In a study by Kim et al. [173] confirmed more
stable interfaces in Li;COs3/LiNbOs-coated NCM622 cathode in all
solid-state battery cells using B-LigPS4 as the solid electrolyte (Fig. 11b).
In this case, the carbonate content of Li;COs-coated and LiCOs/-
LiNbOs-coated NCM622 was identical, the former material exhibits
noticeably greater CO; evolution due to the relevant carbonate species’
breakdown during cycling and the resulting generation of SO,. Lee et al.
[174] have proposed a facile surface coating technique to enhance the
stability and reversibility by using piezoelectric LiTaO on Ni-rich
cathode (Fig. 11c). In a study by Yim et al. [175] a dry coating
method was employed to create a protective layer combining CaO and
LigPO4 on the NMC811 cathode surface, ensuring long-term cycling
performance by mitigating electrolyte breakdown (Fig. 11d). A highly
effective approach has also been applied by nano-coating of TiO5 on
Ni-rich cathode providing a complete protection to the outer surface
(Fig. 11e). Another innovative approach involves incorporating mate-
rials with negative thermal expansion (NTE) into electrodes to stabilize
Ni-rich cathodes due to their exceptionally low expansion properties.
For instance, Bai’s team modified the surface of NCM622 using a com-
mon NTE material, ZrV,0; [185]. Additionally, research has explored
various organic compounds to prevent electrolyte breakdown at the
cathode electrode surface [186]. Park et al. [178] created an OTS-coated
LiNip g2Mng 09C0¢.0902 (NMC82) cathode with improved storage cycla-
bility. The introduction of a new interface will unavoidably raise surface
resistance and disrupt ionic transport, which is a significant disadvan-
tage of the protective layer coating technique. Consequently, it is
imperative to regulate the layer thickness in a way that does not impede
ionic transport over the surface. It should be noted that surface coatings
not only improve the cycle stability but also increase the specific ca-
pacity and the rate capability of cells as well. Sahni et al. [187] show
that LigPO4 coating simultaneously increases the specific capacity, im-
proves the cycle stability, and enhances the rate capability of NMC532
and NMC333 cells. The reason for such simultaneous improvements is
likely due to the replacement of the surface reduced layer typically
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Fig. 10. (a) Comparison of the mechanical stability of B-doped NCM90 and NCM90 cathodes during cycling. Reproduced with permission [158]. Copyright 2018,
Wiley-VCH. (b, ¢) The cycling stability and cross-section SEM images of pristine-LiNig gg5C00.1Alp.01502 (P-NCA89) and LiNig g78C00.097Al0.015B0.0102 (B-NCA88)
cathodes. Reproduced with permission [159]. Copyright 2020, Elsevier. (d-g) STEM images of the particle and cross-section for NCA89 (left) and NCW90 (right).
Reproduced with permission [161]. Copyright 2019, Wiley-VCH. (h) The cycle stability and capacity fading in W1-NCM90 and NCM90 cathodes. Reproduced with
permission [155]. Copyright 2019, Elsevier. (i, j) SEM images and cycle stability comparison of NC, NMC, NATM cathodes. Reproduced with permission [162].
Copyright 2021, Wiley-VCH. (k) Cycle stability comparison of NMC-89, NCA-89-NMCAM-89, NMA-89 and commercial (NMC-622) cathodes. Reproduced with
permission [163]. Copyright 2020, Wiley-VCH. (1) Cycle stability of Z/T@SC—NCM/graphite pouch cell for 4000 deep cycles. Reproduced with permission [164].

Copyright 2022, Elsevier.
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Fig. 11. (a) Schematic illustration of the glue layers on the NCA cathode during coating process showing the stabilized cycle performance. Reproduced with
permission [168]. Copyright 2016, Wiley-VCH. (b) Li,CO3; and Li,CO3/LiNbO3 coated NCM622 cathode particles with cycle voltage profiles and corresponding
Coulombic efficiencies. Reproduced with permission [173]. Copyright 2019, ACS. (c¢) Schematic illustration of the LiTaO3 surface coating onto NCM811 particles
with improved cycle stability. Reproduced with permission [174]. Copyright 2022, ACS. (d) Surface modified NMC811 cathode by using functional Ca3(PO4)2
precursor. Reproduced with permission [175]. Copyright 2021, Elsevier. (e) A protection mechanism of TiO5 nano-coating on Ni-rich cathode with stable capacity.

Reproduced with permission [176]. Copyright 2020, Elsevier.

formed during cell soaking by the Li-ion conductive LisPO4 coating and
the reduced amount of insulating residual Li compounds on the NMC
surface. Simultaneous improvements in the specific capacity and cycle
stability have also been reported for LiAlO;/Al;03-coated nano-LiCoOy
because of minimization of the surface reduced layer and the protection
of Li-ion conducting LiAlO, and stable Al;O3 coatings [188].

3.3. Grain boundary modification

Although the typical surface coating, which reduces the parasitic side
reactions with the external electrolyte to protect the cathode surface, is a
commonly used modification approach, it can rarely prevent grain
boundary cracking. Grain boundary modification, specifically coating
primary particles, has emerged as an effective coating strategy to miti-
gate the formation of intergranular microcracks. This approach involves
covering the main particles in polycrystalline materials through a
combination of surface coating and high-temperature treatment. Kim
et al. proposed a novel surface treatment for the main particles of the
NMC622 cathode [189]. The surfaces of primary particles exhibit
enhanced cobalt content and a cation-mixing phase with a nanoscale
thickness when the cathode material is combined with lithium and
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cobalt acetate in an ethanol solution, followed by calcination at 800 °C
(Fig. 12a). This process significantly contributes to the structural sta-
bility of the cathode material by suppressing the development of inter-
granular microcracks in the secondary particles during charging and
discharging, as shown in Fig. 12b. Additionally, the high oxidation state
of Mn*" on the surfaces of primary particles strengthens the Mn-O
bonding, leading to reduced oxygen evolution during phase transi-
tions. The structural and interfacial stability of LiNip76Mng.14C09.1002
(NMC76) cathode material is reported to be greatly increased by
injecting LigPOy4 into the grain boundaries by Yan et al. [190] To facil-
itate the penetration of LizPO4 into the grain boundaries of secondary
particles, NMC76 secondary particles are coated with LisPO4 using
atomic layer deposition (ALD), followed by annealing at 600 °C. After
200 cycles, the LigPO4 infused electrode exhibits capacity retention of
91.6 % at ambient temperature and 73.2 % at 60 °C, which is 12.6 % and
14.9 % higher than the pristine cathode, respectively. After 200 cycles,
pristine primary particles undergo significant structural evolution as the
layered-to-spinel phase transformation initiates at the particle surface,
as indicated by electron diffraction and high-resolution structural im-
aging. However, in the LizPO4 infused cathode, the electrolyte cannot
permeate into the grain boundaries within the secondary particles



A. Saleem et al.

1 7
'9
Mixing with
Liand Co acetate

in ethanol

Cycling

» a
Electrolyte+SEI Bareprimary particle

Suppressed

Residual Li-reactive Coating Intergranular crack

Energy Storage Materials 69 (2024) 103440

@ Prisine @ GB engineering ® GB&Surface engineering

2.7-4.7V,113C

Surface degradation alleviation

[0, IR, ... L 5~ AR JL

¢ i :( o (ll) Coating i
srainboundary 1 [ emses F1s | [ nomaos RO [ oxide (Buik
,: 5 | ——F-Ncmass ——F-NCMA93 <100
I} 5 | ——st-Ncmas3 LiF 685 eV| | ——sb-NCMA93 > = Ni-
Cycling ,IE ——F-Sb-NCMA93 ——F-Sb-NCMA93 B 80 /
0z Li,CO, Lattice 0 5 NiF
e ~532ev | -529 ¢V £
:I 8 $b-0 ' T 40 ShO-
— |:E ~540§v ' 2 Lico
£ y 1 [ " b=t
1 s A ' E LiF,
¢ R h ' 50 LiSbO,F-)
Li(NCM),0, spinel w Coatedprimaryparticles || 700 695 690 685 680 545 540 536 530 525 = 0 5 1500 '
coatingmaterial ! Binding Energy / eV Sputtering time / s |

Binding Energy / eV

Fig. 12. (a) Surface modification on the primary particles with cross-sectional SEM images of the NCM622 before and after 150 cycles at 60 °C. Reproduced with
permission [189]. Copyright 2015, ACS. (b) LizPO,4 coated NMC811 cathode with cycle performance and cross-section SEM and TEM images. Reproduced with
permission [190]. Copyright 2019, Elsevier. (¢) Schematic view of the effect of NMC surface coherent spinel coating to prevent intergranular crack. Reproduced with
permission [191]. Copyright 2018, ACS. Cross-sectional images of (d) NMCA93 and (e) Sb-NMCA93, (f) EDS mapping of Ni, Sb, and F in F-Sb-NCMA93. (g) F 1 s, and
Sb 3d3,52—O 1 s XPS spectra of NCMA93, F-NCMA93, Sb-NCMA93, and F-Sb-NCMA93. (h) Normalized depth profiles of representative species in as-synthesized

F-Sb-NCMA93. Reproduced with permission [192]. Copyright 2023, ACS.

without intergranular cracks, preventing the phase change in the pri-
mary particles. This reduction in the cathode-electrolyte interfacial re-
action and subsequent decrease in electrolyte degradation implies that
the active materials inside the secondary particles are well-preserved
after LigPO4 infusion. Overall, the primary particle coating focuses on
individual particle protection and tailored electrochemical properties,
secondary particle coating emphasizes improving the structural integ-
rity and conductivity of particle clusters. Each method has its unique
advantages and limitations, and the choice between them depends on
the specific requirements of the battery application and the desired
balance between performance enhancement and manufacturing
complexity.

The engineering of the grain boundary is also achieved through the
wet-coating approach. Mo et al. found that modifying the main particle
surface with lithium boron oxide (Li;O-2B,03, LBO) can prevent the
formation of microcracks and promote stable cycling of NCM811 [193].
It has been observed that wet-chemical coating, as opposed to dry
coating, enables a thinner and more uniform layer of LBO to be applied
to the main particle. Similarly, Li(NiCoMn);O4 coated LiNig.o;.
Cog.06Mng 0302 cathode using the wet coating technique resulted in
reduced crack formation, as depicted in Fig. 12¢ [194]. The coating
material permeates secondary particles along the grain boundaries,
enhancing structural stability before coating the primary particles. An
in-situ XRD examination revealed that the redesigned cathode practi-
cally maintained its volume throughout cycling. The improved me-
chanical characteristics of the spinel coating layer were confirmed to
play a substantial role in preserving the mechanical integrity of the
layered structure during lithiation/delithiation through first-principles
calculations. With an outstanding capacity retention of 93.44 % at 1C
after 50 cycles, the coated cathode provides a specific capacity of 220.35
mAh g Fig. 12d and e shows the microstructural changes in

18

LiNi0_931C00_031MHO_029 A10.00902 (NMCA93) with Sb dOplIlg ShOWiIlg a
very fine particle than the pristine NMCA93. The EDS mapping (Fig. 12f)
shows that the F encapsulates the primary particle and covers the grain
boundaries. the primary particles. The F 1 s, Sb 3d3/2, and O 1 s XPS
spectra of as-synthesized NCMA93 and Sb-NCMA93, both with and
without F coatings, are shown in Fig. 12g. The consumption of residual
Li compounds on the surfaces of the F-coated cathode materials is
responsible for the comparable peaks in the O 1 s XPS spectra of the
uncoated cathode materials. The F-coated cathode materials exhibit
stronger Sb-O peaks in their Sb 3d3,» XPS spectra than the comparable
peaks in the Sb 3d3/5 XPS spectra of the uncoated cathode materials.
This phenomenon is probably caused by the decreased amount of re-
sidual Li compounds on their surfaces. The depth profiles in Fig. 12h
demonstrate that the intensity of Ni~ species sputters for around 500 s
before leveling off. The intensity of other inorganic species, like SbO™,
LiCO3, LiF3, and LiSbOyF~, decreases with increasing sputtering time,
indicating that these species are concentrated within ~10 nm of the
surfaces of secondary particles. In contrast, the intensity of NiF~ species
reaches a maximum after approximately 300 s of sputtering. Grain
boundary engineering can significantly enhance the performance of the
modified cathode material by altering the surface of primary particles in
a way that typical coating modifications cannot achieve. However,
effective treatment of primary particle surfaces, whether through
high-temperature treatment or pure wet treatment following surface
coating at secondary particles, faces challenges such as accurate
parameter control and poor repeatability. Although the alteration may
be effectively accomplished in the lab, applying it in the industry poses
challenges due to technical complexities and the need for expensive
equipment. Future research should focus on progressing this technology
toward industrialization.
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3.4. Concentration gradient structure

After the core-shell structure had been thoroughly investigated to
enhance the electrochemical performance of Ni-rich cathodes in com-
parison to conventional cathodes (CC), it was later discovered that this
structure had drawbacks, including the ability for rapid structural and
electrochemical performance degradation due to shell fracture and
debonding between the core and shell upon cycling [195]. However, a
unique structure called a concentration gradient was developed to solve
the problems with core-shell cathode materials by preventing unfavor-
able volume fluctuations, preventing the development of microcracks,
and  further  enhancing  structural integrity.  Typically,
concentration-gradient structures fall into one of two categories: full
concentration-gradient  structures (FCGS) [196,197] or shell
concentration-gradient structures (SCGS) [198,199]. The Ni-rich core
and the outside shell with the TM concentration gradient make up SCGS
cathodes [200]. The cathodes’ discharge capacity is maximized by the
Ni-enriched core, while improved stability is attained by the
Mn/Co-enriched surface area. Since inactive Mn** is present close to the
surface and protects the Ni-rich core by limiting side reactions between
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the electrolyte and Ni>*/#*, SCGS cathodes often have the ability to
withstand deterioration of the inner active materials. However, a SCGS
Li[Nig 865C00.120Al0.015]02 cathode with a Co-rich surface has been
shown to have better thermal stability and cycling than a standard
cathode. After charging to 4.3 V, the SCGS Li[Nig g65C00.120Al0.015102
cathode is devoid of microcracks whereas the traditional NCA cathode
has several cracks. The cycling stability of SCGS cathodes is significantly
increased by the gradual change in the TM concentration in the shell
area, which leads to a reduction and weakening of radial stress at the
core-shell interface [199]. In the outer region of the SCGS cathode, the
primary particles exhibit radial elongation and are arranged perpen-
dicular to the surface. These crystals are closely spaced and have parallel
(003) plane arrangements, as shown in Fig. 13a [6]. To mitigate the
stress induced by the H2-H3 phase transformation, the elongated
columnar grains are enveloped by Ni-rich grains. This configuration in
the SCGS cathode aims to provide a high specific discharge capacity
during extended cycling, suppressing impedance increase and discharge
capacity decay linked to the degradation of the interparticle boundary
surface due to direct contact with the electrolyte. Sun’s group [197]
introduced the FCGS cathode, wherein the concentration gradient
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Fig. 13. (a) Internal morphology and mechanical integrity of CSG90 and CC90 cathodes at discharge and charge state, and (b) Cross-sectional SEM images of the
charge state and discharge state for CC90 (up) and CSG90 (down). Reproduced with permission [203]. Copyright 2019, Wiley-VCH. (c) Solid-solid interface models
and kinetics. (d) TXM-XANES mapping of single cathode particle as a function of charging time in ASSLBs, and the corresponding schematic diagram to expound the
unique solid-state electrochemistry. (e) Schematic of solid-liquid interface models and kinetics. (f) TXM-XANES mapping of single cathode particle as a function of
charging time in LELBs, and the corresponding schematic diagram expound the conventional solid-liquid electrochemistry (Scale bar, 10 pm). Reproduced with

permission [202]. Copyright 2020, Nature.
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extends uniformly throughout the entire particle. This modification
addresses concerns about the structural stability of Ni-rich cathodes,
especially under higher voltage cycling conditions and elevated tem-
peratures (Fig. 13b). The FCGS cathode exhibits a gradual increase in
Mn concentration from the center region towards the surface, accom-
panied by a nearly linear decline in Ni concentration. Operating in the
2.7-4.5 V voltage range, the FCGS cathode delivers an initial capacity of
215.4 mAh/g and maintains 88 % after 100 cycles. With a Co concen-
tration gradient extending from the center region toward the surface
area, Lee et al. [196] synthesized an FCGS cathode. After 2500 cycles of
electrochemical cycling, only voids were observed in the secondary
particles (Fig. 12f). However, microcracks emerged after 2500 cycles in
the larger voltage window of 2.7-4.4 V at the elevated temperature of 55
°C. Two-sloped FCGS cathodes were developed through coprecipitation,
featuring a slow, then steep, variation in Ni/Mn concentration
approaching the particle surface to leverage the benefits of the unique
FCGS structure and enhance stability further. Park et al. [201] presented
a Ni-rich Li[Nig gCog.06Mng.14] O2 cathode with a dual concentration
gradient. After 100 cycles in a half-cell at increased voltages of 4.3 V at
C/2, it maintained structural integrity, demonstrating cycling stability
in preventing particle cracking. In another study, Lou et al. [202]
expanded on the distinct electrochemistry of solid-state lithium batteries
by drawing on ideas from the study of solid-solid interfaces and local ion
diffusion in polycrystalline particles of NMC622 (Fig. 13c-f). This

High-Voltage and Long-life Single-Crystalline Ni-rich cathodes
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indicates discontinuous physical contact causes a slight difference in the
initial electrochemical behavior of polycrystalline particles compared to
that in conventional liquid-electrolyte LIBs. It also shows comparable
electrochemical reversibility in a solid-state battery to that of a
liquid-electrolyte battery. This result challenges the conventional wis-
dom that solid-state batteries perform less well electrochemically as a
result of partial physical contact loss. Furthermore, the micrometer to
single particle diameters of the local Li* transport channel was shown.
The study reveals an unexpected homogeneity in the local Li concen-
tration in a particle after first charging, which advances our knowledge
of nonequilibrium electrochemical processes in  solid-state
electrochemistry.

3.5. Single-crystalline structure

The traditional shape of Ni-rich cathodes is characterized by spher-
ical secondary particles aggregated with polycrystalline (PC) primary
particles. The random aggregation of primary particles leads to strong
grain boundary tension due to the anisotropy of Li-ion intercalation and
deintercalation. As a result, the increased boundary stress accelerates
electrolyte attack and contributes to the loss of electrical contact be-
tween primary particles. In recent years, there has been a growing focus
on SC Ni-rich cathodes due to their potential for use in commercial
applications [204-206]. Unlike PC cathodes, which consist of
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Fig. 14. (a) Comparison of the structural evolution and cycle performance of PC and SC cathode materials at 30 and 50 °C. Reproduced with permission [209].
Copyright 2021, Elsevier. (b) Electrochemical performance of the SC-811, QSC-811, and PC-811 cathode materials. Reproduced with permission [208]. Copyright
2022, Nature. (c¢) Degradation mechanism of PC and SC cathode. Reproduced with permission [206]. Copyright 2020, Elsevier. (d) Schematic illustration of the
reversible planar gliding in SC Ni-rich cathode during cycling. Reproduced with permission [210]. Copyright 2020, Science. (e) Cycle performance, XRD patterns and
SEM images of PC- and SC—NCM811 cathodes. Reproduced with permission [33]. Copyright 2022, Wiley-VCH. (f) Rock-salt layer thickness and the depth of
discharge (DoD). (g) Capacity loss and rock-salt layer on the SC—NMC particles. (h) Static energy distribution along the migration path from DFT. (i) Li-ion diffusion
pathways in ordered NCM and disordered NiO [211]. Copyright 2022, 2023 Wiley-VCH.
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aggregated primary particles forming secondary particles, SC cathodes
are characterized by smaller phase boundaries, a larger surface area, and
more integrated crystal structures. PC cathodes are prone to secondary
particle breakage during battery electrode flake production, leading to
microcrack formation and propagation on the surface of secondary
particles at high SOC. This exacerbates issues related to cathode-liquid
interaction, resulting in rapid cell degradation and capacity loss. SC
cathodes were proposed as a solution to address these challenges, of-
fering increased stability during charging or discharging at higher
cut-off voltages. According to Fig. 14a, the diffusion of Li ions during the
charge-discharge process is slowed down by several grain boundaries
inside PC secondary particles. Since, SC particles do not have grain
boundaries, rapid ion transport can occur within them. SC cathodes have
intact ion transport channels and a well-preserved structure during
extended cycles at high voltages [207]. In contrast, substantial inter-
granular fractures and particle pulverization occur in PC cathodes,
obstructing the diffusion paths for Li ions. In a previous study, Zhang
et al. [208] provided a deep analysis of SC—NMC811, PC—NMC811 and
quasi-SC—NMC811 (QSC-811) cathodes. Following two formation cy-
cles, the charge/discharge profiles of various NMC811 types are dis-
played. According to the results in Fig. 14b, the discharge capacities of
SC-811 and QSC-811 are 209.5 and 212.7 mA h/g, respectively, and
they are similar to PC—NMC811's value of 216.6 mA h/g. The first
charge/discharge cycle’s differential capacity (dQ/dV) curves demon-
strate that SC-811 and QSC-811's H2-H3 redox peak intensities are
lower than PC-811’s. This finding suggests that, in comparison to
PC-811, the harmful H2-H3 phase transition is somewhat inhibited in
SC-811 and QSC-811. After 100 cycles, the capacity retentions of
SC-811, QSC-811, and PC-811 are 92.6 %, 79.5 %, and 79.2 %,
respectively. In comparison to QSC—NMC811 and PC-811, SC-811 has
superior cycle retention, which is consistent with other studies on
SC—NMC cathodes. Fig. 14c schematically shows that the SC structure
can effectively reduce irreversible phase change, prevent intergranular
fractures, and effectively attenuate undesirable electrode/electrolyte
interactions.

Bi et al. [210] reported on studies on reversible slippage and cracking
along the (003) plane in Ni-rich SC cathodes. When the material is
charged, it is discovered that the (003) plane slip can be seen; however,
when the material is discharged, the opposite happens. The sliding will
ultimately develop into microcracks near the crystal surface, even if the
internal lattice remains symmetrical after sliding (Fig. 14d), exposing
additional surface to the liquid electrolyte. The local stress brought on
by the concentration gradient of Li" in the lattice is connected to the
reversible creation of microstructure defects. After the gradient in Li
concentration has been formed in the lattice, the stress production of Li*
radial diffusion along the particle is calculated using the analytical
cylinder isotropic diffusion induced stress model. Peak tensile stress in
the tangential and axial directions near the surface occurs at the start of
lithium removal by charging, which causes microcracks to spread in the
(003) plane. On the other hand, the center of the particle exhibits the
maximal tensile stress in all directions. At a current density of 0.5 C, the
cycle stabilities of PC- and SC—NCM811 were measured in the range of
2.8t0 4.6 V (vs. Li/Li*) by Sun et al. [33] (Fig. 14e). The PC—NCM811
demonstrated a significant reduction in capacity after 100 and 200 cy-
cles, respectively, resulting in a low retention rate of just 50 % and 41 %,
respectively. By comparison, the SC cathode demonstrated exceptional
cycle performance, with an average loss of just 0.05 % of capacity per
cycle over the first 100cycles (10 % of the PC cathode) and an impressive
85 % (more than 170mAh g~ 1) after 200cycles. In a previous work, Zhao
et al. [211] deeply studied the relationship between cycle performance
degradation mechanism in SC—NMC cathode through DFT and COM-
SOL Multiphysics modeling analysis. Fig. 14f displays the distribution of
Li-ion concentrations on the surface of the SC—NMC particles. Once
more, the concentration rose unmistakably as the discharge depths
increased, just like in the single particle scenario. However, significantly
decline for rock-salt surface layer thicknesses greater than 2 nm,
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suggesting that slow charge transfer has a negative impact on the dy-
namics of intercalation and eventually causes capacity degradation. The
layered NMC phase has a higher effective energy barrier for Li-transport
than the disordered rock-salt NiO layer (Fig. 14g-i). The detrimental
impact of the rock-salt surface development on the kinetics of
Li-transport was further verified using COMSOL Multiphysics
simulation.

SC cathode materials hold great promise for practical use in
commercially available LIBs due to their superior physical and electro-
chemical properties compared to PC cathode materials. However, SC
cathodes face challenges related to the precise control of particle size
and shape, limiting their commercialization and development. Factors
in particle preparation, such as roasting temperature, holding period,
and Li concentration, influence the characteristics of the final product.
Recent research has focused on investigating the morphology and
electrochemical capabilities of produced SC Ni-rich cathodes under
various experimental conditions. These studies aim to enhance pro-
duction procedures and approaches for SC materials. Ou et al. [212]
have further improved the stability of SC LiNigggCo0g.09Mng g302
(SNCM) cathode by incorporating Al/Zr (Fig. 15a and b). The synergistic
impact of Al/Zr co-doping in SNCM lattice improves Li-ion mobility,
relieves internal strain, and suppresses Li/Ni cation mixing at a high
cut-off voltage. During extended cell cycling, these characteristics
enhance the cathode rate capability and structural stability. Specifically,
the Zr-rich surface facilitates the establishment of a stable cathode
electrolyte interphase, which inhibits Ni dissolution and keeps SNCM
from reacting unintentionally with the non-aqueous fluorinated liquid
electrolyte solution. In a recent study, Li et al. [213] introduced Ce/Gd
dopants into SC Ni-rich LiNig g3C0g.97Mng 1002 (SC—NCM@CG2) cath-
ode materials, resulting in improved electrochemical performance and
structural stability during high-voltage cycling (Fig. 15¢). The incor-
poration of Ce and Gd induced distinct deposition behaviors, forming a
high-entropy zone near the surface of SC—NCM@CG2. This zone,
including a LCGO shell and a Ce/Gd dopant-concentrated layer,
enhanced lattice oxygen stability, inhibited oxygen evolution, and pre-
vented the formation of oxygen vacancies. Moreover, Ce/Gd incorpo-
ration facilitated reversible H2-H3 phase transformations and alleviated
stress/strain during lithium-ion (de)intercalation processes (Fig. 15d-e).
These synergistic effects reduced oxygen vacancy concentration, miti-
gated stress/strain, and inhibited in-plane migration of transition metal
ions and lattice planar gliding, thereby preventing intragranular nano-
crack formation.

In addition, high ionic conductivity surface coatings are thought to
be a useful tactic for stabilizing the electrode/electrolyte contact for SC
cathode [215]. The multifunctional layers of LiBO2/LiAlO5 (BA) on the
surface of SC—NMC were depicted in Fig. 15f [90]. The middle layer of
LiAlO, is intended to establish close contact with NMC in order to avoid
direct contact between the cathode and electrolyte, therefore fortifying
the cathode surface structure. BA coated NMC exhibits significantly
better rate and cycle characteristics than B coated NMC and bare NMC at
both 25 and 55 °C (Fig. 158). Furthermore, Fan et al. [214] provided a
method to build an in situ Lij 4Y4Ti; 6(PO4)3 (LYTP) ion/electron
conductive network that links SC—NMC particles (Fig. 15h). The LYTP
network reduces mechanical instability, inhibits harmful crystalline
phase change, and enables Li-ion transfer between SC—NMC particles.
The LYTP-containing SC—NMC cathode combined with a Li metal anode
for a coin cell delivered a capacity of 130 mAh g ! after 500 cycles at 5 C
rate in the 2.75-4.4 V range at 25 °C (Fig. 15i). Surface coat-
ing/modification for SC cathode offer superior performance in
high-temperature, high-stress environments but come with challenges
such as cost, brittleness, and complex manufacturing requirements.
These factors must be carefully considered when selecting materials for
specific engineering applications. However, a deep coating layer that is
entirely homogeneous is difficult to obtain for SC cathode. Furthermore,
the coating layer will break and lose some of its functionality due to the
fluctuation in particle volume during repeated cycle procedures.
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Consequently, the coating modification can slow down the attenuation
of materials to some level, but it is not a perfect solution. Consequently,
it is recommended that in order to enhance the overall qualities of the
applied SC materials, further modification procedures such doping be
used in addition to reaching the highest level of coating uniformity.

22

3.6. Dual modification

It is important to keep in mind that sometimes implementing one
modification strategy will not be able to solve all the issues; instead, it
may focus on one issue while exacerbating others. For instance, many
surface coating techniques stabilize the structure, but a significant
amount of discharge capacity is lost due to the inactive coating layer. In
addition, surface coatings cannot solve the cation mixing problem that
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occurs inside the Ni-rich crystalline particles. Thus, numerous related
explorations have been conducted, and several successes have been
made, in an effort to use the synergetic effect among various strategies to
improve the structure stability. The research conducted by Yang et al.
introduced a one-step dual modification method to create an NMC811
cathode with a LasNiLiOg coating and Ti doping (Fig. 16a) [216]. This
approach aimed to leverage the synergistic effect of Ti doping and
La4NiLiOg coating for improved electrochemical performance. Ti doping
was effective in inhibiting harmful phase changes, while the LasNiLiOg
coating layer enhanced the diffusion kinetics of Li ions. The combined
impact of these modifications inhibited structural degradation and
intergranular cracking, thereby stabilizing the host material’s structure
and enhancing overall cell performance (Fig. 16b). In another research
by Yoon et al. [217] CoxB was utilized to coat the NMC811 secondary
particle’s surface and introduce grain boundaries between the NMC811
primary particles. This coating and infusion approach, along with the
optimized structure, demonstrated improved stability in the NMC811
cathode, with minimal microcrack formation after 200 cycles. This
suggests that the electrolyte did not significantly damage the interior of
secondary particles, showcasing the enhanced structural stability ach-
ieved through these modifications (Fig. 16¢) [217]. Tang et al. [218]
explored the use of elemental doping coupled with surface coating
(Fig. 16d). Additionally, Lim et al. [219] created a two-step full con-
centration gradient (TSFCG-Al) Al-doped Li[Nig §4C09.06Mng 09Alg.01102
(NCMA) cathode material, as seen in Fig. 16e. The particles have a
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distinctive morphology with rod-shaped and radially arranged primary
particles as a result of the concentration gradient. Even at a high cutoff
voltage of 4.5 V, TSFCG-Al demonstrated a greater discharge capacity
and improved structural stability when compared to commercial
NCAS8S5. After 100 cycles, the structural examination of raw NCA cath-
odes and TSFCG-Al cathodes revealed that TSFCG-AI retains structural
integrity, while NCA particles experience significant breaking as a result
of the buildup of stress and strain at the grain boundary. According to
reports, quaternary NCMA cathodes with a hybrid structure may effec-
tively stop fractures from spreading toward the surface of secondary
particles, extending the lifespan of batteries [220]. The combination of
doping with concentration gradient structures has shown the potential
to further enhance performance. In the case of Al-doped full concen-
tration gradient Li[Nig ¢1C09.12Mng 27102 (Al-FCG61), it was reported
that even after 3000 cycles at 100 % DOD and 1.0C cycling, the cathode
material retained 84 % of its original capacity. In comparison, the full
concentration gradient (FCG61) without Al-doping did not reach 80 % of
its original capacity until after 500 cycles. Mechanical strength data
indicated that Al-doping strengthened the grain boundaries of secondary
particles, contributing to delaying the initiation of microcracks [221].
Park et al. [222] created the shell concentration-gradient Li[Nig goC-
00.045Mng 045Al0.01]102 cathode (CSG-NCMA90). The primary particles
of CSG-NCM90 exhibited finer and longer characteristics in the radial
direction compared to those of NMC90, NCMA90, and CSG-NCM90
(Fig. 16f). TEM analysis revealed that these primary particles had
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(001) facets on their lateral sides, providing resistance to electrolyte
attack and surface failure. This unique structure was effective in pre-
venting the formation and spreading of microcracks during continuous
cycling in highly delithiated states (Fig. 16g).

An oxalate-assisted deposition and subsequent thermally driven
diffusion approach were used to develop and manufacture a LiNigg.
Cop.102 (NC91) cathode that is synchronous gradient Al-doped and
LiAlOs-coated [34]. Al-oxalate chelates are created when the oxalate
anions first chelate with AI** in solution, as seen in Fig. 17a. The
resulting chelates attach themselves to the exposed surfaces of the hy-
droxide precursor by hydrogen bond interaction, penetrating along
intergranular gaps. The AI** in the Al-oxalate chelate will be stimulated
to nucleate and develop in a regulated manner to produce an Al(OH)3
coating layer on the surface (NC91-Al(OH)3) upon OH™ injection. Early
on in the charging process, the predicted lattice parameters and unit cell
volumes from the in situ XRD refinements were identical (Fig. 17b).
Fig. 17c¢ and 17d show a plot of the charging state function. Fig. 17e
displays the distributions of internal stresses and volume deformation
inside the secondary particles at 4.3 V. Finite-element modeling, in situ
X-ray diffraction data, and theoretical calculations all confirm that AI>*
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arrives at the tetrahedral interstices before Ni?*, which removes the
internal structural stress and Li/Ni disorder. Side reactions are
decreased and electrolyte penetration of the boundaries is prevented by
the Li*-conductive LiAlO; skin. After charging to 4.3 V, the original
rhombohedral structures (space group of R-3 m) were preserved, as seen
in Fig. 17f. The coalescence of peaks (108)g and (110)g into a single
spinel (440)s peak indicates that the NCAI-LAO underwent a trans-
formation to a disordered spinel structure (space group of Fd-3 m) at
around 200 °C as a result of temperature rise.

The NCO91 exhibited a distinct exothermic peak at 192.4 °C, as
indicated by the DSC measurements (Fig. 17g), with a total heat emitted
of 632 J g 1. By contrast, the NCAI-LAO demonstrated enhanced thermal
stability with a lower total released heat of 413 J g~ and a greater
exothermic peak temperature of 222.7 °C. In contrast to the single
modification technique discussed above, dual modification often ne-
cessitates a laborious preparation process and increased energy con-
sumption, making it difficult for the strategy to find industrial use at the
moment. However, given its significant improvement in cathode cycle
stability and electrochemical performance, it may be used to make
battery materials in the future. Therefore, it is crucial for future studies
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to optimize the preparation route.

3.7. CEI engineering and electrolyte additives

CEI engineering involves strategies to stabilize the interface, thereby
enhancing the battery’s overall performance. Applying thin layers of
protective materials (e.g., oxides, phosphates, or polymers) on the
cathode particles can prevent direct contact between the electrolyte and
the Ni-rich cathode material. This barrier can inhibit harmful side re-
actions, reduce the dissolution of transition metals, and stabilize the CEI,
improving cycle life and thermal stability. The incorporating functional
additives (EC, DMC, DEC, FEC, VC, EMC, etc.) into the electrolyte can
also lead to the formation of a stable and uniform CEI layer. These ad-
ditives react with the cathode surface to form a film that protects the
cathode material from direct interaction with the electrolyte, mini-
mizing capacity fade and improving resistance to thermal runaway. The
sustained electrochemical performance of Ni-rich cathodes in LiPF¢-
based electrolytes has been thought to be maintained by the application
of additives to create a consistent CEI and to scavenge there active HF

due to similar ion size
Cation mixing
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and PFs5 species (Fig. 18a) [223]. Such electrolytes generate dangerous
interfacial damage to Ni-rich cathodes in LIBs as well as TM dissolution
from the cathode due to the HF and PFs species they create (Fig. 18b). A
homogenous CEI is formed when film-forming additives oxidize on the
surface of Ni-rich cathodes before electrolyte solvents such EC, DMC,
and Li salt break down. Uniform CEI can prevent interfacial deteriora-
tion caused by microcracks inside NMC secondary particles and
reversible phase change of Ni-rich cathodes, as well as side reactions of
the electrolyte at the cathode. In a previous report by Sahni et al. [187],
Li3PO4 coating is shown to be successful for NMC cathode in improving
the specific capacity of the initial discharge as well as the rate capability
and capacity retention in the following charge/discharge cycles. Ac-
cording to their findings, there are two ways to increase the first
discharge capacity, one is to stop the surface reduced layer from forming
during soaking, and another is to stop the NMC surface region’s phase
change from layered structure to disordered spinel structure during the
first charge process. Besides, by improving Li-ion transport, which per-
mits more Li-ion intercalation and de-intercalation at the electro-
de/electrolyte interface during charge and discharge, respectively, there
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is a second way to increase the initial discharge capacity [188].
Although, Co-free Ni-rich cathode materials are thought to be among the
most promising cathode because of their high specific capacity, their
highly reactive surface still makes practical use difficult. It is shown
(Fig. 18¢) that the LiNig.9gMgg.02Ti.0202 (NMT) cathode material is
protected against surface contamination from wet air and from unde-
sirable interfacial side reactions during cycling by a coating layer of
polyimide/polyvinyl pyrrolidone (PI/PP) [224]. Furthermore, with an
innovative localized high-concentration electrolyte, the exposed
PP@NMT achieves a high-capacity retention of 86.7 % after 500 cycles
(Fig. 18d). This work shows that even after being exposed to damp air,
Co-free/Ni-rich multilayer cathodes may be effectively protected. In
another study, a multifunctional, self-reconstructive CEI layer with
altered mechanical and electrochemical stability was created on a
Co-free Ni-rich cathode surface [225]. Concurrently, the protective layer
against fluoride caused by additives was created in order to work
together to control the flow of electrons and lithium ions during the CEI
restoration process. Through the processes of Oy elimination, anion
regulation, water capture, and gas adsorption, the additive-induced
self-reconstructive CEI layer reduced hazardous oxygen species,
controlled electrolyte dynamics, relieved lithium salt hydrolysis, and
prevented electrolyte decomposition [226,227].

4. Conclusion and future perspectives

In this review, we have explored the intricate world of Ni-rich
cathode materials, shedding light on their electrochemical dynamics
and the innovative modification strategies aimed at mitigating struc-
tural and interfacial degradation. Through a detailed analysis of voltage
fade, capacity decay, and structural instability, it becomes evident that
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while Ni-rich cathodes offer high energy density, their practical imple-
mentation faces formidable challenges. The understanding of these
challenges has led to the development of ingenious modification stra-
tegies, such as surface coatings, doping techniques, and nano-
structuring approaches with controlled environment handling and
advanced manufacturing techniques, which have shown promise in
enhancing the stability and durability of these cathode materials
(Fig. 19). As we move forward, several avenues for future research and
development emerge:

Multi-Pronged Strategies: Given the problems faced by Ni-rich
cathodes come from multiple sources, it is imperative to address them
simultaneously via a combination of synergistic approaches in order to
achieve long-term cycle stability. In particular, synergies among cation/
anion co-doping, Li site/transition metal site co-doping, single crystals
and coatings have great potentials to yield significant improvement in
the cycle stability of Ni-rich cathodes because they improve the cycle
stability via different mechanisms. The synergistic effects are possible
because the capacity decay over cycles will accelerate when a group of
Ni-rich particles in the cathode cease to contribute to redox reactions by
any mechanism(s), the next group of Ni-rich particles will be over-
charged, leading to vicious cycles. In contrast, by suppressing every
source of capacity decay mechanisms, a long-lasting cycle life becomes
possible.

Co-Free Ni-Rich Cathodes: Co element is expensive because its
global reserves are low in comparison to other elements in Ni-rich
cathodes. As such, research on Co-free cathodes is critical for wide-
spread adoption of electric vehicles. Co is known to play a critical role in
offering high rate capability and suppressing cation (Li/Ni) mixing.
Thus, to achieve Co-free Ni-rich cathodes with good cycle stability, focus
should be co-doping and tri-doping as well as simultaneous Li site/
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transition metal site doping to suppress cation mixing and postpone
phase transformation to higher cutoff voltages during charge. Compu-
tational screening of the functions of various dopant elements can
accelerate the progress in identifying suitable dopants for Co-free Ni-
rich cathode materials.

CEI engineering: CEI engineering in Ni-rich cathodes is a multifac-
eted approach that addresses the inherent challenges of these materials.
Through innovative surface treatments, electrolyte formulations, ma-
terial doping, and composition modifications, researchers have the op-
portunity to unlock the full potential of Ni-rich cathodes for high-
performance LIBs.

Advanced Characterization Techniques: Continued advancement of
in situ and operando characterization techniques is paramount. These
techniques offer real-time insights into electrochemical processes
occurring at atomic and molecular levels, providing a deeper under-
standing of degradation mechanisms. By closely monitoring changes as
they happen during battery operation, researchers can identify key
factors contributing to performance decline and degradation. Such un-
derstanding enables the development of more targeted modification
strategies aimed at mitigating degradation pathways, enhancing stabil-
ity, and extending battery lifespan. Consequently, the evolution of these
characterization techniques plays a pivotal role in accelerating the
advancement of Ni-rich cathodes and facilitating the development of
next-generation high-performance LIBs.

Modeling and Simulation: First-principles simulations and multi-
scale modeling can aid in the rapid screening of material candidates
and enhance the understanding of complex degradation mechanisms at
the cell level. These modeling and simulations can predict the behavior
of new materials under various conditions, guiding experimental efforts
toward the most promising options.

Al-Accelerated Materials Discovery: Recent advancements in arti-
ficial intelligence (such as deep learning, active learning, reinforcement
learning, and ensemble learning) have made acceleration of new ma-
terial discovery possible. Developing and utilizing AI algorithms to
explore novel materials, including alternative Li-ion conductors and
solid-state electrolytes, can accelerate material discovery and revolu-
tionize the design of Ni-rich cathode materials. Investigating new
chemistries and composite structures might unveil materials with
enhanced stability and performance.

Multi-Disciplinary Collaboration: Collaborations between materials
scientists, electrochemists, physicists, engineers and computer scientists
are essential. Interdisciplinary efforts can provide holistic solutions by
combining insights from various fields, leading to innovative ap-
proaches in both material design and battery engineering.

Sustainability and Recycling: As the demand for LIBs grows,
ensuring the sustainability of materials and developing efficient recy-
cling methods becomes imperative. Research into eco-friendly materials
and closed-loop recycling systems will be pivotal in reducing the envi-
ronmental impact of battery technology.

In summary, by combining fundamental insights into electro-
chemical dynamics with innovative modification strategies, there is
immense potential to revolutionize the landscape of Ni-rich cathode
materials. By effectively addressing the challenges associated with these
materials, we can pave the way for the development of more reliable,
efficient, and sustainable LIBs. This integration of advanced under-
standing and strategic enhancement holds the promise of ushering in a
new era in energy storage technology, where LIBs play a central role in
enabling a cleaner and more sustainable energy future.
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