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Benefiting from the high specific capacity and output voltage, Ni-rich layered oxides are one of the most
promising commercial cathodes for next-generation high-energy-density Li-ion batteries (LIBs). However,
typical Ni-rich cathode materials generally inherit polycrystal (PC) morphology from their precursors, which
induces severe crack generations and side reactions, resulting in the rapid decay of structural and electrochemical
stability upon cycling. In contrast, the Ni-rich cathodes with single-crystal (SC) morphology display remarkable
structural stability and long cycle life by means of superior mechanical strength and limited side reactions, which
is expected to solve the instinctive problems of PC counterparts. Herein, the synthesis strategies and the growth
mechanisms of SC Ni-rich oxides are introduced and summarized in detail. Moreover, the significant differences
in electrochemical behaviors between PC and SC cathodes are comprehensively compared in various voltage
windows. Furthermore, the corresponding structural evolutions and morphology changes are also systematically
investigated and analyzed. Additionally, the state-of-the-art characterization techniques for SC materials are
elaborated. Altogether, in this review, we not only unravel the fundamental understandings of SC Ni-rich cathode

materials but also provide an effective guide for realizing high-energy-density LIBs with long cycle life.
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I. INTRODUCTION

To meet the increasing demands of energy storage de-
vices, especially for electric vehicles, the development of
high-energy-density and long-life cathode materials has been
the top priority in the field of Li-ion batteries (LIBs) [1-4].
Layered Ni-rich oxide cathode materials LiNi,Co,Mn.O,
(x=>0.5, x+y+z=1) typically display the remarkably
high specific capacity and output voltage, which are gen-
erally considered the most promising cathode materials for
next-generation high-energy-density LIBs [5—7]. More impor-
tantly, the energy density of Ni-rich cathode materials can be
further improved by increasing Ni content in the chemical
formula and broadening the voltage window [8]. However,
the traditional layered Ni-rich cathode materials generally
possess polycrystal (PC) morphology, which always suffers
from severe cracks in the secondary particles [9,10], serious
side reactions with electrolytes [11], and volume changes [12]
during Li* (de)intercalation processes. As a result, especially
in high-voltage regions, obvious capacity deterioration and
rapid decline of voltage fade can be observed within PC
Ni-rich cathode materials [13,14]. Most works mainly focus
on modification strategies such as surface coating and doping

“cao.xin@aist.go.jp
Thszhou@nju.edu.cn

2475-9953/2022/6(7)/070201(11)

070201-1

based on PC morphology [15-17]. Therefore, there is a lack
of direct strategies to optimize the structural stability and elec-
trochemical performance of Ni-rich cathode materials which
can effectively solve the intrinsic issues of PC counterparts
[18,19].

Recently, Li et al. [20] developed a big family of
single-crystal (SC) Ni-rich cathode materials, which realized
ultralong cycling life in pouch full cells by coupling with arti-
ficial graphite as the anode material. SC LiNip sMng 3Cog 50,
delivered the remarkable capacity retentions of ~92% after
4700 cycles between 3 and 4.3 V [21]. Based on the ex-
cellent electrochemical stability upon long-term cycling, the
Tesla company proposed the million-mile battery plan by em-
ployment of Ni-rich cathode materials with SC morphology.
When increasing the Ni-content, SC LiNiggMng ;Cog 10,
also reached excellent capacity retention of ~98% after
1200 cycles and 94% after 2250 cycles between 3 and 4.2
V, respectively, whereas the PC counterpart suffered from
obvious capacity decay and delivered lower capacity reten-
tion of 91% after 200 cycles at the same electrochemical
conditions [22,23]. The significant performance differences
can be attributed by the serious crack generation within the
PC sample and the severe side reactions on the cathode-
electrolyte interface upon long cycling [24]. Benefiting from
the unique features such as crack-free morphology and low
specific surface, the design of SC morphology can be regarded
as an effective strategy for Ni-rich cathodes to harvest the

©2022 American Physical Society


https://orcid.org/0000-0003-2360-7772
https://orcid.org/0000-0002-2548-043X
https://orcid.org/0000-0001-8112-3739
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevMaterials.6.070201&domain=pdf&date_stamp=2022-07-13
https://doi.org/10.1103/PhysRevMaterials.6.070201

REVIEW ARTICLES

PHYSICAL REVIEW MATERIALS 6, 070201 (2022)

excellent structural stability and superior cycle performance
during long-term cycling. Additionally, there are some is-
sues slowing the development and application of SC Ni-rich
cathode materials. For instance, the growth control of uni-
form large-sized particles is an obvious challenge in the
synthesis section of SC Ni-rich materials, which has a sig-
nificant influence on electrochemical performances such as
output capacity and cycling stability. The grain growth pro-
cesses in various preparation methods and conditions have
not been clearly summarized. Furthermore, the mechanisms
of structural deterioration and induced capacity decay, espe-
cially in high-voltage ranges, still need to be further clarified,
which is beneficial for unraveling the underlying reasons for
high-voltage stability in SC Ni-rich electrodes. In addition,
state-of-the-art techniques for characterizing the structural
evolutions and morphology changes upon cycling in SC cath-
ode materials should be comprehensively introduced [25-28].

Herein, the preparation strategies of SC Ni-rich layered
cathode materials are summarized in detail, in which the high-
temperature, multicalcination, spray pyrolysis and molten
salt assistant methods, and corresponding characteristics
are introduced. Moreover, the differences in electrochemi-
cal activities and structural stability between SC and PC
electrodes are comprehensively compared in both low- and
high-voltage windows. Furthermore, the morphology changes
and structural evolutions such as layered spinel-rock-salt
phase transitions are clearly presented, in which the under-
lying mechanisms of structural and electrochemical failure
are proposed within both SC and PC layered Ni-rich cath-
odes, respectively. In addition, a series of techniques including
cross-sectional scanning electron microscope (SEM) imaging
and three-dimensional (3D) reconstruction for characterizing
SC Ni-rich materials is introduced, which is beneficial for
providing solid and effective evidence to unravel the failure
mechanisms of SC Ni-rich and other cathode materials. In
this review, we provide fundamental understandings of SC Ni-
rich cathode materials, especially from the material physics
perspective, and propose an effective guideline for further
realizing next-generation high-energy-density LIBs with long
cycle life.

II. SYNTHESIS METHODS OF SC LAYERED NI-RICH
CATHODE MATERIALS

The morphology, structure, and electrochemical perfor-
mances of both PC and SC Ni-rich cathode materials generally
depend on the preparation methods and conditions [29]. The
traditional synthesis strategy of PC Ni-rich materials gen-
erally adopts the composite method of coprecipitation and
high-temperature calcination [30]. The precursors of transi-
tion metal hydroxides or oxides with uniform morphology
were employed to prepare PC Ni-rich materials after calcina-
tion with Li salts at high temperature [31]. The preparation
of SC Ni-rich materials also needs the uniform precursor,
and the subsequent synthesis processes have significant ef-
fects on grain sizes, shapes, and crystal orientations [32],
in which high-temperature calcination [33], multicalcination
[34], the molten salt method [35], and spray pyrolysis [36]
were widely conducted. Trevisanello et al. [33] developed the
SC LiNipgCop.1Mng O, cathode material with size particles

of 1-3 um via the traditional high-temperature calcination
method [Fig. 1(a)]. The NipgCog.1Mng ; (OH), hydroxide pre-
cursor was mixed with excess Li,COj3, and the mixture was
calcinated at 875 °C for 6 h under an oxygen atmosphere. The
SC sample was collected after being washed with deionized
water to remove the excess Li,CO3 and then calcinated at
600 °C for 3 h in oxygen. Notably, an oxygen atmosphere
is necessary to obtain the SC Ni-rich materials, which is
beneficial for restraining Li/Ni cation mixing and decreasing
the Ni oxidation state [37,38]. Moreover, a high-calcination
temperature can accelerate the speed of grain growth, which
promotes the formation of SC morphology [39]. This method
possesses many advantages such as simple operations and
low cost, whereas serious problems existing in SC products
prepared by this method since long-time and high-temperature
calcination induce cation mixing and impurities of residual
lithium, and uniform SC grains in crystallography are difficult
to obtain [35,39—41]. Additionally, the particle agglomeration
of SC cathode materials is typically prone to appear by high-
temperature calcination [41,42].

To address the mentioned issues, the multicalcination strat-
egy was also widely employed. Guo et al. [34] prepared
SC LiNig.g3C0¢.12Mng 050, with uniform particles through
the multicalcination process. SC LiNigg3Cog 12,Mng9sO;
was obtained by calcining the mixture of Li,CO; and
Nip §3C00.12Mng s (OH), precursor at 500 °C for 1 h, which
was then calcinated at 750 °C for 5 h and finally calcinated
at 860 °C for 12 h. The SEM and the transmission electron
microscope (TEM) images of the SC sample are shown in
Fig. 1(b). The SC sample prepared by this method displayed
excellent structural stability and cycle performance, in which
the capacity retention reached 88.72% in the pouch cell after
500 cycles at the current density of 63 mA/g. Although this
method solved problems such as lithium salt impurities in
high-temperature calcination to some extent, the obtained SC
particles typically displayed the appearance of agglomeration
and nonuniformity. Additionally, the multicalcination method
with high temperature was generally considered to tend to
form SC morphology, while the preparation of high-nickel
contents requires a relatively low calcination temperature,
which makes it difficult to harvest Ni-rich cathode materials
with SC morphology. Therefore, the synthesis temperature
of SC Ni-rich layered cathode materials needs to be further
selected and controlled [43—-46].

Recently, synthesis methods were introduced in the prepa-
ration of SC Ni-rich layered materials. Leng et al. [36]
prepared the porous oxide precursor of chemically active
LiNig §Coy.15Alp,0sO, by the spray pyrolysis method, which
effectively reduces the calcination temperature and pro-
motes the generation of particles with uniform size. The
Nig §Coq.15Alp 050, precursor was prepared by the transition
metals chloride solution being atomized into micron drops
by an ultrasonic atomization generator and passed into a
three-zone vertical furnace with oxygen flow at 800 °C. The
monodisperse and uniform SC LiNig gCoq 15Alp 050, was ob-
tained by calcining the mixture of the oxide precursor and
Li,COj3 at 750 °C for 0-20 h in oxygen. To investigate the evo-
lutions from precursor to product during the synthesis process,
ex situ SEM was performed to track the morphology changes
from O to 20 h at 750 °C. At the initial state, Li,COj3 and the
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FIG. 1. (a) Scanning electron microscope (SEM) and cross-sectional SEM images of the single-crystal (SC) LiNijgCog 1 Mng O, sample
prepared by the high-temperature calcination method. Reproduced with permission [33]. (b) SEM and transmission electron microscope (TEM)
images of SC LiNig g3C0¢.12Mng s O, prepared by the multicalcination method. Reproduced with permission [34]. (c¢) Ex situ SEM images and
illustrations of the morphology evolution during calcination from O to 20 h with the spray pyrolysis precursor of the LiNiggCoq 15Alg.0sO02
cathode material. Reproduced with permission [36]. (d) Time-resolved in situ x-ray diffraction (XRD) patterns during synthesis of the SC
LiNip¢Mn,Co0¢,0, material by the molten salt method and (e) corresponding ex sitzu SEM at different temperature and calcination time.
Reproduced with permission [48]. (f) Molten-salt synthesis of SC LiNipgMng ;Cog;0,. KCl and NaCl salt as flux at 800, 900, and 1000 °C,

and (g) responding schematics. Reproduced with permission [35].

spherical precursor can be easily distinguished. With increas-
ing the calcination time, the SC particles gradually formed.
After calcination for 15 h, the sample showed monodisperse
particles with regular shapes [Fig. 1(c)]. Although this method
solved the problem of particle size and agglomeration at high
temperatures, it is difficult to apply in the industry at a large
scale because of the complicated operation.

The molten salt method was developed to prepare SC lay-
ered Ni-rich materials, which is currently the most concerned
preparation method to obtain high-quality SC morphology
[34]. An excess amount of molten salt was added into the
mixture of the precursor and lithium source, in which the
molten salt as the flux is melted at high temperature, which
significantly boosted the ion diffusion, thereby forming uni-
form SC particles with large sizes. Moreover, benefiting from
the excellent flowability of molten salt, the particles are
hard to agglomerate at high temperature. Finally, the sam-
ple needs to be washed with deionized water to remove the
excess flux salt [47-49]. Qian et al. [48] synthesized the
SC LiNig¢Mng,Cop,0;, cathode material with 2-pum-sized
particles via scalable molten salt synthesis. The forming pro-
cess of SC particles at high temperature was clearly detected
by time-resolved in situ x-ray powder diffraction at vari-
ous temperatures [Fig. 1(d)]. The mixture of the precursor
Nig¢Mng>Coy2(OH),, LiOH, and Li,SO,4 as the flux was
calcination at 900 °C. The peaks of the precursor suddenly

disappeared at 200 °C because of the decomposition of hy-
droxides. The peaks of (003) were observed from 600 °C,
and the intensity continuously increased with increasing reac-
tion time, which indicates the layered structure was gradually
formed with the increase of temperature and holding time. Ex
situ SEM was also performed to observe the grain growth
evolutions of SC samples, which were collected at different
calcination times [Fig. 1(e)]. After the temperature reached
900 °C, the spherical oxide precursor grains gradually dis-
integrated at first, and then the original grains grew to SC
morphology with regular crystal facets. This phenomenon
can be explained as the particles followed the dissolution-
recrystallization mechanism in the molten salt method, which
was different from the high-temperature calcination strategy
[50,51]. Although uniform SC particles with large size can be
prepared by the molten salt method, the influence of signifi-
cant factors, such as the flux salt and calcination temperature
on grain growth, still needs to be further clarified. The differ-
ent fluxes of the molten salt method have a significant impact
on the morphology and structure of the as-prepared SC sam-
ple. Kim [35] compared the difference between NaCl and KCl
as the flux during the preparation of SC LiNig g§Cog 1 Mng ;O;.
The employment of KCI promoted the generation of sphere
particles with different crystal facets, whereas the particles
calcined with NaCl displayed the morphology of perfect oc-
tahedra shapes. This is mainly attributed to the difference
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FIG. 2. (a) First charge-discharge profiles of the single-crystal (SC) and polycrystal (PC) Ni-rich LiNig g3C0g.10Mng 70, cathode material
at current density of 20 mA/g, and (b) cycle performance for the cutoff voltages of 4.3 and 4.5 V at current density of 100 mA/g. (c) Cycle
performances for the voltage window between 3.0 and 4.9 V at current density of 20 mA/g. (d) Cycle performance in the pouch cells between
3.00 and 4.35 V at current density of 100 mA/g. Reproduced with permission [54].

between the fluxes of KCl and NaCl, especially the properties
at liquid phase [Figs. 1(f) and 1(g)]. Crystal orientation was
considered closely related to the different energies of inter-
faces between crystal and molten salt, especially the flux. The
flux of KCl led to a decrease of the surface energy difference
of the facet, boosting the formation of spherical morphology,
while the growth of octahedra shape facets was promoted by
the flux of NaCl, in which the morphology changes would
further influence the structural stability and electrochemical
performance of SC cathode materials.

III. ELECTROCHEMICAL PERFORMANCES OF SC
LAYERED NI-RICH CATHODE MATERIALS

PC Ni-rich cathode materials generally suffered from seri-
ous capacity decay upon long-term cycling especially in the
high-voltage range, which can be mainly attributed to severe
layered structure fade, side reactions, and crack generation
[52]. Recently, authors of many studies proposed that Ni-
rich materials with SC morphology could retain the layered
structure and limited volume change, which have the great
potential to solve the problems in PC Ni-rich cathode mate-
rials, especially at high cutoff voltage, and to harvest superior
long-term cycling stability [53-55]. Pang et al. [54] devel-
oped crack-free SC LiNig g3C0¢.10Mng 070, cathode materials
by the high-temperature calcination method which displayed
superior cycle performances in both low- and high-voltage
ranges (Fig. 2). It was generally considered that the excellent
mechanical strength of SC materials can retain the mor-
phology of particles without crack generation upon the Lit
(de)intercalation processes. According to the initial charge-
discharge profiles, both SC and PC LiNig g3Co¢.10Mng 70,

electrodes displayed a similar capacity (~210 mAh/g in the
voltage range of 3.0—4.3 V and ~220 mAh/g in the voltage
range of 3.0—4.5 V), which suggests more output capacity can
be utilized at high cutoff voltage of 4.5 V [Fig. 2(a)]. Although
PC and SC electrodes exhibited excellent capacity retention
in the voltage range from 3.0 to 4.3 V, superior capacity
retention of 94.5% can be achieved in SC Ni-rich cathodes
after 30 cycles, while PC cathodes possessed poor capacity
retention of 86.4% at the same high cutoff voltage [Fig. 2(b)].
The remarkable difference in cycle performance between SC
and PC samples was observed at the high cutoff voltage of
4.9 V. Benefiting from the crack-free characteristic, the ca-
pacity retention rate of the SC sample reached 93.3% after 15
cycles in the voltage window of 3.0-4.9 V, while the PC sam-
ple displayed poor electrochemical stability with the capacity
retention of 80.6% [Fig. 2(c)]. In addition, the SC Ni-rich
LiNig §3C0¢.10Mng 70, electrode exhibited excellent long-
term cycle performance in a pouch full cell with a graphite
anode, which displayed excellent capacity retention of 84.8%
in comparison with 54.1% of the PC LiNig g3Cog.;10Mng 9703
electrode as a cathode in the voltage window of 3.0-4.35 V
after 400 cycles at the current density of 100 mA/g [Fig. 2(d)].

Klein et al. [55] compared the differences in electro-
chemical behaviors between SC and PC LiNiysCog3Mng,0,
cathode materials at various cutoff voltages, in which both
cathodes were tested in full cells with a graphite anode
(Fig. 3). Compared with the initial charge-discharge curves at
various cutoff voltages of 4.3, 4.4, and 4.5 V, both PC and SC
electrodes displayed similar capacities, in which no obvious
voltage decay and irreversible capacity can be observed with
widening the voltage ranges [Figs. 3(a) and 3(b)]. Intrigu-
ingly, the SC electrode displayed a higher irreversible capacity
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FIG. 3. First two charge-discharge profiles of (a) the polycrystal (PC) and (b) the single-crystal (SC) LiNigsMng3Coy 50, cathode in
full cell with graphite anode at current density of 20 mA/g at cutoff voltages of 4.3, 4.4, and 4.5 V. Cycle performances of (a) the PC and
(b) the SC LiNig sMng 3Co 50, cathode in the full cell at current density of 90 mA/g at cutoff voltages of 4.3, 4.4, and 4.5 V. Reproduced with

permission [55].

(32 mAh/g) than 25 mAh/g within the PC electrode at dif-
ferent cutoff voltages during the initial charge and discharge
process [Figs. 3(a) and 3(b)], which can be attributed to the
sluggish kinetic processes during Li* diffusion caused by
large SC particles [56]. Moreover, the cycle performances of
SC and PC samples tested in different voltage windows are
shown in Figs. 3(c) and 3(d). The PC electrodes delivered
higher output capacities of ~160, 172, and 180 mAh/g at
cutoff voltages of 4.3, 4.4, and 4.5 V, respectively, in con-
trast with ~158, 165, and 175 mAh/g in SC electrodes at
the same electrochemical conditions. Significantly, compared
with PC electrodes, the Ni-rich SC LiNiy sCog 3Mng 0, cath-
ode displayed remarkably excellent cycle performance at
cutoff voltages of 4.3, 4.4, and 4.5 V, which indicates the sta-
ble layered structure can be well preserved within SC samples.
Additionally, the output capacity of the PC sample displayed
sudden capacity decay after 70 cycles at the high-voltage win-
dow of 4.5 V, while the stable capacity of >170 mAh/g was
still well retained in the SC cathode, which was contributed
to the rollover failure triggered by the reduction reactions of
transition metals on the anode surface. Therefore, SC Ni-rich
layered oxides can be regarded as some of the most promising
cathode materials with high-voltage stability upon long-term
cycles in comparison with PC counterparts [57].
Additionally, the electrochemical safety is an important
factor affecting the application of Ni-rich cathode materi-
als. Suffering from high-energy density and cutoff voltage,
the Ni-rich cathode displayed drastic thermal stability fade.

Furthermore, the SC Ni-rich electrode at the high-voltage
charging state exhibited more stable impedance, thickness,
and capacity change than those of the PC, which clarified
that the thermal stability improvements of SC nickel, cobalt,
manganese (NCM) are ascribed to the depressed side reac-
tions between the cathode and electrolyte [54]. It is generally
recognized that gas evolution is known as the main reason for
deteriorated safety of Ni-rich cathodes. Differential scanning
calorimetry (DSC) is usually performed to evaluate the ther-
mal stability and gas evolution of Ni-rich cathode materials.
Guo and Li [58] compared the decomposition temperatures
between SC and PC LiNip7Cog 15Mng 150, samples (4.5 V
charged state) by DSC measurement. The main exothermic
peak of the SC sample occurred at 245.5 °C, which was higher
than 237.7°C of the PC sample. Therefore, the structure of
SC-NCM can effectively suppress gas release, improving the
thermal safety.

IV. STRUCTURE EVOLUTION

To investigate the underlying reasons for electrochem-
ical differences between SC and PC cathode materials,
morphology and structural characterizations were performed
to detect the crack generation and phase transition upon
cycling (Fig. 4). Pang er al. [54] systematically tracked
the interior morphology changes within SC and PC
LiNi §3C0¢.10Mng 970, electrodes at the pristine state and af-
ter 200 and 400 cycles [Fig. 4(a) and 4(b)]. Intergranular crack
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FIG. 4. Cross-sectional scanning electron microscope (SEM) images of (a) polycrystal (PC) and (b) single-crystal (SC)
LiNig 83C00.10Mng 070, charged to the cutoff 4.35 V for the pristine state and after 200th and 400th cycles. Reproduced with permission
[54]. Transmission electron microscope (TEM) and corresponding high-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) images of (c) PC and (d) SC LiNigg3Co0¢.10Mng 470, electrodes at a different location to the crack. Illustration of the
relationship between structural evolution and performance fade for (e) PC and (f) SC particles during long-term cycling. Reproduced with
permission [61]. (g) Tensile stress and compressive stress distribution for LiNig9Cog ¢sMng ¢sO, particles at the fully charged state [65].

propagation and structural collapsing can be clearly observed
in the PC samples with the increase of cycle numbers, which
is generally considered to be caused by the uneven stress
and lattice distortion on the surface and inside of the grain
[54]. As a result, the crack would greatly increase the specific
area of the surface and inevitably accelerate the side reac-
tions between the electrode and electrolyte upon cycling since
the Ni-enriched surface of PC particles would catalyze the
electrolyte decomposition. These reasons are generally con-
sidered failure mechanisms of electrochemical performance
in PC Ni-rich cathode materials. In contrast, the pristine mor-
phology of the SC cathode was identical with the sample
even after 400 cycles, in which crack generation cannot be
detected upon cycling, which effectively boosts the cycle per-
formance of SC Ni-rich cathode materials during long-term
cycling [59,60].

The formation and propagation of cracks have signif-
icant effects on structural evolutions and electrochemical
performance of the Ni-rich cathode material [54]. Scanning
transmission electron microscopy (STEM) was performed to
clarify structural distortions such as phase transition in PC and
SC layered cathode materials upon cycling [Figs. 4(c) and
4(d)]. Figure 4(c) showed the microstructure information of
the cycled PC electrode in four local regions near the crack.
The layered structure with the space group of R3m can be
maintained in the region far away from the crack, while the
phase transition occurred when approaching the crack region,
delivering structural changes from layered to disordered even
to defect rock salt. Notably, the harmful rock-salt phase of
the Fm3m space group can be detected on the surface of
the crack. The obvious structural evolution from layered to
rock salt suggested PC Ni-rich cathode materials suffered
from the serious lattice distortion upon Li" (de)intercalation
processes. On the contrary, there was no crack generation
observed in SC electrodes, in which the layered structure can
be well preserved in the bulk material with a slight disordered

phase on the surface Fig. 4(d) [61]. The excellent structural
stability achieved in SC Ni-rich cathodes can be attributed to
the unique features such as being crack free and limited side
reactions. The illustration of the proposed interior morphol-
ogy changes and structural evolution is shown in Figs. 4(e)
and 4(f), which clarifies the underlying mechanisms of the
electrochemical performance decay and structure fade in PC
and SC cathodes during the long-term cycles [61]. For the
PC layered Ni-rich cathode, ion migration occurred at grain
boundaries, which induced the phase transition from layered
to defect rock salt after several cycles. During long-term cy-
cles, obvious cracks generated in the bulk and surface of the
PC particles, in which the electrolyte gradually penetrated
the secondary particles along the cracks, which caused seri-
ous side reactions and induced gas generation and electrolyte
decomposition. Additionally, the irreversible metal ion migra-
tion accelerates the formation of the rock-salt phase with the
space group of Fm3m in the bulk and surface, further resulting
in serious structural fade and irreversible capacity decay [62].
The reason for crack generation in the intergranular secondary
particles was generally regarded as the grain collapsing caused
by the anisotropic stress and serious structural distortion in PC
layered Ni-rich cathode materials during long-term cycling.
[63,64]. In contrast, SC Ni-rich cathode materials showed a
different morphology change and structural evolution in com-
parison with the PC counterpart. Benefiting from excellent
mechanical strength, the crack was difficult to generate in the
SC particles, further restraining the serious side reaction on
the interface between the cathode material and electrolyte.
Even after long-term cycles, the excellent layered structure
without any phase transition can be realized in bulk material
of the SC Ni-rich cathode, in which a slight disordered layer
can only be observed on the surface. Significant evidence has
demonstrated SC Ni-rich layered cathode materials possess
excellent structural and electrochemical stability during long-
term cycling.
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FIG. 5. (a) In situ atomic force microscopy (AFM) images of the single-crystal (SC) LiNig76Mng 14Co0 10, cathode material during the
charge-discharge process, and corresponding calculation results and model. Reproduced with permission [67]. (b) Cross-sectional scanning
electron microscope (SEM) images of pristine polycrystal (PC) and SC LiNigg3C0¢.10Mngg70,. Insert images are scanning transmission
electron microscopy (STEM) images and fast Fourier transform (FFT) results. Reproduced with permission [63]. (c) X-ray nanotomography
three-dimensional (3D) reconstruction of SC after cycles and corresponding SEM images. Reproduced with permission [69]. (d) In situ x-ray
diffraction (XRD) pattern of SC LiNig gsC0g.00Mng 030,. Reproduced with permission [70].

Moreover, intergranular crack generation is also an impor-
tant physical behavior of Ni-rich materials, which is mainly
determined by accumulation and distribution of stress during
long-term cycling [65]. Serious volume change occurred in
PC Ni-rich materials upon Li" (de)intercalation processes,
especially at high cutoff voltage, which causes severe stress
concentrations and intergranular fracture at the internal grain
boundaries in mechanics. A deeply physical analysis of crack
generation and growth is beneficial to clarify the electro-
chemical fade mechanism of Ni-rich materials. To clarify
the defect of mechanical stability in PC Ni-rich materials,
two-dimensional (2D) finite element analysis is applied to PC
Ni-rich cathode materials at charged state.

In addition, the effect of the high-voltage region on the
Ni-rich cathode is not only the fade of morphology and struc-
ture but also various multiple-failure mechanisms upon the
repeated charge-discharge processes, such as gas release, side
reaction with the electrode, and dissolution of transition metal
elements, which are even further accelerated in the high-
voltage regions. In the high-voltage region, the electrolyte
decomposition and side reactions lead to gas release, includ-
ing O, and CO,. Although the gas evolution can be observed
in both PC and SC Ni-rich materials, the SC exhibited obvi-
ously less gas release benefited from the SC morphology with
less specific surface area [66]. A similar advantage of the SC
is reflected in the dissolution of transition metal elements. It
is generally assumed that the electrolyte is prone to infiltrate
the secondary particles with the large specific surface area and
intergranular grain boundaries of the PC. The infiltration with
the electrolyte will inevitably lead to more drastic dissolu-
tion of transfer metal (TM) ions, which are reduced to TM

particles on the anode and destroy the electrochemical per-
formance of both the cathode and anode, whereas the failure
was suppressed in the SC Ni-rich cathode. Klein ef al. [55]
compared the surface of cycled graphite anodes from the Ni-
rich/graphite full cell after 100 cycles for the cutoff voltages of
4.5 and 4.7 V between PC and SC by energy-dispersive x-ray
spectroscopy measurement. The graphite anode from the PC
cell exhibited obviously higher intensities of TM than those
of the SC, which directly suggested more transition metal
dissolution than the SC.

V. CHARACTERIZATION TECHNIQUES

To probe the morphology changes and structure evolutions
upon (de)lithiation processes, in situ and ex situ characteriza-
tions including atomic force microscopy (AFM), selected area
electron diffraction, SEM, STEM, x-ray diffraction (XRD),
and 3D reconstruction were performed. Bi et al. [67] tracked
the surface morphology of SC LiNig76Mng 14C0¢.1O; in the
initial charge-discharge process by in situ AFM, in which the
evolutions of gliding steps and cracks were clearly observed
[Fig. 5(a)]. The crack in the SC particle generated during the
charge process can be coalesced to the original position upon
the discharge process, which effectively clarifies the under-
lying reason for SC Ni-rich cathode materials being crack
free. Significantly, the size and position of this gliding crack
were related to the potential change, in which the obvious
crack generated at higher voltage ranges. Moreover, the theory
calculation provided the results of stress and strain distribution
during the charge and discharge processes by employment
of coMsoL software. It was found that the shear stress
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component was able to promote the gliding on the surface, in
which COMSOL can provide the evolution of shear stress com-
ponent during the charge and discharge processes. Therefore,
SC Ni-rich cathode materials can realize the reversibility of
gliding upon Li* (de)intercalation processes in theory. How-
ever, after the discharging process, trace amounts of nanoc-
racks can generate on the surface because of the irreversible
(de)lithiation processes. To clarify the more concrete process
of surface gliding during charge and discharge processes, the
model was built to describe the structure evolution and me-
chanical behaviors in the SC sample. The cracks were grad-
ually produced after repeated irreversible gliding processes
during the long-term cycling, which has slight influence
on the electrochemical performances of SC Ni-rich cathode
materials.

Cross-sectional SEM is also widely employed to investi-
gate the evolution of internal structure and cracks of SC and
PC samples, which is an effective measurement to explain
the differences in morphology change between SC and PC
electrodes upon cycling [Fig. 5(b)]. Focused ion beam SEM is
generally performed to observe cross-sections of samples. To
prepare the cross-section sample, the Ni-rich material foil is
milled by the Ar-ion beam. Cross-sectional SEM of monodis-
perse particles can be observed by the obtained ion beam
cross-section. Additionally, TEM, high-angle annular dark-
field STEM, and fast Fourier transform were usually coupled
to apply to SC materials to represent the structure evolution
in detail [insert of Fig. 5(b)] [68]. 3D reconstruction as a type
of calculation and modeling method has been introduced into
the study of SC materials, which can show the stereoscopic
morphology of an electrode during cycling [69]. Figure 5(c)
shows the 3D reconstruction microstructure and SEM images
of SC LiNip¢Mng,Coy,0, after 100th and 200th cycles, in
which the cracks can be clearly and accurately modeled in
the sample after cycle. The 3D reconstruction microstructure
combined with the 2D projection images extracted along the z
vertical axis can obtain more information about the growth
of the crack in the bulk material. By comparison with the
corresponding SEM images, the crack evolution and electro-
chemical behavior in the 3D situation can be clarified during
cycling. In addition, in situ XRD was performed to detect the
structure change of SC Ni-rich materials during the charge-
discharge process.

Fan et al. [70] clarified the structure change of the SC
LiNig gsC09.0oMng 30, cathode material during the initial
charge-discharge process, in which the evolution of the lay-
ered phase structure is associated to Li contents [Fig. 5(d)].
More specially, in situ XRD can track phase transitions includ-
ing H/M, M/H2, and H2/H3 within layered Ni-rich cathode
materials during charge and discharge processes, which cor-
responds to the split and shift of the (003) diffraction peak.
By means of in siftu XRD measurement, not only can phase
transitions be clearly observed but also lattice parameters and
volume changes can be well elucidated, which is beneficial for
clarifying the structural evolution of layered Ni-rich cathode
materials upon cycling [32]. Based on these techniques, the
morphology changes and structure evolutions of SC cathodes
can be well illuminated, further shedding light on the devel-
opment of high-energy-density and long-life next-generation
cathode materials.
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FIG. 6. Illustration of future development and prospect for
single-crystal (SC) layered Ni-rich cathode materials.

VI. CONCLUSIONS AND PROSPECTIVE

In summary, the various strategies of high-temperature,
multicalcination, spray pyrolysis, and the molten salt assis-
tant method as well as the corresponding pros and cons are
summarized for preparing SC Ni-rich layered cathode ma-
terials, which further provide a basic understanding of SC
nickel-rich materials from the aspects of crystallography and
materials physics. Furthermore, the comparisons of electro-
chemical behaviors and cycling performances between PC
and SC electrodes were provided in both low- and high-
voltage windows. Moreover, the morphology changes and
phase transitions were presented within PC and SC elec-
trodes upon cycling, which further clarifies the mechanisms of
structural and electrochemical failures in SC and PC Ni-rich
cathode materials. Additionally, state-of-the-art technologies
were introduced to characterize the structural evolution of SC
Ni-rich materials, further shedding light on the investigation
of failure mechanisms in SC Ni-rich and other advanced
cathode materials. In this review, we not only provided the
fundamental understandings of SC layered Ni-rich oxides but
also proposed a guideline for developing high-energy-density
and long cycle life cathode materials for LIBs.

To harvest the advanced next-generation cathode materi-
als based on SC morphology, improvements can be achieved
along the avenue of modification and design strategies for PC
cathodes. From the aspect of modification strategy, SC cath-
ode materials possess the inherent advantages of low specific
surface area and smooth particle surface, which is beneficial
for further optimizations such as surface coating and physical
modifications in comparison with PC counterparts [71,72]. In
contrast, it is hard to effectively eliminate the microcracks in
PC cathodes with secondary particles of several micrometers
in diameter by a nanothickness surface layer. Benefiting from
the elimination of internal grain boundaries and intergranu-
lar fracture, SC electrodes harvest remarkable high-voltage
stability during cycling, which can be employed in a wide
potential window to obtain high output capacities triggered
by the combination of traditional cationic and anionic redox
activities (Fig. 6) [66,73,74]. The energy density of Ni-rich
cathode materials can be further boosted by increasing the
Ni fractions based on SC morphology. Meanwhile, the issues
generated in PC electrodes of microcracks and induced in-
ferior cycling stability can be expected to be well addressed
within SC Ni-rich cathode materials. Combined with excellent
structural stability and great optimization potentials, they offer
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immense opportunities in achieving superior electrochemi-
cal stability and high output capacity within advanced SC
cathode materials during long-term cycling, which greatly
promotes the realization of next-generation LIBs with high
energy density and long life. On the other hand, from an ap-
plication point of view, compared with PC Ni-rich materials,
the SC obviously requires higher cost due to high preparation
temperature and additional flux in the synthesis process. On
the other hand, benefiting from high capacity and excellent
cycle performance, the SC exhibits higher cost performance
than the PC from the development perspective. Additionally,
compared with the PC, the SC Ni-rich material is still in rapid
development, which is still hopeful for further improvement
in cost control in future research. Furthermore, the SC Ni-rich
cathode is widely considered to possess excellent thermal
stability to suppress harmful phenomena such as thermal

runaway, which is prone to practical application. Benefiting
from the low specific surface area and excellent structural
stability, the SC can still show safe and stable electrochemical
performance even at high-voltage and temperature conditions,
which offer it strong potential. Finally, accompanied by the
vigorous development of SC cathode materials, it can be
expected that corresponding advanced characterization tech-
niques will be further developed, which in turn promote the
progress of engineering technology.
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