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costs are required. Current state-of-the-
art LIBs using, e.g., well-established 
LiNi1/3Co1/3Mn1/3O2 (NCM111) cathode 
material are yet not able to fulfill all these 
demands. In order to increase the energy 
density of LIBs, battery produ cers and 
researchers pursue various strategies. Sub-
stitution of expensive Co by Ni to achieve 
LiNi1−x−yCoxMnyO2 compounds with 
x < 0.3 in order to increase the structural 
stability at high state-of-charge (SOC) is 
one possible approach. Another promising 
material class is represented by Li-rich 
high-energy NCM (HE-NCM) materials  
(cLi2MnO3⋅[1 − c]LiTMO2 [TM = Ni, Co, 
Mn, etc.]). All of these subgroups of lay-
ered oxides have in common a crystal 
structure that is prone to irreversible 
changes and fatigue during continuous 
Li (de-)intercalation. The relevant changes 
in electronic and crystal structure strongly 

depend on the particular cathode composition and micro/nano-
structure. The development of a target-oriented roadmap to 
improved LIBs that meet the above requirements must address 
the underlying mechanisms on different cell levels, i.e., from 
the atomic level to the electrode level. A comprehensive sum-
mary of the properties and developments in the field of Ni-rich 
NCM[1–9] and Li-rich HE-NCM[10–16] has been presented recently 

In order to satisfy the energy demands of the electromobility market, both 

Ni-rich and Li-rich layered oxides of NCM type are receiving much attention as 

high-energy-density cathode materials for application in Li-ion batteries. How-

ever, due to different stability issues, their longevity is limited. During formation 

and continuous cycling, especially the electronic and crystal structure suffers 

from various changes, eventually leading to fatigue and mechanical degrada-

tion. In recent years, comprehensive battery research has been conducted at 

Karlsruhe Institute of Technology, mainly aiming at better understanding the pri-

mary degradation processes occurring in these layered transition metal oxides. 

The characteristic process of formation and mechanisms of fatigue are funda-

mentally characterized and the effect of chemical composition on cell chemistry, 

electrochemistry, and cycling stability is addressed on different length scales by 

use of state-of-the-art analytical techniques, ranging from “standard” characteri-

zation tools to combinations of advanced in situ and operando methods. Here, 

the results are presented and discussed within a broader scientific context.
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1. Introduction

Layered transition metal oxides are widely used as positive 
electrode materials for rechargeable Li-ion batteries (LIBs). For 
reaching the ambitious goals in the electric vehicle and large-
scale energy storage sectors, sustainable and environmentally 
friendly solutions providing higher energy density and lower 
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by several authors. Here, we focus on the detailed characteriza-
tion of these materials on different length scales, including the 
processes during formation and fatigue.

After a brief introduction of the different materials addressed 
here, their characteristic process of formation and mechanisms 
of fatigue are discussed with respect to cell chemistry, elec-
trochemistry, and cycling stability. Based on the fundamental 
results of our experimental studies on the material level, the 
effect of formation and fatigue on different cell levels is evalu-
ated within a broader scientific context.

1.1. Ni-Rich NCM and NCA

A large number of layered lithium transition metal oxides are 
described by the general formula LiTMO2 (TM = Ni, Co, Mn, Al, 
etc.) and crystallize in a rhombohedral R m3  structure,[11,17,18] 
derived from the cation-ordered rock-salt superstructure (as for 
α-NaFeO2).[19,20] Since the commercialization of LIBs in 1991, the 
Co-rich endmember LiCoO2 (LCO) is probably the most widely 
used cathode active material (CAM). However, its practical capacity 
is limited to around 140 mAh g−1 at the upper cutoff voltage 
(COV) of 4.3 V vs Li+/Li.[21–25] During the 1990s, also the Ni-rich 
endmember LiNiO2 (LNO) was considered an interesting CAM 
for future battery applications,[26,27] as it offers higher practical 
capacity and lower costs compared to LCO. However, a stable and 
wide compositional range, especially with respect to Li content, 
is a prerequisite to maximize the capacity, energy and cycle life 
of an electrode material. Unfortunately, different structural and 
chemical stability issues did not allow the use of LNO in any real-
world application. Better stability is achieved when Ni is partially 
substituted by other metals (mainly Mn, Co, and Al). Today, the 
so-called NCA (LiNi1−x−yCoxAlyO2) and NCM (LiNi1−x−yCoxMnyO2) 
materials make up some of the most frequently used CAMs in 
LIBs, as their stability benefits from the synergetic effect of the 
different metals. The state-of-the-art CAM LiNi0.6Co0.2Mn0.2O2 
(NCM622) delivers a specific capacity of more than 170 mAh g−1 
in the voltage range between 3.0 and 4.3 V vs Li+/Li. However, 
because of the increasing demand in energy density, the general 
composition is pushed more and more toward Ni-rich materials. 
Ni-rich NCM (Ni content >> 1/3) allows for higher degrees of del-
ithiation due to two-electron transfer via Ni2+/Ni3+ and Ni3+/Ni4+, 
thus enabling specific capacities in excess of 190 mAh g−1. Unfor-
tunately, in particular high-Ni NCM CAMs suffer from severe 
capacity fading and degradation, which is believed to be associ-
ated with structural changes during cycling (contraction of c-axis 
and unit cell volume with delithiation and collapse of Li–O layers 
at high SOC).[17,28] These structural changes cause fracture and 
mechanical degradation of CAM particles, leading to formation of 
new reactive surfaces and cell impedance rise.[29]

1.2. Li-Rich HE-NCM

Cation or anion substitution is a common way to achieve stabili-
zation of transition metal oxide host structures, as described for 
LiNi1−xCoxO2 (LNCO) with Al3+ substitution (see above).[30,31] 
An alternative approach to improve structural stability and 
electrochemical performance is to use structural units as 
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substitutional elements rather than cations or anions.[32–34] 
“Layered–layered” two-phase materials as a kind of composite of 
Li2MnO3

[34–39] and LiTMO2 (TM = Ni, Co, Mn), formally written 
as cLi2MnO3⋅[1 − c]LiTMO2 and commonly referred to as Li-rich 
layered oxides, are considered promising electrode materials with 
superior Li-storage and thermal properties over conventional lay-
ered materials.[40–42] While NCA and NCM CAMs practically offer 
specific capacities around 200 mAh g−1[43–47] due to their limited 
stability range for Li extraction, the class of Li-rich layered materials 
is capable of delivering specific capacities >250 mAh g−1.[15,48–53]

1.3. Degradation and Material Fatigue

In recent years, significant effort has been made to better under-
stand the mechanisms leading to capacity fading, gassing, and 
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impedance rise in cells using Ni-rich NCM[28,29,54–63] and Li-rich 
HE-NCM CAMs.[37,38,45,49,50,64–82] Various processes have been 
identified to cause degradation of electrode materials, thereby 
limiting the overall cell performance and its longevity.[83–86] The 
term “aging” refers to the calendar degradation of a material 
or a full-cell, i.e., the degradation under static conditions, for 
example during storage at ambient or elevated temperature and 
at constant SOC.[87,88] The term “material fatigue” denotes the 
degradation of a material as a result of its repetitive use, i.e., in 
case of LIB electrode materials, the continuous insertion and 
extraction of Li ions into and from the host structure, respec-
tively. Here, we focus on aspects of material fatigue (rather than 
aging) of Ni-rich NCMs and Li-rich HE-NCMs and how fatigue, 
in general, affects the cell degradation.
An overview of the most critical degradation mechanisms on 
different levels of the electrochemical cell is given in Figure 1. 
The material fatigue of layered transition metal oxides is com-
monly the result of correlated changes in electronic and struc-
tural properties. Apart from structural changes on the atomic 
level (including phase transformations), especially the volume 
contraction/expansion during continuous Li (de-)intercalation 

can lead to disintegration and contact loss between the CAM 
particles, the conductive carbon black additive, and the current 
collector. This, in turn, can lead to accumulation of local micro-
structural changes and eventually to mechanical failure.[90,91] As 
a result, cracks form and propagate through the secondary parti-
cles, resulting in loss of connectivity within the electrode. Note 
that for future applications in all-solid-state battery cells, where 
the volume cannot expand into a liquid electrolyte reservoir, 
the consequences of volume changes are even more critical.[92] 
In general, Ni-rich NCM CAMs suffer from larger volumetric 
changes with delithiation than low-Ni compounds. Hence, 
depending on the Ni content, mechanical failure may become a 
severe problem.[28] Another issue of NCM CAMs, especially Ni-
rich ones, is their relatively high surface reactivity (already during 
storage at ambient conditions).[93] Because of particle fracture, an 
increasing fraction of fresh surface is continuously exposed to the 
electrolyte. This results in progressive surface film formation—
comparable to solid electrolyte interphase (SEI) formation at the 
anode side—accompanied by capacity fading due to irreversible 
loss of mobile Li and increase in cell impedance.[94] An addi-
tional issue that may arise when layered lithium transition metal 
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Figure 1. Degradation scheme of LIB cells using Ni-rich NCM and Li-rich HE-NCM CAMs. a) Schematic figure of a practical battery cell and cross-
sectional image of the corresponding electrode layers. Adapted with permission.[89] Copyright 2012, Carl Hanser Verlag GmbH & Co.KG, München. 
b,c) Degradation processes and side reactions occurring on different length scales.
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oxides are used as the CAM is the dissolution of TM ions, trig-
gered by surface reactions with hydrofluoric (HF) acid, and their 
migration and incorporation into the graphite SEI.[95–99] Another 
consequence is gas evolution due to electrolyte decomposition, 
raising safety issues. In summary, all of the aforementioned pro-
cesses contribute to the capacity and power decay of NCM-based 
LIBs, and therefore require profound understanding.

1.4. Characterization Strategies

Depending on the relevant length scale of the specific degrada-
tion process/mechanism (Figure 1), different analytical tools 
are required. Operando techniques are most suitable to study 
the chemical activity and structural transformations under real 
battery cell conditions during electrochemical cycling. Diffrac-
tion experiments, such as X-ray (XRD) and neutron diffraction 
(ND), provide bulk-representative “global” information about the 
phase constitution, space group symmetry, lattice parameter(s), 
real structure parameters (crystallographic size and strain), and 
space-averaged atomic structure (crystallographic site occupa-
tion). X-ray absorption spectroscopy (XAS) provides local infor-
mation (element specific oxidation states [electronic structure] 
and atomic coordination), and therefore represents a powerful 
tool to gain insights into the correlation of crystallographic and 
electronic structure changes. Changes in the underlying pri-
mary crystal structure will directly translate into changes on the 
length scale of secondary particles, e.g., irreversible phase trans-
formations with formation of microcracks and pulverization of 
the active material as result of crystallographic strain and lattice 
mismatch between adjacent domains. Moreover, side reactions 
of the electrode with the electrolyte may lead to further modi-
fication of the surface. Electron microscopy, such as scanning 
electron (SEM) and transmission electron microscopy (TEM), 
are well suited for the post mortem analysis of such processes. 
Typically, side reactions involve the evolution of gas, particularly 
at high SOC, e.g., when electrolyte is decomposed due to oxida-
tion reactions at the cathode[56,100] or when oxygen is released 
from the crystal lattice of the CAM.[80,101] In a closed cell com-
partment, this will lead to an increase in internal pressure and, 
in the worst case, to bursting of the cell housing. Another factor 

affecting both stress and strain are volume changes of electrode 
particles due to variations in lattice parameters depending on 
the Li content. In situ pressure analysis is a feasible tool to detect 
such volume changes by monitoring the pressure evolution with 
cycling operation. Overall, this method can be used to study the 
effect of changes in unit cell volume of single electrode particles 
(projected onto the electrode level).[102,103] Differential electro-
chemical mass spectrometry (DEMS) lends itself for thorough 
analysis of the evolved gaseous species and their quantification. 
Of note, isotopic labeling even allows determination of specific 
reaction pathways, leading to the release of gas.[101]

2. Crystal and Electronic Structure

2.1. Structure of Ni-Rich NCM

Layered NCMs or, in general, LiTMO2 compounds crystal-
lize in a rhombohedral R m3  structure,[17,18,104] which can be 
derived from the ordered rock-salt structure of α-NaFeO2

[19,20] 
(Figure 2a). Oxygen atoms form a cubic close-packed (ccp) 
lattice with rhombohedral distortion along the c-direction, 
resulting in layers formed by edge-sharing octahedra. The 
octahedral sites of the somewhat thinner layer (Wyckoff 
position 3a) are occupied mainly by transition metals (TM 
layer), whereas those of the somewhat thicker layer (Wyckoff 
position 3b) are occupied mainly by lithium (Li layer),  
yielding [Li]3b[TM]3a[O2]6c.[105] Especially in the presence of man-
ganese, the materials tend to Li excess, meaning that a small 
fraction of the 3a sites is occupied by Li ions, too. Hence, NCM 
is frequently denoted as Li1+z(Ni1−x−yCoxMny)1−zO2. By contrast, 
LNO tends to Li deficiency, meaning that nickel occupies some 
of the 3b sites. In the discussion of LiTMO2 CAMs, this type of 
structure is often referred to as H1-type structure (mainly in 
the context of LNO with reference to the hexagonal structure of 
pristine material)[26,106] or O3-type structure (with reference to 
the three-fold stacking sequence of TMO2 layers that is needed 
to describe the unit cell).[10,107] The TM site can be occupied 
by a combination of Ni, Co, and Mn as well as by some other 
metal ions, such as Al in the NCA case. Some Li/TM disorder 
between the 3b and 3a crystallographic sites (up to several 
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Figure 2. a) Layered crystal structure of NCM. Reproduced with permission.[61] Copyright 2017, American Chemical Society. b) Layered crystal structure 
of Li2MnO3 with C2/m space group symmetry. [100]m, [−1−10]m, and [−110]m crystallographic orientations with transition metal and Li columns within 
the TM layer aligned along the projection direction.
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atomic percent) is commonly observed for this class of mate-
rials and known to affect the electrochemical properties. How-
ever, the R m3  space group symmetry remains unaffected by 
this type of disorder. According to literature reports, even the 
individual TM species (Mn, Ni, and Co) may exhibit long-range 
ordering in the TM layer, leading to symmetry reduction and 
appearance of superstructure reflections in selected-area elec-
tron diffraction (SAED) patterns. Note that SAED is more sen-
sitive to slight differences in electron density than is XRD.[108]

2.2. Structure of Li-Rich HE-NCM

Li-rich HE-NCM CAMs can be seen as so-called “layered–lay-
ered” two-phase materials (it is an open discussion whether they 
should be described as single-phase solid solution or two-phase 
nanodomain materials), as they comprise a kind of composite of 
Li2MnO3

[35–39] and LiTMO2 (TM = Ni, Co, Mn), formally written as 
cLi2MnO3⋅[1 − c]LiTMO2. Commonly used layered LiTMO2

[109–111] 
and spinel LiTM2O4 compounds (TM = Mn, Ni, and Co; Mg and/
or Al for stabilization) share a ccp oxygen framework (rhombohe-
drally distorted for LiTMO2) with the same interlayer distance of 
about 4.7 Å. Li2TM′O3 (TM′ = Mn, Ti, Zr)[112] as an electrochemi-
cally inactive compound also exhibits a ccp oxygen lattice with 
very similar lattice parameters but C2/m symmetry (Figure 2b). It 
is supposed to enhance the structural stability when embedded as 
building blocks in either the LiTMO2 or LiTM2O4 host matrix.[113] 
Hence, the composite nanostructure of HE-NCM can be con-
sidered to consist of a R m3  NCM host matrix with coherently 
embedded Li2MnO3-like domains of C2/m symmetry. Because 
of the lowered space group symmetry of Li2MnO3-like domains, 
the oxygen framework is slightly distorted compared to that of  
the R m3  matrix, but still there exists a coherent interconnecting 
ccp oxygen lattice for the entire heterostructured material (crystal 
lattice). Even though the rhombohedral NCM matrix and the 
monoclinic Li2MnO3-like domains have different space group 
symmetries, their structures are very similar and can hardly be 
distinguished from each other at first glance using TEM or XRD. 
The most significant difference between these two structures is 
related to the Li/Mn honeycomb ordering within the TM layers of 
the Li2MnO3-like domains. This intersects the Mn atom sequence 
in the TM layer with a Li atom after every two Mn atoms when 
projected along the [−1–10]m, [−110]m or [100]m crystallographic 
orientations, corresponding to 120° rotations around an axis 
perpendicular to the layers ([103]m). These three orientations 
can be described equivalently as a layer stacking sequence with 
different in-layer translational shifts from TM layer to TM layer: 
the projected Li atom columns are stacked directly above each 
other or they are tilted toward one or the other side (Figure 2b). 
By choosing a specific crystal orientation for the rhombohedral 
NCM host matrix that coincides with either the [−1−10]m, [−110]m 
or [100]m orientation of the embedded C2/m domains, it is pos-
sible to distinguish both types of composite constituents, namely 
the NCM and Li2MnO3-like domains, in HRTEM images. While 
the R m3  NCM host matrix shows a solid line contrast, repre-
senting the TM within the TM layer, the Li2MnO3-like domains 
are indicated by a dot-like contrast due to the Li intersected TM 
layers. Furthermore, the Li2MnO3 stacking faults can be observed 
whenever the sequence changes the stacking “direction,” e.g., 

from [100]m to [−110]m. The nanostructure of a “layered–layered” 
composite can therefore be characterized by the dimensions of 
the Li2MnO3-like domains and further by the density of stacking 
faults therein (the number of subsequent lattice layers without 
any stacking fault). The SAED pattern of a so-aligned pristine  
Li-rich layered oxide crystallite shows C2/m-related superstructure 
reflections that are broadened depending on the domain sizes and 
stacking fault density. By selecting these C2/m-related reflections 
for dark-field imaging, it is possible to gain information about the 
lateral (projected) distribution of Li2MnO3-like domains. The most 
pronounced C2/m-related superstructure reflections 020, 110, 
−111, 021, and 111 at low scattering angles of synchrotron-based 
diffraction patterns can be fitted using the DIFFaX program,[114] 
particularly designed to account for planar defects in crystal 
structures.

Here, the fitting procedure is used to estimate the number of 
defect-free stacked TM layers with Li2MnO3 configuration and 
in-plane lateral domain dimensions to complete the informa-
tion from HRTEM studies by a complementary bulk-sensitive 
diffraction method. Note that by this evaluation method, the 
number of subsequently stacked defect-free TM layers is deter-
mined. The Li2MnO3 domains that are observed by HRTEM or 
dark-field TEM imaging might have larger dimensions, since 
they are considered simply as coherent domains of Li2MnO3 
character without subdivision into defect-free blocks. For 
more detailed information on the pristine structures of both 
NCM[2,17,18,28,61,115,116] and HE-NCM,[34,41,48,51,112,117–125] we refer 
to other reports available in the literature.

2.3. Thermal Stability of NCM

The electrochemical properties and the structural and thermal 
stability of NCM CAMs strongly depend on their composition, 
as demonstrated for example by Noh et al.[18] In particular, the Ni 
content is a critical parameter determining the thermal stability[53] 
as well as the magnitude of changes in the crystal structure 
upon delithiation.[18,28,61] As for practical applications of Ni-rich 
NCMs, the thermal stability plays an important role, as it directly 
affects the LIB safety. Especially Ni-rich NCMs at high SOC 
are subjected to spontaneous reduction of Ni4+ to Ni2+ during 
heating, accompanied by release of oxygen.[18,31,53,111,126–128]  
Systematic comparisons demonstrated that the higher the Ni 
content in the NCM CAM, the lower the onset temperature of 
the decomposition reaction.[18,53]

2.4. Crystallographic Changes in NCM

Besides thermal shortcomings, the changes in crystal structure 
during cycling constitute another major problem, impeding the 
practical use of Ni-rich NCM CAMs. Crystallographic volume 
changes and multiphase transformations are assumed to be 
responsible for the capacity fading and to be one of the main 
factors governing the material fatigue.[129] Operando XRD is well 
suited to analyze crystallographic changes under dynamic con-
ditions, for example during electrochemical cycling, and several 
studies have reported on the lattice parameter changes of NCM 
CAMs with cycling,[17,18,53,61,63,104,129–134] but only few of them 
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revealed sufficient time and angular resolutions. Hence, some of 
our studies aimed at analyzing the changes in the NCM crystal 
structure during Li (de-)intercalation under realistic condi-
tions.[28,61,62] For this purpose, an advanced laboratory XRD setup 
was used, specially dedicated for battery research at Karlsruhe 
Institute of Technology (KIT).[135] The high-flux beam (Mo Kα1,2) 
and the fast 2D detector of the setup allowed performing oper-
ando XRD experiments with good time resolution and tracking 
crystallographic parameters, such as unit cell volume, atomic 
positions, and crystallographic strain, directly as a function 
of Li content in the electrode. Figure 3a depicts results from 
Kondrakov et al.,[28] showing the crystallographic changes during 
charge and discharge of low-Ni (NCM111) and high-Ni NCM 
(NCM811, 80% Ni). The corresponding diffraction patterns were 
acquired with a time resolution of 150 s, being equivalent to 
∆x(Li) ≈ 0.003 per pattern. Recent studies have shown that the 
lattice parameters are subjected to SOC-dependent nonmono-
tonic changes.[61,104] In particular, at high SOC, the overall lattice 
parameter changes are highly anisotropic. The a lattice para-
meter in both NCM111 and NCM811 CAMs gradually decreases 
in a similar manner (Figure 3a). However, the absolute change 
in the a-axis is larger for NCM811, which can be attributed 

to a higher specific capacity (189 mAh g−1 for NCM811 vs  
149 mAh g−1 for NCM111), i.e., higher degree of delithiation 
at the upper COV of 4.3 V (vs Li+/Li). Even more pronounced 
composition-dependent differences are seen in the behavior 
of the c-axis. Ultimately, the variations in the c lattice para-
meter are the result of changes in both the TM–oxygen bond 
length lTM−O and the Li–oxygen bond length lLi−O. In the case of 
NCM111, the bond lengths reveal an inverse and almost linear 
behavior, whereas it is much more complex for NCM811. This 
difference is also reflected in the c lattice parameter. In the case 
of NCM111, it virtually only increases (a slight decrease was 
observed at x(Li) = 0.5 until the end of charge). In contrast, the 
c lattice parameter of NCM811 increases at first, too, but dra-
matically decreases as soon as the Li content is ≤0.5. These 
results demonstrate clearly that NCM811 undergoes more pro-
nounced structural changes than NCM111. A similar trend in 
lattice parameters was seen for a variety of NCM CAMs, with 
clear indications of larger changes with increasing Ni con-
tent.[17,18,61,63,104,130–133] An illustration/structural description 
of the NCM lattice with delithiation is given by Lee et al.[136] 
Overall, this indicates the stress that NCM CAMs experience 
when the Ni content is increased (and with that the specific 
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Figure 3. a) Structural refinement results for NCM111 and NCM811 (cell voltage E, lattice parameters a and c, TM–oxygen bond length lTM−O, lithium–
oxygen bond length lLi−O, unit cell volume V, and anisotropic microstrain parameter S202). The lithium content x(Li) was calculated from the electrochemical 
data. Reproduced with permission.[28] Copyright 2017, American Chemical Society. b) Charge/discharge curves (top) and the corresponding differential 
capacity curves (bottom) of different low-, medium-, and high-Ni NCM CAMs. c) Contour plots of operando XRD patterns for selected 2θ ranges obtained on 
NCM811- and NCM851005-based cells during the charge cycle (delithiation). b,c) Adapted with permission.[61] Copyright 2017, American Chemical Society.
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capacity for a given voltage range; Figure 3b). A better under-
standing of the structural mechanisms in Ni-rich NCM can be 
achieved by taking LNO as a model system. In the case of LNO, 
the structure undergoes various phase transformations during 
charging. At least four phases are described in the literature, i.e., 
the hexagonal H1, the monoclinic M, the hexagonal H2, and the 
hexagonal H3 phases, appearing in the same order upon delithi-
ation.[26,27,106,137–139] A detailed description and visualization of 
the LNO structure is provided in a recent review article.[140] Li 
et al.[139] recently presented results from operando XRD on LNO. 
Here, the crystallographic changes are so distinct that the appear-
ance of individual LixNiO2 phases can be readily tracked. Appar-
ently, especially the H2–H3 transformation is accompanied by a 
strong discontinuous shrinkage of the c lattice parameter.

Although the evolution of lattice parameters suggests solid 
solution behavior at first glance, the presence of a multistep phase 
transformation mechanism similar to that observed for LNO 
cannot be ruled out. If the lattice differences between individual 
phases were marginally small, the peak splitting would not be 
large enough to be seen and the reflections would only broaden. 
In fact, an increase in full width at half-maximum (FWHM) of 
several Bragg reflections was observed for some NCM CAMs[28,61] 
in different Li concentration regimes, correlating well with the 
monoclinic phase and H2–H3 coexistence regions (see contour 
plots of NCM811 and NCM851005 [85% Ni] in Figure 3c).

A suitable way of identifying electrochemically induced 
two-phase transformations is via examination of the charge/
discharge curves, given that phase coexistence regions are 
indicated by minimum slopes (plateaus) in the cell poten-
tial. In LixNiO2, the different phase regions can be clearly 
observed in the voltage profile.[27,137,139,141,142] As can be seen 
in Figure 3b, the charge/discharge curves as well as the dif-
ferential capacity curves of low- and medium-Ni NCM CAMs 
only show features characteristic of the monoclinic phase 
region.[61] However, the voltage curves of high-Ni (≥80%) 
NCMs reveal an additional plateau at around 4.15 V (vs Li+/
Li).[28,61–63,130,143–147] Comparison of the differential capacity 
(dQ/dU) with differentials of the c lattice parameter [dc/dU 
and dc/dx(Li)] and unit cell volume revealed clear correla-
tions, thus providing evidence of the existence of the H2–
H3 transformation in the case of LiNi0.8Co0.1Mn0.1O2

[61,62]  
and LiNi0.85Co0.1Mn0.05O2,[61] in agreement with observations 
on both LiNi0.9Co0.05Mn0.05O2 and LiNi0.95Co0.025Mn0.025O2 by 
Ryu et al.[144] They detected a peak broadening of the 003 reflec-
tion, which was ascribed to the coexistence of both phases at 
the end of charge. Interestingly, the H2–H3 signal is not pre-
sent in the voltage profile of NCA (85% Ni), thereby hinting 
at the stabilizing role of Al.[88] While the c-axis of NCA also 
experiences considerable shrinkage at high degrees of delithi-
ation (high SOC), it does not seem to be discontinuous and the 
material exhibits solid solution properties similar to low- and 
medium-Ni NCMs.

Because of the severe volume change, the H2–H3 trans-
formation is believed to have the most significant effect of all 
phase transformations on the intrinsic material stability. Ryu 
et al.[144] tested several Ni-rich NCM CAMs (with Ni fractions 
of 0.6, 0.8, 0.9, and 0.95) to characterize their degradation 
behavior. They found that the capacity fading is predominantly 
caused by gradual surface degradation when the Ni content is 

below 80%. NCM CAMs with ≥80% Ni, however, appeared to 
mostly degrade due to the anisotropic shrinkage during the 
H2–H3 phase transition. Hence, it is of utmost importance to 
better understand the origin of processes that ultimately govern 
the changes in crystal structure.

For quite some time, the evolution of lattice parameters of 
layered LiTMO2 compounds, and especially the collapse of the 
c-axis at high SOC, was not well understood and treated only 
in few theoretical[148] and experimental[28,149,150] studies. The 
a lattice parameter is assumed to reflect the TM–TM distance 
(within the TM layer). When the ionic radii of TMs (mainly Ni) 
decrease with increasing oxidation state, the a lattice param-
eter decreases. The c lattice parameter is closely linked to the 
interslab distance of the Li layers. The initial increase in c is 
usually interpreted as a result of increasing Coulomb repul-
sion with progressive Li extraction, since Li is expected to effec-
tively screen the electrostatic repulsion between the oxygen 
layers. The screening effect is reduced at relatively higher SOC, 
resulting in increased repulsion and expansion along the c-axis. 
So far, the reason for the sudden contraction of the interslab 
distance, leading to the decrease in lattice parameter, particu-
larly in Ni-rich NCMs, has not been explained in full. To shed 
more light on the charge evolution, density functional theory 
(DFT) calculations have been performed by Kondrakov et al.[62] 
for the model system LixNiO2. Based on experimental XRD 
results obtained on NCM811, the Li content was varied in the 
range x(Li) = 1.0−0.25 and the changes in crystal structure were 
calculated. The nonmonotonic behavior of the lattice along the 
c-axis, i.e., the changes in c lattice parameter with decreasing 
lithium content, could be well reproduced by the calcula-
tions. The average Bader charges for nickel and oxygen were  
determined, too. The main results can be described as follows:  
i) nonmonotonic change in Ni charge, i.e., at first, an increase, 
followed by a break of the positive trend when x(Li) < 0.5 (the 
Ni charge slightly decreases between 0.5 > x(Li) > 0.25) and  
ii) O charge increases during delithiation, with the total change 
being largest when x(Li) decreases from 0.5 to 0.25. In con-
clusion, these data suggest charge transfer from oxygen to 
nickel at high SOC. Furthermore, large mixing between the 2p 
orbitals of oxygen and the partially filled eg orbitals of nickel 
was observed by soft XAS. The contribution of nickel to the 
charge compensation was confirmed by changes in spectra of 
the Ni K- and L-edges.[62] Hence, the results provide an explana-
tion for the charge-induced shrinkage of the TM–oxygen layer, 
as seen by operando XRD for NCM811 (Figure 3a). In addition, 
they demonstrate the correlation between the collapse of the 
layered structure (i.e., the Li–oxygen layer) and charge transfer, 
the latter of which results in partial oxidation of oxygen. Using 
XAS, Kleiner et al.[151] obtained similar results on NCA (Ni 3d 
orbitals hybridized with O 2p orbitals).

2.5. First Cycle Activation of HE-NCM

Depending on the underlying micro/nanostructural picture, 
the interpretation, particularly of results from electrochemical 
investigations, might be biased. For example, in the case of the 
two-phase nanocomposite 0.5Li2MnO3⋅0.5LiNi1/3Co1/3Mn1/3O2,  
the Li2MnO3 part is initially electrochemically inactive, since 
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Mn4+ is already in its highest oxidation state and cannot be 
oxidized further. Consequently, in many literature reports, a 
“classical” activation of Li2MnO3 during the initial high-voltage 
charging above 4.5 V of kind[117]

“ ”→ +Li MnO (EC-inactive) MnO (EC-active) Li O (irreversible loss)2 3 2 2  
(1)

is proposed together with the assumption that oxygen is irre-
versibly released from the lattice during the activation pro-
cess.[64–66,81,152–155] The activation is believed to be connected 
with the initial voltage plateau at about 4.5 V during charging. 
However, even if all of the Li2MnO3 is activated, the measured 
capacity (activated MnO2 plus NCM) would not be sufficient to 
account for the “anomalously” large reversible discharge capaci-
ties achieved using this material class. Instead, contributions 
from reversible oxygen redox processes to charge compensation 
need to be considered and are widely discussed for Li-rich lay-
ered oxide CAMs among many other open questions, especially 
associated with the initial formation cycle, but also concerning 
degradation mechanisms.[67–69,118,156]

During the initial charge cycle of the pristine material (up 
to about 4.8 V), there is, at first, an s-shape-like voltage profile 
that is attributed to the oxidation of Ni and Co from +II and 
+III, respectively, to +IV.[108,157,158] The following voltage plateau 
around 4.5 V and the final small capacity charging period up to 
the upper COV is related to irreversible structural rearrange-
ments, including loss of long-range “honeycomb” ordering (note 
that the superstructure reflections disappear after the voltage 
plateau), loss of chemically available lithium sites (irreversible 
capacity loss comparing first charging and discharging), and at 
least partial loss of lattice oxygen. A large variety of structural 
and/or electronic changes are associated with the irreversible 
changes during the initial activation process, e.g., reversible 
oxidation of oxygen species[159] and probably condensation to 
peroxide-like units,[159] transition metal migration into tetrahe-
dral sites[81,160] and formation of a spinel-like surface layer,[161] 
formation of lithium/transition metal dumbbells,[70,162] Li+/H+ 
exchange,[163] formation of dislocations[164] etc. All these obser-
vations are supposed to play a role in the charge compensation 
mechanism, the electrochemical hysteresis, and finally also in 
the degradation (in the form of an average voltage decay and 
capacity fading). So far, a coherent picture that is capable to 
explain all these points is still lacking.

Profound investigations into the nanostructure of “layered–
layered” NCM composite CAMs and their correlation with elec-
trochemical characteristics regarding the initial formation cycle 
as well as the long-term degradation have been performed during 
the past years by Riekehr et al.[71,165] Li-rich NCM materials with 
nominal composition cLi2MnO3⋅[1 − c]LiNi1/3Co1/3Mn1/3O2  
(with c = 0.3, 0.5, and 0.7) were prepared by co-precipitation and 
molten salt routes. For c = 0.5, also the synthesis parameters 
were varied with the intention to prepare different types of nano-
structures for the same overall composition. Most valuable infor-
mation about the nanostructure of these materials was obtained  
by (HR)TEM, allowing to detect coherently embedded Li2MnO3-
like nanodomains with altered cation ordering compared to the 
NCM host matrix and stacking faults within these domains. 
Sophisticated evaluation of the C2/m-related superstructure 

reflections, stemming from these Li2MnO3-like domains, was 
done using the DIFFaX[114] program, which allows to simu-
late diffraction patterns of crystal structures with 2D defects in 
particular.

To demonstrate how the nanostructure of pristine Li-rich 
layered oxide CAMs affects the first cycle electrochemical char-
acteristics, namely the first charge capacity, irreversible initial 
capacity loss, and reversible discharge capacity, three samples 
with identical average composition c = 0.5, produced either by 
molten salt route (“MS55”) or by co-precipitation (“CP55-1” 
and “CP55-2”), are compared to one another. Note that the dif-
fraction patterns of these materials are quasi identical, except 
for subtle differences in the comparably very weak C2/m-
related superstructure reflections. The dot-like contrast, rep-
resenting Li2MnO3-like domains in the HRTEM image of the 
“MS55” particle, is virtually restricted to single Li/TM layers 
that are embedded within the NCM host matrix with line con-
trast (Figure 4a). This is consistent with the extreme and ani-
sotropic broadening of the C2/m superstructure reflections 
in the corresponding XRD and SAED patterns (Figures 4a 
and 5a). From DIFFaX fitting, the in-plane Li2MnO3 domain 
size and the defect-free stacking range are determined to be 
about 100 Å and 3–5 TM layers, respectively. The SAED pat-
tern of the “CP55-1” particle shows streaked scattering intensity 
of the C2/m symmetry, superimposed by discrete C2/m reflec-
tions, which can be indexed according to the [−1−10]m, [−110]m, 
and [100]m zone axes (Figure 4b, blue arrows). In the bright-
field image, defect-free areas can be observed in addition to 
other areas with stacking fault contrast. The dark-field image 
assigns the defect-free regions to C2/m symmetry, while in the 
residual areas, the platelet-shaped Li2MnO3-like domains are 
evenly dispersed, forming a nanocomposite. By evaluating the 
images of several particles, the size of defect-free blocks was 
measured as between 100 and 800 Å in the ch direction and 
the diameter was mostly defined by the particle dimensions in 
the ahbh-plane. The defect-free blocks occupy around 25–30% 
of the particle volume. The energy-dispersive X-ray (EDX) spec-
trum obtained on these blocks reveals lower intensity of the 
Ni Kα and Co Kα peaks compared to the nanocomposite area  
(Figure 4b). This indicates that the composition in the mono-
clinic blocks has shifted toward Li2MnO3-like, but with signifi-
cant amounts of Co and Ni incorporated. From the dark-field 
contrast, the dimensions of the Li2MnO3-like platelets in the 
nanocomposite areas seem to be larger in diameter and follow 
the stacking direction for “CP55-1” than “MS55.” DIFFaX anal-
ysis of the C2/m-related reflections provides domain sizes of 
about 330 Å and domain thicknesses of 3–11 TM layers (range 1)  
and 100 TM layers (range 2) for “CP55-1” (Figure 5b). The 
different nanostructures of “MS55” and “CP55-1” with equal 
average chemical composition affect the electrochemical first 
cycle characteristics. While both samples show nearly the same 
specific charge capacity up to 4.8 V of 305 mAh g−1 (“MS55”) 
and 316 mAh g−1 (“CP55-1”), the irreversible capacity loss 
is only 32 mAh g−1 for “MS55,” compared to 92 mAh g−1 for 
“CP55-1,” leading to a considerably larger (reversible) specific 
discharge capacity of 273 mAh g−1 (“MS55”), compared to only  
224 mAh g−1 for “CP55-1.” The quantified nanostructural 
parameters (Li2MnO3-like in-plane domain size and defect-free 
layer stacking) of another compositionally identical sample 
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(“CP55-2”) lie between those determined for “MS55” and 
“CP55-1.” As a consequence, also the first cycle specific charge 
capacity and irreversible capacity loss exhibit intermediate 
values, thus supporting the hypothesis that the nanostructure 
significantly affects the electrochemical properties. Given the 
assumption that the capacity loss is related to the activation of 
Li2MnO3 in the form of a densification process that is again 
connected with an irreversible oxygen loss at the surface, the 
following effect of nanostructure on the electrochemical proper-
ties can be deduced: In contrast to sample “CP55-1” with coarse 
Li2MnO3-like domain distribution and strong contribution by 
classical activation (densification), as described by Equation (1), 
sample “MS55” with very fine dispersed Li2MnO3-like domains 
(high degree of stacking faults) predominantly contributes by 
reversible oxygen redox activity (oxygen electronic band and/
or peroxide species) to the charge compensation mechanism. 
The “electrochemically (EC)-active Li2MnO3 contribution” as a 
measure of reversible oxygen redox activity[165] is determined 
to 115 mAh g−1 for “MS55,” compared to only 6 mAh g−1 for 
“CP55-1.” Correlating the results of the nanostructure analysis 
with the electrochemical features of the three stoichiometrically 
similar materials leads to the conclusion that a fine and reg-
ular distribution of small platelet-shaped domains with a high 
degree of stacking faults in the nanocomposite arrangement 

is beneficial for achieving large (reversible) specific discharge 
capacities. Even though the exact electrochemical processes 
during the activation plateau of Li-rich NCM CAMs are not 
probed directly, these results indicate a reversible participation 
of oxygen in the redox processes next to formation of LiMnO2, 
thus explaining the anomalous capacity provided by an “EC-
active” Li2MnO3 phase. This work demonstrates the importance 
of composition and nanodomain arrangement in Li-rich com-
posite structures to enable first cycle specific discharge capaci-
ties >250 mAh g−1.

2.6. Crystallographic and Electronic Fatigue of Ni-Rich  
Layered Oxides

During the course of cycling, the structural change (and there-
fore the mechanical strain) in CAMs leads to fatigue of the host 
structure and eventually to capacity fading. The material fatigue 
of NCA was studied in considerable detail by Kleiner et al.[166] 
via synchrotron-based in situ XRD using a special cell setup.[167] 
Pristine samples as well as fatigued samples, cycled for  
34 weeks at 50 °C between 40% and 80% SOC, were consid-
ered for the experiment. During the in situ measurement, the 
NCA was cycled at a rate of C/3 in the voltage range from 2.8 to 
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Figure 4. TEM analysis of three different HE-NCM samples: a) “MS55,” b) “CP55-1,” and c) “CP55-2” with same average composition  
0.5Li2MnO3⋅0.5LiNi1/3Co1/3Mn1/3O2. All particles are oriented to the [1−10]h zone axis. The red arrows in the SAED patterns denote the positions where 
intensities of the R3m and C2/m symmetries coincide. The reflections highlighted by blue arrows stem exclusively from the C2/m symmetry. The bright- 
and dark-field images reveal the stacking fault contrast and Li2MnO3 nanodomain arrangement in the composite structure, respectively. The HRTEM 
images show the defect-free stacking sequences of the C2/m-like nanoplatelet domains. a–c) Reproduced with permission.[165] Copyright 2016, Elsevier.
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4.1 V vs Li+/Li and XRD patterns were taken every 90 s with an 
acquisition time of 5 s. Figure 6a,b shows the pattern evolution 
for the pristine and fatigued CAM. In both samples, the extrac-
tion and intercalation of Li results in a shift of the reflections, 
typical of layered oxides.

In the case of the pristine sample, the main phase was 
assigned as rhombohedral rh1 phase. Surprisingly, a splitting 
in all reflections can be seen at potentials above 3.6 V, indi-
cating the presence of an additional rhombohedral phase rh2. 
According to the lattice parameters, the rh2 phase is less del-
ithiated during charging or, in other words, still contains more 
intercalated Li than rh1. At the end of charge and discharge, 
only rh1 was detected, which implies that the presence of the 
rh2 phase does not affect the capacity of the pristine material. 
In the case of fatigued NCA, the intensity of the rh2 reflections 
is more pronounced, thereby demonstrating the increasing 
fraction of differently delithiated particles in the electrode. 
Besides, an additional phase is observed at potentials below 
3.6 V, which was assigned as rh3 phase and is assumed to have 
a higher degree of delithiation than rh1. During cycling, the 
rh2 and rh3 reflections remained at nearly identical positions, 
indicating that the additional rhombohedral phases are neither 
oxidized nor reduced. Figure 6c,d shows the lattice param-
eters of all phases present in the pristine and fatigued NCA 
upon cycling. Only the rh1 phase reveals changes in lattice 

parameters, whereas those of the additional phases remain 
more or less the same. In contrast to the pristine CAM, the rh2 
phase is present until the end of charge in the fatigued NCA 
case. Here, the rh2 content was determined to be 27%, which 
is in good agreement with the measured capacity loss of 26%. 
The presence of additional rhombohedral phases was also veri-
fied by XAS.[166] Changes in the Ni spectra indicate differently 
degraded CAM and that part of the material, presumably rh2, 
does not participate in the electrochemical reactions.

Figure 7 presents a schematic illustration of the oxidation/
reduction processes occurring in the NCA particles. As it is 
more difficult to extract Li from the inner parts of secondary 
particles, it is assumed that the Li-richer rh2 domains are rather 
located in the core. The rh3 domains are then expected to be 
present in the outer parts of the secondary particles, as they are 
more delithiated. The study clearly demonstrates the hetero-
geneous charge transfer properties of an electrode, leading to 
local differences in the degree of (de-)lithiation. Results from 
Gent et al.[168] corroborate these observations even for low-Ni 
NCM. They demonstrated that domains within the same 
NCM111 secondary particle can vary in their Li content by over 
10% and assume that this variation is likely even greater in 
three dimensions. Ultimately, the heterogeneous (de-)lithiation 
does also affect the individual volume change of cathode par-
ticles, and therefore the degree of mechanical strain they are 
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Figure 5. Synchrotron-based XRD patterns of three different HE-NCM samples: a) “MS55,” b) “CP55-1,” and c) “CP55-2” with same average com-
position 0.5Li2MnO3⋅0.5LiNi1/3Co1/3Mn1/3O2. Left: Rietveld refinements together with the corresponding difference curves; vertical tics denote the 
position of the allowed reflections (R3m and C2/m). Middle: DIFFaX simulations to C2/m-related reflections. Right: First cycle charge/discharge 
curves. Theoretical specific charge capacity in blue, experimental specific charge capacity in black, experimental specific discharge capacity in red, 
irreversible capacity loss in gray, EC-active NCM in green, EC-active LiMnO2 in purple, EC-active Li2MnO3 in orange, and EC-inactive Li2MnO3 in white.  
a–c) Reproduced with permission.[165] Copyright 2016, Elsevier.
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exposed to. Local differences in volume change also increase 
the strain at the boundaries between differently delithiated 
domains, which further accelerates the mechanical degrada-
tion. Kleiner et al.[166] assumed that the presence of differently 
delithiated phases arises from side products, for example rock-
salt-like phases on the particle surface, that impede the Li-ion 
transport (note that overpotentials affect the effective upper 
and lower COVs), thereby adversely affecting the accessible 
capacity during galvanostatic cycling. Similar results have been 
reported by Liu et al.[169] High-Ni NCM and NCA CAMs suffer 
from severe capacity loss, particularly due to irreversible phase 
transformations on the particle surface.[170] Galvanostatic inter-
mittent titration technique (GITT) measurements by Kleiner 
et al.[151] revealed an increase in overpotential of fatigued NCA 
electrodes, which is attributed to changes in the surface mor-
phology, most likely due to formation of NiO-like layers. The 

formation of rock-salt-type NiO was also clearly demonstrated 
and directly observed on the atomic scale in HE-NCM using 
scanning TEM imaging by Boulineau et al.[171] and reported 
in many other studies for NCM and NCA.[91,144,146,172–175] 
Advanced in situ TEM measurements were performed by 
Hwang et al., showing the decomposition of NCA at different 
SOCs. The results provide evidence that significant changes 
occur in charged NCA, arising from highly reactive Ni4+ spe-
cies at high SOC. Also, transformation from the layered to 
spinel phase is likely since layered LiTMO2

[109–111] and spinel 
LiTM2O4 materials share the same ccp oxygen framework 
(rhombohedrally distorted for LiTMO2) with an interlayer dis-
tance of about 4.7 Å. A comprehensive demonstration of the 
cation exchange process was given by Bak et al.[53] The disor-
dered layer is believed to increase the resistance and impair the 
electrode performance.[31] Remarkably, Lin et al.[176] reported 
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Figure 6. a–d) Synchrotron-based in situ XRD on NCA showing the evolution of diffraction patterns during cycling of pristine (a) and fatigued (b) CAM 
as well as lattice parameter changes of different NCA phases in pristine (c) and fatigued (d) CAM with charging. a–d) Adapted with permission.[166] 
Copyright 2015, Elsevier.
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a structural reconstruction (layered to rock-salt to spinel) 
and chemical evolution of a surface layer on Ti-doped NCM 
(LiNi0.4Co0.18Mn0.4Ti0.02O2) particles solely due to electrode–
electrolyte interaction without the necessity of electrochemical 
activation. An impedance rise was already observed after expo-
sure of the NCM electrode to the electrolyte. Nevertheless, 
they also showed that surface reconstruction is more severe at 
more dynamic cycling. Furthermore, the study revealed that 
the surface reconstruction strongly depends on the upper COV 
as well as the crystal orientation. Thicker layers were found 
particularly along lithium diffusion channels relative to other 
orientations, thus suggesting that surface reconstruction is 
promoted by lithium removal during charging. In contrast to 
the widely reported core–shell structures,[91,172,177,178] Zhang 
et al.[179] showed that the formation of rock-salt and spinel-
like phases also occurs in the bulk of Ni-rich layered transition 
metal oxides, leading to formation of an “anti-core–shell” struc-
ture. The oxygen loss caused in the reducing environment at 
the cathodic SEI indirectly results in removal of oxygen in the 
inner particle regions via outward diffusion from the bulk to 
the oxygen-depleted surface region. Thereby, defects are formed 
in the bulk, while the surface still remains as the layered phase. 
Nevertheless, the TEM study that analyzed around 120 particles 
revealed that the majority (90%) of the particles have a core–
shell structure and only 10% were found to develop the “anti-
core–shell” structure.

3. Long-Term Fatigue and Degradation

3.1. Mechanical Degradation of Ni-Rich NCM

Because of the changes in crystal structure in Ni-rich NCMs, 
the mechanical degradation processes, such as formation of 
microcracks and cathode self-pulverization, are a major cause 
of capacity fading, especially at high charging rates.[145,169] The 

large volume changes occurring during lithiation and delithia-
tion (Figure 3a) are believed to be responsible for the buildup of 
considerable mechanical stress inside the CAM particles. The 
volume changes of NCM811 upon charging and discharging 
on the secondary particle level were visualized by Kondrakov 
et al.[28] by use of in situ light microscopy. Figure 8a shows a 
part of the top surface of an electrode with several secondary 
particles. For comparison, a representative SEM image is shown 
in Figure 8b. The relative changes in secondary particle size as 
a function of half-cell potential and Li content in the electrode 
were determined by digital image correlation. A significant irre-
versible volume change was detected in the first cycle. Because 
operando XRD did not reveal any anomalies in the first cycle, it 
is concluded that effects, such as cathodic SEI formation, con-
tribute initially to the volume increase. Figure 8c depicts the 
(reversible) volume changes observed in the second cycle. A 
direct correlation was found between the changes in secondary 
particle size and those deduced from the unit cell volume 
by XRD (Figure 3). The most pronounced volume changes 
were seen at potentials above 4.0 V vs Li+/Li, where a sudden 
shrinkage of the secondary particles occurs, in agreement with 
the unit cell volume behavior. Figure 3a also shows the crystallo-
graphic strain (anisotropic microstrain parameter S202) derived 
from operando XRD data based on Bragg reflection broadening 
and fitting using an anisotropic strain model.[28] The calculated 
values indicate that the NCM811 is subjected to more severe 
buildup of microstrain during cycling. The S202 profiles con-
firm that the lattice changes occur in a heterogeneous manner 
at high degrees of delithiation, presumably due to variations 
in lattice parameters among individual domains. Due to the 
anisotropic volume changes and the different orientations of 
crystallites (primary particles), the secondary particles experi-
ence different net strain. Intergranular cracks are frequently 
observed in cycled electrodes.[28,90,145,169,173,180,181] By discrete 
element method on a cohesive crack model, Sun et al.[90] 
showed that bipolar (i.e., anisotropic) expansion/contraction 
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Figure 7. Schematic illustration of oxidation/reduction processes in pristine and fatigued NCA with differently active phase fractions rh1, rh2, and rh3. 
Reproduced with permission.[166] Copyright 2015, Elsevier.
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of primary particles leads to greater damage as a result of ten-
sile stress generation along the grain boundaries. Using in 
situ electron microscopy, Miller et al.[180] demonstrated how 
separation at grain boundaries after cycling leads to loss of 

connectivity and electrical contact between individual grains 
in NCA. Figure 8d shows cross-sectional SEM images of both 
NCM111 and NCM811 collected before and after cycling. In 
the case of NCM111, the effect of cycling was hardly visible, 
since already the pristine material revealed a porous micro-
structure. However, the microcracks observed in NCM811 can 
be clearly attributed to electrochemical cycling, because such 
“defects” were not present in the pristine material. Sun and 
Manthiram[145] also demonstrated the greater susceptibility of 
particularly Ni-rich NCM CAMs to crack formation. In agree-
ment, several other studies[130,144,147,182] came to similar results, 
thus demonstrating the higher risk of mechanical failure when 
using Ni-rich layered oxides as CAM in Li-ion cells. Imped-
ance measurements by Sun and Manthiram[145] revealed that 
the charge transfer resistance of NCM622 remains basically 
the same during cycling, whereas that of NCM950505 steadily 
increases with increasing cycle number. Using advanced TEM, 
they showed that the formation of a NiO-like layer on the CAM 
particle surface is predominantly causing the impedance rise. 
Comprehensive results were obtained by Kleiner et al.[151] for 
NCA using near-edge X-ray absorption fine structure (NEXAFS) 
spectroscopy. They showed that more porous, open secondary 
(particle) structures can reduce the capacity fading.[168,183–185] 
Such structures are believed to better accommodate volume 
changes, thus eventually reducing stress during cycling (par-
ticularly in the case of SOC heterogeneity).

While intergranular cracks are commonly observed in Ni-
rich NCM cathodes,[28,90,145,169,173,180,181] they have been detected 
only in electrodes cycled to high potentials.[186,187] For example, 
in the case of NCM622, Yan et al.[186] observed the pres-
ence of intragranular cracks in samples cycled to ≥4.65 V vs  
Li+/Li. Ultimately, they will evolve into larger cracks. Hence, 
their formation as well as the underlying mechanism(s) must 
be understood in detail to achieve stable performance and lon-
gevity of Ni-rich NCM-based LIBs. TEM studies[186,187] revealed 
that intragranular cracking follows a strict crystallographic pref-
erence along the (003) plane. It was emphasized that edge-dis-
locations may play an important role, as they constitute nuclea-
tion sites and that cracking may therefore be initiated from the 
grain interior. This observation is in sharp contrast with the 
general opinion that intragranular cracking is preferentially 
initiated on grain boundaries or particle surfaces. Furthermore, 
it was shown by HRTEM that the layered structure transforms 
into a rock-salt-like phase at the crack surfaces.[186] The pres-
ence of Li-site TM cations (rock-salt formation) and a high 
degree of stacking faults, presumably due to distortion of the 
oxygen framework (with high vacancy concentration), was also 
observed by Zhang et al.[188] In any case, a (negative) coopera-
tive effect of oxygen vacancies, structural dislocations, cracking, 
and rock-salt formation is likely to occur.

Evidently, the choice of voltage range or, more precisely, 
the upper COV plays a crucial role in the overall degradation 
behavior, as it controls the degree of delithiation, and therefore 
the magnitude of volume changes. In most of the literature 
reports, CAMs are benchmarked for a given voltage range or 
specific SOC.[17,18] Jung et al.[91] demonstrated the significant 
impact of COV on the degradation of NCM523. It was shown 
that the material suffers from more or less irreversible trans-
formations and increasing surface resistance depending on the 
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Figure 8. a) Representative in situ light microscopy image and b) SEM 
image of NCM811 secondary particles with micrometer-scale dimen-
sions. c) Changes in secondary particle volume of NCM811 during cycling 
determined by in situ light microscopy together with the corresponding 
voltage profile and the evolution of lithium content with time. Shaded 
areas represent the error margin. d) Cross-sectional SEM images at dif-
ferent magnifications of NCM111 and NCM811 collected before (pre) 
and after (post) 50 cycles at C/2. a–d) Adapted with permission.[28]  
Copyright 2017, American Chemical Society.
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COV, presumably due to structural instability at high poten-
tials. However, it was also emphasized that the type of COV-
dependent structural degradation strongly varies with the actual 
CAM composition. A systematic analysis on the role of COV 
and composition was provided by Sun and Manthiram[145] for 
NCM622 and NCM950505. Another, more application-relevant 
way to benchmark different CAMs is the comparison with 
regard to energy density (particularly important for the elec-
tric vehicle sector). NCM111 and NCM811, for example, are 
capable of providing similar energy densities when charged 
to specific COVs. A comprehensive overview of the volume 
changes of high- and low-Ni NCM CAMs for different degrees 
of delithiation (or energy densities) was given by de Biasi 
et al.[61] Figure 9a shows the upper COV for different NCMs 
that is required to achieve a comparably high specific energy 
density of 750 Wh kg−1 (U −max(750 Wh kg )1 ), calculated from the spe-
cific capacity and the average voltage. The solid data points in 
Figure 9b display the corresponding relative change in unit 
cell volume upon charging to U −max(750 Wh kg )1 . It is apparent that 
CAMs with a higher Ni content still exhibit larger shrinkage. 
However, in contrast to when the materials are charged to the 
same upper COV of 4.3 V (hollow data points), the relative 
volume change increases in a linear fashion with increasing 
Ni content. Notably, when the samples are cycled in the range 
between 3.0 V and U −max(750 Wh kg )1  tailored for comparable energy 
density, Ni-rich NCMs reveal much better capacity retention 
than low-Ni content CAMs (Figure 9c). This result establishes 
that the overall cycling performance is not only dependent on 
the structural stability of the electrode material used, but is also 
affected by other factors.

3.2. Degradation Mechanism of HE-NCM

Very fine and evenly dispersed platelet-shaped Li2MnO3-like 
nanodomains with high degree of stacking faults, as observed 
for pristine “MS55,” lead to a higher anionic redox activity via 
the oxygen electronic band (localized formation of peroxide spe-
cies has not been proven for 3d TM-based materials yet) and 
cause smaller irreversible oxygen loss. For “CP55-2” with larger 
Li2MnO3-like domains, irreversible oxygen loss is higher during 
the initial formation and anionic redox activity is reduced. Both 
processes, irreversible oxygen loss and reversible oxygen con-
tribution, are supposed to be present in the active materials at 
the same time, but with different fractions, determined by the 
pristine nanocomposite arrangement.

Overall, our work contributed to a better understanding 
of the degradation mechanisms of Li-rich layered CAMs by 
revealing the existence of a nanotwin domain structure, even 
directly after the first electrochemical cycle, which is supposed 
to represent a kind of intermediate state toward the spinel 
phase formation with long-term cycling. Because a nonisomor-
phic cubic supergroup of R m3 , for example the Fm3m rock-salt 
structure, offers four degrees of freedom (four space diagonals 
of the cubic cell) to represent a rhombohedral ch-axis (index h 
for hexagonal lattice), twin domain formation is expected, espe-
cially since the rhombohedral distortion of Li-rich NCM CAMs 
is only very small (typical c/a ratio is 4.95–5.00 and pseudo 
cubic setting would correspond to c/a ≈ 4.89). Twins are defined 
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Figure 9. Relationship among upper cutoff voltage, gravimetric energy 
density, crystallographic volume change, and capacity retention for dif-
ferent NCM CAMs. a) Upper cutoff voltage (Umax) as a function of Ni 
content required to achieve the gravimetric energy density of NCM811 
at 4.3 V (≈750 Wh kg−1). b) Relative changes in unit cell volume at 
4.3 V and for −Umax(750 Whkg )1 . c) Capacity retention based on the second 
cycle discharge capacity when cycled in the range between 3.0 V and 

−Umax(750 Whkg )1 . a–c) Adapted with permission.[61] Copyright 2017,  
American Chemical Society.
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here as domains or crystallite parts with alternative rhombohe-
dral ch-axis orientations that define the direction of Li- and TM-
layer stacking in relation to the “main rhombohedral axis” of 
the layered matrix material.

Taking the existence of rhombohedral twin orientations into 
account is very important for an adequate structural description 
of Li-rich NCMs, since the corresponding SAED patterns with 
overlapping contributions from various R3m twin domains can 
easily be misinterpreted to represent Fd3m spinel patterns. This 
is of significant importance, because, based on SAED analyses, 
it is stated by several research groups that formation of a spinel-
like phase occurs in Li-rich nanocomposites already during 
the initial cycle,[72,73,189] even though a spinel signature in the 
electrochemical characterization appears only after extended 
cycling.[73,74] Ito et al. mentioned a twin-like framework in a 
Li-rich composite after the formation cycle[189] and also Wang 
et al.[154] described microtwinning for activated Li2MnO3. 
Sathiya et al.[69] revealed anionic redox activity based on per-
oxide formation in the structurally related Li2Ru0.5Sn0.5O3 and 
observed twin- and not spinel-like reflections in SAED patterns 
after the initial cycle, presumably linking the anionic redox to 
twin formation. A large number of crystallites of the “MS55” 
and “CP55-2” pristine materials show macroscopic twinning 
in the sense that the crystallites are composed of clearly distin-
guishable large parts with twin relation to each other. These can 

be clearly visualized by dark-field TEM imaging if specific selec-
tion of twin domain reflections is possible (Figure 10).

Without going into detail about the differences between 
“MS55” and “CP55-2,” SAED patterns of both samples show 
diffraction spots at the n/3 position, which are assigned to the 
C2/m superstructure reflections after the formation cycle with 
charging to 4.8 V vs Li+/Li (exemplarily shown for “CP55-2” in 
Figure 11a; denoted by green arrows). This provides evidence 
that Li2MnO3 structure fragments without significant long-
range correlation lengths are still present after the formation 
cycle. The stacking fault contrast observed for pristine samples 
is no longer detectable in the bright-field images. The loss of 
long-range translational symmetry between the LiMn6 honey-
comb structure elements explains the extinction of the C2/m 
superstructure reflections in the synchrotron-based XRD pat-
terns after the formation cycle. The scattering spots at the 
n/2 position can be assigned to either a spinel- or a twin-like 
domain (Figure 11a; denoted by the blue arrow). Contrary to 
the rather large twin domains in the pristine material, the 
excited areas in the dark-field images for both the “MS55” and 
“CP55-2” particles after formation are composed of nanosize 
and shapeless domains. However, the evaluation of the char-
acterization results for the second charge cycle does not indi-
cate clear spinel-like redox activity, and therefore a consid-
erable fraction of the excited area is to be ascribed rather to 
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Figure 10. TEM twin analysis of a pristine “MS55” particle in [100]h orientation. a) SAED pattern with strong reflections of the [100]h main orientation 
and weak reflections of the [−100]h twin orientation. b) HRTEM pattern of the twin boundary. c) Detail of the SAED pattern and increased contrast with 
reflections of the [100]h main orientation, the [−100]h twin orientation (red), the [101]m monoclinic twin orientation (magenta), and the [121]c spinel-
like orientation (blue). d) Dark-field (DF1) image with the [100]h main orientation excited. e) Dark-field (DF2) image with the [−100]h twin orientation 
excited. a–e) Reproduced with permission.[71] Copyright 2016, Elsevier.
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overlapping twin-like orientations than to a spinel phase. The 
TEM analysis shows drastic changes in the composite struc-
ture (twin-like and possibly spinel-like nanodomains) occurring 
during the formation cycle. The well-defined layered contrast 
in the HRTEM image verifies that a coherent ccp oxygen lat-
tice, accommodating the various cation arrangements, is main-
tained in the discharged state. TEM analysis performed after  
70 cycles is qualitatively very similar for both samples. 
The SAED patterns exhibit the R3m main reflections and  
twin/spinel-like reflections at the n/2 position. In this case, a 
clear contribution from a spinel-like phase can be revealed 
from the cycling data, implying that most of the intensity at the 
n/2 position needs to be considered to be of spinel-like origin.

The structural evolution with further cycling reveals that the 
formation of an EC-active LiMnO2 component as well as the 
subsequent spinel formation does not only depend on the irre-
versible oxygen release in the initial cycle, but is also affected 
by the reversible anionic redox activity. By entering the 4.5 V 
plateau, holes are injected into the O 2p band[15,34,75,118,190] and 

two mechanisms compete with each other, namely, irreversible 
oxygen loss and reversible oxygen contribution. The effective 
formation of EC-active bulk LiMnO2 requires LiTM extraction 
to open efficient TM migration pathways for material densifica-
tion.[65] However, before LiTM can be delithiated, LiLi needs to 
be removed from the Li layer,[191] which is accompanied either 
by irreversible oxygen loss or by reversible oxygen redox. The 
nanostructure of pristine “MS55” with very fine dispersed, 
small Li2MnO3 domains of high defect density seems to facili-
tate reversible oxygen redox as the charge compensation pro-
cess. Consequently, a high degree of delithiation of LiLi from 
the Li layer and subsequently of LiTM from the TM layer pro-
duces effective migration pathways for TM from the surface to 
the bulk, thereby allowing densification of the bulk via MnO2 
formation. For “CP55-2” with much coarser nanocomposite 
structure, the reversible oxygen redox contribution is consid-
erably limited and bulk lithium sites (LiLi and LiTM) cannot 
be sufficiently delithiated. Here, irreversible oxygen loss is 
the dominant process and results in dissolution of the oxygen 
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Figure 11. TEM analysis of a “CP55-2” particle after the initial cycle. a) SAED pattern with reflections of the [1−10]h main orientation (red arrows), 
streaked C2/m superstructure reflections of the quasi-equal monoclinic [−1−10]m, [−110]m, and [100]m orientations (green arrows), spinel/twin-like 
(blue arrow), and streaked C2/m superstructure reflections of the [00−1]m twin orientation (magenta arrows). b) Bright-field (BF) image of the particle,  
c) dark-field (DF1) image with the Li2MnO3 component in [00−1]m twin orientation excited, and d) dark-field (DF2) image with the spinel/twin-like 
component excited. a–d) Reproduced with permission.[71] Copyright 2016, Elsevier.
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framework at the particle surface,[50,65,192] by which not only LiLi 
but also surface TM cations are lost.

This work strongly indicates that nanotwinning is the preva-
lent mechanism of structural transformation during the forma-
tion cycle in Li-rich NCM CAMs. The reversible oxygen redox 
contribution is supposed to be connected with the formation 
of the observed nanoscale twin-like arrangements, probably by 
affecting the local strain via creation/annihilation of localized 
charged anion species (e.g., peroxides for comparable non-3d 
TM systems, such as Li2Ru0.5Sn0.5O3). The cation arrangement 
at a twin boundary is close to that of the spinel structure, and 
therefore it is likely that continuous creation and annihila-
tion of localized charged anion species cause the nanostruc-
ture to transform gradually into a very fine nanotwinned one 
and finally into the thermodynamically more stable spinel-like 
phase.[76,193,194] Cell cycling results in unwanted capacity and 
voltage fade, which is attributed to the appearance of a spinel-
like phase. Nanosize twinned structures, acting as a precursor 
for the spinel-like component, would help explain why the 
spinel-like component forms faster during cycling in “MS55,” 
where anionic charge compensation is enhanced compared 
to “CP55-2.” To achieve high-energy-density HE-NCM CAMs 
of good cycling stability, irreversible oxygen release from the 
surface must be avoided or minimized, e.g., by coating the 
particles with electrochemically inactive materials, such as 
Al2O3

[195–198] or AlF3
[199–201] for example. Furthermore, a high 

anionic redox contribution realized by a fine dispersed nano-
structure should be stabilized in a way that gradual increase of 
the nanosize twin domain interface (and subsequent transition 
to a spinel-like phase), causing voltage decay, is suppressed. 
This can most probably be achieved by an optimized atomic 
composition through doping with electrochemically active and/
or inactive elements, such as Al,[202] Cr,[203] Mg,[204,205] Na,[206,207] 
Nb,[208] Ru,[209] Y,[210] Zr[211] etc. However, most attempts to 
reduce the voltage fade to slow or no rate are to make sacri-
fices on the energy density, especially when doping with elec-
trochemically inactive elements.

4. In Situ Gas Analytics

Many of the degradation mechanisms discussed above are 
accompanied by gas evolution. In situ pressure analysis is a 
suitable method to detect gas formation/release based on the 
changes in internal cell pressure. A custom setup for high-
throughput in situ pressure analysis was demonstrated by 
Schiele et al.[102] and is shown in Figure 12a. Within a closed 
system and at a controlled stable temperature, the pressure 
changes are monitored via a pressure sensor. To probe the “true” 
gas evolution with cycling, usually the cell volume is deter-
mined first. A representative example of a pressure measure-
ment is given in Figure 12b. Here, the temperature-dependent 
gas evolution in NCM622 full-cells was studied. During the for-
mation cycle at 45 °C, a pressure increase was detected predom-
inantly due to graphite SEI formation. In the further course 
of the measurement, the temperature was set to either 25 or  
60 °C and the cell was subjected to continuous cycling. At 25 °C, 
the pressure remained virtually constant. However, during the 
open-circuit voltage (OCV) period of 5 h at 60 °C (red curve 

in Figure 12b) the pressure was found to strongly increase at 
first, and then it continued to increase without reaching a stable 
value. This pressure increase is believed to be caused by acceler-
ated electrolyte decomposition at elevated temperatures. Closer 
examination of the pressure curves revealed additional cyclic 
fluctuations of the internal pressure, which can be attributed to 
changes in volume of the electrode with Li (de-)intercalation. In 
fact, in situ pressure measurements have been performed on 
some anode and cathode materials in the past[102,103,212,213] (on 
an electrode level) to gain insights into 3D volume changes of 
practical electrodes. In many of these experiments, Li4Ti5O12 
(LTO), a so-called zero-strain material, was used as the counter-
electrode (note that the volumetric changes of LTO during 
cycling are negligible). By fitting and subtracting the irreversible 
pressure increase due to gas evolution, the periodic changes in 
pressure can be correlated to volume changes if the cell volume 
and the density of the active material are known.

For detailed qualitative and quantitative analysis of the 
evolved gaseous products, a continuous flow DEMS setup, 
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Figure 12. a) Pressure measurement system (i) with schematic figures 
of the custom cell (ii) and the thermostat (iii). b) Voltage profiles and the 
corresponding pressure evolution of NCM622/graphite cells. The “forma-
tion” cycle at C/10 included a 45 °C step. The subsequent cycling was 
performed at C/2 and at 25 °C (blue) or 60 °C (red). a,b) Adapted with 
permission.[102] Copyright 2017, American Chemical Society.
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combined with differential electrochemical infrared spec-
troscopy (DEIRS), was implemented by Berkes et al.[54,55] 
(Figure 13a). The most common gases that evolve in LIB cells 
during cycling are CO2, CO, C2H4, H2, and O2.[56,214,215] A 
brief overview of their formation mechanisms/origin is given 
in Table 1. In the following, we focus on gas evolution at the 
cathode side, mainly comprising release of CO2, CO, and O2. 
For the formation of both CO2 and CO, several mechanisms are 
proposed and discussed in the literature, including oxidative 
electrolyte decomposition at the CAM particle surface, Li car-
bonate decomposition, and chemical reactions of lattice oxygen 
with electrolyte molecules.[216]

For example, NCM523/graphite cells cycled between 3.0 and 
4.3 V were analyzed using the aforementioned DEMS system, 

which is clearly suited for testing electrode materials under 
realistic operating/cycling conditions.[56] Figure 13b shows 
the measured signals for H2 (m/z = 2), C2H4 (26), CO2 (44), 
and CO. Of note, by studying the electrodes in half-cells, the 
origin of the different gases could be identified in an indirect 
manner. H2, C2H4, CO2, and CO mainly evolved at the anode at 
the beginning of charging due to SEI formation. CO2 and CO 
also appeared at the upper COV in every cycle, and therefore 
they are believed to originate from oxidation of electrolyte. An 
increase in CO2 and CO signals was observed when the upper 
COV was increased to 4.4 or 4.5 V (cycles 21–26 in Figure 13b), 
thus indicating accelerated electrolyte decomposition. Especially 
Ni4+ species, present in NCM CAMs at high SOC, are highly 
reactive and presumably cause oxidative electrolyte degradation, 
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Figure 13. a) Schematic figure of the custom DEMS cell. Reproduced with permission.[55] Copyright 2015, American Chemical Society. b) Long-term 
test performed on an NCM523/graphite cell using LP57 as the electrolyte. Both the voltage profile and the corresponding MS and IR signals are shown. 
The asterisk denotes a measurement artifact. Reproduced with permission.[56] Copyright 2016, Springer Nature.
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and therefore cathodic SEI formation.[54–56,59,60] In situ gas anal-
ysis performed by Hatsukade et al.[216] on NCM with 13C-labeled 
Li2CO3 clearly demonstrated that also Li2CO3 decomposi-
tion contributes to CO2 evolution, particularly during the first 
charge cycle. At the same time, the study revealed a greater 
contribution from electrolyte decomposition, as indicated by 
significant 12CO2 release. Jung et al.[219] proposed that both the 
evolved CO2 and CO are mainly due to chemical reaction of lat-
tice oxygen from the NCM CAM with the electrolyte solvent(s). 
Likewise, based on combined heating and TEM experiments, 
Wu et al.[128] showed for NCA that O2 evolution is indeed due to 
release of lattice oxygen because of the rapid growth of a rock-
salt-type structure on the top surface according to

( ) ( )→ +2 TMO layered 2 TMO rock-salt O2 2  
(2)

Because the Ni content of NCM CAMs strongly affects the 
crystal lattice stability and determines the degree of delithia-
tion (for a given upper COV), O2 evolution, and thus also CO2/
CO evolution, is shifted to lower cell potentials with increasing 
Ni content, leading to accelerated degradation.[219,220] Comple-
mentary results were obtained by Bak et al.[226] via combined 
synchrotron-based (time-resolved) XRD and mass spectroscopy. 
The oxygen release from various NCMs was further studied by 
Jung et al.,[91,219,220] clearly showing enhanced O2 evolution with 
increasing Ni content. Apparently, there is a correlation between 
the oxygen release and the H2–H3 phase transformation, occur-
ring in Ni-rich NCM CAMs at potentials above 4.1 V. Consistent 
results were also reported for the pure Ni endmember LNO.[213] 
We also note that O2 evolution during both charging and dis-
charging has been confirmed recently by DEMS measurements 
conducted on all-solid-state battery cells.[227]

For Li-rich layered oxides, the O2 evolution usually occurs at 
high potentials.[101,219,220] During initial high-voltage charging 
up to 4.5–4.6 V vs Li+/Li of HE-NCM CAMs, Li2MnO3-like  
domains are supposed to be activated by extraction of Li and 
O atoms from the lattice.[228] Using DEMS, Castel et al.[66] 

demonstrated for cLi2MnO3⋅[1 − c]LiTMO2 materials cycled  
in half-cells between 2.0 and 5.0 V that O2 evolves above 4.7 V 
irrespective of the current rate, whereas CO2 can already be 
detected above 3.7 V at low current rate. It is explained that 
the oxygen that is extracted from the Li2MnO3-like domains 
together with lithium is first accumulated in the form of Li2O 
at the electrode–electrolyte interface.[229] The oxygen from such 
species is supposed to further react with electrolyte compo-
nents/derivatives to form oxygen-rich “intermediates,” such 
as peroxo radicals.[230] The systematic evolution observed near 
4.7 V suggests that these “intermediates” further decompose, 
thereby leading to O2 and CO2 release from the interface. Lanz 
et al.[80] completed those measurements by a combination 
of DEMS, in situ pressure, and in situ temperature experi-
ments on HE-NCM CAMs in full-cells. At the beginning of the 
charging process, they observed an internal pressure increase, 
presumably due to SEI formation on the graphite electrode and 
electrolyte decomposition on both electrodes, which, according 
to the DEMS, results in formation of H2, C2H4, and CO2. An 
accelerated increase in internal pressure at about 4.4 V was 
ascribed to oxygen release. The further increase in internal 
pressure above 4.6 V was attributed to strong oxidative decom-
position of the electrolyte at high potentials. Unlike all other 
processes, the latter was also observed during the subsequent 
cycles.

5. Summary and Perspective

The intense battery research performed in recent years at KIT 
helped to contribute to better understanding of the mecha-
nisms of formation and fatigue of layered transition metal 
oxides, in particular Ni-rich NCM and Li-rich HE-NCM CAMs. 
The characteristic process of formation of these materials and 
the fatigue mechanisms have been fundamentally characterized 
and the effect of chemical composition on cell chemistry, elec-
trochemistry, and cycling stability addressed on different length 
scales using an arsenal of advanced analytical techniques. 
Among others, it was demonstrated that especially the prop-
erties of Ni-rich NCMs show strong correlations with those of 
LiNiO2 (e.g., in terms of crystallographic changes and phase 
transformation behavior, eventually leading to material fatigue). 
The findings indicate the importance of electronic mixing 
in the nickel−oxygen states with respect to the stability of the 
crystal lattice, especially for high-energy-density applications, 
requiring high degrees of delithiation (>80%). Future research 
should clearly be focused on enhancing the electronic stability 
of materials to better protect them from, e.g., lattice oxygen 
loss. Several strategies aiming at improving the performance 
and stability of Ni-rich NCM CAMs are currently pursued. The 
most promising approaches are certainly: i) doping and ii) sur-
face modification, as well as iii) implementing concentration 
gradients. Bulk doping seems to be a viable strategy to enhance 
both the cycling performance and structural stability.[57,231–233] 
Aluminum is a prime example of how partial substitution can 
dramatically improve the thermal stability of NCMs.[57,233–235] 
Promising dopants are Mg,[233,236–238] Ti,[231,239] Mo,[240] Nb,[241] 
Zr,[242] and Na[243]; they potentially increase the performance 
(presumably) due to stronger bonding with oxygen as compared 
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Table 1. Summary of gaseous reaction products in LIBs.

Species Origin Refs.

CO2 - SEI formation (anode) [56]

- Oxidative electrolyte decomposition 

(cathode)

[100,217]

- Li2CO3 (cathode) [216]

- Reaction of lattice oxygen with electrolyte 

(cathode)

[216]

- Reductive EC:DMC decomposition (anode) [218]

CO - SEI formation (anode) [56]

- Reaction of lattice oxygen with electrolyte 

(cathode)

[219]

O2 - Lattice oxygen (cathode) [101,219,220]

H2 - Trace water and protic electrolyte constituent 

reduction (anode)

[56,221,222]

C2H4 - SEI formation (anode) [56,221,223,224]

POF3 - LiPF6 (cathode) [225]
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to Ni[244] and lower Li/Ni mixing.[238] Improvements in perfor-
mance can also be achieved by anionic fluorine doping.[245] Fur-
thermore, targeted protection through surface coating seems to 
be a promising approach to counteract electrolyte decomposi-
tion and formation of rock-salt-type or spinel phases. The lon-
gevity of cells using high-Ni NCM CAMs is found to be greatly 
improved by the presence of surface oxide[246–251] or phosphate 
coatings.[252–256] Also, molecular surface functionalization using 
organophosphates can apparently successfully reduce transi-
tion-metal dissolution, thereby positively affecting the cell cycla-
bility.[257] Since there are indications for a more severe surface 
reconstruction along Li transport channels in NCM,[176] protec-
tive coatings applied on specific crystal orientations might be 
superior over others. Another alternative approach is the syn-
thesis of compositionally graded NCM particles with Mn-rich 
shell and Ni-rich core.[258–262]

Regarding HE-NCMs, the presented work contributed to 
a more complete description of the pristine material’s com-
plex real structure by a sophisticated evaluation of the weak 
superstructure reflections. A fine and regular distribution of 
platelet-shaped Li2MnO3-like nanodomains with a high degree 
of stacking faults, coherently embedded within the NCM host 
matrix, is beneficial to achieve large discharge capacities by ena-
bling (reversible) oxygen redox contribution to the charge com-
pensation mechanism. Nanotwinning of rhombohedral domains 
during continuous cycling as a kind of intermediate structural 
modification toward a spinel-like phase (eventually forming with 
long-term cycling), represents a novel approach to explain the 
degradation mechanism of HE-NCMs. These results directed 
the focus of a proceeding research project on HE-NCM CAMs 
at KIT (restoration of a pristine-like state from cycled samples 
by thermal annealing), revealing that the structural/electronic 
changes occurring in the initial formation cycle are at least 
partially reversible. Furthermore, by profound investigations 
into lithium/oxygen incorporation and microstructural evolu-
tion during synthesis of Li-rich layered oxides, recently more 
insights into the degradation mechanism (that involves lithium 
and oxygen loss and an accompanied transition to a spinel-like 
phase) were gained,[263] which might point to future strategies to 
further improve the long-term stability of such CAMs.
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