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example, consumer electronics and electric 
vehicles (EVs), LIBs have made consider-
able progress. Ni-based layered transition 
metal (TM) oxides have managed to amass 
a dominant position in chosen cathode 
materials during the last decade.[1–3] In 
2012, all early EV models used batteries 
based on LiNi1/3Co1/3Mn1/3O2 (NCM111) 
cathode materials. However, NCM111-
based LIBs cannot fulfill the growing 
demand for higher specific energy, envi-
sioned to approach 350  Wh kg−1 at a cell 
level by 2025.[4] To increase the energy den-
sity, layered transition metal oxides with 
higher Ni-content have been developed, 
denoted as Ni-rich cathodes. Two major 
advantages of Ni-rich cathodes are their 

high specific energy capacity (200–250 mAh g−1) and the rela-
tively high operating voltage (≈4.3 V vs Li+/Li), which are more 
promising in many applications compared to the other cathode 
materials, such as LiCoO2, LiFePO4, Li2MnO4, etc.[5]

The superiority of Ni-rich cathodes in storage capacity also 
brings the tradeoff with electrochemical stability. It was confirmed 
that the crystal structure of the Ni-rich cathode materials is prone 
to irreversibly transform during the (de)lithiation process, 
resulting in rapid performance fading.[6] The degree of degra-
dation depends on the particular elemental composition in the 
cathode material. However, all Ni-rich cathodes undergo similar 
electronic and structural changes. Apart from cathode mate-
rials, the degradations occurring in the battery anode and elec-
trolyte should also be considered from a full-cell perspective.[7] 
Graphite is the commercially most successful anode material 
in the market. It is commonly employed together with Ni-rich 
cathode in modern batteries.[8] Li-metal is considered an ideal 
anode material because of its lowest negative electrochemical 
electrode potential. Coupled with a Ni-rich cathode, it will sig-
nificantly boost the battery capacity.[9] However, both anode 
materials suffer from serious problems, such as solid-electrolyte-
interphase (SEI) formation, dendrite growth, etc. Such detri-
mental issues severely hinder the large-scale commercialization 
of the Ni-rich-based LIBs as next-generation batteries.[10]

This review starts with a general introduction to the fun-
damental properties of Ni-rich cathode materials, chemically 
and electrochemically. Then, a comprehensive discussion of 
the underlying degradation mechanisms of Ni-rich cathodes, 
anodes, and electrolytes will be addressed. The state-of-the-
art mitigation solutions proposed over the past five years will 
also be summarized (Figure 1). Finally, a perspective on future 
directions of designing Ni-rich cathode-based LIBs with supe-
rior performance will be presented.

The growing demand for sustainable energy storage devices requires 
rechargeable lithium-ion batteries (LIBs) with higher specific capacity and 
stricter safety standards. Ni-rich layered transition metal oxides outperform 
other cathode materials and have attracted much attention in both academia 
and industry. Lithium-ion batteries composed of Ni-rich layered cathodes 
and graphite anodes (or Li-metal anodes) are suitable to meet the energy 
requirements of the next generation of rechargeable batteries. However, the 
instability of Ni-rich cathodes poses serious challenges to large-scale com-
mercialization. This paper reviews various degradation processes occurring at 
the cathode, anode, and electrolyte in Ni-rich cathode-based LIBs. It high-
lights the recent achievements in developing new stabilization strategies for 
the various battery components in future Ni-rich cathode-based LIBs.
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1. Introduction

Motivated by the necessity of reducing CO2 emission and urgent 
transition from fossil fuels to sustainable clean energy sources, 
rechargeable lithium-ion batteries (LIBs) have received much 
academic and industrial attention since their commercialization 
by Sony in 1991. Stimulated by the constant technological inno-
vations, government subsidies, and the thriving markets of, for 

© 2021 The Authors. Advanced Energy Materials published by Wiley-
VCH GmbH. This is an open access article under the terms of the 
 Creative Commons Attribution-NonCommercial License, which permits 
use, distribution and reproduction in any medium, provided the original 
work is properly cited and is not used for commercial purposes.
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2. Properties of Ni-Rich Cathode Materials

Ni-rich cathode materials are derived from layered LiNiO2, first 
discovered by Dyer et al. in the 1950s.[11] LiNiO2 was one of the can-
didates as electrode material with a strong commercialization per-
spective. However, the structural degradation of LiNiO2 is extreme, 
hindering its further development. Other elements, such as Co, 
Mn, Al, Zr, etc., were introduced into the LiNiO2 and partially sub-
stituted Ni to overcome this deficiency. Among all the elements, 
Co, Mn, and Al substitutions are most relevant for improving Ni-
rich cathode materials’ performance.[12] Co contributes to the rate 
capacity enhancement and cation-mixing mitigation, while substi-
tution by Mn is beneficial to the structural stability of LiNiO2.

Furthermore, partial substitution of Ni by Al ions is also 
advantageous and cost-effective due to the low cost and light 
atomic weight of Al. Consequently, the excellent synergy 

between Ni, Co, Mn, and Ni, Co, Al ensures Ni-rich NCM  
(LiNixCoyMn1−x−yO2, x ≥ 0.6) and NCA (LiNixCoyAl1−x−yO2, x ≥ 0.6)  
materials are the most promising materials to improve LIBs 
further.[4] Up to now, Ni-rich cathodes of various compositions  
have been proposed and comprehensively investigated, leading 
to a better understanding of the degradation mechanism and 
improvement in performance.[13]

2.1. Chemical Properties

The crystallographic structure of layered LiMO2 (M = transi-
tion metals, Ni, Co, Mn, Al, etc.) is isostructural with α-NaFeO2, 
where the rhombohedral crystal with O3-type layered oxide struc-
ture, formed by a cubic close-packed (ccp) lattice, is surrounded 
by oxygen atoms (Figure 2a).[14] Considering that the octahedral 

Figure 2. a) Lattice of the NMC layered structure, tetrahedral site pathway (route I), and oxygen dumbbell pathway (route II) for Li-ion diffusion.  
b) XRD pattern of pristine polycrystalline NMC811. c) Mixing energy predicted from the present bonding model for the solid solution LiMO2 (M = Ni, 
Co, Mn) phase triangle. a) Reproduced with permission.[14] Copyright 2016, Wiley-VCH. b) Reproduced with permission.[15] Copyright 2021, Nature.  
c) Reproduced with permission.[17] Copyright 2016, American Chemical Society.

Figure 1. Current challenges arising in Ni-rich cathode-based LIBs and emerging solutions.
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sites in LiMO2 crystal are occupied by lithium or TMs, the layer 
structure in LiMO2 can be divided into Li slabs and transition 
metal oxide slabs. The thickness of the Li and transition metal 
oxide slabs are represented by d1 and d2, respectively. Such slabs 
alternate each other in the crystal. The relationship between d1 
and d2 is usually represented by d001 = d1 + d2.

It is well known that the layered structure has 2D channels 
for Li-ion diffusion. Apart from that, two kinds of Li-ion diffu-
sion routes have been proposed by Pan and co-workers.[14] Li+ 
ions will either move from one octahedral site to the next site 
through the intermediate tetrahedral sites (route I) or hop via 
the oxygen dumbbells (route II). At the early stage of delithia-
tion, the oxygen dumbbell diffusion is most dominant. When 
about 1/3 of lithium is extracted, the tetrahedral site pathway 
becomes prevailing. Typical X-ray diffraction (XRD) patterns 
corresponding to reflections of (104) and (003) planes are illus-
trated in Figure 2b.[15] Some Li–TM cations disorder can easily 
occur in layered LiMO2, especially at high state-of-charge (SOC) 
or high temperatures, weakening the electrochemical perfor-
mance.[16] The relationship between the intensity of the (104) 
and (003) reflections plays an essential role in cation disorder 
studies. It will be discussed in detail in the following sections.

With various cation dopant ratios in LiMO2, the TM–TM 
bonds show different bond strengths, closely related to the 
phase stability of LiMO2. Cho and co-workers quantitatively 
investigated the relative stability of NCM materials with a 
variation of the Ni, Co, Mn composition (Figure  2c).[17] Based 
on the bond model given in this work, the strong bonds of 
Mn4+Mn4+ (−22.09 kJ mol−1) and Ni2+Mn4+ (−15.28 kJ mol−1)  
lead to the most stable materials composition in the phase 
diagram: LiNi0.5Mn0.5O2. With increasing Co content in  
LiNiyCo1−2yMnyO2, the mixing energy remains relatively low 
until the LiNi1/3Co1/3Mn1/3O2 (NCM111) composition has been 
reached. From NCM111 to LiNiO2, the ternary composition is 
showing reduced phase stability. In contrast, a higher content of 
Mn ion leads to higher mixing energies and compromised mate-
rial stability, which can be seen in Figure  2c near the LiMnO2 
vertex, where the number of weak Mn3+–TM bonds is large.

2.2. Electrochemical Properties

The Ni-content in NCM materials mainly determines the elec-
trochemical properties and structural stability. Nowadays, many 
studies confirmed a concomitant increase in storage capacity and 
decreased electrode stability with increasing Ni-content.[18,19] Par-
ticularly, an increasing Ni ratio results in a simultaneous increase 
in high-valence Ni ions (Ni3+, Ni4+), which contributes to the 
higher capacity. However, these ions tend to easily react with the 
battery electrolyte, resulting in detrimental cycling instabilities.

Major and co-workers studied NCM materials with different 
Ni-content by employing the density functional theory (DFT) 
method and elaborated on the crucial effect of the Ni-content.[20] 
The amounts of high-valence Ni ions (Ni4+) in NCMs are pre-
sented in Figure 3a. It can be seen that the amount of Ni4+ 
increases from low-Ni NCMs (NCM424: LiNi0.4Co0.2Mn0.4O2, 
NCM523: LiNi0.5Co0.2Mn0.3O2) to Ni-rich NCMs (NCM622: 
LiNi0.6Co0.2Mn0.2O2, NCM811: LiNi0.8Co0.1Mn0.1O2). The Ni ions 
in NCM consist of Ni2+, Ni3+, and Ni4+, the increase of Ni-content 

in NCMs brings a higher amount of Ni4+ in the supercell. Note 
that the concentration of Ni4+ decreases rapidly with the increase 
of SOC. That means Ni4+ can easily react with oxygen or electro-
lyte species during charging due to the low-lying lowest unoc-
cupied molecular orbital (LUMO), resulting in fast degradation.

Recent studies have further confirmed that NCMs with higher 
Ni fractions reveal lower capacity retention upon cycling. The 
experimental result of NCMs with various Ni-content is given by 
Sun and co-workers, as shown in Figure 3b.[18] Ni-rich cathodes 
suffer from severe capacity decay. When the composition reaches 
LiNiO2, the capacity retention drops to ≈75% after 100 cycles, 
making it unsuitable for practical applications. Apart from the Ni-
content in the compounds, the higher Li utilization (higher SOC) 
is also a leading cause of accelerating mechanical fracture. Man-
thiram and co-workers similarly detected the abrupt lattice col-
lapse of NCMs with various Ni-content (90, 70, 50, and 33 mol%). 
When Li-utilization reaches 80% at high cut-off given voltage, 
structural deterioration consistently occurs in various NCMs.[21]

Figure  3 further summarizes the fundamental electro-
chemical characteristics of Ni-rich NCM-based electrodes.[18] 
The charge–discharge voltage curves (Figure  3c) indicate that 
for Ni-rich NCMs (x > 90%), the specific capacity is improved 
despite its reduced stability shown in Figure  3b. The authors 
experimentally confirmed that the discharge capacity of Ni-
rich NCMs displays a linear relationship with the Ni-content in 
the compounds. At the same time, the theoretical capacity of 
NCM of 275 mAh g−1 indicates considerable potential for fur-
ther growth. An increasing Ni content is therefore essential for 
further developments. That becomes one of the most crucial 
research directions. Furthermore, a higher Ni-content also leads 
to an enhanced rate capability, as shown in Figure  3d, where 
the rate capabilities of NCM622 and LiNi0.90Co0.05Mn0.05O2 
(NCM900505) are compared.[22]

A comprehensive understanding of NCM phase transforma-
tions during the charge and discharge processes is critical for 
mechanistic studies. Prior to the work of Dahn and co-workers 
in 1993, the structural evolution of layered LiNiO2 as a func-
tion of voltage was only investigated in two-phase regions.[16] 
Using in situ XRD measurements, they, for the first time, pro-
posed four-phase regions for the operation of LiNiO2 electrodes. 
Such a phase diagram has been widely accepted in other NCM 
studies since then. The four phase regions have been described 
as follows. During the delithiation process Li1−xNiO2 (x changes 
from 0.0 to 0.82) undergoes various phase transitions, starting 
from hexagonal-1 (denoted as H1) to monoclinic (denoted as M), 
then from M to hexagonal-2 (denoted as H2), and finally from 
H2 to hexagonal-3 (H3). Table 1 summarizes the evolution of 
phase region in LiNi1−xO2 with the increase of voltage. The defi-
nitions of three hexagonal phases are determined by the evo-
lution of lattice parameters in Li1−xNiO2. They can be traced in 
the differential capacity (dQ/dV) curves.[23] Such plots provide 
a suitable way to identify the phase transformations of corre-
sponding layered Ni-rich materials electrochemically. Based on 
the analysis of LiNiO2, the phase evolution of NCMs with var-
ious Ni-content is illustrated in Figure 3e.[18] In the case of the 
NCMs with a Ni ratio higher than 80% (LiNi0.95Co0.025Mn0.025O2, 
LiNi0.9Co0.05Mn0.05O2, and LiNi0.8Co0.1Mn0.1O2), the phase trans-
formations are similar to those in LiNiO2, showing the orig-
inal H1 phase transformed into M, H2, and H3 phases. Three 

Adv. Energy Mater. 2021, 11, 2103005
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Figure 3. a) The amount of Ni4+ ions as a function of SOC in the supercell of various NCMs via the calculation of DFT. b) Capacity retention at 0.5C 
after 100 cycles plotted as a function of the Ni content. c) Initial charge and discharge voltage curves for LiNixCoMn1−x−yO2 (x = 0.6, 0.8, 0.9, 0.95, and 1), 
and comparison of the 0.5C discharge capacities as a function of Ni content (x). d) Rate capabilities of NCM622 and NCM900505 cathodes at various C 
rates in the voltage range of 2.7–4.3 V. e) Differential capacity profiles (dQ/dV) of various NCM materials. a) Reproduced with permission.[20] Copyright 
2017, American Chemical Society. b,c) Reproduced with permission.[18] Copyright 2018, American Chemical Society. d) Reproduced with permission.[22] 
Copyright 2017, American Chemical Society. e) Reproduced with permission.[18] Copyright 2018, American Chemical Society.

Adv. Energy Mater. 2021, 11, 2103005
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phase-coexistence regions are located at around 3.7 (H1+M), 4.0 
(M+H2), and 4.2  V (H2+H3). The transition from H2 to H3 
under a high voltage regime is mainly attributed to the abrupt 
shrinkage on the c-axis in the unit cell, resulting in detrimental 
anisotropic lattice volume changes. In the case of NCM622, the 
peak of the H2-to-H3 transformation is absent in the phase dia-
gram. Apparently, the existence of the H2–H3 peak is becoming 

distinct with the increasing of Ni-content, suggesting that the 
H2–H3 transformation plays a significant role in the structural 
stability. Thus, it is of importance to thoroughly investigate the 
lattice collapse at high SOC in Ni-rich NCMs.
Figure 4a shows a typical plot differential capacity plot as 

a function of electrode voltage.[24] Depending on the cut-off 
voltage, the full profile can be split into stable (green) and 
unstable (red) regions. When the voltage is above 4.11  V, the 
electrode undergoes the H2–H3 transition, accompanied by 
lattice oxygen reduction. This transition induces the lattice col-
lapse and is considered harmful for maintaining the reversible 
storage capacity. Based on theoretical and experimental studies, 
the lattice collapse of Ni-rich NCMs is linked with c-axis lattice 
shrinkage during the H2-to-H3 phase transition. The c-axis 
parameter is related to the distance between the Li layers in the 

Table 1. Summary of phase regions of LiNi1−xO2 in the indicated voltage 
range.[16]

Phase region H1 H1+M M M+H2 H2 H2+H3 H3

x in LiNi1−xO2 <0.15 0.15–0.25 0.25–0.50 0.50–0.57 0.57–0.68 0.68–0.82 >0.82

Voltage range [V] <3.7 3.7 3.7–4.0 4.0 4.0–4.2 4.2 >4.2

Figure 4. a) Typical dQ/dV curves for Ni-rich NCM/Li cells. b) c-axis lattice parameter as a function of x in LixMO2. c) Lattice parameter evolution 
of Li1−xNi0.6Co0.2Mn0.2O2 during charge and discharge, and the structural evolution of the NCM622 cathode material during the first deintercalation 
process from x = 0 to x = 1.0. a) Reproduced with permission.[24] Copyright 2020, Elsevier. b) Reproduced with permission.[25] Copyright 2019, American 
Chemical Society. c) Reproduced with permission.[26] Copyright 2018, Wiley-VCH.
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electrode material. It shows a similar evolutionary trend with 
the unit cell volume, regardless of the various compositions and 
Ni-content (from 50% to 95%). The evolution of the c-axis lattice 
parameter as the function of voltage and Li content during del-
ithiation has been collected and calculated by in situ XRD exper-
iments, as shown in Figure 4b.[25] Apparently, the length of the 
c-axis lattice experiences a sudden decrease when the voltage 
reaches 4.1 V when the cathode is at higher SOC. Comparable 
results have been obtained and verified by many other studies. 
That indicates the highly unstable H2-to-H3 phase transition in 
Ni-rich layered materials is strongly related to the anisotropic 
lattice parameters change during deep delithiation.

Although the above conclusion has been widely accepted 
nowadays, Yoon and co-workers brought a new under-
standing regarding the lattice parameters evolution of 
LiNi0.5+xCo0.2Mn0.3−xO2 (x = 0, 0.1, 0.2) materials during (dis)
charging.[26] In previous studies, the Co and Mn content in Ni-
rich NCMs are changed independently.[27] Since the role of Mn 
does not associate with the charge composition mechanism, the 
authors fixed the Co content in various Ni-rich NCMs for a more 
detailed investigation of the effect of Ni. For the layered material, 
the c-axis parameter can be calculated by combining the thick-
ness of the TMO6 slab and the LiO6 interslab, as illustrated in 
Figure 4c. Based on high-resolution powder diffraction (HRPD) 
experiments, it is found that movement of Li+ ions has a close 
relationship with the thickness of the LiO6 interslab, while it 
seems not related to the thickness of the TMO6 slab. The sharp 
decrease of the c-axis parameter at high SOC is mainly attributed 
to the decreasing TMO6 slab thickness rather than LiO6. The 
thickness of the LiO6-interslab in the fully delithiated state even 
shows a slight increase compared with the original state due to 
electrostatic repulsion. In addition, shrinkage of the c-axis para-
meter with increasing Ni-content is also due to the shrinkage of 
the TMO6 slab thickness. In contrast, the distance of LiO6-inter-
slab remains almost the same. This work offers a unique insight 
into the lattice change of Ni-rich cathodes during the electro-
chemical process and sheds more light on the charge evolution 
mechanism. Since the development of Ni-rich cathodes aims 
to a much higher Ni-content, a profound understanding of the 
phase transition behavior is essential for the degradation exami-
nation and the redemption of strategies exploration.

3. Degradation Mechanisms

Despite the growing expectations toward Ni-rich cathode-based 
LIBs, their practical application is still restricted due to the rapid 
performance degradation and safety hazard issues. Generally, 
for a Ni-rich cathode-based LIB, the degradation problem can 
originate from different parts in the battery system: cathode, 
electrolyte, and anode. The current problems and challenges that 
Ni-rich cathodes are still facing can be summarized as follows: 1) 
Residual lithium compounds (RLCs) that are inevitably formed 
during the material preparation process; 2) cation disorder (or 
Li/TM lattice mixing) triggered by the material synthesis and 
battery cycling; 3) structural reconstruction occurring at the 
electrode surface during electrochemical operation, induced by 
the layered-spinel-rock-salt phase transition combined with the 
formation of lattice oxygen vacancies; 4) O2 and CO2 gas release 

at the electrode material surface, which is closely related to sur-
face reconstruction and side-reactions with the electrolyte; 5) 
transition metal dissolution as the consequence of HF attack; 6) 
intragranular and intergranular cracks formed at high SOC and 
intensive cycling; and 7) The fragile thermal stability, which may 
lead to thermal runaway, leading to serious safety concerns.

Apart from the various degradation mechanisms at the 
cathode side, detrimental reactions in the anode and the elec-
trolyte could also cause further battery performance decay. On 
the one hand, the graphite anode suffers from severe volume 
expansion and graphite layer collapse. In contrast, the Li-metal 
anode suffers from dendrite growth and the formation of “death 
lithium” spots. On the other hand, electrolyte decomposition 
will spontaneously engage in the solid-electrolyte-interphase 
formation at both the cathode and anode, forming passivating 
layers at both electrodes. All the above challenges are generally 
interlinked in the battery operation. Therefore, a comprehensive 
and in-depth study of these problems is essential for developing 
LIBs with a prolonged life span and improved stability. The deg-
radation mechanisms associated with Ni-rich cathodes, anodes, 
and electrolytes will be presented in subsequent sections.

3.1. Cathode

3.1.1. Residual Lithium Compounds

RLCs are inevitably formed in Ni-rich cathodes and mainly 
consist of LiOH, Li2CO3, Li2O, Li2O2, and LiHCO3.[28] Most 
of these compounds will eventually convert into LiOH and 
Li2CO3 during storage. The formation of RLCs stems from two 
processes. During the synthesis process, an excess amount of 
lithium salts (typically 5 mol% higher) is added as transition 
metal precursor(s) to compensate for the lithium loss during 
calcination because of the volatilization of lithium at high tem-
peratures. On the one hand, a higher amount of lithium salt 
can inhibit Li/TM mixing. On the other hand, the excessive 
lithium content will remain at the particle surface and simul-
taneously react with H2O, O2, and CO2 in the air.[29] With an 
increasing Ni-content in Ni-rich cathodes, a lower calcination 
temperature and higher oxygen purity will be needed during 
preparation. That will likely lead to the formation of undesir-
able RLCs layers.[30] The highly active Ni3+ ions in the cathode 
material can contribute to the RLCs formation as well. The 
spontaneous reduction of Ni3+ to Ni2+ at the surface will give 
rise to lattice oxygen O2− oxidation and the consequent reaction 
with Li+. It can be described by the following equations[31]

( )+ → ++ − + −Ni O lattice Ni O3 2 2  (1)

( )+ → +− − −O O O active O2  (2)

O O O ;O O O2 2+ → + →− −  (3)

( ) + →− − −O active CO /H O CO /OH2
2 2 3

2  (4)

+ →+ − −2Li CO /2OH Li CO /2LiOH3
2

2 3  (5)
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Figure 5a shows a schematic representation of RLCs 
growth at a Ni-rich cathode surface.[32] The actual composi-
tion and amount of surface impurities vary with the synthesis 
parameters and storage conditions, such as temperature and 
air humidity. This Li-salt layer can be detected by transmis-
sion electron microscopy (TEM), as shown in Figure  5b. 
The lattice spacing of 2.35 Å is assigned to the (012) plane 
of the layered NCM811 material. An inhomogeneous Li-salt 
layer can be observed at the surface with a thickness around 
3  nm. X-ray photoelectron spectroscopy (XPS) depth profile 
was also employed on a pristine LiNi0.80Co0.15Mn0.05O2 mate-
rial (Figure 5c). In the O 1s spectra, the peak located at 531 eV 
is attributed to Li2CO3 (or LiOH), and the peak at 528.8  eV 
is the binding energy of TM–O in NCM. The peak intensi-
ties expose the amount and distribution of RLCs with sput-
tering depth, revealing the enrichment of the impurities at 
the NCM surface.

Many studies have confirmed that the generation of RLCs 
surface layers is detrimental to the performance of Ni-rich 

cathodes. The most efficient and feasible way to remove RLCs 
from the surface is by the water washing method. However, the 
washing will lead to capacity losses (Figure 5d), as water tends 
to react with the active electrode material at the subsurface and 
partially destroy the material’s crystalline structure, which is a 
kind of tradeoff.[33] Moreover, the water washing process also 
increases the sensitivity of Ni-rich cathodes to air, so careful 
control of washing parameters is required. Though the washing 
treatment leads to a reduced storage capacity, it offers enhanced 
electrode stability and moderate gas evolution compared in 
comparison to untreated electrode materials.

The study of Park et al. demonstrates that the total amount 
of gas evolution was reduced by 25% for treated samples after  
300 cycles in a LiNi0.80Co0.15Mn0.05O2/graphite cell (Figure 5e).[34] 
The accumulation of gas in a battery places a considerable 
safety hazard. The gas generation in the battery predominantly 
arises from the reaction between RLCs and the electrolyte as 
well as phase transitions inside the electrode material. The 
latter factor will be illustrated in details in the following section, 

Figure 5. a) Schematic representation of the formation process of LiOH and Li2CO3 at an LiNi0.7Mn0.3O2 cathode surface. b) TEM images of a pristine 
NCM811 cathode surface. c) XPS depth spectra of O 1s at the surface of bare LiNi0.80Co0.15Mn0.05O2. d) The discharge capacity of an NCM811/Li cell 
before and after washing with water and discharge stability of a LiNi0.80Co0.15Mn0.05O2/graphite cell. e) Gas evolution after cycling 300 times for a bare 
LiNi0.80Co0.15Mn0.05O2 cathode and a washed one. a) Reproduced with permission.[32] Copyright 2016, Elsevier. b,d) Reproduced with permission.[33] 
Copyright 2018, Elsevier. c–e) Reproduced with permission.[34] Copyright 2018, Wiley-VCH.
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while the mechanism of RLCs reacting with electrolyte during 
cycling has been described reaction sequence[34]

+ → + +2LiOH LiPF 3LiF POF H O6 3 2  (6)

+ → + +LiPF H O LiF OPF 2HF6 2 3  (7)

+ → + +Li CO 2HF 2LiF H O CO2 3 2 2  (8)

3.1.2. Cation Disorder

Cation disorder is a phenomenon also known as Li/TM ions 
mixing in Ni-rich layered cathodes. Among the basic cations in 
Ni-rich cathodes, such as Ni2+, Co3+, Mn3+, Al3+, etc., Ni2+ ions 
show a high propensity to mix with Li+ ions due to the sim-
ilar ionic radii of Ni2+ (0.69 Å) and Li+ (0.76 Å) cations. Such 
mixing leads to crystal structure transformation from a pris-
tine layer via a spinel phase to the final rock-salt phase. The 
Li-ion mobility will be hindered due to this cation disordering, 
thus reducing the rate capability of Ni-rich cathodes. It is worth 
noticing that cation disorder is observed during the synthesis 
process and exits throughout the whole battery life. This Li/Ni 
mixing tendency becomes much more frequent with increasing 
Ni-ratio, operation temperature, cut-off voltage, and SOC.

Finding a suitable reactant ratio between the TM-precursor 
and lithium salt is the starting point for restraining TM migra-
tion during calcination. Chu and co-workers recently investi-
gated the influence of the Li-excess during calcination on the 
Li/TM mixing.[35] The schematic diagram shown in Figure 6a 
shows that the samples prepared with Li/TM ratios of 1.00, 
1.06, and 1.12 are denoted by E00, E06, and E12, respectively. It 
is found that the Li slab in the lattice will experience shrinkage 
under both Li-loss (E00) and Li-excess (E12) conditions. For the 
E00 Li-loss sample, lithium volatilization during calcination 
will cause unoccupied defects in the sample. A large number 
of defects in lattice lead to contraction of the Li slab and eventu-
ally create severe Li/TM disorder. For the E12 Li-excess sample, 
the extra Li will partially occupy TM (3b) sites. The introduction 
of slightly larger Li+ ions leads to larger TMO6 octahedrons, 
expanding the distance between TM slabs and contracting the 
Li slab resulting in Li/TM disorder. Only the sample with the 
most optimal Li/TM ratio (E06) shows a broader Li slab. The 
expansion of the Li slab and shrinkage of TMO6 will guarantee 
better Li-ion diffusion.

In situ XRD is a proper method to diagnose cation dis-
order and can even provide quantitative analyses.[36] The rela-
tive intensity ratio between the (003) and (104) plane reflection 
(R = I(003)/I(104)) reveals the degree of cation disorder in the bulk 
of the material. Figure 6b illustrates the positions of the (003) 
and (104) planes in the lattice, where TM ions, Li+ ions, and 
O ions are evenly distributed in the (104) planes, making the 
reflection of (104) independent of the ordering. In contrast, 
the reflection of the (003) plane is highly sensitive to cationic 
ordering. When Li/Ni mixing occurs in the crystal, the X-ray 
reflection intensity of the (003) plane will reduce, leading to a 
decrease of the R-value. Thus, a preliminary determination on 

the degree of cation disorder can be obtained from the XRD 
result through the peak intensity ratio between the (003) and 
(104) plane. Wang and co-workers applied in situ XRD to study 
the structural ordering evolution of LiNiO2 and LiNi0.8Co0.2O2 
during calcination.[36] Their results highlight Co substitution’s 
significance in facilitating the initial nucleation of Li-deficient 
layered structure at low temperatures and restraining the cation 
disorder at high temperatures.

The cation disorder is also detectable during the high-
temperature lithiation reaction of the calcination process. Liu 
and co-workers employed in situ high-temperature synchro-
tron radiation diffraction (HTSRD) to systematically inves-
tigate the nonequilibrium formation of layered NCM622 
(Figure  6c).[37] The starting reactants are the TM-hydroxide 
Ni0.6Co0.2Mn0.2(OH)2 (NCM622OH) precursor with trigonal 
layered structure (P 3 m1, T1 phase), and lithium source 
LiOH·H2O. The in situ HTSRD pattern shows that the charac-
terized reflections of NCM622OH gradually disappear when the 
temperature increases to 300 °C. Furthermore, a metastable lay-
ered Li1−x(Ni0.6Co0.2Mn0.2)1+xO2 with a higher degree of Li/TM 
exchange of about 30% is detected at around 500 °C. The Li/TM 
exchange ratio can be obtained from the c/a ratio calculation, as 
presented in the previous paragraph. With further increasing 
the temperature up to 900  °C,  a  well-defined trigonal layered 
phase NCM622 can be indexed. Based on this investigation, it 
has been identified that complex reactions occur between the 
TM-precursor and lithium sources during the thermal treat-
ment in the air. Three dominant components (NCM622OH, 
Li1−x(Ni0.6Co0.2Mn0.2)1+xO2, and NCM622) have been identi-
fied throughout the process. Additionally, it is shown that a 
longer thermal treatment time should be considered at lower 
heating temperatures to stabilize the final structure. Therefore, 
it is important to carefully control the heating temperature and 
duration time to mitigate the cation disorder degree of Ni-rich 
cathodes. Noteworthily, the synthesis of different Ni-rich cath-
odes may require a different set of heating parameters.

The visualization of Li/TM migration at an atomic scale 
has been realized by applying scanning transmission elec-
tron microscopy (STEM). Based on the STEM measurements, 
Zhang and co-workers proposed two possible TM ions migra-
tion pathways, as illustrated in Figure 7a.[38] The first process 
is “single TM migration,” where one single TM ion migrates to 
the nearest surface vacancy of the Li site (VLi). The second pro-
cess is “TM–O comigration,” when a single TM ion migrates 
to the nearest surface VLi, and the nearest O ion migrates to 
the outermost layer simultaneously. Among all TM–O comi-
grations, the Ni2–O migration was accompanied by the lowest 
formation energy, implying the higher tendency for Ni ions to 
migrate with O ions. In addition, Zhang and co-workers fur-
ther divided the second process into three different trajectories: 
1) single Ni-migration, 2) Ni–O comigration, and 3) O migra-
tion followed by Ni migration. Another enlightened work of the 
same group is the in operando observation of cation disorder, 
elaborating its impact on battery voltage decay.[39]

The high-angle annular dark-field STEM (HAADF-STEM) 
images of Figure  7b show the atomic arrangement as a func-
tion of measurement time, revealing the gradually increasing 
number of NiLi (migrated Ni ion) in Li sites during cation 
migration. Moreover, the authors observed that the TM  
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migration gives rise to some fluctuation of NiO bond length 
(Figure  7c). The length of NiO changes in the range of  
1.804–2.184 Å, corresponding to the rate of −10.2% to 8.6% in 
comparison to the pristine NiO length (2.010 Å). They fur-
ther performed calculations of the energy bands of LiNiO2 with 
the pristine NiO bond length, increased NiO bond length 
(+8%), and decreased NiO bond length (−8%). The 0% pris-
tine length is defined by the primitive LiNiO2 cell, taken from 
the DFT simulation package. The calculation results reveal 
that the changes of NiO bond length (+8% and −8%) will 
both ultimately lift the energy density of eg* antibonding orbits  

(3dz2–2p)* in the NiO6 octahedrons. Given the fact that the 
thermodynamic equilibrium voltage of a full-cell is determined 
by the energy gap between Li 2s and the highest occupied mole-
cular orbital (HOMO) energy level ((3dz2–2p)* in NiO6), lifting 
the HOMO level will ultimately result in a cell voltage decline.

3.1.3. Surface Reconstruction

Surface reconstruction in Ni-rich cathodes is related to a phase 
transition process, mostly at the material’s surface. During this 

Figure 6. a) Schematic diagram of NCM materials with different Li/TM ratios of 1.00 (E00), 1.06 (E06), and 1.12 (E12) in LiMO2. b) Illustration of the 
atomic configuration and evolution of the intensity of the (003) and (104) reflections during synthesis of LiNi0.8Co0.2O2. c) In situ HTSRD pattern evolu-
tion during NCM622 synthesis and the evolution of cation disordering as a function of reaction time. a) Reproduced with permission.[35] Copyright 2020, 
American Chemical Society. b) Reproduced with permission.[36] Copyright 2017, Wiley-VCH. c) Reproduced with permission.[37] Copyright 2021, Wiley-VCH.
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phase transition, the original crystal structure changes from 
layered-structured to spinel and eventfully to rock-salt. Typical  
differential capacity profiles can be observed at the highly  

delithiated state, as previously shown in Figure 4a, suggesting that  
the H2-to-H3 transition is responsible for this process.[40] This 
transformation is the combined impact of cation disorder and 

Figure 7. a) Schematic representation of the outward migration paths of TM and O ions along the out-of-plane direction and the formation energy 
of “single TM migration” and “TM–O comigration.” b) Evolution of atomic arrangements during TM migration viewed along the [110] orientation.  
c) Evolution of the average interlayer distance between TM slabs (d), spacing distance between two TM ions (h), and Ni–O length during TM migration. 
Schematic diagram of eg* antibonding orbits hybridized by Ni 3dz

2 and O 2p orbits in NiO6 octahedron with different NiO bonds. a) Reproduced 
with permission.[38] Copyright 2021, Wiley-VCH. b,c) Reproduced with permission.[39] Copyright 2020, Wiley-VCH.
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lattice oxygen loss and is accelerated at high Ni-content, high 
SOC, and high temperatures. The following equations describe 
this transition[41]

( ) ( ) [ ]→ +3NiO layered Ni O spinel 2 O2 3 4  (9)

( ) ( ) [ ]→ − +Ni O spinel 3NiO rock salt 2 O3 4  (10)

The formed rock-salt phase has poor Li transportation 
kinetics, resulting in blocking Li-ion diffusion paths and 
reducing ionic conductivity. The NiO-like rock-salt phase in 
the surface reconstruction layer grows epitaxially on the edge 
of aged Ni-rich cathodes. Grey and co-workers proposed a sur-
face reconstruction-driven degradation mechanism for NCM811 
by applying in situ synchrotron-radiation powder X-ray diffrac-
tion (SR-PXRD).[15] During the long-duration electrochemical 
cycling experiments, the phase fraction obtained for the aged 
NCM811 cathode reveals a growing proportion of fatigued 
phase. In contrast, the amount of electrochemically active 

phase is decreasing. In the fatigued phase, the layered structure 
in the bulk material will be pinned by the thick rock-salt sur-
face layer due to the high interfacial lattice strain, as illustrated 
in Figure 8a. Thus, the Li slab is prevented from contracting 
further, making the active Li+ trapped in the lattice, which is 
no longer available to participate in the delithiation process at 
the higher SOC. Their analysis indicates the lattice mismatch 
between the layered and rock-salt phases developing after inten-
sive cycling of Ni-rich cathodes, restricting the reversible SOC 
range to 75%. Attempts to reach higher SOC values by applying 
higher cut-off voltage lead to even larger lattice mismatches and 
even more rapid electrode degradation.

Some studies also demonstrate that phase transitions can 
already be detected before lithiation occurs at the material sur-
face. Su and co-workers investigated the structural evolution 
close to the surface region at the atomic scale by in situ TEM.[42] 
They confirmed that crystallographic defects in pristine 
materials could trigger the formation of additional phases and 
distinct boundaries between three phases (layered, spinel, rock-
salt). These intrinsic defects enable the appearance of a broad 

Figure 8. a) Illustrations of the NCM811 structural evolution of the active and fatigued phase during delithiation. b) HAADF-STEM images before and 
after delithiation of NCM76 surface. c) The kinetics of a series of reaction steps required by the layered → rock-salt phase transformation. a) Reproduced 
with permission.[15] Copyright 2021, Nature. b,c) Reproduced with permission.[42] Copyright 2020, Wiley-VCH.
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area with a spinel phase even before lithiation. Subsequently, 
the rock-salt phase starts growing and keeps propagating after 
lithiation (Figure  8b). According to these observations, the 
structural changes tend to evolve along with planar defects. 
DFT calculations suggest that the existence of a coherent twin 
boundary (TB) in the crystal reduces the energy barrier of cation 
migration and provides a more feasible pathway for Li/TM  
diffusion (Figure  8c). This work reveals that intrinsic crystal-
lographic defects in Ni-rich cathodes significantly influence the 
layer-spinel-rock-salt phase transformation. Additionally, Wang 
and co-workers observed that evolution of the rock-salt phase 
upon electrochemical cycling can also develop along the grain 
boundaries in LiNi0.76Mn0.14Co0.10O2 (NMC76) (Figure 9a).[43]  
Apart from the crystallographic defects in the primary particles, 
structural reconstruction is also escalated by the direct contact 
with the liquid electrolyte and oxygen depletion in the crystal 
lattice.

Surface reconstruction is generally considered as an unfa-
vorable consequence of electrochemical cycling in Ni-rich 
cathodes. Studies have shown that this layer is already formed 
during the synthesis process and found in freshly prepared 
samples. Interestingly, the formation of this surface recon-
struction layer (SRL) is facet-dependent. Chen and co-workers 
reported that the surface layer was selectively constructed on 
the non-(001) surface at the pristine NCM622 particles. In 
contrast, no such layer is observed at the (001) surface.[44] As 
shown in Figure 9b, Li loss occurs during the heating treatment 
at the non-(001) surface, leaving behind Li-vacancies in the lat-
tice. The Li loss is accompanied by O losses. These vacant sites 
then become available for the development of defects for Li/Ni 
mixing. At the same time, at the (001) surface, the TM–O–Li 
layers significantly hinder such evolution, resulting in a negli-
gible formation of surface reconstruction layers (Figure 9c).

3.1.4. Gas Release

The gas releasing problem is the most hazardous safety issue 
in LIBs. The reactions involved in the gas release are typically 
exothermic, triggering a series of chain reactions and eventu-
ally leading to a severe risk of catastrophic self-combustion of 
the battery.[45] The gaseous decomposition products are generally 
CO2 and O2. In Ni-rich cathodes, the origins of gas generation 
arise from three aspects, as schematically shown in Figure 10a: 
1) Electrolyte/surface mixed reactivity, including lattice oxygen 
loss induced by the structural defects (cation disorder and sur-
face reconstruction as discussed above), lithium hydroxides, and 
unreacted precursors at the surface; 2) decomposition of Li2CO3 
and reaction with the electrolyte; 3) direct electrolyte oxidation.[46]

High SOC will accelerate gas generation due to the presence 
of surface defects. A high delithiation state also stimulates elec-
trolyte decomposition reactions. Washing has been frequently 
used to alleviate such side effects as the gaseous products that 
stem from surface contaminations. Studies have confirmed 
that different solvents and procedures used in the washing pro-
cess will result in various surface contaminations compounds, 
leading to diverse gas evolution behavior. Renfrew and McClo-
skey employed various washing treatments to study the impact 
of surface contamination on the gas evolution in delithiated 

NCM622 (Figure 10b).[47] They prepared NCM622 samples with 
different treatments (18O-NCM622, 18O-MeOH, 18O-H2O, 18O-
soak, Li2CO3-18O, and H2O-18O) and kept the cathodes at 4.8 V 
for a long time while monitoring the gas evolution. It turns out 
that the sample with H2O soaking treatment (18O-soak) shows 
the smallest gas evolution and capacity loss. Their results indi-
cated rather complex gas generation mechanisms depending 
on surface contaminants and defects. Thus, a proper surface 
pretreatment is necessary for reducing overall gas formation.

O2 and CO2 gas evolution in the battery system are signifi-
cantly accelerated under high voltage operation. As shown in 
Figure  10c, the gas formation at the NCM622 electrode was 
investigated by applying differential electrochemical mass 
spectrometry (DEMS) under potentiostatic control at 4.8 V.[47] 
Interestingly, the CO2 and O2 evolution exhibit diverging 
behaviors. The O2 evolution rate reached a maximum at the 
end of galvanostatic charging at 4.8 V and dropped during the 
potentiostatic period as the current fell. In contrast, the CO2 
evolution rate continues to rise at the beginning of the poten-
tiostatic period. It starts to drop only after ≈1 h. This trend 
suggests that the amount of O2 evolution is closely related to  
the lattice defection at the outermost surface, influenced  
by the delithiation depth. The CO2 evolution mostly depends on 
the decomposition of Li2CO3 (and electrolyte) at the cathode 
surface. This conclusion has been further confirmed by 
growing a surface carbonate layer and studying these mate-
rials as a function of various cut-off voltages. The surface 
carbonate layer has already been detected at 3.9  V, while the 
onset voltage of O2 lattice loss was found at around 4.45  V. 
Most of the electrolyte degradation products will stem from 
the surface after discharge. On the contrary, the formation of 
the surface disorder layer is irreversible and can persist at the 
electrode surface.

It has been widely accepted that the complex interaction 
between surface reconstruction and interface reactivity results 
in gaseous decomposition products. Apart from the decompo-
sition of surface impurity products, CO2 generation could also 
originate from phase transformation at the electrode surface. 
Figure 11a schematically shows these reactions at the electrode 
surface, as found by Berg and co-workers.[48] On the one hand, 
partly oxidized surface oxygen reacts with organic carbonate elec-
trolytes, such as ethylene carbonate (EC), dimethyl carbonate 
(DMC), diethyl carbonate (DEC), etc., which results in CO2 
generation. On the other hand, lattice oxygen losses induced 
by structural transformations (LiMO2→MO or M3O4) lead to 
O2 evolution. Additionally, the evolving CO2, O2, and R–O inter-
mediates generated from electrolyte decomposition are known 
to be strongly reactive toward electrolyte solvents, contributing 
to the formation of the surface inactive layer. Analysis based 
on the electrochemical mass spectroscopy (EMS) shows that 
the onset point of gas formation falls within a narrow range of 
Ni-oxidation state (85–100%). Higher Ni-content facilitates gas 
formation (Figure  11b). The authors also presented electronic 
density of state (DOS) calculations for NCM111 and NCM811 
at three different states, as illustrated in Figure 11c. They con-
cluded that the rate of gas formation (CO2 and O2) is mainly 
determined by the rate of electron depletion from Ni–O2* sur-
face state. To a smaller extent, it is affected by the competitive 
Co t2g bulk oxidation and Co–O2* surface states.
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3.1.5. Transition Metal Dissolution

The dissolution of transition metal ions from the cathode 
into electrolyte is an inevitable process, resulting in capacity  

degradation because of the loss of Li-ion insertion sites in the 
host structure. It is mainly triggered by corrosion of electrolyte  
decomposition byproducts, such as HF and HClO4. It acceler-
ates at elevated temperatures and high operating voltages. It is 

Figure 9. a) HAADF-STEM images of a twin boundary in pristine and cycled NMC76. b) Schematic representation of the annealing process that leads 
to surface reconstruction layer (SRL) growth at the pristine NMC surface. c) HRTEM images at the (001) surface and non-(001) surface. a) Reproduced 
with permission.[43] Copyright 2020, American Chemical Society. b,c) Reproduced with permission.[44] Copyright 2020, American Chemical Society.
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Figure 10. a) Possible reaction routes for gas formation at the surface. b) Rate of *O2 and carbon dioxide evolution for NMC622s under various treat-
ments (18O-NCM622: the baseline sample synthesized via conventional procedure; 18O-MeOH: sample treated by methanol rinsing; 18O-H2O: sample 
treated by H2O rinsing; 18O-soak: sample treated by H2O soaking; Li2CO3-18O: sample treated by Li2CO3 enriching; H2O-18O: sample treated by H2O 
washing and 18O enriching). c) Gas evolution and corresponding voltage profiles for NMC622. a,b) Reproduced with permission.[46] Copyright 2019, 
American Chemical Society. c) Reproduced with permission.[47] Copyright 2019, American Chemical Society.
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widely acknowledged that the electrolyte solvents might contain 
traces of water during manufacturing, which react with lithium 
salts (LiPF6 or LiClO4), yielding acidic species. The related reac-
tions can be described as follows[49]

+ → + +LiPF H O LiF HF POF6 2 3  (11)

+ → +LiClO H O LiCl HClO4 2 4  (12)

Alternatively, the generation of HF and HClO4 can arise from 
reactions between organic solvents and PF6

− or ClO4
−, such as 

the one-electron oxidation of EC-PF6
−. Transition metal dissolu-

tion might also occur due to the formation of low valence ions 

Figure 11. a) Schematic representation of selected reactions resulting in gas formation. b) The dependence of gas evolution on the state of Ni oxida-
tion. c) Qualitative DOS diagrams for NCM111 and NCM811 at full lithiation, maximum nickel oxidation, and complete delithiation. a–c) Reproduced 
with permission.[48] Copyright 2017, American Chemical Society.
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caused by lattice oxygen loss during cycling. Metal ions with 
lower valence states are more soluble in the electrolyte than 
those with higher valence states.
Figure 12a presents evidence of transition metal dissolution 

in secondary particles after battery cycling.[50] The line energy 

dispersive X-ray spectroscopy (EDX) results demonstrate severe 
deficiency of the metal ions at the particle surface, especially Ni 
ions. A similar trend can also be found by the corresponding 
sectionalized chemical composition maps of a single Ni-rich 
NCM particle in Figure 12b.[51] Compared with the pristine state, 
the particles in cracked and especially in the broken states dem-
onstrate increasing transition metal deficiencies. Notably, the 
metal content decreases dramatically in the cracked and pulver-
ized particles, suggesting that transition metal ions prefer to be 
released from the broken sites. The fractured particles reveal 
a larger specific surface area than the intact particles, which 
allowed a severe acid attack and more drastic dissolution of tran-
sition metals. Ion chromatograms of the electrolytes after zero 
(red), two (blue), and 500 cycles (purple) in Figure 12c imply that 
metal dissolution can be detected even at the beginning of bat-
tery cycling. Note that the black line is the standard chromato-
gram of the uncycled NCM powder.[51] The concentration of Ni 
ions in the electrolyte is much higher than Co and Mn, which 
further confirms the extreme instability of Ni at the surface.

The negative impact of transition metal dissolution is 
embodied both in the cathode and the anode side. As illustrated 
in Figure 13a, the dissolved metal ions can cross through the 
separator and deposit at the anode surface after a reduction 
during battery operation.[49] Up to now, several studies have 
demonstrated that the deposited metal nanoparticles might par-
ticipate in the SEI formation and serve as catalysts for electro-
lyte reduction and lithium dendrite growth. Such side reactions 
will negatively influence the battery performance. Gasteiger 
and co-workers applied in situ X-ray absorption spectroscopy 
(XAS) measurements at NCM622-graphite cells to monitor the 
transition metal deposition at the anode.[52] The metal concen-
tration evolutions at the graphite surface were recorded along 
with the charging and discharging process (Figure 13b). During 
the first two cycles up to 4.6 V, no significant increase of metal 
concentration can be detected at the graphite surface. That 
might be due to the detection limit of XAS measurements, con-
sidering that only a small amount of transition metal ions will 
be made available in the electrolyte at the beginning of cycling. 
With the voltage ramping up to 4.8  V, the concentration of 
deposited metal on graphite elevates intensively. Subsequently, 
the K-edge spectra of Ni, Co, and Mn at the graphite surface 
reveal TM ions’ elemental valence state (oxidation state) at the 
graphite surface, as shown in Figure 13c. Based on the analysis 
of the XAS spectra, Ni and Co K-edges match the edge position 
of the +2 oxidation state. In contrast, the edge position of Mn 
is located between +2 and +3 and is challenging to distinguish. 
Cho and co-workers employed XPS and TEM measurements 
on the cycled graphite surface to investigate Ni deposition at 
the anode side.[50] The results reveal that Ni exists at graphite in 
the divalent and metallic states (Figure  13d). Interestingly, the 
metallic Ni nanoparticles can be observed to become part of the 
SEI film on the anode surface.

3.1.6. Intragranular and Intergranular Cracks

Mechanical failure of Ni-rich cathode particles, caused by the 
generation and development of cracks, has been widely consid-
ered a significant factor influencing battery degradation. The 

Figure 12. a) HAADF-STEM image and line EDX of cycled NCM811.  
b) Elemental mapping of Ni, Co, and Mn in LiNi0.87Co0.09Mn0.04O2  
particles at pristine, cracked, and broken states. c) Ion chromatograms of 
the standard uncycled LiNi0.87Co0.09Mn0.04O2 cathode (black line) and the 
ion chromatograms of electrolytes obtained from the cells after zero (red 
line), two (blue line), and 500 (purple line) cycles. a) Reproduced with 
permission.[50] Copyright 2018, Royal Society of Chemistry. b,c) Repro-
duced with permission.[51] Copyright 2019, Elsevier.
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presence of particle cracks can be related to many reasons, such 
as lattice collapse, phase transformation, cation disorder, lattice 
oxygen loss, surface reconstruction, and heterogeneous lithi-
ation/delithiation.[53] According to their positions, the cracks 
can be classified as intragranular or intergranular cracks, as 
illustrated in Figure 14a.[54] Intragranular cracks are commonly 
induced by Ni–Li antisite defects and lattice disorder, as well 
as Columbic repulsion between ions. The lattice deficiencies in 
the pristine particles keep growing during extended cycling and 
eventually develop into nanoscale cracks. In contrast, mechan-
ical failure in intergranular cracks is initiated from the inner 
central particle area and spreads toward the surface. The gen-
eration of such cracks is mostly caused by the random crystal 
orientation of particles, which leads to anisotropic volume 
changes during cycling.

Min and Cho performed first-principles calculations on 
NCM811 cathode material in the case of the formation of 
intragranular cracks and found an interesting mechanic  

anisotropy.[55] Tensile and compressive stress calculations were 
performed to simulate the delithiation process in the layered 
structure. In-plane and out-of-plane mechanical deformations 
are initiated from two directions. Their results indicate that 
the maximum strength change in the material is not homoge-
neous. The out-of-plane stress is always weaker than those from 
the in-plane (Figure 14b). The subsequent accumulation of this 
strain unbalance during repeated lithiation and delithiation of 
the electrodes will lead to mechanical fatigue, finally resulting 
in intragranular cracks.

More detailed structural information about intragranular cracks 
can be obtained by atomic resolution techniques, such as shown in 
the HAADF-STEM images in Figure 14c.[54] In the fracture region, 
a rock-salt phase has been found in the surface reconstruction  
layer located at the crack’s edge. Such observation suggests that 
the cracks initiate and grow inside the rock-salt phase. Notably, 
with the increasing cycles, the length of the intragranular  
crack along the (003) plane can reach around 440 nm. Compared 

Figure 13. a) Schematic of the dissolution and deposition of TM ions from the cathode. b) Concentration changes of Ni, Mn, and Co on the graphite 
anode with the cycling of NCM622/graphite cell. c) XAS K-edge spectra of Ni, Co, and Mn on the lithiated graphite anode. d) XPS spectra and cross-
section TEM image of graphite anode in cycled NCM811/graphite cell. a) Reproduced with permission.[49] Copyright 2020, The Electrochemical Society. 
b,c) Reproduced with permission.[52] Copyright 2019, The Electrochemical Society. d) Reproduced with permission.[50] Copyright 2018, Royal Society of 
Chemistry.
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with intragranular cracks, intergranular cracks are more observ-
able, especially for the intensively cycled particles. Figure 14d dis-
plays cross-section images of the particles obtained under various 
cycling conditions. After 200 cycles, large amounts of the aniso-
tropic cracks are observed, demonstrating severe pulverization 
and mechanical failure of material particles. Besides, the struc-
tural reconstruction layer with the inactive rock-salt phase formed 
at the surface can also be detected at the edge of the intergranular 
crack. Such a reconstruction layer on the primary particle in the 
cracking area has an estimated thickness of around 30 nm.

The cracking phenomenon has been frequently discussed 
in the literature and represents a combined effect of intra- and 
intergranular cracking.[57] The degree of cracking becomes con-
siderable with higher Ni-content, increasing cycling number, 
and higher SOC. Sun and co-workers studied the cracking evo-
lution of Ni-rich NCMs with various Ni-content.[18] They iden-
tified significant anisotropic shrinkage that occurs during the 
delithiation process in the compounds with a Ni-ratio above 0.8. 
Thus, high Ni content facilitates cracking in the particles and 
leads to the formation of many pores for electrolyte penetration.  

Figure 14. a) Schematic representation of microstructural features of intragranular and intergranular cracks. b) Illustration of the directions of tensile 
and compressive deformation and strength changes for NCM811 under the delithiation process. c) HAADF-STEM images of an intragranular crack 
in cycled NMC811 (RS: rock-salt; SRL: structural reconstruction layer). d) HAADF-STEM images of intergranular cracks in cycled NMC811. e) Lattice 
parameter evolution of Ni-rich NCA electrodes during the first charging cycle. a,c,d) Reproduced with permission.[54] Copyright 2020, Elsevier. b) Repro-
duced with permission.[55] Copyright 2018, Royal Society of Chemistry. e) Reproduced with permission.[56] Copyright 2019, American Chemical Society.
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Consequently, all Ni-rich NCMs show increasing resistances as 
the function of cycling number in impedance measurements. The 
surface of exposed cracks is inactive rock-salt phase (Figure 14d), 
thus resulting in the slack kinetics. Compounds with higher  
Ni-content demonstrate higher overall resistances and higher rate 
of charge transfer resistance increase during cycling.

The formation of intergranular cracks is also more prone to 
occur under inhomogeneous delithiation. Several studies have 
recently shown that lithium concentration in the primary par-
ticle is spatially inhomogeneous during cycling, especially at 
high C-rate conditions.[58–60] The lithium-content inhomogeneity 
inside the particle leads to the coexistence of H2 and H3 phases, 
causing nonuniform stress and inducing lattice parameter 
changes and structural defects. In addition, a higher degree 
of delithiation can also give rise to accelerated cracks forma-
tion. When the material is highly delithiated, the H2–H3 phase 
transition occurs accompanied by severe lattice collapse along 
the c-direction, ultimately leading to unit volume shrinkage, as 
shown in Figure  14e.[56] Consequently, cracks gradually propa-
gate within the secondary particles, resulting in mechanical 
failure, local resistance increases, and capacity fading.

3.1.7. Thermal Stability

Thermal stability is an important factor for the commer-
cialization of Ni-rich cathode-based batteries. During battery 
operation, considerable heat will be generated in the system, 
initiating the risk of thermal runaway or even explosion under 
extreme circumstances.[61] Numerous studies have proven that 
thermodynamic instability can develop at higher temperatures, 
also under storage conditions without cycling.[62] As shown 
in Figure 15a, a capacity decay upon storage is strongly tem-
perature-dependent. In postmortem analysis, it is noted that 
storage at high temperatures leads to a loss of electric contact 
between the electrodes and current collectors. It is concluded 
that high-temperature storage could give rise to more consid-
erable capacity losses, escalated resistance, and even adhesive 
problems in pristine uncycled batteries.

The thermal instability of the Ni-rich cathode has also been 
attributed to the lower strength of MO bonds in the delithi-
ated state. Figure  15b shows the oxygen binding energy as a 
function of Li-content in various NCMs, indicating the strength 
of MO bonds.[20] It can be seen that the oxygen binding energy 
decreases with increasing Ni-content in NCMs and Li-deinter-
calation. Thus, oxygen is released under a highly delithiation 
state, leading to an exothermic reaction of Ni ions, reduced 
from a higher valence state. Recently, Yoon and co-workers 
proposed that the thermal expansion and oxygen vacancies are 
two new factors affecting the thermal stability of Ni-rich cath-
odes.[65] X-ray absorption near edge structure (XANES) analysis 
of charged Ni-rich NCMs reveals that the most dramatic reduc-
tion of Ni4+ occurs in the materials at high temperatures. The 
reduction of Ni ions is accompanied by the formation of oxygen 
vacancies. Additionally, charged Ni-rich cathodes undergo a 
sizeable thermal expansion due to the lattice change. Both fac-
tors provide energetically favorable pathways for cation migra-
tion, accelerate thermal decomposition reactions, and finally 
lead to the thermal instability of Ni-rich cathodes.

The reactions between the active electrode material 
and electrolyte have also been investigated. The degree of  

Figure 15. a) Charge (before storage) and discharge (after storage for 
30 days) voltage curves of 21700-type batteries at different temperatures. 
b) Molecular oxygen binding energies for different NCMs as a function 
of SOC. c) Specific heat flow of an NMC811 electrode with and without 
the presence of an electrolyte. d) Illustration of chemical and structural 
stability during thermal degradation of a deep delithiated Ni-rich cathode. 
a) Reproduced with permission.[62] Copyright 2021, American Chemical 
Society. b) Reproduced with permission.[20] Copyright 2017, American 
Chemical Society. c) Reproduced with permission.[63] Copyright 2020, 
American Chemical Society. d) Reproduced with permission.[64] Copyright 
2020, American Chemical Society.
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heat-releasing of the electrode depends on the enthalpy of for-
mation (ΔH). Figure 15c shows the heat generation of NCM811 
cathodes filled with and without electrolytes at various delithia-
tion states.[63] Strong delithiation at low Li-content results in a 
shift of the onset exothermic peak toward lower temperatures. 
In comparison, the samples without electrolyte contact show 
only minor heat evolution in all cases. Additionally, the gas 
releasing process is also facilitated by the higher delithiation 
states of the NCM811 cathode in the electrolyte. This observa-
tion indicates that a high SOC in the presence of the electrolyte 
makes Ni-rich materials more susceptible to thermal shock and 
produce more heat and gas during battery operation. This fact 
represents a serious safety hazard to LIBs.

Mn has been widely considered as a stabilizer for the NMC 
structure.[12] However, Amine and co-workers recently demon-
strated that the thermal stability of deeply delithiated Ni-rich 
NCMs might be dominated by Co.[64] Based on their results, the 
presence of unstable Ni2+ and the onset point of phase transi-
tion in Mn-rich cathode occurs at a lower temperature com-
pared with those of Co-rich cathode materials. Moreover, as 
illustrated in Figure  15d, Co-rich (Co-R) and Mn-rich (Mn-R) 
NCMs possess similar onset temperatures of two oxygen 
outgassing periods (red bar: first period; purple bar: second 
period), while Mn-R cathode outgasses 36% of its total oxygen 
in the first period, compared to the lower proportion for the 
Co-R cathode (13%). The earlier gas release brings a greater 
risk of thermal runaway, as the formed oxygen is highly reac-
tive with electrolyte and lithiated anode. Thus, the Co/Mn con-
centration in Ni-rich cathodes has a considerable impact on 
battery safety. Extensive investigation of Ni-rich batteries with 
enhanced thermal stability is therefore of the highest priority.

3.2. Anode

3.2.1. Graphite Anode

Graphite is an intercalation anode material widely applied in 
almost all commercial LIBs over the last two decades due to 
high specific capacity with a theoretical limit of 372 mAh g−1, 
low costs, and low working potential between 50 to 250  mV 
versus Li+/Li.[8] The degradation of graphite anodes primarily 
results from three major causes. 1) Irreversible volume expan-
sion and crack formation during cycling. Studies show the 
graphite-based cells can expand by 2–5% over their lifetime.[61] 
2) SEI formation induced by electrolyte decomposition and 
reduction of transition metal cations dissolved from the 
cathode. 3) Li plating and dendrite growth.[66–68]

Figure 16a shows that cracks in polycrystalline graphite 
originate from the stress along the grain boundaries during the 
Li-ion intercalation and deintercalation.[69] Consequently, the 
propagated cracks result in an irreversible volume expansion 
of the graphite anode. Another study concluded that the total 
volume change of graphite unit cells could increase by 13.2% 
at the complete lithiation state (Figure 16b).[70] The relationship 
between the unit cell volume change and lithium stoichiometric 
number shows two distinctive stages: the volume is increased 
by 6.1% at stage 1 (0 ≤ x (Li) ≤ 0.50) and by 13.2% at stage 2 (0.50 
≤ x (Li) ≤ 0.95). Notably, the volume change remains almost 

constant within the 0.25 ≤ x (Li) ≤ 0.50 region. This behavior 
is attributed to the dominant intercalation mechanism, as Li 
accumulates in interlayers instead of occupying newly formed 
interlayers in the unit cell. These results demonstrate that occu-
pation of only half of the intercalation sites can already lead to 
a significant crystallographic expansion of graphite. Figure 16b 
also shows an SEM image of cycled graphite, clearly revealing 
the formation of the parallel cracks inside the particles.[69]

Dissolution of Ni from the surface of Ni-rich cathode with 
subsequent precipitation on the anode side creates unfa-
vorable chemical crossover, causing intensive SEI formation 
and nonuniform Li insertion, leading to a decline in battery 
performance. Inductively coupled plasma mass spectroscopy 
(ICP-MS) analysis for cycled graphite in Figure  16c reveals 
a considerable amount of transition metal deposited at the 
anode, especially Ni and Mn, attributed to the transition metal 
ions dissolved from the Ni-rich cathode during cycling.[71] 
Additionally, time-of-flight secondary ion mass spectrometry 
(TOF-SIMS) depth profiles of the cycled graphite confirm the 
migration of transition metal ions.[72] As shown in Figure 16d, 
a substantial amount of Mn ions (denoted by MnC−, Mn7Li+, 
Mn6Li+, and MnF3

−) penetrates inside the SEI film. The depos-
ited transition metal components and the electrolyte decom-
position products are believed to mask significant portions of 
graphite. That can increase the local current density and accel-
erate Li deposition and SEI growth. An overview of the para-
sitic reactions occurring and the formation of the SEI layer at 
the graphite surface can be seen in Figure 16e.[72] The crossover 
of metal cations from the cathode through the outer loose SEI 
layer at the graphite electrode is suppressed by the inner SEI 
layer at the graphite surface. The reduced transition metal ions 
subsequently serve as transport sites for electrons, facilitating 
electron transfer. When the SEI film grows, electrolyte decom-
position and transition metal reduction lead to an accumulation 
of high-impedance regions, hindering Li+ ions transportation. 
Simultaneously, the metallic Li will deposit at the graphite sur-
face. Furthermore, the deposited Li structures will continuously 
develop into mosses and dendrite morphologies under extreme 
conditions, such as intensively cycling, rapid charging, high/
low-temperature operation, etc.[73] Hence, immobilized Li due 
to SEI formation and Li deposition will consume active Li+ ions 
from the battery system and accounts, in this way, for severe 
battery degradation.

Crossover effects in LIBs can also be induced by gas. Cui 
and co-workers reported that LiH induced exothermic reactions 
at the anode and that H2 gas migration to the cathode are the 
primary triggers for thermal runaway of LiNi0.5Co0.2Mn0.3O2/
graphite pouch cells.[74] Phase formations at the anode and O2 
release from the cathode have been considered the only accel-
erating factors.

3.2.2. Li-Metal Anode

Studies focusing on Li-metal anodes have become more frequent 
in recent years. Li-metal has a remarkably high specific capacity 
(3860 mAh g−1), the lowest redox potential (0  V vs Li+/Li),  
and low density (0.59  g cm−3).[75] With these promising 
para meters, Li-metal anode has become essential for the  
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next- generation LIBs in the market. Coupled with a Ni-rich 
cathode, pouch cells will be capable of meeting the goal with a 
high energy density of up to 890 Wh L−1.[76] However, Li-metal 

batteries face several critical challenges due to unstable dendrite  
growth and large volume expansion.[77–79] These shortcom-
ings pose a significant risk of internal short-circuits in LIBs, 

Figure 16. a) Crack formation of graphite particles induced by cycling. b) Volume change of a graphite electrode as a function of lithium content 
during lithiation, and SEM image of cracks. c) TM content obtained in a graphite anode after 120 cycles. d) TOF-SIMS depth profiles of graphite anode 
after 3000 cycles. e) Schematic representation of SEI film evolution at a graphite electrode during cycling under the influence of chemical crossover 
from the cathode. a) Reproduced with permission.[69] Copyright 2017, Elsevier. b) Reproduced with permission.[70] Copyright 2018, American Chemical 
Society. c) Reproduced with permission.[71] Copyright 2018, The Electrochemical Society. d,e) Reproduced with permission.[72] Copyright 2017, American 
Chemical Society.
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resulting in big safety concerns, restraining the commercializa-
tion of Li-metal anodes.[80]

The electrodeposition of lithium on a Li-metal anode is a 
hazardous and rapid process. It has been confirmed that Li 
deposition is not homogeneous. Li will be deposited at pri-
mary nucleation sites into a Li-moss structure or needle-like 
microstructures. Figure 17a demonstrates the structural evolu-
tion of Li plating as the function of time at the current den-
sity of 1.8 mA cm−2.[81] It can be observed that Li is randomly 
deposited at the electrode surface already at the early stages 
(after 5  min) of charging and continuously aggregates into a 
porous morphology with a loose structure. The high surface 
area of deposited Li is attributed to the enhanced electrolyte 
consumption and the accumulation of Li dendrite growth. After 
long-term cycling in the electrolyte (1 m LiPF6 in EC/DMC), 
the thickness of the Li-metal electrode expanded dramati-
cally. It increased from 250 µm for the pristine electrode up to 
341 µm for the cycled electrode, as shown in the cross-section 
SEM image of Figure 17b.[76] The red arrow reflects the highly 
porous and fragile Li layer, which shows poor resistance toward 
chemical degradation and suffers from side reactions between 
the electrolyte and Li-metal. Li dendrite growth and volume 
expansion of the Li-metal anode are illustrated in Figure 17c.[82] 
The thick death lithium layer is formed during combined elec-
trolyte decomposition and Li plating/stripping cycling, which 
explains the low Coulombic efficiency generally found for Li-
metal anodes.

The crossover effect in batteries with a Ni-rich cathode and 
Li-metal anode (LiNi0.9Mn0.05Co0.05O2/Li) has been thoroughly 
investigated by Langdon and Manthiram.[83] Figure  17d shows 
optical and SEM images of cycled Li-metal anodes from disas-
sembled cells. Gradually dark and rough surfaces with spatial 
inhomogeneities can clearly be observed with increasing cycle 
number, suggesting the formation of a brittle SEI film at the 
Li-metal anode. Further characterization of a cycled Li anode 
was performed by XPS to analyze the composition of the SEI 
layer, as shown in Figure 17e. The peaks can be assigned to the 
electrolyte decomposition products, including LiF, LixPFy, Lix-
POyFz, Li2O, ROCO2Li, etc. In addition, the authors compared 
the cathode-electrolyte-interphase (CEI) formation in an NCM/
Li cell with that in an NCM/graphite cell. They found that the 
decomposition products from anodes can be transported to 
the cathode side and eventually accelerate CEI formation and 
impedance growth at the cathode side also. Appropriate modi-
fications should be applied to metallic Li-anodes to avoid the 
adverse effect of such a process on battery performance.

3.3. Electrolyte

3.3.1. Decomposition

The electrolyte serves as an ionic bridge between the 
cathode and anode of batteries. The role of electrolytes in the  

Figure 17. a) SEM images of deposited Li on a Li-metal anode as a function of indicated deposit time. b) SEM image of cycled Li-metal anode in  
1 m LiPF6 in a DMC/FEC (8:2) electrolyte. c) Illustration of Li-metal anode degradation. d) Optical and SEM images of cycled Li-metal anodes. e) XPS 
spectra of a Li-metal anode after 50 cycles. a) Reproduced with permission.[81] Copyright 2020, Wiley-VCH. b) Reproduced with permission.[76] Copyright 
2018, Nature. c) Reproduced with permission.[82] Copyright 2018, American Chemical Society. d,e) Reproduced with permission.[83] Copyright 2021, 
Wiley-VCH.
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performance and safety of LIBs is therefore immense. The electro-
lyte always consists of lithium salts and organic solvent(s). Both 
components are subject to side reactions. Figure 18a shows DFT 
molecular orbital calculations for PF5 in solvents EC, DMC, and 
DEC, which are the most conventional electrolyte components 
and have been widely used in the battery industry.[84] PF5 is 
the result of LiPF6 decomposition. Owing to the relatively low 
LUMO energy, PF5 is prone to gain electrons from other species 
in the electrolyte and initiate side reactions. The corresponding 
decomposition process of LiPF6 has been described as follows[85]

→ +LiPF LiF PF6 5  (13)

+ → +PF H O POF 2HF5 2 3  (14)

+ → + +LiPF 2H O HPO F 3HF LiF6 2 2 2  (15)

The decomposition process of solvents has been described 
by[86–89]

( ) + +
→ + +

− +EC: 2 CH O CO 2e 2Li
LiOCH CH OCO Li C H CO

2 2

2 2 2 2 4 2

 (16)

( ) + + → +− +CH O CO 2e 2Li Li CO C H2 2 2 3 2 4  (17)

( ) + +
→ +

− +DEC: CH CH OCO e Li
CH CH OCO Li CH CH

3 2 2 2

3 2 2 3 2

 (18)

+ + → +− +DMC: CH OCO CH 2e 2Li 2CH OLi CO3 2 3 3  (19)

+ +
→ +

− +EMC: CH OCO C H 2e 2Li
CH OLi CH CH OCOLi

3 2 2 5

3 3 2  (20)

( )
( )

+ +
→ +

− +PC: CH CHOCO CH 2e 2Li
LiOCH CH CH OLi CO

3 2 2

3 2  (21)

( ) + + → +− +CH CHOCO CH e Li CH CH CH OLi CO3 2 2 3 2 2 2  (22)

The degradation of other electrolytes has also been inten-
sively investigated, and various reaction pathways were pro-
posed.[89,91] The electrolyte decomposition has serious adverse 
effects on the battery performance, such as gas releasing and 
the consumption of Li+ ions, leading to the loss of lithium 
inventory. Moreover, the decomposed products usually form 
passive layers at the electrode surface.

3.3.2. CEI Formation

The electrolyte decomposition and CEI formation at the cathode 
are universal for all LIBs.[92–94] Compared to other active mate-
rials, TM ions in Ni-rich cathodes have a lower LUMO energy 
level, accelerating electrolyte oxidation. During cycling, the CEI 
film is continuously growing through the reactions between 
the cathode and electrolyte. This process predominantly occurs 

Figure 18. a) DFT calculations of electrolyte components. b) LUMO and HOMO energy levels of a Ni-rich cathode and electrolyte. c) S-XAS spectra 
of Ni L-edge of a Ni-rich cathode and corresponding DOS at the fully charged (delithiated) state. a) Reproduced with permission.[84] Copyright 2018, 
American Chemical Society. b,c) Reproduced with permission.[90] Copyright 2020, American Chemical Society.
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during charging, particularly for the reduction of Ni4+, which 
attributes to the very low LUMO energy level of the antibonding 
orbital of eg of Ni4+–O 2p in Ni-rich materials.[90] According to 
previous DFT studies illustrated in Figure  18b, the Fermi level 
of NCM811 cathode materials approaches HOMO energy level of 
the electrolyte during charging. Thus, the hole concentration in 
the charged state increases dramatically, giving rise to electrolyte 
decomposition. In Figure 18c, the significant evolution of spectra 
can be detected in the Ni L-edge spectra measured in the charged 
and discharged states, suggesting a shift from Ni2+–Ni3+ mixed-
state to Ni4+(peak located at 871.5  eV shifted to higher energy 
and intensity increased). The charged Ni4+ state has been con-
firmed to be highly nucleophilic to oxygen, which induces elec-
trolyte oxidation. Additionally, DOS calculations of a discharged 
cathode show that an energy gap can be observed between the 
well-defined HOMO (E − EF < 0 eV) and LUMO (E − EF > 0 eV) 
energy levels. A high hole-concentration (at E  − EF  = 0  eV) is 
obtained for a fully charged NCM811 (Li0Ni0.8Co0.1Mn0.1O2)  

electrode. That will induce electron transport from electrolyte 
molecules to the cathode, leading to electrolyte oxidation.

Unlike SEI films on the anode surface, CEI films are 
extremely thin, making it difficult to make direct observations. 
A TEM image of a Ni-rich cathode surface after 10 cycles shows 
a CEI film thickness of ≈3 nm (Figure 19a).[95] The CEI film con-
tinuously grows during cycling and stabilizes at around 5 nm. 
The components of the CEI films have been investigated XPS, 
as shown in Figure 19b.[84] It has been concluded that the CEI 
film is composed of inorganic components, including metal 
fluorides (LiF, NiF, etc.), metal oxides (Li2O, Li2CO3, etc.), and 
organic components such as ROCO2Li and LixPOyFz. The inor-
ganic components closely attach to the electrode surface and 
are considered as the “inner layer” of the CEI film, while the 
organic species are located at a larger distance from the elec-
trode surface, defined as the outer CEI layer (Figure  19c).[1,97] 
Both layers have relatively poor lithium-ion conductivities, 
resulting in increased local resistances and performance decay.

Figure 19. a) SEM image of a CEI film on a cycled NCM811 electrode. b) XPS spectra of NCM622 after 10 cycles and 100 cycles. c) Illustration of 
CEI film formation on Ni-rich cathode surface. d) Illustration of CEI formation via migration of SEI components. a) Reproduced with permission.[95]  
Copyright 2020, Elsevier. b) Reproduced with permission.[84] Copyright 2018, American Chemical Society. c) Reproduced with permission.[1] Copyright 2015, 
Wiley-VCH. d) Reproduced with permission.[96] Copyright 2018, Elsevier.
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Moreover, a chemical crossover between cathode and anode 
has also been reported in the literature. Hamers and co-workers 
investigated the ionic migration in LiNi0.5Co0.2Mn0.3O2/
graphite, LiNi0.5Co0.2Mn0.3O2/Li, and LiNi0.5Co0.2Mn0.3O2/
Li4Ti5O12 cells by quantitative XPS analysis.[96] Their results 
show that the products of anodic decomposition can be detected 
in the CEI film at the cathode (Figure  19d). Subsequently, the 
migrated anodic species are reduced by the Al2O3 coating, pro-
tecting the cathode surface.

3.3.3. Challenges in ASSBs

With the growing concerns of safety aspects in LIBs, extensive 
research efforts have focused on exploiting all-solid-state bat-
teries (ASSBs).[98] In this regard, ASSBs present a safer alter-
native to the conventional LIBs, especially for the electrodes 
and electrolytes with unstable properties, such as Ni-rich cath-
odes. Ni-rich cathode materials have recently been applied in 
several studies, and corresponding degradation mechanisms 
that exist specifically within all-solid-state battery systems have 
been investigated.[99–101] Apart from some intrinsic degradation 
mechanisms discussed in the previous sections, undermined 
mechanical integrity induced by cell pellet preparation and 
interfacial side reactions are other severe challenges in Ni-rich 
cathode-based ASSBs.[102] During the cell pellet preparation 

process, extensive pressure must be imposed on the particles, 
leading to contact failures at the solid-electrolyte interface even 
before cycling. As shown in Figure 20a, due to the cycling pro-
cess, microcracks generated in secondary particles will be accel-
erated by the anisotropic volume expansion and contraction, 
resulting in mechanical failure. Figure 20b shows cross-section 
SEM images of particles after pellet pressing (upper image) 
and after cycling (lower image). Some internal microcracks can 
be observed in the particles after pressing. In contrast, after 
cycling, the particle completely lost its structural integrity due 
to pulverization.

The side reactions at the interface of Ni-rich cathodes and 
solid-electrolytes have also been responsible for capacity 
fading.[103] Figure 20c shows SEM images of pristine and long-
term cycled NCM622/β-Li3PS4 composite electrodes. It can be 
seen that the cathode particles are distinct from the β-Li3PS4 
solid-state electrolyte powder in the pristine state. After cycling, 
a significant solid-electrolyte decomposition layer can be 
observed, implying intense side reactions between the cathode 
and the solid-state electrolyte. Additionally, in a study of Ni-rich 
LiNi0.80Co0.16Al0.04O2 (NCA80) cathode and Li6PS5Cl solid elec-
trolyte, XPS spectra reveal the existence of Li6PS5Cl-derived oxi-
dized species at the cathode surface, as shown in Figure 20d.[104] 
As a result, interfacial side reactions reduce the lithium inven-
tory in ASSBs and undermine the long-term cycling stability of 
ASSBs. Owing to the slack kinetics of ASSBs, the introduction 

Figure 20. a) Schematic representation of crack formation induced by pellet preparation and cycling in an NCM811-based ASSB. b) SEM images of 
NCM811 particles before and after cycling in ASSB. c) SEM image of the interface between the NCM622 cathode and β-Li3PS4 solid-state electrolyte in 
the pristine and cycled state. d) XPS spectra of pristine Li6PS5Cl solid-state electrolyte and cycled NCA80 cathode. a,b) Reproduced with permission.[102] 
Copyright 2021, Wiley-VCH. c) Reproduced with permission.[103] Copyright 2019, American Chemical Society. d) Reproduced with permission.[104] Copy-
right 2019, Wiley-VCH.
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of electrode materials with enhanced capacity is highly needed. 
With the growing attention drawn to Ni-rich cathodes, the deg-
radation mechanism of Ni-rich cathode-based ASSBs is thus 
essentially crucial for future broadening the range of the devel-
opment for LIBs with improved safety.

4. Improvement Strategies

Numerous efforts have been devoted to the performance 
improvement for Ni-rich cathode-base LIBs.[105,106] The current 
strategies primarily focus on modifying the cathode, anode, 
and electrolyte. For cathode materials, the proposed strategies 
can be divided into the following categories: 1) Applying novel 
synthesis methods to avoid side-effects induced by conventional 
coprecipitation methods; 2) fabricating single-crystallized pri-
mary particles in favor of mitigating inner stress during the 
(de)lithiation process; 3) tailoring highly ordered morphologies 
to inhibit microcracks propagation within the electrode parti-
cles; 4) introducing foreign ions (cations or anions) into the 
crystal lattice for structural stabilization of the host material; 5) 
coating protective layers onto the cathode surface to prevent HF 
attack from the electrolyte; and 6) synthesizing particles with 
elemental concentration gradient structure.

Concerning the anode modifications, structural changes 
and protective layer coatings are commonly employed for the 
graphite anode and Li-metal anode.[107–109] Such strategies facili-
tate the stable mechanical properties of anode materials. Elec-
trolyte decomposition and chemical crossover from the cathode 
can also be suppressed efficiently for the anodes. To optimize 
the electrolytes, many additives with various functional groups 
have been studied to restrain the decompositions of lithium 
salts and organic solvents in the electrolyte.[45,110,111] Some up-
to-date and representative approaches for improving cathode, 
anode, and electrolyte in Ni-rich cathode-based LIBs will be dis-
cussed below.

4.1. Cathode

4.1.1. Novel Synthesis Methods

Coprecipitation combined with a solid-state reaction is the most 
mature and conventional method to prepare Ni-rich cathode 
materials. According to literature, the exact ratio between reac-
tants and calcination parameters is essential for the quality of 
the final products.[112] However, limited by the reaction condi-
tions, such a procedure always results in intrinsic drawbacks, 
such as a considerable amount of RLCs at the powder surface, 
a high degree of cation disorder, and crystal defects inside the 
crystallographic structure. Appropriate water-washing or acid-
washing processes can dramatically eliminate the side effects of 
RLCs.[30] However, to fight cation disorder and crystallographic 
defects, more advanced synthesis methods have to be applied.

The high degree of cation disorder is attributed to the par-
tial enrichment of Ni2+ at the cathode surface, inherited from 
Ni2+ in the transition metal precursor during the coprecipita-
tion process. One of the optimization procedures is based on 
the cathode pretreatment via oxygen plasma and oxidants. Xie 

and co-workers reported an improvement in the cyclability of 
LiNi0.8Co0.15Al0.05O2 cathodes by a nondestructive plasma treat-
ment, as demonstrated in Figure 21a.[113] High-energy, active 
groups (O, •OH, O3, O3•) are obtained in the oxygen plasma, 
leading to Ni2+→Ni3+ oxidation at the cathode surface. The for-
mation of a NiOOH (nickeloxyhydroxide) layer at the cathode 
surface has also been confirmed. As presented in reactions 
(9) and (10) in Section  3.1.3, the surface reconstruction layer 
is induced by lattice oxygen loss. Thus, peroxidation of the 
cathode surface could reduce the following phase transforma-
tion in the synthesis. Hence, enhanced cycling stability and rate 
capability of Ni-rich cathode can be achieved.

Another widely used surface-oxidation method based on wet 
chemistry is mixing oxidants, such as Na2S2O8 and KMnO4, 
with hydroxide precursor during synthesis.[114] A representative 
study was carried out by Chen and co-workers with Na2S2O8 
peroxidization method (Figure  21b). Similarly, an ordered 
NiOOH layer is obtained after treatment, which guarantees the 
elimination of Li/Ni mixing and crystal defects at the cathode 
surface, eventually improving the cycling performance.

Apart from surface-oxidation, introducing oxygen vacan-
cies at the cathode surface during the synthesis process is also 
a novel approach to avoid structural failure during cycling. 
Oxygen vacancies can serve as electron donors in the crystal 
host material. Massive oxygen vacancies are expected to form 
high-density dislocation layers at the grain surface. Wu and 
co-workers created oxygen vacancies by treating samples in 
an N2 atmosphere.[115] The obtained high-density dislocation 
layers originate from oxygen vacancies, preventing continuous 
propagation of intergranular cracks inside the particles during 
cycling. Figure  21c shows TEM analyses and crystal struc-
tures of untreated and treated cathodes after cycles. Restrained 
growth of the inactive rock-salt phase at the surface of the 
treated cathode can be clearly seen. In addition, approaches 
based on hydrothermal synthesis are also advantageous in 
forming Ni-rich cathode materials with enhanced structural sta-
bility and thus contributing to electrode performance improve-
ment.[116,117] Unfortunately, most of the proposed synthesis 
methods are quite complex for mass production, limiting their 
practical applications in large-scale battery production.

4.1.2. Single-Crystal Fabrication

The morphology of conventional Ni-rich cathodes has been 
described as a spherical secondary particle agglomerated with 
polycrystalline primary particles. The randomly aggregated pri-
mary particles result in strong grain boundary stress due to the 
anisotropy of Li-ion intercalation and deintercalation. In turn, 
the increase of boundary stress will lead to the loss of elec-
trical contact between primary particles and accelerated elec-
trolyte attack. A direct strategy to reduce grain boundary stress 
is to fabricate single-crystal cathode particles.[118,119] Advanced 
mechanical strength and more homogeneous electrochemical 
reactions can be achieved due to the high crystallinity and isot-
ropy orientation of single-crystal cathode materials.

One of the critical factors to produce single-crystal particles 
is the sintering temperature controlling the solid-state lithiation 
reactions. Wang and co-workers investigated the agglomeration 
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Figure 21. a) Schematic representation of the plasma treatment process of NCA precursor and comparison of the electrochemical performance of 
pristine and plasma-treated NCA cathode. b) Illustration of the reaction sequence of a Na2S2O8-treated NCA precursor. c) HR-TEM images and struc-
tural model of LiNi0.9Co0.1O2 (NC) and LiNi0.9Co0.1O2 with oxygen vacancies (VO-NC-1) after cycling. a) Reproduced with permission.[113] Copyright 
2020, Elsevier. b) Reproduced with permission.[114] Copyright 2016, American Chemical Society. c) Reproduced with permission.[115] Copyright 2020, 
American Chemical Society.
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degree of the final LiNi0.8Co0.15Al0.05O2 product with increasing 
sintering time, as shown in Figure 22a.[120] Combining in situ 
XRD and ex situ SEM measurements, the authors found that 
after 5 h sintering, single-crystal materials are formed with the 
most promising crystallinity. If the sintering time increases 
further, the grain size becomes much larger, suggesting a rela-
tively high agglomeration. The diffraction spots in the selected 
area electron diffraction (SAED) image of a single-crystal par-
ticle are ideally aligned to the (104), (101), and (003) planes, 
confirming the well-defined hexagonal-layered crystal structure 
(Figure  22b). Compared with polycrystalline cathodes, single-
crystal cathodes can adapt to volume changes, prevent inter-
granular microcracks, and shorten the Li-ion diffusion paths, 
ultimately improving the structural stability. However, the high 
dispersity of particles also facilitates the continuous growth of 
the surficial reconstruction layer (layered phase → rock-salt 
phase), bringing a major challenge for this method. A surficial 
reconstruction layer is detected on the long-term cycled single-
crystal cathode (Figure 22c).

Sun and co-workers proposed a smart modification based 
on a single-crystal NCM811 cathode to cope with the above 
disadvantageous.[121] Single-crystal primary particles assemble 
into the secondary particles with radially aligned morphology, 
as illustrated in Figure  22d. Compatible lattice orientation 
exposing active crystal planes can provide open Li-ion diffusion 
channels from the surface to the center of these secondary par-
ticles. The compact aggregated primary particles with favorable 
crystal orientation can, on the one hand, mitigate intergranular 
stress by coordinated expansion/contraction. On the other 
hand, close contact between the primary particles prevents the 
growth of surface reconstruction layers. Only a minor surface 
reconstruction layer with 2–3  nm thickness can be observed 
at the cycled particles. Figure  22e shows that both the rate  
capability and cycle stability are remarkably promoted in  
the single-crystal NCM811 cathode materials with compatible 
crystal orientation and facilitated Li+ diffusion.

It should be noted that although intergranular fractures can 
be avoided in single-crystal cathodes, the formation of intra-
granular fractures is still inevitable. That has also been consid-
ered as the primary degradation mechanism in single-crystal 
cathodes.[122] However, unlike the uncontrolled growth of intra-
granular fractures in polycrystalline particles, the fracture along 
the (003) direction in single-crystal particles remains stable 
once it appears during cycling.[123] The highly ordered orienta-
tion guarantees reversible planar gliding in the single-crystal 
lattice during cycling. Such self-limiting nature prevents con-
tinuous propagation of intragranular fracturing that eventually 
pulverizes the primary particles. The cycling performance is, 
therefore, significantly improved.

4.1.3. Microstructural Modification

Another strategy related to structural optimization of Ni-rich 
cathodes is microstructural modification. Cathodes with spe-
cially designed heterostructures or unique morphologies have 
remarkably improved structural stability with respect to long-
term cycling. Heterostructure cathodes are typically composed 
of two structurally partitioned regions, including a compact 

inner-core region and a more open outer-shell region with com-
pletely different structures.[124]

As discussed in the previous section, conventional polycrys-
talline Ni-rich cathodes suffer from strong internal strain due 
to the anisotropic orientation. Thus, Ni-rich cathodes with a 
hierarchical structure could be a promising alternative. A pio-
neering work about heterostructured Ni-rich cathodes was 
reported by Sun and co-workers.[125] They presented a multi-
compositional NCM cathode material with polygonal shaped 
LiNi0.94Co0.038Mn0.022O2 in the particle core region, compactly 
surrounded by highly aligned LiNi0.841Co0.077Mn0.082O2 in the 
shell region. The outermost layer is smartly designed with a 
higher Ni-content to dissipate the internal strain induced by the 
H2-to-H3 phase transition during delithiation. The core- and 
shell-particles, therefore, undergo an unsynchronized lattice 
change due to the various Ni-contents.

As demonstrated in Figure 23a, the elongated primary 
particles in the outside layer are aligned along the a-direc-
tion and remain parallel to the radial direction, enabling the 
volume of the particles to change in the radial direction. As 
a result, the microscaled radial structure relieves the aniso-
tropic strain. It constrains microcrack propagation, enabling 
highly improved electrochemical properties and structural 
stability. Subsequently, Sun’s group explained why micro-
structurally engineered Ni-rich cathodes are so stable against 
the microcracks formation, as visualized in Figure  23b.[124] 
They investigated three different Ni-rich cathodes: bulk-struc-
tured LiNi0.92Co0.04Mn0.03Al0.01O2 with higher Ni-content (BS-
NCM92), bulk-structured LiNi0.845Co0.067Mn0.078Al0.01O2 with 
lower Ni-content (BS-NCM85), and a hybrid-structured cathode 
(HS-NCMA90) with an interior BS-NCM92 core encapsulated 
by an exterior BS-NCM85 shell. In situ XRD measurements 
indicate the changes of the c-axis lattice parameters for the 
three cathodes during the H2-to-H3 phase transition during 
voltage variation. The degree of lattice contraction clearly 
depends on the Ni-content. Therefore, the core crystallites expe-
rienced compressive force while the shell-particles experienced 
tensile force during the delithiation process. This tensile stress 
in the outside layer clamps the wall of the microcracks and pre-
vents it from propagation toward the particle surface.

Another way of producing heterostructured Ni-rich cathode 
materials has been reported by Wu and co-workers.[126] The 
obtained NCM811 particles are composed of compacted cores 
and nanosheet-stacked shells (Figure 23c). By properly control-
ling the synthesis process, the primary particles in the outer 
region dominantly expose active (010) crystallographic facets, 
creating favorable Li+-ion transportation pathways. Furthermore, 
the highly ordered microstructure enables enhanced Li-ion dif-
fusion, and exhibits excellent stability and rate capability.

Microstructural modification toward Ni-rich cathodes also 
includes studies on fabricating particles with other unique mor-
phologies.[128] For example, Wang and co-workers presented 
a 3D flower-like hierarchical NCM622 cathode material by 
making use of a self-assembling synthesis process, as exem-
plified in Figure 23d.[127] TEM measurements confirm that the 
side-wall of the primary particle is the active (010) plane, con-
tributing to the faster ionic transport kinetics.

The main target of this microstructural modification strategy 
is to form a cathode particle with a well-designed and controlled 

Adv. Energy Mater. 2021, 11, 2103005



www.advenergymat.dewww.advancedsciencenews.com

2103005 (29 of 44) © 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

structure, which can be beneficial in suppressing the contin-
uous growth of microcracks and, hence, achieving improved 
electrochemical electrode properties. However, similar to the 
strategy of single-crystalline materials, it is not possible to avoid 

intragranular fracturing caused by crystal lattice mismatches. 
Also, in some cases, the particles with novel morphology may 
lead to a higher degree of transition metal ion dissolution and 
lower tap density because of a higher specific surface area.[128]

Figure 22. a) Phase and morphological evolution during the sintering process of the single-crystal synthesis process. b) SAED image of an as-prepared 
single-crystal NCA. c) Schematic illustration of phase transformation in a single-crystal NCA particle upon cycling. d) Schematic mechanism of the 
structural stability in a single-crystal NCM811 particle. e) Performance comparison between commercial poly-crystal NCM 811 (C-NCM) and radially 
aligned single-crystal NCM811 (RASC-NCM). a–c) Reproduced with permission.[120] Copyright 2021, Wiley-VCH. d,e) Reproduced with permission.[121] 
Copyright 2019, Wiley-VCH.
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4.1.4. Doping

Incorporating various foreign ions into host materials is a well-
known and frequently used method in material optimization. 
Elemental doping, including cation doping and anion doping, 
has been proven to significantly boost Ni-rich cathodes’ struc-
tural and thermal stability.[106] Elemental doping can facilitate 
the performance of Ni-rich cathodes as it inhibits the irrevers-
ible phase transitions during delithiation, especially under 
high voltage operation conditions. The electrochemically inac-
tive nature of dopants can explain this behavior in the cathode 
crystal lattice, which provides strong chemical bonds. There-
fore, electrode degradation related to cation disorder, oxygen 

gas evolution, and intergranular cracking in Ni-rich cathode 
can be suppressed. Up to now, numerous substitutional ele-
ments have been proposed, such as Mg, Zr, Ce, Mo, Ta, etc., 
as cation dopant and F, Br, etc., as anion dopant.[129–135] Table 2 
summarizes the most important dopants for Ni-rich cathodes 
that have been published in the last three years.

Some cation dopants can act as “pillar ions” in the Ni-rich 
cathode crystal lattice to strengthen the bulk structure, as 
depicted in Figure 24a.[141] Preformed nanoscale cation disorder 
units are found in Ce4+-doped NCM811 particles. Because of 
the stabilizing “pillar effect” and stronger CeO bonds, ion 
migration and NiO phase formation are effectively constrained 
in doped materials compared to undoped materials. Other 

Figure 23. a) Schematic representation of the discharge and charge state of a structurally modified NCM core–shell particle. b) Evolution of lattice 
parameters during the H2-to-H3 phase transition in three different NCM cathode materials, illustrating the microcrack-resisting mechanism of HS-
NCMA90. c) Layout and electrochemical performance of active-plane exposing shell NCM811 (APS-NCM). d) SEM and TEM images of NCM622 with 
hierarchical morphology. a) Reproduced with permission.[125] Copyright 2019, Wiley-VCH. b) Reproduced with permission.[124] Copyright 2020, American 
Chemical Society. c) Reproduced with permission.[126] Copyright 2019, American Chemical Society. d) Reproduced with permission.[127] Copyright 2018, 
American Chemical Society.
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cation dopants with higher valence states (Ti4+, W6+) also show 
similar functions by firmly clamping the active lattice oxygen 
and stabilizing the crystal structure.[131] It is noteworthy to 
remind that careful control of the doping ratio is critical for the 
cathode modification. Disproportionate dopant ratios cannot 
further improve the stability of the cathode. On the contrary, 
the capacity will be compromised because of blocking the active 
sites in the crystal lattice.

Conventional Ni-rich NCM and NCA materials origi-
nate from doping Co, Mn, and Al ions into the host lattice 
of LiNiO2 to address structural instability. Another route 
for elemental doping is replacing the Mn and Al in Ni-rich 
NCMs and NCAs with other ions to form novel ternary cath-
odes. Sun and co-workers systematically studied five different 
substitutional cation dopants in LiNi0.91Co0.09O2, including 
LiNi0.90Co0.05Mn0.05O2 (NCM90), LiNi0.90Co0.09Al0.01O2 (NCA90), 
LiNi0.90Co0.09W0.01O2 (NCW90), LiNi0.895Co0.09B0.015O2 (NCB90), 
and LiNi0.90Co0.09Ta0.01O2 (NCT90).[142] NCT90 exhibits the 
highest stability among the different doped materials with 
capacity retention higher than 95% and energy density larger 
than 850 Wh kg−1 after 100 cycles (Figure 24b). The substitution 
of Ta enables the cathode to form a highly ordered structure 
when lithiation takes place at 730 °C, demonstrating a decrease 
in inherent Li/Ni mixing compared with NCA90. Such cation 
ordering is also found in other cation doping cases. Further-
more, introducing foreign ions with larger ionic radii (Mo, Ta, 
Nb, etc.) increases the distance between the TM slabs, leading 
to the expansion of Li-ion diffusion channels and, consequently, 
improved electrochemical performance.

Anion doping is another kind of doping to stabilize the Ni-
rich cathode structure by substituting O2− with other anion 
dopants to form stronger chemical bonds with transition metal 
ions. Among various choices, F− doping is frequently adopted 
in many studies. It has been considered that the binding energy 

of the TM–F bond is higher than that of TM–O, which is attrib-
uted to the more electronegative value of F− than O2−.[143] Most 
recently, Sun’s group investigated the origin of the ultralong 
cycle life of F−-doped NCM cathode materials from an atomic 
point of view.[134] This study reveals F−-doped NCM materials 
will induce the formation of an ordered structure with 2ahex × 
2ahex × chex superlattice. As shown in Figure 24c, Ni migration at 
the Li-sites occurs every two rows to form this superlattice struc-
ture. This ordered structure successfully survived 2000 cycles  
without revealing any lattice mismatches, which explains the 
long cycle life of the F−-doped LiNi0.80Co0.05Mn0.15O2. This is 
accompanied by a minor evolution of the impedance after 2000.

In general, the elemental doping strategy appeared to be the 
most efficient method to solve this issue by constraining the 
growth of intragranular cracks in Ni-rich cathode materials. The 
introduced foreign ions can strengthen the crystal structure by 
directly forming stronger bonds with host ions and preventing 
the continuous propagation of lattice mismatches. However, as 
mentioned above, the optimal doping ratio needs to be used to 
achieve enhanced stability without compromising any intrinsic 
capacity since most of the dopants that have been proposed are 
electrochemically inactive.

4.1.5. Protective Layer Coatings

Although structural modification methods can mitigate defect 
formation in Ni-rich cathode materials, the degradation induced 
by surface side reactions, such as HF corrosion and CEI forma-
tion, remains unsolved. In response to these challenges, pro-
tective layer coatings emerged as the most sensible strategy to 
impede electrolyte decomposition and suppress the dissolution 
of transition metal ions from the Ni-rich cathodes.[144] Various 
coating techniques have been proposed, involving wet chemical 

Table 2. Summary of dopants in Ni-rich cathodes.

Dopant Cathode Function Cut-off voltage (V vs Li+/Li) Specific capacitya) [mAh g−1] Capacity retention Refs.

Mo6+ NCM811 Expand the interlayer spacing 2.75–4.3 215 92.4% after 100 cycles [129]

Zr4+ NCM811 Suppress layered-spinel phase 
transformation

2.8–4.3 180 84.3% after 60 cycles [130]

Ti4+ NC9b) Improve reversibility of the H2–H3 
phase transitions

2.8–4.3 205 97.96% after 100 cycles [131]

B3+ NCM92c) Mitigate the particle cracks 2.5–4.4 221 78% after 100 cycles [132]

P5+ NCM92 Mitigate the particle cracks 2.5–4.4 221 72% after 100 cycles [132]

Nb5+ NCM811 Reduce the activity of Ni3+; strong 
NbO bonds

3.0–4.3 210 97% after 100 cycles [135]

Ga3+ NCM811 Expand the interlayer spacing 2.8–4.3 203 91.2% after 100 cycles [136]

Al3+ NCM815d) Expand the interlayer spacing 2.8–4.35 208 98% after 100 cycles [137]

Mg2+ NCM83e) Mitigate the particle cracks 2.8–4.5 202 74% after 100 cycles [138]

Ta5+ NCM622 Strong TaO bonds; suppress cation 
disorder

3.0–4.5 197 83.6% after 100 cycles [139]

F− NCM80f) Suppress cation disorder 2.7–4.3 217.7 96.5% after 100 cycles [134]

Br− NCA815g) Expand the interlayer spacing 2.8–4.3 180 73.7% after 100 cycles [140]

a)Specific discharge capacity at 0.1C in the first cycle; b)LiNi0.9Co0.1O2; c)LiNi0.92Co0.04Mn0.04O2; d)LiNi0.80Co0.15Mn0.05O2; e)LiNi0.83Co0.12Mn0.05O2; f)LiNi0.80Co0.05Mn0.15O2; 
g)LiNi0.815Co0.15Al0.035O2.
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coating, dry ball-milling, sputtering coating, chemical vapor 
deposition (CVD) coating, and atomic layer deposition (ALD) 
coating.[145] Surface coating materials are also diverse and 
include metal oxides (Al2O3, TiO2, MgO, etc.), metal fluorides 
(LiF, AlF3, etc.), phosphates (MnPO4, AlPO4, Si3(PO4)4, etc.), 
solid-state electrolytes (Li3PO4, LiNbO3, Li2ZrO3, etc.), and con-
ductive organic materials (polyimide, polyaniline, etc.).[146–153]

Coating layers can be divided into nonconductive materials 
(metal oxides, fluorides, and phosphates) with high stability 
and ionic conductive materials (solid-state electrolytes and 
conductive organic materials) with high Li-ion conductivity. 
As schematically shown in Figure 25a, Yim and co-workers 
fabricated a combined protective layer consisting of CaO 
and Li3PO4 at the NCM811 cathode surface via a dry coating  
technique.[154] CaO was employed as HF scavenging material, 
preventing corrosion between the acid and cathode. Thus, 
the dissolution of TM ions by HF can be suppressed. ICP 
analyses of cycled Li-metal in modified NCM811 cells show 
a significantly smaller amount of TM components than that 
in unmodified NCM811. On the other hand, Li3PO4 provides  
favorably Li-ion transport pathways due to its high ionic con-
ductivity. The combination of CaO and Li3PO4 shows the ability 
to alleviate electrolyte decomposition at the cathode surface,  
assuring the long-term cycling performance of protective-layer-
coated NCM811 cathodes.

Introducing negative thermal expansion (NTE) materials 
in electrodes is a novel design that emerged in recent studies. 
Such materials with extremely low expansion characteristics 
can be beneficial in stabilizing Ni-rich cathodes. Bai’s group 
first applied a typical NTE material (ZrV2O7) to modify the sur-
face of NCM622.[155] The cycling performance of the cathode 
was improved sharply. It can be cycled up to 500 cycles with 
a capacity retention of 71.0%. DOS calculations of surficial O 
2p orbits explain why the ZrV2O7 layer stabilizes the surface. 
By the influence of Zr, the DOSs of oxygen decreases below 
−4 eV and become inert, which has been attributed to Zr ions 
tailoring the local electron distribution around surficial oxygen 
(Figure 25b). In contrast, for an unmodified surface, the energy 
at 1.5 eV suggests labile oxygen existing at the surface, which is 
prone to react with the electrolyte. In situ XRD measurements 
further reveal a change of the lattice volume expansion upon 
(de)lithiation for ZrV2O7-coated NCM622 is only half of that of 
pristine NCM622, as shown in Figure 25c. The mechanism of 
surface stabilization presented above can help to understand 
the functions of various electrochemically inert protective layers 
proposed in other studies.

Numerous organic materials have also been investigated to 
suppress electrolyte decomposition at the cathode electrode sur-
face.[105] Park and co-workers developed an OTS-coated (octyl-
trichlorosilane) LiNi0.82Mn0.09Co0.09O2 (NCM82) cathode with 
higher storage cyclability.[156] The OTS molecules homogene-
ously self-assembled via van der Waals forces into a monolayer 
on the NCM82 surface, as depicted in Figure  25d. A uniform 
monolayer with a thickness of 1.2  nm has been observed by 
TEM. The modified surface reveals electrolyte-phobic charac-
teristics, exhibiting a significantly larger contact angle of 31.7° 
with an electrolyte drop compared to a contact angle of 3.3° for 
a pristine cathode. The electrolyte-phobic surface increases the 
initial charge transfer resistance (Rct). However, after 70 cycles, 
OTS-NCM82 displays a smaller Rct than the pristine NCM82, 
and its cyclability is also improved.

One major drawback of the protective layer coating strategy 
is that introducing a new interface will inevitably increase sur-
face resistance and disturb ionic transport. Therefore, the layer 
thickness must be appropriately controlled, not hindering ionic 
transport through the surface.

Figure 24. a) Schematic illustration of suppressing intergranular cracks 
on Ce4+-doped NCM811 particles and the phase transition mechanism. 
b) Cathode-level energy density versus capacity retention for Ni-rich 
cathodes with different dopants. c) Illustration of structural stability of 
F−-doped NCM, and the evolution of resistance as a function of SOC after 
the 1st and 2000th cycles. a) Reproduced with permission.[141] Copyright 
2021, American Chemical Society. b) Reproduced with permission.[142] 
Copyright 2018, Nature. c) Reproduced with permission.[134] Copyright 
2021, Royal Society of Chemistry.
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4.1.6. Concentration Gradient

Concentration gradient control is also an interesting strategy to 
improve the stability of the Ni-rich cathodes by attempting to 
increase the storage capacity simultaneously. Similar to the case 
of microstructural manipulation, a core–shell structure has 
been employed for this strategy. The Ni-rich component located 
in the central part of the cathode particles is expected to increase 

the capacity. In contrast, the Ni-deficient component located at 
the surface is expected to stabilize the particle structure during 
cycling.[157] Based on this concept, three different configurations 
have been proposed so far, including core–shell concentration 
gradients (CS), full concentration gradients (FCGs), and two-
slopes full concentration gradients (TSFCGs).[158] Figure 26a 
illustrates an NCM811 particle with a typical core–shell con-
centration gradient structure.[159] Notably, the Ni concentration  

Figure 25. a) Stability mechanism of surface-modified NCM811 cathode material. b) Electron localization function (ELF) for the surface structure of 
LiNiO2 with O–Ni–O termination reacted with ZrO6 octahedron, and DOS of O 2p orbits of a Zr-modified NCM surface. c) Crystal lattice parameter 
evolution as a function of the voltage for two NCM622 cathodes. d) Illustration of the OTS coating process, SEM image, and contact angle result 
of OTS-coated NCM82. a) Reproduced with permission.[154] Copyright 2021, Elsevier. b,c) Reproduced with permission.[155] Copyright 2021, Elsevier.  
d) Reproduced with permission.[156] Copyright 2021, American Chemical Society.
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Figure 26. a) Illustration of a concentration gradient particle. b) The concentration gradient of various TM-contents in CS NCM95. c) The concentra-
tion gradient of various TM in FCG NCM65 and TSFCG NCM85. d) Specific capacity versus cycling stability of various layered cathodes, including 
gradient-type NCMs and conventional NCAs and NCMs. e) Illustration of a concentration gradient particle combined with surface coating. a) Repro-
duced with permission.[159] Copyright 2017, American Chemical Society. b) Reproduced with permission.[160] Copyright 2017, American Chemical Society.  
c,d) Reproduced with permission.[158] Copyright 2017, Wiley-VCH. e) Reproduced with permission.[161] Copyright 2019, Elsevier.
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gradient is accompanied here by different phases. The Ni-defi-
cient outer shell and Ni-rich inner core exist as spinel and lay-
ered phase, respectively. Between the two well-defined phases, 
a thin transitional layer can be observed. The tightly integrated 
structure with smooth phase transition enhances the binding 
between the bulk and surface in the particles.

Figure 26b presents an EDX line spectra of the cross-section 
of an NCM811@LiNiO2 (CS NCM95) particle.[160] It can be seen 
that for such CS particles, a distinct drop of Ni atomic ratio is 
found in the transitional region. The composition profiles of 
the cross-section of FCG NCM65 and TSFCG NCM85 primary 
particles are shown in Figure  26c. For both FCG and TSFCG 
particles, the Ni concentration gradually changes and does not 
show a noticeable drop in Ni concentration. Well visible con-
centration gradients of TM can be seen within the particles. 
FCG NCM65 demonstrates two linear concentration profiles. 
The concentration of Ni gradually declines from the core to the 
surface. In contrast, the concentration of Mn increases, and 
the concentration of Co remains stable. In contrast, for TSFCG 
NCM85 particles, the Ni and Mn concentration profiles show 
two linear regions with different slopes. The Ni concentra-
tion declines slowly at the core, and then the declining slope 
becomes larger near the surface. This design can maximize 
the Ni concentration at the core for a higher capacity delivery 
and maximize the Mn concentration near the surface for a 
more robust outer structure. Such a remarkable concentration 
profile was recently obtained by Sun and co-workers to meet 
a balance between the high capacity retention of FCG NCM65 
and the high specific capacity of CS NCM95.[158] Figure 26d pre-
sents a summary of the electrochemical and thermal stability 
of conventional and concentration gradient prepared cathodes. 
CS, FCG, and TSFCG-cathodes combine an overall superior 
capacity and electrode stability compared to their conventional 
counterparts with constant Ni-content. Especially among the 
three types of concentration gradient cathodes, TSFCG-cath-
odes achieve a relatively high specific capacity without compro-
mising cyclability and thermal stability.

Finally, concentration gradient strategies combined with 
cation doping can also create modified epitaxial layers at the 
electrode particle surface. Incorporating electrochemically inert 
cations in concentration gradient during the cathode synthesis 
process will lead to ultrathin coatings, enabling the cathode 
to resist electrolyte erosion by HF and H2O. To date, La-, Al-, 
and B-modified concentration gradient cathodes have been 
reported.[159,162] Cathode materials with a La and Ni gradient 
structure is depicted in Figure  26e. La-ion enrichment at the 
surface formed a layered olivine La2O3 structure, stabilizing the 
whole particle structure.[161] However, despite the achievements 
described above, concentration gradient strategies have limi-
tations because electrode degradation induced by lattice mis-
matches and cation disorder cannot be avoided.

4.2. Anode

4.2.1. Graphite Anode

The main strategies for achieving a favorable performance of 
graphite anodes are chemical treatment and coating. Chemical  

treatment aims to obtain an optimized graphite structure 
with expanded layer space. A major shortcoming of graphite 
is its narrow interlayer space of 0.335 nm, which restricts the 
number of Li+ ions transported in the graphite interlayers 
and leads to exfoliation.[163] A commonly used method for 
expanding the graphite interlayer distance is treating conven-
tional graphite with acid or base solutions.[164] As illustrated in 
Figure 27a, strong acid oxidation and base etching can convert 
pristine graphite into expanded graphite with porous voids. 
The higher specific surface area of the expanded graphite pro-
vides more active sites and facilitates the movement of Li+ ions 
during the (de)intercalation process.

Apart from the strategy of surface treatment without 
introducing foreign materials, coating graphite with a func-
tional layer is a promising approach to mitigate the degrada-
tion of graphite anodes. Especially, the formation of the SEI 
layer can be reduced through the synergy between graphite 
and coating material. Metal oxides and polymers are popular 
components that have been widely used as coating materials 
for graphite anodes.[96,168] For example, Park and co-workers 
plated TiO2 nanoparticles at the surface of commercial graphite 
(Figure  27b).[165] Their results demonstrate that SEI formation 
is suppressed at TiO2-coated graphite, while the electrochem-
ical performance and thermal stability are improved.

Though metal oxide coatings have shown the ability to 
restrain the SEI layer growth, inorganic coating materials 
impose rigid structures. They are incompatible with SEI compo-
nents that mainly consist of organic species. Applying organic 
artificial SEI layer as graphite coating is a smart strategy to 
form a continuous and more homogeneous artificial SEI layer 
before cycling. A robust and flexible artificial SEI layer com-
posed of organic materials could subsequently guide a uniform 
SEI growth via chemical bonds and functional groups.

As indicated in Figure  27c, Zheng and co-workers syn-
thesized a graphite anode with enhanced cycling stability 
by applying a functional 2,2-dimenthylethenylboronic acid 
(DEBA) layer as an SEI precursor at the graphite surface.[166] 
In situ polymerization treatment produced a robust and 
flexible polymeric skeleton at the surface to control SEI for-
mation. Strong chemical bonds are established between 
COOH/OH at graphite and the B–OH groups in DEBA, 
contributing to the enhanced mechanical strength of graphite 
anodes. Moreover, active intermediate species from electrolyte 
decomposition, such as PF6

−, can be captured by electron-defi-
cient B ions in DEBA.

A crucial improvement of graphite-based anodes emerged 
after graphene was discovered.[169] Graphene is a novel product 
and was acquired from the micro(nano)layer-exfoliation of 
graphite. Some bottleneck problems in conventional graphite 
anodes, such as capacity, mechanical failures, and poor stability, 
are overcome in graphene-based anodes. However, due to the 
high cost and difficult extraction mechanism of graphene sheets, 
graphene-based materials have always been applied together 
with metal oxide particles. Graphene sheets serve as a skeleton 
with a large specific surface area and high electronic conduc-
tivity.[169] The various types of graphene/metal oxides composi-
tions have been comprehensively reviewed by Hassan et  al., 
as summarized in Figure  27d, including anchored, wrapped, 
encapsulated, sandwiched, layered, and mixed models.[167]
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4.2.2. Li-Metal Anode

To meet expectations in the commercialization of Li metal 
anodes, three major challenges have to be overcome: 1) Non-
uniform Li deposition, which accelerates the detrimental Li 
dendrite growth; 2) considerable volume expansion that will 
result in a significant decrease of the Coulombic efficiency; 3) 
highly disordered SEI growth compared to other anode mate-
rials.[170] According to literature, these strategies can be divided 
into three categories: 1) Fabrication of artificial protective layers 
(metal oxides, metal fluorides, metal nitrides, solid electrolyte, 
polymers, composite materials, etc.); 2) construction of sup-
porting scaffolds with electronic conductive materials (copper, 
nickel, carbon, etc.) to modulate Li plating; and 3) tailoring the 
uniform Li nucleation sites for uniform Li deposition.

Creating an artificial protective layer at the Li-metal surface 
has been a topic of intensive research for decades. Many studies 
of various materials and techniques for the preparation of these 
layers are reported in the literature.[175–179] Ideally, a protective 
layer should combine high mechanical strength with good flex-
ibility and high ionic conductivity. It must be an electronically 
insulating material with a low dielectric constant and elec-
trochemically and chemically stable. Mullins and co-workers 
recently comprehensively reviewed different kinds of protective 
layers for Li-metal electrodes.[180] Single components of inor-
ganic or organic layers were commonly examined in the early 
stage of research. However, although inorganic layers have suf-
ficient mechanical strength, they are brittle and crack during Li 
volume expansion/contraction. On the contrary, organic layers 
are flexible enough to endure these volume changes, but they 
cannot suppress dendrite growth. Hence, more attention has 

been paid to developing combined-component layers to use 
the best properties of each component. For example, Huang’s 
group constructed an organic–inorganic artificial layer with a 
high mechanical modulus, superior shape compliance, and 
high ionic conductivity.[171] Rigid LiF particles are designed to 
anchor evenly on the soft poly(vinylidene-co-hexafluoropro-
pylene) (PVDF-HFP) film, as shown in Figure 28a. This hybrid 
artificial layer is obtained by the strengths of LiF and PVDF-
HFP, enabling uniform Li+ permeation and deposition.

Another method to stabilize Li-metal anodes is applying scaf-
fold materials with porous structures to achieve uniform Li depo-
sition. Scaffold materials serve both as deposition substrates and 
current collectors. Copper foam, nickel foam, and carbon-based 
frameworks are the most frequently used current collectors in 
the studies because of their high electronic conductivity.[181,182] 
Shi and co-workers prepared graphene (nitrogen-doped)-coated 
porous copper substrates via CVD synthesis (Figure  28b).[172] 
The 3D modified current collector, on the one hand, provides 
a higher surface area for Li deposition. On the other hand, the 
strong binding between Li+ in the electrolyte and graphene leads 
to a uniform Li+ flux, thus contributing to a stable Li plating/
stripping process without the formation of Li dendrites. Simi-
larly, Cui and co-workers constructed hollow carbon nanospheres 
on copper foil to ensure a uniform Li deposition (Figure 28c).[173] 
Interestingly, the composite carbon nanosphere layer can freely 
move up and down the copper foil, slightly adjusting the space 
with Li volume variation during cycling. The corresponding the-
oretical calculations and experimental explorations have revealed 
that the uniform Li deposition, achieved by porous substrates, is 
attributed to the even distribution of the electric field at the sub-
strate surface, thereby enabling a uniform Li+ permeation.

Figure 27. a) Schematic illustration of the preparation of acid-treated graphite and KOH-etched graphite. b) Illustration and TEM image of a TiO2-
coated graphite particle. c) Schematic illustration of the preparation of DEBA-treated graphite. d) Models of various graphene/metal oxide composi-
tions. a) Reproduced with permission.[164] Copyright 2020, Elsevier. b) Reproduced with permission.[165] Copyright 2020, Elsevier. c) Reproduced with 
permission.[166] Copyright 2020, Elsevier. d) Reproduced with permission.[167] Copyright 2019, Elsevier.
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In principle, the growth of Li dendrites is a result of the self-
amplifying behavior of Li deposition. Due to the inherent sur-
face defects on Li foil, the nucleation initially started at defects 
because they are energetically more preferable for the Li reac-
tion. Consequently, the nonuniformity of Li deposition will be 
gradually accelerated by the nonuniform nucleation during 
cycling, eventually leading to dendrite formation. Therefore, the 
uniformity of Li nucleation sites is also a vital factor for control-
lable Li deposition. Qian and co-workers proposed a heteroge-
neous metal layer at the Li-metal surface to form densely packed 
Li nucleation sites.[174] As illustrated in Figure  28d, an Ag/Au 
layer evenly homogeneously coats the Li foil surface and pro-
vides uniformly distributed nuclei seeds for Li deposition. In this 
case, Li grows into a columnar-structured morphology instead of 
a dendrite structure observed in the case of untreated Li-metal.

4.3. Electrolyte

4.3.1. Multifunctional Electrolyte Additives

A variety of organic species originating from electrolyte solvent 
decomposition reactions comprise the majority of CEI and SEI 
films. Thus, using multifunctional electrolyte additives is con-
sidered a versatile strategy to stabilize CEI and SEI films in  

Ni-rich cathode-based LIBs.[183–186] This stabilization mechanism 
is related to the higher HOMO energy level and lower LUMO 
energy level of the additives compared with conventional elec-
trolyte solvents (e.g., EC, DMC, and DEC).[187–189] Hence, the 
electrolyte additives will oxidize at the cathode surface and 
reduce at the anode surface before the decomposition reac-
tions of electrolyte solvents take place, resulting in the forma-
tion of homogeneous CEI and SEI films.[110,190,191] Apart from 
the film-forming ability, multifunctional additives also possess 
a high affinity toward HF and PF5 species, which could miti-
gate the HF-driven degradation, such as TM ions dissolution 
and gas formation. Recently, several kinds of multifunctional 
additives have been proposed in studies, aiming at the effective 
formation of protective films at both cathode and anode sur-
faces.[192–197] Table 3 summarizes the representative multifunc-
tional electrolyte additives used in Ni-rich cathode-based LIBs, 
reported during the last five years.

One typical example of a novel multifunctional additive 
applied in LiNi0.85Co0.1Mn0.05O2 (NCM851005)/graphite full 
cells is methoxytri ethyleneoxypropy ltrimethoxysilane (MTE-
TMS), which belongs to the group of silane derivatives (Si–O) 
(Figure 29a).[198] The reported cyclic voltammetry (CV) shows 
that a standard electrolyte with 1 wt% MTE-TMS reveals a 
couple of redox peaks at 3.75 and 1.5  V (vs Li/Li+) with a 
smaller potential interval (ΔV) compared with its additive-free  

Figure 28. a) Schematic illustration and SEM image of Li deposition with a protective PVDF-HFP layer. b) Illustration and SEM image of Li deposition at 
a graphene-coated 3D copper substrate and c) at carbon-sphere modified copper substrate. d) Illustration of uniform Li deposition on a Ag/Au-coated 
copper substrate. a) Reproduced with permission.[171] Copyright 2018, Wiley-VCH. b) Reproduced with permission.[172] Copyright 2018, Wiley-VCH.  
c) Reproduced with permission.[173] Copyright 2014, Nature. d) Reproduced with permission.[174] Copyright 2020, Elsevier.
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counterpart. Further characterizations demonstrate that the 
MTE-TMS also stabilizes the formation of the CEI and SEI 
films at the electrodes and that the crack generation and TM 
dissolution is significantly reduced.

The interfacial engineering for both cathodes and anodes can 
also be achieved by the interaction between additive and elec-
trolyte solvents. Choi and co-workers prepared ether-based elec-
trolyte by 1,1,2,2-tetrafluoroethyl-2,2,3,3-tetrafluoropropyl ether 
(TTE) with 1 wt% fluoroethylene carbonate (FEC) as additive, 
and investigated its effect in NCM811/Li full cells.[201] Figure 29b 
displays the HOMO–LUMO energy levels of various solvents 
(DME, EC, TTE) and additive (FEC) under their reduced states 
(+1e− reduction). It is known that neutral FEC has the lowest 
LUMO energy level among all components. Therefore, it will 
favorably initiate and control the SEI formation. The TTE sol-
vent dominantly contributes to the subsequent SEI formation 
through further reduction on anode because the LUMO energy 
level of the as-denoted reduced state +1e-TTE after the first cycle 
of charging is much lower than +1e-FEC. FEC also promotes 
the CEI formation at the cathode surface because the reduced 
state +1e-FEC has a higher HOMO energy level than neutral 
DME. The NCM811/Li cells demonstrate superior cycling sta-
bility beyond 150 cycles with a capacity retention of 84.2%. An 
intact morphology without cracks is observed in NCM811 parti-
cles. More uniform SEI films with a more compact morphology 
are formed at Li-metal anode.

5. Summary and Outlook

The expanding production scale of electric vehicles during the 
last few years has been strongly dependent on the continuous 

improvement of LIBs. Among all sorts of cathode materials, 
Ni-rich cathodes have drawn massive attention as near-term 
candidates for commercialization due to their high capacity, 
favorable rate capability, and reasonable cost.[4] One can see sig-
nificant successes in the EV market with Ni-rich cathode-based 
LIBs embedded in EVs, such as NCM811/graphite LIBs applied 
in the Nio ES6 with an energy density of 737 Wh L−1, and NCA-
graphite/silicon oxide LIBs applied in Tesla Model 3 with an 
energy density of 866 Wh L−1. Nevertheless, driven by the ambi-
tion for achieving even higher energy densities, more advanced 
battery materials are definitely needed to meet such goals. In 
addition, an in-depth understanding of electrochemical fatigue 
mechanisms is important for further optimization of the LIB 
chemistry.

This review thoroughly discussed the degradation upon 
cycling originating from the cathodes, electrolytes, and anodes 
in Ni-rich cathode-based LIBs. As an essential component in 
LIB, Ni-rich cathodes undergo the most destructive and com-
plex degradation processes. These processes can be categorized 
into the negative reactions induced by RLCs, cation disorder 
(especially for Li/Ni mixing), surface reconstruction (from lay-
ered-to-spinel and rock-salt phase), gas generation, transition 
metal dissolution, microcracks propagation (intragranular and 
intergranular), and the fragile thermal stability. The findings 
emphasize the importance of crystal structure stability with 
respect to the decreased strength of metal–oxygen bonding at 
high SOC and high temperatures. In response to these negative 
effects, various strategies have been proposed, including opti-
mizing synthesis methods, fabricating single-crystal particles,  
optimizing microstructures, doping foreign ions, coating 
protective layers, and designing concentration gradients. All 
these strategies are designed to experimentally enhance the  

Table 3. Summary of multifunctional electrolyte additives used in Ni-rich cathode-based LIBs.

Additive Functional group Electrolyte Electrode Cut-off voltage 
(V vs Li+/Li)

Capacity retention Refs.

Dimethoxydimethylsilane
(DODSi, 0.25 wt%)

SO2 1 m LiPF6 in EC/EMC (1:2 wt%) NCM811/graphite 3.0–4.5 60.8% after 100 cycles [192]

Ethyl 4,4,4-trifluorobutyrate (ETFB, 1 wt%) CF3, COO 1.15 m LiPF6 in EC/EMC/DEC  
(2:5:3 wt%)

NCM71515a)/graphite 3.0–4.35 84.8% after 300 cycles [188]

Phenyl trans-styryl sulfone (PTSS, 1 wt%) SO2 1 m LiPF6 in EC/DMC (3:7 wt%) NCM811/graphite 3.0–4.35 63% after 100 cycles [193]

p-toluenesulfonylmethyl isocyanide 
(TOSMIC, 3 wt%)

SC(CN) 1 m LiPF6 in EC/DEC (3:7 wt%) NCA81505b)/graphite 3.0–4.35 92% after 200 cycles [189]

Methoxytriethyleneoxypropyltrimethoxysi-
lane (MTE-TMS, 1 wt%)

SO2 1 m LiPF6 in EC/DEC (3:7 wt%) NCM851005/graphite 3.0–4.3 84% after 100 cycles [198]

Tripropargyl phosphate (TPP, 1 wt%) CC 1 m LiPF6 in EC/DMC/DEC  
(2:3:3 wt%)

NCM811/graphite 3.0–4.2 98.8% after 200 cycles [190]

2-Thiophene sulfonamide (2-TS, 1 wt%) C4H4S 1 m LiPF6 in EC/EMC (1:2 wt%) NCM811/graphite 2.8–4.2 91.6% after 500 cycles [199]

2-Aminoethyldiphenyl borate (AEDB, 1 wt%) BO 1 m LiPF6 in EC/DEC (3:7 wt%) NCM851005/graphite 3.0–4.35 88% after 100 cycles [200]

Adiponitrile (C6H8N2, 1 wt%) CN 0.8 m LiTFSI + 0.2 m LiDFOB + 0.5 m 
LiPF6 in EMC/FEC (3:1 wt%)

NCMAc)/Li 2.7–4.3 75% after 830 cycles [194]

(trifluoroethoxy)pentafluorocyclotriphospha-
zene (TFPN, 5 wt%)

PN, PF 1 m LiPF6 EC/DMC (3:7, wt%) NCM811/Li 2.8–4.2 87.5% after 100 cycles [195]

Diphenyl sulfone (DPS, 0.5 wt%) SO2 1 m LiPF6 in EC/DMC/DEC (1:1:1 wt%) NCM811/Li 3.0–4.3 57% after 500 cycles [183]

Bis(4florophenyl) sulfone (BFS, 0.5 wt%) SO2 1 m LiPF6 in EC/DMC/DEC (1:1:1 wt%) NCM811/Li 3.0–4.3 44.8% after 500 cycles [183]

a)LiNi0.7Co0.15Mn0.15O2; b)LiNi0.8Co0.15Al0.05O2; c)LiNi0.73Co0.10Mn0.15Al0.02O2.
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performance of Ni-rich cathodes. However, as discussed, one 
universal solution cannot be expected to solve all problems 
because each strategy has its clear limits.

Moving to the anode side, two typical anodes (graphite and 
Li-metal) that are commonly coupled with Ni-rich cathodes in 
the presented studies have been discussed. Graphite, as the 
most successful intercalation material, has been widely applied 
in the battery industry. At the same time, the challenges of 
volume expansion, exfoliation, inferior SEI film formation, 
and nonuniform Li deposition still need to be handled care-
fully. Surface coating and chemical treatments help to stabi-
lize graphite anode. Additionally, the introduction of hybrid 
graphite-based anodes (graphite/silicon, graphite/silicon oxide, 
graphene/metal oxide, etc.) offers alternative directions for fur-
ther developments in the anode design.

Regarding Li-metal anode, it is undoubtedly the most prom-
ising anode that will enable the considerable growth of spe-
cific energy needed for the next generation of LIBs. However, 
the high (electro)chemical activity of Li-metal impedes the 
practical application of the Li-metal anode. Many approaches 
devoted to controlling the Li deposition are proposed, 
including applying artificial layers, introducing stable deposi-
tion skeletons and uniform nucleation sites at the electrode 
surface for Li deposition. These methods bring significant 
improvements in lab-scale demonstrations. Still, the challenge 
remains in large-scale manufacturing. Remarkably, the phe-
nomenon of chemical crosstalk between cathodes and anodes 
has recently drawn rising attention. Some CEI/SEI film spe-
cies have been found to dissolve in the electrolyte, penetrate 
through the separator, and react at the surface of the anode or 

Figure 29. a) Schematic representation of interfacial phenomena occurring in the NCM851005/graphite full-cells with and without electrolyte additive. 
b) HOMO–LUMO energy levels of negatively charged electrolyte molecules, and schematic representation of the interface occurring in an NCM811/
Li-metal full-cell. a) Reproduced with permission.[198] Copyright 2020, Elsevier. b) Reproduced with permission.[201] Copyright 2020, Elsevier.
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cathode, leading to accelerated SEI and CEI formation. Thus, 
the chemical crossover of components in full cells should be 
considered when modifications are adopted for both cathode 
and anode materials.

One more major problem of Ni-rich cathode is the deg-
radation related to the electrolyte. The decomposition of 
conventional electrolytes poses a risk to battery safety in terms 
of HF and gas generation. Also, the decomposition species  
are the major components of the CEI and SEI films, causing 
large lithium inventory losses. The use of multifunctional 
electrolyte additives with HF-scavenging ability is promising 
to stabilize the interfaces at both cathodes and anodes simul-
taneously. A brief discussion on the remaining challenges in 
solid-state Ni-rich cathodes is also given. In particular, cracking 
induced by pellet preparation and interfacial side reactions hold 
primary responsibilities for the degradation of all-solid-state 
Li-ion batteries.

The search for higher efficiencies and upscaling battery 
designs is under severe pressure of the exponential growth of 
the global EV market. More advanced materials and battery 
manufacturing methods are needed. Overseeing the recent 
progress in Ni-rich cathode-based LIBs, the following research 
directions are envisioned for the near future:

1) The development of Ni-rich/Co-less layered cathode materi-
als will play a strategic role because of the critical shortage of 
cobalt sources in the world.

2) In-depth investigations on the degradation mechanisms of 
newly proposed materials are of utmost importance since the 
various implemented modifications might alter the lattice 
structure or surface environment of the cathode materials, 
leading to a different deterioration processes.

3) Atomic mismatches and electronic structure distortion could 
diminish the electrode stability significantly. Advanced char-
acterization techniques, such as XANES, HRPD, HR-STEM, 
HAADF-STEM, etc., are considered essential in assisting 
scientists to fundamentally understand the degradation 
mechanism of battery materials, especially when these tech-
niques are combined with in operando method and theoreti-
cal calculations.

4) The combined synergistic effect of several strategies could 
offer additional performance benefits to new Ni-rich cath-
ode materials, such as applying protective layers and using 
elemental concentration gradients inside the active electrode 
particles.

5) Further progress of anode-free LIBs will lead to new methods 
for the modification of uniform Li deposition, promising an 
excellent possibility for adaptation in the commercial LIBs in 
the near future.

6) Empowering multifunction electrolytes with nonflam0mable 
or oxygen-scavenging capability would be further reassuring 
the safety concerns. Additionally, replacing liquid electrolytes 
with solid-state electrolytes has undoubtedly been a clear 
roadmap in battery science.

With the growing efforts committed to improving Ni-rich 
cathode-based LIBs, it is to be expected that numerous exciting 
new opportunities will continuously arise shortly in the search 
for high-performance Li-ion batteries.
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