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Abstract: Undoubtedly, the enormous progress observed in recent years in the Ni-rich layered cathode materials has been crucial in terms
of pushing boundaries of the Li-ion battery (LIB) technology. The achieved improvements in the energy density, cyclability, charging
speed, reduced costs, as well as safety and stability, already contribute to the wider adoption of LIBs, which extends nowadays beyond
mobile electronics, power tools, and electric vehicles, to the new range of applications, including grid storage solutions. With numerous
published papers and broad reviews already available on the subject of Ni-rich oxides, this review focuses more on the most recent pro-
gress and new ideas presented in the literature references. The covered topics include doping and composition optimization, advanced
coating, concentration gradient and single crystal materials, as well as innovations concerning new electrolytes and their modification,
with the application of Ni-rich cathodes in solid-state batteries also discussed. Related cathode materials are briefly mentioned, with the
high-entropy approach and zero-strain concept presented as well. A critical overview of the still unresolved issues is given, with perspect-

ives on the further directions of studies and the expected gains provided.

Keywords: lithium-ion batteries; cathode materials; nickel-rich layered oxides; recent progress; critical issues; improvement strategies

1. Introduction

Since their introduction to the market by Sony Corpora-
tion in 1991, lithium-ion batteries (LIBs) have become the
dominant power source in portable electronics and power
tools. Nowadays, LIBs hold a dominant position also in the
electric vehicles (EVs) market, as well as their application in
the emerging stationary electrical energy storage systems is
growing very fast. Obviously, electrification of transporta-
tion and other sectors, which is currently understood as the
most promising solution to address the urgent energy and en-
vironmental challenges associated with fossil fuels consump-
tion, has become one of the driving forces behind the spec-
tacular commercial success of LIBs [1-3]. Nevertheless,
there is still a constant need to develop better batteries, which
exhibit improved useful properties and safety, are cheaper,
and can be used for a longer time in different environmental
conditions.

It is generally considered that a cathode limits electro-
chemical performance, and consequently, in order to achieve
the driving range of EVs significantly exceeding 500 kilo-
meters, the development of the high energy-density cathode
materials is imperative. The initially used LiCoO, layered ox-
ide does not allow achieving the desired functional paramet-
ers, due to the relatively low reversible capacity. Also, the us-
age of Co is burdened by serious issues, including environ-
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mental pollution and high costs [4]. Interestingly, the Ni-
based alternative, LiNiO,, with much higher capacity (>200
mAh-g') and similar operating voltage vs. Li/Li", was pro-
posed by Dahn et al. as early as in the 1990s [5], but strong
limitations troubling that material were soon recognized.
Among them, the instability issues associated, i.a., with the
cation mixing of Li" and Ni*", complex Li-Ni-O phase dia-
gram features with a tendency to form off-stoichiometric
compounds, insufficient thermal stability, as well as degrada-
tion and problematic oxygen release at highly-charged states,
should be mentioned. It can be stated that two of the most
commonly considered series of layered cathode materials,
LiNi,_,Co,Mn,0, (NCM) and LiNi,_,,Co,ALO, (NCA), are
in fact oxides in which high capacity of the LiNiO, end-
member was partially sacrificed by Co-Mn or Co—Al doping
to ensure stable and safe operation [6—7].

Regarding the historical development of Ni-rich layered
oxides, one of the most notable compositions is
LiNig33C0033Mny 3330, (NCM111), proposed by Ohzuku and
Makimura in 2001 [8]. Numerous papers have been pub-
lished afterwards, and a general trend can be observed that
more and more Ni could be successfully introduced, yielding
enhanced electrochemical performance. Concurrently, the
usage of cobalt has been strongly reduced, starting from
LiNipC092Mny,0, (NCM622) [9-12], LiNigsCop15Alo0s02
(NCAS81505, Tesla Model S) [13], and LiNizzCo,;Mny,0,
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(NCMB811) [14-22], up to Co-free materials developed re-
cently [23—34]. The interest in further development of those
materials remains high, as can be inferred from Web of Sci-
ence database queries presented in Fig. 1.
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Fig. 1. Search results in the Web of Science database (con-

ducted on March 15th 2024) on “Ni-rich cathodes”, “Li-rich
cathodes”, “NCM cathodes”, “NCA cathodes”. Results for the
alternative “NMC cathodes” name are slightly lower, compar-
ing to the NCM, and are not shown.

Naturally, a number of review papers are also available,
with the authors discussing different, important aspects re-
lated to the Ni-rich cathode materials. This includes sugges-
ted directions for the further development of Co-less Ni-rich
cathodes [35], a discussion about performance fading mech-
anisms and modification strategies [36], an overview of the
progress on electrolyte functional additives, especially de-
signed for Ni-rich cathodes [37], and the presentation of
strategies to improve performance, with, i.a., primary
particles engineering methods [38]. Cost and performance
analyzes, as well as challenges and solutions for Co-free and
Co-poor NCM materials, are also summarized [39]. Other
authors focus more on aspects related to structural evolution
during cycling and its impact on electrochemical perform-
ance [40]. A general overview of different issues and pro-
posed solutions is also available, which, among others,
provides data on residual lithium compounds, cation mixing,
oxygen loss, and microcracking [41]. With the growing in-
terest in the use of computational methods in the develop-
ment of cathode materials, comprehensive review on this
topic is also available, with sections covering important
NCM and NCA compositions, as well as respective surface
coating and doping studies [42]. Several reviews have re-
cently been published, summarizing current knowledge on
the degradation mechanisms and the corresponding mitiga-
tion strategies [43], reduction of microcracks [44-45],
thermal stability, and outgassing of Ni-rich cathodes [45]. A
very comprehensive overview of various doping approaches
is also published [43,46]. All of the discussed papers indicate
that while Ni-rich cathodes are indeed very attractive, due to
the possibility of achieving very high energy-density values,
there are still serious, unresolved problems related to their
long-term stability and degradation, thermal stability and
safety, electrolyte compatibility, as well as scalability and
costs of production. Following the concept presented by
Yang et al. in Ref. [43], the issues related to Ni-rich materi-
als can be divided into two main groups of the surface de-
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gradation and mechanical failure, with more specific, but in-
terrelated problems being identified (Fig. 2). The next chapter
is devoted to discussing those issues in more details.

- Electrolyte
oxidation

Microcrack
formation

—

Fig. 2. Main identified issues contributing to the capacity fad-
ing of Ni-rich cathodes used in LIBs. The figure is based on the
concept presented by Yang ef al. [43]. TM: transition metal. H2
and H3 correspond to the respective phases present at the
highly-charged state [40]. Adapted from Energy Storage Mater.,
Vol. 63, J. Yang, X.H. Liang, H.H. Ryu, C.S. Yoon, and Y.K.
Sun, Ni-rich layered cathodes for lithium-ion batteries: From
challenges to the future, 102969, Copyright 2023, with permis-
sion from Elsevier.

With a summary of papers covering a broad range of top-
ics being already available, this review focuses more on the
most recent progress and new ideas presented in the literat-
ure concerning the overcoming of the intrinsic problems oc-
curring in the Ni-rich cathodes. After discussing the crucial
issues contributing to the capacity fade (Section 2), the fol-
lowing chapters present selected data on doping and compos-
ition optimization, including novel multicomponent ap-
proaches and studies directed at the development of zero-
strain cathodes. With advancements related to the introduc-
tion of the so-called high-entropy oxides, Li-rich cathode ma-
terials are also mentioned. Other chapters contain references
to advanced coating strategies with multifunctional protec-
tion layers. Concentration gradient and single crystal materi-
als, as well as several innovations concerning electrolytes and
their modification, are also discussed. In addition, the possib-
ility of the application of Ni-rich cathodes in solid-state bat-
teries is briefly presented. Finally, a short critical overview of
the still unresolved issues is given, with most promising per-
spectives and possible further directions of the relevant stud-
ies being also provided.

2. Degradation mechanisms of Ni-rich layered
cathodes

It is already established that the degradation mechanisms
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of Ni-rich layered cathodes can be mainly attributed to two
reasons [36,43]: one is associated with the surface structure
degradation, and the other one comes from the mechanical
failure. Those effects lead to the insufficient cycle life (capa-
city decay) of such cathodes, but also contribute to the poor
thermal stability, which brings safety risks, hindering further
expansion in the market.

2.1. Surface degradation

(1) Lithium residuals.

Obviously, the volatilization of Li is taken into considera-
tion during the synthesis process of Ni-rich oxides. Usually, a
particular excess of Li is required to produce a highly-ordered
layered structure, which inevitably brings issues with resid-
ual lithium on the surface of the active material particles,
mainly comprising LiOH and Li,CO; [47]. Studies have
shown that this residual lithium not only causes
polyvinylidene difluoride (PVDF) gelation during the slurry
preparation process, but also hinders the diffusion of lithium
ions during the electrochemical cycling, causing capacity de-
cay [48-49].

(2) TM dissolution.

Issues associated with transition metal (TM) dissolution
contribute significantly to the degradation of performance of
the high nickel content materials. This dissolution primarily
occurs due to the erosion caused by hydrofluoric acid (HF),
which is previously formed by the hydrolysis of LiPF in the
electrolyte [50]. Moreover, the solubility of low-valent metal
ions exceeds that of the high-valent metal ions in the electro-
lyte, facilitating the dissolution of low-valent transition metal
oxides, formed by the oxygen loss (at the charged state).
Consequently, TM dissolution leads to a reduction in lithium-
ion insertion sites, resulting in the capacity and voltage de-
cay. Additionally, dissolved metal ions migrate to the negat-
ive electrode surface, where they participate in the formation
of the solid electrolyte interphase film (SEI), thereby increas-
ing impedance, and contributing to the battery performance
degradation [51].

(3) Reactive Ni*".

The higher nickel content in Ni-rich materials contributes
to the higher specific capacity, because the active Ni*”** can
be fully oxidized to Ni*" during the cathode delithiation pro-
cess, to maintain the charge balance [52]. However, highly-
active Ni*" cations are prone to the side reactions with the
electrolyte, leading to a decomposition of the electrolyte and
also, degradation of the Ni-rich cathode surface. Con-
sequently, the increase in the Ni*" content reduces the cycle
stability and thermal stability of the Ni-rich oxides [53].

(4) Electrolyte oxidation.

It is elaborated that the electrolyte decomposition in-
volves electrochemical and chemical oxidation pathways,
among which chemical oxidation is the main pathway for the
electrolyte decomposition, while the active surface of the
charged cathode causes chemical oxidation of the electrolyte
[54]. Oxidation of the electrolyte will not only release
gaseous products, but also generate solid products, cause an
increase in the thickness of the cathode electrolyte interphase

(CEI) on the cathode surface, hinder lithium-ion transmis-
sion, and increase interface impedance, thereby causing ca-
pacity fade during long-term cycling [55]. The discussed
above large amount of Ni*' in a highly charged state in-
creases the reactivity of the cathode surface and the electro-
lyte. The harmful side reactions between the two will cause
the capacity of the Ni-rich cathode to decay, which will in-
tensify as the nickel content increases [56].

(5) Oxygen loss.

At the end of charging, the layered cathode, in a highly de-
lithiated state, will release oxygen, which is due to the struc-
tural/electronic instability (see also Section 3). As the Ni con-
tent increases, the potential of the oxygen evolution becomes
lower and lower. For example, for the NCMI111l and
NCMBSI11 cathodes, the values are 4.6 and 4.2 V, respectively
[57]. In addition, the starting temperature of the cathode
structural transformation and oxygen release are also af-
fected by the state of charge (SOC). The higher the SOC, the
lower the starting temperature of the transformation and the
higher is amount of released oxygen. In batteries, oxygen re-
lease will not only cause the deterioration of the cathode
structure, but may also lead to the thermal runaway under
even a relatively low charge state, which is a key cause of
safety hazards [58].

(6) Surface reconstruction.

In layered oxides, low-valent metal cations may migrate to
the Li" ion layer, and occupy the structural position of Li*
ions. Among them, Ni*" (low spin, octahedral site, 0.69 A)
and Li* (0.76 A) have similar ionic radii, so they exhibit the
strongest mixing tendency. Ni/Li mixing and the oxygen
evolution discussed above may lead to the transformation of
the layered phase to the spinel rock salt phase [59]. Con-
sequently, the NiO rock salt phase layer (formed in the near
surface regions), which has neither electrochemical activity
nor ionic conductivity, is considered to be one of the main
reasons for the deterioration of the electrochemical perform-
ance of the Ni-rich cathodes [59-60]. At the same time, this
transformation will also intensify with the nickel content and
SOC increase.

2.2. Mechanical failure

(1) H2-H3 phase transition.

Ni-rich materials essentially follow the solid solution
mechanism during the electrochemical cycling, and like their
parent material, LiNiO, (LNO), they show a series of phase
changes of HI — M — H2 — H3 on charge (although visib-
ility of such changes, especially presence of the monoclinic
phase, depends on the actual chemical composition of the
material) [40,61]. Among the structural transformations, it is
observed that during the H2—-H3 phase transition, the lattice
parameter ¢ decreases strongly, which can lead to severe
mechanical degradation. By studying the mechanical proper-
ties of LNO under different cut-off voltages, it was found that
the H2—H3 phase transition is the main cause of formation of
microcracks [62]. At the same time, the starting voltage of
H2-H3 phase transition decreases with the increase of nickel
content [63]. It should be mentioned that in order to obtain a
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high capacity, it is necessary to charge the material to the
point of this phase transition.

(2) Anisotropic strain.

As previously elucidated, the transition from the H2 to H3
phase causes a sudden change in the c-axis lattice parameter.
With the emergence of the H3 phase, that change causes the
lattice volume to decrease slowly first, and then, drop sud-
denly. During the delithiation process the change is more ab-
rupt along the c-axis direction than in the a-axis direction.
Such anisotropic change causes the accumulation of stresses
at the grain boundaries, thereby inducing the formation of
microcracks within the secondary particles [64]. At the same
time, the concentration gradient and lithium vacancies gener-
ated when Li" diffuses out of the layered structure, the relat-
ively low spatial interconnectivity of the conductive carbon
and binder in the cathode, as well as the overpotential caused
by the high charging rate, all lead to the Li" dissipation
between the primary particles, and to their uneven distribu-
tion throughout the cathode. This further exacerbates the an-
isotropic lattice shrinkage during charging, resulting in the
formation of microcracks at the grain boundaries [65].

(3) Microcracks formation.

Microcracking is generally considered to be the result of
the mechanical strain induced by the anisotropic lattice
volume changes during cycling. Microcracks tend to nucle-
ate and propagate at the grain boundaries and lattice defects
within the grains (primary particles). The secondary particles
of the Ni-rich layered cathode materials are generally spher-
ical, and are composed of randomly oriented and dense-ar-
ranged primary particles. Since the stresses inside the sec-
ondary particles have anisotropic characteristics, they accu-
mulate at the grain boundaries, causing microcracks to gener-
ate and develop, expanding to the surface of the secondary
particles, seriously crushing the entire secondary particles
[66]. Generally, the amount of microcracks produced in Ni-
rich materials increases with the increase of Ni content, SOC,
and temperature [67]. This is consistent with the role of the
H2-H3 phase transition, analyzed in the previous sections.

(4) Electrolyte penetration.

Once the microcracks inside the secondary particles
spread to the surface, they provide channels for the electro-
lyte to penetrate into the interior of the secondary particles.
Consequently, they accelerate the degradation of the exposed
surface inside the particles, enrich with the NiO rock salt
phase and solid electrolyte decomposition products on the
microcracks surface, and hinder the interfacial Li" transport
[67]. This not only causes the impedance to increase, the bat-
tery capacity and the operating voltage to decrease, but also
intensifies the gas production of the battery, further increas-
ing the probability of the battery thermal runaway, and caus-
ing safety hazards [68].

3. Doping and composition optimization

It is considered that differences in the (de-)lithiation beha-
vior of LiCoO, and LiNiO, originate mainly from a different
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electronic structure of both compounds. The oxidation of Ni*"
(low spin t5,e}) to Ni*’ (t5,) is easier in comparison to the
change from Co’* (low spin t3,) to Co* (t3,), as electrons can
be removed more easily from e, orbital [69]. Consequently,
Ni-rich layered materials exhibit higher capacity, and there
are less problems with oxygen loss at higher charge states.
Nevertheless, because of the Jahn-Teller effect associated
with Ni*", there are strong distortions present, which result in
the structural instability during the electrochemical cycling
[70]. Also, Ni*" is not easily oxidized (during the synthesis
process), and exhibits similar ionic radius in comparison to
Li" in the octahedral coordination. This gives rise to the
cation mixing effect, which is detrimental for the ionic trans-
port [71]. In the well-established NCM and NCA series, es-
pecially for oxides with high Ni content, the reversible capa-
city is linked with the redox process of nickel. The main role
of Co is to limit the Li/Ni mixing, while stable Mn or Al
cations contribute to the improved stability [72-74].
However, numerous published results indicate that the prop-
erties of those materials can be further optimized by a proper
introduction of various other elements. As presented in the
review paper [46], dopants can be classified according to
their formal charge. For example, if relatively large Na' is in-
troduced into the Li sites of Ni-rich materials as a pillar ion, it
enlarges the Li layer, resulting in improved electrochemical
characteristics, especially, rate performance [75-79]. Doping
with +2 cations can also have a positive influence, particu-
larly in reducing the diffusion barrier for lithium transport
[80-81], and improving structural stability [82]. Among the
typically studied dopants, Ca** [83-84], Mg*" [85-86], and
Zn*" [87] should be mentioned. Interestingly, e.g., Ca*" and
Mg** can occupy Li and TM sites simultaneously. This may
cause complex behavior, as magnesium present at 3b sites is
prone to destabilization at highly-charged states [88—89].
However, Mg®* cations present at the lithium sites play a sta-
bilizing role through the pillar effect [90]. There is, in fact, an
ongoing discussion on the actual role of the Mg, concerning
stability or the prevention of microcrack formation originat-
ing from the H2—H3 phase transition [61,91]. Apart from the
well-proven stabilizing role of AI’* [74], doping with the
electrochemically-active Cr’" is also considered [92-93]. The
introduction of B**, occupying rather tetrahedral (empty) sites
[94-95], may help mitigate volume changes and the forma-
tion of microcracks on cycling through the morphology
changes of the primary particles arrangement in the grains
[96]. The obvious dopant, Co*', is crucial to reduce the Li/Ni
mixing, but is also important for thermal stability [97].
However, it should be emphasized that the development of
Co-free Ni-rich materials is now considered as the main dir-
ection for further development of the LIB cathodes. It is also
important to notice rather an obvious, but sometimes omitted
conclusion, that practically in all cases, only a proper concen-
tration of a particular dopant gives positive results, while too
small or too high amount causes worsening of various prop-
erties. The introduction of high-valence cations has been
studied as well, and often such ions are introduced as co-
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dopants to different NCA or NCM materials. Since in many
cases the solid solution levels are not high, or there are other
more complex phenomena that occur, with a proper concen-
tration of the modifier, apart from pure doping, simultaneous
doping/coating may also take place [98—100]. Among the
high-valence dopants, Ce*' [101], Sn*' [102], Zr*" [103], Hf*'
[104], Mn*" [105], Nb™" [100], Ta>" [106], V" [107], W*"
[108], and Mo®" [109], should be mentioned as the most
promising and studied.

Since doping of the Ni-rich cathode materials has under-
gone extensive examination, distinct mechanisms have been
recognized and linked to the improvement of the properties.
As presented by Cui et al. [46] (Fig. 3), the beneficial role is
usually linked with improved structural and chemical stabil-
ity through the introduction of stronger dopant-oxygen
bonds, a lower level of Li/Ni mixing, prevention of structural
collapse, but also, the mitigation of strain and microcracks
formation. Finally, some of the dopants can modify the struc-
ture of the particles as well (doping/coating), providing addi-
tional protection. In many cases, an accelerated Li" diffusion
can be also observed, as well as the interfacial stability is im-
proved. Obviously, selection criteria for the successful
dopant should include solubility limits, preferred doping site
in the crystal structure, possible segregation, electrochemical
activity, etc. While there is usually a tradeoff between the
performance and stability, a balanced doping can be indeed
very beneficial. Interested reader can find comprehensive
discussion about effects of dopants and the corresponding
mechanism of their work for different considered elements in
the mentioned review paper by Cui ef al. [46].
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Fig. 3. Action mechanism of element doping [46]. Reprinted
from Energy Storage Mater., Vol. 57, Z.Z. Cui, X. Li, X.Y. Bai,
X.D. Ren, and X. Ou, A comprehensive review of foreign-ion
doping and recent achievements for nickel-rich cathode mater-
ials, 14-43, Copyright 2023, with permission from Elsevier.

Noteworthy results could be obtained for doping with Mg
of the high Ni-content NMC materials, with the aim to over-

come instability problems at reasonable costs. Gomez-Mar-
tin et al. [110] investigated a series of Mg-substituted NMC
materials with 90mol% Ni regarding key performance met-
rics in full-cells with the graphite anode (tested in the range
of 2.9-4.2 V). LiNiggMng10C00100;, LiNig9eMngsC0g502,
and different Mg-doped samples were synthesized using the
same co-precipitation route. It was found that the use of
Imol%—2mol% Mg improved the key parameters (specific
energy, cycle life), with the added advantage of the de-
creased Co content (Fig. 4(a)).

In order to address the swift degradation observed at high
voltages, Sun efal. [111] employed antimony as a dopant
(less commonly used). The objective of the research was to
mitigate the lattice instability within the high Ni-content
layered structure, with a particular focus on the grain bound-
ary regions. Those regions are crucial as they are prone to de-
gradation, and serve as points of concentration for deteriora-
tion at the cathode—electrolyte interfaces. The resulting
LiNij g95C0¢ 0sMng 0sSby0sO, cathode was found to deliver
stable cycling performance despite the 3 h dwell time at the
charged state, as compared with the undoped LiNij,C0y s
Mnygys0, (37.5% vs. 90.8% capacity retention after 100
cycles, respectively) (Fig. 4(b)). Additionally, the modified
electrode demonstrated improved stability (Fig. 4(c)—(f)) and
fast charging capability, achieving a discharge capacity of
216.7 mAh-g"' (as compared to 197.0 mAh-g"' for the un-
doped counterpart) at a 4 C charge rate.

In another recent work, Wang et al. [104] explored a vi-
able Hf-doping method to improve the electrochemical per-
formance of LiNiy¢CogsAly020,. The introduction of a small
amount of Hf (0.5mol%) resulted in the refinement of the
primary particles, transforming them into a compact, short
rod shape, and arranged densely along the radial direction.
This configuration increased the toughness of the secondary
particles, while reducing the internal porosity. Additionally,
Hf-doping played a beneficial role in stabilizing the layered
structure and suppressing side reactions by the introduction
of robust Hf-O bonds (Fig. 5). As expected, the Hf-modified
cathode was found to deliver an improved reversible capa-
city retention of 95.3% after 100 cycles at 1 C, as compared
with only 82.0% for the unmodified reference material.

Interestingly, Mo substitution has been shown to be a sur-
prisingly useful strategy to enhance the electrochemical sta-
bility of Ni-rich Co-free cathode materials, according to Park
et al. [112]. If properly conducted, Mo-doping results in a re-
finement of the grain size, effectively alleviating the detri-
mental strain (caused by the sudden lattice contraction at high
voltages) through mechanisms such as fracture toughening
and the elimination of localized compositional inhomogen-
eities. The presence of Mo®" induces enhanced cation order-
ing, contributing to the stabilization of the delithiated struc-
ture through the pillar effect discussed above. Compared to
pristine samples and similar cathode materials doped with
Co, Al, Ti, Nb, Ta, and W, the introduction of 1mol% Mo in-
to LiNiyoMny;0, enabled reaching a capacity of 234 mAh-g’1
(charge up to 4.4V, 0.1 C), as well as affected the voltage of
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(a) 2nd discharge specific capacity at a rate of 0.1 C against the attainable cycle numbers to 80% state-of-health (SOH) in

NMC||graphite full-cells. The SOH is based on the delivered capacity in the fifth cycle for all materials (1st cycle at 0.33 C). Cell
voltage range: 2.8-4.2 V, N/P-ratio: 1.15:1.00, electrolyte: 1 M LiPF; in 3:7 (vol%) EC/EMC + 2wt% VC. (b) Cycling performance of
NCM90 (black) and Sb-NCM90 (gold) with the 3 h pause at the charged state. Cross-sectional scanning electron microscope (SEM)
images at the 100th cycles within the 2.74.3 V voltage window a 0.5 C-rate: (c¢) NCM90 without 3 h dwell time at charged state,
(d) Sb-NCM90 without 3 h dwell time at charged state, (¢) NCM90 with 3 h dwell time at charged state, and (f) Sb-NCM90 with 3 h
dwell time at charged state [111]. Used abbreviations are explained in the respective original references. (a) Reprinted from Ref.
[110]. (b—f) H.H. Sun, T.P. Pollard, O. Borodin, K. Xu, and J.L. Allen, Adv. Energy Mater., vol. 13, 2204360 (2023) [111]. Copyright
Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.

the H2-H3 transition and improved other electrochemical
properties. Also, the cycling stability of a full cell incorporat-
ing the optimized LiNijgMny;Moy,O, cathode retained
86% of its initial capacity after 1000 cycles.

In another paper, Zhang ef al. [113] employed a one-step
high-temperature solid-phase sintering approach to create a

Ta,Os protective layer on the surface of LiNijgCop5Al 050,
with a simultaneous effect of Ta’" incorporation into (near-
surface regions of) the lattice, thereby achieving a dual effect
of coating and doping (Fig. 6(a)—(f)). The created protective
coating effectively inhibited undesired side reactions
between the electrode material and the electrolyte, while Ta>"
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doping alleviated the Li/Ni disorder ratio, significantly en-
hancing structural stability. The resulting Ta-modified mater-
ial was found to demonstrate a very good capacity retention
0f 94.46% at 1 C after 200 cycles, exceeding the 60.97% ob-
served for the pristine sample. The analysis of the structural
evolution revealed that the optimized sample maintained a
well-preserved spherical structure, without evident cracks,

Table 1.
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after 200 cycles at 1 C. Furthermore, such electrode showed
an exceptional discharge capacity of 151.02 mAh-g" at a
high rate of 10 C.

Finally, data on the electrochemical performance of selec-
ted Ni-rich materials and their modified counterparts, as
presented in the recent papers, are included for an easy com-
parison in Table 1 below.

Effect of doping with different elements on the electrochemical properties of selected Ni-rich materials

Voltage

1st discharge capacity

Doping Composition before/after doping ;[emperature / range/  before/after doping / Capacity .retenot ion before/ Ref.

element C v (mAh-g") after doping / %

F LiNiy 5C0y My ;0,/LiNio sCoo. RT 2543 181.44/177.38 (0.1 C) 44.62/75.40 (400 cycles, 2 C) [114]
Mng30.90F0.01
LiNig sCog,;Mng,;05/Lig 9oNag g,

Na NiyCoy;Mn, 0, 25 2.8-4.3 194.4/191.6 (0.1 C)  93.2/96.8 (200 cycles, 1 C) [77]
LiNiy sCop, Mng;04/Lig 00K 01

K NiosCop ;Mng ;05 25 2.8-4.3 194.4/194.1 (0.1 C)  93.2/88.7 (200 cycles, 1 C) [77]
LiNiy sCog,;Mng05/Lig 99Rby g,

Rb NisC0,,Mng, 05 25 2.8-43 194.4/191.4 (0.1 C)  93.2/92.9 (200 cycles, 1 C) [77]
LiNiO.SSMHO.IOA]O.OSOZ/LiNi0.84S

Ca Mg, 10A Ly 0sCato 0505 25 2.7-4.3 198.8/196.6 (0.1 C)  89.2/94.9 (200 cycles, 1 C) [83]
LiNiO'gCOOJMHO.IOZ/Li(NiO.g

Mg Coo: Mg )05 Mo 0:05 25 3.0-4.5 191.8/226.1 (0.1 C)  67/81 (350 cycles, 0.5 C) [115]

Zn %Lf;ggifﬂ-oﬁoz/ LiNio4Couos 25 2844  232/225(0.1C) 97.1/99.4 (130 cycles, 1/3 C)  [116]
LiNi4C00,0sMng 0s0,/LiNig g9

Al C04,0sMng gsAly 0,05 30 2.7-4.3  229/228 (0.1 C) 87.7/90.6 (100 cycles, 0.5 C) [74]
LiNijC092Mng>05/Li; 104Nig 6

B C00,Mng 15:Bo 01505 RT 3.0-4.3 173.6/188.2 (0.1 C)  73.24/85.96 (200 cycles, 1 C) [94]
LiN io_gCOO_ 1 Mng_ 1 OQ/LiNioj()

Cr CoyMng Cro 0,0, RT 2.7-4.3  97/104 (10 C) 76.1/89 (50 cycles, 5 C) [93]
Li; ;Mny 54Nio,13C00,1302/Li(Liy,

Ce Mg 5:Nio 15C00 13)0.50¢C0.00:0 RT 2.0-4.8 196.1/192.7 (1 C) 73.3/98.2 (100 cycles, 1 C) [101]
LiNiy 4Co00sMng ¢sO,/LiNig go7

Sn C00,0sM1.05S0 0305 30 2.7-4.3  231/229 (0.1 C) 87.1/92.9 (100 cycles, 0.5 C) [102]
LiNig 95C00.3Mn,020,/LiNig 045

Zr C00,0:M1g 12700005 25 3.04.3 188.5/184.4 (1 C) 60.8/71.3 (250 cycles, 1 C) [103]
LiNiU.9C00.08A10.0202/LiNi0.895

Hf C0005A Ly 0Hy 00505 30 2.7-43  221/219 (0.1 C) 82/95.3 (100 cycles, 1 C) [104]
LiNip5Cog Mng ;O,/Li(Nig g

Nb C0o:Mlg 1 )o.69Nbg 901 O RT 3.0-43 186.3/199.9 (0.1 C) 84.12/88.9 (100 cycles, 1 C) [117]
LiNig 930C00,04Mny 021Oo/LiNig 935

Ta C04,0:M1g 07T, 00505 30 2.7-43  242.1/241.7 (0.1 C)  82/94.8 (100 cycles, 0.5 C) [118]
LiNig g5 Cog09Alg0305/Li(Nig g

\ C0009A L0 03)05sVo01:0 25 2.8-4.3  220.1/212.6 (0.1 C)  58.6/84.3 (250 cycles, 2 C) [107]
LiNi9,C00,06A10.0202/Li(Nig 0,

w C0006Al0 02)09sWo 010 25 2.8-4.3 221.6/216.6 (0.2 C)  53/85.6 (100 cycles, 1 C) [108]

Mo  LiNiossC0oosMnop)oeAloo 0o/ 27-43  2383/236.8(0.1C)  87/93.1 (100 cycles, 0.5C)  [119]

Li(Nig.05C00.03Mn0,02)0.975Al0.01M0 0150,

Note: RT represents room temperature.

4. Multicomponent (high-entropy) layered ox-
ides

The so-called high-entropy approach (sometimes also re-
ferred to as multicomponent compositionally complex) is
considered as a novel and highly promising strategy to im-
prove the electrochemical performance of layered oxide cath-
odes, including Ni-rich oxides [120— 121]. All multicompon-
ent cathode materials that will be discussed in this section are
listed in Table 2, together with the summary of their electro-

chemical performance and the synthesis route used. As
shown in Table 2, these materials can be obtained by various
synthesis methods and, despite the presence of multiple dif-
ferent components, all cited studies indicate that there are no
significant issues with reaching the desired homogeneity. Be-
fore presenting the current state of knowledge and its advant-
ages strictly for Ni-rich cathodes (see below), the original
high-entropy concept can be presented for other layered cath-
ode materials. For example, in the search for synergistic ef-
fects originating from the presence of several different ele-
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Table 2. Summary of the recent studies on multicomponent (high-entropy) cathode materials for Li-ion cells

Initial discharge capacity /

. . . e

Strategy Composition Synthesis route (mAh-g ) Capacity retention / % Ref.
LiNi()‘zCOotzMn()valotzzHO.zoz NSP 58 (01 C, 3-4.5 V) 38 (20 CyCleS, 0.1 C, 345 V) [122]
LiNiy,Coy,Mng,Aly,Fe;,0,  NSP 43(0.1C,3-4.5V) 9 (20 cycles, 0.1 C,3-4.5V) [122]
I};é%%22‘0-ZN‘°~2C°°~2M“°A2A1°2 NSP 99 (0.1C,3-4.5V) 68 (20 cycles, 0.1 C,3-4.5V)  [122]

Near- LiNip,Mn,Coq,Fep,Tiy,0, Modified Pechini 160 (0.05 C,2.5-4.4V) 53 (50 cycles, 0.1 C, 2.5-4.4 V) [123]

equimolar : o

approach I]:Iflr:%‘éﬁ\odl?:g;l:eo‘167coo"67 gllfr?fflergl)tamal Not studied Not studied [124]

LiNig2sMng 5C0p25Cr 250, SCS

LiNiotzMn()JCOO.ZCrQ.zFeoizoz SCS

46 (50 cycles, 20 mA-g ', 2—

162 20mag’, 248 V) 355 [125]
. 71 .
145 (20 mA-g ', 2-4.8 V) 248(\5,()’ cycles, 20mA-g", 2= 55

. LiNiO.SMHU.13Ti0.02MgU.02Nb0.01
Multicompo- Moy 4,0,

nent dopin, . .
g Li; 1sMng sNig 15Coo 1 Feg 025

Co-precipitation

210 (0.1 C,2.5-4.4 V)

98 (100 cycles, 1/3 C, 2.5-4.5 V) [120]

approach —
PP Clio025A L 02sM 0. 02505 Sol-gel 284 (0.1C,2.14.8V) 93 (100 cycles, 0.1 C, 2.1-4.8 V) [126]
- B —
High- 16111_73%\;1;10,2C00_lCro_lTlo_leO_z Solid-state 307 (20 mA-g—, 1.5-4.7 74 20 mA-g", 1.5-4.7 V) [127]
entropy o . . |
Li; 55Nig 1 Cog,1Feo.1Cro, Tig 2 : 278 20 mA-g ', 1.5-4.8 87 (30 cycles, 20 mA-g
PRX NbO.lSOl.;FO.Z 1 Solid-state 1.5-4.8 V) [128]

Note: NSP—Nebulized spray pyrolysis; PLD—Pulsed laser deposition; SCS—Solution combustion synthesis; DRX—Disordered

rocksalt oxides/oxyfluorides with Li-excess.

ments in (near) equimolar ratio and high configurational en-
tropy, Wang ef al. [122] attempted the first synthesis of Li-
containing layered high-entropy oxides. The authors success-
fully incorporated various cations into the R 3 m-type struc-
ture, obtaining several new materials, both equimolar and
non-equimolar, with a general formula Li(M1, M2, ...,
Mn)O,, where M: Ni, Co, Mn, Al, Fe, Zn, Cr, Ti, Zr, Cu.
However, all of the tested compounds exhibited rather poor
electrochemical performance, likely being a result of the ex-
tensive Li/Ni mixing and the presence of redox-inactive
cations. The authors selected three compositions for more de-
tailed electrochemical characterization, namely LiNij,Coy,
Mn;Al2Zny,0,, LiNig2Cog,Mng,Aly,Fey,0,, and LigsNag,
Nip,Cog2Mng,Aly,Fe;,0, (details in Table 2). It was found
that small changes in the composition significantly influence
electrochemical properties. In particular, compared to
NCM111, LiNi,,Coy,Mny,Aly,Zn,,0, exhibited higher re-
action voltage, further increased by the substitution of Zn by
Fe. Interestingly, the partial replacement of Li by Na (20at%)
substantially improved the specific capacity and reversibility.
While the exact origins of the observed behavior remain un-
clear, the authors speculated that it may be related to the lar-
ger ionic radius of Na' (in reference to Li") and/or, in some
way, to the increased configurational entropy. In the next
study, Sturman ef al. [123] utilized NCM111 as a benchmark
for finding optimal cations through machine learning to pro-
duce new high-entropy layered materials. While new single-
phase compounds could be successfully obtained, the most
promising cathode, LiNij,Mn,,Co,,Fey,Tiy,0,, exhibited
worse capacity retention than conventional counterparts
(stable capacity of ca. 85 mAh-g after 50 cycles at 0.1 C
current, cycled in a 2.5-4.4 V range). Another equimolar
layered  oxide, LiCro15Mno.167F€0.167C00.167Ni0.167CU016702,
was produced in the form of an epitaxial thin film [124]. The

authors presented a stable operation of the material in a thin-
film solid-state cell, although thorough electrochemical stud-
ies were not performed. To evaluate the impact of high-en-
tropy on the designed layered cathodes, Kawaguchi et al.
[125] conducted a detailed systematic investigation of
LiNig25Mn55C0025Cr250, and LiNig,Mng2Coy2Cro Feg 20,
The in-depth structural and electrochemical analyses re-
vealed that there are two main factors responsible for the in-
ferior performance of the studied compounds in reference to
NCM111: (1) cation migration during cycling and mixing
between Li in consequence and (2) trapping of cations in tet-
rahedral sites, both causing local repulsion in the Li layer and
blocking the intercalation into adjacent sites. This degrada-
tion mechanism, summarized in Fig. 7(a), is characteristic for
Cr- and Fe-containing conventional systems. Therefore, the
possible benefits from high configurational entropy in the
equimolar Li-based layered oxides, even if present, cannot
mitigate the drawbacks stemming from the individual prop-
erties of a given cation. This is further evidenced by the de-
teriorated electrochemical performance of LiNiy,Mny,
C0y,Cry,Fey,0, in reference to LiNij,sMng,5C0g25Crg250;
(see Table 2), ascribed to the presence of prone to migration
Fe and a decreased amount of the electrochemically-active
cations. To summarize, in all presented cases, introduction of
a high concentration of elements other than the well-estab-
lished and optimal Co, Ni, and Mn mixture led to the cation
mixing with Li, and the overall performance degradation.
Markedly different results could be obtained by employ-
ing multicomponent doping, instead of making layered ma-
terials (near) equimolar (Table 2). Excellent evidence of the
benefits of such a strategy was documented by Song ef al.
[126], who studied another class of Co-free cathodes, layered
Li-rich Mn-based oxides (LMR). Remarkably, introducing
only a small total amount of dopants by switching from the
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Fig. 7. (a) Illustration of the degradation mechanism for
equimolar multicomponent layered cathode materials,
LiNij,sMng,5C0,,5Cr250, and LiNig,Mng,Co,,Cr,,Fe),0,, that
includes interlayer cation mixing and accumulation of cations
in tetrahedral positions, both leading to the capacity loss [125].
Comparison of the change in (b) a and c lattice parameters and
(c) the unit cell volume normalized to the initial values as a
function of Li concentration for NMC811 and HE-LNMO with
regions related to different phase transitions marked, calcu-
lated using density functional theory (DFT). HE-LNMO under-
goes much less structural variations [132]. (a) Reprinted with
permission from T. Kawaguchi, X. Bian, T. Hatakeyama, H.Y.
Li, and T. Ichitsubo, ACS Appl. Energy Mater., vol. 5, 4369-
4381 (2022) [125]. Copyright 2022 American Chemical Society.
(b, ¢) Reprinted with permission from A. Bano, M. Noked, and
D.T. Major, Chem. Mater., vol. 35, 8426-8439 (2023) [132].
Copyright 2023 American Chemical Society.

typical Li; ;Mng54Nij13C00130, (T-LMR) to Li;;sMnys
Nig15C00.1F€0.025CU0.025Al0.025ME0.0250, (HE-LMR), the capa-
city retention and the stability of voltage profiles, both being
the most substantial issues identified for LMR cathodes, were
significantly improved (ca. 850 Wh-kg ™ after 100 cycles at
0.1 C between 2.1-4.8 V for HE-LMR compared to ca. 425
Wh-kg" for T-LMR). The enhanced performance was

Int. J. Miner. Metall. Mater., Vol. 31, No. 11, Nov. 2024

ascribed to the increased local (intralayer) structural diversity
and lattice distortion, both related to the presence of multiple
elements. These features suppressed the activation of low-
voltage redox couples, as well as the local (i.a., unwanted in-
terlayer mixing) and global (unfavorable layered to spinel
transformation) structural evolution.

Interestingly, the multicomponent compositionally com-
plex (high-entropy) doping approach turned out to be effect-
ive also when applied to Ni-rich cathode materials (Table 2).
Using the conventional co-precipitation method, Zhang et al.
[120] synthesized Co-free LiNiggMnyg;3Tig0Mgp02Nbgor
Moy 1,0, (denoted as HE-LNMO) and conducted a compar-
ative study with the state-of-the-art high-Ni NMC811 cath-
ode. The initial discharge specific capacity delivered by HE-
LNMO was 210 mAh-g"' (voltage range of 2.5-4.4 V),
which is comparable to NMC811 (208 mAh-g '). However,
the initial Coulombic efficiency was improved in the mul-
ticomponent material. Interestingly, the polarization differ-
ence during the reversible H1 to M (monoclinic) phase trans-
formation was found to be smaller for HE-LNMO and the
unfavorable H2—H3 transition was substantially suppressed.
Remarkably, the capacity retention tested in the half-cell con-
figuration was much better for HE-LNMO, reaching 98.0%
after 50 cycles at 1/3 C (2.54.5 V), compared to 85.8% for
NMCS811. Equally good cycling stability could be achieved
in full Li-ion cells, even at a high current of 1 C. In general,
the reason for the poor long-term stability of Ni-rich materi-
als is that they undergo very large volume changes during
charge/discharge cycles, which causes strain-induced particle
cracking, as detected for NMCS811. The degradation can be
further intensified by irreversible oxygen release at high
voltages. For HE-LNMO, those phenomena were signific-
antly suppressed, which resulted in a lack of cracks inside the
secondary particles formed during the cell’s operation. The
volume changes upon cycling (up to 4.3 V) were found to be
only 0.3% for HE-LNMO, which is far below NMC811
(5.5%). The authors ascribed this to the pinning effect stem-
ming from multicomponent doping [120]. These un-
doubtedly very promising results call for the further identi-
fication of the phenomena responsible for the improved elec-
trochemical properties of the multicomponent-doped layered
cathodes, which are not understood well at the current devel-
opment stage.

(1) Zero-strain cathode materials.

The materials with volume change below 1.0% are often
classified as “zero-strain materials” [129-130]. Pursuing
such cathodes is of high importance and has recently been
given particular attention in the field [129-131]. The micro-
cracks formed due to volume changes expose fresh surfaces
to the electrolyte, which leads to capacity degradation. In ex-
treme cases, the volume expansion/contraction can damage
the separator and cause thermal runaway [130]. The utiliza-
tion of zero-strain materials is even more crucial for the fu-
ture development of all-solid-state-batteries, as in that case
even small volume changes can deteriorate the cathode/elec-
trolyte interface, destroy the coating, or change the pressure



B.Y. Fu et al., Recent progress in Ni-rich layered oxides and related cathode materials for Li-ion cells 2355

inside a cell [130-131]. In addition to all the advantages of
the zero-strain HE-LNMO documented by Zhang et al
[120], the material also exhibited excellent thermal stability,
substantially better than for other materials containing as
much as 0.8 mol of Ni. Importantly, the authors proved the
generality of the approach by successfully applying it to oth-
er Ni-rich oxides, reaching equally good results. Introducing
the new class of high-entropy doped Ni-rich cathodes al-
lowed for the first time mitigating structural degradation and
reaching the zero-strain operation without sacrificing the en-
ergy density of Ni-rich layered cathodes. In the follow-up
study, Bano et al. [132] conducted a study using advanced
computational analyses in order to elucidate the phenomena
responsible for the superior performance of HE-LNMO. Fig.
7(b) and (c) shows the significantly mitigated lattice para-
meter and volume variation of HE-LNMO compared to
NMCS811, especially at high delithiation levels. The authors
listed five main factors: (1) low crystal lattice variation (mul-
ticomponent doping suppresses the lattice deformations); (2)
invariant local crystal field environment (consistent environ-
ment for oxygen leads to a stable structure); (3) strong
metal-oxygen bonding (oxygen pinning blocks the forma-
tion of cracks); (4) low degree of anti-site defects (uniform
distribution of cations reduces the possibility of the forma-
tion of such defects); (5) low operational voltage (more capa-
city can be delivered without going to high voltages, which
prevents oxygen evolution and electrolyte degradation).

Overall, it appears that the original (near) equimolar high-
entropy approach is not suitable for designing high-energy-
density layered cathodes, as it dilutes the concentration of de-
sirable cations. Contrarily, the multicomponent composition-
ally complex doping strategy can be effectively implemen-
ted, yielding so far unprecedented electrochemical properties
for Ni-rich cathodes. It is important to note, however, that at
the present stage of the development of multicomponent
cathode materials, there is only a limited amount of studies
available, which in most cases are focused on introducing
new cathode materials rather than on the detailed explana-
tion of how exactly different elements and/or high configura-
tional entropy impact electrochemical performance. There-
fore, we call for more studies devoted to the discussion on the
relationship between the chemical composition, the value of
configuration entropy, and electrochemical properties (e.g.,
on how the variation of the ratio between cations in a mul-
ticomponent system impacts energy density, cyclability,
structural stability, etc.).

(2) Disordered rocksalts with Li-excess.

Regarding zero-strain operation, another group of Co-free
high-energy-density cathode materials should be also men-
tioned. Those compounds are disordered rocksalt
oxides/oxyfluorides with Li-excess (DRXs) [133—134]. In
stark contrast to ordered layered oxides, where even a lim-
ited mixing of Li and other cations significantly deteriorates
electrochemical performance, the disorder is necessary for
efficient Li" transport in DRXs. The DRX structure can be
considered as a layered structure with 50at% of Li in Li lay-

ers randomly replaced by other cations. A sufficient Li-ex-
cess combined with extensive cation disorder creates a per-
colating network for Li" through the so-called 0-TM chan-
nels. In such a network, Li migration through intermediate
tetrahedra occurs in the absence of face-sharing transition
metals, enabling facile diffusion with low Coulombic repul-
sion [133—134]. Numerous DRXs have been reported to ex-
hibit zero-strain operation [130-131,135-136], because they
exhibit most of the features defined as necessary for very low
volume changes upon cycling [129-130]. To give some ex-
amples, Lee efal, who synthesized the first-ever DRX,
Li; 511M0g 467Cr30,, showed that this material undergoes only
0.12% volume change upon charging to 4.3 V [136]. The
groups of Yabuuchi et al. [131,137-138], Yang et al. [135],
and Ceder et al. [130] demonstrated a few different V-based
zero-strain DRX cathode materials. It is worth noting that the
high-entropy approach, which promotes disordering un-
wanted for ordered layered cathodes, can significantly im-
prove the electrochemical performance of DRXs by decreas-
ing unfavorable short-range order. In a comparative study,
Lun et al. [127] showed that going toward high-entropy DRX
oxyfluorides significantly improves the accessible amount of
Li and, therefore, the energy density. A similar approach was
also proven to be effective for Ni-containing DRXs, as repor-
ted by Zhou et al. [128]. The summary of the electrochemic-
al performance of selected high-entropy DRX cathodes (en-
abling the direct comparison with multicomponent ordered
layered oxides) is presented in Table 2. To conclude, be-
cause of the different structure and diffusion pathways in
DRX cathodes compared to layered cathodes, the (near)
equimolar high-entropy strategy is a better choice over mul-
ticomponent doping to obtain high-energy-density cathodes
with zero-strain operation.

5. Coating and surface modification

It is known that interfacial side reactions occurring
between the Ni-rich materials and the electrolyte stand out as
a primary cause of capacity fading and safety concerns. This
is particularly problematic for compounds exhibiting a larger
amount of the high-valence Ni*" on the surface (at the
charged state). Applying a surface coating on the secondary
particles has proven to be an effective strategy to mitigate
those side reactions. This includes addressing issues such as
electrolyte decomposition and the dissolution of transition
metal elements [139-140]. Another problem arises from the
presence of LiOH and/or Li,CO; residual lithium sources,
originating from a synthesis process. Their occurrence may
cause an increase in the pH value of the prepared electrode
slurry, causing defluorination of polyvinylidene fluoride
(PVDF), cross-linking, and gelation [141-142]. It is espe-
cially problematic for the large-scale production of Ni-rich
electrodes. Also, side reactions may take place between those
compounds and the electrolyte during the cell’s operation or
storage at high temperatures, resulting in CO, CO,, and O,
evolution, causing heat release and serious safety issues [68].
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Again, advanced coating may solve this issue, especially if
the modifier reacts with lithium residuals [100].

Different approaches have been proposed regarding the
coating of Ni-rich materials, with a variety of compounds
used including: ALO; [143], MgO [144], SiO, [145], ZnO
[146] and TiO, [147] oxides, Cos(PO,),/AIPO, [148], and
Ni;(PO,), [149] phosphates, as well as FeF; [150] and AlF;
[151] fluorides. For example, it was documented by Ryu
et al. that Co;(PO,), can react with surface impurities on
LiNiy3Cog,16Alg040,, so there is no lithium carbonate present
after sintering [152]. However, if the formed coating exhibits
low conductivity, the rate performance of the electrode can
be affected. On the other hand, it is also possible to construct
coatings with good lithium conductivity, including Li,PO,
[153-154], Li,SiO; [155], or Li,0-2B,0; [156]. Furthermore,
different compounds like NH,VO,, H;PO,, (NH,),HPO,,

@
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ZrO(NOs),-4H,0, or NH,[NbO(C,0,),(H,0),]-3H,0 can re-
act with lithium residuals forming ionically-conducting
phases [157-160]. Apart from specific works, interested
reader can find a broad review about surface coatings of dif-
ferent cathodes for LIBs in the paper by Kaur and Gates
[161]. Hereby, only selected, recent results are presented in
more detail.

Qu et al [162] developed an integrated surface coating/
doping strategy aimed at significantly enhancing the structur-
al stability and electrochemical performance of LiNiggg
CoysMny o60,. In this approach, titanium ions derived from a
thin TiNb,O, coating layer infiltrated the material during the
high-temperature sintering process, resulting in the forma-
tion of a uniform protective layer on the surface of the sec-
ondary particles (Fig. 8(a)). Consequently, side reactions
could be effectively suppressed, whereas Ti-doping in-
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Fig. 8. (a) Diagram of the synthesis process of the modified Ni-rich NCM composites [162]. (b) Schematic diagram of effectively in-
hibiting the release of highly active oxygenates in the surficial lattice by oxygen vacancies and oxygen interstitials in the layered per-
ovskite La,NiLiO; to improve battery safety performance and alleviate stability issues of ultrahigh-Ni layered oxide cathode materi-
als LiNij4CoysMny 50, (NCM9) (AO: rocksalt layer) [163]. (a) Reprinted from Nano Energy, Vol. 91, X.Y. Qu, H. Huang, T. Wan,
etal., An integrated surface coating strategy to enhance the electrochemical performance of nickel-rich layered cathodes, 106665,
Copyright 2022, with permission from Elsevier. (b) L.F. Wang, G.C. Liu, R. Wang, et al., Adv. Mater., vol. 35, 2209483 (2023) [163].
Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.
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creased the thickness of the lithium layer, and reduced Li/Ni
mixing, improving the diffusion of Li" in the bulk electrode.
The modified material exhibited a remarkable capacity reten-
tion of 87.2% after 200 cycles at 1 C, a significant improve-
ment over 59.8% observed in the pristine material. Addi-
tionally, first-principles calculations validated the interac-
tion affinity of the TiNb,O, coating with the layered
LiNig ¢sC00,0sMny o60,. Additional achieved benefits were the
increased oxygen release energy and enhanced electronic
conductivity.

In another paper, Wang et al. [163] have introduced a dir-
ect regulation strategy to effectively accommodate the
highly-active anionic redox within the solid phase. This ap-
proach utilizes an advanced coating layer made of a lithium
and oxygen dual-ion conductor, layered La,NiLiOg per-
ovskite. This coating layer significantly restrained the react-
ivity of the (near) surface lattice oxygen, suppressing its re-
lease from the lattice, and mitigated the undesired irrevers-
ible phase transitions and intergranular mechanical cracking.
At the same time, it also facilitated Li" diffusion kinetics and
enhanced electronic conductivity on the particles surface
(Fig. 8(b)). The modified electrode NCM9-LNLO3 exhib-
ited stable cycling over 100 cycles, maintaining a capacity re-
tention of 88.07%. Furthermore, even at a high rate of 10 C,
the electrode displayed a notably higher discharge specific
capacity of 141.6 mAh-g', in contrast to the original elec-
trode (87.9 mAh-g ™).

Interestingly, Sheng et al. [164] designed a stable high-
nickel cathode by creating a dense amorphous Li,CO; layer
on the particles surface through preemptive atmosphere con-
trol. In this case, Li,CO;, being the most thermodynamically
stable among residual lithium compounds, acts as a physical
protective layer, effectively isolating the cathode from expos-
ure to moist air. Additionally, amorphous Li,CO; undergoes
transformation into a robust fluorine-rich cathode electrolyte

+{*HPO} ¥4C,0; oN12+ ® Zr+

Prec1p1tat10n

MC,0, (M = Ni, Co, Al)

LiOH
i conversion .‘ o Zr** mixing

Precursor orientation

interphase during cycling, reinforcing the cathode’s interfa-
cial stability and enhancing electrochemical performance. A
high discharge capacity of 232.4 mAh-g' could be achieved
(0.1 C), accompanied by a superior initial Coulombic effi-
ciency of 95.1% and the excellent capacity retention of
90.4% after 100 cycles. Notably, there was no occurrence of
slurry gelation during the large-scale electrode fabrication
process.

The so-called universal multi-electron surface engineer-
ing strategy has been developed by Shen ef al. to mitigate the
instability problems of Ni-rich materials [165]. In this case,
Gd,0; was selected to enhance the lithium storage properties
of LiNijC0g,0sMng350,. On the one hand, the Gd,0; coating
was found to tune the H1-H2 phase transition from a two-
phase to a quasi-single-phase reaction, and weakened the
harmful H3 phase transition. On the other hand, it also in-
creased the activation energy of the surface lattice oxygen
loss, and delayed the phase transition temperature, inhibiting
the oxidative decomposition of the electrolyte and harmful
interface phase transitions. Thanks to those benefits, the
Gd,05-coated NCM showed a weaker discharge median
voltage decay after 100 cycles, and the 88.1% capacity reten-
tion could be achieved after 400 cycles (1 C).

Also, Zheng et al. [166] introduced a straightforward and
cost-effective interfacial precipitation—conversion reaction
strategy. Employing the high-nickel layered cathode,
LiNip3Cog,15Alg050,, the Zr species were chemically induced
on the surface via strong M—PO,—Zr interactions (M: Ni, Co).
After calcination, an ultrathin Zr-containing gradient layer
was assembled in situ, forming NCA@ZP (Fig. 9). The res-
ulting material demonstrated a high capacity of 219.7
mAh-g”', which is 23% higher than that of the unmodified
NCA (179.0 mAh-g™") at 0.1 C. Moreover, it exhibited a su-
perior rate capability, achieving a capacity of 128.2 mAh-g*
at 16 C.

Calcination

Fig. 9. Schematic illustration of the proposed formation mechanism of the NCA@ZP [166]. Reprinted from Nano Energy, Vol. 105,
X.Y. Zheng, R.H. Yu, J. Sun, ef al., Precursor-oriented ultrathin Zr-based gradient coating on Ni-riched cathodes, 108000, Copyright

2023, with permission from Elsevier.
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A summary about different coating types of the high nick-
el content materials, together with their advantages is presen-
ted in Table 3.

6. Single crystal Ni-rich cathode materials

As already discussed, with an increase in Ni content, high-
er energy density can be achieved in electrodes based on the
Ni-rich oxides. However, this enhancement is counterbal-
anced by (among others) more pronounced interfacial reac-
tions with the electrolyte and worsened safety performance.
Single crystal cathode materials offer advantages such as
fewer grain boundaries, higher density, and a significant re-
duction in microcracks during cycling. Consequently, those
advantages may help mitigate interfacial side reactions and
contribute to improved volumetric energy density and safety
[170].

Huang et al. [171] introduced a method known as pulse
high-temperature sintering (PHTS) for the synthesis of single
crystal LiNig9Co0g¢sMngsO, (SC-NCM90). This approach in-
volved an additional PHTS step at 1040°C for 1 min along-
side the conventional calcination process conducted at
750°C. Well-defined octahedral particles could be formed,
showing an initial capacity of 209 mAh-g™' (0.05 C). In com-
parison to NCM90 secondary spheres, SC-NCM90 exhibited
a 1/3 increase in tap density, reaching 2.76 g-cm . The form-
ation of microcracks was effectively suppressed during cyc-
ling. The authors also provided in their work simulated crys-
tal growth data, as presented in Fig. 10.

Ran et al. [172] conducted a study on both polycrystalline
(P-NCMS811) and single crystal (S-NCM811) cathode mater-
ials to investigate the impact of aging mechanisms in nano-
crystalline grains on electrochemical performance. The find-
ings revealed that the capacity retention of the S-NCM811
cathode gradually decreases to 80% after 200 cycles ata 1 C
rate, while for the P-NCMS811 it was 72%. In-depth analyses
using in situ X-ray diffraction and ex sifu scanning electron
microscopy suggested that irreversible structural and phase
transformations significantly affected the performance of the
polycrystalline material. The research also indicated that sur-
face side reactions and structural defects resulting from in-
ternal crystal domains can impede the diffusion of Li", lead-
ing to rapid capacity fading.
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In another paper, Hu ef al. [173] took LiNig7sMng 14C0,,,0,
(NMC76) as a model material to study the mechanism of gas
generation from single crystal and polycrystalline NMC.
Even at elevated potentials, the amount of gases detected
from the single crystal sample was much lower than those
from the polycrystalline one, indicating that the drastically
reduced number of boundaries and surface area in the single
crystal sample suppressed surface side reactions (Fig. 11). It
was also found that oxygen was accumulated in the polycrys-
talline NMC76, observable in full pouch cells tested at relev-
ant conditions.

Other authors noted that the inadequate thermal stability
of polycrystalline NCM materials has been consistently a
conspicuous drawback, and the thermal performance of
single crystal materials is also a crucial factor that cannot be
overlooked. Kong etal. [174] conducted a study using
LiNiyCop;Mny;0, and LiNi,¢Co,,Mn,,0, materials with
both single crystal (SC) and polycrystalline (PC) morpho-
logy to examine their thermal characteristics (Fig. 12). The
results indicated that single crystal materials exhibit signific-
antly better thermal stability, while the presence of internal
crystal gaps in polycrystalline materials resulted in a higher
Li" transport impedance and a lower diffusion coefficient.
This led to increased heat generation during the cycling pro-
cess. Simultaneously, crystal gaps contribute to the inhomo-
geneity during (dis-)charging, so the structural damage be-
comes more severe. This can be a triggering factor for dan-
gerous oxygen release.

7. Gradient modification

Functionally graded materials (FGM) are characterized by
the changing composition and/or microstructure, distributed
with a directional gradient. Gradient distributions can be one-
, two-, or three-dimensional. It is important to note that gradi-
ent materials should be distinguished from the surface-modi-
fied ones (with surface coatings), as in the latter case, two es-
sentially different materials form a clear interface [175]. Tak-
ing a gradient Ni-rich cathode oxide as an example, in which
the concentration of transition metals varies continuously
from the bulk to surface, it can be expected that the lattice
parameter mismatch at the core and shell interface can be
minimized. This should help preventing formation of the

Table 3. Summary of coating types of the Ni-rich materials and their advantages

Type of coatings Coating materials

Main advantages Ref.

Improve interface stability; clear HF to alleviate cation

Oxide coatings Al,0;, MgO, SiO,, ZnO, TiO, dissolution (SiO,) [144,167]
. Enhance the thermal stability polyanions; inhibit oxygen
Phosphate coatings ggﬁ(go“)z’ AIPO,, Nis(PO)», release from the cathode lattices; facilitate lithium [148-149]
4 diffusion channels

Fluoride coatings FeF,, AlF, Improve resistance to HF attack; good ionic and [150-151]
electronic conductivity

Lithium composite coatings LisPOy, Li»SiOs, Li-0-2B,0; Improve lithium-ion mobility and improve rate [153-154]
performance

Carbon coatings Carbon, graphene oxide, reduced Provide high electronic conductivity [168]

graphene oxide (RGO), graphite

Polymers, lithium rich materials,

Other coatings metals

Improve interface stability; reduce the amount of residual [169]
lithium
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011 (101) (a1

Fig. 10. (a—d) Simulated crystal growth layer by layer starting from the state of four Li ions deposited on LiNiO, (001) substrate.
Here, transition metal elements are represented by Ni as a simplified model. (e) Cleaving methods of NCM811 crystal for facets (003),
(011), (101), and (111). The solid blue wireframes are the locations of the crystal planes to be cleaved and the dotted blue wireframes
are the extension of the slabs to be constructed. (f) A SC-NCMS811 particle with crystal facet indexes on the surface. H. Huang, L.P.
Zhang, H.Y. Tian, et al., Adv. Energy Mater., vol. 13, 2203188 (2023) [171]. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Re-

produced with permission.

gaps at the core/shell interface after long-term cycling, and
thereby improving the cycle stability [176]. However, slight
reduction of the reversible capacity may be expected [13].
Advanced modifications of the Ni-rich materials have
been already performed using the mentioned concentration
gradient approach. For example, Park et al. [13] developed
LiNijg65C00,120Al 0150, cathode material, in which a core
within each secondary particle maintains a consistent nickel-
rich composition to optimize discharge capacity, but the out-
er layer exhibits a decreasing nickel concentration and incre-
asing cobalt concentration toward the particle surface. This
was done to enhance structural and chemical stability. The
cobalt-rich surface and gradient structure effectively allevi-
ated the internal strain, bolstering resistance to electrolyte
erosion. This design also accommodated anisotropic volu-
me changes during cycling. The developed gradient NCA cath-
ode demonstrated superior performance, delivering a revers-
ible capacity of more than 220 mAh-g ™' (0.5 C) and retaining
90% of the initial capacity even after 100 cycles at 60°C.
Notably, Lin etal. [177] designed and synthesized
LiNiggMn, ;Coy,0, that is uniform in composition, but ex-
hibits a nickel valence state gradient along the radial direc-
tion of secondary particles (contrary to more common con-
centration gradient materials). This enhancement led to the

improved cycling stability and thermal stability of the materi-
al. Notably, after 100 cycles, the valence gradient cathode
maintained a specific capacity above 175 mAh-g™' (0.1 C),
outperforming the traditional NMC811 tested under the same
conditions.

It is worth noting that the current large-scale preparation
methods of Ni-rich cathodes include the solid phase method,
co-precipitation method, spray drying, sol-gel, and other
techniques [178]. Among them, the co-precipitation method
is very suitable for synthesizing concentration gradient struc-
tural materials, so the gradient modification should not
present major obstacles in the large-scale production of Ni-
rich cathodes.

8. New electrolytes and their modification

In addition to all modification methods mentioned above,
such as coating or doping, that aim to enhance the cycling
performance of Ni-rich layered cathodes in LIBs taking an
approach from the electrode material perspective, there are
also many research activities to develop new electrolytes
and/or their functional additives. Those additives have
already demonstrated the ability to improve the Coulombic
efficiency and cycle life of such cathodes through a simple,
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effective, and economical approach. Specifically, undesired
substances, such as HF and H,O, can be removed and/or a
stable protective CEI layer can be formed to mitigate detri-
mental effects. The uniform, thin, and dense CEI layer can
serve multiple purposes [55]: to facilite Li" diffusion, reduce
interface resistance, prevent transition metal dissolution, and

cover active sites prone to catalyzing electrolyte decomposi-
tion. Among the compounds of interest, vinylene carbonate
(VCO) [179], fluoroethylene carbonate (FEC) [180], and
tris(2,2,2-trifluoroethyl)phosphite (TTFP) [181] should be
mentioned. A full review on this topic was recently pub-
lished by Li et al. [37] (Table 4).
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Table 4. A summary of the electrolyte functional additives for cells based on Ni-rich cathodes, together with their mechanism of
action. Based on Ref. [37]. For the abbreviations, please see the references or the review [37]

Types of electrolyte additives Functional additives

Effects and working mechanisms Ref.

Sulfone groups based functional TOSMIC, PTSS, SDM, BFS, DPS, DVS,
PTSL, AS, NTESA, PS, PST, MMDS

additives

Beneficial to form a stable and protective CEI
layer in Ni-rich cathodes, due to their high [182]
oxidative stability

EDP, THFPP, TFEOP, PFPOP, HFiPOP,
MDPCT, TFPCT, CETPE, TPPO, MDPO,
DEPP, TAPi, TEP, TTFP, TMPi, TPP,

Phosphates and phosphites
functional additives
LiDFBP

Have a flame-retardant effect and participate
in the formation of the CEI protective layer on [183]
the nickel-rich cathode

TMSPi, TMSPa, TMSB, LTB, BTMSMFM,

Silicon-based additives
TMS-ON

DODSi, IPTS, DPDMS, BSA. NNB, DSON, Resist or remove HF and reduce TM [184]

dissolution

Borate-based additives LiBOB. LiDFOB

TEAB, ABAPE, TIB, TPB, PBF, PRZ,

Generate borate-based CEI, which can
effectively inhibit electrolyte decomposition  [185]
and TM dissolution of Ni

VC and ester-based additives VC, DPC, MPC, SA

Form CEI layer on the surface of nickel-rich [186]
cathode to improve cycle stability

Additives containing fluoroalkyl ETFB, FEMC, FEC, DFEAc, TTE

groups

Help to form a stable and dense CEI
protective layer, which can effectively reduce [187]
intergranular cracking of nickel-rich cathodes

9. Ni-rich cathodes in solid-state batteries

With the strong interest in development of all solid-state
batteries (ASSBs), there are obviously reports on the applica-
tion of Ni-rich cathodes in such cells, showing promising res-
ults, but indicating still unresolved problems with electro-
chemical performance [188—193]. Among the published pa-
pers, the results of Deng et al. [194] showed the effective-
ness of the bifunctional Li;PO, modification devised for Ni-
rich layered oxide cathodes in sulfide-based ASSBs. This
modification served two purposes: to mitigate side-reactions
with the Li;(GeP,S,, sulfide electrolyte and suppress micro-
structural cracks emerging upon (dis-)charging cycles. Com-
pared to the bare cathode, the modified one exhibited a not-
ably improved initial capacity of 170.6 mAh-g ' at 0.1 C, su-
perior rate performance, and reduced polarization. Fur-
thermore, stable performance was achieved during 300
cycles, with the capacity fade of only 0.22 mAh-g™' per cycle
at 0.2 C.

10. Brief conclusions and perspectives

As documented in this paper, there is still a strong interest
in the further development of Ni-rich cathode materials, and
there are numerous new concepts emerging (i.a., single crys-
tal morphology, multicomponent doping, gradient composi-
tion, etc.), based on which intrinsic issues hindering the ap-
plication of those compounds, can be (at least partially) re-
solved. Indeed, the state-of-the-art Ni-rich designs already
offer the possibility of the construction of high energy-dens-
ity LIBs, as stability, safety, and long-term operation are
already at the acceptable level. Nevertheless, there is always
a question about costs, as well as the scalability of the prepar-
ation process. In fact, some of the proposed advanced and
usually complex approaches are hardly transferable to the
commercial scale, while further modification of different
proposed solutions may bring cheap and easily scalable tech-

nology to the industry. Also, with new Co-free cathode ma-
terials and an interest in developing Li-rich alternatives, it is
not unimaginable that the next, rather revolutionary, step
would possibly be Co- and Ni-free cathodes. Nevertheless,
research focusing on materials engineering, electrolytes in-
novation, and advanced manufacturing processes is the key
to overcome the remaining challenges and should help un-
lock the benefits of the application of Ni-rich cathodes for a
wider range of commercial cells.
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