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[S I N

Abstract: With the rapid increase in demand for high-energy-density lithium-ion batteries in electric
vehicles, smart homes, electric-powered tools, intelligent transportation, and other markets, high-
nickel multi-element materials are considered to be one of the most promising cathode candidates
for large-scale industrial applications due to their advantages of high capacity, low cost, and good
cycle performance. In response to the competitive pressure of the low-cost lithium iron phosphate
battery, high-nickel multi-element cathode materials need to continuously increase their nickel content
and reduce their cobalt content or even be cobalt-free and also need to solve a series of problems,
such as crystal structure stability, particle microcracks and breakage, cycle life, thermal stability,
and safety. In this regard, the research progress of high-nickel multi-element cathode materials in
recent years is reviewed and analyzed, and the progress of performance optimization is summarized
from the aspects of precursor orientational growth, bulk phase doping, surface coating, interface
modification, crystal morphology optimization, composite structure design, etc. Finally, according to
the industrialization demand of high-energy-density lithium-ion batteries and the challenges faced by
high-nickel multi-element cathode materials, the performance optimization direction of high-nickel
multi-element cathode materials in the future is proposed.

Keywords: high energy density; lithium-ion battery; high-nickel multicomponent cathode material

1. Introduction

Facing issues such as global warming and renewable resource shortages, countries
around the world are paying more attention to the development of green environmental
protection. In 2020, major economies around the world spoke out in support of the devel-
opment of green environmental protection. The Chinese government also made a solemn
commitment to the world at the 75th United Nations General Assembly, promising that
China will achieve its carbon emission peak by 2030 and carbon neutrality by 2060. Carbon
neutrality has become a consensus among all countries. Achieving energy cleanliness and
electrification of transport are important ways to achieve carbon neutrality. The invention
and application of lithium-ion batteries (LIBs) have made it possible for humans to achieve a
society without fossil fuels. As a green and environmentally friendly energy storage device,
LIBs have the advantages of high energy density, excellent cycle life, long endurance time,
low self-discharge, no memory effect, and renewable recycling. They have been widely
used in various portable electronic devices, household and outdoor wireless appliances,
wireless power tools, new energy vehicles, electric logistics vehicles, household and out-
door energy storage, and other applications. Whether in mobile and portable products, new
energy vehicles, or energy storage batteries, energy density has always been an important
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indicator for LIBs. Therefore, it is necessary to develop and industrialize energy-dense
electrode materials to meet the market demand for high performance LIBs [1-6].

High-nickel multi-element cathode materials belong to layered transition metal oxides,
which are derived from lithium nickel oxide (LiNiO;). Currently, the most studied types
are lithium nickel cobalt manganese oxide (LiNixCoyMn;_4_yO,, abbreviated as NCM)
and lithium nickel cobalt aluminum oxide (LiNixCoyAl;_x—yO,, abbreviated as NCA).
Table 1 summarized the composition and properties of commonly used nickel-containing
multi-element cathode materials. There are also some studies on lithium nickel cobalt oxide
(LiNixCo1_xO», abbreviated as NC), lithium manganese oxide (LiNix\Mn;_,O;, abbreviated
as NM), lithium nickel cobalt manganese aluminum oxide (LiNixCoyMn,Al; x_y,O»,
abbreviated as NCMA), lithium manganese aluminum oxide (LiNixMnyAl; _x_O,, ab-
breviated as NMA), lithium aluminum oxide (LiNixAl; _,O,, abbreviated as NA), etc. In
general, the high-nickel multi-element cathode materials generally refer to cathodes with a
Ni molar fraction > 0.6. In applications such as the new energy vehicle market, high-nickel
multi-element cathode materials are gradually improving their price/performance ratio by
increasing their nickel content while reducing their cobalt content or becoming cobalt-free.
However, they still face challenges, such as poor structural stability, surface microcracks
and particle fragmentation, rapid decay in cycle life, poor thermal stability, and poor safety
performance (Figure 1) [7-15]. Herein, this paper firstly introduces the structural character-
istics of high-nickel multi-element cathodes, followed by a comprehensive analysis of their
research progress in recent years, including precursor growth orientation regulation, bulk
phase doping, surface coating modification, and crystal structure optimization. In addition,
we also discuss the challenges and future research directions of high-nickel multi-element
cathode materials to meet the urgent demand for LIBs with high capacity, long lifespan,
high safety, and low cost.

Table 1. The composition and properties of commonly used nickel-containing multi-element cath-
ode materials.

Initial Discharge

Materials Abbreviation Molar Fraction of Molar Fraction of Molar Fraction of Molar Fraction of Capacity
Ni Element Co Element Mn Element Al Element -

(mAh g-1)
LiNi1/3C01/3MI‘l]/3OZ NCM111 1/3 1/3 1/3 / ~153
LiNip5C0p2Mng30; NCM523 0.5 0.2 0.3 / ~162
LiNig 6Cog2Mng 20, NCM622 0.6 0.2 0.2 / ~169
LiNiQyCOU,zMno'lOz NCM721 0.7 0.2 0.1 / ~189
LiNip8Co¢.1Mng 10, NCMS811 0.8 0.1 0.1 / ~198
LiNi(]yCO()_(]SMn()_(]soz NCM90 0.9 0.05 0.05 / ~231
LiNig gCo00.15Al9,0s02 NCA 0.8 0.15 / 0.05 ~202

) " U'J»U/llf

Figure 1. Challenges and research strategies faced by high-nickel multi-element cathode materials.
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2. History and Structural Characteristics of High-Nickel Multi-Element
Cathode Materials

Prior to the emergence of a multi-element cathode materials system, there were already
cathode materials such as LiCoO,, LiNiO,, and LiMnO, that only contained Ni, Co, and Mn
as a single component. With the further development of LIBs, cathode materials containing
only Ni, Co, and Mn single elements gradually exposed their respective drawbacks and thus
were unable to meet the requirements for high-performance LIBs. Researchers attempted
to combine multiple elements into the same cathode material, resulting in the emergence
of ternary cathode materials (NCM and NCA). The earliest ternary cathode material was
designed by Liu et al. in 1999 [7]. They found that the NCM ternary cathode material
has a more regular layered structure, which can greatly improve its cycle life compared to
LiNiO,. In 2001, Ohzuku et al. [8] prepared Li (Ni; ;3C0;/3Mnq,3) O, cathode with a Ni:
Co: Mn ratio of 1:1:1 by spray pyrolysis. The reversible capacity of this material can reach
184 mAh g~ !, and the capacity retention rate can maintain 78% after 100 cycles at 3 C rate.
The emergence of ternary cathode materials synergized the advantages of Ni, Co, and Mn,
significantly improving the specific capacity, cycling, and rate performance of electrodes.
Since then, the ternary material system has gradually entered the perspective of researchers.
The development trend of ternary cathode materials is gradually shifting from low nickel
NCM333, NCM424, NCM523, NCM622, etc., to high-nickel NCM712, NCM811, NCA, etc.

The crystal structures of NCM and NCA are consistent with that of LiNiO,, with
a hexagonal crystal system, an R3m space group, and an x-NaFeO; rock salt structure.
The structural stability, reversible capacity, cycle life, safety, and other properties of high-
nickel multi-element cathode materials are related to the synergy between multiple metal
elements. In 1999, Liu et al. [7] investigated the synthesis of NCM523, NCM622, and
NCM721 ternary cathode materials by co-doping Mn and Ni to replace some of the Ni,
where Li atoms occupy the 3a position, Ni, Co, and Mn atoms occupy the 3b position, and
O atoms occupy the 6¢ position. Ni, Co, Mn, and the six surrounding O atoms form a MOg
octahedral structure, with Li embedded between the oxide layer formed by the transition
metal Ni, Co, Mn, and O atoms. The NCM ternary cathode materials have a more complete
layered structure, and their cycle life can be greatly improved compared with LiNiO,.

It was found that in the high-nickel multi-element cathode material NCA, the valence
state of Ni is higher than that in NCM in order to maintain the total valence balance due to
the substitution of the Al element for Mn [16-19]. In addition, Al has the characteristics
of stable valence state during charging and discharging and small ionic radius easily and
uniformly doped in the transition metal layer, and the Al-O bonding energy is greater than
that of Mn-O. Therefore, the clustering phenomenon similar to that of Mn** in NCM mate-
rials does not occur in NCA. The introduction of Al can increase the ordered arrangement
of the cathode crystal structure of NCA, reduce the Jahn-Teller effect distortion, lattice
expansion, and contraction during charging and discharging, and improve the layered
crystal structure and thermal stability.

3. Current Issues of High-Nickel Multi-Element Cathode Materials
3.1. Poor Stability of the Crystal Structure

The reversible specific capacity of high-nickel multi-element cathode increases as the nickel
content increases. However, the high-nickel content can also lead to lithium-nickel disorder
during high-temperature sintering due to the close radius of Ni* and Li* ions [14-20], resulting
in a decrease in the stability of the crystal structure and structural phase transition, which
thereafter affects the diffusion rate of Li* ions during cycling. Generally, the crystal structure
phase transition occurs initially on the surface of the cathode material, transitioning from a
layered structure to a spinel structure and finally turning into a nonactive rock salt phase. In
order to maintain the valence equilibrium, the oxygen will precipitate out [21-43], leading
to the deterioration of the thermal stability and a safety hazard. In severe cases, microcracks
or fractures will appear inside the particles, leading to more side reactions between the
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electrolyte and the cathode material and further affecting the insertion and extraction rate
of Li* ions [44-51].

Sun et al. [52] investigated the high-nickel multi-element cathode LiNij 95C0g 025Mng 92502
with ultrahigh capacity and compared it comprehensively with an LiNiO, cathode. The spe-
cific capacity at 4.3 V is 238 mAh-g~!, and the capacity retention rate after 100 cycles is
85%, significantly higher than the 74% retention rate of LiNiO, (Figure 2). The analy-
sis of dQ/dV curves for different cycles showed that there were multiple phase transi-
tions in the high-nickel cathode material, and the intensity of the oxidation-reduction
peak of LiNig 95C0g g25Mng 0250, was much weaker, indicating that the introduction of
Co and Mn can effectively improve the structural stability of high-nickel cathodes. The
cycling retention and DSC thermal stability data can also support the above conclusions.
Moreover, their study found that the main reason for the rapid decay of the capacity of
LiNig 95C00,025Mng 0250, was the anisotropy of lithium ions during the charge and dis-
charge cycle and the volume change of the crystal grains, which led to a deterioration in
the crystal structure. The uneven micro-stresses within the particles caused the formation
of microcracks (see Figure 2e-h), accelerating the penetration of the electrolyte into the
secondary particles, leading to severe irreversible phase transitions, particle disintegration,
and a rapid decline in battery performance.
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Figure 2. (a) Initial charge and discharge curves at 2.7-4.3 V, 0.1 C, 30 °C with a 2032
coin cell using a Li metal anode, (b) cycling curves at 0.5 C, (c) dQ/dV curves of LiNiO,,
(d) dQ/dV curves of LiNig95C0g025Mng 02502, (e) bright-field scanning TEM of a cross-section
from the LiNigg95C0q 025Mng 0250, after 100 cycles, (f) dark-field scanning TEM image of
LiNig 95Co00.025Mng 02503, (g) High-resolution TEM image with Fourier transforms of the interior
and surface regions, (h) Fourier-filtered TEM of the transient region transforming. Reproduced with
permission [52]. Copyright (2018) Royal Society of Chemistry.

Liang et al. [16] used first principles and DFT to establish a TM-TM ion interaction
model between NiCoMn transition metals and studied the effect of structural stability on
the high-nickel multi-element cathode material LiNij_»CoxMny O, (x < 0.2). The bond
strength of the TM-TM bonds was determined to be Ni?*-Mn** > Ni3*-Mn** > Co>*-Mn**
> Co%*-Co%* > Ni®*-Ni** > Mn3*-Mn>*. From the order of bond strength, it can be inferred
that the structural stability of high-nickel NCM811 with low-bond-energy Ni**-Mn** and
Ni®*-Ni®* is lower than that of low-nickel NCM523 with high-bond-energy Ni?*-Mn** and
Co%*-Mn**. The research results showed that when Ni > 0.80, Co and Mn ions tend to form
cluster phenomena, resulting in transition metal segregation and poor crystal structure
stability of the material. The Co®* /Co** transition provides additional capacity when high-
nickel multi-element cathodes de-lithium at high voltages of 4.3 V. In order to maintain
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the valence balance, the oxygen atoms in the crystal structure will precipitate, leading to
structural collapse of the material, which results in rapid decline in battery capacity, high
temperature, cycling, and safety performance.

3.2. Microcracking and Particle Fragmentation

Studies related to the performance degradation of high-nickel cathode materials [53-66]
have shown that crystal structure phase changes, microcracking, and particle fragmentation
are the main causes of performance degradation. The unstable crystal structure of high-
nickel cathodes can be attributed to their high specific capacity and high proportion of
lithium-ion insertion and extraction, which makes them vulnerable to lithium-nickel
intermixing and structural phase transitions during cycling, leading to non-uniform stress
changes. Moreover, anisotropic stress volume changes, resulting from the H2-H3 phase
alteration in the crystal structure, can lead to microcracks at the grain boundaries within
the particles. As the number of cycles increases, microcracks on the surface of the particles
increase and side reactions with the electrolyte occur, resulting in particle fragmentation
and leaching of transition metals. Furthermore, it has also been observed that increasing
the Ni content in high-nickel cathode materials can lead to greater crystal volume change
(AV), cause the severe formation of microcracks and particle fragmentation, and accelerate
capacity degradation.

Wu et al. [67] employed synchrotron X-ray computed tomography and the three-
dimensional finite element method to investigate the stress generated by lithium-ion
insertion and structural phase transition in the NCM. The study identified that microc-
racks were generated on the particle surface, and the accumulation of structural phase
transition within the particles during prolonged cycling gradually increased the stress
of the material particles, resulting in particle breakage and rapid degradation of battery
performance. Additionally, Sun et al. [68] investigated the capacity degradation mechanism
of NCM with different Ni contents (0.8, 0.88, 0.95). The study indicated that as the Ni
content increased, the discharge specific capacity of the cathode material increased, but the
number of microcracks within the particles gradually increased, resulting in a decrease
in cycle retention rate and DSC decomposition temperature. The degree of cycle capac-
ity degradation is linked to the degree of microcracks caused by the anisotropic volume
change resulting from the H2-H3 phase transition. The result suggested that adjusting the
nickel content in the cathode material can achieve excellent electrical performance and
safety performance. Additionally, they also proposed to reduce the anisotropic volume
change during the H2-H3 phase transition of the cathode by designing long rod-shaped and
well-crystallized materials. Later, Sun et al. [69] systematically investigated the capacity
degradation mechanism of two high-nickel cathode materials (NCM811 and NCM90). The
study revealed that mechanical degradation caused by microcracks was the primary reason
for the performance deterioration of high-nickel cathode material; microcracks in the inter-
nal area of the particles aggravated the erosion of the electrolyte and accelerated the rapid
degradation of electrochemical performance and structure. Compared to the NCM811
cathode material, the particle surface microcracking phenomenon is further exacerbated
in NCM90. The surface microcracks provide channels through which the electrolyte can
penetrate, resulting in significantly faster cycling capacity degradation in NCM90.

3.3. Poor Thermal Stability and Safety

Yoon et al. [70] systematically investigated the thermal stability of high-nickel cathode
materials. Due to the high proportion of de-lithiation at the same potential of high-nickel
cathodes, it leads to an increase in Ni** content and can be easily reduced to Ni**. Since
Ni** and Co®* have overlapping electronic energy bands with O atoms, the O atoms will
precipitate out of the lattice in the high de-lithiation state to release a certain amount of
oxygen and destroy the crystal structure. The transformation of its particle surface from the
layer into the spinel phase and further rock salt phase occurs, leading to rapid decay in the
thermal stability and cycling capacity of the battery, which can easily lead to explosions, fire,
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and other safety hazards. Therefore, the structural phase change and oxygen precipitation
of high-nickel cathode materials is one of the main reasons for the poor thermal stability of
the LIBs [71-81].

Noh et al. [77] investigated the effect of different nickel contents of ternary cathode
materials LiNiyCoj_MnO, (x =1/3, 0.5, 0.6, 0.7, 0.8, 0.85) on crystal structure, thermal
stability, and electrochemical properties. The residual base, ionic conductivity, and specific
capacity of the cathode material increase with higher nickel content (Figure 3). However,
the cycling performance, thermal stability, and DSC thermal decomposition temperature of
the cathode material become lower with the increase in nickel content. Sun et al. [78] also
studied the thermal stability of multi-element cathode materials with different nickel con-
tents. They found that as the nickel content increased, the thermal stability of the material
became progressively worse, and the DSC oxygen precipitation decomposition temperature
of the material gradually decreased. These findings suggest that the optimization of nickel
content is crucial for achieving a balance between high capacity and good thermal stability
in cathode materials. Sun et al. [79] investigated the causes of battery performance degra-
dation of NCM811 under overcharging conditions using a variety of methods, including
180 isotope labelling, OEMS characterization methods, in situ and ex situ spectroscopy,
and electron microscopy techniques. The data showed that the degradation of NCM811
under overcharging conditions mainly originates from the collapse of the cathode material,
the precipitation of oxygen, which mainly occurs on the surface of the primary particles,
and the formation of voids in the grain boundary region. As the crystal structure changes,
microcracks appear inside and on the surface of the particles, accelerating the side reaction
with the electrolyte and generating large amounts of oxygen, posing a serious safety hazard
for the battery.
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Figure 3. (a) A map of the relationship between discharge capacity, thermal stability, and capacity re-
tention of LiNixCoyMn,0; (x =1/3, 0.5,0.6, 0.7, 0.8, 0.85), (b) DSC curves, (c) 0.5 C cycle curves of the
LiNixCoyMn,0; (x =1 /3,0.5,0.6,0.7,0.8,0.85) at 25 °C, (d) 0.5 C cycle curves of the LiNixCoyMn,O,
(x=1/3,0.5,0.6,0.7, 0.8, 0.85) at 45 °C. Reproduced with permission [77]. Copyright (2013) Elsevier.
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3.4. Poor Cycling Life Performance

High-nickel cathode materials have poor structural stability and are susceptible to
lithium-nickel intermixing, structural phase transformation, microcracking, particle frag-
mentation, and transition metal dissolution, resulting in the rapid degradation of cycle
life performance [80-84]. Watanabe et al. [28,54] conducted a systematic investigation of
the cycling performance of NCA in relation to the depth of discharge in charge—discharge
processes (DOD) using various methods, such as XPS, XRD, and SEM. The cycling per-
formance of the battery was excellent at 25 °C and remained acceptable even at 60 °C
when the DOD was in the range of 10-70%. However, an increase in the DOD led to
faster microcrack generation on the surface of the cathode and a faster battery cycling
decay. Microcrack generation on the particle surface and the growth of NiO-like layers,
which form the Fm3m rock salt structure, are the primary causes of capacity decay in
NCA. Hayashi et al. [80] investigated and analyzed the cycle life decay mechanism of
commercialized LiNij gpCop 15Al 0302 by combining electrochemical tests with spherical
differential-corrected scanning transmission electron microscopy (Cs-STEM)), electron en-
ergy loss spectroscopy (EELS), and X-ray photoelectron spectroscopy (XPS). It was found
that the surface of the cathode active material showed significant degradation after cycling
tests. Most of the low valence Ni was present on the surface of the cathode material, which
was charged after the cycling test, and the degraded surface layer was inactive to the charge
reaction. Therefore, the degraded surface layer will accelerate the decay of the cycling
performance of LIBs during long-term cycling tests.

Sun et al. [81] synthesized various high-nickel cathode materials, including
LiNig 85C00,00MnOy 152, LilNig 85C00,05Mng 1002, LiNig 85C00.10Mng 0502, and LiNip g5Cop.15M-
ng 00Oy, with different Co/Mn ratios using co-precipitation. The effects of the Co/Mn ratios
on the capacity, rate performance, cycling, and thermal stability were investigated. The
results showed that as Co and Mn decreased, both the rate performance and thermal stabil-
ity deteriorated. The cycling performance was better with a relatively higher Mn content.
Among the different cathode materials, LiNig g5Cog.10Mng 050, exhibited the most promis-
ing electrochemical performance, with a high capacity of approximately 163 mAh-g~!
at 5 C and good thermal stability (with an exothermic temperature and exothermic heat
of 233.7 °C and 857.3 ] g~ !, respectively). Kim et al. [82] investigated the cycling decay
mechanism of NCMS811 and observed a 16.3% capacity loss during a 300-cycles test of a
soft-pack full cell. The disassembled high-nickel cathode material after 1, 100, 200, and
300 cycles was analyzed. The discharge capacity of the half-cell after one week of cycling
was 208.4 mAh-g~!, and the capacity retention rate after 300 cycles was 93.0%. FESEM
analysis showed microcrack formation in the high-nickel secondary particles during cycling.
The increase in interfacial area caused by microcracking led to side reactions between the
material and the electrolyte, resulting in capacity degradation. The mechanical strength
of the secondary particles significantly reduced after full-cell cycling due to the particle
strength reduction of high-nickel cathode materials. Therefore, particle strength must be
considered during the preparation of high-nickel cathode materials to prevent capacity
decay during cycling.

4. Performance Optimization of High-Nickel Multi-Element Cathode Materials

In light of the issues regarding the poor crystal structure stability, microcracks and
particle breakage, low thermal stability and safety performance, and rapid cycling life decay
of high-nickel multi-element cathode materials, this article aims to summarize and analyze
the recent progress made by scientific researchers in optimizing the performance of high-
nickel cathodes. The next section summarizes and analyzes the recent research work on
high-nickel cathodes in terms of precursor growth orientation control, bulk phase doping
structure control, surface coating interface modification, crystal morphology optimization
control, and material composite structure design.
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4.1. Regulation of Growth Orientation of Precursor

The primary raw materials for synthesizing high-nickel cathode materials are a precur-
sor and lithium salt, with the former requiring customized synthesis according to the perfor-
mance requirements of the high-nickel cathodes. Currently, the most common method for
synthesizing precursors in research and industrial applications is co-precipitation [85-99].
This method controls the parameters of reaction pH, reaction temperature, solid content,
salt concentration and flow rate, ammonia concentration and flow rate, alkali concentration
and flow rate, impeller structure, stirring speed, reaction atmosphere, and reaction mode
and utilizes aggregation, dissolution, and recrystallization to synthesize precursors with a
specific morphology, particle size, particle size distribution, tap density, specific surface
area, and impurity content, among other indicators.

Yang et al. [90] utilized the co-precipitation method to synthesize NCM622 precursors
with different internal structural morphologies by controlling the pH and ammonia concen-
tration. The sintered cathode material effectively inherited the structural morphology of
the precursor, as demonstrated in Figure 4. The study found that regulating parameters,
such as pH and ammonia concentration, during the precursor synthesis process can effec-
tively control the growth orientation (HNC1) of the precursor’s primary particles. This
orientation results in the crystalline planes (010) and (100) of the sintered cathode material
facing towards the surface of the cathode material particles. This orientation is mainly
to reduce Li* diffusion impedance, improve battery rate performance, and enhance the
structural stability and cycling performance of the material during long cycling.

a o L Perspective view [ (003) direction

attached annealing
[————— 3 [——1

Plate-like hydroxides Hy

droxide agg|
annealing
‘ attached ‘

b

(003) plane

Figure 4. (a) Schematic illustration of ordered and disordered agglomerates and the microstructures
of their surfaces. (b) Crystal model for calculating the surface energy of the (003) and (104) facet
planes. Schematic illustration of three different internal structures: (c¢) HNC1, (d) HNC2, and
(e) HNC3. Reproduced with permission [90]. Copyright (2016) Elsevier.
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Hu et al. [91] synthesized high-surface-area Ni; _y_yCoxAly(OH), hydroxides by co-
precipitation and used excess LiOH calcination to prepare a high-nickel single crystal
cathode multiphase material, LiNip§Cog 15Alg050,. The cathode showed an «-NaFeO,
layered structure with a single-disperse micron-sized particle distribution and exhibited
a high compacted density of 3.8 g cm 3. The single-disperse micron-scale particles and
high structural stability give the NCA an excellent compaction density and cycling capa-
bility. The excellent energy storage performance of the synthesized NCA microcrystals
can be attributed to the reduced specific area, the rigid structure, and the homogeneous
particle distribution.

Sun et al. [92] employed the co-precipitation method to synthesize Nip9Cog 1(OH);
precursor with two distinct morphologies to control the growth orientation of the precursor.
They subsequently obtained LiNig gsCog.1Alp 0405, with a high Al gradient concentration,
while maintaining the inherited precursor morphology through sintering with an excess of
Al doping and lithium salt mixture. This cathode maintained 86.5% of the initial capacity
after 2000 cycles. The cathode also achieved an unprecedented 78.0% retention rate under
the same conditions, even at a harsh operating condition of 45 °C. The results suggest
that microform and microstructural engineering modulation can effectively mitigate the
capacity decay that affects the nickel-rich cathode during cycling.

Wu et al. [93] successfully synthesized NCMS811 cathode materials with an exposed
active (104) crystalline surface modulation by a co-precipitation process and a high-
temperature lithiation reaction. In addition, the tightly adhered nanosheets on the (001)
surface help to alleviate stress changes caused by the anisotropic structure and inhibit
the fragmentation of secondary particles. The synthesized cathode material has excellent
reversible discharge capacity (203.8 mAh-g~! at 0.1 C) and stable cycling performance
(89.3% capacity retention after 100 cycles at 1 C, 55.3% after 300 cycles at 5 C, and 59.6%
after 300 cycles at 10 C).

4.2. Structural Modification by Bulk Phase Doping

High-nickel cathode materials are prone to structural phase transitions during high
voltage and long cycling processes, resulting in the rapid deterioration of battery perfor-
mance. To address these issues, modification methods, such as bulk doping and surface
coating, are commonly used. Bulk doping involves the introduction of trace dopant el-
ements to replace some of the atoms in the crystal lattice, which can improve the M-O
bond energy of the dopant element and further enhance the structural stability of the
material. Bulk doping can reduce lithium-nickel intermixing, inhibit the transition of
the NiO structure from a layered to a nonactive rock salt phase, and mitigate material
microcracks and particle breakage, thus increasing the Li ion diffusion kinetics and en-
hancing the thermal stability and safety. Bulk doping can be generally divided into cation
and anion doping. Metal elements, such as AI** [94-101], Gd3* [102], Zr** [103-107],
Ti** [108-110], Ge** [111], Nb?* [112-116], Ta®* [117-119], Mo®* [120-123], WO+ [124-127],
Mg?* [128-136], Ca®* [137], Sr?* [138], Zn?* [139], and Na* [140-142], are commonly used,
as well as non-metallic elements, such as B [143-146]. Anion doping is mostly conducted
using halogens, such as F~ [147-151]. In addition, there are also composite doping methods,
such as LiAlF, [152], NaF [153], Ga+B [154], Zr+B [155,156], Zr+Mg [157], etc.

Among the various cation doping elements mentioned above, AI** is a commonly
used doped metal element, while Gd>* is relatively less used. Al** can increase the or-
dered arrangement of the crystal structure of the cathode material and reduce distortions
such as the Jahn-Teller effect, lattice expansion and contraction during cycling, particle
microcracks, and fragmentation. Manthiram et al. [96] synthesized high-nickel cathode ma-
terials LiNig 7Cog.15Mng 150, (NCM71515), NCMB811, LiNig 9Cog.05Mng 950, (NCM90505),
LiNig.94C00.060> (NC9406), and LiNig 92 Al 0oC0g 06O (AI-NC9406). As the nickel content
increases, the residual alkali content on the surface of the cathode material gradually in-
creases. The residual alkali content of NC9406 with the highest nickel content is the highest.
However, the use of Al-doped Al-NC9406 has the lowest residual alkali content and the
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best stability, with significantly improved capacity retention and cycling performance.
Sun et al. [97] synthesized three high-nickel cathode materials, LiNigg9Cop 5Mng 0502
(NCM90), LiNiO.gggC00_097A10.01502 (NCA89), and LiNiO'ggCO0.05MI’10_05A10.0102 (NCMA89),
by co-precipitation and solid-phase high-temperature sintering. The NCMAS89 was synthe-
sized by doping Al elements into NCM(OH), precursor compound and has a significantly
improved structural stability and electrochemical performance compared to other cathodes.
Comparative studies have shown that Al doping can effectively relieve surface microcracks
and particle fragmentation problems of high-nickel cathode materials. The NCMAS89 ex-
hibited excellent cycling performance, with 85% capacity retention for 1000 weeks. Jiang
et al. [98] designed the high-nickel cathode material LiNip9Cog 10, through gradient Al
doping and surface LiAlO, coating. The theoretical calculation, HT-XRD, and in situ XRD
test results showed that A13* can reduce the transfer of Ni?* to the Li layer, thereby inhibit-
ing the transformation of H2-H3 phases, reducing volume deformation and internal stress.
The coating of LiAlO; can suppress structural cracks and inhibit the side reaction with the
electrolyte. The cathode material was prepared into a 3.5 Ah soft-pack battery with graphite
anode, exhibiting high capacity and excellent cycling performance, with a 20 C fast charging
rate capacity of 127.7 mAh-g~!, a retention rate of 97.4% after 100 cycles, and only 5.6%
capacity loss after 500 cycles. Manthiram et al. [99] investigated the surface morphology,
crystal structure, and electrochemical properties of NMC, NCA, NMA (Al-doped), and
NMCAM (Al-Mg co-doped) high-nickel cathode materials with the same nickel content. It
was found that AI** can effectively suppress the structural phase transition of high-nickel
cathodes and reduce lithium-nickel intermixing and the leaching of transition metal. The
performance of NMA, such as rate capability, cycling stability, and thermal stability, is
comparable to that of commercialized NMC and NCA, providing a cost-effective cath-
ode material for the development of the next generation of high-performance cobalt-free
LIBs. Hou et al. [100] synthesized the Al-doped high-nickel cobalt-free cathode mate-
rial LiNig goMny g5 Alp 0402 (NMA9064) using the organic amine co-precipitation method
and compared it with NC9010 and NMC9064 cathode materials. The results showed
that the initial discharge specific capacity of the NMA cathode is 223.1 mAh-g~! (0.1 C,
2.5-4.3 V), which is lower than that of NC9010 and NMC9064, but its average discharge
voltage is 47 and 17 mV higher, respectively. The NMA cathode also exhibited a high
specific capacity of 232.1 mAh-g~! even at high voltage at 2.5-4.5 V, and the capacity
retention rate after 100 cycles at 0.5 C was maintained at 93.3%, higher than that of NC
(66.9%). Liu et al. [101] synthesized Al-doped high-nickel cobalt-free single-crystal cathode
material LiNip gMng 14Alg 0402 without cracks by the stirring-assisted cation chelation and
recombination route. The discharge specific capacity is 204 mAh-g~! at 0.1 C, and the rate
capability is excellent (143 mAh-g~! at 10 C). The excellent electrochemical performance
can be attributed to the synergistic effect of the successful doping of Al elements in the
single-crystal structure of the cathode, achieving rapid ion and electron transfer, suppress-
ing Li/Ni mixing, and maintaining structural stability. Li et al. [102] synthesized Gd-doped
and Gd0O3-coated NCM811 by solid-phase high-temperature synthesis. Due to the high
bond dissociation energy (716 k]-mol~!) of Gd-O and the uniform coating of Gd,O3, the
structural stability and electrochemical performance of NCM can be effectively improved.
The capacity retention rate after 100 cycles (3.04.4 V, 1 C) was improved by 11% compared
to the original NCM.

The doping elements, such as Zr**, Ti**, and Ge**, are also commonly used in cath-
ode materials. The ionic radius of Zr#* is 0.072 nm, much larger than that of transition
metals such as Ni, Co, and Mn. The introduction of Zr can increase the Li migration
channel and improve the rate performance and cycling performance of cathode materials.
Furthermore, Zr does not participate in the electrochemical process and therefore can effec-
tively reduce the local collapse of the crystal structure during charge—discharge processes.
Li et al. [107] synthesized Zr-doped Ni-Al-based high-nickel and cobalt-free cathode mate-
rial LiNig 9Alp 1-_xZrxO, (NAZ) using the sol-gel method. The NAZ showed good crystal
structure stability and electrochemical performance. The initial discharge capacity was
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177.5 mAh-g~!, with a capacity retention of 92.45% after 100 cycles. Lai et al. [110] synthe-
sized high-voltage single-crystal cathode material LiNig ¢Cop1Mny30; (Z/T@SC-NCM)
with in situ doping of Zr and Ti by precursor co-precipitation. Both experimental analysis
and theoretical calculations revealed the synergistic effect of Zr/Ti co-doping on the tran-
sition metal (TM) sites in the SC-NCM material, which not only effectively improved the
diffusion migration rate of Li* but also reduced the stress concentration and cation disorder
inside particles. The capacity retention rate of its soft-packed full battery was 80.6% after
4000 cycles, which can meet the lifespan requirements of new energy electric vehicles for
more than 10 years. Li et al. [111] synthesized high-nickel and cobalt-free cathode material
LiNigoMng 10, (NMGe) with lattice in situ doping of Ge and interface coating of LiyGeOyj.
The non-magnetic Ge** doping in the transition metal layer effectively reduced the mag-
netic resistance and lattice oxygen loss and reduced cation mixing and gas evolution. The
coating of superionic conductive and corrosion-resistant Li;GeO, enhanced the surface
chemical stability and Li ion migration interface kinetics. The discharge capacity of NMGe
at 0.1 C and 10 C was 223.3 and 127.5 mAh-g~!, respectively. The capacity retention rate
after 500 cycles at 3 C in soft-packaged batteries can be maintained at 80.5%.

The metal elements doped with higher valence Nb®*, Ta%*, Mo®*, and Wo* and lower
valence Mg2+, CaZ*,Sr?*, Zn2*,Na*, etc., are similar to the previous doping mechanism.
Xiao et al. [116] synthesized LiNij g3Cog.11Mng 060> cathode material doped with NbyOs.
The GSAS software refinement results indicate that the Nb>*-doped sample possesses a
perfect crystal structure, a wider Li* diffusion path, and excellent electrochemical properties.
Even after 200 cycles at a high temperature of 60 °C with a 1 C rate, the capacity retention
can be maintained at 71.7%. Sun et al. [119] conducted a systematic study of the effects of
Mg2+, AR*, Ti*t, Ta®*, and Mo®* doping elements on the internal structure, electrochemistry,
morphology, and chemical properties of LiNijg1Co09O2 (NC90). The data from cross-
sectional SEM, HPPC, crystal structure analysis, and soft-pack full-cell cycles demonstrated
that the cathode material synthesized with high-oxidation-state dopants can relieve the
microcracks after charging and discharging cycles, resulting in better cycling performance.
Specifically, the cathode materials doped with Ta%* and Mo®* retain 81.5% of their capacity
after 3000 cycles. Park et al. [123] also systematically studied the effects of Co>*, Al**,
Ti**, Nb>*, Ta®", W®*, and Mo®" doping on the performance of the high-nickel cobalt-free
cathode material LiNip9gMng 10, (NM90). The study showed that Mo doping can eliminate
the harmful strain caused by lattice contraction, reduce the formation of microcracks
inside particles (Figure 5¢,d), and improve structural stability (Figure 5e). Xiao et al. [127]
investigated the effect of W doping on the performance of LiNij g3Co¢ 11 Mng 9sO». It was
found that W doping can suppress the anisotropic volume changes caused by the repeating
the H2-H3 phase transition, prevent the formation of particle microcracks, and inhibit
side reactions. The cathode material doped with W exhibited a discharge capacity of
190.6 mAh-g~! at 0.1 C, and the capacity retention rate remains at 69.9% after 500 cycles at
2C.

Doping with non-metallic element B is also a common method of modifying high-
nickel cathode materials. The introduction of high-bond-energy B-O covalent bonds can
inhibit the change of 2p orbitals of oxygen atoms and the formation of particle microcracks
during cycling. Sun et al. [145] studied the effect of B doping on the microstructure of
NCA. The study found that B doping can reduce the surface energy of the (003) crys-
tal plane, promote the preferential growth of the (003) crystal plane, and change the
microstructure. LiNigg7gCog g97Alg 015B0.010> cathode material can maintain 83% of its
capacity retention after 1000 cycles at a discharge depth of 100%, while the normal undoped
LiNig 885C00.1Alp 0150, showed a capacity retention rate of 49%. The excellent cycling
performance indicated that B doping can effectively control microstructures such as parti-
cle size and crystal growth orientation, ultimately improving the structural stability and
cycling performance. Qu et al. [146] studied the effect of B doping on the structural stability,
particle microcracks, and electrochemical performance of LiNij §3C0g05Mng 120;. The re-
sults showed that B doping in the TM layer would help to form stronger B-O covalent bonds



Batteries 2023, 9, 319

12 of 31

and increase the layer spacing, enhancing the thermodynamics and kinetics of cathodes.
As a result of the synergistic effect of single-crystal structure and appropriate B doping,
the occurrence of internal strain and structural degradation can be effectively alleviated.
Even under harsh conditions of high temperature and high cut-off voltage, the cathode
doped with 0.6 mol% B showed enhanced rate capability and excellent cycling stability.
The retention after 500 cycles in the soft-pack full cell can reach 91.35%, and the capacity
decay per cycle was only 0.0173%.

Co-NM90 Ti-NM90

After 1000 cycles at 4.3 V (EF91)
e NM90 Mo-NM90

_— Intragranular fracture
— Intergranular fracture

Figure 5. Cross-sectional SEM comparison of primary particle morphology of NM90 undoped and
doped cathode materials: (a) NM90, Co-NM90, AI-NM90, and Ti-NM90; (b) Nb-NM90, Ta-NM90,
W-NMO90, and Mo-NM90. NM90 undoped and doped cathode materials cross-sectional SEM and
EDS comparison after 1000 cycles of full-cell cycling: cross-sectional SEM of NM90 (c) and Mo-NM90
(d); (e) chemical phase diagrams of NM90 and Mo-NM90 cathode particles in cross-section after
1000 cycles of complete discharge in a full cell with EF91 electrolyte (red and green colors indicate
Ni?* and Ni%*, respectively). Reproduced with permission [123]. Copyright (2022) Nature.

The halogen F is a commonly used doped anionic element. F doping can reduce
charge transfer resistance, lower the impedance of cathode materials, reduce HF corrosion,
and improve structural stability and cycling performance. Li et al. [147] studied the effect
of F-doping substitution on the structure, morphology, and electrochemical properties of
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NCMS811. XRD, compositional analysis, and XPS characterizations confirmed the incor-
poration of F into the particles of cathode material. The initial discharge capacity was
slightly lower than undoped NCMS811, but the cycling performance was greatly improved,
especially the high-temperature cycling performance. The performance of anion F and
cation co-doping is better than that of single-element doping [152,153]. Yoon et al. [154]
studied LiNig gg5C00.100Alp,01502 (NCA89) co-doped with Ga and B. The study found that
the initial discharge capacity of the NCA89 cathode material doped with 0.25 mol% B
and 0.75 mol% Ga was 222.2 mAh-g~!, and the capacity retention rate after 100 cycles
was 91.7%. The capacity retention rate of the original NCA89 was only 79.4% of its initial
capacity. Research data demonstrated that the synergistic effect of multiple doping can
effectively stabilize the structural stability of high-nickel cathode materials and improve
battery cycling performance.

4.3. Interfacial Modification by Surface Coating

The surface of high-nickel cathode materials tends to form surface residual alkalis, such
as LiOH and Li,CO3, which can affect the processing of battery slurry. In addition, surface
residual alkalis can reduce the electron conductivity and ion diffusion rate of the cathode
materials, leading to performance degradation, such as an increase in battery impedance
and a decrease in rate capability. During the charge and discharge process, residual alkalis,
such as LiOH and Li;CO3, can react with trace amounts of moisture in the electrolyte to
form HE, which can corrode the battery electrode, causing a rapid decline in cycle capacity,
gas production, and other serious issues. The current industrial production of high-nickel
cathode materials commonly involves washing the surface residual alkalis with water.
During the washing process, a Li* /H* ion exchange reaction occurs, causing the surface
and near-surface regions of the particles to lose lithium. The proton migration inward leads
to a contraction of the layered crystal structure of the cathode material perpendicular to
the transition metal layer and O oxygen layer. Meanwhile, Li migration outward leads
to a decrease in the electrochemical activity of Li in high-nickel cathode materials, which
in turn reduces their capacity, cycle, high-temperature, safety, and other performance.
Surface coating is a common modification method for high-nickel cathode materials, which
can reduce surface residual alkalis or convert them into fast ion conductors, increase the
diffusion rate of Li ion diffusion, and slow down the side reactions and phase transitions
between the cathode material surface and the electrolyte during cycling. Through surface
coating modification, the surface structure of high-nickel cathode materials can be stabilized,
the dissolution of transition metals such as Ni, Co, and Mn can be reduced, the structural
stability and conductivity of the cathode materials can be improved, and microcracks and
particle pulverization can be reduced, thereby improving the performance of the cathode.

The surface coating of high-nickel cathode materials mainly includes metal oxides,
metal fluorides, metal phosphates, lithium-containing compounds, and non-metallic
compounds. Metal oxide surface coatings mainly include SiO; [158-160], ZrO; [161],
TiO, [162-164], Al,O3 [165], TayOs [166], Al+Ti [167], Al+W [168], Co+Ti [169], Co+B [170],
Co+Al [171], La+Ca [172], etc. Sun et al. [163] prepared spherical high-nickel cathode
material LiNig 9Cog g Alp 0202 with 0.4 wt% TiO; coating using the immersion-hydrolysis
method. SEM, HRTEM, and XRD results show that TiO; is uniformly coated on the surface
of LiNip9CoggAlg 020, particles. The capacity retention rate of the cell prepared with
coated LiNig 9Cop g Al 0207 after 100 cycles at 2 C rate was 77.0%, which was significantly
higher than that of the uncoated NCA (63.3%). The results indicated that the coating can
inhibit the oxidative side reaction between the particle surface and the electrolyte, improv-
ing the structural stability and cycling performance. Liu and colleagues [166] employed a
one-step high-temperature solid-state sintering method to synthesize LiNiy §Cop 15Al,0502
material with dual modification of Ta doping and Ta coating (NCA-Ta;Os). The TayOs
protective coating can suppress the side reactions between the electrode material and the
electrolyte, and the Ta>* doping can reduce the Li*/Ni?* mixing. The obtained NCA-Ta,Os
exhibited an excellent capacity retention rate of 94.46% after 200 cycles at a 1 C rate, which
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was significantly higher than the original NCA material at 60.97%. Structural analysis
showed that NCA-TayO5 maintained a good spherical structure without obvious cracks
after 200 cycles at 1 C, while the original NCA experienced severe structural collapse.
Wang and colleagues [167] synthesized NCM811 with Al and W coatings. The coated
NCMS811 exhibited excellent electrochemical stability and safety, and the capacity retention
rates after 100 cycles at 25 °C and 60 °C were improved by 13.8% and 25.4%, respectively.
Differential scanning calorimetry analysis showed a 50.6% and 45.3% reduction in released
heat, and the peak temperature of the exothermic peak increases from 206.1 °C to 223.8 °C,
respectively. Coating NCM811 with both Al and W can improve cycling and thermal stabil-
ity. Huang et al. [168] synthesized Ti-doped and Co-coated high-nickel cathode material
T1C00.5-NCM, which showed improved cycling stability. Ti-doping effectively reduced
cation mixing and stabilized the crystal structure. In addition, the spinel phase formed
on the surface by Co oxide coating was more stable than the layered phase under high
pressure, which can reduce microcrack formation. The material showed a capacity reten-
tion of 74.2% after 400 cycles, significantly higher than that of the original cathode (59.5%).
Cho et al. [169] synthesized B-coated NCM811 using a coating and injection strategy. Atom-
istic simulation identified the critical role of strong selective interfacial bonding in uniform
reaction wetting, reducing surface/interface oxygen activity and promoting excellent me-
chanical and electrochemical stability of the injected electrode. The full surface coverage of
secondary particles and injection into grain boundaries suppressed microstructure degra-
dation and side reactions with the electrolyte, leading to reduced microcracks after cycling
(Figure 6). Yang et al. [170] synthesized LiNip gCog 15Alp 0502 using Co+Al layered double
hydroxide (LDH) nano-coating on a Ni(OH), precursor. The Co+Al—LDH coating reacted
with LiOH and annealed to form an intermediate phase Lij _«(Cog 75Alg.25)1+xO> as a buffer
layer, which improved the layered structure and reduced Li*/Ni?* cation mixing, forming
an ordered and stable crystal structure. Spectroscopic analysis and density functional
theory calculations showed a synergistic diffusion effect between Co and Al, and the
presence of Co on the surface promoted the diffusion of Al during lithiation and anneal-
ing, avoiding the formation of unwanted Al-related impurities and promoting uniform
element distribution.
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Figure 6. (a) TEM and EDS images of pristine NCM after 200 cycles at 45 °C and 7 C. (b) High-
resolution transmission electron microscopy (HR-TEM) on a fresh surface produced by intergranular
cracking. (c) EELS line scan on the surface of secondary particles in cycled pristine NCM. (d) TEM
image and EDS mapping of CoxB-NCM after 200 cycles at 45 °C and 7 C. (e) HR-TEM image of
CoxB-NCM. (f) EELS line scan. Reproduced with permission [169]. Copyright (2021) Nature.
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The metal fluorides that are suitable for surface coating include LiF [173],
AIF [174,175], etc. Coating fluoride on cathode materials can reduce charge transfer resis-
tance and improve rate capability and cycle life. Li et al. [173] confirmed through various
tests, such as XRD, TEM, EDX, and XPS, that the residual lithium salt on the surface of
NCMBS811 can react with ammonium fluoride in situ to form a LiF coating. The LiF can
improve the discharge rate capability and cycling performance of high-nickel cathode ma-
terials. After modification, the capacity loss after 200 cycles was 17.8%, which was greatly
improved compared to the capacity loss of 28.2% without modification. Coating with metal
phosphates is also a more common modification method for cathode materials, including
CO3(PO4)2 [176], Ni3(PO4)2 [177], Ml‘l3(PO4)2 [178], FePO4 [179], AIPO4 [180], Y(PO3)3 [181],
CeP,0O7 [182], LaPOy4 [183], etc. Liu et al. [179] designed and prepared Y(POj3)s3-coated
LiNip §Co0.15Alg,050, to reduce the surface residual alkali and improve the gas genera-
tion problem of cathode materials. The in situ-formed composite lithium-ion conductor
coating (Y(PO,)3-LizPO4-YPOy,) also improved electrochemical behavior. The electrode
modified with 2 mol% Y(POs); showed excellent rate performance (156.3 mAh-g’1 at5C)
and cycling stability with a capacity retention of 88.3% after 200 cycles. Even at a high
temperature of 55 °C, the electrode modified with 2 mol% Y(POj3); still maintained a high
reversible capacity, with a capacity retention rate of 89.4% after 100 cycles. Cao et al. [182]
synthesized CeP,O7-coated high-nickel cathode LiNij g3C0p 12Mng 50, through a PEG-
assisted water deposition method. The coating material has good interface stability and
can inhibit structural degradation, improving the thermal stability and rate performance
of the cathode material. After coating modification, the material maintained a retention
rate of 92.38% after 100 cycles under the conditions of 2 C and 4.3 V upper cut-off voltage.
Liu et al. [183] introduced a LaPOy coating on the surface of LiNig g7Cog 09 Al 04O2 through
a wet coating method and doped a small amount of La®>* on the surface to achieve dual
functions of coating and doping. The sample modified with 2 wt% LaPOy4 (L2-NCA) had
the best electrochemical performance, with capacity retention rates of 96.0% and 85.1%
after 100 cycles at 25 °C and 60 °C, respectively, showing better cycling stability than the
original NCA with capacity retention rates of 87.1% and 74.2%, respectively.

Metal oxide, fluoride, and phosphate coatings are relatively stable and can reduce the
side reactions between the high-nickel cathode material and the electrolyte. However, they
can increase the corresponding charge transfer resistance. To solve this issue, researchers
have introduced lithium-containing compounds with high Li* conductivity for surface
modification. These compounds include LiCoO; [184], LiNig 333C0q 333Mng 3330, [185],
LiZZI'O3 [186—188], LlZI'z(PO4)3 [189], L1A102 [190], L125103 [191], leMDOg, [192],
LiNbO3 [193,194], LiFePOy [195,196], LizPO4 [197-199], LiH,POy [200], LiBO [201,202],
and LLAO [203]. Yang et al. [188] utilized the Couette-Taylor reaction to deposit a surface-
coated LiyZrO; layer onto LiNig goCop 04aMng g3Alg 0302 (NCMA), with a thickness of ap-
proximately 2.5 nm. Electrochemical impedance spectroscopy (EIS), cyclic voltammetry
(CV), and the galvanostatic intermittent titration technique (GITT) demonstrated that the
coating acted as a bridge, lowering activation energy and polarization potential, thereby
facilitating the transport of Liions. After 100 cycles at 1 C, the capacity retention rate of
the cathode material coated with 1 wt% of the layer was 90.2% (bare NCMA was 74.6%).
The data confirmed that the Li,ZrO; coating can enhance the structural stability and cy-
cling performance of the cathode. Li et al. [191] synthesized NCM811 coated with Li;SiOs.
The coating resulted in a marked reduction in the occurrence of microcracks on the parti-
cle surface, demonstrating improved structural stability and cycling performance. Zhao
et al. [192] synthesized NCM811 coated with LiyMnO3 (LMO). The LMO coating effectively
suppressed harmful structural degradation of the high-nickel cathode, improving cycling
stability. The optimized NCM811@LMO-3% cathode material exhibited a capacity retention
rate of approximately 93% after 100 cycles at 0.1C and a capacity retention rate of 81% at
1 C after 500 cycles, better than bare NCM811 materials (74% and 63%). Zhang et al. [194]
prepared LiNbOs-coated single-crystal NCM811. Molecular dynamics simulations con-
firmed that the LiNbOj3 coating effectively inhibited the dissolution of transition metals
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while providing a stable Li ion pathway. Experimental results also showed that coating
modification effectively improved the cycling stability of NCMS811, increasing the capacity
retention rate from 19% to 70% after 500 cycles. Zhang et al. [196] introduced a modification
strategy of Mg doping and LiFePO, coating on NCMS811. The modified cathode displayed
lower charge transfer resistance than the original material. Liu et al. [200] synthesized NCA
with a surface-coated LiH,POy layer by converting the surface residue to LiH,POy4. The
coated NCA exhibited a significantly improved cycling retention rate of 96.1% and 90.5%
at 25 °C and 55 °C, respectively. Wang et al. [202] prepared LiNig 99Cog 9sMng 04O; coated
with LBO via a dry process. The coating reduced the direct contact between the cathode
material and the electrolyte, suppressing structural degradation and surface impedance.
The material had a discharge capacity of 222.0 mAh-g~!. The capacity retention rate after
100 cycles at 1 C was 88.1%. He et al. [203] developed a modified LiNip g,Cop 144l 04Oz
cathode material by applying an in situ coating of Lig5Lay Aly 504 (LLAO) and doping it
with Mn for compensation. This modification technique effectively reduced the Li* /Ni*
disorder and microcracks in secondary particles, thereby improving the material’s mechan-
ical properties. The modified material showed an impressive 96.2% capacity retention after
100 cycles at a voltage range of 3.0-4.4 V and a rate of 1 C, representing a 13% enhancement
compared to the original material.

Non-metallic compound coating mainly involves B-containing compounds [204-206]
and polymers [207,208]. B-containing compounds, such as boron oxide or boric acid, can
react with the residual alkali on the surface of cathode materials to form fast ionic con-
ductor compound LBO, which can reduce microcracks in high-nickel cathode materials
and improve their capacity and cycling performance. Kim et al. [205] prepared a fast
ionic conductor Li3BO3; coating and B-doped co-modified LiNig 91 Cog gsMng030z. It was
confirmed by XPS, FESEM, and FETEM that the microcracks of the modified material
were greatly alleviated. The discharge capacity of the modified LiNig 91 Cog0sMng 9302
(LBO-0.05) at 5 C rate was 88.6 mAh-g~!, which was greatly improved compared to the
45.8 mAh-g~! of original NCM. Cao et al. [206] introduced a dual-modified coating of
B,0O3 and LiBO; to the high-nickel material LiNij g9CoggsMng 0302 (NCM89). The research
results showed that the modification strategy can inhibit the dissolution of transition metals
and the decomposition of the electrolyte at the cathode/electrolyte interface, producing a
beneficial cathode—electrolyte interface layer (CEI). The discharge capacity of the cathode
was 180.4 mAh-g~!, and the capacity retention rate after 100 cycles at 1 C was 90%, which
was significantly higher than the 59% of the original cathode. Kim et al. [207] conducted
surface modification of NCM622 by introducing a dual-conductive polymer coating of
poly(3,4-ethylenedioxythiophene)-co-poly(ethylene glycol) (PEDOT-co-PEG). The conduc-
tive polymer coating inhibited the growth of the surface resistance layer of the cathode
material and suppressed the dissolution of transition metals from the active cathode mate-
rial. The modified material exhibited significantly improved discharge capacity, high-rate
performance, and high-temperature performance. Hwang et al. [208] synthesized a lithium-
containing “BT]J-L” hybrid oligomer coating of NCM811 by using a bismaleimide (BMI)
with a polyether monoamine (JA), thiocyanic acid (TCA), and LiOH. The electrochemical
performance of the material, such as discharge capacity, Coulombic efficiency, and cycling
retention rate, was greatly improved.

4.4. Optimal Regulation of Crystal Structure

The grains of high-nickel polycrystalline cathode material are formed by the aggre-
gation of multiple primary particles. Therefore, cracks and large gaps between particles
are prone to occur during the compaction process of electrode sheets. The poor structural
stability of the high-nickel polycrystalline cathode may bring many issues, such as surface
microcracks, particle fragmentation, rapid cycle life decay, poor thermal stability, and
safety hazards during the charge and discharge process. Single-crystal cathode material is
composed of one or more large particles of single-crystal shape. Due to the smooth surface,
high density, and mechanical strength of single-crystal particles and the absence of grain
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boundaries inside, they are not easily reacted with the electrolyte to cause microcracks
and structural phase transitions, thus improving the structural stability and cycling per-
formance of the high-nickel cathode [209-218]. Therefore, single crystallization is one of
the important paths to ensure that high-nickel cathode materials have both high energy
density and long cycling stability.

Xiao et al. [219] studied the gas evolution mechanism of single-crystal and polycrys-
talline cathode materials of LiNip74Mng14C0p10, (NMC76) by using button cells and
soft-packaged cells. The study found that single-crystal materials generally require higher
electrochemical driving forces to produce gas. The gas evolution of single-crystal materials
is much lower than that of polycrystalline materials even at high voltage potentials, indi-
cating that the low gas evolution of single-crystal materials is one of the important paths to
solve the safety issues of high-nickel batteries. Battaglia et al. [220] studied the full battery
performance of single-crystal and polycrystalline cathode materials of NCM622. The study
found no significant difference in the thickness of the cation-disordered layer formed in
the surface region of the cathode particles between single-crystal and polycrystalline parti-
cles. However, the cracking phenomenon of polycrystalline particles was marked, while
single-crystal particles showed almost no cracking phenomenon, and the corresponding gas
evolution was also lower. Sun and Yoon [221] demonstrated that single crystals (NCM) can
effectively address the issue of microcracks in cathode particles. The study found that the
single-crystal LiNig 7Cop 15Mng 150, (SC-NCM?70) did not undergo irreversible structural
damage even when charged to 4.3 V. However, when the Ni content was increased to 90%,
microcracks were observed in both the SC-NCMO90 particles and their phase boundaries
(Figure 7), indicating that a Ni content greater than 90% may be a bottleneck in improving
the energy density and cycling performance of high-nickel single-crystal materials. Their
further research found that reducing the charging rate of single-crystal materials with
Ni > 90% or reducing the size of cathode particles could reduce the occurrence of structural
defects at the end of charging, thus improving the structural stability and cycling perfor-
mance. Zhao et al. [222] prepared high-nickel cobalt-free polycrystalline LiNip9Mng 10,
(PC-NM91) and single-crystal LiNig9Mng 10O, (SC-NM91) cathodes. They found that the
SC-NM91 had lower Li*/Ni?* mixing and a faster Li ion diffusion rate, which suppressed
intergranular cracking, surface pulverization, disorder phase transition, and interfacial
side reactions. After 300 cycles at 1 C, the capacity retention of the single-crystal cathode
was 85.3%, while that of the polycrystalline PC-NM91 under the same conditions was only
65.8%. Chen et al. [223] combined the high-nickel single-crystal/polycrystalline cathode
NMCB811 with the solid-state electrolyte Li3YClg and a Li-In alloy anode to form high-
energy-density all-solid-state batteries. The study found that the capacity retention of the
single-crystal cathode after 1000 cycles at 0.2 C rate was close to 90%. Zhou et al. [224] used
the pulse high-temperature sintering (PHTS) strategy to synthesize the high-nickel single-
crystal cathode material LiNip9Cogg5Mng 950, by ultra-short time sintering at 1040 °C.
The initial discharge capacity of the material was 209 mAh-g~!. The tap density was
increased by 1/3 to 2.76 g-cm ™2 compared to polycrystalline. The particle microcracking
was successfully suppressed, thus improving the cycling performance and thermal stability
of the cathode.
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Figure 7. SEM and cross-section SEM on the cathode side after 200 cycles under 4.5 V of (a,b) PC-
NM91 and (¢,d) SC-NM91 and under 2 C of (e,f) PC-NM91 and (g,h) SC-NM91. Reproduced with
permission [221]. Copyright (2022) American Chemical Society.

4.5. Designing Composite Structures

High-nickel multi-element cathode materials suffer from poor structural stability,
surface microcracking and particle fragmentation, rapid cycle life decay, poor thermal
stability, and poor safety performance. In recent years, researchers have addressed the
challenge of balancing high capacity and long cycle stability by designing composite
structures, such as core-shell structures [225-236] and concentration gradients [237-242].
Chen et al. [225] synthesized a Li(Nip §Cog.1Mny 1)0.8(Nig5Mng 5)020, composite cathode
with a LiNip gCop 1Mng 10, core and a Li(Lig 5Mng 5)O, shell. The core material provided
high capacity, while the shell material achieved high thermal stability. Sun et al. [228]
designed a gradient core—shell LiNig g3Cog g7Mng 10O, high-nickel cathode material with
a higher Ni content. The inner core was composed of high-nickel LiNig 9Cog g5sMng 0502,
while the outer layer was composed of low-nickel LiNig ¢gC0g 12Mng 2002, which exhib-
ited high capacity, rate capability, and long cycling life. Xiao et al. [230] synthesized the
core-shell high-nickel cathode material NCM811@x[Li—Mn—O] (x = 0.01, 0.03, 0.06) with a
nickel-rich core and a manganese-rich shell. The material with x = 0.03 exhibited the best
rate performance. Additionally, the material with x = 0.03 showed better thermal stability
and a capacity retention of 65.1% after 200 cycles. Chen et al. [231] synthesized the gradient
cathode material LiNip ¢Cop2Mng 20, (CG-NCM622) with a high-nickel NCM811 core and
a high-stability LiNi; ;3Co1/3Mn; /30, shell. Compared with conventional NCM811, CG-
NCM622 displayed better structural stability and excellent electrochemical performance.
The initial discharge capacity was 195.6 mAh-g~! at 1 C in the voltage range of 2.8-4.6 V, and
the capacity retention rate after 100 cycles was 90%. Sun et al. [232] designed a core-shell
composite structure for the high-nickel cathode material LiNig¢Cog045Mng 45A10,0102,
with LiNig 92Cog.04Mng 03Alp 010, as the inner core of the high-nickel cathode particle and
LiNi 845C00 067Mng 078 Alp 01Oz as the surface buffer layer. This composite microstructure
allowed for uniform contraction of primary particle stress and created different stress states
that transfer to compressive stress inside the cathode particle, which effectively suppressed
microcracks from propagating to the outer surface of the particle. This unique microstruc-
ture significantly improved the cycling performance of the cathode, with a capacity reten-
tion rate of 84.7% after 1500 cycles. Additionally, the core—shell structure cathode exhibited
high mechanical stability and fracture toughness. Sun et al. [233] developed a cobalt-free,
nickel-rich core and manganese-rich shell LiNig9Mng 1O,. The manganese-rich shell can
provide effective internal strain dissipation and chemical protection, which eliminates the
internal strains caused by charge state inhomogeneity and cathode fracture toughness. The
core-shell LiNip 9Mng 1O, without cobalt showed excellent long-term cycling stability. The
capacity retention rate was 78.5% after 2000 cycles at a charging rate of 1 C and a discharge
rate of 0.8 C. The capacity retention rate was 79.5% after 1000 cycles at a charging rate of 3 C
and a discharge rate of 1 C. Yang et al. [236] designed a high-nickel, cobalt-free core—shell
cathode material by surface coating WO3 on a precursor material composed of inner core
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Ni(OH), and outer shell NixMy (OH), (Figure 8). The LixWyO, secondary phase formed on
the surface was infiltrated into the secondary particle grain boundary, which can effectively
prevent the diffusion of metal elements in the core-shell, reducing the surface side reactions
of high-nickel, cobalt-free cathode materials and enhancing the mechanical strength and
electrochemical performance of particles.

Ni,M,(OH),

Ni,M,(OH), e
she!

shell

Nano WO,
Y/ ’
"} Calcination with
w \ LiOH.H,0 at high I w
temperatures

Preserved shell due to Li-W phases
in the the grain boundaries

Shell interdiffused
in the core

v
Uniform LiNi,M, 0,  LiNIiO,
LiNi,M,0, Shell Core

Figure 8. Schematic showing the challenge of interdiffusion in core—shell structured particles during
synthesis and the preservation of the initial microstructure in WO3-coated precursors after calcination
due to the presence of LixWyO, phases (shown in yellow) in the grain boundaries. Reproduced with
permission [236]. Copyright (2022) American Chemical Society.

Sun et al. [237] designed a gradient material with a high-nickel NCMS811 as the core
and a low-nickel LiNig 46C00.23Mng 31O, as the shell. The degree of side reactions between
the low-nickel cathode material and the electrolyte is smaller than that of the high-nickel
cathode material, which is beneficial to reduce the formation of surface microcracks dur-
ing the cycling process to improve the cycling performance of the cathode. The gradient
core—shell high-nickel material can effectively solve the difficulty of Li diffusion caused
by the inconsistent contraction of the crystal cell volume between the high-nickel core
and the gradient shell and then effectively improve the cycling life of the high-nickel
cathode material. In the voltage range of 3.0-4.4V and at a high temperature of 55 °C,
the capacity retention rate after 500 cycles at 1 C was 96.5%, which is much higher than
the 80.4% of conventional NCM811 materials. Sun et al. [238] synthesized a non-full el-
ement gradient cathode material LiNig ¢9Cog 15Mng 2505, in which the Mn concentration
remained constant while the Ni and Co concentrations exhibited a gradient change. The
SEM morphology revealed rod-shaped primary particles with radial growth orientation.
This non-full element gradient cathode material exhibited significantly improved rate and
cycling performance compared to conventional non-gradient materials, with a capacity
retention of 70% after 1000 cycles at a high temperature of 55 °C. They also investigated
a full element gradient high-nickel cathode material, LiNig 75Cog 10Mng 150, [239]. From
SEM and electron probe microanalyzer (EPMA) images, it can be observed that the Mn
concentration gradually increased from the inner core of the secondary particles to the outer
layer, while the Ni and Co concentrations gradually decreased. The inner core material
was composed of high-nickel LiNij g¢Cog10Mng 040, and the outer layer was composed
of low-nickel LiNip 79Cog.10Mng 190O2. The precursor morphology of this full gradient con-
centration material was a primary particle with a rod-shaped morphology and a radial
growth orientation, as analyzed by selected area electron diffraction (SAED) and TEM.
The initial discharge capacity and rate performance of this material were superior to those
of conventional LiNig gsCo¢ 10Mng 04O, cathode materials. Yu et al. [240] synthesized a
novel nickel concentration gradient LiNip §Cog 15Alg,0502 (NCG-NCA) high-nickel cathode
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material. The stable surface structure of NCG-NCA minimized the occurrence of severe
atomic rearrangement. The neutron diffraction analysis of NCA revealed that the NCG
structure reduced the degree of Li* /Ni** mixing, thereby enhancing its cycling stability
and rate capability. The NCG-NCA exhibited an outstanding capacity retention of 75%
after 200 cycles even at high cutoff voltage of 4.5 V and 10 C rate, which was higher than
the 50% of the original NCA (P-NCA) cathode without NCG. Sun et al. [241] compared the
discharge capacity, cycling life, high-temperature stability, and particle microcracks of con-
ventional LiNi0'90COO'Q5Mno.05OZ (NCM90) and LiNio'goC00'045Mn0,045A10.01Oz (NCMA90)
with gradient LiNig 99Cog g5Mng g50, (CSG-NCM90) and LiNig.99Coq.045Mng g45A1 0102
(CSG-NCMA90) high-nickel cathode materials at different DOD. The research data showed
that the microstructure of gradient materials effectively suppressed the formation and
expansion of microcracks under high charge states, allowing the CSG-NCMA90 gradient
cathode to retain 90.7% of its initial capacity after 1000 cycles at 100% DOD, which is supe-
rior to the 60-80% capacity retention rate of traditional nickel-rich layered cathodes. Niu
et al. [242] prepared gradient NCM high-nickel cathode materials by modifying the primary
and secondary particles of NCM with nickel-based MOEF. During the high-temperature
sintering process, MOF can form a protective layer of 5-10 nm on the surface of the primary
particles, effectively slowing down the occurrence of phase transitions during cycling and
suppressing cracks in the particles, thereby effectively improving the cycling stability. In
addition, the metal components in MOF can effectively increase the nickel content inside
the secondary particles, forming a concentration gradient that gradually increases from
the outside to the inside, achieving simultaneous modification of primary and secondary
particles. The prepared D-NCMS811 exhibited significantly improved cycling stability in
both half-cell and full-cell compared to unmodified NMC811. In addition, the D-NCM&811
still maintained 84.1% of its initial capacity after 500 cycles at 1 C rate.

5. Conclusions

This paper reviews and analyzes the structural characteristics, problems, and recent
research progress of high-nickel multifunctional cathode materials and summarizes the
progress of performance optimization in terms of precursor growth orientation regulation,
bulk phase doping structure regulation, surface coating interface modification, crystal
morphology control, and material structure design. In order to achieve the long range
and low cost of LIBs, high-nickel multifunctional cathode materials are one of the most
promising cathode materials for large-scale industrialization of high-energy-density lithium-
ion battery applications. In order to quickly realize the industrial application of high-
nickel multifunctional cathode materials, it is also necessary for universities, research
institutes, and enterprises to cooperate in production and research. The development and
industrialization of high-nickel multicomponent cathode materials should focus on the
following aspects:

(1) Increasing research efforts towards low-cobalt (Co < 5 mol%) or cobalt-free high-nickel
cathode materials, such as NCM, NCMA, NM, NMA, and NA, to further enhance the high
specific energy and low-cost advantages of high-nickel multicomponent cathode materials.

(2) Developing hybrid electrode systems consisting of high-nickel polycrystalline large
particles and single-crystal small particles. The crystallization of the high-nickel cathode
can improve the battery’s cycling and safety performance, meeting the requirements of
high voltage and high capacity, long cycle, high-temperature excellence, high safety, low
gas generation, and other performance requirements for high-safety long-endurance new
energy vehicle power batteries.

(3) Conducting in-depth research on the reaction mechanism, particle stress, morphol-
ogy, and directional growth control of high-nickel multicomponent precursor synthesis
to provide a solid theoretical basis for improving the cycling and safety performance of
high-nickel multicomponent cathode materials.

(4) Conducting in-depth analysis of the influence mechanism of modifying methods
such as bulk doping and surface coating on the crystal structure, surface stability, particle
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strength, and surface microcracks of high-nickel multicomponent cathode materials to
further enhance the capacity, cycling, and safety performance of the materials.

(5) Further optimizing the design of high-nickel multicomponent cathode materi-
als with core—shell gradient structure and match them with solid electrolyte systems
(LATP/LLTO/LLZO, etc.) to further improve the safety and high-temperature tolerance
of batteries.

(6) Developing new processes and equipment with short cycles and high capacity
to meet the demands of future large-scale markets and cost reduction, especially for the
processing and production of solid-state batteries and all-pole-ear large cylindrical batteries.

(7) The future industrialization direction of high-nickel cathode materials should also
focus on ecodesign principles to minimize the environmental impacts of LIBs. This includes
considering sustainable sourcing of raw materials, optimizing manufacturing processes,
designing batteries with longer lifetimes and easier recyclability, and using environmentally
friendly disposal methods. By adopting ecodesign principles, manufacturers can help
reduce the environmental impact of high-nickel cathode materials and LIBs, making them
a more sustainable energy storage solution.
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