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Abstract: Nickel(Ni)-rich layered oxide has been regarded as one of the most important cathode materials for the lithium-ion
batteries because of its low cost and high energy density. However, the concerns in safety and durability of this compound are still
challenging for its further development. On this account, the in-depth understanding in the structural factors determining its capacity
attenuation is essential. In this review, we summarize the recent advances on the degradation mechanisms of Ni-rich layered oxide
cathode. Progresses in the structure evolution of Ni-rich oxide are carefully combed in terms of inner evolution, surface evolution,

and the property under thermal condition, while the state-of-the-art modification strategies are also introduced. Finally, we provide

our perspective on the future directions for investigating the degradation of Ni-rich oxide cathode.
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1 Introduction

With the rapid development of portable electronic
devices, energy storage stations and electric vehicles
in recent years, the demanding for rechargeable sec-

ondary batteries is tremendous!"!

. Compared with
other energy storage systems, lithium-ion batteries
(LIBs) hold advantages of high specific energy and
high specific power, which have dominated the elec-
tronic and electrical markets since their first com-
mercialization in 1990s™"!, Hopefully, next-genera-
tion LIBs can deliver even better performances as
well as their energy density, power density, and cycle
lifel"**1,

A LIB consists of three main components, includ-

ing cathode, anode, and electrolyte. At present, the
cathode is the key component to improve the energy
density, whose weight and cost account for 30% ~
40% of the total battery®?, In addition, the structure
stability of cathode material significantly affects ser-
vice life and safety of the whole battery™. In order to
obtain LIBs with satisfying electrochemical perfor-
mances, the candidate cathode materials are required
to possess properties including high specific capacity,
high redox potential, stable structure, small volume
change in different cycling stages, fast Li"/electron
transport, good compatibility with electrolyte, abun-
dant reserve, and low price, simultaneously®.,

During the past few decades, various cathode ma-
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terials have been developed, such as LiMn,0,!*-*I,

LiFePO, " Li(Ni,Co,Al,,)0, (noted as NCA)
and Li((Ni,Co,Al,.,)O0,"" (noted as NMC), etc. For
example, the 300 Wh-kg' cell-level energy milestone
was lately achieved by Contemporary Amperex Tech-
nology (CATL) using NMC-811 cathode and Pana-
sonic using NCA cathode®. Tesla Motors adopted an
NCA cathode, Li(NijgCog5Aly05)O,, in its Model S,
which had a driving range of 270 miles™!. Among
them, NMC with high Ni content (x = 0.5) has re-
ceived wide attentions due to its high specific capaci-
ty (more than 200 mAh -g"), high average discharge
voltage (~ 3.8 V vs. Li*/Li) and relative low cost?**",
Ni-rich NMC materials have a hexagonal layered str-
ucture (R-3m space group), similar to those of LiCoQO,.
During the cycling process, Li ions can be extracted
and inserted between the confined two-dimensional
layers®#3, Up to date, Ni-rich NMC has become one
of the most important cathode materials for LIBs due
to its gravimetric capacity and cost efficiency™!. How-
ever, NMC with high Ni content suffers from the fast
structural failure and consequent safety issues™*l, To
further improve the performance of NMC, the main
challenge lies in the irreversible structural degrada-
tion during the cycling process, which eventually
causes the fade of LIBsP™!.. The present mechanisms
can be summarized as following aspects: i) the mi-
crocracks originating from the anisotropic forces of
the secondary particles, which cause the NMC bulk
structure degradation. ii) the irreversible migration of
Ni*" to Li* site during the cycling process, inducing
the generation of spinel/rock salt layer on the surface
of NMC, which hinders the transport of Li" and elec-
tron. iii) the side reactions between NMC and the
electrolyte, which gives rise to TM dissolution and
phase conversion, producing huge impact on the
structure stability and cycling performance. iv) the
decreased thermal stability of NMC with the raised
Ni content due to the strong oxygen release.

It is obvious that structural characterization on
NMC structural evolution in the charge/discharge
stages is crucial in understanding these aspects. Here,

we present a comprehensive review focused on the

structural failure mechanisms of NMC. As shown in
Figure 1, the failure mechanisms can be elaborated
from the internal structure evolution, the surface
structure evolution and the structural degradation
during thermal treatment. The strategies to improve
the durability of Ni-rich NMC are also discussed, in-
cluding heterogeneous ion doping, coating layer de-
sign, morphological control, and concentration gradi-
ent regulation. Finally, the prospections for future
high-performance Ni-rich NMC cathode are put for-
ward.

2 The Internal Structure Evolution in
Ni-Rich Cathode

Internal microcracks caused by the mechanical
stress has been regarded as one of the main reasons
for the capacity decay in NMC materials, which re-
sults in the crush of the primary particles. The pro-
duced cracks are always accompanied with the gener-
ation of new electrolyte/NMC interface, where seri-
ous side reactions occur™. This section focuses on
the microcracks originating from the NMC material
interior according to the place where microcrack hap-
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Figure 1 Illustration showing the failure mechanisms of Ni-rich
NMC cathode. Reproduced with permission of Ref. ™l copy-
right 2020 Elsevier. Reproduced with permission of Ref. 7,
copyright 2019 Wiley-VCH. Reproduced with permission of
Ref™, copyright 2013 Wiley-VCH. (color on line)
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pens (intergranular cracks and intragranular cracks).
2.1 Intergranular Cracks

In general, NMC materials deliver micron-sized
microsphere morphology formed by the accumula-
tion of nanoscale primary particles®. However, due to
the volume change during the cycling process of the
primary particles, stress accumulation will occur at
the interfaces of these primary particles, eventually
leading to the generation of intergranular cracks
as shown in Figure 2(A)™), These microcracks are
further aggravated during the repeated volume
change in the cycling process, which significantly
decreases the structural stability and electrochemical

performance simultaneously. In order to further under-

A

SOC=20%

pographic and (C, E) corresponding Log(resistance) images at different stages of the sample. Reproduced with permission of Ref.f

SOC=60%

Figure 2 (A) The production of intergranular crack. Reproduced with permission of Ref.

stand the large volume change during the cycling pro-
cess, an in situ XRD experiment was conducted using
LiNige5C00025Mngps0, (NMC95) and LiNiO, (LNO) as
cathodes by Yoon et al.’ During the cycling process,
the crystal structure of the NMC95 is transformed
from hexagonal phase to monoclinic phase (H1—M),
monoclinic phase to hexagonal phase (M — H2) and
hexagonal phase to hexagonal phase (H2—H3) with
the insertion and extracting of Li' in the crystal lat-
tice, thus by the anisotropic changes along the a, b
and ¢ axes in the unit cell. At the initial stage of
charging, the extracting of Li* leads to the increase of
electrostatic repulsion between the adjacent oxygen

layers, resulting in the increase of ¢ axis. When fur-
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copyright 2018 Elsevier. (F) The stress distribution of NMC811 at different SOC values. Reproduced with permission of Ref." %,

copyright 2021 American Chemical Society. (color on line)
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ther charging to 4.2 V, the excessive extracting of Li"
causes the sharp contraction of layer spacing between
the adjacent oxygen layers, resulting in the rapid de-
crease of ¢ axis. Correspondingly, due to the continu-
ous oxidation of transition metal ions during the
charging process, the length along the « axis continues
to be decreased. Finally, an obvious volume change
ratio (~ 7%) is observed on NMC95 during the cycling
process. Such produced anisotropic changes among
the primary grain crystals can bring strong stresses at
the disordered grain boundaries. In the constant cy-
cling process, the repeated charge and discharge op-
erations cause the constant change of the crystal lat-
tice, which leads to the stress accumulation, thus by
the generation of a large number of microcracks a-
long the grain boundary. The contact between parti-
cles is impeded due to the generation of microcracks,
thus leading to the rapid increase of electrical resis-
tances, which is confirmed by Park et al. using scan-
ning spreading resistance microscopy®™. As shown in
Figure 2(B-E), the cycled LiNiggCog15Al00:0, (NCA)
particles demonstrated obviously different resistance
distributions compared with the pristine NCA. Note
that the observed electrical resistance in the cycled
NCA was as high as four orders of magnitude than
that in the pristine NCA, indicating the huge deterio-
ration in electron transport due to the generation of
microcracks.

The above discussion confirms the damage on the
NMC materials brought by the microcracks. As a re-
sult, it is critical to probe the cause for the microc-
rack generation. Recent research indicates that the
states of charge (SOC) is closely related to the produc-
tion of intergranular cracks. Cheng et al. realized the
visual observation of the microstructure change dur-
ing the cycling process through in situ scanning elec-
tron microscopy (SEM)®. The obtained experimental
results show that the microcracks of LiNiysCoq,;Mny,0,
(NMCS811) particles are greatly affected by the work-
ing voltage window. At 4.1 V, it is not easy to pro-
duce microcracks inside the NMCS811 particles.
However, when the working voltage is increased to
4.7 V, microcracks can be found even in the initial

cycle. The crack production originates from the cen-
ter of the NMC811 particles and gradually extends to
the surface. The finite element analysis demonstrates
that the strengthened SOC can increase the stress dis-
tribution in NMC811 (Figure 2(F)). The randomly ar-
ranged grains in the core region of NMC811 produce
relatively large mismatch strain, which cause higher
stress concentration at the grain boundary. Under this
high concentration of stress (> 1.5 GPa), the weak grain
boundary is difficult to maintain stability, which leads
to the initiation and propagation of intergranular
cracks. This result is confirmed in Wu’s work that
chronic fatigue cracking was observed at low SOC,
while drastic particle degradation happened at high
SOCPH", They found that cracks nucleation occurred at
the end of charging and discharging leads to fast
growth of cracks. The conclusion is consistent with
Xu’s description™!, higher charging voltage drives
more Li ion extraction, which causes significant phase
transformation and structure failure.

Apart from the SOC, the specific Ni content is also
an important issue on the microcrack generation. In
Ryu’s work, LiNiyC0p,Mny,0,(NMC622), NMCS811,
LiNig9CogpsMngpsO, (NMC955) and NMC95 were em-
ployed as cathodes to investigate the effect of Ni con-
tent™), As shown in Figure 3(A) and 3(B), the cath-
odes were all charged to 4.3 V and the corresponding
SEM images were collected. A significant positive
correlation can be observed between the number of
microcracks and the Ni content. The NMC with high-
er Ni content reveals more anisotropic nature of the
lattice, resulting in more H3 phase signals. The in-
creased H3 content is harmful for the structure stabil-
ity due to the accompanied disordered stress distribu-
tion, which can produce the anisotropic volume
change, thus by the production of microcracks along
the grain boundary. Furthermore, the particle fracture
and fragmentation become progressively worse as the
cycle continues. The focused ion beam-scanning
electron microscope (FIB-SEM) was used by Miller et
al. to probe the structure evolution with the increased
cycle number!™., The results as presented in Figure 3

(C) clearly confirm the deteriorative cracking and in-
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Figure 3 (A) Schematic diagram showing microcrack generation of NMC and (B) the corresponding SEM images of NMC with di-

fferent Ni contents; Reproduced with permission of Ref.™™), copyright 2018 American Chemical Society. (C) SEM images of the

cathode after different cycles. Reproduced with permission of Ref.™!, copyright 2013 Wiley-VCH. (color on line)

tergrain separation, which breaks the contact between
the adjust grains. The phenomenon is also consistent
with the significant initial capacity loss.

Combined with the above results, it is not difficult
to find that the generation of microcracks is closely
related to the production of H3 phase. For this pur-
pose, the research progress to explore the transforma-
tion from H2 to H3 is summarized in this section. The
in situ XRD is an effective method to monitor the
phase transformation during the cycling process, which
is also conducted by Li et al. As shown in Figure 4
(A), a typical phase change (H1 to H2, H2 to H3) is
observed, which is consistent with the reported con-
clusion®. The peak shifts demonstrating the produc-

tion of H3 phase is accompanied with the stretch and

shrinkage on lattice parameter (a2 maximum variation
of 0.478 A along the c-axis, Figure 4(B) and 4(C)),
which bring about the anisotropic nature among the
grain boundary and following stress accumulation, thus
by the final generation of microcracks. In addition, the
solid state nuclear magnetic resonance (ss-NMR) ex-
periments were employed by Zheng et al.®, which can
help us further understand the phase transformation
from H2 to H3 phase. The °Li spin-echo ex situ
ss-NMR spectra are displayed in Figure 4(D), the peak
located at ~ 1400 ppm and ~ 150 ppm represent the
Li atoms in the Li/Ni mixing state and perfect Li lay-
er state, respectively. During the charging process,
the negative peak shift means the Li" extraction ac-

companied with the generation of H2 phase. The pro-
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Figure 4 (A) In-situ XRD pattern of NMC811 cathode. Lattice changes of (B) e-axis and (C) c-axis as a function of voltage. Repro-
duced with permission of Ref.®’, copyright 2019 Wiley-VCH. (D) ‘Li spin-echo ex-situ NMR spectra of NMC811; (E) the schematic

diagram of phase transformation along the c-axis. The grey, green, pink and purple balls represent Li, Ni, Co and Mn atoms, respec-

tively. Reproduced with permission of Ref.®", copyright 2019 Elsevier. (color on line)

duction of H3 phase can be observed from the Lijy,
with the expansion of c-axis. According to the ss-NMR
spectra, the possible evolution process is summarized
as shown in Figure 4(E). The Li" located around Mn**
(Liy) is firstly exacted, which causes the production
of H2 phase. After the complete Liy extraction, two
routines for Li" transport are proposed. The Li* located
around Ni* (Liy) firstly escapes to form H3-1 phase
and a Li re-ordered state is put forward for the gener-
ation of H3-2 phase. In a word, the transformation
from the H2 to H3 phase is the main reason for the
stress accumulation, which causes the production of
the microcracks in NMC materials.
2.2 Intragranular Cracks

Apart from the intergranular cracks, the microc-
racks yielded from the grain interior caused by the
dislocation and uneven Li* diffusion also play an im-
portant role in the structure degeneration of NMC
materials. Typical intragranular cracks can be seen in
Figure 5(A)". The classical term of crack is marked

with a yellow arrow, featured with two adjusted paral-
lel surfaces as a wedge-shape. This crack was devel-
oped along the (003) plane, which is always caused by
the strong stress. The (003) intragranular cracking is re-
garded as the leading reason for the structure degra-
dation, where the rock-salt phase was observed to be
firstly grown®. The rock-salt phase hinders the deliv-
ery of stress in the layered structure, resulting in the
fracture of the rock-salt lattice. The concentrated stress
further boosts the nucleation and growth of the
cracks, where finally a (003) crack is produced.
Furthermore, some dark contrasted strips can also
be observed in Figure 5(A) (a pink arrow) with a widen
plane space (0.6 ~ 0.8 nm), which is thought to be ge-
nerated between two metal atom layers. Yan et al.
speculated this crack to be a premature crack, which
might be developed into a (003) crack as the cycle goes
on. In order to verify this speculation, the atomic res-
olution scanning transmission electron micro scopic
(STEM) and the corresponding annular bright-field
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(ABF) images were collected and are shown in Fig-
ure 5(B) and 5(C). The black dots can be observed as
labeled by the pink arrow, which indicated the gener-
ation of cationic ion mixing. The corresponding
schematic diagram is described in Figure 5(D). In order
to further disclose the role of dislocation, a dislocation
in pristine NMC333 was surveyed (Figure 5(E)). The
corresponding geometric phase analysis (GPA) demo-

nstrates the strain distribution with a compressive and
tensile lattice strain at the left and right sides, respec-
tively (Figure 5(F)). Figure 5(G) performs the schemat-
ic diagram of the whole dislocation, the produced
strain field can affect more than 100 nm, which can
make a contribution to the generation of final microc-
racks.

In addition to the dislocation, the nonuniform Li*
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Whole dislocation

Figure 5 (A) STEM image of cycled NMC333 particles; (B) the atomic resolution STEM image and (C) the corresponding ABF
image along [010] axis; (D) the corresponding schematic diagram; (E) the STEM image of NMC333 and (F) the corresponding strain
map; (G) the corresponding schematic diagram. Reproduced with permission of Ref.[], copyright 2017 Nature Publishing Group.

(color on line)
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diffusion is another reason for the intragranular
cracks production. Stable and uniform Li* diffusion
process is vital for the battery design with high cy-
cling stability. The irreversible phase change, stress
concentration, crack and even particle rupture can be
observed when the uniform Li" diffusion cannot be
maintained, which can cause the irreversible capacity
decay. Therefore, the diffusion behavior of Li* is an
important fundamental issue needed to be explored.
However, due to the light weight of Li, it is difficult
to conduct the visualization research relying on cur-
rent technologies with limited resolution. These is-

sues hinder the researchers to profoundly investigate

the accurate Li" diffusion behaviors. In order to ad-
dress this problem, Xiao et al. was inspired by the
prosperous sodium (Na) ion battery™. Compared with
Li, Na delivers larger size and higher mass, which
can be detected by current TEM. Therefore, the Na*
was in jected relying on sodiating the delithiated
NMC333, which was employed to trace the routine
of Li" diffusion. Two types of Na* diffusion were de-
livered. One typical diffusion can be observed along
the (003) plane (denoted as L-type), which was con-
firmed by the HAADF image and the corresponding
element distribution (Figure 6(A) and 6(B)). This dis-

tribution pattern was characterized by the striped dis-
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Figure 6 (A) The HAADF-STEM image, (B) Na element distribution of the selected area, (C) the atomic distribution of the select-
ed area with L-type ion diffusion. (D) The HAADF image, (E) the Na element distribution, (F) the atomic distribution of the select-
ed area with D-type ion diffusion. Reproduced with permission of Ref.®™!, copyright 2019 Wiley-VCH. The STEM images with (G)
pure APB, (H) APB and TB, and (I) TB before and after the delithiation. Reproduced with permission of Ref.[!, copyright 2020 Wi-

ley-VCH. (color on line)
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tribution of Na" and was connected to the grain edge,
which was consistent with the conventional Li" diffu-
sion along the (003) plane. Due to the larger ion radius
of Na’, the layer spacing was expanded from the initial
4.8 A to 5.6 A, which was the typical layer spacing of
P3 type sodium containing layered cathode materials
(Figure 6(C)). The other diffusion path occurred along
the dislocations (denoted as D-type), where Na* show-
ed a random distribution. In this type, the Na* diffu-
sion tendency was not only along interlayer, but also
across layer, and the distribution of Na* did not show
a continuous banded trend (Figure 6(D) and 6(E)).
Further analysis in the crystal structure of the sodi-
um-rich region showed that the Burger’s circuit
could not be closed, indicating that there was a dislo-
cation in the region (Figure 6(F)). The GPA of the re-
gion showed that there were more than 20% strains in
the dislocation center. The most significant differ-
ence between D-type distribution and L-type distribu-
tion was that the entry of Na" did not significantly in-
crease the size of layer spacing. Although the size of
Na'* was larger, the existence of dislocations may pre-
vent the layer spacing from expansion. As a result,
the change of layer spacing was a direct criterion to
judge the diffusion path of Na“ that largely reflected
the escape path of Li". Therefore, in the early stage of
lithiation, Li" prefers to be diffused into the NMC
particle along the defect path. After that, Li" enters
the interior of the NMC particle through the routine
along the (003) crystal plane. Significant inhomogene-
ity exists in the ion diffusion process, which can
cause the production of intragranular cracks.

Above research confirms the relation between the
dislocation and the heterogeneous Li* diffusion. As
a result, it is necessary to investigate the crystallo-
graphic defect structure in the NMC materials. In
order to visualize the crystallographic defects (in-
cluding dislocations, stacking faults, antiphase boun-
daries, and twin boundaries) evolution during the cy-
cling process, Li et al. constructed a solid-state battery
using the LiNig,Mny4C00,00, (NMC76) as a cathode
and LijsLaysTiO5(LLTO) as a Li* donor inside TEM™,

Three phases (layered, spinel and rock-salt) and five

phase boundaries (layered/layered phases (APB), twin
boundary between layered phases (TB), layered/spinel
phases, rock-salt/spinel phases and rock-salt/layered
phases) were observed. The typical APB (the magenta
line) and TB (the blue line) boundaries are shown in
Figure 6(G-I). Obvious extension can be observed
around APB after delithiation as shown in Figure 6
(G). In addition, a detectable TB movement along
the (003) plane was performed in Figure 6(H) as well
as the enlarged Li/Ni mixing area around TB in Figure
6(I). The results of density functional theory (DFT)
demonstrated that the TB boundary provided a feasi-
ble diffusion channel with a reduced energy barrier
for Li* and transition metal atoms, which can pro-
mote the formations of cationic disorder and rock-salt
phase. Structurally, the proliferation of APB blocked
the Li" diffusion channel, possibly leading to an
impedance increase in the lithiation/delithiation pro-
cess. The nonuniform diffusion of Li" and the migra-
tion of transition metal ions caused by defects in the
NMC particles have important effects for the struc-
ture degradation.

In view of the above results, the single-crystal
NMC was developed and is expected to relieve the
negative effect of cracks relying on the reduced phase
boundaries and material surfaces compared with its
polycrystalline counterpart. The “single-crystal” fea-
ture restricts the surface reactivity as well as particle
cracking, leading to the enhanced service life. Qian et
al. proved that the electrochemical performance can
be significantly enhanced by eliminating the internal
grain boundaries and inter-granular fracture by em-
ploying the single-crystal NMC622 cathode™. How-
ever, there was still serious kinetic limitation found
on the single-crystal NMC, which hinders its practi-
cal implementation. Trevisanello et al. compared the
electrochemical behaviors of single-crystal NMC and
corresponding polycrystalline counterpart®. Although
secondary particle cracking can be observed in the
polycrystalline sample, liquid electrolyte infiltration
into the cracks brings obviously improved diffusion
coefficient. While “uncracked” single-crystal NMC is
still suffered from the severe ion diffusion limitations
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companied with low capacity. Therefore, morpholo-
gy and size optimization of single crystalline NMC
are crucial for available Li chemical diffusion coeffi-
cient. Apart from the single crystal design, the grain
boundary modification is also an effective routine to
weaken the influence of cracks. Yan et al. infused
Li;PO, into the grain boundaries of NMC76, which
was reported to significantly improve the longterm
cycle stability of both capacity and voltage!™. This
grain boundary modification addresses several issues
including the solid-liquid interfacial problem, inter-

granular cracks and detrimental phase change.
3 The Surface Structure Evolution in
Ni-Rich Cathode

In recent years, much efforts have been devoted to
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find out the degradation mechanism of NMC surface
during the cycling process'® ™. A typical phase trans-
formation from layered structure to spinel structure
and then to rock-salt phase is recognized as shown in
Figure 7(A)¥"7™, Lin et al. used LiNig,Mng,CogsTige-
O, (NMCT) as a cathode to supervise the surface str-
uctural reconstruction and chemical evolution in the
cycling process™. The clear layered structure and ac-
curate atomic site occupation can be seen in Figure 7
(B). After the cycles, an observable surface recon-
struction layer is demonstrated in Figure 7(C). Com-
bining the FFT patterns, the reconstruction layer was
composed mainly of rock-salt phase as well as some
spinel phases connecting the layered phase and
rock-salt phase. In addition, based on Jung’s work™,

this transformation would be intensified under the
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Figure 7 (A) Typical phase transformation schematic diagram. Reproduced with permission of Ref.", copyright 2019 Wiley-VCH.

(B) The high-resolution STEM images of (B) pristine and (C) cycled NMCT particle as well as FFT patterns for the layered and re-

construction part. Reproduced with permission of Ref.[™), copyright 2014 Nature Publishing Group. (D) the structure evolution of

NMC cathode under different voltages. Reproduced with permission of Ref.™, copyright 2014 Wiley-VCH. (color on line)
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highly delithiated state. Under 4.5 V cutoff voltage,
the cycled NCM523 particles delivered dominating
spinel phase with some rock salt formation. When the
cutoff voltage was increased to 4.8 V, a sandwich
structure (rock salt phase-spinel phase-layered phase)
can be observed after cycling (Figure 7(D)). Noting
that the phase transformation occurred in a surface
region around 15 ~ 20 nm, which was not affected by
the cutoff voltage. The studies have shown that the
Li/Ni mixing is a crucial driving force for the phase
transformation. The Ni atom in Ni-rich NMC material
delivers two valence states: +2 and +3. According to
the crystal field theory, Ni*" in octahedral position is
unstable due to the presence of unpaired electrons in
e, electron orbit, and tends to be Ni*. However,
due to the close ion radii of Li* (0.76 A) and Ni**
(0.69 A), Ni** will be migrated from the 3a position to
the 3b position in the lattice during the preparation
process and the cycling process, resulting in cation
mixing."” In the case of LiNiO,, the layered phase is,
as calcu lated, transformed into the spinel phase
when 25% Ni*" is mixed in the 3b position™. As the
Ni* mixed percentage is increased to 50% , the
rock-salt phase can be observed. The Ni atoms in the
spinel and rock salt phases deliver electrochemical
sluggishness, which would hinder the Li ion migra-
tion.

Above mentioned structure degradation relating to
the transformation from layered structure to spinel
structure and then to rock-salt phase would take place
during the initial cycling process. The structure evo-
lution throughout the whole cycling process is also
necessary for the further understanding. Lin et al. em-
ployed STEM test to inquire the structural transfor-
mation and chemical evolution of NMC811 during
the long cycling process!™. Compared with the pris-
tine layered phase (Figure 8(A)), obvious phase trans-
formation occurred at the 20th cycle (Figure 8(B)) and
the transformation depth was gradually increased
along with the cycle going on (Figure 8(C)). Noting
that the pristine smooth surface is trans formed into
zigzag after 100 cycles (Figure 8(D)). At the same

time, the atom rearrangement is confirmed relying on

the continuously acquired SAED patterns during the
cycling process. For the further analysis of atom ar-
rangement, a NMC811 particle after 100 cycles was
used to conduct the fine structure exploration. Four
phases are observed including layered phase (Figure
8(E)), disordered layered phase (Figure 8(F)), defect
rock salt (Figure 8(G)) and rock salt phase (Figure 8
(H)). This is due to the continuous migration of metal
cations into the Li" sites, and the layered structure of
the surface region is gradually transformed into the
electrochemically inert rock salt phase as well as the
formation of disordered layered and defective rock
salt phase. Among the metal cations, Ni ions play an
important role during the process of structural evolu-
tion. Ni ions migrate from the granular phase to the
outer surface along the diffusion direction of Li", ac-
companied by irreversible reduction reaction. This
atomic rearrangement leads to a structural transfor-
mation that ultimately reduces the capacity of the
battery. Furthermore, due to the low diffusion barrier
of Ni in the lithium layer and the presence of Ni con-
centration gradient in the crystal lattice, the migration
of Ni ions will run through the whole cycle, leading
to the continuous degradation of the electrochemical
performance.

The surface reconstruction of Ni-rich cathode and
the resulting capacity attenuation have been recog-
nized by researchers” ™, Xu et al. demonstrated that
the Li/Ni antisite mixing enhancement was observed
from the pristine state to 1200 ageing cycles™. Due to
the electrochemically inactive nature of the rock salt
phase on the surface of NMC811, the crystal struc-
ture remains nearly unchanged during the cycling
process, while the layered phase exhibits consider-
able lattice expansion and contraction. As a result,
NMCS811 particles produce dynamic lattice mis-
matches between the rock salt phase and the layered
phase, which is also related to the relative orientation
of the two structures. When NMCS811 is in the SOC
above ~ 75%, high lattice strain between the rock salt
and layered phase can be observed as speculated
from the variation of value of a/b/c axis (Figure 8(I)).
The structural evolution of NMC811 with thin or no
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produced with permission of Ref.™, copyright 2021 Nature Publishing Group. (color on line)

rock salt surface indicated that the unit cell lattice
can be expanded and contracted freely, which can be
realized in the SOC range from 0 to 100% (Figure 8
(J)). However, a thick surface reconstruction layer
hinders the volume change of NMC811 in the cycling
process due to the high lattice mismatch, which limits
the SOC value (Figure 8(K)).

In addition to the surface reconstruction, the side
reactions occurred in the electrode-electrolyte inter-
face are also great challenges for the further develop-

ment of Ni-rich cathode materials. The interfacial
side reactions mainly include the decomposition of
electrolyte, dissolution of transition metal ions, gen-
eration of transition metal oxides, and formation of
solid-electrolyte interface (SEI) (Figure 9(A))*", which
reduce the stability of the interface, thus affecting the
migration and diffusion of Li". Ideally, the operating
voltage window of the battery should be between the
highest occupied molecular orbital (HUMO) and low-

est unoccupied molecular orbital (LUMO) of the elec-
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trolyte®™. At this point, the electrolyte simply acts as
an inert Li" transport medium. However, due to the
pursue for high capacity, current batteries often need
to be operated under wide voltage window (beyond
the HUMO and LUMO of current organic electrolyte,
Figure 9(B)), which lead to the breakdown of the elec-
trolyte. After the electrolyte is decomposed, further
reactions with the cathode material would occur, thus
by the loss of the active material as well as Li". Many
interaction mechanisms between NMC surface and
electrolyte have been present including nucleophilic
attack reactions, electrophilic attack as well as dehy-
drogenation reactions®™. It should be noted that the
interaction is strengthened under the raised Ni con-
tent in NMC materials, which is attributed to strong

metal-oxygen bonding and increased oxygen p states

pinned at the Fermi level®™. Zhang et al. employed in
situ FT-IR method to explore the chemical structure
evolution and proposed detailed working mechanism
between the electrolyte and NMCS811 as shown in
Figure 9(C)®. EMC reacted with the NMC811 rely-
ing on the C-O bond after b-site hydrogen dissocia-
tion. Similar dehydrogenate reaction can be seen on
the EC that can be further dehydrogenated to form
VC. Another evolution possibility is also put for-
ward: the de-H EC can react with the surface oxygen
on the NMCS811 to produce oligomers. In addition,
the passivating layer is generated due to the carbon-
ate decomposition, inducing the increased impedance.
Although several efforts have been devoted to pre-
vent the side reactions in order to enhance the surface
structure stability of Ni-rich cathode materials, there



Ak (). Electrochem.)

2022, 28(2), 2108431 (14 of 24)

is a long way to go before its practical implement.

4 The Thermal Stability of Ni-Rich
Cathode

Safety is the first premise for many applications of
LIBs. Ni-rich cathode materials have been suffering
from low thermal stability, which reduce the cycling
stability and even cause the collapse of the whole
battery system®™*3, It is noted that the thermal stability
will be decreased with the increase of Ni content as
shown in Figure 10(A)®. Being charged to 4.3 V, the
decomposition temperatures of NMC111, NMC523
and NMC811 were 306 °C, 290 °C and 232 °C re-
spectively. The highly charged state may cause the
release of oxygen, which would react with the elec-
trolyte. Bak et al. used an in-situ technique that com-
bined time-resolved X-ray diffraction and mass spec-
troscopy (TR-XRD/MS) to explore the structure evo-
lution and gas release during the heating process ™.
As shown in Figure 10(B), the first transformation

from the layered phase to the spinel phase occurred at
about 194 °C, and followed by the change to the rock-
salt phase from 275 °C to 500 °C. Apart from the
phase transition, the MS patterns delivered two O,
production peaks at about 240 and 320 °C, which was
related to the two phase transformation stages from
the layered to the spinel and then to the rock salt
phases. In addition, a continuous CO, release signal
was observed from 250 °C to 500 °C and a peak value
was found at about 380 °C, which was later than the
O, release. These results are also confirmed by Li’s
work and detailed working mechanisms are also pro-
vided (Figure 10(C-E))™. With the temperature go-
ing up, the existence of lattice oxygen changed into
the forms of O,*/O*/O-, which were chemically ad-
sorbed in the lattice positions. Ideally, higher temper-
ature drove the transformation into O,, thus reacting
with the electrolyte. However, the O,*/0*/O always

immediately reacted with the electrolyte as well as
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abundant heat release in a real battery system. More
seriously, the released heat further aggravated the
thermal run away of the whole battery system.

With the development of advanced characteriza-
tion technologies, structural evolution of NMC dur-
ing the heating process are observed. Alvarado et al.
employed the synchrotron radiation characterization
to investigate the thermal behaviors of NMC8111,
The ex-situ thermal studies using hard X-ray absorp-
tion spectroscopy indicated that the delithiated
NMC811 delivered an initial elevated oxidation state
of Ni/Co until 120 °C. As the temperature being fur-
ther raised, the valence states of Ni/Co started to fall.
The authors speculated that the oxidation stage was
caused by the Ni/Co-O bond variation in covalencies
or bond lengths instead of true oxidation. Different
from Ni/Co, the valence state of Mn kept constant at
tetravalent state during the heating process, indicat-
ing the excellent thermal stability. In addition, the
three-dimensional XANES results indicated that the

: <A NMC particles

NMCS811 particles with large size possessed higher
thermal stability.

Crack induced structural degradation is a critical
issue. Its evolution under thermal condition is also an
important field that needs to be explored. Mu et al.
investigated the structure transformation of delithilat-
ed LiNi,Mn,Co(,0, (NMC442) particle under ther-
mal run away activation using in situ environmental
TEM®™, As shown in Figure 11(A), no obvious cracks
can be seen before thermal activation. After heating
230 °C for 12 min, some slender microcracks were
produced, which grew quickly with the prolong of
heating time. A crack nearly across the whole particle
was delivered at 40 min, which was thought to be
generated along the grain boundary. After that, the fi-
nite element modeling (FEM) was conducted to ex-
plain the reason for the crack generation under ther-
mal condition. The NMC442 was constructed with
different grain orientations (Figure 11(B)), where gen-

erated mismatch strains, resulting in the production

C -

‘ 1=0.026

W) gl

1=0.035

Delithiated

=\
W

L
Normal stress  mmm
(GPa) 100 00 60

Figure 11 (A) STEM images of NMC442 at 230 °C for 0 min, 12 min, 26 min and 40 min. (B) the constructed FEM model for NMC442
particle. (C) structure evolution of NMC442 particle caused by the oxygen release. Reproduced with permission of Ref.™., copyright
2018 American Chemical Society. (D-F) the HRTEM images of LiNiO, at 230 °C for 0 min, 1 min and 8 min. Reproduced with per-

mission of Ref.®, copyright 2021 Cell Press. (color on line)
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and propagation of cracks, accompanied with the O,
release. Significantly, the O, release produced abun-
dant oxygen vacancies in the surface of NMC442,
which induced the compressive stress field near the
surface, while the tensile stress at the center (Figure
11(C)). Finally, the stress originated from the oxygen
loss caused the crack propagation and breakdown of
the whole cathode materials.

Mu’s work has built a good link between the oxygen
release and the crack generation. However, the phase
transformation during the thermal conditions should
also be further clarified. Wang et al. used the in situ
high-resolution TEM (HRTEM) to detailly analyze the
phase evolution of Ni-rich cathode material employ-
ing LiNiO, as a representative Ni-rich cathode®. With
the rise of temperature, the oxygen loss gradually ag-
gravated, accompanied by the transition from the lay-
ered to the spinel and then to the rock salt phases
(Figure 11(D-F)). Furthermore, the evolution path of
Ol phase under thermal runaway conditions at the
atomic scale was also revealed using the in situ
HRTEM. Consistent with the previous reports, the
O1 phase was transformed into the rock-salt structure
caused by the oxygen release. Different from the
transformation of O3 phase, the stepwise transforma-
tion pathways were observed. An initial cation mix-
ing and following shear displacement along the (003)
planes induced the generation of rock-salt phase. It
should be noted that the energy barrier in O1 phase
was lower than O3 phase, which accelerated the pro-
duction of rock-salt phase. In summary, abundant ef-
forts have been put into the research on the relation
of the NMC material structure evolution, oxygen re-
lease and the thermal stability. However, the practical
battery with both high energy density and high safety
still needs deeper study to understand the thermal

runaway mechanism.
5 Strategies for Ni-Rich Cathode Mo-

dification

Above issues greatly hinder the further develop-
ment of Ni-rich cathode. In order to improve electro-
chemical performances, several strategies have been

adopted to modify the pristine Ni-rich layered oxides

for more stable cycling stability and higher capacity
including heterogeneous ion doping, coating layer de-
sign, morphological control, and concentration gradi-
ent regulation. These methods would be briefly dis-
cussed in this section.

Proper heteroatom doping in Ni-rich layered ox-
ides can improve the structural stability, reduce the
degree of cation mixing and improve the thermal
stability®*¥, Ideally, the doping element should have
similar ionic radius to the replaced element, avoiding
excessive lattice distortion. In addition, the strong
bonding energy with oxygen is expected, which can
decrease the release of oxygen during the cycling pro-
cess. High stability is also necessary, aiming to mini-
mize side reaction. According to these demands, the
commonly used elements contain A1, Mg, Til",
Cr®™ F® and so on. Huang et al. replaced partial Li
by Na in NMC622 through solid phase routine under
high temperature"™. The XRD refinement patterns and
DFT results demonstrated that Na" doping can effec-
tively inhibit cation mixing in NMC622. Meanwhile,
due to the larger radius of Na' than Li", Na* doping
can expand the lattice space, which can facilitate Li*
transport, leading to high initial columbic efficiency,
and enhanced cycling and rate performances. In tran-
sition metal site doping, Kim et al. compared the pro-
duced effect in NMC using Mn, Al, B, W and Ta dop-
ing!'®, Differently oriented microstructure was produ-
ced with different doping elements, the synthesized
LiNipgsCogTag00; delivered a small capacity attenu-
ation rate of only 10% after 2000 cycles and a high en-
ergy density more than 850 Wh-kg". The addition of
Ta hindered the coarsening of the particles, thus al-
lowing the best grain refinement within the lithifica-
tion temperature range. DFT calculation indicated
that Ta reduced the surface energy of (003), inducing
the strengthened growth of (003), which prevented
the generation of Li/Ni mixing at a certain degree. Fi-
nally, the doping of anion also produces some perfor-
mance improvements. The anion always serves as the
electron donator, therefore, F- was used to dope the
NMC due to its higher electronegativity than O* (3.98

vs. 3.44) and the enhanced electrochemical perfor-
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mance was achieved!®. In addition, Cl" was also em-
ployed due to its ability to lose electrons more easily
than O%, thus by improved cycling and rate perfor-
mances!'®™,

The design of coating layer is a simple and effec-
tive method to suppress the drawbacks of NMC ma-
terials, which can block the direct contact of the ac-
tive material and outer electrolyte, thus avoiding the
serious interface issues!"™'"!. The coating layer is re-
quired to be electrochemically inert in the NMC
working voltage range as well as high stability when
immersed in the electrolyte. In current reports, metal

1% phosphate!"™ and fluorides!'” are common-

oxides!
ly used in the coating layer design. Yan et al. intro-
duced Li;PO, coating layer onto the grain boundaries
using atomic layer deposition®!. The Li;PO, coating
not only alleviated the fracture of secondary particles
and the spinel phase transformation, but also im-
proved the cathode-electrolyte interface dynamics,
resulting in the excellent cycling stability.

In the cycling process, the insertion and extraction
of Li" can only be carried out along the two-dimen-
sional channel in the lithium layer. Therefore, only
the {010} crystal planes can effectively exchange Li"
with the electrolyte!® !, The previous works reported
that the exposed {010} active planes were beneficial
to the rate performance of NMC™?, However, Hua et
al. demonstrated that the frequently-used co-precipi-
tation reaction for NMC synthetization tended to gen
erate the (001) plane growth, restraining the growth
of {010} planes due to the high surface energy!'¥. As
a result, it is still challenging for the chosen plane
synthetization.

The core-shell structure construction relying on the
concentration gradient regulation can produce the
NMC materials with high-capacity Ni-rich core and
high-stability Mn-rich shell"*"®1, This core-shell str-
ucture design not only can suppress the shortcoming
of pure Ni-rich NMC, but also eliminate the mis-
match between the transition metal components and
the traditional coating layer, inducing the stable and
fast Li* transport in the whole NMC!7, Kim et al. de-
veloped a NMC622 cathode with transitional metal

ion concentration gradient in primary particles P'.
This concentration gradient design inhibited the
phase transition and the release of oxygen on the sur
face during the cycling process. In addition, the con-
tact between the high oxidation state metal ion and
the electrolyte was also prevented, thus improving
the cyclic performance, and thermal stability.

Apart from the individual modification strategy,
the combination of different modification methods is
also reported to be effectively suppressing the struc-
ture attenuation of NMC cathode. The single modifi-
cation strategy can only partially address issues of
NMC, while dual-modification technique can realize
multi-purpose performance improvement. Yang et al.
have designed a dual-modification strategy simulta-
neously combining the cation substitution (La and Ti)
and the surface coating (Ti-doped and La,NiLiOg)!"*.,
The coated conductive La,NiLiOg enhanced the sur-
face chemical stability and improved the interfacial
kinetic. The doping modification restrained the cation-
mixing and relieved the phase transformation. As a
result, the synergistic effect obviously improved the
cycling stability and capacity of NMC811 cathode.

6 Summary and Outlook

Ni-rich NMC cathode has become one of the most
important research topics in the field of lithium-ion
batteries. In this review, the research progresses of
the structural failure of NMC in practical implemen-
tation are summarized in detail, including the internal
structure evolution, surface structure evolution and
the thermal stability, as well as the strategies to im-
prove its durability: (1) heterogeneous ion doping, (2)
coating layer design, (3) morphological control and
(4) concentration gradient regulation. Researchers have
intensively explored the correlations between the
structural behaviors and the performances of Ni-rich
NMC cathodes. The territory of structural characteri-
zation can be further expanded in the following as-
pects:

1) Development of advanced in-situ characteriza-
tion techniques: XRD, SEM, TEM, XAS, XPS,
FTIR, etc. have made great contributions on the in-

vestigation of the structure-performance correlations
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of the NMC materials. Advanced in-situ techniques
can provide unique information for the emerging
electrode material exploration on the reaction mecha-
nism, degradation process, and kinetic research. Evo-
lution of key features such as phase, morphology,
grain size, facet and valence states can be also direct-
ly obtained from these approaches. It should be noted
that the current in-situ tests mostly focus on the NMC
material itself, whereas the dynamic relations with
external electrolyte/anode are often neglected. New
in-situ technologies are necessary for deeper under-
standing of the working mechanisms. Building an
in-situ cell intimating the real reaction condition and
measuring electric parameters in real time can be the
key feature for an ideal in-situ technique where dif-
ferent techniques may require different considera-
tions.

2) Investigation of the structure-function correla-
tion in a full cell at practical conditions: limited by
the current technical issues, the recognitions on the
reaction mechanism of NMC cathode are often based
on the half cell with metallic Li as an anode. This cell
has a limited loading, and different power ranges,
which is not consistent with the working environment
of other types of LIBs. It is critical to observe the
structure-function relationship of NMC materials in a
full cell with the standardized assembly process and
parameters in terms of active material loading mass,
electrolyte amounts, etc.

3) Development of simulation tools: understanding
on the NMC working and degradation mechanism is
fatal for the accurate modification of NMC, which
can be realized under the help of theoretical calcula-
tions at different scales including the DFT, FEM and
machine learning. In addition, high throughput
screening can facilitate the search for the emerging
electrode materials. In recent studies, the combina-
tion of theoretical calculation and experimental anal-
ysis has become increasingly close, which derives
abundant reasonable directions. However, the nor-
malized criterions should be constructed to prevent
calculations from becoming tools that cater to the ex-

perimental results.

At the current stage, the research of battery materi-
als is prompted and driven by practical applications.
But then, understanding degradation mechanism is of
importance for developing not only Ni-rich NMC but
also other types of cathode materials. Advanced
structural characterizations may provide determining
information for understanding the mechanism, and
thus, helping design next next-generation LIBs.
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