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Abstract
Lithium-ion batteries (LIBs) represent the most promising choice for meeting the ever-growing demand of society for vari-
ous electric applications, such as electric transportation, portable electronics, and grid storage. Nickel-rich layered oxides 
have largely replaced  LiCoO2 in commercial batteries because of their low cost, high energy density, and good reliability. 
Traditional nickel-based oxide particles, usually called polycrystal materials, are composed of microsized primary particles. 
However, polycrystal particles tend to suffer from pulverization and severe side reactions along grain boundaries during 
cycling. These phenomena accelerate cell degradation. Single-crystal materials, which exhibit robust mechanical strength and 
a high surface area, have great potential to address the challenges that hinder their polycrystal counterparts. A comprehensive 
understanding of the growing body of research related to single-crystal materials is imperative to improve the performance 
of cathodes in LIBs. This review highlights origins, recent developments, challenges, and opportunities for single-crystal 
layered oxide cathodes. The synthesis science behind single-crystal materials and comparative studies between single-crystal 
and polycrystal materials are discussed in detail. Industrial techniques and facilities are also reviewed in combination with 
our group’s experiences in single-crystal research. Future development should focus on facile production with strong control 
of the particle size and distribution, structural defects, and impurities to fully reap the benefits of single-crystal materials.
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1 Introduction

In 1981, the Goodenough group first discovered that 
lithium cobalt oxides  (LiCoO2) had high conductivity 
and maintained their structural stability throughout ≈ 
0.5  Li+ (de)intercalation per formula unit [1]. Since then, 
after being introduced in the first commercial lithium-ion 
battery (LIB, energy density: ~ 150 Wh  kg−1) by Sony, 
lithium cobalt oxides have been utilized in batteries as 
cathode materials. Lithium cobalt oxides continue to play 
a dominant role among many positive materials.  LiNiO2, 
which has the same layered structure as  LiCoO2, was 
first considered as an alternative cathode material given 
the high cost and scarce resources of elemental cobalt. 
Nevertheless, high-quality  LiNiO2 samples are very dif-
ficult to synthesize and prone to chemical and structural 
instability [2–4], particularly at high cutoff voltages. Del-
ithiated  LiNiO2 easily releases oxygen even under nor-
mal operating conditions and undergoes exothermic reac-
tions with organic electrolytes [5, 6]. Nickel-based oxides 
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 LiNi1–x–yCoxAlyO2 (NCA) and  LiNi1–x–yCoxMnyO2 (NCM) 
are obtained by introducing cobalt and manganese (alu-
minum) into  LiNiO2 to improve its structural and thermal 
stability [7–9]. However, although the high proportion of 
nickel in the family of nickel-based layered oxide materials 
can allow for increased gravimetric energy, the low revers-
ible capacity of layered oxides with high nickel contents 
hinders their further application in commercial batteries. 
In particular, nickel-based cathodes ( ⩾80% nickel content) 
with high electrode densities that exceed ≈ 3.3 g  cm−3 usu-
ally undergo structural collapse, exhibiting severe capacity 
fading as the gravimetric energy density increases [9, 12, 
16]. Even so, next-generation batteries with nickel-rich 
layered oxide cathodes and graphite–silicon anodes are 
still expected to achieve cell-level specific energy densities 
approaching 350 Wh  kg−1 by 2025 or earlier [10].

Many researchers have published excellent reviews 
detailing the research progress on understanding critical 
challenges that such cathode materials and corresponding 
strategies face to fulfill the goal of high energy density 
[11–19]. Most reviews have mainly focused on the fail-
ure of layered oxides caused by electrochemical cycling 
and storage along with the two conventional methods 
of coating and atomic doping. Other strategies, such as 
those based on core–shells, concentration gradients, and 
single-crystal structures, are only incidentally mentioned 
and considered undeveloped concepts. Conventional modi-
fications temporarily postpone capacity fading and show 
reduced effectivity due to the migration of doped atoms or 
damage to the protected layer. The redesign of the morpho-
logical structure provides a promising strategy to radically 
counteract the inherent degradation associated with lattice 
distortion during cycling while exhibiting high potential 
for easy scaled-up production. Notably, single-crystal 
nickel-based layered oxides are believed to be beneficial 
for the better electrochemical stability.

The operation of LIBs with a nickel-based layered oxide 
cathode and a graphite anode is illustrated in Fig. 1a. The 
extraction of lithium ions from the layered structure accom-
panies the oxidation of transition metal ions during charging. 
In this system, interactive reactions among the lithium, cath-
ode/anode, and electrolyte result in complicated interfacial 
chemistry. In particular, compared to polycrystal materials, 
single-crystal materials have a wider cutoff voltage win-
dow and can endure longer cycling and higher temperature 
(Fig. 1b). Regarding polycrystal materials, stringent operat-
ing conditions increase the contact area between the elec-
trolyte and electrode materials due to the electrochemical 
generation of microcracks (pulverization), resulting in addi-
tional side reactions and even increasing the charge trans-
fer resistance. Single-crystal materials can maintain their 
morphological integrity in the absence of anisotropic forces 
even if operated under extreme conditions, thus reducing 

gas evolution during electrochemical cycling. The origin, 
synthesis, development, and modifications of single-crystal 
nickel-based cathodes have been well reviewed from this 
perspective. This review aims to inspire new ideas regarding 
single-crystal materials and pave a path toward LIBs with 
high energy density.

2  Nickel‑Based Positive Electrode Materials

2.1  Chemical Structure

Similar to  LiCoO2, nickel-rich layered oxides  [LiTMO2, 
(TM = Ni, Co, Mn)] adopt the α-NaFeO2 structure with 
a layered hexagonal structure (space group: R3m) [2]. As 
shown in Fig. 2a, this overall structure is composed of con-
secutive alternating  [TMO6] and  [LiO6] octahedrals wherein 
the lithium, TM, and oxygen atoms reside at the 3a, 3b, and 
6c sites of the crystal structure, respectively. Given that the 
radius of  Ni2+ (0.069 nm) is negligibly different from that 
of  Li+ (0.076 nm), a small amount of  Ni2+ and  Li+ usu-
ally exchange positions. This phenomenon, which is termed 
cation antisite disorder, impedes lithium-ion diffusion in the 
layered framework [20, 21]. Figure 2b presents the Rietveld 
refinement of layered oxides with different nickel contents. 
Oxides with various nickel contents present general upward 
and downward trends corresponding to lattice parameters a 
and c, respectively. Cation antisites increase lattice param-
eter a, as indicated by the presence of weak (003) diffraction 
peaks. In the lithium layer,  Ni2+, which has a small radius, 
decreases the lattice distance and tends to be oxidized into 
 Ni3+/4+ during charging, thus causing local lattice collapse. 
In contrast, lithium ions sliding into the TM layer increase 
the lattice distance and obstruct  Li+ insertion/extraction due 
to their large radius. A series of  Li1–xNi1–xO2 in the solid 
solution state constitute  LiNiO2. The ideal layered structure 
 LiNiO2 is formed when x is as close to 0 as possible. In 
practice, oxidizing all nickel atoms into  Ni3+ during syn-
thesis is challenging. Thus,  LiNiO2 or nickel-rich layered 
oxides synthesized through modern methods usually possess 
at least ~ 1%–2% nickel atoms in their lithium layers [22]. 
Moreover, prolonged exposure to air and moisture easily 
results in deteriorating the performance of layered oxides. 
In particular, during shelf storage, the spontaneous reduc-
tion of  Ni3+ into  Ni2+ destroys the structural ordering of 
the material, causing  LiNiO2 to undergo irreversible phase 
transformation during the intercalation/deintercalation of 
lithium ions.

The strategy of substitution with various elements (e.g., 
cobalt, aluminum, or manganese) has been widely applied to 
obtain nickel-rich layered oxides NCA/NCM with increased 
stability. The substituent elements usually exert effects on 
the chemical structure of NCA/NCM upon lithium (de)
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Fig. 1  a Schematic illustration of the operation of LIBs based on nickel-based layered oxide cathodes and graphite anodes (SEI: solid electrolyte 
interphase). b Structural changes of single-crystal and polycrystal materials with increasing cycle number, temperature, and voltage
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Fig. 2  a Schematic illustration of the crystal structure of  LiTMO2. b 
X-ray diffraction (XRD) patterns of layered oxides with different Ni 
contents. Reproduced with permission from Ref. [3]. Copyright © 

2019, American Chemical Society. c Effects of dopants on the prop-
erties, costs, and synthesis of  LiNiO2. Reproduced with permission 
from Ref. [12]. Copyright © 2020, Springer Nature
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intercalation to improve electrochemical performance. Fig-
ure 2c shows the effects of common dopants on the proper-
ties, costs, and synthesis of nickel-rich layered oxides [11, 
12, 23, 24]. The incorporation of cobalt ions (3+) contrib-
utes to the ionic and electronic conductivity of the layered 
oxides. However, the capacity contribution from  Co3+/4+ 
redox activity is limited due to structural failure induced 
by cathode overcharging. The incorporation of inexpensive 
manganese offers the advantages of mechanical robustness 
and thermal stability. However, manganese ions are electro-
chemically inactive and promote increased  Ni2+ formation 
because of their charge neutrality, which deteriorates the 
electrochemical performance of the material. The functions 
of aluminum ions (3+) in the layered oxides are very simi-
lar to those of manganese ions (4+). Given that the atomic 
weight of aluminum is lighter than that of other transition 
metal elements, aluminum-doped nickel-based oxides have 
an increased gravimetric capacity. Furthermore, the very 
low Gibbs energy for the formation of  Al2O3 increases the 
rigidity of the crystal structure. However, compared with its 
NCA counterpart, the nickel-based oxide NCM has inferior 
cycling stability due to active mass dissolution/crossover and 
irreversible phase transition [25].

2.2  Electronic Structure

Lithium deintercalation/intercalation from the layered 
structure during charge/discharge is closely related to 
redox reactions, which are essentially concerned with the 
outer electron gain/loss of TM ions. The electronic config-
uration wherein one TM ion coordinates with six oxygen 
atoms constitute a crystal field. As illustrated in Fig. 3a, 
the five 3d orbitals of transition metal elements are split 
into two sets, namely, the  eg and  t2g bands, in the crystal 
field produced by octahedral oxygen anion coordination 
[26, 27]. The lobes of the  dx2–y2 and  dz2 symmetries in the 
 eg level point toward oxygen anions, whereas those of the 
 dxy,  dxz, and  dyz symmetries in the  t2g level point between 
oxygen anions. The interactive repulsion between oxygen 
anions confers  eg levels with higher energy than the  t2g 
levels.

The commonly observed electronic configurations of 
the d orbital for elemental nickel, cobalt, and manganese 
in the nickel-based layered oxide NCM are presented in 
Fig. 3b. Given that  Ni3+ and  Mn3+ have a single electron at 
the  eg level, they are stimulated by the Jahn–Teller effect at 
a low overall energy by breaking the degeneracy of two  eg 
levels (Fig. 3c). The oxidation states of nickel, cobalt, and 
manganese have been clearly suggested to be 2+, 3+ and 
4+, respectively, when they receive electrons from lithium 
during lithiation [28, 29]. After being fully charged, TM 
cations tend to be oxidized into the 4+ state to form  TMO2. 
Thus, the chemical valence of manganese plays a vital role 

in stabilizing the crystal structure because it is unchanged. 
Figure 3d depicts the structure of layered oxides with the 
space group R3m. Transition metal atoms are arranged in a 
specific order in compounds with different antiferromagnetic 
structures and in other magnetic structures. Such results, for 
example, the relatively large possibility of arrangements in 
(333), (442), and (532), can change the cell parameters and 
total energy.

As indicated in Fig. 3e and f, long-range electronic struc-
tures are defined by magnetostatic interactions, whereas the 
band energy level can show the short-range structural fea-
tures of a crystal field. The layered phase places TM ions 
at the vertex and center of the hexagonal ring in a TM slab. 
Thus, a two-dimensional triangular network is formed. The 
presence of unoccupied orbitals in the TM ions has an effect 
on the other surrounding ions: it always results in an increase 
in energy due to the sameness of the spin direction when 
the spin directions of the triangle sites are determined [30]. 
Figure 3f shows that in contrast to the 2p band of O, the 
3d electron level splits into the  eg and  t2g energy bands of 
transition metal elements (nickel, cobalt, and manganese) 
[31]. Nickel-based layered oxides comprise a mixed valence 
state of 2+ and 3+. The overlapping area of the  Ni3+/Ni4+  eg 
band and the top of the  O2− 2p band is smaller than that of 
the  Co3+/Co4+  t2g band and the top of the  O2− 2p band. The 
 Ni2+/Ni3+  eg band does not overlap with the  O2− 2p band. 
These characteristics suggest that compared with cobalt, 
nickel, which has a higher valance state, has more chemical 
stability during charging [32]. The  eg bands of  Co3+/Co4+ 
and  Mn3+/Mn4+ are considerably higher than the top of the 
 O2− 2p band but are only oxidized in the high lithium dein-
tercalation state at a high cutoff voltage [33].

3  Challenges of Nickel‑Based Layered 
Oxides

3.1  Difficult Synthesis

The various methods and production processes of nickel-
based layered oxides are shown schematically in Fig. 4a 
and b. The particle morphology, microstructure, and surface 
properties have a strong influence on the optimal energy 
output of layered oxides [34–36]. The overview of the main 
manufacturing procedures clearly shows that the synthesis 
route of nickel-based layered oxides needs precise control 
and production facilities that are capable of enduring harsh 
work conditions. Industry has deemed single-crystal cath-
odes with low and moderate nickel contents as commercially 
successful. Therefore, manufacturers have designed special 
equipment for the large-scale production of these cath-
odes (Fig. 4b). In commercial production, calcination and 
deagglomeration require highly sophisticated conditions, 
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such as precise temperature and prolonged calcination 
time. Single-crystal materials are formed by eliminating the 
mechanical attractive force throughout the deagglomeration 
procedure. This approach is crucial for achieving the desired 
particle size and morphology. Commercial nickel-based lay-
ered oxides that consist of spherical secondary particles that 
are made up of hundreds of fine primary particles are usu-
ally prepared via the common coprecipitation method. The 
particle size and tap density of precursors are closely related 
to the experimental parameters. In the dissolution–recrystal-
lization process,  NH4OH, which is used as a common chelat-
ing agent, regulates the solubility of metal hydroxides and 
the growth of dense spherical particles. In accordance with 
the equilibrium and mass balances of all metal–ammonia 
complexes for nickel, manganese, and cobalt, nickel ions 
coordinate with ammonia at pH 4–12, whereas cobalt and 
manganese ions interact with ammonia in a narrow pH 
range of 6–10. Therefore, the crystallization and growth 
of nickel hydroxides are hard to control and require good 
equipment. The pH for nickel-rich precursors is typically 
10–11. Qiu et al. [37] investigated the preparation conditions 
of nickel-based hydroxide precursors and designed end-point 
prediction modeling to optimize the pH, initial ammonia 

concentration, and metal sulfate addition. The calcination 
process for nickel-rich layered oxides is a complex problem.

Nickel and lithium ions are alternately aligned along 
the c-axis of the rhombohedral unit cell. The formation of 
the layered structure is mainly driven by the different sizes 
of  Li+ and  Ni3+, and the latter is oxidized from  Ni2+ in 
the precursor. In fact, the crystal structure is a function of 
the oxygen chemical potential. Any unintended variation 
in μ(O2) may lead to decreased performance. Moreover, 
calcination causes lithium and oxygen loss that is accom-
panied by the formation of a rock salt phase [38] as a result 
of a chemical reaction during lithiation. It is regarded as 
the reverse of the synthesis process.

Compared with oxides with low nickel contents, nickel-
rich oxides need a lower temperature, longer reaction time, 
flowing  O2, and some special calcination equipment that 
has corrosion resistance against LiOH and  O2. Li et al. [22] 
demonstrated the effect of calcination on the performance of 
nickel-based layered oxides. Their results indicated that the 

LiTMO
2
→

1

1 + z

Li
1−zTM1+zO2

+
z

1 + z

Li
2
O +

z

2(1 + z)
O

2

Fig. 3  Schematic illustration of electronic structures. a Crystal field 
splitting of d orbitals in octahedral environments. b Typical electronic 
configuration for the Ni-rich layered oxide NCM. c Splitting of  eg lev-
els under Jahn–Teller distortion. Reproduced with permission from 
Ref. [26]. Copyright © 2017, John Wiley and Sons. d Local atomic 

environment around oxygen atoms in Li–O–TM configurations of 
stoichiometric layered nickel-based oxides. e Magnetic frustration of 
transition metal ion interactions. f Electron energy level illustrations 
of Mn, Ni, Co, and O ions
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crystal structure and electrochemical performance were also 
influenced by the calcination parameters, such as the oxygen 
flow rate, sintering temperature, the initial Li/TM ratio, and 
sintering time. Posttreatment (e.g., washing, surface coating 
or element doping, and storage) after calcination is a very 

sophisticated process that has attracted considerable atten-
tion from researchers. Wang et al. [39] revealed that nickel-
rich cathodes inevitably react with ambient air to form elec-
trochemically inert  Li2CO3 and LiOH. This behavior results 
in rapid capacity fading and high impedance when using 

Fig. 4  Schematic illustration of a various methods for fabricating nickel-based layered oxides and b main manufacturing technologies used for 
the industrial synthesis of Ni-based layered oxides with high and low nickel contents
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nickel-rich cathodes. Although the nickel-rich layered oxides 
NCA/NCM may outperform  LiCoO2 in terms of specific 
energy, they are less capable than  LiCoO2 because of their 
lower electrode density.

3.2  Structural Instability

Upon intercalation/deintercalation from nickel-rich layered 
oxides, the host displays strong thermodynamic driving 
forces to undergo transformation from a layered to spinel 
structure via cation disordering and then undergoes trans-
formation from spinel to rock salt via oxygen evolution [40, 
41]. The relationship among layered, spinel, and rock salt 
structures is shown in Fig. 5a. The crystal structure of the 
layered lithium intercalation electrode is closely related to 
that of spinel and disordered rock salt. Within the same fcc 
oxygen framework, the arrangement of lithium and TM 
cations at octahedral and tetrahedral sites differs between 
spinel and rock salt. The TM ions present cubic symmetry 
when a quarter of them migrate from the TM layers to the 
octahedral sites in the lithium layers. The transformation 
from partly delithiated layered oxides into spinel structures 
becomes thermodynamically favorable as soon as a small 
amount of lithium is removed. The oxygen evolution reac-
tion (OER) and abundant TM ions at the surface undergo 
regional densification, which leads to the degradation of 
the layered structure into rock salt. The rock salt structure 
wherein the TM layers and lithium layers no longer exhibit 
long-range periodic ordering presents an approximate TMO 
composition that is rich in transition metals.

As described in Fig. 5b, the further extraction of lithium 
induces a mixed phase of layered and spinel phases in the 
core with the formation of the rock salt phase in the out-
ermost surface [42–44]. In surface reconstruction, the low 
conductivity of the cubic phase can increase the impedance, 
and the phase transition is viewed as an undesirable process. 
However, similar to the solid electrolyte interphase (SEI) 
layer in the anode, the reconstruction layer can impede fur-
ther reaction between the electrode and electrolyte by acting 
as a protective layer.

3.3  Chemical Instability

The OER is a major contributor to the structural instability 
of a cathode, reactions at the cathode/electrolyte interface, 
and safety problems. The correlation among gas evolu-
tion, the state of nickel oxidation, and the nickel content 
in cathode materials is shown in Fig. 6 [45]. The actual 
mechanism of the OER is unclear. Nevertheless, some 
arguments have been disseminated and are under discus-
sion among researchers. Several active oxygen intermedi-
ates, such as covalent peroxide bonds (MO–OM), oxygen 

radicals  (MO·), and excited-state singlet oxygen (1O2), have 
been verified by experiments (Fig. 6a) [47, 49, 50]. House 
et al. [51] demonstrated that oxygen loss is not triggered by 
vacancies in the TM layers and that high delithiation drives 
the electrode to a high degree of  Li+ deficiency, thereby 
causing the local coordination to decrease to less than 3. 
Hwang et al. [42] proposed that the low energy barrier of 
electron migration from the O 1s state to the O 2p-Ni 3d 
hybridized state compromises the effective electron density 
of oxygen and is caused by increasing the reduction of  Ni3+. 
Oxygen evolution in nickel-based layered oxides with any 
nickel content has been verified to occur at 75%–80% state 
of charge (SOC) (Fig. 6b), which is usually considered the 
stage of the H2–H3 phase transition [46, 47]. The rate of the 
OER accelerates with increasing SOC depth and operational 
temperature due to the thermodynamic instability of the H3 
phase [44]. Nevertheless, the OER often occurs on the sur-
face instead of in the bulk because of the kinetic hindrance 
of this reaction [48].

For all nickel-based layered oxide composition,  SNOXi 
decreases linearly as the Ni content increases (Fig.  6c), 
whereas both χ and γ(O2, lim) increase linearly with the Ni/
Co ratio of oxides (Fig. 6d). The composition defines the 
electronic structure of the oxides. The removal of  Li+, the 
reduction of nickel ions, and the high effective electron den-
sity of oxygen are thermodynamically contradictory, resulting 
in oxygen loss from the cathode to maintain charge balance. 
These fit-parameter dependencies explain the differences in 
the gas evolution, active oxygen formation, and surface recon-
struction behavior of cathodes with varying composition.

The complex interfacial chemistry between the cathode 
and electrolyte is a knotty problem and plays a key role in the 
cycling life and safety of batteries. The electronic configura-
tion at the TM sites is changed by the transfer of a hole from 
the TM 3d states to the highest occupied molecular orbital of 
the electrolyte [42, 52, 53], as shown in Fig. 7a. As evidenced 
by scientific experiments, the cathode electrolyte layer (CEI) 
in cathodes forms through the electro-oxidation of the elec-
trolyte when an electrochemical test is performed or even 
when the cathodes interact with the electrolyte (Fig. 7b) 
[53, 55, 56]. The CEI is influenced by acid attack, carbon-
ate electrolyte decomposition, and mass transfer between the 
active material and carbon black, wherein surface chemical 
composition involves many functional groups (e.g., hydroxyl, 
carbonyl, and carboxyl groups) (Fig. 7c) [54].

A schematic of  Li+ deintercalation in cathode materials 
is shown in Fig. 7d and e.  Li+ transport across the interface 
is vulnerable to the properties of the CEI (solid electrolyte 
interphase). Capacity degradation and increased impedance 
are believed to be correlated with TM dissolution at high 
voltage [57–59]. Acid attack is the commonly accepted theo-
retical mechanism for TM dissolution. The oxidation of the 
electrolyte at high potential and the thermal instability of 
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Fig. 5  a Relationship among the cation orderings of layered, spinel, 
and rock salt structures. Reproduced with permission from Ref. [26]. 
Copyright © 2017, John Wiley and Sons. b High-resolution trans-
mission electron microscopy (TEM) and fast Fourier transformation 

(FFT) regions of the crystal structure changes that occur in NCM elec-
trode materials after electrochemical processing, 1 Å = 1×10−10 m. 
Reproduced with permission from Ref. [43]. Copyright © 2014, John 
Wiley and Sons
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 LiPF6 produce acidic species. Recently obtained experimen-
tal results have shown that TM dissolution occurs via a mech-
anism beyond simple HF attack [60]. The reduction of some 
TM ions, which is induced by the oxidative decomposition of 
the electrode/electrolyte and soluble TM complexes formed 
by cation exchange between the electrode and electrolyte, is 
likely the dominant mechanism for TM dissolution. Further-
more, the dissolved TM ions tend to migrate and deposit on 
the graphite anode and shorten the cycling life [25, 61].

3.4  Mechanical Degradation

The lithium intercalation/deintercalation behavior promotes 
obvious lattice structure distortion, resulting in the formation 
of strain, charge-state inhomogeneity, and crystal structural 
defects [62–65]. Compositional inhomogeneity and micro-
cracks are responsible for the degradation of nickel-rich 

layered oxide materials. Figure 8 shows the changes in the 
a-axis lattice parameter, c-axis lattice parameter, and unit-cell 
volume as a function of cell voltage and the evolution of the 
normalized volume as a function of x in  Li1–xMO2 [66]. At 
the same upper circuit voltage, the cell with a higher nickel 
content exhibits larger lattice parameters and more severe 
volume changes than the cell with a lower nickel content. 
These severe unit-cell volume changes always begin with 
the onset of the H2–H3 phase transition, which is an intrin-
sic property of nickel-rich layered oxides. Capacity fading 
and spherical aggregate pulverization are related to the sharp 
changes in parameters, which leads to the formation of cracks 
and promotes the penetration of electrolyte into the interface 
to contact a fresh surface, and the OER [67].

As shown in Fig.  9a, in contrast to NCM92 
 (LiNi0.92Co0.04Mn0.04O2) at the initial charge state, NCM92 
secondary particles that have undergone 100 cycles show 

Fig. 6  a Interfacial reactivity including surface reconstruction and 
 CO2/O2 formation. b Dependence of the rate  (CO2/O2) on the state of 
Ni oxidation. c Linear relationship between the state of Ni oxidation 
 (SNOXi) and the Ni content in cathode materials. d Linear depend-

encies of the rising coefficient, χ, and rate  (O2) data on the Ni/Co 
ratio. Reproduced with permission from Ref. [45]. Copyright © 2017, 
American Chemical Society
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obvious cracks that have propagated along the boundaries 
of primary particles from the center into the surface. After 
100 cycles, numerous microcracks can be observed on 
all NCM96  (LiNi0.96Co0.03Mn0.03O2) secondary particles, 
whereas NCM92 shows some sparse, small hard lines. This 
apparent contrast between the microstructures of NCM92 
and NCM96 suggests that higher nickel contents are prone 
to structural pulverization (called mechanical degrada-
tion). In addition, the resistance is directly proportional 
to the number of cycles for both composition, and the 
rate of increasing resistance of NCM96 exceeds that of 
NCM92 (Fig. 9b). Scanning spreading resistance micros-
copy images show the change in electronic conductivity 
between NCM92 and NCM96, thus confirming the exist-
ence of electronically dead regions (near-zero electronic 
conductivity) after the 100th cycle. The dead regions 
stretch along the microcracks, serving as the path for the 
penetration of electrolyte and promoting the buildup of the 
rock salt impurity phase (Fig. 9c). However, Ruess et al. 
[69] reported that microcracks improve the charge trans-
fer kinetics and lithium diffusion of a material by expand-
ing the electrochemically active surfaces and reducing the 
effective particle sizes.

In addition to microcracks, the SOC heterogeneity in the 
secondary microstructure damages the cycling lifetime of 
nickel-rich layered oxides based on the lattice parameters 
and volume changes after (de)lithiation [70]. Random 
growth after coprecipitation results in the presence of a net-
work of closed and open pores inside the secondary parti-
cles. Some physical factors, such as the primary particle 
alignment and local porosity, accommodate the parameter 
changes during electrochemical cycling. Consequently, the 
constant strain renders the secondary particles vulnerable 
to breaking into pieces, thus driving ions and electrons to 
distribute heterogeneously on a single-crystal material [71]. 
This physical change impedes the transport capability of the 
material and causes SOC inhomogeneity due to the over-
charged regions of the single-crystal material at the cutoff 
potential [62].

3.5  Safety Problems

In addition to the above adverse effects of nickel-based lay-
ered oxides, safety problems pose an important challenge 
to the large-scale application of layered oxides. Thermal 
runaway caused by localized thermal accumulation already 
directly damages state-of-the-art LIBs during high-voltage 
operation at ambient temperature, let alone under harsh 
conditions [72, 73]. The safety problems are ascribed to 
the thermodynamic instability of the H2–H3 transition, 
leading to gas evolution  (O2 and  CO2) and heat genera-
tion. Figure 10a illustrates that thermal stability is inversely 
proportional to discharge capacity, which is closely related 

to the operating voltage, whereas the onset voltage of 
the H2–H3 transition decreases as the nickel content is 
increased. Figure 10b and c shows the high-resolution and 
low-resolution electron microscopy images of the widen-
ing and propagation of cracks during heating, respectively. 
Despite the application of an appropriate operating voltage, 
temperatures as low as 80–150 °C remain detrimental to 
layered oxide cathodes with high nickel contents because 
they promote structural evolution and Li/O loss [74, 75], as 
suggested by the schematic shown in Fig. 10d. This result is 
often believed to be a starting point for further catastrophe 
considering the intrinsic exothermic reaction of a layered 
oxide cathode and the insufficient dissipation in the case of 
rapid localized heat accumulation [76]. Various flamma-
ble components, such as the electrolyte solvent, conductive 
carbon, binders, and separators, in modern commercial LIB 
systems greatly accelerate a series of chain reactions until 
the entire battery combusts.

Therefore, thermal runaway can still occur even without 
a short circuit, which includes the fracture of the separa-
tor and the formation of lithium dendrites [78]. Transition 
metal ions dissolve and migrate into the anode with an 
increase in the number of cycles. The transition metals 
that deposit on the anode can be used to analyze electrolyte 
decomposition, increase the thickness of the SEI layer and 
increase the consumption of lithium ions from the cathode. 
The cathode/anode ratio may continue to decrease after 
prolonged cycling. As such, an overcharged layered oxide 
cathode triggers safety issues even if charged to within 
the normal voltage range. Therefore, electric vehicles, 
especially those with aged batteries, are sometimes called 
invisible bombs.

4  Origin of Single‑Crystal Nickel‑Based 
Layered Oxides

As suggested in the above discussion, nickel-based layered 
oxides (NCM or NCA), derivatives of  LiNiO2, are plagued 
by all kinds of problems. An unavoidable challenge encoun-
tered in these materials is the single-phase unit-cell contrac-
tion that is dependent on the degree of delithiation during 
charging/discharging. Mechanical strain caused by abrupt 
lattice distortion promotes the generation of microcracks in 
the structure of secondary particles and is believed to be 
responsible for cell failure, including the decreased inter-
facial reaction between the electrode and electrolyte, high 
impedance, and structural pulverization [3, 69, 70, 79–81]. 
Therefore, redesigning secondary particle structures and 
revisiting primary particles to address this fatal flaw may 
be the best ways to obtain long-term high-capacity cathode 
materials. Aggregations or agglomerations are made up of 
the smallest particles, which are called primary particles. In 
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Fig. 7  a Oxidation of TM ions occurs with the release of an elec-
tron from the host materials. b Hole transfer from the TM 3d states 
to the highest occupied molecular orbital (HOMO) of the electrolyte 
(LUMO: the lowest unoccupied molecular orbital). c Chemical com-
position of the CEI on a cathode. Reproduced with permission from 
Ref. [53]. Copyright © 2015, American Chemical Society. Sche-
matic view of d ion transport and e resistance contributions in cells 
with electrode–electrolyte phase boundaries (SLEI, the solid-liquid 
electrolyte interphase; RE, the reference electrode; CE, the counter 
electrode; SE, the solid electrolyte; LE, the liquid electrolyte; gb, the 
grain boundary). Reproduced with permission from Ref. [56]. Copy-
right © 2016, Springer Nature

◂

2001, primary particles were defined as “the smallest iden-
tifiable subdivision in a particular system” by the National 
Institute of Standards and Technology [82]. The primary 
particles of nickel-based layered oxide cathode materials 
have been accepted in this field and are often considered 
single-crystal particles.

Many alternative approaches have been applied for the 
redesign of secondary particle structures. One such example 
is the core–shell gradient [83–85] and full concentration gra-
dient [86–88] structures. A schematic of the concentration 
gradient and core–shell structures is shown in Fig. 11a, b. 
Studies have demonstrated that both structures improve the 

cycling stability and thermal stability of a material. Never-
theless, these structural designs have severe problems, such 
as large sacrifices in capacity and lattice mismatch gener-
ated by their varying composition during charging/discharg-
ing. Another microstructural modification example is the 
inducible orientation of primary particles. Elongated rod-
like primary particles that grow radially from the center of 
the secondary particles are densely packed to alleviate the 
strain associated with the taxing H2–H3 phase transition 
(Fig. 11c).

Another emerging class of nickel-rich NCM and NCA 
cathodes has been developed through the use of dopants, 
such as boron [89], aluminum [34, 90], and tungsten [91]. 
In contrast to conventional dopants, these elements can be 
introduced to form a unique microstructure that suppresses 
the formation of microcracks and effectively improves the 
cycling stability of the material [92]. However, the micro-
structural modification of nickel-rich layered oxides with 
superior rate and cycling properties remains a challenge in 
regard to their industrial production.

The tuning of primary particles can facilitate lithium-
ion transport, alleviate strain, and increase the mechani-
cal strength of secondary particles. Even after nearly 

Fig. 8  Changes in the a a-axis lattice parameter, b c-axis lattice 
parameter, and c unit-cell volume as a function of the cell voltage 
when using  LiNi0.95Al0.05O2,  LiNi0.95Mn0.05O2,  LiNi0.95Mg0.05O2, 
 LiNi0.9Co0.05Al0.05O2,  LiNi0.8Mn0.1Co0.1O2, and  LiNi0.5Mn0.3Co0.2O2 

cathode materials. d Normalized volume as a function of x in 
 Li1–xMO2. Reproduced with permission from Ref. [66]. Copyright © 
2019, American Chemical Society
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30 years of the birth of LIBs, the single-crystal  LiCoO2 
that was first discovered by Prof. John B. Goodenough 
continues to dominate as the cathode material of LIBs 
in portable electronics due to its high compact density, 
long-term cycling ability, and thermal stability [1]. Dahn 
used accelerating rate calorimetry to compare the thermal 
stability of three  Li0.5CoO2 materials with different par-
ticle sizes (diameters of approximately 0.8, 2, and 5 μm) 
and suggested that a large particle size is associated with 
a high self-heating onset temperature [93]. Commercial-
ized  LiNi0.6Co0.2Mn0.2O2 (NCM622) and  LiCoO2 (LCO) 
with cathode loading levels of ~ 15 mg  cm−2 and electrode 
densities of ~ 3.6 and ~ 3.8 g  cm−3 for NCM622 and LCO, 
respectively, were subjected to comparative experiments 
under severe test conditions to develop the potential of 
nickel-rich cathode materials for practical applications 
[23]. The volume energy densities of NCM622 and LCO 
were identified by using a half-cell with voltage rang-
ing from 3.0 to 4.3 V at 60 °C (Fig. 12a). LCO achieves 
good capacity retention with good cycling capability for 
200 cycles, whereas NCM622 has a poor retention rate 
of ~ 5% after 200 cycles (Fig. 12b). The scanning electron 
microscopy (SEM) cross-sectional images of the cathode 
morphologies after the cycled cells were disassembled 
are shown in Fig. 12c–f. The electrochemically generated 

microcracks encompassing the cathode particles account 
for the capacity fading of NCM622. In contrast, the single-
crystal LCO cathode particles remain intact. These results 
indicate that a single-crystal material outperforms a poly-
crystal material in terms of mechanical strength, cycling 
ability, and thermal stability.

In accordance with the professional classification (classi-
cal and nonclassical) of crystallization, the primary particles 
formed by the critical crystal nucleus exhibit uniform lattice 
orientation. Single-crystal nickel-based oxides are different 
from the single-crystal materials used in scientific research, 
wherein the smallest units (atoms, ions, and molecules) are 
orderly arranged in any solid object.

The orderly three-dimensional arrangement of atoms, 
ions, and molecules is repeated in any solid object. In con-
trast to single-crystal materials, polycrystal materials are 
composed of randomly oriented crystal regions called crys-
tallites, which are formed when crystallization commences 
rapidly at many sites under supersaturated conditions. The 
structurally ordered regions growing from each site inter-
sect each other. In layered oxides, secondary particles with 
a spherical morphology (~ 10 μm) are produced by energy 
industries, whereas single-crystal materials are the basic 
particles (< 1 μm) that form secondary spheres (Fig. 13). 
The metal ions and oxyhydroxide nanoparticles undergo 
continuous rotation and interaction until they find a perfect 

Fig. 9  a Cross-sectional images of Ni-rich layered oxides (percentage 
contents of Ni = 92%, 96%) after the 1st and 100th cycles. b Changes 
in the surface film and charge transfer resistance as a function of the 
cycling number. c Scanning spreading resistance microscopy (SSRM) 

images of NCM96 after the 1st and 100th cycles of full charge. 
Reproduced with permission from Ref. [68]. Copyright © 2019, 
American Chemical Society
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lattice match. Interfacial elimination proceeds at a rate that 
is consistent with the curvature dependence of the Gibbs 
free energy and is succeeded by lateral atom-to-atom addi-
tion initiated at the contact point [94]. Selected area electron 
diffraction and electron backscatter diffraction analyses per-
formed in related works on electrode materials have verified 
that primary particles contain different crystal orientations 
and are thus not rigorously considered to be single-crystal 
materials. The relative crystal orientation of the grains is 
analyzed by comparing the orientation of the particles in a 
chosen frame.

Conventional strategies such as doping, surface coat-
ing, and microstructural modifications have been proposed 
by researchers to alleviate rapidly decaying capacities, but 
these methods fail to address these problems, as the methods 
usually require complicated technology and delicate control 
processes. In addition, they are not applicable to large-scale 
production. With the good cycling and thermal stability of 
single-crystal  LiCoO2, a single crystal of nickel-based lay-
ered oxides was developed. Specifically, our version of a 
“single crystal” is clearly different from the single-crystal 
definition in theoretical terms and is used to describe layered 
oxides from the perspective of morphology. According to 
multiple studies, single-crystal layered oxides demonstrate 
superior performance to polycrystal oxides. Compared to 
other modifications, the production technique of single-
crystal oxides is relatively controllable, and single-crystal 

oxides with moderate nickel contents can be obtained from 
the market for use as cathode materials.

5  Synthesis of Single‑Crystal Nickel‑Based 
Layered Oxides

5.1  Synthesis Methods

The most economical synthesis route of single-crystal 
cathode materials is the simple controlled-temperature 
calcination of coprecipitated precursors with particle sizes 
that are usually smaller than the industrial norm (3–4 μm 
versus ⩾ 10 μm). The crucial component of this method is 
the appropriate synthesis temperature, which is dependent 
on the different nickel contents of the nickel-based layered 
oxide cathode materials. In the calcination process, high 
temperatures (usually defined as ⩾ 850 °C) result in exten-
sive fracture surfaces and large amounts of fine particles 
in the cathode material (Fig. 14a, b, unpublished results). 
Subsequently, an increase in the exposed interface between 
the cathode and electrolyte results in further side reactions 
and gas evolution. In addition, nickel-rich cathode materials 
are prone to oxygen and lithium-ion loss under high-tem-
perature conditions, resulting in the formation of electro-
chemically inactive phases, such as the rock salt phase NiO 
[95]. As suggested in Fig. 14c, high temperatures induce the 
domination of  Li+/Ni2+ cation disordering on the structural 

Fig. 10  a Map of the relationship among the thermal stability, dis-
charge capacity, and capacity retention of varying composition. 
Reproduced with permission from Ref. [77]. Copyright © 2013, 
Elsevier. b Low-magnification image series showing crack propaga-
tion during heating. c High-magnification images from the selected 

region in (b) that show the structural changes and crack widening and 
propagation during heating. d Schematic illustration of the cracking 
process during heating. Reproduced with permission from Ref. [75]. 
Copyright © 2018, Springer Nature
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Fig. 11  a, b Schematic illustration of the full concentration gradient 
and core–shell gradient cathode materials. Reproduced with permis-
sion from Ref. [84, 88]. Copyright © 2009, 2012, Springer Nature. 
c Microstructure modified by radial texturing of primary particles. 
Reproduced with permission from Ref. [82]. Copyright © 2019, John 

Wiley and Sons. d Cross-sectional scanning electron microscopy 
(SEM) images and electrochemical performance of NCA89, NCM90, 
and NCB cathodes. Reproduced with permission from Ref. [89]. 
Copyright © 2020, John Wiley and Sons
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evolution of nickel-rich cathodes; this phenomenon implies 
transformation from a layered structure to a rock salt struc-
ture and capacity degradation [95, 96].

Given the morphological and structural defects induced 
by high temperatures, synthesizing single-crystal nickel-rich 
cathodes at temperatures lower than 950 °C by using the 
low mutual melting eutectic of molten salt or flux growth 
methods is necessary. In contrast to solid-state reactions at 
high temperatures, flux growth is well known as a liquid-
phase method that provides high-quality, well-developed 
oxide crystals at low temperatures. Several factors positively 
influence the capability of flux to promote crystal growth 
[98]: (1) substantial reagent solubility, (2) low toxicity, (3) 
high chemical stability, (4) unreactive to containers, (5) easy 
removability, (6) variable solubility with parameter changes, 
and (7) low commercial cost and easy acquisition. Three 
sequential processes—dissolution, nucleation, and crystal 

growth—constitute the crystal formation mechanism. The 
growth rate of particles is closely related to the degree of 
supersaturation. Excessively high supersaturation results in 
numerous crystalline sites and further dendrite growth rather 
than new crystal growth with good facets, whereas exces-
sively low supersaturation prevents nucleation altogether. 
Thus, identifying the optimal supersaturation point is cru-
cial to acquire high-quality single-crystal materials. In the 
synthesis of single-crystal nickel-based oxides, the appli-
cation of the appropriate flux combined with the cathode 
precursor results in the formation of an even lower melting 
eutectic wherein the fine particles comprising the precursor 
dissolve and recrystallize, resulting in the synthesis of nar-
row single-crystal materials. Furthermore, the ideal outcome 
of a uniform single-crystal size is closely tied to the relative 
rates of nucleation and growth and thus requires excellent 
temperature control.

Fig. 12  a Volumetric energy density vs. the cycle number. b Volt-
age vs. volumetric energy density for commercialized NCM622 and 
LCO. SEM cross-sectional images of c, e the initial NCM622 and 

LCO cathodes and d, f NCM622 and LCO after 200 cycles at 60 °C. 
Reproduced with permission from Ref. [23]. Copyright © 2018, John 
Wiley and Sons
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Recently, some representative molten salts, including KCl 
[97, 99], NaCl [97],  Li2MoO4 [100], LiOH–LiNO3 [101], 
LiCl–KCl [102], NaOH [103],  LiNO3 [104],  KMnO4 [105], 
 Li2SO4 [106],  Na2SO4 [107], and  Li2CO3 [108], have dis-
played good fluxes to favor crystal nucleation and growth 
at comparable temperatures for single-crystal layered oxide 
cathodes. The morphological features of the crystals are 

controlled not only by the structure of the reagent itself but 
also by the nature of the chemical fluxes. In other words, 
the growth rate along the different facets of a single-crystal 
material highly determines the formation of a crystal habit 
based on the interactive physicochemical property of the 
preferred facet [109]. For example, a crystal with a cubic 
structure can become either a cube or an octahedron. A cube 

Fig. 13  a Schematic diagram of the synthesis process for single-crystal and polycrystal materials. b Cross-sectional view of a secondary particle
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forms if the growth rate along the (1 0 0) facet is the fast-
est, whereas an octahedron forms if the growth rate along 
the (1 1 0) facet is the fastest. Furthermore, given that the 
presence of anions and cations in the flux can influence the 
growth conditions of reagents, selecting the appropriate flux 
by matching physical and chemical properties is beneficial to 
the formation of high-quality single-crystal materials [110]. 
The flux method usually involves follow-up processes, such 
as breaking and classification sieving. In addition to the pre-
viously discussed factors, the easy removal of residual chem-
ical agents introduced by the flux growth method via dis-
solution in common solvents, ideally water, is an important 
factor for good flux. However, layer oxides with high nickel 
contents are vulnerable to damage caused by atmospheres 
containing  H2O and  CO2 [111, 112]. Research suggests 
that washing can be used to remove residual surface salts, 
and superficial properties are modified by  Li+/H+ exchange 
behavior [113, 114]. Consequently, this flux growth method 
does not conform to the requirements of industrial produc-
tion in terms of time and cost.

Therefore, the limitations of the flux growth method have 
driven researchers to develop numerous other strategies to 
synthesize highly pure single-crystal materials. Several 
methods, such as the hydrogen peroxide-assisted coprecipi-
tation [115], sol–gel method [116–119], template method 
[120], liquid-phase method [121–123], and hydrothermal 
method [124–126], have been reported to provide nanocrys-
tal layered oxides rather than the secondary particles pro-
duced by the coprecipitation process. For example, Lin et al. 
[115] reported that  LiNi1/3Co1/3Mn1/3O2 with a single-crystal 
structure and good battery performance can be skillfully pre-
pared through a coprecipitation approach by first utilizing 
 H2O2 as the additive and then performing ozone-assisted 
thermal posttreatment (Fig. 15a).  H2O2 not only performs 
as a strong oxidant but also acts as a simple dispersant that 
can decompose and release  O2 to disperse precursors via 
coprecipitation. The hydrothermal synthesis of single-crystal 
precursors is also a common method for fabricating mate-
rials with controlled morphology and size. For example, 
uniform, well-crystallized single particles with diameters 
of approximately 800 nm are synthesized at a hydrother-
mal temperature of 200 °C (Fig. 15b), as reported by Wang 
et al. [4] Zhang et al. [125] synthesized hollow hierarchical 
 Ni0.8Co0.1Mn0.1CO3 precursors under hydrothermal condi-
tions. Fu et al. [119] fabricated  LiNi1/3Co1/3Mn1/3O2 hex-
agonal nanobricks with approximately 58.6% exposed (0 
0 1) facets through the precursor–template method. These 
nanobricks exhibit good rate performance in LIBs. The sur-
face-capping agent poly(vinylpyrrolidone) plays an impor-
tant role in the solution system. It adsorbs on negatively 
charged (0 0 1) surfaces via the amine group to reduce the 
growth rate along the [0 0 1] direction (Fig. 15c). Zhu et al. 
[123] first adopted the spray pyrolysis method to synthesize 

a microsphere precursor and then adjusted the sintering 
temperature and lithium source to obtain single-crystal 
NMC811. Wu et al. [118] proposed the preparation of sin-
gle-crystal  LiNi0.32Mn0.33Co0.33Al0.01O2 materials through 
the sol–gel method with citric acid as the chelating agent 
(Fig. 15d).

Figure  15 shows four representative single-crystal 
morphologies fabricated via different synthesis methods. 
Although these methods can produce highly pure single-
crystal cathodes with diameters of less than 1 μm without 
the use of high temperatures, the power tap/pellet density 
is too low to reach the requirements of a cathode with a 
high energy density. In addition, from a practical view-
point, methods involving volatile and toxic organic/inor-
ganic solvents are contradictory to large-scale production. 
Single-crystal nickel-based layered oxides with different 
morphologies and synthesized by using various methods are 
summarized in Table 1. Flux growth remains a common syn-
thesis method for different nickel-based layered oxides with 
varying composition because it enables the easy removal of 
impurities and is a simple procedure.

The use of single-crystal nickel-based layered oxides as 
cathode materials has notable progress due to the motivation 
of achieving superior properties and the various preparation 
methods for single-crystal materials. In this section, several 
important developments of single-crystal cathode materials 
are introduced, evaluated, and summarized.

Zhu et al. [133] investigated the growth behavior of the 
layered oxide  LiNi1/3Co1/3Mn1/3O2 prepared by utilizing 
coprecipitation and high-temperature calcination. Particle 
morphology is highly dependent on the synthesis method 
and annealing procedure, which control the packing density, 
diffusion rate, and pathway. The SEM images in Fig. 16a–f 
show the relationship between the particle morphology and 
temperature. The crystal diameter as a function of different 
temperatures is exhibited in Fig. 16g, and the correspond-
ing crystal growth mechanisms have been established by 
researchers (Fig. 16h). At temperatures less than 750 °C, 
grain growth is minimal, and the rate-controlling exponent is 
low and dependent on surface diffusion. As the temperature 
is increased to 800–900 °C, volume diffusion is expected to 
become the dominant growth mechanism. Crystal growth 
can be controlled by grain boundary diffusion over the tem-
perature range of 900–1 000 °C. This investigation provides 
a theoretical path for synthesizing single-crystal nickel-
based oxides via solid-state calcination.

Kim et al. [97] reported on the electrochemical perfor-
mance of Li(Ni0.8Co0.1Mn0.1)O2 as an LIB cathode, which 
was synthesized by using alkali chlorides as a flux. Flux 
growth using alkali chlorides lowers the heating tempera-
ture in the solid-state reaction to reduce unstable fracture 
surfaces and eliminate fine particles that degrade electrode 
performance. The schematic in Fig. 17a shows that different 
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fluxes directly influence the primary morphology and pro-
mote the exposure of specific crystal facets. The surfaces 
of particles grown with KCl flux include additional (0 1 2) 
and equivalent facets, whereas well-developed (0 0 3) and 
(1 −1 −1) equivalent facet planes are obtained in the pres-
ence of liquid NaCl. Figure 17b illustrates that flux growth 

can separate the primary particles of agglomerates and expe-
dite crystal growth. In addition, flux growth can be used as 
an effective method for reducing gas emission by controlling 
the interfacial area between cathode materials and electro-
lytes and providing increased volumetric capacity. Kimijima 
et al. [100] proposed using  Li2MoO4 as a flux to fabricate 

Fig. 14  a, b SEM images of the NCM after calcination at 900  °C, 
which show many small particles and fractures. Reproduced with 
permission from Ref. [97]. Copyright © 2012. American Chemical 
Society. c Schematic illustration of the phase evolution of intermedi-

ates and the slab distance of the Li and Ni (Co) slabs as a function of 
temperature. Reproduced with permission from Ref. [95]. Copyright 
© 2016, John Wiley and Sons
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NCM crystals that form polyhedral shapes with (1 1 3), (0 1 
1), (1 0 2), and (2 1 3) facets. In the  Li2MoO4 flux approach, 
the morphology and particle size can be controlled by tuning 
the solute concentration, holding temperature, and cations in 
the molybdate flux. Zhu et al. [99] systematically studied the 
effect of the nickel content, grain size, and crystal facets on 
the chemical stability and electrochemical performance of 
the material. They correlated the properties and high-voltage 
performance of nickel-based oxides by synthesizing single-
crystal materials under different conditions as a study base. 
The initial experiment showed the evolution of the crystal 
morphology as a function of the oxygen and lithium chemi-
cal potentials and the influence of the (0 1 2), (0 0 1), and 
(1 0 4) facets on the surface (Fig. 17c) and verified previ-
ous theoretical calculations. As shown in Fig. 17d–g, NCM 
samples with different morphologies can be synthesized by 
regulating the oxygen and lithium chemical potentials.

Qian et al. [106] synthesized microsized single-crystal 
nickel-rich oxides via an industrially applicable flux growth 
method. Fracture mechanics theory has verified that in 
contrast to polycrystals, single crystals eliminate the risk 
of intergranular fracture due to electrochemical cycling 
induced by coherency stress [134]. Analysis through fracture 
mechanics calculations revealed that single-crystal particles 
must have an average critical size of ~ 2 μm to be fracture 
resistant. Even though single-crystal materials also experi-
ence phase transformation after lithiation/delithiation, this 
transformation improves capacity retention by eliminating 
frail internal grain boundaries and intergranular fractures, 
as illustrated in Fig. 18a–e. Figure 18f–h confirms the lay-
ered structure of the single-crystal cathode materials pre-
pared by the molten salt-based method. Moreover, a well-
defined phase with a surface cation-disordered phase that is 
3–5 nm thick suggests that the single-crystal oxide structure 

Fig. 15  SEM images of single-crystal nickel-based cathodes synthe-
sized by different methods. a  Reproduced with permission from Ref. 
[114]. Copyright © 2015, Elsevier. b Reproduced with permission 
from Ref. [4]. Copyright © 2016, Elsevier. c Reproduced with per-

mission from Ref. [119]. Copyright © 2013, Royal Society of Chem-
istry. d Reproduced with permission from Ref. [117]. Copyright © 
2009, Elsevier
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prepared by the molten salt-based high-temperature method 
is prone to transform from a layered structure to a rock salt 
phase. The cross-sectional SEM images of single-crystal and 
polycrystal materials polished through argon-ion milling are 
provided in Fig. 18i–l. Single-crystal NCM622 shows no 
signs of microcracks after 300 cycles, whereas its polycrys-
tal counterpart has clearly cracked along its grain bounda-
ries, as was also reported by Fan et al. [135]; this result is 
consistent with previous reports on polycrystal particles [68, 
79, 81]. A rough estimate shows that the primary particle 
size (single-crystal material vs. polycrystal material: 2 μm 
vs. ~ 200–500 nm) is inversely proportional to the capacity 
loss due to surface reconstruction.

Several works on single-crystal positive material synthe-
sis through the molten salt method have been elaborated 
above. However, the challenging follow-up handling and fab-
rication cost of this method have been problematic and unac-
ceptable for mass production. Dahn et al. have made major 
contributions to the development of single-crystal nickel-
rich layered oxides. Li et al. [128] synthesized single-crystal 
NMC532 through a simple solid-state calcination method 
and found that the lithium/precursor ratio and temperature 
during synthesis played vital roles in its structure and mor-
phology. Excess lithium can provide a self-flux environment 
that facilitates particle growth [136], while high tempera-
tures can meet the energy requirements of particle growth. 
The optimal synthesis conditions should be based on a bal-
ance among the grain size, reversible and irreversible capac-
ity, and rate capacity. Single-crystal NMC532 with a grain 
size of 2–3 μm was compared with conventional uncoated 
polycrystal NMC532 and  Al2O3-coated polycrystal materials 
[137]. The single-crystal and polycrystal NMC532 samples 
are shown in Fig. 19a. Figure 19b depicts the detected inten-
sity of the oxygen that evolved from the three samples at 4.2, 

4.4, and 4.6 V. Figure 19c displays the normalized capacity 
of single-crystal NMC532 and coated polycrystal NMC532 
tested at 40 and 55 °C. The experimental results suggest 
that single-crystal NMC532 has considerably better stabil-
ity against electrolytes at high voltages (4.4 V and above) 
and higher temperature than the coated and uncoated poly-
crystal materials. Dahn et al. [129, 130] synthesized single-
crystal NMC622 and  LiNi0.88Co0.09Al0.03O2 by using nearly 
the same method. The effect of electrolyte additives on the 
performance of a single-crystal material has been discussed, 
and surface area measurements have been used to rule out 
the opinion that a single-crystal material has a small surface 
area and thus fewer side reactions with electrolytes. Instead, 
a single-crystal material benefits from its particle integrity 
and SEI stability. Furthermore, single-crystal NMC622 with 
a large grain size shows inferior rate capacity. Therefore, 
work related to improving the rate capability of these single-
crystal materials may be valuable.

Several synthesis methods for single-crystal oxide cath-
ode materials have been explored. The vapor-phase deposi-
tion method, wherein atoms leave the gas phase and deposit 
on surfaces at rates faster than their departure, is used to 
synthesize crystals with specific surface arrangements. How-
ever, this synthesis method has some limitations: (1) the 
compound or monomer has to have a high vapor pressure, 
(2) complex equipment is required, and (3) a low output is 
obtained. Large single crystals may be easily grown in a 
liquid–solid system, wherein approximately 20%–30% of the 
desired solute dissolves into the solvent and forms a stable 
solution. The solubility of the solute varies in accordance 
with the change in parameters, such as temperature, pH, or 
pressure.

Table 1  A summary of nickel-
based layered oxides with 
different nickel contents and 
morphologies obtained by using 
different methods

Composition Method Morphology

LiNi1/3Co1/3Mn1/3O2 Flux growth (1) Octahedral-shaped [106]
(2) Idiomorphic [100]
(3) Plate [98]

Sol–gel [118] Interconnected nanoparticles
LiNi0.5Co0.2Mn0.3O2 Excess LiOH (flux growth) [126, 127] Irregular shape

Flux growth Truncated octahedral-shaped [98]
Polyhedral-shaped [98]

LiNi0.6Co0.2Mn0.2O2 Hydrothermal [4] Irregular shape
Excess LiOH (flux growth) [128]
Flux growth [98, 105]

LiNi0.8Co0.1Mn0.1O2 Flux growth [129] Particles with well-developed facets [95]
Spray pyrolysis [122] Irregular shape

LiNi0.88Co0.09Al0.03O2 Flux growth [130, 131]
LiNi0.92Co0.06Al0.01O2

LiCoO2 Floating-zone growth [132]
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Figure 20 illustrates the different formation mechanisms 
of various solids. In the absence of crystallization, precur-
sor ions with disordered arrangements on the atomic scale 
condense and form amorphous solids, such as the hydrox-
ide precursor of the cathode material (Fig. 20, precursor 
ions → amorphous solid). Crystal materials usually include 
single-crystal, polycrystal, and mesocrystal materials 
[136]. Single-crystal layered oxides for cathode materials 
are formed nonclassically in a calcination process wherein 
crystal growth typically proceeds via the integration of clas-
sically crystallized subunits. In particular, the nanocrystals 
of hydroxide precursors attach to each other in an ori-
ented manner via mesoscale assembly (Fig. 20, precursor 
ions → nanocrystal → mesocrystal). Mesocrystals consist 
of nanocrystals in which the crystallography is completely 
aligned. In fact, high supersaturation usually gives rise to 
abundant crystallites that are highly unstable due to high 
surface/volume ratios. Polycrystal formation can effectively 
relieve high surface energy by randomly aggregating in the 
absence of crystallographic alignment (Fig. 20, precursor 
ions → nanocrystal → polycrystal). Thus, the primary parti-
cles of nickel-based layered oxides are not true single-crys-
tal materials. Classically, the formation of a single-crystal 

material requires a dedicated crystallization process start-
ing from the assembly of primary building blocks, such as 
atoms, ions, and molecules. In a typical Ostwald ripening 
process, crystallization commences at many sites. The crys-
tals reach a critical size and then intersect each other for fur-
ther growth (Fig. 20, precursor ions → nanocrystal → single 
crystal). The growth of large crystals at the expense of small 
crystals is driven by thermodynamic forces.

The prominent method to prepare single-crystal oxides 
is still flux growth. The eutectic point between different 
salts not only helps lower the calcination temperature but 
also promotes the growth rate of primary particles. Other 
methods, such as the hydrothermal and sol–gel methods, 
are underdeveloped because their uncontrollable technical 
parameters result in irregular shapes and sizes of single-
crystal materials under different operational conditions, 
which can have a large impact on their electrochemical 
behavior. Single-crystal oxides with preferred crystal faces 
and significant electrochemical performance should be syn-
thesized through specific regulations.

The synthesis methods of layered oxides become more 
challenging with higher nickel contents, since a higher nickel 
content means the material is more sensitive to temperature 

Fig. 16  SEM images at different temperature: a 600, b 700, c 800, 
d 900, e 950, and f 1 000 °C for 3 h. g Crystal diameter distribution 
for the temperature range from 600 to 1 000  °C. h Functional rela-

tionship between ln(crystal diameter) and ln(time). Reproduced with 
permission from Ref. [133]. Copyright © 2012, American Chemistry 
Society
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and more vulnerable to structural defects. With further 
research, it is believed that the era of large-scale production 
is coming soon.

6  Research Comparing Single‑Crystal 
and Polycrystal Materials

Only a few reports have demonstrated that single-crystal 
cathode materials are superior to their polycrystal counter-
parts in terms of electrochemical stability [4, 105, 126, 128, 
134, 137–139]. Weber et al. [140] aimed to further under-
stand the cycling behavior of single-crystal and polycrystal 
 LiNi0.5Co0.2Mn0.3O2 through operando X-ray diffraction. 
They revealed that the lattice parameters and unit-cell vol-
ume of the two cathode materials exhibited identical trends 
of variation during cycling (Fig. 21a, b). This result proved 

that the outstanding performance of NMC532 could not be 
attributed to differences in the lattice parameters during 
lithiation and delithiation and that some other factors were 
responsible. Li et al. [141] proposed appropriate electrolytes 
for single-crystal NMC532/artificial graphite cells exhibiting 
excellent long-term cycling lifetimes at 4.4 V and elevated 
temperature. Electrochemical characterization techniques, 
such as in situ gas evolution, ultrahigh precision coulom-
etry, isothermal microcalorimetry, and lithium plating, as 
well as long-term cycling tests, have been applied to screen 
electrolytes [141–143]. Electrolytes containing 2VC + 1DTD 
or 2FEC + 1DTD as additives are good candidates for sin-
gle-crystal NMC532/graphite cell systems that exhibit long 
cycling lifetimes and C-rate charges at room temperature. 
Liu et al. [144] collected cross-sectional SEM images of 
single-crystal  LiNi0.5Co0.2Mn0.3O2,  LiNi0.6Co0.2Mn0.2O2, 
and  LiNi0.8Co0.1Mn0.1O2 from commercial-grade pouch 

Fig. 17  a Schematic illustration of single-crystal nickel-based cath-
odes with truncated polyhedral shapes during the crystal growth 
process. b SEM images of materials after using KCl and NaCl fluxes 
at different temperature (800, 900, and 1 000  °C). c Evolution of 
the crystal shape as a function of the O and Li chemical potentials 

and influence of the (0 1 2), (0 0 1), and (1 0 4) facets on the sur-
face. SEM images representing the d octahedral-shaped, e truncated 
octahedral-shaped, f polyhedral-shaped (poly), and g platelet-shaped 
structures of the same NCM crystal sample. Reproduced with permis-
sion from Ref. [97]. Copyright © 2012, American Chemistry Society
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cells that were heavily cycled at 4.3 V (Fig. 21c–e). The 
SEM images revealed very little sign of the microcracks 
that were responsible for capacity degradation. Moreover, 
as a result of electrode calendaring, the cycled electrode 
showed a visible difference that was negligible from the 
fresh electrode. This result further proved that single-
crystal materials have increased robustness against microc-
racks and thus contributes to an excellent capacity retention 
when used in LIBs. He et al. [145] recently investigated the 
effects of substituting cobalt with nickel on the structures, 

morphologies, and electrochemical properties of single-
crystal  LiNi0.6+xCo0.2–xMn0.2O2 (0.0 ⩽ x ⩽ 0.1). Similar to 
those of its polycrystal counterpart, the cycling performance 
and thermal stability of the single-crystal material gradu-
ally deteriorated as the nickel content was increased and 
the cobalt content was decreased because of the increased 
degree of cation mixing and resistance.

Furthermore, a single-crystal material shows high prom-
ise for alleviating battery safety issues. Single-crystal 
cathodes alleviate gas evolution (particularly oxygen) by 

Fig. 18  a, e SEM image and mapping images of the as-synthesized 
single-crystal NCM622. b XRD pattern and the Rietveld refinement 
results. c Band contrast electron backscatter diffraction (EBSD) map 
and d EBSD orientation map of the particles. f Scanning transmission 
electron microscopy (STEM) images of a particle oriented along the 
[0 0 1] zone axis. g, h High-angle annual dark-field STEM (HAADF–

STEM) images showing a good layered structure in the interior and 
a mixed-cation layer on the exterior surface. i, j Cross-sectional 
SEM images of single-crystal NCM622 before cycling and after 300 
cycles. k, l Cross-sectional SEM images of polycrystal NCM622 
before cycling and after 300 cycles. Reproduced with permission 
from Ref. [106]. Copyright © 2020, Elsevier
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preventing the microcracking that is induced by electro-
chemical cycling and side reactions with the electrolyte. 
During storage at a fully charged state (4.45 V) at high or 
ambient temperature, single-crystal  LiNi0.8Co0.1Mn0.1O2 
exhibits less gas evolution than the commercial polycrystal 

NMC532 cathode at high temperature (85 °C), as shown in 
Fig. 22a [97]. Figure 22b shows the gas volume of single-
crystal NMC532 and  Al2O3-coated polycrystal NMC532 at 
high voltages for 300 h [137]. The single-crystal material 
produces a negligible amount of gas, whereas the polycrystal 

Fig. 19  a SEM images of a single-crystal NMC532 with a large 
grain size of ~ 3 μm and polycrystal NMC532 with a small grain size 
of ~ 250 nm. b Detected oxygen intensity evolved from the three sam-
ples at 4.2, 4.4, and 4.6  V. c Normalized capacity of single-crystal 

NMC532 and coated polycrystal NMC532 as a function of the cycle 
number and tested at 40 and 55  °C, respectively. Reproduced with 
permission from Ref. [137]. Copyright © 2017, The Electrochemical 
Society
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material produces considerably higher amounts of gas. 
This result indicates the superior stability of single-crystal 
materials.

Many researchers have reported that the electrochemical 
performance of a single-crystal material is superior to that of 
other morphological crystals. Dahn’s group [146] presented 
a wide range of testing results for single-crystal NMC532/
graphite pouch cells for LIBs with moderate energy den-
sity. In the report, two failure mechanisms, lithium inven-
tory and impedance growth, dominated the lifetime of cells. 
Figure 22c shows the normalized capacity and ∆V/Vo for 
NMC532/graphite full cells undergoing cycling or storage 

at 20, 40, and 55 °C. The impact of cycling and storage on 
the electrochemical lifetime are compared. The increasing 
rates of impedance, which is indicated by ∆V/Vo for cells 
undergoing charge–discharge and those undergoing storage 
testing, are very similar. The charge–discharge test sample 
exhibits slightly more capacity loss than the storage test 
sample per unit of time. Regarding cells undergoing cycling 
or storage testing at 55 °C and cells undergoing cycling at 20 
and 40 °C, capacity loss is attributed to loss of the lithium 
inventory due to a thickening SEI on the negative electrode. 
Furthermore, this type of pouch cell should be capable of 
powering an electric vehicle for over 1.6 million km and last 

Fig. 20  Schematic illustration of the formation mechanisms for various solids
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for at least two decades in grid energy storage. This single-
crystal cathode exhibits great potential for use in commercial 
applications and serves as a benchmark for academics and 
industries developing advanced LIBs.

After reviewing many studies, a summary of the single-
crystal and polycrystal materials are compared through the 
use of radar maps that include the tap density, synthesis 
complexity, thermal stability, rate performance, cycling sta-
bility, and cost (Fig. 23). It is widely believed that the overall 
performance of single-crystal materials with different nickel 
contents is superior to that of polycrystal materials, which 
has been proven by many reports, especially in regard to the 
cycling performance. However, considerable arguments still 
exist, including the thermal stability, tap density, and safety 
of single-crystal oxides. If single-crystal nickel-rich layered 
oxides are commercialized extensively, many parameters 
other than electrochemical performance should be stand-
ardized by researchers.

7  Recent Processes for Single‑Crystal 
Nickel‑Based Cathode Materials

7.1  Doping and Surface Coating

Many strategies are also used to enhance the capacity and 
thermal stability of polycrystal materials (secondary particle 
level) to expand their predominance over a wide temperature 
range and at a high cutoff potential. The most prominent 
and conventional strategies include atom doping and sur-
face coating. Atom doping implies the substitution of atoms 
in the crystal lattice (nickel, cobalt, and manganese sites) 
with stable dopants, such as calcium [147], magnesium 
[148–151], aluminum [152–157], titanium [158, 159], zir-
conium [160], molybdenum [161], tungsten [160], niobium 
[162], and tellurium [163]; doping with these elements rein-
forces the structural integrity of the material to mitigate the 

Fig. 21  a Operando X-ray diffraction data of the polycrystal and 
single-crystal NMC532 cathode. b Lattice parameters and cell vol-
ume as a function of potential are shown. Reproduced with permis-
sion from Ref. [140]. Copyright © 2017, The Electrochemical Soci-
ety. Cross-sectional scanning electron microscopy (SEM) images of 

single-crystal c  LiNi0.5Co0.2Mn0.3O2, d  LiNi0.6Co0.2Mn0.2O2, and e 
 LiNi0.8Co0.1Mn0.1O2 from heavily cycled commercial-grade pouch 
cells at 4.3  V, respectively. Reproduced with permission from Ref. 
[144]. Copyright © 2020, The Electrochemical Society
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tension brought by the phase transition during lithiation and 
delithiation [164]. Regarding surface coating, these dopants 
all act as a protective layer to prevent the cathode materi-
als from coming into contact with the electrolyte, thus sup-
pressing parasitic side reactions between the cathode and 
electrolyte. For example, oxide coatings [165–167] can react 
with HF to preserve the cathode against corrosion, while 

fluoride [168–171] and phosphate [172–174] coatings are 
formed as a thermodynamically stable layer after the initial 
cycles. In fact, these conventional strategies merely delay the 
onset of cathode degradation. Mechanical stress continues to 
build at the grain boundaries until the secondary hierarchical 
structure is pulverized, resulting in capacity loss and safety 
problems. Nonetheless, the capability of a single-crystal 

Fig. 22  a Gas evolution of charged NCM811 and commercial 
NCM532 at 85  °C. Reproduced with permission from Ref. [97]. 
Copyright © 2012, American Chemistry Society. b Gas volume of 
single-crystal NMC532 and  Al2O3-coated polycrystal NMC532 as a 
function of time. Reproduced with permission from Ref. [137]. Copy-

right © 2017, The Electrochemical Society. c Plot of the normalized 
capacity and V/Vo versus time of NMC532/graphite cells undergo-
ing cycling or storage testing at 20, 40, and 55 °C. Reproduced with 
permission from Ref. [146]. Copyright © 2019, The Electrochemical 
Society
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material without grain boundaries to withstand strain can 
be improved. Therefore, modifications via conventional 
strategies may considerably contribute to the performance 
of single-crystal materials. A few modification processes 
centering on single-crystal nickel-based layered oxides are 
discussed below.

Zeng et al. [175] synthesized surface aluminum-doped 
single-crystal NMC532 by using a combination of copre-
cipitation and calcination. The aluminum contents of the 
surface and bulk of the product are approximately 1.05% 
and 0.02%, respectively. NMC532 with an Al-doped sur-
face shows improved capacity retention at high temperature 
and an upper cutoff voltage because of its stable interfacial 
structure. Zhao et al. [176] revealed that fluorine-doped 
single-crystal nickel-based cathode materials promote the 
expansion of the unit cell along the c-axis. This phenom-
enon is conducive to the kinetics of  Li+ transportation. The 
calculated lithium-ion diffusion coefficient (DLi

+) indicates 
that the migration of lithium ions is smoothed, thus improv-
ing the electrochemical performance of cathode materials. 
Zeng et al. [177] proposed forming multifunctional  LiBO2/
LiAlO2 layers on the surfaces of NMC532 by using a surface 
coating strategy. The  LiAlO2 layer sustains intimate contact 
with the cathode, while  LiBO2 acts as an external isolation 
layer to prevent interfacial instability between the cathode 
and electrolyte. This surface coating may also improve elec-
trochemical performance.

7.2  Mechanical Study

Beyond doping and surface coating, the particle morphol-
ogy, interfacial properties, and application of single-crystal 
cathode materials have been preliminarily investigated. 
Zhang et al. [178] discussed the relationship between the 
particle size and electrochemical properties of NMC811 
obtained through the solid-state method. Experiments 

showed that particle sizes changed potential polarization 
by controlling the capability to transfer lithium ions and 
charge. Zhang et al. [181] aimed to understand the underly-
ing deterioration mechanism of single-crystal materials by 
using operando synchrotron X-ray spectroscopic micros-
copy and X-ray nanotomography. Figure 24a provides the 
operando qualitative chemical mapping for the initial and 
201st cycles. As observed in this image, approximately half 
of the phase composition cannot recover to a pristine state, 
and the single-crystal NCM exhibits a highly heterogene-
ous phase distribution. As mentioned above, Zhu et al. [99] 
established the effect of variable physical parameters on the 
surface stability and electrochemical performance. NMC 
cathodes dominated by (0 0 1) or (1 0 4) facets show better 
high-voltage cycling performance than samples with more 
(0 1 2) facets. The (0 1 2) facets are generally more reac-
tive with electrolytes than the (0 0 1) facets, as evidenced 
by their increased reduction of surface nickel and higher 
initial capacity but poorer capacity retention. Another study 
reported by Zhu et al. [179] focused on the composition- and 
facet-dependent surface reconstruction behavior of pristine 
and cycled particles. Figure 24b shows the formation and 
growth of the surface reconstruction layer on (a, up) pristine 
and (a, down) cycled particles. During synthesis, an increas-
ing annealing time and annealing temperature may lead to 
lithium and oxygen loss on the non-(0 0 1) surface with 
the open lithium diffusion channel [180]. Vacant lithium 
sites are easily occupied by nickel cations to form antisite 
defects. In accordance with the degree of Li/O loss, the sur-
face densification and reconstruction layer on the non-(0 0 
1) surface may form spinel and rock salt phases. In addi-
tion, delithiated NCM is thermodynamically less stable than 
its pristine counterparts when lithium ions are extensively 
extracted at high voltage during the electrochemical process. 
The low energy barrier of interplane transport promotes 
nickel enrichment and the growth of the reconstruction layer. 

Fig. 23  Comparison between single-crystal and polycrystal materials in regard to their fundamental aspects
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Fig. 24  a Operando 2D chemi-
cal phase mappings and quanti-
fication bar charts at the nickel 
K-edge of NMC particles at the 
1st and 201st cycles. Repro-
duced with permission from 
Ref. [181]. Copyright © 2020, 
Springer Nature. b Atomic-res-
olution scanning transmission 
electron microscopy (STEM) 
images and corresponding 
schematic illustration showing 
the reconstruction layer on the 
(0 0 1) and non-(0 0 1) surfaces 
before and after cycling. Repro-
duced with permission from 
Ref. [179]. Copyright © 2020, 
American Chemistry Society. c 
Diffraction pattern of electro-
chemically aged single-crystal 
NCM after 500 cycles at the 
charged state (4.3 V vs. Li/Li+). 
Inset: the expanded (003) reflec-
tion region to illustrate peak 
splitting. Reproduced with per-
mission from Ref. [183]. Copy-
right © 2020, Springer Nature. 
d Atomic force microscopy 
images of the morphology and 
surface structure at the open-cir-
cuit voltage. Reproduced with 
permission from Ref. [184]. 
Copyright © 2020, American 
Association for the Advanced of 
Science. e Kinetic limitations of 
a single-crystal material against 
a polycrystal material when 
charging during a finite element 
analysis simulation. Reproduced 
with permission from Ref. 
[185]. Copyright © 2020, John 
Wiley and Sons
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Surface engineering opens a new avenue for the tradeoff 
between capacity and stability, especially for single-crystal 
cathode materials. Single-crystal cathodes are no exception. 
The degradation of single-crystal NCM itself still occurs at 
high cutoff voltages. After demonstrating that the surface 
rock salt phase is effectively detrimental to lithium transport, 
surface modification has been conducted by using a feasible 
lithium source, oxygen flow, and appropriate temperature to 
replenish lattice sites. Surface chemistry regulation is veri-
fied to be a valid way to develop advanced single-crystal bat-
tery materials. All-solid-state LIBs with high energy density 
and reliable safety have attracted considerable attention in 
recent years. Wang et al. [182] explored the electrochemi-
cal performance of single-crystal cathode materials matched 
with solid-state sulfide electrolytes for the first time. Their 
experimental and theoretical verification of electrochemical 
performance showed that the lithium diffusion coefficient 
of single-crystal NMC532 is 6–14 times higher than that 
of polycrystal NMC532 with many grain boundaries. The 
cycling and rate performance of all-solid-state LIBs with 
single-crystal cathodes are superior to those of their poly-
crystal counterparts.

Xu et al. [183] proposed that the lattice mismatch between 
the layered structure and rock salt surface reconstruction 
causes fatigue degradation in nickel-rich oxides (Fig. 24c). 
These fatigue regions are not attributed to the intergranular 
cracking and kinetic limitations that still occur in layered 
oxides. Recently, Xiao et al. [184] observed reversible pla-
nar gliding and microcracking along the (003) plane in a 
single-crystal nickel-rich cathode. The concentration gradi-
ent of  Li+ in the lattice caused localized stress, thus further 
inducing microstructural defects in the nickel-rich oxides. 
Figure 24d shows the surface structure and morphology 
evolution at the open-circuit voltage. The origin and evo-
lution of gliding steps and microcracks in an electric field 

have been probed kinetically during charge and discharge. 
Wang et al. [185] revealed that the strong dependence of 
redox kinetics on the SOC indicated that the redox reac-
tion was sluggish at low SOC and increased rapidly as the 
SOC increased (Fig. 24e). The kinetic limitation intrinsic to 
single-crystal particles can be alleviated through synergistic 
interactions with polycrystal or small-crystal materials. This 
strategy reduces the  Li+ concentration gradient and causes 
the strain inside particles to benefit from the structural sta-
bility of single-crystal oxides during cycling.

Inspired by the morphology of  LiCoO2, the strategy of 
nickel-based layered oxides has gradually transformed from 
atom substitution and surface modification to morphologi-
cal design and then to low-cobalt nickel-rich cathodes with 
a high capacity density, low cost, and improved safety. 
Figure 25 shows the development history of single-crystal 
layered oxides over a long period of time. The varieties of 
single-crystal forms are synthesized by using different meth-
ods, which are also summarized in Table 1.

Despite single-crystal nickel-rich layered oxides having 
been closely investigated, they still suffer from problems 
such as interfacial defects [186], fatigue degradation, and 
kinetic limitations. It is well accepted that single-crystal 
materials are theoretically superior to their polycrystal coun-
terparts. Many modifications have been applied to single-
crystal oxides to further improve their performance, yet most 
of the research on this aspect has not been made outstanding 
progress. Perhaps there are more efforts needed to design 
single-crystal oxides, such as new synthesis methods, par-
ticle sizes, and surface protections. Comprehensive thermal 
stability testing of single-crystal materials and a lateral com-
parison among single-crystal materials with different nickel 
contents are still absent in mechanics studies.

Fig. 25  Development processes of single-crystal nickel-based oxide cathodes
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8  Concluding Remarks and Perspectives

The intensification of research interest in single-crystal 
layered oxides in recent years indicates that single-crystal 
technology holds promise for use in next-generation LIBs. 
Considering their cycling capability and thermal stability, 
single-crystal oxides have contributed to replacing polycrys-
tal oxides to help LIBs achieve the goals of their next stage. 
Many critical findings on single-crystal oxide cathodes have 
been reported in some well-known journals [181–185]. This 
article promptly reviews related works from scientists to fur-
ther promote the development of single-crystal oxide cath-
odes. In this context, the following perspectives for single-
crystal technology are considered.

 I. Development direction. Nickel is of great interest 
for the production of layered oxide cathodes because 
of its lower cost, wider availability, and lower toxic-
ity than other constituent elements. With increasing 
nickel content, layered oxides can deliver increased 
energy in LIBs but decreased thermal stability and 
cyclability. Doping and coating are efficient strategies 
for delaying the onset of damage but fail to overcome 
degradation and are unsuitable for industrial produc-
tion. Considering the good qualities of single-crystal 
materials, developing a path to single-crystal cath-
odes for layered oxides with ultrahigh nickel content 
is absolutely imperative.

 II. Synthesis problems. Two broad classes of synthe-
sis processes are presented in the majority of the 
literature: molten salt and high-temperature meth-
ods. In the molten salt method, various oxides with 
low eutectic points are utilized to promote micron-
scale grain growth at low temperature. This method 
is dominated by the dissolution–recrystallization 
mechanism. However, it is plagued by the problem 
of finding the appropriate molten salt to prevent the 
introduction of extrinsic components into the layered 
structure that cause the low energy density per kg 
shown by cathode materials. The high-temperature 
strategy is applied to layered oxides with low and 
moderate nickel contents [187]. Nickel-rich oxides 
suffer from structural deficiency in their interiors 
and on their surfaces as a result of lithium/oxygen 
loss at higher temperature, which is attributed to the 
sensitivity of nickel to temperature. Recent works on 
single-crystal materials have adopted the molten salt 

method instead of the high-temperature method and 
have included comparative studies on different salts. 
As reported by researchers, the preferred growth of 
crystal facets can improve the transport of lithium 
ions in the presence of any kind of salt.

 III. Follow-up technologies. Additional processing proce-
dures, including grinding, sieving, and washing, have 
a considerable effect on the electrochemical perfor-
mance of single-crystal materials. The high-temper-
ature and molten salt methods are prone to inducing 
the agglomeration of layered oxides because of their 
growth mechanism. Grinding and sieving are two 
important steps for producing single-crystal materials 
with well-distributed sizes. Regarding grinding, the 
mechanical properties of layered oxides with different 
nickel contents should be considered. Furthermore, 
in commercial cathodes, a bimodal distribution of 
large and small particles is applied to increase the 
power tap/pellet density. Single-crystal materials 
can exploit the advantage of tuning particle sizes to 
maximize volumetric energy density. However, large 
amounts of residual salt and excess lithium are pre-
sent at high temperature because of the molten salt 
method, which must be eradicated from the material 
by washing. Thus, an appropriate molten salt must be 
developed to not only effectively help grain growth 
but also facilitate the removal of the salt.

 IV. Electrochemical properties. Grain sizes vary in 
accordance with the different synthesis technologies, 
and their effect on the specific capacity, kinetics limi-
tations (lithium diffusion and charge transfer), and 
thermal stability remains unclear. Many efforts are 
needed to explore the relationship between the prop-
erties (e.g., crystal structure, electronic structure, and 
morphology) and performance of single-crystal mate-
rials to provide insights into the rational design of 
cathode materials with thermal and cycling stability. 
Compared with polycrystal cathodes, research on sin-
gle-crystal cathodes, especially on their modification 
strategies, is still at its fledgling stage. The theoreti-
cal calculation and simulation modeling techniques 
for the analysis of polycrystal materials are equally 
applicable for the analysis of single-crystal materi-
als. Finally, a stable interfacial design contributes to 
the good performance of single-crystal materials with 
high specific surface area ratios.
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