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Abstract 

Layered lithium transition metal oxides derived from LiMO2 (M = Co, Ni, Mn, etc.) are 

widely adopted as the cathode of Li-ion batteries for portable electronics, electric vehicles 

and energy storage. Oxygen loss in the layered oxides is one of the major reasons leading 

to the cycling-induced structural degradations and the associated fade of electrochemical 

performances. Herein, we review the recent progress towards understanding the oxygen 

loss phenomena and resultant structural degradations in the layered oxides. We first 

present the major driving forces leading to the oxygen loss and then describe the 

associated structural degradations resulting from the oxygen loss. This is followed by a 

discussion on the kinetic pathways enabling the oxygen loss. The correlative 

electrochemical fade from the oxygen loss is then addressed. Finally, we review the 

possible approaches towards mitigating oxygen loss and the associated electrochemical 

fade, as well as detailing novel analytical methods for probing the oxygen loss. 
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1. Introduction 

Li-ion batteries have been widely used in portable electronics1,2, electric vehicles3–

5 and grid energy storage6–11, creating a global business of billions of U.S. dollars.12–14 In 

the large family of cathode materials, layered lithium transition metal oxides rise as a 

shining star, which are generally described with a formula of LiMO2 (M stands for Ni, Co, 

Mn, Ti, Al, etc. or their combinations) and the crystallographic space group R3̅m.15–20 A 

capacity of ~200 mAh/g and a cutoff voltage as high as ~4.6 V can be expected from the 

layered oxides to meet the current requirements in the automotive and electronics 

industries.21–24 Nevertheless, these cathodes suffer from fades in output voltage and 

capacity during service,6,17,25–27 which have been attributed to the cycling-induced 

structural degradation.22,28–31 That is, the transformation of the defect-free layered R3̅m 

structure into less electrochemically active structures or the formation of unfavorable 

structural defects.32–34 To improve the lifetime performance of the layered oxide cathodes, 

it is critical to investigate the nature of the structural degradations and develop viable 

synthesis & operation strategies to mitigate the cycling-induced fade in the 

electrochemical performance.35–37 

Extensive work has been conducted and reported on the understanding of 

structural degradations within layered cathodes. The known structural degradation 

patterns include chemical dissolution,38–40 phase transformations,24,41–44 mechanical 

damage (cathode cracking),29,45–47 formation of cavities (loss of mass),48,49 lattice 

amorphization,50–52 surface roughing (micro-fracturing),53,54 etc. Most of the structural 

degradations are driven by oxygen loss from the crystal lattice of the layered oxides, 

which results in an undermined oxygen framework and a shifted chemical environment.55–
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58 Since the oxygen framework provides fundamental support for the whole oxide,59,60 its 

damages can further develop into the aforementioned extended structural defects and 

finally impair the overall electrochemical performance. The correlation between the loss 

of lattice oxygen and structural degradations has been regarded as a critical issue in 

understanding the cycling-induced structural and electrochemical degradations.61–63 

Although lattice oxygen plays a critical role in the structural integrity of the layered 

cathodes, tracking the activity of oxygen in the cathodes during electrochemical cycling 

is a technically challenging task. This is because oxygen is a light element and only yields 

weak signals with electron-beam-based characterization techniques,64,65 thereby making 

it difficult to detect. Probing oxygen with spectroscopic methods, such as electron energy 

loss spectroscopy (EELS),66–69 X-ray photoelectron spectroscopy (XPS)70–72 and X-ray 

imaging73,74, can sufficiently reveal the chemical condition of oxygen, but they lack the 

required spatial (nanometer-scale or atomic-level) resolutions to reveal the dynamic 

evolution of oxygen that typically initiates from the surface region of the cathode 

partices.75–78 To overcome the aforementioned difficulties in tracing the oxygen loss, 

spectroscopic and microscopic techniques were combined in the study of oxygen loss in 

the past several years.50,74,79–81 Significant progress has been made in understanding the 

oxygen-loss induced structural degradations, although in-situ/operando techniques are 

still urgently demanded for directly probing the activity of oxygen and electrochemical 

cycling induced oxygen evolution. To directly monitor the oxygen evolution dynamics, the 

characterization techniques should be capable of tracing the activity and reactivity of off-

lattice oxygen with sufficient temporal, spatial and energy resolutions. 
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The last decade has seen an explosion of innovative experimental and modeling 

methods to interrogate complex materials at multiple scales. Figure 182–85 summarizes 

the state-of-the-art approaches towards probing the oxygen evolution and activity within 

the layered oxide cathodes. Each of these approaches has its own advantages and 

disadvantages. While gas analysis methods can directly detect gaseous oxygen released 

from the electrode,38,86,87 the electrochemical test is the most feasible approach for 

revealing the overall kinetics of oxygen loss.88,89 However, neither approach yields much 

information regarding the structural or electronic evolution in the cathode. Electron 

microscopy provides spatially-resolved observations of the oxygen loss kinetics at the 

atomic level.90,91 It can also probe the chemical and compositional evolution with the use 

of EELS and energy dispersive X-ray spectroscopy (EDXS). The local information 

regarding the morphological, structural, and electronic features from the electron 

microscopy tools can be complemented with the ensemble chemistry and structure 

measurements via spectroscopy and X-ray scattering to understand the oxygen-loss 

induced structural and electronic evolution on the global scale.92,93 The spectroscopy 

methods, such as XPS and nuclear magnetic resonance (NMR), can reveal the electron 

transfer accompanying the oxygen loss, yielding the chemical nature of the lost/released 

oxygen.94 In parallel, in-situ/operando techniques of electron-based imaging and 

diffraction, as well as synchrotron-based X-ray scattering and imaging have been 

developed and employed to study the working mechanisms of electrodes and the oxygen-

loss induced dynamic properties of cathode materials.95,96 In addition to the experimental 

observations, computational and simulation approaches such as the density functional 

theory (DFT) and molecular dynamics (MD) are useful supplementary tools to address 
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the atomistic mechanisms of the oxygen loss process. To fully take advantage of their 

strengths, the aforementioned techniques are usually combined to yield a comprehensive 

picture of the oxygen loss kinetics and mechanisms. 

  

Figure 1 | State-of-the-art approaches towards probing the oxygen loss kinetics and mechanisms in 
layered oxide cathodes. 

 

The purpose of this review is to give a full account of the fundamental mechanisms 

of the oxygen loss phenomena in the layered oxides gained from the experimental and 

theoretical methods. The paper is organized as follows: first the driving forces leading to 

the loss of lattice oxygen are described, which is followed by the discussions on  the more 

complicated aspects of the oxygen-loss induced structural degradations and the 

associated kinetic pathways. Afterwards, we discuss the detrimental effects of oxygen 

loss on the electrochemical performance, as well as the experimental strategies 
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developed to mitigate the oxygen loss. A perspective on the future research is also 

presented. The causal relationship between the aforementioned topics is schematically 

illustrated in Figure 2. During the electrochemical cycling, there exist various driving 

forces influencing the kinetics and pathways of oxygen loss. With the various pathways 

of oxygen loss, several different structural degradations develop, which in turn affect the 

electrochemical performance of the cathodes. Two practically important layered cathodes, 

namely the stoichiometric layered oxides (LiMO2) and Li-rich compounds (Li1+xM1-xO2), 

are used as examples to elaborate the oxygen loss mechanisms. Oxygen loss dynamics 

differ drastically among the large family of layered compounds, but here we focus on the 

fundamental mechanisms governing the oxygen loss other than the specific differences 

among the various layered oxides. For more detailed information regarding the crystal 

structures, chemical composition and electrochemical performance among different 

layered oxides, the reader is referred to the review articles by Whittingham7, Goodenough 

et al.97, Myung et al.6, Xu et al.98 and Hy et al.99 The readers are also referred to the recent 

reviews by Sharifi-Asl et al.58 for a detailed summary of different structural degradation 

patterns, by Hausbrand et al.22 for the degradation mechanisms of layered oxides, and 

by Chakraborty et al.100 for the computational design and correlative electrochemistry of 

layered oxides. 
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Figure 2 | Causality between the driving forces, kinetic pathways, structural degradations, and fade in 
the electrochemical performance associated with the oxygen loss. Examples of each topic are 
illustrated. 1) Delithiation: adapted with permission from ref 101.Copyright 2008 Royal Society of 
Chemistry. 2) Electrolyte: adapted with permission from ref 50. Copyright 2012 American Chemical 
Society; 3) Surface: adapted with permission from ref 48. Copyright 2014 American Chemical Society; 
4) Bulk: adapted with permission from ref 102. Copyright 2017 American Chemical Society; 5) Cracking: 
adapted with permission from ref 103. Copyright 2017, American Chemical Society. 

 

Besides the structural degradations of the layered cathodes induced by lattice oxygen 

loss, another important aspect of research is to understand the evolution of off-lattice 
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oxygen after escaping from the cathode. Some experiments have shown that the escaped 

singlet oxygen can oxidize the electrolyte and result in its decomposition,50,104 which can 

potentially trigger rollover effects,105 such as thermal runaway of the battery cell and even 

explosion.58,106,107 Also, some off-lattice oxygen accumulates in the sealed cell in the form 

of gaseous O2, which increases the internal pressure and acts as another source of 

burning and explosion.108–110 Besides the fire and explosion, the free O2 is also suspected 

to react with the binder in the cathode, resulting in a reduced attachment between the 

current collector and the cathode,111–113 as well as the macroscale cracking within the 

cathode.114,115  

 

2. Driving the Oxygen Loss 

2. 1 Delithiation 

Delithiation upon the charging of batteries is believed to be a major factor driving 

the oxygen loss in layered cathodes.116–119 Extraction of Li+ from the crystal lattice results 

in the oxidation of the transition metal (TM) cations from the valence state of 3+ towards 

4+,38,61,67,120,121 which become more oxidative and easier to obtain electrons from the 

lattice oxygen (O2-),122–124 eventually resulting in the release of gaseous O2 to the 

surrounding environment.125,126 The net loss from the pristine oxide is a LixO 

compound.127 Studies128–130 indicate that the charging-induced oxygen loss exacerbates 

when cut-off voltages above 4.4 V are adopted, which equals to an extraction of over 65% 

lithium from the cathode.131–133 By contrast, cycling the electrodes under 4.3 V (Li+ 

extraction <60 %) usually results in reduced kinetics of oxygen loss.134 A higher charging 
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voltage results in pronounced extraction of the Li+ cations and a higher oxidation state of 

the TM cations, which thus accelerates the oxidation of lattice O2- as well as the 

associated release of gaseous oxygen.135 Figure 3(a)38 shows mass spectrometry (MS) 

analysis of O2 release upon the charging of a Li[Ni0.2Li0.2Mn0.6]O2 cathode, which explicitly 

confirms the critical role of the higher voltage in accelerating the oxygen loss from the 

cathode. When the charging voltage is below 4.5 V, only minimum oxygen loss occurs. 

As the voltage reaches 4.5 V, an evident peak of gaseous oxygen shows up. It is worth 

noticing that the chemical composition of the layered cathode also plays an important role 

in the charging-induced oxygen loss. For instance, NMC 811 (NMC = LiNi0.8Mn0.1Co0.1O2) 

and NCA (NCA = LiNi0.80Co0.15Al0.05O2) cathodes with their transition metals composed of 

80% Ni exhibit enhanced oxygen participation via metal rehybridization and the 

associated lattice contraction.136 Compared with the low-Ni cathodes, the same extent of 

delithiation can be achieved with a lower cutoff voltage in NMC 811 and NCA, meaning 

that these layered oxides undergo severe oxygen loss at the lower charging voltages.  

More discussion can be found in Table 2 of subsection 4.2. 
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Figure 3 | Driving the oxygen loss in layered oxide cathodes. (a) Mass spectrometry observation 
of oxygen loss upon the charging of Li[Ni0.2Li0.2Mn0.6]O2. Reproduced with permission from ref 38. 
Copyright 2006 American Chemical Society. (b) Comparing the electron shell energy diagrams of Li1-

xCoO2, Li1-xNiO2 and Li1-xMnO2. Reproduced with permission from ref 101. Copyright 2008 Royal 
Society of Chemistry. (c) First 21 galvanostatic charge/discharge cycles of LMR-NMC vs. Li in the 2.0-
4.7 V range at 30°C, showing a 1st charge plateau associated with enhanced oxygen loss. 
Reproduced with permission from ref 137. Copyright 2014 American Chemical Society. (d) Schematic 
summarizing the side reactions between the Li/O elements from the layered cathode and the 
electrolyte. Reproduced with permission from ref 50. Copyright 2012 American Chemical Society. (e) 
CO2 evolution in cells with a Li(Ni,Co,Al)O2 cathode during the first cycle, operated at the room 
temperature and 60°C. Reproduced with permission from ref 138. Copyright 2007 Elsevier. (f) HRTEM 
image showing the formation of an amorphous Li2CO3 + LiF mixture layer in the surface of an 
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electrochemically cycled particle. Reproduced with permission from ref 50. Copyright 2012 American 
Chemical Society. 

 

Qualitative electron shell energy diagrams of Li1-xCoO2, Li1-xNiO2 and Li1-xMnO2 

are presented in Figure 3(b) and explain why the higher cut-off voltage accelerates the 

oxygen loss.101,118 In the case of LiCoO2 with a low spin Co3+, the eg band is completely 

empty while the t2g band is completely filled. Upon delithiaton, electrons are removed from 

the t2g band to induce the oxidation of Co3+. As shown in Figure 3(b), the top of the O : 2p 

band overlaps with the bottom of the t2g band. The initial delithiation removes electrons 

from the top of the t2g band, and high-voltage delithiation removes electrons from the 

bottom, that is, the overlapped part of the t2g band with the O : 2p band. In this case, 

electrons from the top of the O : 2p band is also removed, and oxidation of lattice O2- 

occurs, thereby engendering the release of oxygen. By contrast, even the high cutoff 

voltage oxidation of the Ni3+ cations can only remove electrons from the eg band that 

barely overlaps with the O : 2p band, and the same goes for the Mn3+ cation. By this 

means, Ni3+/Ni4+ and Mn3+/Mn4+ cations are more stable redox couples against the high-

voltage-induced oxygen loss, although there are other factors making them less stable in 

the layered oxides.131,139 

 Distinctively, a voltage plateau is present during the first charge of lithium-

manganese rich (LMR) layered cathodes,140,141 as demonstrated in Figure 3(c).137 The 

~4.5 V plateau is attributed to intensive oxygen loss and the associated structural 

degradations (e.g., phase transformation), which is termed as “cathode activation”.127,142 

The absence of this plateau in the following electrochemical cycles corresponds to 

attenuated oxygen loss. This voltage plateau does not show up in the layered cathodes 
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other than LMR, majorly because they do not have such pronounced oxygen loss in the 

first cycle. Even though, oxygen loss in the oxides other than LMR is still pronounced in 

the first tens of cycles,91,103 after which the fresh particle surface is stabilized by reaction 

with the electrolyte, and the oxygen loss slows down. In these cases, other evidence can 

be collected to monitor the cycling-induced subtle oxygen loss, which will be discussed 

later in this review. 

 

2.2 Side Reactions (Electrolyte) 

The lithium and oxygen from the cathode can react with the surrounding electrolyte 

and result in the formation of multiple compounds, which are collectively termed as “side 

reactions” of the electrochemical cycling.119,143,144 The side reactions consume Li and O 

from the cathode as reactants, thus driving the loss of Li and O.145,146 The participation of 

electrolyte in the side reactions leads to its partial decomposition.4,147,148 Byproduct 

compounds are generated on the surface of the cathode particle or within the electrolyte. 

Figure 3(d)50 summarizes some byproducts of the side reactions, including CO2, H2O, 

Li2O, Li2CO3, LiF and multiple organic compounds. Regardless of the large number of the 

byproducts, here we only discuss a few major ones that pertain to the O/Li loss. 

A key step in oxygen-loss-involved side reactions is the reduction of O2. The 

gaseous O2 from the cathode is highly oxidative and can be easily reduced by the 

electrolyte,145,149–151 which is the major reason for the decomposition of the electrolyte. 

The reduction of O2 results in the formation of free oxygen radicals (majorly O2-) in the 

electrolyte,152,153 which can subsequently combine with other components in the 
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electrolyte and results in the formation of the multiple byproducts. It is worth mentioning 

that the state of delithiation of layered oxides plays a factor in forming the reactive singlet 

O2, while the stability of the electrolytes also determines their decomposition, meaning 

that the cathode/electrolyte reactions are complex processes. The readers are referred 

to the work by Strehle et al.86 for detailed discussions. 

The reduction of gaseous O2 by the carbon black and the carbon species in the 

organic electrolyte results in the formation of CO2.38,154–156 Figure 3(e)138 presents mass 

spectrometry showing the formation of CO2 in an NCA cathode during the first charge, 

indicating that both a higher voltage and a higher temperature accelerate the production 

of CO2 and thus the loss of oxygen, which confirms the driving effects of the higher cutoff 

voltages on accelerating the oxygen loss, as discussed in Figure 3(a). 

Another side reaction is the formation of Li2O via combining Li+ from the cathode 

with O2-.157,158 As mentioned in section 2.1, the oxygen loss is accelerated by delithiation, 

meaning that the removal of Li and O from the cathode can be a synchronously coupled 

process, making the Li2O a popular byproduct. Even without the electrochemical 

delithiation, the 2Li+ + O2- = Li2O reaction chemically drives the outward diffusion of both 

Li and O from the cathode.79,159 The electrochemically compatible Li2O can further react 

with the acidic components from the electrolyte and transforms to less electrochemically 

active phases, such as LiF:160 

LiPF6 + H2O + Li2O → 2HF + LiF↓ +3LixPOFy    (1)143 

Also, Li2O can react with HF from the electrolyte or binder to form LiF.161 LiF is 

usually imbedded in the solid-electrolyte interface (SEI) layer. 
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The gaseous CO2 from the side reaction can easily combine with the Li2O in the 

surface of cathode particles, resulting in the formation of Li2CO3.50,162 The lithium 

carbonate together with LiF can form an amorphous SEI layer coated on the particle 

surface (Figure 3(f))50, which reduces the ionic conductivity of the cathode and undermine 

the connectivity between neighboring cathode particles. 

Table 1 summarizes the electrochemical conditions under which the formation of 

Li2O-like compounds and the associated Li2CO3/LiOH occurs. Regardless of the 

accelerating effect of the high cutoff voltage on its formation,163 Li2O has been observed 

across NMC, LiCoO2 and LMR cathodes under varied electrochemical conditions, 

including simple immersion of the layered oxide in electrolyte without cycling. The 

maximum Li2O is generated at the activation of the cathode, which is progressively 

transformed to Li2CO3, LiOH or LiF compounds as the electrochemical cycling 

proceeds.163,164 

 

Table 1 | Electrochemical conditions for the formation of Li2O-like compounds.  

Reference Cathode Electrolyte Voltage (V) 
Current 

Rate 
Cycles 

Cherkashinin et 
al.165 

LiNi0.4Mn0.4Co0.2O2; 
LiCoO2 

LiPF6 + EC 
+ DMC 

2.7~4.1; 
2.7~4.5 

C/2 
Uncycled; 
30-cycles 

Hy et al.127 
Li2MnO3; 

LiNi0.5Mn0.5O2; 
Li1.2Ni0.2Mn0.6O2 

LiPF6 + EC 
+ DMC 

2.0~4.8 C/10 
1st and 

2nd 

Cho et al.166 LiNi0.7Mn0.3O2 
LiPF6 + EC 

+ DMC 
3.0~4.3 50 mA/g 100 
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Yabuuchi et al.167 Li1.2Ni0.13Co0.13Mn0.54O2 
LiPF6 + EC 

+ DMC 
2.0~4.8 C/20 1 

 

 

2.3 Intrinsic Instability 

 A full development of the coupled O-Li loss results in complete decomposition of 

the layered oxide. This can be described with the following reaction by taking LiCoO2 as 

the example, 

LiCoO2 ↔ Li2O + CoO     (2)168 

Reaction (2) is a reversible process. Thermodynamically, the formation of LiCoO2 

via the combination of Li2O and CoO is energetically favorable at room temperature 

(RT).169 However, this does not mean that the layered oxide is very stable during the 

electrochemical cycling and its decomposition is a trivial process. A major factor driving 

the decomposition of the layered oxides (e.g., LiCoO2) is that the Li2O product can be 

consumed by further reaction with the electrolyte, as discussed in Section 2.2, 

transforming Li2O into compounds such as LiF and Li2CO3. The consumption of Li2O 

continuously drives the forward proceeding of reaction (2), namely the decomposition of 

LiCoO2. In the meantime, the CoO formed via reaction (2) accumulates on the cathode 

particle surface.170 

For a better understanding of reaction (2), a calculated LiCoO2/(Li2O + CoO) phase 

diagram is presented in Figure 4(a).169 As can be seen, both high temperature and low 

oxygen pressure accelerate the decomposition of LiCoO2, indicating that these two 
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factors thermodynamically accelerate the loss of oxygen. Since elevated temperatures 

are present in the synthesis of layered oxides as well as during the operation of battery 

cells, it is important to understand the thermal stabilities of layered oxides, as will be 

discussed in the next section. 

 

Figure 4 | Stabilities of layered oxides. (a) Calculated phase diagram of the Li-Co-O system. 
Reproduced with permission from ref 169. Copyright 2004 Elsevier. (b) Coupled in-situ XRD and mass 
spectroscopy analysis of the heating-induced oxygen loss in Li0.33Ni0.80Co0.15Al0.05O2. Reproduced with 
permission from ref 55. Copyright 2013 Wiley-VCH. 

 

2.4 Thermal Effects 

As discussed in subsection 2.3, elevated temperatures accelerate the loss of Li 

and O, and thus the thermal decomposition of layered oxides, which is termed as “thermal 

instability” of the layered oxides. Studies of the thermal instability indicate that the 

thermally-induced structural degradations are very similar to the electrochemically 

induced ones,8,171 which is a surprising conclusion considering that the impulses from 

these two treatments are intrinsically different. Clearly understanding the similarity and 

dissimilarity between the thermal and electrochemical instabilities will greatly enhance 

our understating of the structural stability of the layered cathodes. 
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Figure 4(b)55 illustrates a coupled, temperature-resolved in-situ XRD and mass 

spectroscopy (MS) analysis of the thermal decomposition of Li0.33Ni0.80Co0.15Al0.05O2 

(NCA) from RT to 500ºC, which shows that heating above 200ºC induces significant 

oxygen loss from the cathode, transforming the oxygen-rich layered phase towards the 

oxygen-deficient rock-salt phase via an intermediate spinel phase. This trend is almost 

the same as the electrochemically induced oxygen loss, as demonstrated in Figure 5. The 

similarity between the thermally- and electrochemically-induced structural degradations 

is attributed to the fact that both impulses enhance the diffusion kinetics of oxygen and 

thus the oxygen loss, although the underlaying mechanism governing their similarity 

remains unresolved.7 As the electrochemical cycling induces heat accumulation in battery 

cells, the accelerating effects of heating and electrochemical cycling on the oxygen loss 

promote each other, working as the major driving forces for the structural degradations in 

layered oxides. 

 

3. Structural Degradations Induced by Oxygen Loss 

 Microstructural degradations are the direct results from the oxygen loss, and 

responsible for the degraded electrochemical performance of the cathode.172–174 Due to 

the abundance of analytical methods for probing the structural degradations, they are 

extensively utilized in today’s research for elucidating the oxygen loss kinetics and 

mechanisms. Intensive work has been performed in understanding the patterns of 

structural degradations as well as the mitigating methods. In this section, we will discuss 
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the structural degradations induced by oxygen loss and their generation pathways and 

mechanisms. 

 

3. 1 Phase Transformations 

Phase-transformation-associated structural degradations are frequently observed 

in both electrochemically-cycled and heat-treated layered oxide cathodes.8,56,60,175–181 In 

a general description, the phase transformation in the layered cathodes follows a pathway 

of layered (R3̅m, formula LiMO2) → spinel (Fd3̅m, formula LiM2O4) → rock-salt (Fm3̅m, 

formula MO).15,44,182–186 Due to its metastability, the spinel phase is usually considered as 

an intermediate status of the layered → rock-salt transformation.187–189 The atomic 

configurations of these phases are schematically shown in Figures 5(a-c), and the 

corresponding scanning transmission electron microscopy high angle annular dark field 

(STEM-HAADF) images are presented in Figures 5(d-f).28,69,179 An example of the phase 

transformation pathway is LiNiO2 (layered ) → LiNi2O4 (spinel) → NiO (rock-salt).190  
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Figure 5 | Configurations of the layered, spinel and rock-salt phases. (a-c) Schematic atomic 
configurations of the layered, spinel and rock-salt phases. (d) STEM-HAADF observation of the 
layered phase. Adapted with permission from ref 69. Copyright 2018 American Chemical Society. (e) 
STEM-HAADF observation of the spinel phase. Adapted with permission from ref 179. Copyright 2015 
Wiley-VCH. (f) STEM-HAADF observation of the rock-salt phase. Adapted with permission from ref 28. 
Copyright 2013 American Chemical Society. The schematics in (a-c) were drawn using the VESTA 
crystallographic software.191 

 

It is worth noticing that the layered and spinel phases have permeable lattice 

channels that allow for the diffusion and intercalation of lithium cations,51,192–194 which are 

the structural foundation for their electrochemical properties. In contrast, the ideal rock-

salt phase provides no lithium diffusion channels.195 Therefore, the rock-salt phase is 

“electrochemically dead” because of its lack of the structural foundation for ion 

intercalation reaction.62,196,197 However, electrochemically cycled electrode particles with 

a rock-salt surface layer do show electrochemical activity,198,199 suggesting the presence 

of a percolating Li-channel network in the surface rock-salt phase. As opposed to the 

ideal rock-salt phase with only M2+ cations, a cation disordered/defective (e.g., TM 



 22 

vacancies) rock-salt structure can allow for Li ion diffusion and even redox reaction. For 

example, the work by Ceder et al.182,200,201 showed that the lithium excess disordered 

rock-salt cathode can exhibit a high capacity of > 280 mAh/g. The excess of lithium is 

necessary to open a percolating network of Li channels in the rock-salt structure, and thus 

promotes the insertion and extraction of Li+. Elucidating the structural defects and Li-

channel networks within the rock-salt phase is important to understand their effect on the 

functionality and degradation of the layered electrode. 

Although the transformation from the layered to the spinel phase can be realized 

through the extraction of lithium without loss of lattice oxygen, in situ variable temperature 

studies of a partially delithiated layered cathode55 have shown oxygen loss concurrent 

with the layered-to-spinel phase transition, suggesting the formation of oxygen vacancies 

in the spinel phase. A further loss of oxygen is usually considered necessary to complete 

the phase transition to the rock-salt phase. 

Similarly, the layered → rock-salt phase transformation can take place via 

interlayer mixing between the TM and Li without involving changes in chemical 

composition. This fully randomizes the two kinds of cations and is termed as “cation 

disordering”.41,139,182,190,202,203 However, a complete cation disordering without changing 

the chemical composition is not thermodynamically favorable,204139 indicating a lack of 

driving force towards the cation-disorder rock-salt phase. A more favorable way leading 

to the rock-salt phase transformation is the formation of TM2+ cations accelerated by 

oxygen loss following the delithiation, as discussed in subsection 2.1. The readers are 

referred to the review by Mohanty et al.205 for more discussions regarding the oxygen-

loss induced phase transformations within layered oxides. 
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3.2 Oxygen Vacancies 

The release of lattice oxygen leaves behind atomic vacancies in the oxygen 

framework.206–209 The process of oxygen loss is initiated in the cathode surface where the 

oxygen vacancies are also generated and subsequently diffuses inwards.89,210 As the 

atomic oxygen vacancies accumulate in the layered phase, the oxygen vacancies tend to 

aggregate to form extended structural defects, such as stacking faults, cavities and 

microcracks. 

 In-situ transmission electron microscopy (TEM) has been employed to monitor the 

oxygen-loss induced structural evolution in NCA upon heating at 400°C.91 Results 

confirms the generation of oxygen vacancies in the surface region and the subsequent 

diffusion towards the core of the particle, as shown in Figures 6(a, b). The vacancy 

containing region in Figure 6(b) is highlighted with orange dashed lines. The inset of 

Figure 6(b) shows a magnified view of vacancy clusters, as marked with yellow arrows. 

The accumulation of oxygen vacancies in the particle results in their aggregation and 

coalescence (Figure 6(c) and the inset). 
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Figure 6 | Formation and evolution of oxygen vacancies. (a-c) In-situ observation of formation and 
inward diffusion of oxygen vacancies from the surface of an NCA particle kept at 400°C. The insets 
are magnified views from the surface area, showing the dynamic introduction and coalescence of 
oxygen vacancies. (d) Amorphized rock-salt phase from the accumulation of oxygen vacancies in the 
layered phase and (e) the corresponding diffractogram. (f) Recrystallization of the amorphized rock-
salt phase and formation of cavities due to coalescence of oxygen vacancies. (g-i) Schematics 
showing the loss of lattice oxygen in the layered phase and formation of oxygen vacancies, formation 
of the amorphized rock-salt phase due to accumulation of oxygen vacancies in the layered phase, and  
recrystallization of the amorphized rock-salt phase and formation of cavities due to coalescence of 
oxygen vacancies, respectively. Adopted with permission from ref 91. Copyright 2019 American 
Chemical Society. 

 

 During the oxygen loss, the population of oxygen vacancies transforms the layered 

phase towards the rock-salt phase.183,211,212 In the meantime, the accumulation of oxygen 

vacancies also reduces the crystallinity of the crystal lattice. Their combined effects can 
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induce oartial amorphization in the resultant rock-salt phase, as shown in Figures 6(d, e). 

The amorphized rock-salt phase with a high concentration of oxygen vacancies exhibits 

a high formation energy,55 thereby driving the coalesce of oxygen vacancies and the 

formation of cavities, as shown in Figure 6(f), marked with yellow arrows. At the same 

time, the amorphized rock-salt phase recrystallizes due to the reduced concentration of 

atomic oxygen vacancies. The kinetic pathway of the oxygen-loss-induced microstructure 

evolution in the layered cathode is schematically illustrated in Figures 6(g-i). 

 

3.3 Mechanical Cracking 

Two kinds of cracking are found in cycled layered electrodes: inter- and intra-

granular cracking.213,214 Cracking of cathodes has been widely recognized as a major 

cause in undermining the capacity, discharge voltage and service life of batteries22,29,215–

219 On the other hand, the driving forces and formation mechanisms of mechanical 

cracking have been only partially revealed so far. Multiple factors, including the intrinsic 

fragility of the layered oxides,46 accumulation of minor structural defects22 and the internal 

stress induced by electrochemical cycling,29,103 are accused of being responsible for the 

mechanical cracking, while evaluating the importance and interplays of these factors is a 

major challenge. 

 Studies of electrochemically cycled cathodes46,47 indicate that intra-granular 

cracking (cracking within the primary particle) of layered cathodes has three universal 

features: 1) cracking preferentially along the (003) atomic plane of the layered phase; 2) 

coexistence of the rock-salt-like phase with the layered phase, and 3) formation of cavities 

along the crack. Examples of these features are presented in Figures 7(a-d). Figures 7(a, 
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b)220 present SEM and TEM images of cracks developed in electrochemically cycled 

LiNi1/3Mn1/3Co1/3O2 particles, which are parallel along the (003) plane. Figure 7(c)103 

presents the rock-salt phase along a developing crack. Figure 7(d)221 presents an STEM-

HAADF image of a developed crack, where cavities and the rock-salt phase are both 

observed along the crack face. 

 
Figure 7 | Oxygen-loss-induced mechanical cracking. (a, b) SEM and TEM images showing 
development of intra-granular cracks along the (003) atomic plane. Reproduced with permission from 
ref 220. Copyright 2013 Elsevier. (c) HRTEM observation showing presence of the rock-salt phase on 
a developing crack face. Reproduced with permission from ref 103. Copyright 2017 American Chemical 
Society. (d) STEM-HAADF image showing the presence of microcavities and the rock-salt phase on 
a developed crack face, as marked out by the blue arrow. Adapted with permission from ref 221. 
Copyright 2019 American Chemical Society. (e) Schematic showing the formation and fracturing of a 
rock-salt platelet across the particle, resulting in the (003) crack. Reproduced with permission from ref 
103. Copyright 2017 American Chemical Society. (f) STEM-HAADF image showing the formation of the 
(003) crack via coalescence of microcavities. (g) EELS spectra obtained from the surface towards the 
bulk of the particle in (f). Reproduced with permission from ref 222. Copyright 2018 American Chemical 
Society. 

 

Both the rock-salt phase and nanocavities result from the oxygen loss, as discussed 

in subsections 3.1 & 3.2. Therefore, the intra-granular cracking is also an oxygen-loss-

induced phenomenon. The oxygen loss initiated from the particle surface progressively 

penetrates into the bulk, leaving behind a damaged lattice that finally turns into a crack.222 
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On the other hand, the kinetic pathway of oxygen-loss-induced cracking is still being 

highly debated and needs further research and validation. One hypothesis is the 

formation and fragmentation of a rock-salt platelet across the primary particle, as 

schematically shown in Figure 7(e).103 Upon oxygen loss, a thin platelet of the rock-salt 

phase grows all the way through the primary particle. Due to its fragility, the rock-salt 

platelet is broken up by the stress shocks generated by the electrochemical cycling, 

leading to the formation of (003) cracks. The rock-salt platelet formation and growth by 

the oxygen loss is similar as the layered → rock-salt phase transformation discussed in 

section 3.1. 

Lithiation/delithiation upon the electrochemical cycling results in the anisotropic lattice 

expansion and contraction of the layered phase. For instance, upon the delithiation from 

LiNi1/3Mn1/3Co1/3O2 to Li0.5Ni1/3Mn1/3Co1/3O2, the lattice expands by 2.0% along the c 

direction and shrinks by 1.4% along the a direction.223 On the other hand, the rock-salt 

phase generated via oxygen loss is electrochemically “dead”, meaning that its lattice does 

not change along with the electrochemical cycling. The asynchronous 

expansion/contraction between the layered and rock-salt phases generates cyclic strain 

shocks on the brittle rock-salt phase, thereby resulting in its fracture and the associated 

particle cracking.224,225 The readers are recommended to look up the works by Lim et 

al.226, Ryu et al.227, Li et al.228 and Li et al.229 for more details. 

Another hypothetical pathway for the intra-granular cracking is the formation and 

coalescing of microcavities, as illustrated by the STEM-HAADF image in Figure 7(f).222 A 

high concentration of cavities forms and subsequently coalesces along the (003) plane to 

generate a crack. EELS spectra of the particle (Figure 7(g)) indicate that the microcavities 
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have features of the rock-salt phase, as confirmed by the STEM-HAADF image in Figure 

7(d). These cavities are surrounded by a shell of the rock-salt phase, which is further 

surrounded by a skin of the layered phase. It seems that the cavitation is a byproduct of 

the layered → rock-salt phase transformation, similar as the ones in Figures 6(f, i). 

Apparently, more work needs to be performed to confirm the kinetic pathways and 

atomic mechanisms of cracking, which also helps understand the driving forces for 

oxygen loss from the surface vs. within the bulk. Based on the current observations, both 

the fracturing of rock-salt platelets and coalescing of cavities are the operating 

mechanisms for inducing the intra-granular cracking. 

 

3.4 Surface Roughening 

Upon the layered → rock-salt phase transformation, a shell of the rock-salt phase 

can be generated on the outermost surface of the particle due to the preferred oxygen 

loss in the surface.230,231 The fragility of the rock-salt shell and cyclic electrochemical 

shocks induce surface fragmentation and roughening, similar as the fracturing of the rock-

salt platelet in the bulk (Figure 7(e)). Figure 8(a)232 shows the formation of an amorphous 

rock-salt layer in the surface of an electrochemically cycled LiNi0.62Co0.14Mn0.24O2 particle. 

The rock-salt shell has a loose, largely amorphized structure, making it vulnerable to 

electrochemical impulses and the associated cracking.50 A crystallized rock-salt layer has 

a rigid, well-defined crystal lattice with a good structural integrity, but it still suffers from 

its intrinsic fragility (Figure 8(b))69 and transforms into a hill-and-valley-like roughened 

surface configuration. The roughness increases the total surface area in contact with the 
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electrolyte, thereby accelerating the electrolyte-accelerated oxygen loss and structural 

degradations, such as the side reactions discussed in subsection 2.2. 

 

Figure 8 | Surface roughening. (a) STEM-HAADF image showing the formation and fracturing of an 
amorphous rock-salt shell in the surface. Adapted with permissions from ref 232. Copyright 2021 
Elsevier. (b) HRTEM image showing the formation and fracturing of the crystalline rock-salt phase in 
the surface, resulting in a hill-and-valley-like surface configuration. Reproduced with permission from 
ref 69. Copyright 2018 American Chemical Society. 

 

3.5 Interplays among Driving Forces and Structural Degradations 

The development of the different structural defects follows the pathway from the 

generation of oxygen vacancies to spinel/rock-salt phase transformation and then to 

cracking/surface roughening (Figure 9(a)). The loss of lattice oxygen induces the 

reduction of TM cations and thus drives the phase transformation, and the generation of 

brittle rock-salt phases in the bulk and surface results in particle fracturing. The critical 

role of the rock-salt phase in the fracturing has been repeatedly shown in previous 

studies.103,233,234 In other words, the meso- and macro-scale degradations and failures of 

the cathode particles are generated by the phase transformations induced by the 

accumulation of atomic defects. Examples of the developing pathway of structural 

degradations have been presented in Figures 7 and 8. It is also worth noticing that the 

degradation pathways shown in Figure 9(a) have been confirmed experimentally. As 

summarized  in Table 2, the degradation pathways also depend on the cut-off voltage 

and number of cycles. 
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Figure 9 | Interplays among the driving forces and structural degradations. (a) Schematic 
showing the developing pathways of the structural degradations over multiple length scales ranging 
from the generation of atomic vacancies due to the loss of lattice oxygen to the spinel/rock-salt phase 
transformations and the resultant surface roughening and/or intragranular cracking. (b-d) Influence of 
the cutoff voltage on the development of intragranular cracking within LiCoO2. Reproduced with 
permissions from ref 235. Copyright 2019 Royal Society of Chemistry. 

 

As discussed in Figure 3, a stronger driving force such as a higher cutoff voltage 

results in accelerated oxygen loss, generating more severe structural degradations and 

electrochemical fade.105 This is exemplified by the LiCoO2 in Figures 9(b-d),235 which also 

confirms the degradation pathways shown in Figure 9(a). The cutoff voltage of 4.2 V 

generates no observable structural degradation (Figure 9(b)) after 50 electrochemical 

cycles. The 4.55 V generates plates of degraded phase (Figure 9(c)), while the 4.7 V 
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cutoff voltage further breaks the plates into cracks (Figure 9(d)), demonstrating the 

accelerating effect of the cutoff voltage on the development of cracking. 

 Compared with the extensive studies regarding the influence of cutoff voltage and 

thermal effects on the structural degradations,236,237 there is still a great lack of 

understanding of the influence of the charge current rate, the type of electrolyte and the 

morphology of cathode particles on the microstructural evolution, although they are also 

known to influence the oxygen loss kinetics and the associated structural 

degradations.238–241 A complete, comprehensive understanding of the various driving 

factors in the oxygen loss and resultant structural degradation will enhance our abilities 

in optimizing the electrochemical performance while maintaining desirable structural and 

electrochemical stability. 

 

4. Pathways and Kinetics of Oxygen Loss 

4.1 Surface- and Bulk-Related Oxygen Loss 

Observing the pathways for oxygen loss is critically important for understanding the 

associated structural degradation mechanism and predicting the microstructural evolution 

in the cathode, yet little advances have been made in this field. The major challenge is 

the experimental difficulty in direct, in-situ observations of the oxygen loss process with a 

sufficient spatial and time resolution, which will be further elaborated in the Section 6. 

Instead, approaches of indirect or ex-situ observations have been made. Based on the 

observations, two pathways of oxygen loss have been proposed. The first one is the 

preferred loss of oxygen from the surface region, which progressively develops towards 

the particle core.48,79,207,242–244 This hypothetical pathway was proposed based on the fact 
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that the surface is in direct contact with the electrolyte, as schematically shown in Figure 

10(a)139, which preferably drives oxygen loss from the surface other than the bulk. Side 

reactions, for example, majorly occur on the solid-electrolyte interface (SEI).18,50,119,143 

Oxygen and lithium atoms in the surface region travel a shorter distance to participate in 

the side reactions with the electrolyte. The preferable structural degradations in the 

surface region are widely observed, responsible for most of the structural degradations 

induced by oxygen loss. 

 

Figure 10 | Surface- and bulk-related pathways for oxygen loss. (a) Schematic illustrating the 
preferred oxygen loss in the surface induced by its direct contact with the electrolyte. Reproduced with 
permission from ref 139. Copyright 2015 Wiley-VCH. (b) SOC map of NCA particles charged to 4.2 V, 
showing a uniform distribution of SOC. Reproduced with permission from ref 245. Copyright 2011 Wiley-
VCH. (c) SOC map of NMC-622 particles charged to 3.88 V, showing a uniform distribution of SOC. 
Reproduced with permission from ref 246. Copyright 2018 Elsevier. (d) Schematic showing pronounced 
SOC in the particle surface upon charging. (e, f) EELS analysis showing a depth-dependent oxygen 
loss in an NMC particle charged to 4.7 V, induced by the combined effects of delithiation and electrolyte. 
Reproduced with permission from ref 66. Copyright 2014 Royal Society of Chemistry. 
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Besides the electrolyte, delithiation is another major driving force for the oxygen 

loss, as we have discussed in subsection 2.1. The state of charge (SOC) of the cathode 

affects the valence state of the TM cations, thereby determining the oxidation of O2- as 

well as the loss of oxygen. Figure 10(b)245 presents an SOC map of NCA particles 

charged to 4.2 V, derived from the corresponding Raman map. The SOC distributes 

uniformly across the particle, and the surface region does not show observably higher 

SOC. Figure 10(c)246 presents an SOC map of NMC-622 particles charged to 3.88 V, 

which is also uniform without lifted SOC in the surface. The uniform distribution of SOC 

indicates that delithiation drives oxygen loss from both the bulk and surface of the 

particles. In short, the accelerating effect of the electrolyte on oxygen loss is most 

pronounced in the surface, while the delithiation acts more uniformly in driving oxygen 

loss across the entire particle. With the combined effects of electrolyte and delithiation, 

the oxygen loss and the associated structural degradations are mostly pronounced in the 

particle surface while they are also possible in the bulk. 

In contrast, the work by Lim et al. 247 shows that delithiation firstly occurs in the 

particle surface, as followed by delithiation in the bulk. This indicates that a higher SOC 

is generated in the surface, as schematically shown in Figure 10(d).66 This argument is 

supported by the fact that the width of the lithium channels only allows for one Li+ to pass. 

Considering a single Li+ channel, the Li+ cations in the surface have to leave first before 

the outward diffusion of deeper Li+ cations can occur, meaning that delithiation is more 

feasible in the surface. This argument does not conflict with the uniform SOC maps shown 

in Figures 10(b, c). The SOC maps were obtained ex situ in charged particles where the 

Li concentration has reached equilibrium. The higher SOC in the surface is a kinetic effect 
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that occurs during the delithiation process. Once the driving force (i.e. current/voltage) for 

delithiation reaches a steady value (e.g., the cutoff voltage), the kinetically induced Li 

concentration gradient is eliminated during relaxation, resulting in a homogeneous SOC 

at equilibrium. Unfortunately, this kinetic process of delithiation has not been directly 

observed yet. The major challenge is the lack of measuring the extraction of Li cations at 

the nanometer and atomic levels. Direct observations will greatly enhance our 

understanding of the delithiation process. Another interesting question to be answered is 

how to differentiate the driving effects of delithiation and electrolyte on oxygen loss and 

the associated structural degradations. For now, we know that both the electrolyte and 

delithiation can lead to oxygen loss in the surface, but are unclear which one is more 

dominant and how these two mechanisms are coupled. Answers to these questions are 

critical in correlating the macroscale electrochemical performance with the cycling-

induced oxygen loss at the atomic level. 

A well-known example of the coupled effects of delithiation and electrolyte on driving 

the oxygen loss is the depth-dependent gradient of structural degradations developed 

from the surface towards the bulk, observed in electrochemically cycled 

cathodes.48,79,177,248 Figures 10(e, f)66 present an NMC particle charged to 4.7 V in an 

electrolyte composed of LiPF6, EC and DMC, where depth-dependent EELS spectra were 

obtained. The pre-peak of the oxygen K-edge decreases from the bulk towards the 

surface. Since the pre-peak arises from the hybridization between the TM 3d shell and 

the O 2p shell, the EELS spectra in Figure 10(f) indicate that the loss of oxygen is most 

pronounced in the surface and is progressively attenuated towards the bulk, which results 
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from the influence of the electrolyte. On the other hand, the penetration of the oxygen 

loss to a depth of ~5 nm results from the influence of delithiation in the bulk. 

Another piece of convincing evidence for the surface- and bulk-related oxygen loss 

pathways is that the layered → rock-salt phase transformation has been observed in both 

the surface and bulk of primary particles. Since the formation of the rock-salt phase is 

directly related to oxygen loss in the layered oxides,38,67,178 the amount of the rock-salt 

phase generated in the layered oxide particle can be considered as an indicator for the 

oxygen loss. The surface region, which is in direct contact with the electrolyte, is preferred 

in oxygen loss and thus the phase transformation,36,249–251 resulting in a so-called “core-

shell” configuration in electrochemically degraded primary particles,48,244 as shown in the 

high-resolution TEM (HRTEM) image in Figure 11(a)177 and the corresponding schematic 

in Figure 11(b).48 The bulk of the particle remains as the pristine layered phase. 
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Figure 11 | Evidence of surface- and bulk-related oxygen loss pathways. (a) HRTEM image 
showing a “core-shell” configuration resulting from oxygen loss in the surface. Reproduced with 
permission from ref 177. Copyright 2014 Wiley-VCH. (b) Schematic corresponding to (a). Reproduced 
with permission from ref 48. Copyright 2014 American Chemical Society. (c, d) HRTEM image and 
schematic showing an “anti-core-shell” configuration formed by oxygen loss in the bulk of the particle. 
Reproduced with permission from ref 102. Copyright 2017 American Chemical Society. 

 

By contrast, oxygen loss from the bulk results in formation of the rock-salt phase 

in the core area. It has been observed that in LiNi0.80Co0.15Al0.05O2 (NCA) particles cycled 

between 3.0 - 4.3 V for 30 cycles, rock-salt domains of ∼50 to ~70 nm are formed in the 

bulk of the particle, as demonstrated by the HRTEM image and schematic in Figures 11(c, 

d)102. This configuration is inversed compared with the core-shell configuration shown in 

Figures 11(a, b), so it is termed as an “anti-core-shell” configuration. 
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Bulk-related oxygen loss is kinetically slower compared with the surface-related 

loss. One reason is that the surface-related loss is driven by both electrolyte-assisted side 

reactions and delithiation, while the bulk related one is only driven by delithiation, as 

discussed in Figure 10. Also, oxygen in the bulk has to diffuse through the surrounding 

layered lattice to reach the surface, which is kinetically slow. For instance, the oxygen 

diffusivities in the lattice of Li[Li1/9Ni1/3Mn5/9]O2 at 30 and 50°C are 3 × 10-13 and 2 × 10-12 

cm2 · s-1, respectively.252 

 

4.2 Oxygen Loss among Different Oxides 

 Due to the different chemical and structural conditions among the large family of 

layered oxides, different layered oxides exhibit distinctive features for the oxygen loss 

induced structural degradations. In Table 2 we present the structural degradation 

phenomena within the most common layered oxides: LiCoO2, NMC, Ni-rich and LMR. 

 

Table 2 | Structural Degradation Phenomena among Different Layered Oxides 

Cathode Degradation Pathway Reference 

LiCoO2 
2.5~4.35 V, 50 cycles: surface phase transformation and 

intragranular cracking 
 

Wang et al.185 

NMC 333 

2.7~4.3/4.5 V, 100 cycles: surface phase transformation and 
internal cavities. 2.7~4.7/4.8 V, 100 cycles: cavities further 

develop into cracks 
 

 Yan et al.237 

NMC 622 
2.5~4.5 V, 50 cycles: surface phase transformation and 

microcracking 
 

Yang et al.253 

NMC 811 

2.7~4.3 V, 100 cycles: surface phase transformation. 2.7~4.7 
V, 100 cycles: surface phase transformation and intragranular 

cracking 
 

Cheng et 
al.254 

NCA 
3.76~4.3 V, 100 cycles: surface phase transformation and 

microcracking 
Park et al.255 
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LiNiO2 
3.3~4.2V, 100 cycles: surface phase transformation, 

nanopores and cracking 
 

Yoon et al.256 

Li1.2Ni0.2Mn0.6O2 
(LMR) 

2.0~4.7V, 45 cycles: surface phase transformation Yan et al.257 

 

 Table 2 confirms the pathways of oxygen loss induced structural degradations in 

Figure 9(a), and cracking is considered as the most severe degradation. The Ni content 

and cutoff voltage are regarded as the major factors accelerating the oxygen loss, as 

demonstrated by the development of cracks in high-voltage or high-Ni tests.237,258,259 The 

reader is recommended to read the review article by Li et al.260 for a comprehensive 

comparison of the oxygen loss kinetics among different layered oxides. 

As increasing the Ni content serves as a major approach for enhancing the 

capacity of NMC cathodes,261,262 understanding the dependence of oxygen loss on the Ni 

content becomes a critical topic for maintaining the structural stability. Conventionally, Ni 

is considered to reduce the structurally stability, majorly because the high chemical and 

electrochemical activities of Ni facilitate the formation of minor structural defects such as 

Li-Ni anti sites and vacancies that subsequently lead to pronounced oxygen loss. The 

prevailing interlayer mixing between Ni3+ and Li+ also undermines the lithium intercalation 

and thus electrochemical kinetics.263 Figures 12(a-c)264 present differential capacity vs. 

voltage curves of LiNi1/3Co1/3Mn1/3O2, LiNi0.6Co0.2Mn0.2O2 and LiNi0.8Co0.1Mn0.1O2. As can 

be seen, higher Ni contents transform the original two-phase transition to multiphase 

transitions, which results in declined reversibility and cycling performance of the oxides 

owing to the lattice distortion and oxygen loss. 
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Figure 12 | Influence of Ni content on the oxygen-loss kinetics. (a-c) Differential capacity vs. 
voltage curves of LiNi1/3Co1/3Mn1/3O2, LiNi0.6Co0.2Mn0.2O2 and LiNi0.8Co0.1Mn0.1O2. The higher Ni 
contents result in pronounced multiphase transitions and structural degradations. Reproduced with 
permission from ref 264. Copyright 2013 Elsevier. (d, e) STEM-HAADF observation of 
LiNi0.8Co0.1Mn0.1O2 and LiNiO2 cathodes after 100 cycles, showing reduced oxygen loss with an 
increased Ni content. Reproduced with permission from ref 265. Copyright 2021 Wiley-VCH. 

 

 Xie et al.265 recently proposed that other than the Ni content, the SOC and surface 

reactions of high-Ni cathodes play bigger roles in the structural and electrochemical fade. 

In their comparison of 100-cycle LiNi0.8Co0.1Mn0.1O2 and LiNiO2 cathodes, the former 
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shows more significant surface degradation (Figures 12 (d, e)). This work brings to 

attention that the cathode-electrolyte interaction and formation of SEI in the particle 

surface plays a critical role in promoting oxygen loss. The SEI was previously reported as 

a diffusion barrier that separates the cathode and the electrolyte and thus prevents further 

oxygen loss.266,267 In contrast to the previous understanding, Xie et al. found that its non-

self-limiting formation process requires continuous reaction with the lattice oxygen and 

therefore results in significant oxygen loss (see also subsection 2.2 “Side Reactions 

(Electrolyte)”). Acknowledging the complex role of Ni in the oxygen-loss-related structural 

degradation, more research effort is called on the complex multiphase transitions within 

high-Ni cathodes in Figures 12(a-c), which remains as a major source for the surface and 

bulk oxygen loss and crystal lattice deterioration. 

 

4.3 Other Factors Affecting Oxygen Loss Kinetics 

 Besides the surface- and bulk-related pathways of oxygen loss, there are more 

kinetic factors in oxygen loss, such as the rate, the amount and the relationship between 

oxygen loss and cycling numbers, as discussed in the following. The rate of oxygen loss 

is negatively correlated to the cycling number. Research268–270 shows that oxygen loss is 

most pronounced in the first tens of cycles, after which it gradually slows down and 

eventually becomes unobservable. In LMR materials, the first cycle has the most active 

oxygen loss, which is much attenuated in the following cycles, as shown in the example 

in Figure 13(a).50 A Li1.2Ni0.2Mn0.6O2 cathode was cycled between 2.0-4.8 V at 10 mA/g, 

and differential electrochemical mass spectroscopy (DEMS) was recorded in-situ. The 
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most dominant oxygen loss during the first charge is confirmed with the detection of O2, 

CO and CO2. 

 
Figure 13 | Relationship between the rate of oxygen loss and cycle numbers. (a) DEMS analysis 
showing the loss of O2, CO and CO2 as a function of the electrochemical cycling of a Li1.2Ni0.2Mn0.6O2 
cathode. Reproduced with permission from ref 50. Copyright 2012 American Chemical Society. (b) 
Discharge capacity vs. cycle number curve of a TODA-NCA cathode, showing an abrupt reduction of 
capacity around the 50th cycle. (c) HRTEM image of a 30-cycle TODA-NCA particle, showing the 
formation of a partially crystallized surface rock-salt layer. (d) HRTEM image of a 100-cycle TODA-
NCA particle, showing the formation of a fully crystallized surface rock-salt layer. Reproduced with 
permission from ref 91. Copyright 2019 American Chemical Society. 

 

 In the stoichiometric layered cathodes, the loss of oxygen is pronounced in the first 

tens of cycles. Figure 13(b)91 presents a discharge capacity vs. cycle number curve of a 

TODA-NCA cathode cycled between 3.0-4.3 V for 300 cycles, at a rate of C/10. Besides 

the gradual capacity loss as a function of cycling, an abrupt capacity loss shows up 

around the 50th cycle, which can be attributed to the formation of an amorphous surface 

rock-salt shell and its recrystallization (Figures 13(c, d)). Before the 50th cycle, an 
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amorphous rock-salt shell develops in the particle surface and undergoes gradual 

crystallization, as shown by the HRTEM image of a 30-cycle sample in Figure 13(c), 

where the rock-salt shell is partially crystallized. Around the 50th cycle, the surface rock-

salt shell becomes fully crystallized, which isolates the intact layered phase in the core 

from the surrounding electrolyte, significantly reducing the ionic conductivity and resulting 

in the abrupt loss of capacity. An HRTEM view of the100-cycle particle (Figure 13(d)) 

confirms the presence of the fully crystallized surface rock-salt layer. In other words, the 

oxygen loss is most pronounced before the 50th cycle. Once the crystalline rock-salt shell 

forms around the 50th cycle, it slows down the outward diffusion of oxygen due to its low 

conductivity of oxygen. 

 Like all chemical reactions, oxygen loss stops when the reactant runs out. For the 

layered electrode, the reactant is the pristine R3̅m layered phase, whose amount is fixed 

in a battery cell. The final product after a full decomposition is the rock-salt phase, e.g., 

NiO, which is very stable in the battery cell and unlikely to go through further oxygen 

loss.244 Therefore, oxygen loss stops once the layered phase is fully transformed to the 

rock-salt phase. However, in a realistic battery cell the layered phase is almost impossible 

to fully decompose even after a long operation time. For instance, LiCoO2 and NCA 

cathodes cycled between 2.5 - 4.2 V at 45°C retain capacities of > 70% after 500 

cycles.233 Another example is that LiCoO2/graphite cells tested between 3.0 - 4.2 V at  

45°C also retain capacities of > 70% after 300 cycles.271 Other than considering the 

theoretical status of a “fully damaged” battery cell, it is more realistic to consider the 

oxygen loss during a service time of 1000-5000 cycles or 3-5 years. 
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 As demonstrated in Figures 13(c, d), a crystallized rock-salt shell forms in the 

particle surface after 50 cycles. The presence of this crystalline rock-salt layer isolates 

the layered phase in the bulk from the electrolyte surrounding the particle, significantly 

slowing down the loss of oxygen.44,272,273 This configuration seems to be the “final product” 

of oxygen loss in a realistic layered oxide cathode, although cracking can break a large 

particle into a few smaller ones covered with the rock-salt phase. On the other hand, the 

capacity continues to fade after the formation of the crystalline surface rock-salt layer, 

and it is unknown if this fade is caused by the continued loss of oxygen, or other structural 

degradations such as lattice disordering and interlayer mixing between Li/TM cations. 

Therefore, monitoring the chemical and structural evolution in long-term-service battery 

cells is critically important, as demonstrated by the results of Xu,224 Kleiner274 and Liu,45 

while further relevant research is needed. 

 

5. Oxygen Loss and the Correlative Electrochemical Performance 

 There is no doubt that all forms of the oxygen-loss-induced structural degradations 

have detrimental effects on the electrochemical performance of the layered cathodes. 

The real interesting questions are, (i) how those structural defects are generated by the 

electrochemical cycling, and (ii) how the structural defects in turn affect the 

electrochemical properties such as capacity, discharge voltage and rate capability. We 

have discussed the first question in the previous sections, and discuss the second one in 

this section. Like most materials, the structure-property relationship lies within the central 

interest of the research and application of layered oxides. Unfortunately, quantitative 

results on the structure-property relationship are still in a great lack. 
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5.1 Capacity 

 Capacity is one of the most important electrochemical properties of a cathode 

material. Since all the structural degradations consume the electrochemically active 

layered phase, the reduction in the mass and integrity of the layered phase leads to the 

declined capacity. As exemplified in Figures 14(a-c),181 the capacity fade is positively 

correlated with the layered → rock-salt phase transformation in the cathode. After over 

300 cycles, a Li(Li0.19Mn0.54Ni0.13Co0.12Ru0.01)O2 layered cathode is observed to transform 

towards the rock-salt phase both structurally (Fm 3̅m structure, Figure 14(a)) and 

chemically (reduction of TM cations from 3+ towards 2+, Figure 14(b)), which is 

accompanied by a gradual capacity fade (Figure 14(c)). In other words, the capacity loss 

is a function of the layered → rock-salt phase transformation. 

 

Figure 14 | Oxygen loss and capacity fade. (a) XRD analysis of structural transformation towards 
the rock-salt phase accompanying the oxygen loss. (b) XPS analysis showing the reduction of TM 
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cations accompanying the oxygen loss. (c) Capacity fade accompanying the electrochemical cycling 
induced oxygen loss. Reproduced with permission from ref 181. Copyright 2012 Royal Society of 
Chemistry. (d) An NCA cathode showing capacity loss of 48% after 1400 cycles. Reproduced with 
permission from ref 275. Copyright 2015 Wiley-VCH. (e) Full development of cracks that break down 
the whole secondary particle. (f) Severe phase transformation in the particle surface leading to the 
formation of a thick rock-salt shell. Reproduced with permission from ref 35. Copyright 2018 American 
Chemical Society. 

 

 It is worth noticing that the kinetic pathways of the phase transformation, such as 

the growth morphology of the rock-salt phase, drastically determine the fade in the 

electrochemical performance. For example, formation of a surface shell of the rock-salt 

phase can slow down the intercalation kinetics of the layered phase underneath, thereby 

reducing the electrochemical performance of the whole cathode particle (Figures 11(a, 

b)). On the other hand, discontinuous rock-salt domains in the bulk of the layered particle 

do not have this blocking effect, thereby imposing much less influence on the 

electrochemical fade (Figures 11(c, d)). The kinetic pathways account for the loss of 

electrochemical performance that cannot be simply explained by the phase 

transformation. According to the data reported,48,69,79,102,177 only less than 10% of the 

pristine layered phase is consumed after long-term electrochemical cycling (500 - 2000 

cycles), while the capacity fade can be as much as ~50% due to the formation of the rock-

salt shell, as illustrated by the red curve in Figure 14(d).275 More discussion on the 

detrimental effects of the surface rock-salt shell is presented in Figures 13(b-d). Liu et 

al.45 employed in-situ XRD to quantify the fraction of the crystalline layered phases of the 

TODA NCA electrode during the initial cycles and after a total of >90 cycles (at C/20 

between 2.7 - 4.5 V). The mole fraction of the layered NCA decreases by 5% after the 1st 

cycle, presumably due to the surface reconstruction into the rock-salt phase, but remains 

almost unchanged during the subsequent >90 cycles while the discharge capacity 
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reduces by 20% from 203 to 163 mAh/g. This quantitative analysis suggests that the loss 

of the layered phase is prominent in the first-cycle electrochemical fade but contributes 

less to the subsequent capacity loss. 

 At the moment, the specific contribution from each type of the structural 

degradations to capacity loss remains largely elusive. This is majorly due to the 

coexistence and complex interplay of the various structural degradations. Different 

structural defects, including the surface rock-salt shell, cracks and cavities, can be 

generated in the same cathode particle.276 As a consequence, it is difficult to single out 

the detrimental effect of an individual degradation. It seems that they can all heavily 

damage the cathode after a full evolution. For instance, a full development of cracking 

can penetrate both the primary and secondary particles and break them down, as shown 

in Figure 14(e).35 Another example is that the severe phase transformation in the surface 

results in a thick rock-salt shell (Figure 14(f), ~20 nm),35 which drastically reduces the 

electrochemical kinetics. 

 

5.2 Other Electrochemical Fade 

Discharge voltage is another critical electrochemical property of the cathode and 

affects the power density.88,219,277 Once the discharge voltage of the cathode drops below 

the limit to drive the load, the battery cell is out of service regardless of its remaining 

capacity. An example of voltage fade is presented by the charge-discharge curves in 

Figure 15(a).278 The voltage fade is caused by the reduced chemical potential of the 

cathode,279 which is largely attributed to the reduced valence state of TM cations. As 
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discussed in the previous sections, the reduction of TM cations is directly related with 

oxygen loss, meaning that oxygen loss is a direct reason for the voltage fade. 

 

Figure 15 | Oxygen loss and voltage fade. (a) Charge-discharge curves of a Li1.2Mn0.54Ni0.13Co0.13O2 
cathode showing cycling-induced voltage fade. Reproduced with permission from ref 278. Copyright 
2015 Wiley-VCH. (b) Capacity vs. cycle number curve showing the effect of C-rate on the capacity of 
the cathode. Reproduced with permission from ref 126. Copyright 2013 Wiley-VCH. (c, d) STEM-
HAADF image and schematic showing formation of a surface rock-salt layer blocking the lithium 
channels underneath. Reproduced with permission from ref 69. Copyright 2018 American Chemical 
Society. 

 

Rate capability is another factor that affects the power/energy densities of the 

cathode. As demonstrated in Figure 15(b)126, batteries working at higher C-rates exhibit 

reduced capacities. The rate capability of the cathode is determined by the intercalation 

kinetics of Li+ cations at the atomic level. By this means, the more likely the cathode goes 

through oxygen loss, the more likely the layered phase transforms to a rock-salt like 
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structure with blocked Li channels, thereby reducing the Li+ intercalation kinetics and the 

rate capability of the cathode.280 Figures 15(c, d)69 present the blocking of the lithium 

channels by TM cations via surface reconstruction, which reduces the rate capability of a 

NCA cathode. It has been shown126 that Mn doping in layered oxides leads to a faster 

reduction in the rate capability compared with nickel and cobalt, probably because of the 

Jahn-Teller distortion associated with Mn cations. The Jahn-Teller distortion makes the 

Li channels less stable and vulnerable to the oxygen-loss-induced structural 

collapse,281,282 thereby easily generating rock-salt like features that reduce the 

intercalation kinetics of Li+. 

 

6. Approaches towards Mitigating the Oxygen-Loss-Induced Structural 

Degradations 

 Due to its detrimental effects on the structural integrity and the associated 

electrochemical performance, a number of approaches have been made to mitigate the 

oxygen loss in layered cathodes, including surface coating and tuning the chemical 

activity of the cathode. 

 

6.1 Surface Coating 

 As described above, oxygen loss and the associated structural degradations 

majorly occur through the particle surface. Therefore, stabilizing the surface of the particle 

can largely reduce the oxygen loss kinetics, thereby mitigating the associated structural 

and electrochemical degradations. 
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 Figure 16(a)283 summarizes three configurations of surface coating and their 

advantages and disadvantages: rough coating, core-shell coating and ultrathin film 

coating. These coatings differ in the configuration, preparation feasibility and functionally. 

The rough coating is achieved by non-uniform deposition of fine coating particles over the 

cathode surface. It is the easiest to prepare but cannot fully isolate the cathode particle 

from the electrolyte, thereby only mildly alleviating the degradation of the cathode. The 

core-shell coating provides a complete protection of the particle surface, but it may be too 

thick and reduces the ionic and electronic conductivity through the particle surface, 

thereby reducing the electrochemical kinetics of the cathode. To overcome this issue, a 

third coating configuration was thus developed, namely the ultrathin-film coating. This 

configuration has almost the same protecting effect as the core-shell coating, but its 

influence on the ionic and electronic conductivities is minimized by reducing the thickness 

of the coating layer. Due to its thin nature, the integrity of the ultrathin-film coating is fragile 

and highly sensitive to the synthesis and operating conditions. Small defects are 

commonly generated in the coating layer, which expose the active material underneath 

and undermine the protecting effect. 
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Figure 16 | Surface coating to mitigate oxygen loss. (a) Schematics showing three configurations 
of surface coating: rough coating, core-shell coating and ultrathin-film coating. Reproduced with 
permission from ref 283. Copyright 2010 Royal Society of Chemistry. (b) TEM image of a 
LiNi0.7Co0.15Mn0.15O2 cathode particle coated with LiZrO3 nanoparticles, an example of the rough 
coating. Reproduced with permission from ref 284. Copyright 2017 American Chemical Society. (c) 
TEM image of a Li[Li0.19Ni0.16Co0.08Mn0.57]O2 particle coated with AlF3, an example of the thick core-
shell coating. (d) Discharge capacity vs cycle number curves showing the influence of the AlF3 surface 
coating on the capacity of the Li[Li0.19Ni0.16Co0.08Mn0.57]O2 cathode. Reproduced with permission from 
ref 285. Copyright 2012 Wiley-VCH. (e, f) Al2O3- and TiO2-coated Li1.2Ni0.13Mn0.54Co0.1O2 particles, 
which are examples of the ultrathin-film coating. (g) Discharge capacity vs. cycle number curves, 
showing the influence of the ultrathin-film Al2O3 and TiO2 coatings on the discharge capacity. 
Reproduced with permission from ref 286. Copyright 2013 Wiley-VCH. 
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The rough coating layer usually adopts metal oxide nanoparticles such as Al2O3, 

MgO, ZnO, SnO2, TiO2, RuO2, and ZrO2.144,287 Figure 16(b)284 presents a TEM view of a 

LiNi0.7Co0.15Mn0.15O2 particle coated with Li2ZrO3. As can be seen, Li2ZrO3 nanoparticles 

make up a highly porous shell, which can be permeable to the liquid electrolyte. The 

mobility of electrolyte thus determines the evolution of the degradation. When low-fluidity 

solid-state electrolytes are adopted, the rough coating sufficiently isolates the cathode 

from the electrolyte and improves its performance,288 while it becomes less effective with 

high-fluidity electrolytes. 

Compared with the rough coating, the core-shell coating has wider applications 

since it fully covers the electrochemically vulnerable particle surface, creating a protection 

against either flowable or solid-state electrolytes. Figure 16(c)285 presents a 

Li[Li0.19Ni0.16Co0.08Mn0.57]O2 particle coated with AlF3. As can be seen, the particle is fully 

imbedded in AlF3 without exposed surfaces. The influence of the AlF3 coating on the 

electrochemical performance is presented in Figure 16(d). Compared with the pristine 

material, addition of 1 wt.% or 2 wt.% AlF3 increases the capacity retention after 100 

cycles without significantly changing the starting capacity. However, addition of AlF3 to 

the amount of 5 wt.% or 10 wt.% does not further increase the capacity retention. On the 

other hand, too much AlF3 leads to a loss of the starting capacity due to the reduced 

amount of the active Li[Li0.19Ni0.16Co0.08Mn0.57]O2 material. Therefore, the optimized 

amount of coating material should be sufficient to protect the particle surface while 

avoiding excessive coating thickness that would sacrifice the capacity. 
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Based on this consideration, the coating layer should cover the entire particle 

surface with the minimized thickness. This leads to the development of the ultrathin film 

coating. An example is presented in Figures 16(e, f),286 where Li1.2Ni0.13Mn0.54Co0.1O2 

particles are coated with Al2O3 and TiO2 via atomic layer deposition (ALD). As shown in 

the discharge capacity vs. cycle number curves in Figure 16(g), the ultrathin surface 

coating notably increases the cyclic stability of the cathode without significantly affecting 

the capacity. 

Among the three coating methods presented in Figure 16, the ultrathin film coating 

has the best, tunable electrochemical performance.289 However, its fabrication requires 

ALD or chemical vapor deposition (CVD), which is relatively time-consuming and high 

cost. The core-shell coating has a balanced combination of performance and cost, which 

can be feasibly synthesized with chemical precipitation or hydrothermal methods and is 

currently widely adopted.290–292 

 Within the large family of surface coatings for layered oxides, it is repeatedly 

reported that some coating materials have superior performance than the others in terms 

of capacity retention, electrochemical kinetics, etc.293 Figure 17(a)294 presents capacity 

vs. cycle number curves of bare and ZnO-, Al2O3-, Li2O·2B2O3-, ZrO2, ethanol- and MgO-

coated LiCoO2. The superior capacity retention of some coatings such as Al2O3 and ZnO 

demonstrates their better protecting effects against oxygen-loss related structural 

degradations. As shown in Figure 17(b), Cheng et al.295 attributed this enhanced 

protection to the low diffusivity of oxygen in Al2O3 and ZnO, which prevents the oxygen 

loss from the cathode. Also, Al2O3 and ZnO can act as HF scavengers and moisture traps 

that reduce the surface oxygen loss.161,296 
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Figure 17 | Comparison of the performances of different coating materials. (a) Capacity vs. cycle 
number curves of bare and ZnO-, Al2O3-, Li2O·2B2O3-, ZrO2, ethanol- and MgO-coated LiCoO2. 
Reproduced with permission from ref 294. Copyright 2007 Elsevier. (b) Calculated room-temperature 
self-diffusion coefficients of O2- in Al2O3 and ZnO as a function of Li+ concentration. Reproduced with 
permission from ref 295. Copyright 2020 American Chemical Society. (c) Influence of LiAlO2 and Al2O3 
coating on the rate capability of the NMC 622 cathode. Reproduced with permission from ref 297. 
Copyright 2018 Elsevier. (d, e) HRTEM images of the amorphous Al2O3 and crystalline AlPO4. Adapted 
with permission from ref 298. Copyright 2009 American Chemical Society. (f, g) STEM-HADDF images 
showing the protective effect of the Zr surface modification against the structural degradation of the 
Li[Li0.2Ni0.13Co0.13Mn0.54]O2 cathode after 100 cycles. Adapted with permission from ref 299. Copyright 
2018 American Chemical Society. 
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Besides the capacity retention, rate capability is another important indicator for 

evaluating the surface coating. Figure 17(c)297 presents the influence of LiAlO2 and Al2O3 

coating on the rate capability of the NMC 622 cathode, showing that the LiAlO2 coating 

exhibits better rate capability compared with Al2O3, which is majorly attributed to its 

enhanced Li+ conductivity. An ideal surface coating should have fast lithium-ion diffusion 

channels and fast electron-transfer channels for better electrochemical kinetics.298 For 

instance, the high-conductivity, amorphous Al2O3 (Figure 17(d)298) is preferred over the 

low-conductivity, crystalline AlPO4 (Figure 17(e)298). 

In addition to the traditional design of surface coating that focuses on the insulation 

of the layered oxides from the hazardous electrolyte, Li et al.299,300 also showed that, the 

intentionally induced surface degradation results in the formation of a thin layer of the 

Fm 3̅m rock-salt structure, which serves as a preventive coating against the further 

degradation of the R3̅m layered phase underneath. Figure 17(f)299 presents the atomic 

STEM-HAADF view of a Li[Li0.2Ni0.13Co0.13Mn0.54]O2 cathode after 100 cycles, showing 

the generation of a degradation layer of ~10 nm, composed of the spinel and rock-salt 

phases. When the surface of the pristine Li[Li0.2Ni0.13Co0.13Mn0.54]O2 cathode is modified 

with Zr, it exhibits a rock-salt surface layer of ~1 nm. This rock-salt surface coating along 

with the layered phase underneath remains almost unchanged after 100 cycles, as 

demonstrate by the STEM-HAADF view in Figure 17(g)299. 

Table 3 compares the advantages and disadvantages of different coating materials 

including oxides, carbon, phosphates and salts. The reader is referred to the review 
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articles by Chen et al.,283 Zuo et al.,301 Chen et al.,289 Kalluri et al.302 and Li et al.293 for 

more discussion regarding the different coating materials, their preparation and 

applications. 

 

Table 3 | Surface coating materials for layered oxides. 

Type Examples Advantages Disadvantages References 

Oxides 
Al2O3, ZnO, 
MgO, TiO2, 
SiO2, ZrO2 

Stable against 
electrolytes; good 
capacity retention. 

Reduced ionic and 
electronic conductivity. 
The oxide can exhibit 

varied morphologies and 
crystallinities, resulting in 

non-uniform surface 
coating (amenable with 
conformal coating by 

ALD). 
 

Chen et 
al.;283 

Muratahan 
et al.303 

Carbon 
Graphene; 

carbon black 
Best ionic and electronic 

conductivities. 

Carbon can be easily 
burn out by oxygen 

during synthesis. Carbon 
also creates a more 

reductive environment 
and accelerates the 

oxygen loss of layered 
oxides. 

 

Li et al.;304 
Cao et 
al.305 

Phosphate 
AlPO4; 

Co3(PO4)2; 
Li3PO4 

Low costs; low 
processing temperatures; 
good capacity retention. 

Low ionic and electronic 
conductivities. 

Ma et 
al.;306 Tan 
et al.307 

 

Salts 
AlF3; LaF3; 
MnSiO4; 
LiNbO3 

Low cost; feasible to 
fabricate; stable against 

electrolytes. 

Low ionic and electronic 
conductivities. 

Lin et 
al.;308 Li et 
al.309; Xin 
et al.310 

 

Figure 18(a)311 presents a CeF3 coating layer on a Li[Li0.2Mn0.54Ni0.13Co0.13]O2 

particle, and Figures 18(b, c)311 compares the charge-discharge kinetics of the uncoated 

and coated Li[Li0.2Mn0.54Ni0.13Co0.13]O2 cathode (CV curves). As can be seen, the cathodic 
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peak of the coated cathode is much sharper and more symmetric compared with the bare 

electrode, indicating that the discharge kinetics of the coated cathode are well maintained 

during cycling without showing discharge voltage fades. Also, the CV curves of the coated 

cathode shows very little cycling-induced changes compared with the bare cathode, 

indicating the enhanced structural stability by the coating. 

 

Figure 18 | The influence of surface coating on the oxygen loss kinetics. (a) TEM view of a CeF3 
coating layer on a Li[Li0.2Mn0.54Ni0.13Co0.13]O2 particle. (b, c) Cyclic voltammetric (CV) profiles of bare 
and CeF3-coated Li[Li0.2Mn0.54Ni0.13Co0.13]O2 cathodes, respectively. Reproduced with permission 
from ref 311. Copyright 2014 Elsevier. (d, e) O 1s XPS spectra of bare Li1.2Ni0.13Co0.13Mn0.54O2 cathode 
and its counterpart coated with La0.8Sr0.2MnO3-y, obtained after 200 electrochemical cycles. 
Reproduced with permission from ref 312. Copyright 2019 Wiley-VCH. 
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 Figures 18(d, e)312 compare the O 1s XPS spectra of bare Li1.2Ni0.13Co0.13Mn0.54O2 

cathode and its counterpart coated with La0.8Sr0.2MnO3-y. After 200 electrochemical cycles, 

the two cathodes exhibit distinct oxygen loss patterns. Intensive peaks of oxidized species 

are generated in the uncoated cathode, while the coated electrode shows only slight signs 

of oxidation. The intensive oxygen loss from the uncoated electrode results in the 

oxidation of electrolyte, thereby forming a layer of oxidized species on the particle surface. 

In summary, the surface coating separates the electrochemically active cathode 

material from directly contacting the electrolyte, thereby mitigating oxygen loss and the 

associated degradation. On the other hand, the influence of delithiation remains in driving 

structural degradations in the cathode. As we have discussed in Figure 10, unlike the 

electrolyte-induced structural degradation that preferably occurs in the surface, 

delithiation drives degradations across the whole particle. The delithiation-associated 

degradations are usually mitigated by tuning the chemical activity of the cathode, as 

discussed below. 

 

6.2 Tuning the Chemical Activity 

 Besides the surface coating of cathode particles, efforts have also been made by 

adding stabilizing elements into the cathode to reduce the chemical activity of oxygen and 

prevent its loss.244,313–315 An example is the tuning of the chemical composition of NMC 

cathodes. Increasing the Ni content is beneficial for the capacity, but it is detrimental to 

the cycling performance,316–319 as we have discussed in subsection 4.2. By contrast, a 

higher Co content is beneficial for the structural stability but yields a lower capacity, and 
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Co is an expensive element.8,320,321 Mn also increases the structural stability, but it 

introduces the John-Teller lattice distortion that is a potential source of degradations upon 

the electrochemical cycling.322,323 Accordingly, optimizing the chemical composition of Ni, 

Co and Mn becomes a critical task in tuning the structural and electrochemical stability of 

the NMC cathodes,324,325 as well as maintaining satisfactory electrochemical properties 

at the same time. 

Figure 19(a)264 presents the discharge capacity vs. cycle number curves of  NMC 

cathodes with varying Ni contents. As can be seen, the 85%-Ni cathode has the highest 

starting capacity, while only 65% of the starting capacity is retained after 100 cycles. 

Lowering the Ni content increases the cycling stability of the cathode at a cost of the 

starting capacity. For instance, the Li[Ni1/3Co1/3Mn1/3]O2 cathode with only 33.33% Ni 

retains ~92.4% of the starting capacity after 100 cycles, but its starting capacity is only 

~150 mAh · g-1, much lower than that of the Li[Ni0.85Co0.075Mn0.075]O2 cathode (~ 200 

mAh · g-1). Therefore, the Ni content needs to be optimized for a balanced combination 

of discharge capacity and cycling stability. 
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Figure 19 | Tuning the chemical activity of the cathode. (a) Discharge capacity vs. cycle number 
curves of NMC cathodes with different Ni contents. Reproduced with permission from ref 264. Copyright 
2013 Elsevier. (b) Discharge capacity vs. cycle number curves of Al-doped LiNiO2 cathodes, indicating 
that Al doping increases the cycling stability while reducing the starting capacity. Reproduced with 
permission from ref 326. Copyright 2001 Elsevier. (c) Schematic of a core-shell configuration resulting 
from the chemical gradient in a particle, where the chemical composition changes from 
Li[Ni0.86Co0.07Mn0.07]O2 to Li[Ni0.67Co0.09Mn0.24]O2 from the center to the surface. An extra shell of either 
Li[Ni0.48Co0.26Mn0.26]O2 or Li[Ni0.56Co0.18Mn0.26]O2 is added in the surface. (d) Discharge capacity vs 
cycling number curves of the core-only, core + Li[Ni0.48Co0.26Mn0.26]O2 shell, and core + 
Li[Ni0.56Co0.18Mn0.26]O2 shell, respectively, as shown in (c). Reproduced with permission from ref 327. 
Copyright 2014 American Chemical Society. 

 

Another example of tuning the chemical activity of oxygen is the doping of Al.328–

330 Unlike the Co and Mn stabilizers for the layered oxides, the Al3+ substitution only 

stabilizes the crystal lattice without participating in the electrochemical redox 

reaction.31,331 Therefore, the content of Al3+ cations cannot be too high since it is 



 60 

electrochemically inactive. Figure 19(b)326 illustrates the influence of Al doping on the 

electrochemical performance of the LiNiO2 cathode. As can be seen, doping of 10% Al 

(LiAl0.1Ni0.9O2) slightly reduces the starting capacity of the LiNiO2 cathode (from ~160 

mAh · g-1 to ~140 mAh · g-1), but the cycling stability is significantly increased. The 

LiAl0.3Ni0.7O2 cathode has an even better cycling stability compared with LiAl0.1Ni0.9O2, 

while its starting capacity is further reduced (~118 mAh · g-1). 

To overcome the trade-off between the capacity and the stability shown in Figures 

19(a, b), approaches332,333 have been made to build cathode particles with core-shell 

configurations where the stabilizing elements are enriched in the surface and a high 

concentration of Ni remains in the bulk, as exemplified in Figures 19(c, d).327 The stable 

shell protects the high-capacity core, resulting in cathode particles with the optimized 

cycling stability and electrochemical performance. As shown in Figure 19(c), the primary 

particle exhibits a well-defined core-shell configuration with the Ni content decreasing 

from the bulk towards the surface. Figures 19(d) presents discharge capacity vs. cycle 

number curves of three cathodes: the core-only material where the chemical composition 

changes from Li[Ni0.86Co0.07Mn0.07]O2 to Li[Ni0.67Co0.09Mn0.24]O2 from the center to the 

surface, the core + a Li[Ni0.48Co0.26Mn0.26]O2 shell, and the core + a Li[Ni0.56Co0.18Mn0.26]O2 

shell. As can be seen, the particle with a Li[Ni0.56Co0.18Mn0.26]O2 shell combines the 

advantages of the rest two cathodes. The starting capacity of the particle with a 

Li[Ni0.56Co0.18Mn0.26]O2 shell is almost the same as that of the core-only material (~215 

mAh · g-1), while its cycling stability is dramatically enhanced with a higher retaining 

capacity than the other two cathodes after 100 cycles. 
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6.3 Increasing Lithium Content in the SEI and Electrolyte 

As discussed in subsections 2.1 and 2.2, O2- from the cathode can 

electrochemically or chemically combine with Li+ in the electrolyte to form Li2O, which can 

be described with the following equation: 

2Li+ + O2- = Li2O.     (3)334 

The equilibrium constant Kc of reaction (3) can be calculated as following: 

Kc = [Li2O]/([Li+]2 · [O2-]),     (4) 

where [Li2O], [Li+]2 and [O2-] are the equilibrium concentrations of the corresponding 

reactants and products. Since the Li2O is solid, [Li2O] has the value of 1. Kc has a constant 

value at a fixed temperature. Therefore, the concentration of O2- in the electrolyte is 

inversely proportional to the concentration of Li+. Increasing the concentration of lithium 

salts thus reduces the concentration of O2-, which in turn reduces the driving force for the 

migration of lattice oxygen from the cathode into the electrolyte. 

Based on this consideration, addition of Li+-containing salts into the electrolyte 

reduces the tendency of the loss of lattice oxygen from the cathodes to the electrolyte. 

Figure 20(a)335 shows NMC cathodes cycled with electrolytes of different LiPF6 contents, 

indicating that a higher LiPF6 content significantly enhances the capacity retention.  



 62 

 

Figure 20 | Influence of Li content in the SEI and electrolyte on the electrochemical performance. 
(a) Discharge capacity vs. cycle number curves of NMC cathodes with different LiPF6 contents in the 
electrolyte, showing that a higher LiPF6 content increases the electrochemical stability. Reproduced 
with permission from ref 335. Copyright 2017 Elsevier. (b) RDF values of electrolytes with different 
LiPF6 concentrations, indicating that a higher LiPF6 concentration increases the stability of PF6 cation. 
(c) MD simulation of the effect of LiPF6 concentration on the ionic conductivity, showing that the 
maximum conductivity is achieved around 1M. Reproduced with permission from ref 336. Copyright 
2018 American Chemical Society. (d) DSC analysis of EC:EMC (1:1) electrolyte with different LiPF6 
concentrations, indicating that the thermal stability decreases with increased LiPF6 concentrations. 
Reproduced with permission from ref 337. Copyright 2001 Elsevier. 

 

Moreover, the increase of LiPF6 content also stabilizes itself and thus prevents the 

formation of LiF as one of the main SEI components, which has been identified as the 

main reason for the reduced ionic conductivity through the SEI layer, as shown by 

molecular dynamics (MD) simulations. Figure 20(b)336 presents the radial distribution 

function (RDF) values of electrolyte with different LiPF6 concentrations, showing that a 
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higher LiPF6 concentration stabilizes itself and thereby reduces its interaction with the 

electrode and the associated oxygen loss. 

Although increasing the LiPF6 content can prevent the oxygen loss, extra addition 

of LiPF6 also decreases the diffusivity of Li+ cations and thus the ionic conductivity of the 

electrolyte, as demonstrated in Figure 20(c),336 where the highest ionic conductivity is 

achieved around 1M. Therefore, the concentration of the LiPF6 salt in the electrolyte 

should be carefully optimized to sufficiently prevent the electrolyte decomposition and 

oxygen loss, while avoiding excessive LiPF6 that would decrease the ionic conductivity. 

Besides the ionic conductivity, the overly high lithium salt concentration also 

decreases the thermal stability of the electrolyte, generating a potential source of fire 

hazard. Figure 20(d)337 presents differential scanning calorimetry (DSC) analysis of 

EC:EMC (1:1) electrolytes (EC: ethylene carbonate; EMC: ethyl methyl carbonate) with 

different LiPF6 concentrations, indicating that the thermal stability decreases with the 

increased LiPF6 concentration. 

 

6.4 Thermodynamic and Kinetic Considerations in Mitigating the Oxygen Loss 

Wang et al. 338 calculated the reaction enthalpy for the decomposition of LiCO2 as 

a function of the Li extraction, as presented in Figure 21(a). The negative overall reaction 

enthalpies (square points in Figure 21(a)) indicate that the decomposition is exothermic 

at various SOC levels, meaning that it is energetically favorable. Hu et al.339 calculated 

the influence of temperature on the formation energy of the oxygen vacancy within 

layered oxides (Figure21(b)), showing that the formation energies become negative 
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around 300~800K in fully delithiated cathodes. These temperatures are commonly 

reachable in battery cells.340,341 

 

Figure 21 | Thermodynamics of oxygen loss. (a) Calculated and experimental enthalpies for the 
decomposition of layered LixCoO2 as a function of the Li composition x.  The diamond points are the 
calculated reaction heat for the layered-to-spinel composition, the triangle points represent the 
reaction heat for the spinel decomposition, and the square points show the overall reaction heat for 
the direct decomposition of layered LixCoO2. Reproduced with permission from ref 338. Copyright 2007 
American Chemical Society. (b) Calculated oxygen vacancy formation energies as a function of 
temperature. Reproduced with permission from ref 339. Copyright 2020 Elsevier. 

 

 Therefore, it is thermodynamically impossible to fully prevent the oxygen loss from 

layered oxides under the operating conditions of Li-ion batteries from the electrochemical 

perspective. The mitigating methods presented in this section aim at slowing down the 

oxygen loss kinetics by establishing semi-stable conditions. This is similar as the cathode 

activation during the first charge, by which the active material in the surface is 

reconstructed via significant oxygen loss, whereas the active materials underneath are 

well protected.38,342 The subsequent oxygen loss thus becomes much attenuated. Failure 

in maintaining the structural or chemical foundations for the semi-stability, such as the 

breakage of the surface coating or loss of the elemental stabilizer, will again set off the 
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oxygen loss. For instance, cracking during electrochemical cycling exposes the intact 

active material in the particle core and induces significant oxygen loss.343 

 

7. Computational Modeling of Oxygen Loss 

Computational approaches such as DFT and MD are important techniques for 

understanding the atomistic mechanisms of oxygen loss. Due to the limitation of the 

characterization techniques, challenges remain in measuring the oxygen loss kinetics and 

the evolution of atomic and electronic configurations accompanying the oxygen loss. The 

computational methods can play an important role in providing fundamental insight into 

the atomistic mechanisms to complement the experimental measurements. 

A major way for understanding the oxygen loss is to explore different kinetic 

pathways and compare their feasibilities via computational methods. Figures 22(a, b)344 

present DFT analysis of the influence of the configuration of oxygen vacancies on the 

migration energy barriers of Ni cations. The presence of oxygen vacancies reduces the 

repulsion to the migration of Ni cations, and the various positions of the oxygen vacancies 

generate different energy barriers, making it possible to distinguish and select among 

varying transformation pathways. According to Figure 22(b), the VO1 + VO2 vacancy 

configuration has the lowest energy barriers and thus is the most feasible pathway for 

structural degradation. The DFT and MD methods work well with evaluating the kinetic 

transformations among different crystallographic and electronic configurations. Therefore, 

a critical step in the modeling is to elucidate specific configurations and the pathways 

governing their transformations. A major achievement of the DFT method is to determine 
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the layered → spinel → rock-salt pathway of phase transformation.345–347 Besides the 

experimental evidence supporting this pathway, DFT calculations indicate that the layered 

→ spinel → rock-salt transformation sequence upon the oxygen loss is also a kinetically 

and thermodynamically favorable process.348,349 

 

Figure 22 | Atomistic simulations of the oxygen loss kinetics. (a, b) Comparing the oxygen-loss 
feasibilities among various positions of oxygen vacancies. Reproduced with the permission from ref 
344. Copyright 2019 Wiley-VCH. (c, d) Finite element modeling of the preferable evolution of oxygen 
vacancies and cracking along the grain boundaries of NMC cathodes. Reproduced with the permission 
from ref 222. Copyright 2018, American Chemical Society. 
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Figures 22(c, d)222 present a kinetic pathway for cracking determined with finite 

element modeling. Figure 2(c) presents time-dependent evolution of oxygen vacancies in 

a NMC cathode, indicating preferable formation of oxygen vacancies along the grain 

boundaries. Figure 22(d) shows the formation kinetics of cracking, which also preferably 

evolves along the grain boundaries. The matched kinetics between oxygen vacancy 

formation and inter-granular cracking confirms the driving effect of oxygen loss on the 

cracking. 

 

8. Summary and Outlook 

Oxygen loss has been identified as a major cause for the structural and 

electrochemical degradations in layered oxide cathodes, and extensive work has been 

performed to understand the chemical, crystallographic and electronic features of this 

process. The driving forces for oxygen loss have been attributed to delithiation, side 

reactions and intrinsic thermodynamic instability of the layered oxides. Structural 

degradations induced by oxygen loss include reduction of TM cations, phase 

transformation, formation of atomic vacancies of oxygen, cavitation and cracking. The 

electrochemical cycling drives oxygen loss and the associated structural degradations, 

which in turn degrades the electrochemical performance. Approaches have been taken 

to understand and mitigate oxygen loss from layered oxides, while characterization 

methods revealing a full structural-electronic picture or real-time kinetics of oxygen loss 
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are still in a great lack. Table 4 summarizes the major experimental approaches towards 

probing the oxygen loss. 

 

Table 4 | Experimental methods for probing the oxygen evolution. 

Name Description References 

C-V Curve 

Analyzing the influence of oxygen loss on the 
electrochemistry. The LMR oxides exhibit an evident 

irreversible first-cycle voltage plateau, while the classical 
layered cathodes show no significant features. 

 

Sun et al.350; Xu 
et al.67; Mesnier 

et al.351 
 

DEMS, IRS and 
other Gas 
Analyzers 

Correlating the oxygen content in the surrounding 
atmosphere with the electrochemical conditions. Measuring 

the release of oxygen from both the lattice and the side 
reactions with the electrolyte. Isotopic labeling allows for 

tracking the origin of the released oxygen. 
 

Guéguen et 
al.352; Berkes et 
al.353; Armstrong 
et al.38; Renfrew 

et al.354 
 

XPS/HAXPES 

Probing the electronic configuration and evolution during 
oxygen loss. Providing depth-profile information regarding 

the extent of metal reduction due to oxygen loss. 
 

Koga et al.122; 
Qiu et al.93; 

Lebens-Higgins 
et al.355 

 

TEM/STEM 

Imaging: morphological/crystallographic analysis of phase 
transformations and defect formation induced by oxygen 

loss. Diffraction: crystallography and phase transformations. 
EELS/EDS: chemical shift and composition changes. STEM-

ABF: imaging O and Li with the atomic resolution. 
 

Fell et al.208; 
Zhang et al.91; 

Xu et al.62; Gu et 
al.356 

 

Soft XAS/RIXS 

Like EELS, soft L-edge XAS can provide information regarding 
the oxygen loss.  Depth-dependent information can be 

determined from employing electron and fluorescent yield 
modes.  O K-edge RIXS has proven a valuable tool for 

examining oxygen participation at high voltages. 
 

Kleiner et al.357; 
Wang et al.358; 

Yabuuchi et 
al.359; Wu et 

al.360; Lebens-
Higgins et al.361 

 

NMR 

17O NMR allows for direct probing of the oxygen 
environment. Precisely measuring the chemical transitions of 
lithium within layered oxides and the electrolyte, revealing 

the associated oxygen loss. 

Jiang et al.362; 
Liu et al.363; Jin 

et al.364; 
Seymour et al.365 
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As we have illustrated across this review, combining the different analytical 

techniques is a viable solution for revealing a full picture of the morphology, chemistry, 

electrochemistry and kinetics of the oxygen loss. However, asynchronous experiments 

are hard to be precisely correlated with sufficient spatial (atomic-level) and time 

resolutions (seconds or hundreds of microseconds), even if they are performed under the 

same electrochemical condition. A one-stop operando approach yielding comprehensive 

information is thus urgently called. Because of its capability to probe the fast dynamics of 

local structure and chemistry at the atomic scale, in situ TEM equipped with advanced 

EDXS/EELS detectors and mass spectroscopy may be an icebreaker for resolving the 

data asynchrony. High-resolution EDXS/EELS mapping can potentially reveal the 

trajectories of oxygen within cathode lattice and the electrolyte, as well as within the solid-

electrolyte interface (SEI).366–368 Additionally, mass spectroscopy installed within the TEM 

can measures the oxygen released in the gaseous form.369,370 Besides the promising 

future of the TEM-based approach, it has a major challenge: a full battery cell setup 

containing both electrodes and electrolyte has to be established within the TEM. 

Considering the challenges in constructing such a cell, a viable operando protocol is yet 

to be developed for the electron-beam-based microscopic studies. The complexities in 

assembling such a cell are also potential sources of artifacts, including the sample 

preparation as well as electron beam irradiation effects. For instance, the thickness of the 

TEM sample must be reduced to tens of nanometers, which becomes more vulnerable to 

degradations due to the significantly increased surface-area to bulk ratio103,371. The 

membrane windows in the liquid-cell stage together with the electrolyte reduce the 

visibility of the microstructure372,373. Also, the ion-beam utilized for the sample 
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preparation374,375 and the e-beam utilized for observation183,376 can potentially induce the 

degradation & decomposition of the layered oxide and electrolyte. Besides the TEM-

based method, there are also some initial successes in operando photoemission 

spectroscopy studies of full batteries by employing the higher probing depth of hard X-

ray photoelectron spectroscopy (HAXPES),377 using set-ups akin to those for soft XAS.378 

A promising approach for capturing the oxygen loss process as well as preventing 

the potential artifacts by the electron/ion irradiation is the application of cryo-FIB (focused 

ion beam) and cryo-TEM by freezing the sample to a tunable temperature as low as -

170°C, thereby drastically reducing the beam-damage kinetics.379–381 Since the work by 

Cui et al.380 demonstrating that the cryo-TEM has the capability to yield atomic resolution 

TEM images from beam-sensitive Li dendrites (Figures 23(a-c)), the cryo-based methods 

have been increasingly applied in the observation of battery materials. Figure 23(d)382 

presents the HRTEM observation of an SEI on electrochemically deposited Li metal, 

enabled by cryo-TEM. The SEI layer, which is extremely unstable under the regular TEM 

imaging conditions,183,383,384 are well maintained by the low temperature. As the SEI is a 

major degraded microstructure resulting from oxygen loss, elucidating its atomic structure 

and composition serves as a meaningful complement for understanding the oxygen loss 

kinetics. Cryo-TEM is also demonstrated to enable high-resolution EDS and EELS 

spectroscopy and mapping with the beam-sensitive SEI,385–387 as exemplified in Figure 

23(e)388, which greatly expands its potential application. 
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Figure 23 | The applications of cryo-FIB, cryo-TEM and liquid TEM techniques in analyzing LIBs. 
(a-c) Cryo-TEM enables atomic-resolution observations of Li dendrites. Reproduced with permission 
from ref 380. Copyright 2017 American Association for the Advancement of Science. (d) Cryogenic 
HRTEM imaging of an SEI layer on the surface of electrochemically deposited Li metal. Reproduced 
with permission from ref 382. Copyright 2020 American Chemical Society. (e) Cryo-TEM-assisted EDS 
mapping of the SEI layer, showing the presence of light elements as O, F, C and P. Adapted with 
permission from ref 388. Copyright 2020 Elsevier. (f) Comparison of Li foils prepared by the room-
temperature and cryogenic FIB, highlighting the protection effect of cryo-FIB against beam damage. 
Reproduced with permission from ref 389. Copyright 2019 American Chemical Society. (g) HRTEM 
view of the Li2O SEI on a Si nanowire, enabled by liquid TEM. (h) EELS mapping of the SEI formed 
on a Si nanowire with liquid TEM. Reproduced with permission from ref 383. Copyright 2019 Elsevier. 
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Cryo-FIB has been shown to be a powerful approach for preparing cryo-TEM samples, 

which further expands the capabilities of cryo-TEM.368,390 Figure 23(f)389 compares the 

ion beam damage by room-temperature and cryogenic FIB, confirming the significant 

improvement of cryo-FIB against the beam damage. Lee et al.389 reported that the 

protection is so good that the ion-intensive and time-consuming 3D tomography 

reconstruction can be performed on a Li foil within the cryo-FIB without introducing 

observable damages. Therefore, the combination of cryo-FIB and cryo-TEM serves as a 

promising tool for probing the microstructural evolution induced by oxygen loss and thus 

the oxygen loss kinetics. Also, cryo-ultramicrotome can prepare TEM samples with a 

diameter of millimeters,391,392 which yields a good efficiency of sample preparation and 

can be a powerful supplement for cryo-FIB by providing samples of a few micrometers in 

diameter. The capabilities of the cryo-based methods can be even further expanded if 

combined with STEM annular bright filed (STEM-ABF) imaging, which has the capability 

to directly image light elements such as O and Li at the atomic resolution.356,393  

Another promising approach for preventing the electron beam irradiation effect within 

the TEM is the liquid-cell technique, which has also been shown to maintain the structural 

integrity of beam sensitive SEI, as demonstrated in Figure 23(g)383. With liquid TEM, 

EELS maps of light elements such as Li, C and O can be also obtained from the SEI with 

the nanometer-resolution (Figure 23(h)383), confirming its capability in probing the oxygen 

loss. Different from the cryo-TEM, the e-beam can generate H+ in the solution of liquid 

TEM and reduce the pH value,394,395 which needs to be closely evaluated when applied 

in probing the oxygen loss, as H+ can easily react with the layered oxide cathodes. 
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Additionally, monitoring the gaseous emissions from the cathode such as O2, CO and 

CO2 is necessary for probing the oxygen loss kinetics. DEMS and infrared techniques 

yield good correlation between the electrochemical process and gas emission, thereby 

making it feasible to plot the oxygen loss as a function of electrochemistry.353,396 

Examples of gas analysis can be found in Figures 3(a), 4(b) and 13(a). On the other hand, 

fundamental understanding of the gassing analysis results is not straightforward. For 

instance, no spatial information regarding the oxygen loss kinetics can be revealed. It is 

also hard to trace the origin of the emitted gases, which may come from either the 

electrolyte or the oxide cathode, although isotope labeling is being employed to track the 

origin of oxygen354. A potentially satisfying solution for this problem is to couple the gas 

analysis with other characterization techniques. For instance, DENSsolutions BC397 and 

Protochips Incorporated.398 have developed TEM holders with gas analyzers working 

synchronously with in-situ TEM characterization, which greatly expands the data 

accuracy and interpretability. 

Although the degrading effect of oxygen loss on the electrochemical performance is 

widely known, quantitively correlating the structural degradation with the fade of 

electrochemical performance remains as a major challenge. A major reason is that many 

forms of degradations are generated and convoluted upon the electrochemical cycling. 

Among the leading challenges is the ability to disentangle these entangled degradations 

via in-situ approaches to trace the complex processes of oxygen evolution under 

operando conditions. For instance, since that O2- anions make up an FCC lattice that is 

the fundamental framework for the layered phase,135,399,400 tracking the evolution of the 

oxygen framework with in-situ methods will provide key information for understanding the 
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driving forces for the crystal structural degradations. For explaining the whole degrading 

process, it is insufficient to just correlate a single degrading phenomenon with the fading 

electrochemistry, such as the amount of the oxygen released upon cycling. 

Comprehensive simulations of the degrading process in Li-ion batteries using physics-

based modeling software may be one of the solutions,401–404 provided that the results from 

ex-situ and operando experiments can be properly formulated and adopted by the 

simulation. 

 Another question is what leaves behind when the O2- anions leave the cathode. 

For now, we know that oxygen vacancies are generated in the O2- framework. However, 

it is largely unclear how the vacancies evolve in the cathode. This question can be further 

related to the thermal stability of the vacancy-containing cathode and the dynamic 

evolution behavior of anion vacancies. For the thermal stability, it has been demonstrated 

93,207 that a high concentration of oxygen vacancies in the R3̅m lattice reduces the energy 

barrier for the phase transformation towards the Fm 3̅m rock-salt configuration by 

increasing the mobility of TM cations. This means that the layered phase becomes more 

unstable and the accumulation of a large amount of oxygen vacancies accelerates the 

structural degradations in the cathode. For the kinetic evolution of anion vacancies, 

research has shown that a high concentration of oxygen vacancies can merge into 

cavities of namometers.90,91,221 Also, a high concentration of oxygen vacancies in local 

regions can lead to local transformation towards the rock-salt phase208,250,405. It remains 

unknown whether other structural defects, such as cracks, are also related to the 

evolution of vacancies. It has been shown that oxygen vacancies are generated to 

accompany the cracking process,237 but it is undetermined whether the cracks are formed 
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via the activity of vacancies. The answer to this question is critical in untwisting the 

complex structural degradations in layered cathode. 
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Glossary 

ABF   Annular Bright Field 

ALD   Atomic Layer Deposition 

CVD   Chemical Layer Deposition 

DEMS   Differential Electrochemical Mass Spectroscopy 

DFT   Density Functional Theory 

DMC   Dimethyl Carbonate 

DSC   Differential scanning calorimetry 

EC   Ethylene Carbonate 

EDS   Energy Dispersive Spectroscopy 

EELS   Electron Energy Loss Spectroscopy 

EMC   Ethyl Methyl Carbonate 

EPMA   Electron Probe Microanalysis 

FIB   Focused Ion Beam 

HAADF  High Angle Annular Dark Field 
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IRS   Infrared Spectroscopy 

LMR   Lithium-Manganese Rich (Layered Transition Metal Oxides) 

MD   Molecular Dynamics 

MS   Mass Spectroscopy 

NCA   LiNi0.80Co0.15Al0.05O2 

NMC   LiNi1-x-yMnxCoyO2 

RDF   Radial Distribution Function 

RIXS   Resonant Inelastic X-Ray Scattering 

RT   Room Temperature 

SEI   Solid Electrolyte Interface 

SEM   Scanning Electron Microscopy 

SOC   State of Charge 

STEM   Scanning Transmission Electron Microscopy 

TEM   Transmission Electron Microscopy 

TM   Transition Metal 

XAS   X-ray Absorption Spectroscopy 

XPS   X-ray Photoelectron Spectroscopy 
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