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Due to their high specific capacities beyond 250 mA h g, lithium-rich oxides have been considered as
promising cathodes for the next generation power batteries, bridging the capacity gap between
traditional layered-oxide based lithium-ion batteries and future lithium metal batteries such as lithium
sulfur and lithium air batteries. However, the practical application of Li-rich oxides has been hindered by
formidable challenges. To address these challenges, the understanding of their electrochemical
behaviors becomes critical and is expected to offer effective guidance for both materials and cell
development. This review aims to provide fundamental insights into the reaction mechanisms,
electrochemical challenges and modification strategies of lithium-rich oxides. We first summarize the
research history, the pristine structures, and the classification of lithium-rich oxides. Then we review the
critical reaction mechanisms that are closely related to their electrochemical features and performances,
such as lattice oxygen oxidation, oxygen vacancy formation, transition-metal migration, layered to spinel

Received 27th May 2020, transitions, ‘two-phase mechanism’, and lattice evolution. These discussions are coupled with state-of-
Accepted 18th September 2020 the-art characterization techniques. As a comparison, the anionic redox reactions of layered sodium
DOI: 10.1039/d0ee01694b transition metal oxides are also discussed. Finally, after a brief overview of the correlation among the

aforementioned mechanisms, we provide perspectives on the rational design of lithium-rich oxides with
rsc.li/ees high energy densities and long-term cycling stability.

Broader context

Electric vehicles are a promising solution to the challenges of green energy security, climate change, local air quality, and geopolitical concerns of
fossil fuels. To meet the demands of long-distance driving and low-cost electric vehicles, advanced rechargeable lithium batteries with enhanced energy
densities are needed, which triggers the extensive pursuit of novel cathode materials with high average working potentials and/or large capacities.
High-voltage cathodes, e.g. LiNiysMn,; 50, spinel and polyanionic compounds Li(Co, Ni)PO,, generally suffer from limited specific capacity, severe
electrolyte decomposition, fast electrode degradation, and the consequent safety issues. In contrast, lithium-rich oxides exhibit enhanced specific capacities
(>250 mA h g ") and energy densities (>900 W h kg™ '), which satisfy the needs of the next generation rechargeable lithium batteries for large-scale grid
storage and electric vehicles. However, undesirable issues like large initial irreversible capacity and severe voltage decay seriously hinder their practical
application. This paper aims to comprehensively review the research history, up-to-date progress, recently employed advanced characterization techniques,
and trends in the studies of reaction mechanisms of lithium-rich materials, i.e. redox mechanisms, structural transformations, interfacial reactions, and
their intrinsic relationships. We hope to provide valuable considerations for future studies on lithium-rich materials from the perspective of practical
applications.
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1. Introduction

Due to their superior properties, especially their high gravi-
metric/volumetric energy densities and long lifetimes, lithium-
ion batteries (LIBs) have led the market of energy storage
systems for EVs (Fig. 1a)." Although present EVs based on
LIBs support a vehicle range of more than 300 km and almost
meet the daily needs of urban life, many key parameters,
e.g., the driving distance, cost, lifetime, charging speed and
safety, still fall behind consumers’ expectations.®® To meet
the criteria of the next generation power batteries,” ! a variety
of advanced anodes, cathodes, and electrolytes have been
proposed and have attracted enormous attention.'*™"” In parti-
cular, as the bottleneck of battery capacity and energy density,
the reversible specific capacities of commercially available
cathodes remain lower than 200 mA h g '.'®'° Considering
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the practical capacity of 700-2000 mA h g~ for silicon-carbon
compounds and a high theoretical capacity of 4200 mA h g~*
and 3860 mA h g ! displayed by silicon and Li metal,
respectively,”°>* the development, improvement, and optimi-
zation of battery cathode materials have become crucial for
achieving high energy density of LIBs and for meeting the
demands of EV applications.>>*® When it comes to lithium
metal batteries, the identification of high capacity cathodes is
equally important to realize the advantages of high capacity Li
metal anodes also in practice.””

Commercially available cathodes for LIBs include layered
LiC00,(LCO), spinel LiMn,0,(LMO), olivine LiFePO,(LFP),
layered LiNi,CoMn,_, ,0, (NCM) and LiNi,Co,Al; , ,0,
(NCA). Their cost, volumetric and specific energy densities are
shown in Fig. 1b. Due to its high electronic and Li'-ion
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Fig. 1 (a) Main markets of the state-of-the-art rechargeable electrochemical energy storage devices. (b) The volumetric/specific energy densities and

cost of prevailing cathode materials for lithium ion batteries.

conductivities, LCO, the first commercialized cathode by Sony
Corporation in 1990,>® has been widely used in battery cells
for portable electronics. One of the recent challenges of
LCO has been how to enhance its upper charge voltage for
achieving high energy density while maintaining good cycling
stability.>*° Although LCO was applied in EV power battery
packs by Panasonic,”" the limited reserves and high toxicity of
Co and the low practical capacity and poor safety of LCO at
high temperature make it a substandard candidate for large
scale energy storage and EVs. Spinel LiMn,04*> and olivine
LiFePO,*** have distinct advantages such as low cost and
abundant supply of raw materials, highly reversible structural
changes, outstanding thermal stability and environmental
benignity.”**” However, their limited capacity and energy
density are intrinsic drawbacks that withhold their further
application in EVs. In recent years, layered NCM and NCA have
quickly occupied the market of power tools and EVs, owing to
their relatively high practical capacity and the flexibility of
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tuning energy and power densities by adjusting the type and
stoichiometry of metal ions. Generally, higher Ni content offers
higher capacity but poorer safety, employment of Mn or Al
provides good cycling and thermal stability, and Co helps to
maintain excellent electronic/ionic conductivity.***° However,
even if the challenges of Ni-rich materials (x > 0.8), such as
oxygen evolution, volume expansion, poor thermal stability and
insufficient service life, could be overcome by adopting novel
synthesis procedures, surface modifications, and structural
design, their energy densities in full cells reach only 300 W h kg™*
at the cell level which is far below the targeted 400 W h kg .2
The aforementioned cathode materials might be optimized and
used in EVs in the near term, but cathodes with new chemistry and
redox mechanisms are in pressing demand to achieve higher energy
densities of LIBs beyond those of the conventional materials for EVs
in the longer term.

Lithium-rich oxides (LROs) have been considered as the
next-generation cathodes for LIBs for a long time, because they
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have provided so far the best rechargeable capacity (over
250 mA h g ') and average discharge potential (>3.5 V vs.
Li/Li*).** The high capacity is provided by the cumulative
cationic and anionic redox reactions of LROs, and the high
content of manganese guarantees good safety and low cost.
Thus, LROs are considered as potential cathodes that can
bridge the energy density gap between the conventional layered
oxide based LIBs and future lithium-sulfur (Li-S) batteries
and lithium-air (Li-O,) batteries. However, obstacles to their
practical applications still exist, such as large initial irreversible
capacity, inferior cycling stability, poor rate capability, and
severe voltage decay, during cycling. Up to now, a great number
of studies have been carried out to understand the fundamental
mechanisms of LROs such as lattice oxygen redox reactions, O,
release, transition metal (TM) migration, layered to spinel-like
phase (LS) transitions, and the activation of low-voltage redox
couples. Due to differences in their local structures arising
from different synthesis conditions and stoichiometries and
information obtained from various characterization methods,
their charge-compensation and structural transition mechanisms
remain elusive. Moreover, a great number of layered sodium
transition metal oxides, which can be applied as cathodes for
sodium ion batteries, have also drawn much attention recently
due to their anionic redox reactions and unique structural
features. Therefore, a review with a detailed discussion of the
intrinsic connection between the anionic redox reactions,
structural evolution, and electrochemical characteristics of
LROs will be highly appreciated.

Previous reviews on LROs either focused on specific aspects,
such as pristine structures and structural transformations, 3™
anionic redox reactions,’”>® and lithium-rich oxides with dis-
ordered cations,”* or tended to collect recent advances in
characterization, electrode modifications, and chemical/struc-
tural transitions.”>>® Therefore, this review aims to provide
fundamental insights into the electrochemical features and
performances of LROs focusing on the intrinsic chemical and
structural evolution. Importantly, by comparing evidence and
the characterization results of the reaction mechanisms,
debates and controversies are summarized to guide future
developments. Detailed discussions are presented not only in
terms of key aspects such as challenges like oxygen evolution,
TM migration, phase transformations and voltage fade, strategies
like the modification of materials, and newly emerging
compounds like sodium-rich oxides, but also in terms of yet
less discussed aspects and vital issues including electrolyte
compatibility, two-phase reaction mechanisms, and advanced
characterization techniques. Last but not least, formidable
challenges and prospects for future research on lattice oxygen
redox reactions are further elaborated.

2. Brief view on LROs
2.1 Research history of LROs

LROs are a set of lithium transition metal oxides (Li;,TM;_,0,)
with the Li/TM ratio greater than 1 (0 < x < 1), such as Li,MnO;

This journal is © The Royal Society of Chemistry 2020
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and Li,RuO;. They attracted extensive interest due to their unique
electrochemical properties and complex energy storage
mechanisms. To illustrate the research history of LROs, a brief
timeline with milestones in the development is displayed in
Fig. 2. The investigation of LRO materials, such as layered
Li,Sn05°” and Li,Mn0;,”® dated back to the 1960s, was much
earlier than the development of LIBs.>® However, compared to
the conventional lithium layered oxides, the excess Li" results
in a high valence state of transition metal ions and thus those
materials have not been initially envisaged as potential cath-
odes for LIBs. In the 1990s, due to the high abundance, low-cost
and low toxicity of Mn element, layered LiMnO, had attracted
an enormous number of researchers.’® Thackeray’s group,
in 1991, tried to obtain LiMnO, by leaching Li,O from Li,MnOj3;
via acid treatment and found that the final product
Li; 0oMny 6,0, exhibits electrochemical activities.®* Up to now,
this has been the pioneering finding on the electrochemical
behavior of LRO type materials that signals the beginning of
LRO research (Fig. 2). In the following ten years, only a few
papers presented the electrochemical performance of Li,MnO;
and its analogues,®* " and their specific capacities reported in
these articles were not attractive due to the low upper cut-off
potential applied (<4.3 V vs. Li/Li").

Another milestone was reached in 2001 when Dahn’s group
firstly charged a series of Li[Ni,Li(1/3—2x/3MN(2/3—x/3)]O2 electro-
des to 4.8 V in the first cycle and found that they delivered high
reversible capacities of 220 mA h g~ at 55 °C in the voltage
range of 2.0-4.6 V.*> A year later, by using the electrochemical
study, powder neutron diffraction (ND), and in situ X-ray
diffraction (XRD), Lu et al.’®® performed a comprehensive
analysis of the initial structures, electrochemistry, and struc-
tural evolution of layered Li[Ni,Li(1/3_2yx/3MnN(z/3-x/3)]0, and
Li[CryLi(1/3—2x/3)MN(2/3—x/3)]O2 €lectrode materials. They further
provided a ‘lattice oxygen extraction’ mechanism to interpret
the irreversible plateau (i.e. ‘activation plateau’) and extra
capacities in the initial charge process, which had a profound
influence on the following research on LROs. Nearly at the
same time, based on thermogravimetric analysis-mass spectro-
metry (TGA-MS) results, Bruce’s group put forward the famous
“Li"-H" exchange” mechanism to explain the electrochemical
activity of Li,Mn0;.5'"% Five years later, the Li*~-H* exchange
mechanism was proved to be a parasitic side reaction when
layered lithium-rich Mn-rich oxides (Li[Li,Ni,Co,Mn; _,_,_,]O0,,
LMROs) worked in the high voltage range (4.5-4.8 V);** however,
this mechanism made contribution to the modification of
LROs.*>®® Other charge compensation mechanisms, such as
the further oxidation of Mn*",%” have been excluded with
the enrichment of materials systems and the development
of characterization techniques.®® Importantly, in 2006, Bruce’s
group®® confirmed the O, releasing phenomenon in LMROs for
the first time by differential electrochemical mass spectroscopy
(DEMS), which is one of the most intimidating challenges of LROs.
Delmas et al.®* also observed an increase in the TM/O ratio at the
end of the charging plateau by the XRD refinement, consistent with
the O, loss. In that article,*® the observation of Ni/Mn condensation
provided hints about a ‘“two-phase” mechanism, which was put
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forward by Croguennec and his co-workers 7 years later.®°' In

2013-2014, Dr McCalla in Dahn’s group mapped out the pseudo-
ternary phase diagrams of Li-Co-Mn-O and Li-Ni-Mn-O oxides,
which contributed both to the synthesis of desired LMROs and to a
stop of the spirited debates on the original structures of LMROs.*”*>

4454 | Energy Environ. Sci., 2020, 13, 4450-4497

Although the redox competition between cations and anions
had been identified in a variety of electrodes in LIBs,*”?**
such as MX, (X = S, Se, etc.),” ™ LiC00,,”® LiNi;;3Coy/5
Mny,;0,,°%'% etc., the earliest hypothesis of the anionic redox
in LROs came late.'®" In 2009, Koyama et al.’®" calculated the

This journal is © The Royal Society of Chemistry 2020
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electronic structure of Li, ,MnOj; (x = 2, 1.5, 1 and 0.5) by
density functional theory (DFT) calculations and proposed that
the Mn** ions remain stable and the oxidation of lattice oxygen
contributes to the charge compensation during the extraction
of the Li" ions. In 2012, the DFT calculations performed by
Xiao et al.'® also indicated that part of the charge compensa-
tion of Li,_,MnO; is provided by the oxidation of lattice oxygen
and the O, release that takes place when x > 0.5. This is
therefore very critical for the practical application of LROs due
to the poor stability of their structures. In 2013, Koga et al.®®
investigated the valence and structural changes of various
transition metal ions in Lij ,0Mng 54C00.13Nip 130, during
cycling, and their results suggested the existence of a reversible
lattice oxygen reaction. Moreover, they further studied the
structural evolution of Li; 5oMng 54C0¢.13Nip 130, by XRD and
proposed the ‘two-phase’ model accordingly.’® Specifically, the
oxygen loss mainly occurs on the surface of the particle and
results in a densified phase near the surface due to TM
migration, while the bulk of the particle maintains the original
structure and undergoes reversible oxygen reactions. In the
same year, Tarascon and his co-workers unveiled the reversible
oxygen redox reactions in LROs experimentally by investigating
the charge compensation mechanism in LizRul,ySnyOZ.68

As a consequence, the above works have led to recent
progress in the development of materials chemistry,"**%
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69-71,75,76,108  and advanced characterization tech-

theories,
niques'® """ for exploring anionic redox mechanisms in LROs
and sodium transition metal oxides,”*”*7711%113 35 symmar-
ized in Fig. 2. All recent milestones will be further discussed in

detail in the following sections.

2.2 Classification of LROs

Up to now, LROs can be classified into layered lithium-rich oxides
(LLROs) and cation disordered lithium-rich oxides (DLROSs).
Generally, LLROs exhibit much better cycling stability and higher
average working potential, while DLROs show higher specific
capacity. Li,MnO; (Li[Li;;sMny3]0,) is one of the most typical
LLROs with the space group of C2/m (Fig. 3a)'** and has a
similar layered structure to those of O3-type LCO and NCM
oxides (space group: R3m). The excess Li atoms in the Mn
layers tend to form LiMng honeycomb structure (LiMn, planes)
and result in the v/3 x v/3 — R30° ordering due to the charge
difference between Li" and Mn**.**® Therefore, along one of the
three specific crystal orientations (i.e. [100]¢a/m, [110]c2/m, and
[110]c2/m), "¢ the atomic columns exhibit Mn-Mn-Li ordering
(Fig. 3b) with each column only containing either the Li or Mn
atom. From aberration-corrected high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM)
results, it is found that the contrast is approximately proportional
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Fig. 3 Classification of LROs. (a) XRD pattern,'** (b) schematic illustration and (c'*” and d''®) HAADF-STEM images of Li-MnOs. (e) XRD pattern,2?
(f) schematic illustration, and (g) HAADF-STEM image'?? of DLROs. (h) TMs in the periodic system that are utilized in parent hosts for LROs. (i) Structural
prediction of LiAg 5B 50, based on Monte-Carlo simulations, the green color suggests structural stability, the darker color means the less stable material;
the size of the circle indicates the cation order tendency, the bigger the more the cation disorder tendency.*?® Reproduced with permission,*** Copyright
2012, Elsevier. Reproduced with permission,''” Copyright 2010, Wiley-VCH. Reproduced with permission,**® Copyright 2015, The Ceramic Society of
Japan. Reproduced with permission,'?? Copyright 2019, Wiley-VCH. Reproduced with permission,'* Copyright 2016, Wiley-VCH.
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to Z"7 (Z is the relative atomic number.). As a result, the bright-
bright-dark ordering dots can be clearly observed in the HAADF-
STEM images of Li,MnOj; (Fig. 3c)."*” It should be pointed out that
the LiMn, planes can easily rotate 120° along the [001]c,,,, zone axis
and result in high densities of stacking faults (Fig. 3d)."*® The above
features provide the basis for distinguishing the nature of the
pristine structures of LMROs."™® The structures of some layered
Li-rich oxides may be different to that of Li,MnOs, For example, the
Mo; triangle and Li" distributed randomly in the TM layers of
Li;Mo005;,""*"*° but most layered oxides, such as Li,RuO; and
Li,IrO;, are iso-structural to LiMnO; and LMROs. In regard to
the DLROs, they also have the rock-salt structure (space group:
Fm3m, Fig. 3e) as compared to the LLROs."*""**> The difference is
that all cations of pristine DLROs are randomly distributed in
oxygen octahedral sites, as shown in the illustration in Fig. 3f and
the HAADF-STEM image in Fig. 3g.'** Consequently, significant
differences exist in their redox activities and phase transformations
between LLROs and DLROs due to their distinct structural features,
which will be reviewed in the following sections.

A variety of Li,TMO; (TM = Zr etc.) compounds'>* have been
studied since the 1980s due to their potential applications as
Li" ion conductors. Recently, inspired by their possible anionic
redox reactivity and high capacity, the fervor for these com-
pounds has come back, because of the concept of applying
them as electrode materials.’® Moreover, by partially substitut-
ing the Li and T™M elements in Li,TMO; (TM = Mn,** Ti,>*"?
Zr, > 12 11,126 Ru, 770 etc), Li;TMO, (TM = Ir,"° Nb' etc.)
and Li,TMOs (TM = Mo,"*""'** W,"* et¢.), and Li;TMOg (TM = Re'*?)
oxides, a great number of new materials with high capacity have
been designed and synthesized which provide the possibility of
resolving the challenges of LROs. Transition metals that are utilized
in the parent hosts of different LROs are presented in Fig. 3h and
the characteristic examples of previously reported LROs, including
their structures, initial discharge capacities, cycling stabilities, and
redox centers are summarized in Table 1. As we can see, several
LROs, like layered LiRu,; ,Ni,O,, disordered Li;Mn,Os, etc. exhibit
a high capacity of over 300 mA h g '**™® but their cycling
stabilities are still far from satisfactory. Therefore, further works are
needed to unravel the underlying degradation mechanisms
involved in cycling. To complete the library and accelerate the
development of cation disordered oxides, Ceder’s group proposed a
computational methodology (Monte-Carlo simulation) to identify
layered and cation-disordered oxides based on ternary oxides with
the formula unit LiAysBos0,,">> and the result is presented in
Fig. 3i. The brighter color and smaller circle suggest that the
structure is more stable and the cations are more ordered. For
example, LiMn, sNi, 50, tends to adopt a low-energy cation order-
ing structure, in good agreement with experimental results.
Although no obvious regularities could be obtained from their
results, this method might pave the way for predicting the pristine
structures of LROs.

2.3 Pristine structures of LMROs

In this review, LMROs refer to layered lithium-rich Mn-rich
oxides with the chemical compositions of Li[Li,Ni,Co,Mn;_,_,_.]O,.
LMROs have been considered to be the most promising LROs, due
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to their relatively low cost, high average working potential, and
better cycling stability, as compared to their cation disordered
counterparts. Although the structure-evolution and charge-
compensation mechanisms of LMROs have been investigated
for over two decades, they are still under considerable debate to
describe their pristine structures as either a two-phase nano-
domain (xLi,MnO;-(1 — x)LiNi,Co,Mn,0,) or a single-phase
solid solution (Liy;,Ni,Co,Mn,__, ,O,). Because of the same
rock-salt structure and similar layer spacings of Li/TM-layers, the
crystal structures of monoclinic Li,MnO; (C2/m) and trigonal
LiNi,Co,Mn,0, (R3m) are highly compatible, thus providing the
foundation for both the nano-domain and solid-solution
structures.

X-ray diffraction (XRD) is incapable of discriminating the
nano-domain and solid-solution structures. As shown in the
XRD patterns of Li; ,Niy,Mn, 60, (Fig. 4a), all diffraction peaks
can be indexed to a monoclinic (C2/m) phase. Meanwhile, they
can also be indexed to the trigonal (R3m) structure, except for
superlattice peaks located between 20° and30°.'®° One of
the earliest solid-solution structures has been reported in
Li[Li,/3sMn,,/3C0;_]JO, by Numata et al,'®" due to the similar
structure between LiCoO, and Li,MnO;. In 2001, Lu et al
found that the lattice constants, i.e. a, ¢, and the c/a ratio, of
Lij+Niq/3_2x3MnNy/3_/30, samples vary smoothly with the Li
content (x), suggesting the character of the solid-solution struc-
ture of Liy . Niyj3_0y/3Mnys_430,.*> However, in 2004, although
a similar phenomenon was observed in the xLi,TiO5-(1 — x)-
LiNiy sMn, 50, series,">> °Li magic angle spinning (MAS) solid-
state nuclear magnetic resonance (ss-NMR) data suggest that
the Li,TiO; domains exist in the xLi,TiO;(1 — x)LiNiy5
Mn, 50, samples, providing the first evidence for the concept
of a two-phase nanodomain.'®” In the same year, Grey’s group
revealed the short-range ordering of Li(OMn)e in Li[Li;;_syy3-
Ni,Mn_,)3]O, electrodes by the ss-NMR technique.162
As shown in Fig. 4b, Li resonances can be classified into two
kinds of signals, e.g. Li" in the Li layers (~700 ppm) and in the
TM layers (~ 1400 ppm). For the latter, the resonances located at
1560, 1365 and 1150 ppm correspond to the Li* located in the
Li(OMn)s, Li(OMn)s(ONi) and Li(OMn),(ONi), environments,
respectively. A stronger resonance at 1560 ppm than at
1365 ppm suggests that the Li" ions in the T™ layers prefer
to be surrounded by Mn*" rather than Ni** ions.'®*> In 2005,
based on electron diffraction (ED) and synchrotron XRD
analysis, Meng et al.'® proposed the in-plane \/3@nher. X\/3@hex.
ordering model with a particular occupancy of Li*, Ni**, and
Mn** jons in the TM layers for Li[Ni Lij/;_0.3Mny/3_43]O0s.
Combined with ss-NMR results,'®® these two papers provided
clues for the exploration of sublattice structures at the TM layers
of LijNiyjz_ox3Mny 3430, oxides. The cation ordering phe-
nomenon was also observed by Raman spectroscopy. As shown
in Fig. 4c, Koga et al.'®* found that the Raman spectrum of
Li; ,Mng 54Nig.13C00130, is not a simple combination of
Li,MnO; and LiMn,;3Ni,;;3C0,,30, domains, but has extended
cation ordering within the TM layers along the ¢ axis.

ND is an ideal technique to gain insights into the initial
structures of LROs, owing to its distinctive advantages, such as

This journal is © The Royal Society of Chemistry 2020
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Table 1 Characteristics of Li-rich oxides. (Note: if it is not specified, the cycling performance was investigated at the same voltage range/current
densities with the discharge capacity; pre-lithiation additives are marked with “a".)

1st dis-capacity (mA h g™ ")

Cycle performance

Capacity (current density, Redox
Materials Structures voltage range) Capacity retention center Year
Li-rich 3d oxides
Li[Cry/6Lis/1sMns0]0, Layered 230 (5 mA g ', 2.0-4.8 V) — Cr, 0 2002%°
Li,Cu0,? Layered (Immm) 240 (C/16, 1.8-4.5 V) — Cu 2003"%7
Li; oCrosMng gO; Layered 250 (11.98 mA g%, 2.0-4.8 V) - - 200838
Li,MnO; Layered (C2/m) 200 (C/10, 2-5 V) 54%, 33 cycles Mn, O 2014"°
Li; »Feg 4Tig 405 Disordered ~130 (C/60, 2.2-4.5 V) — Fe, O 2015'°¢
LigC00,* Antifluorite — — Co, O 2015
(P42/nmc)
Li; »Nig »Mng 6O, Layered 240 (C/10, 2.0-4.8 V) 100%, 100 cycles Ni, O 2015
Li,VO,F Disordered ~420 (C/60, 1.2-4.2 V) ~70%, C/5, 20 cycles Y 20152
Li; 144Nig 136MnNg 544C00.1360,  Layered 301 (25 mA g%, 2.0-4.8 V) 99%, 125 mA g, Mn, Ni, 2016
100 cycles Co, O
Li,Mn,O05 Disordered 355 (C/20, 1.2-4.8 V) — Mn, O 2016
LisFeO,* Antifluorite (Pbca) — — Fe, O 2017145146
Li;Mng 0505.05F0 05 Disordered ~275 (C/10, 2.0-4.8 V) ~60%, 50 cycles Mn, O 20183
Li-Rich 4d 5d oxides
Li,SnO; Layered (C2/c) — — — 19824
Li,ZrO, Layered (C2/c) — — — 1982
Li;M0Os Layered — — — 1989'%2
Li,WO5 Layered — — — 1989132
LiRu;_,Mn,0, Layered 250 (0.2C, 2.0-4.6 V) 84%, 40 cycles Ru, Mn, O 2013'*°
(C2/c or C2/m)
LiyNiTeOg Layered (C2/m) ~110 (2-5 V) 90%, 100 cycles Ni 20137
Li;.211M0g 467C1 30, Layered ~280 (C/20, 1.5-4.3 V) — — 2014%°
Li,Rug.55Tig.2505 Layered (C2/m) ~240 (0.2C, 2.0-4.6 V) 62%, 100 cycles, 2.0-4.6 V. Ru, Ti, 0 2015"%
Li,Rug.75Tig.250, Layered (C2/m) 100 (0.2C, 2.0-3.8 V) 100%, 80 cycles, 2.0-3.8 V. Ru, Ti 201528
Li,Rug 755N0 2505 Layered (C2/m) ~225 (0.2C, 2.0-4.6 V) 85%, 100 cycles, 2.0-4.6 V. Ru, O 201528
Li,Rug 755N0 2505 Layered (C2/m) ~115 (0.2C, 2.0-4.0 V) 100%, 80 cycles, 2.0-4.0V  Ru 201528
Li, »,Feq 56TeOg Layered (C2/m) ~174 (C/50, 2.0-4.6 V) — o) 20158
Li,FeSbOg Layered (C2/m)'*®  ~220 (0.05C, 2.0-5.0 V) Poor Fe, O 2015
LiIrO; Layered ~161 (C/10, 2.5-4.6) — Ir, O 20158
Liy /,Niy/3Ti;3M0,/150, Disordered 225 (20 mA g%, 1.5-4.5 V) 75%, 20 cycles Ni, O 2015
Li; 3Nbg 3Mng 40, Disordered ~250 (10 mA g ', 1.5-4.8 V) — Mn, O 2015
Li; 3sNbg 3Fe(.40, Disordered ~250 (10 mA g ', 1.5-4.8 V) — — 2015
Li; 3Nbg 43C00.270, Disordered ~300 (10 mA g7, 1.5-4.8 V) — — 2015
Li; 3Nbyg_43Nig 2,0, Disordered ~275 (10 mA g ', 1.5-4.8 V) — — 2015%°
Li; 5NbosMn, 40, Disordered ~240 (10 mA g, 1.5-4.8 V, 50 °C) — Mn, O 2016%>
Li; 3Nbg.3Vo.40, Disordered ~190 (10 mA g, 1.5-4.8 V, 50 °C) — \Y4 20162
Li; 42Fe0.0oM0g.2005 Layered (C2/m) 205 (20 mA g ', 1.5-4.8 V) Poor — 20163
Li;NiM0Og Layered (C2/m) ~220 (10 mA g ', 1.5-4.5 V) Poor — 2016"%"
LisReOg” Layered — — o 201633
B-LiIrO; 3D ordered ~190 (2.0-4.8) ~85%, 30 cycles Ir, O 2017%%¢
Li,IrO, Layered 340 (C/10, 1.5-4 V) — Ir, O 20173
Li;NbO, IA3m Inactive — — 2017%°
Liy/;3Mo0,/30, Disordered 320 (10 mA g~ ', 1-4.4 V) — Mo 2017
Lio/;Nb,/7M05,,0, Disordered 280 (10 mA g™ ', 1-4.4 V) — Mo 2017'%°
Lig/5TissM0,50, Disordered 270 (10 mA g™ ', 1-4.4 V) — Mo 2017'%°
Li,Mn,3Nb,;0,F Disordered 277 (20 mA g%, 1.5-4.8 V) ~75%, 25 cycles Mn, O 20185
Liy 15Nig gsWOg Layered ~200 (1-5 V) ~80%, 10 cycles Ni, O 2019'%°
Li; 5Tap3Mn, 40, Disordered 250 (10 mA g ', 1.5-4.8 V) — Mn, O 2019*%¢
LiRu,_,Ni,O, Disordered 410 (50 mA g ', 1.35-4.6 V) — Ru, Ni, 0  2019"3°
Li; »Nig »Rug 605 Layered 214 (5 mA g ', 2.0-4.8 V) 86%, 25 cycles Ni, Ru 20197
Li,RuO; Layered (C2/c) 270 — Ry, O 20198
Li; ,Tig.35Nip 35Nbg 101 sFo,  Disordered 277 (20 mA g%, 1.5-4.8 V) — Ni, O 2019'22
Li; 2Mno 442 Tio.4—xOs Disordered 322 (30 mA g ', 1.5-4.8 V) 80%, 50 cycles, 300 mA g~ ' Mn, O 2020

the high sensitivity of neutrons to light elements (Li, O, etc.)
and the large scattering contrast between neighboring TM
elements (e.g., Ni, Co, and Mn).'®® However, from the ND
Rietveld refinement results of the Li; ,Mngs4Nig13C001305
sample, Koga et al. obtained the same reliability factors
= 11.6%) based on the C2/m and R3m structures.'®

(Ruwp

This journal is © The Royal Society of Chemistry 2020

Moreover, Mohanty et al.'®” experienced the same, i.e., they
obtained an Ry, value of 5.05% based on both single-phase
(R3m) and two-phase (C2/m + R3m) models, when carrying out
the ND Rietveld refinement. These results come to a consensus
of the existence of local structural and cation ordering at the
TM layers. However, spectroscopic techniques such as XRD,
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Raman, NMR, and ND could not give a clear and satisfactory
answer to the debate between the solid-solution or nano-
domain structures.

STEM is an effective technique to observe the local cation
arrangement of LMROs. Along three specific directions of
[100]¢o/ms [110]ca/m and [110]cam, the ordered Li-TM-TM
arrangement (dark-bright-bright dots in HAADF-STEM images)
within the TM layers corresponds to the Li,MnO;-like (lithium-
rich) phase, while the continuous bright dots are associated
with the NCM structure.'*® Besides, the selected area electron
diffraction (SAED) patterns of Li,MnOs;-like and NCM struc-
tures differ greatly, as clarified in previous articles.'®**¢816°
Therefore, the STEM and SAED techniques could give direct
evidence to close this debate. The atomic-scale observation of a
two-phase structure in pristine Li; ;Mng 567Nig.166C00.06702 Was
reported in 2013 by Zhou’s group.'®® Yu et al.**® also confirmed
the two-phase structure of Li; ,Nig 15C091Mng 550, by HAADF-
STEM. As shown in Fig. 4d, the dot-dot-black contrast areas
(Il and IV) and continuous-dots-contrast areas (I and III)

4458 | Energy Environ. Sci., 2020, 13, 4450-4497

correspond to the lithium-rich and NCM phases, respectively.
The sizes of these nanodomains are 2-4 nm. The two-phase
nanodomain structure seems to prevail in materials with
high Co content, such as Li;,Co0,4Mn, 40,. Based on the
combination of XRD, extended X-ray absorption fine structure
(EXAFS), SAED, and HAADF-STEM results, Bareno et al'®
found that Mn*" and Co®" ions in the Li; ,C0,4Mn, 4O, mate-
rial tend to be located in Li,MnOj;-like and LiCoO,-like local
environments, respectively, with length scales of >2-3 nm for
each domain, as shown in Fig. 4e.

The earliest direct evidence for the solid-solution structures of
LMROs might be the HAADF-STEM image of Li;,Nig17C0p 7~
Mn, 560, obtained by Ohsawa’s group in 2010."”° It shows a clear
one-phase structure with high concentration of stacking faults.
Then, the HAADF-STEM images and SAED analysis reported by
Jarvis et al,**® Gu et al.,'”* and Genevois et al.'®® uncovered the
one-phase solid-solution feature of LMROs. As shown in Fig. 4f,
the HAADF-STEM image'® reveals a homogeneous Li,MnO;-
like structure with Li* and Ni*" being located at the Li site in

This journal is © The Royal Society of Chemistry 2020
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the TM layers. Based on the results obtained from studies on the
Li; 5(Nig.13Mng 54C00.13)0, material'’> and a series of LMROs
with different Li/TM ratios'”* (i.e. Lij.15Ni¢.1745MNg406C00.1505,
Liy 1Nig 227MNg 438C00.23502, and Liy 479Nig.24sMNg.411C0026302),
Shukla et al. demonstrated that pristine LMROs do not have a
two-phase structure that consists of Li,MnOj;-like and NCM-like
nanodomains. Importantly, similar to the model proposed by
Boulineau et al.,”* Shukla et al.*”® further proposed that faint
reflections and streaks in SAED patterns originated from the
massive stacking faults rather than the long-range ./3dney. X
\/3@nex. cation ordering. Long-range ordering vs. stacking faults
will be another tricky problem that needs to be resolved in the
near future.

The above discussions clearly demonstrate the complicated
structures of pristine LMROSs. Ideally, as shown in Fig. 4g, high-
valence cations (Co®>" and Mn®") and low-valence cations
(Li* and Ni**) tend to be located at the Mn** and Li" sites in
the TM layers of the Li,MnO;-like structure, respectively. This
cation ordered structure might be able to optimize the charge
distribution and to minimize the structural strains.'®* There-
fore, it is more favorable to form a perfect honeycomb structure
if the atomic ratio of high-valence cations and low-valence
cations on the TM layer is 2:1."”> Moreover, other parameters,
especially synthesis methods,'®®'”® annealing temperature,*"**
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and TM types,'*® are equally, if not more, important than
stoichiometry,®”'®®'”> to determine the pristine structures
of LLROs.

3. The reaction mechanisms of LROs
3.1 Products of lattice oxygen oxidation

It has been widely accepted so far that oxygen redox reactions
are responsible for the excess capacity beyond cation redox in
LROs. However, the corresponding detailed mechanisms have
been debated in the literature, especially the formation of the
products of lattice oxygen oxidation.

In 2013, by using Li,Ru;_,Sn;0; as model materials,
Tarascon’s group® confirmed the existence of lattice oxygen
redox reactions in LROs. As shown in the X-ray photoelectron
spectroscopy (XPS) spectra of Li,Ru;_,Sn,O; electrodes at
different charge/discharge states (Fig. 5a), a new peak located
at ~530.5 eV appeared in the curve of the one being charged to
4.6 V, which was identified to be the 0, species or to under-
coordinated oxygen species originating from the oxidation
of lattice oxygen. Besides, electron paramagnetic resonance
(EPR, Fig. 5a) spectroscopy and DFT calculations have been
conducted to confirm the existence of peroxo/superoxo-like
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Fig. 5 Products of lattice oxygen oxidation reactions in LROs (I). (@) O 1s XPS and X-band EPR spectra of Li,RugsSng sO3 recorded at different charge/
discharge states.®® (b) Schematic illustration of peroxo-like species in the charged LizRuo__r)SnO,SO}G8 (c) X-band EPR spectra of the LiRug 755n0.2503

electrodes during charge and discharge processes.’? (d) ABS-STEM image of the Lig 5IrOs sample showing O—0 pairs with short projected distances.
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Reproduced with permission,®® Copyright 2013, Nature Publishing group. Reproduced with permission, 1 Copyright 2015, Nature Publishing group.

Reproduced with permission,'°® Copyright 2015, AAAS.
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species. They further proposed that Sn*" can improve the
flexibility of the TM-O bond (Fig. 5b), thus minimizing oxygen
release and improving the reversibility of oxygen redox
reactions. Since then, XPS has been widely used to confirm
the lattice oxygen redox reactions.'”®'77'7® However, the
identification of oxygen redox by only XPS is not very convin-
cing, since it is a surface-sensitive technique with a probe depth
of only 5-10 nm for oxides. In 2015, Tarascon’s group''’
utilized an operando EPR technique to investigate oxygen redox
reactions in Li,Rug;5Sng .50, and proved the formation of
reversible O,"” species (Fig. 5c¢). In the same year, the O-O
dimers (shortened O-O bonds) were visualized first by annular
bright field STEM (ABF-STEM) in the charged Li,IrO; electrode,
as shown in Fig. 5d.'°® The observed bond length of the 0O-O
dimer arising from the oxidation of lattice oxygen is ~2.5 A,
which is much longer than that in Li,O, (1.5 A), and thus it was
named “peroxo-like” species in this work. In 2016, Saubanére
et al.'® compared the stability of O,” species in Li,RuO; and
Li,MnO; and found that the covalency between TM and oxygen
makes a great difference to the stability of oxidized oxygen
species. Specifically, O," species in the charged Li,RuOj; are
much stable than those in Li,MnO; due to the higher covalency
of Ru-O as opposed to the Mn-O bond. In conclusion, Tarascon
and his co-workers believed that the peroxo/superoxo-like spe-
cies does exist as the products of lattice oxygen reactions as they
observed in the 4d- and 5d-TM based LROs. These O,"~ species
have also been identified by X-ray absorption spectroscopy
(XAS) characterization in LMROs by some researchers.'”®'*°
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For example, Oishi et al.'®® studied the reversibility of oxygen
redox reactions in Li,MnO; by using O K-edge and Mn L-edge
XAS. They compared the difference between O K-edge spectra at
the pristine and voltage plateau states (4.5 V), and the difference
between O K-edge spectra at the pristine and 4.8 V charged states.
The result revealed that enhanced peaks in both total electron
yield (TEY) and partial fluorescence yield (PFY) modes have
similar shapes and locations to Li,O, and KO, references, and
the peroxide and superoxide species were therefore proposed as
the products of lattice oxygen oxidation during the charge process
of Li,MnO,.*%°
However, other researchers suggest that the nature of the
oxidized 0>~ product in LMROs is O~/O™~ (the oxygen ions with
electron holes) rather than the true 0,>~ (0-O 1.45 A) species.
In 2016, by combining XAS and isotope DEMS, Bruce’s group’®
showed that electron-hole states on O atoms coordinated by
Li"/Mn*" are formed in the charged Li;,Nig13C00.13Mng 540,
electrode (Fig. 6a). Furthermore, the absence of O-O peroxo
vibrations in their Raman spectra indicates that the true 0,>~
species are not formed in LMROs. O~/O" ", a product of oxygen
redox reactions, has also been identified in the charged Co-free
Li[Lio,Nip,Mng6]O, electrode.'®* Based on scanning trans-
mission X-ray microscopy (STXM), XAS, and mapping of reso-
nant inelastic X-ray scattering (mRIXS) results, Gent et al.’®
proposed that the lattice oxygen redox reaction is not a rigid
0°7/0~ redox couple, but more likely a dynamic process of
[0*" + TM] — [0 + TMpy] + € . The reversibility of the bulk
oxygen redox reaction after long-term cycling (500 cycles, Fig. 6b)
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in the Li; 17Nij,,C0¢.0sMNy 540, electrode has been confirmed
first in this work. Moreover, as shown in Fig. 6c, their ab initio
calculations show that the XAS features at 530.8 €V cannot be
assigned to the O-O dimers (0,""), because the calculated O-O
dimers residing at this energy have much shorter bond lengths of
1.55-1.57 A than the observed ones (~1.9 A and even higher).

Some researchers suggested that the actual oxygen redox
products of O7/O"" or 0,>7/0,”" (0-O dimer) species are
conditionally dependent. In 2016, Ceder’s group’' proposed
the unhybridized Li-O-Li configuration as the theoretical sup-
port for oxygen redox reactions in LROs. Their results revealed
that the coalescence of electron holes to form peroxo-like
species occurs when the oxygen is bonded to a lower amount
of metal ions.”* Islam and his co-worker'®* investigated the
lithium extraction mechanisms in Li,MnO; by ab initio simula-
tions. The results indicated that the unstable localized holes on
oxygen (O7) are formed at the beginning of delithiation, then
transformed into peroxo or superoxide species and furthermore
into O, gas with the continual lithium extraction. Therefore,
they proposed that preventing oxygen dimerization is a key
factor in stabilizing the O™ species and improving the reversi-
bility of anionic redox reactions.

In recent years, the emergence of novel spectroscopic tech-
niques has provided new insights into the oxygen redox reactions,
such as in situ Raman'®'® and pair distribution function (PDF)
analysis."**'”> Zhou’s group'®® observed the peroxo O-O stretch
in in situ Raman spectra during the charge and discharge
processes of Li; ,Nip,Mng 0, and the O-O bond length was
calculated to be ~1.3 A. A similar phenomenon was also
observed in the study of the Li,Ni, ,;Ru,/;0; electrode.'®* Ceder’s
group'® compared the electrochemical and structural behaviors
between Li,IrO; and LiIr;_,Sn,0; by combining the bulk-
sensitive spectroscopic probes (XAS and mRIXS) with first-
principles calculations. They demonstrated that the formation
of 1.4 A O-O dimers requires the presence of neighboring cation
vacancies. Zhao et al.'” first observed the shortening of the 0-O
bond during lattice oxygen oxidation in Li; ,Nij 13Mng 54C00.130,
by neutron pair distribution function analysis (nPDF). As dis-
played in Fig. 6d, the increase of the interlayer short O-O signal
located at ~2.55 A can be clearly observed during the charge
process from 4.4 V to 4.8 V, which is similar to the peroxo-like
0-O dimer formation (~2.45 A) in 5d LiIr0;'®® but much
longer than the real peroxo bonds of ~1.5 A. In contrast, the
shortening of the O-O bond was not observed by STEM and
nPDF in the cation disordered Li;,Tiy35Nig35Nbo101.8F0.2, 22
even though lattice oxygen redox was recognized from the mRIXS
image of the 4.8 V charged electrode. Nevertheless, the existence
of O~ has been disputed by Radin et al,”® not only because the
notion of the O™ ion is unprecedented, but also due to the lack
of direct evidence. For example, the spectroscopic features
regarded as the signature of O* /O~ redox can also be inter-
preted by other mechanisms, such as the formation of mole-
cular O,. This theoretical perspective strongly challenged the
discussions based on RIXS spectroscopic results. Therefore, a
reliable theoretical interpretation of the spectroscopic features
reported in the literature, as well as more direct experimental

This journal is © The Royal Society of Chemistry 2020
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evidence, is critical for identifying the products of lattice-oxygen
oxidation reactions. At this time, the direct calculation to repro-
duce the mRIXS results remains missing, which is a grand
challenge to the fundamental physics of the RIXS process, but
holds the key to revealing the true fundamental nature or driving
force of the oxygen redox reactions.

A critical aspect of the oxygen redox reaction is its extent and
the nature of the resulting oxidized species. The shortening
of the O-O bonds has been observed in charged 3d-, 4d- and
5d-based LROs and most of these bonds are longer than the
peroxo O-O bonds in Li,0,.°*'°®'7> The exact products of
oxygen redox reactions in various lithium-rich materials and
the boundary between the electron holes (O7/0"") and O-O
dimers (0,>7/0,"") are still debatable. Although researchers
have demonstrated the possibility of O-O dimer formation
with a bond length of 1.3-1.4 A in some LROs by DFT
calculations'®>'®> and the existence of peroxo/superoxide
products was observed by the in situ Raman technique,®* more
solid experimental evidence for the 0,> /O,"  species in the
bulk of electrodes is highly needed. In situ Raman is still unable
to acquire a unified picture of the structure-performance
relationship between the lattice oxygen redox reactions and
electrochemical performance of LROs, due to the limitation of
the accuracy and spatial resolution of the existing characteriza-
tion techniques and due to the complexity of the LRO systems,
such as differences in their structures (layer and cation dis-
ordered), TM species, stoichiometry, particle sizes, and the
depth of the oxygen redox reactions (surface and bulk). With
the fast development of the state-of-the-art characterization
techniques, such as mRIXS, in situ Raman, PDF, STEM, ss-NMR,
etc., the above problems will be most probably clarified in the
near future.

3.2 Oxygen vacancies

Oxygen loss and oxygen vacancies created by oxygen loss are the
greatest challenges encountered by LROs.®®7% 184187 Ag early as
2002, Dahn’s group’® proposed the irreversible oxygen loss in
Li[Ni,Li(1/3—2x/3MnN(2/3-x/3)]0, at the activation plateau during
the initial charge process, based on the Rietveld refinement of
in situ XRD and differential capacity measurements. The first
observation of O, release in LROs, from the DEMS measure-
ment of the charged Li; ,Ni, ,Mn, 6O, electrode (Fig. 7a), can be
traced back to 2006 by Bruce’s group.®® It is apparent that O,
loss and oxygen vacancies are closely related to each other and
oxygen vacancies are therefore investigated by the structural
and chemical analysis of LROs, with techniques such as in situ/
ex situ XRD and O K-edge EELS."®®'® In 2012, Okamoto'®’
studied the influence of oxygen vacancies on Li extraction in
Li,MnO; by DFT calculations (Fig. 7b). His results suggested
that with the increase in the content of oxygen vacancies, the
redox potential of full-delithiated Li,MnO; decreases and
the contribution of Mn to the charge compensation with the
lithium extraction increases. Besides, excess oxygen vacancies
could lead to a sharp shrinking of the cell volume and damage the
structure of Li,MnO;.'*° Based on the results of XRD, electron
energy loss spectroscopy (EELS), and STEM characterization,
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Meng’s group'®® found that the oxygen vacancies in the
Li[Li;/sNiy;sMn3 5]O, electrode introduce stacking faults, cation
mixing, and an undesired new phase, which leads to degraded
electrochemical performances. In another work of Meng,"®’
they studied the relationship between oxygen vacancies and
cation migration in Li[Li;/sNi;,4Mn;;1,]0, and suggested that
when the oxygen vacancies are located at the octahedral sites
but not in the shared plane, the diffusion barrier of both Ni
(Fig. 7c¢) and Mn is low and the corresponding migration from
the TM layer to Li layer is facilitated, thus leading to the
generation of spinel-like phases. Moreover, oxygen vacancies
in the lattice could lead to the change in the oxidation state of
the TM ions and the formation of pores. In 2017, Shim et al.***
found an unexpected Mn reduction during the first charging
process of the 0.4Li,MnO3-0.6LiNi;;3C04/3Mn,,30, electrode
through EELS (Fig. 7d) and XAS. They suggested that the
presence of Mn*" and Mn*"*" ions might originate from LS
transition that is created by oxygen deficiency. In addition,
when being charged to 4.7 V vs. Li/Li’, the formation of porous
morphologies due to the removal of lattice oxygen has been
observed in the particles."®" Similar results have also been
187 In 2019, Yan et al.'®?
confirmed that the nanopores in the bulk lattice were formed
due to the migration of oxygen vacancies from the surface into
the bulk, which, according to their theoretical calculations, was
mediated by oxidized oxygen ions rather than O®". Thus, the O,
release and the oxygen vacancies left in the lattice during
electrochemical delithiation are pernicious to structural stabi-
lity and electrochemical performance.

obtained by Yu and his co-workers.
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Interestingly, it was reported that the oxygen vacancies
produced on the surface during the materials preparation
process are beneficial for the stability of LMROs. In 2016,
Meng’s group'*® introduced an oxygen vacancy layer
(~20 nm) on the surface of Li; 144Nig136C00.136MNg 5440, par-
ticles by a gas/solid interfacial reaction and obtained a stable
electrode with a high discharge capacity of 301 mAh g ' and a
capacity retention of over 99% after 100 cycles, as shown in
Fig. 7e. The theoretical calculation and DEMS results suggested
that this oxygen vacancy layer facilitates Li diffusion from the Li
layers to TM layers in the bulk at the last stage of discharge and
suppresses the O, release near the surface, thus resulting in
significant improvement of electrochemical performance.

In summary, the formation of oxygen vacancies has been
widely recognized as the result of the O, release in LROs,
but it is still facing several challenges to gain in-depth knowl-
edge. First, methods for characterizing oxygen vacancies are
limited to XRD, ND or EELS, and the accurate and localized
knowledge of these methods are scarce. Second, the distribu-
tion of the oxygen vacancies in particles is less discussed,
i.e., whether they exist in the bulk or just at the particle surface
remains unknown. Third, since key structural information
and effective characterization techniques are still lacking, the
theoretical calculation is utilized as the primary method to
estimate the effects of oxygen vacancies on the structural
evolution and electrochemical performance. In particular,
how to construct a qualified structural mode during calculation
and how to verify these valuable results should be taken into
consideration.

This journal is © The Royal Society of Chemistry 2020
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3.3 Structural evolution of LLROs

As discussed in Section 2.1, research interest in LLROs has
been aroused by the discovery of the “electrochemical activa-
tion plateau” at ~4.5 V (vs. Li/Li*) in 2001.** Fig. 8a shows the
initial charge/discharge curve of Li;,;Nig13C0¢13MnNg 5,07,
which is a typical LMRO material.”® Below 4.5 V, a smooth
slope can be observed in the charge profile and the charges of
extracted Li" are mainly compensated by the oxidation of TM
ions. Then a voltage plateau appears, at which the charge
voltage further increases to 4.5-4.6 V and the lattice oxygen
redox is activated, which participates in the charge compensa-
tion of LMROs and provides excess capacity beyond cation
redox. However, the high voltage causes the overoxidation of
lattice oxygen and the decomposition of the typical used mixed
organic carbonate solvent electrolyte, resulting in the O, and
CO, release, as shown in Fig. 8a.”° Indeed, O>~ overoxidation is
the primary challenge of LROs since it leads to low initial
coulombic efficiency (ICE), severe structural and interfacial
breakdown, and serious safety concerns. In addition, this
plateau only appears at the initial charge process, and the
curves of the initial discharge process and the following cycles
are smoother and show only one slope. This observation
indicates that the structural transformation in the first and
following cycles might be different. In the following sections,
the complicated structural evolution of LLROs will be
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discussed, including the extraction of Li from the TM layers,
lattice parameter evolution, TM migration, LS transition and
the densification phase.

3.3.1 Extraction of Li* from the TM layers. As introduced in
Section 2.3, the cation ordering reflections located at 20-30°
in a XRD pattern are usually attributed to the honeycomb
structure of the TM layers.®*"%”"'*® As shown in Fig. 8b,”* the
XRD patterns of the Li; 17Nig»1C00.0sMng 540, electrode at
different charge/discharge states reveal that the intensities of
these peaks decrease at the plateau of the initial charge process,
suggesting the irreversible loss of the in-plane cation ordering
and the de-intercalation of excess Li ions from the TM layers.
Most often, the superlattice peaks in the XRD patterns dis-
appear at the end of the plateau, but they are observed to be
well maintained during the whole charge/discharge processes
in the synchrotron XRD patterns of the Li;,Nig,Mng O,
electrode, as shown in Fig. 8c.'®® Thus, debates still exist about
at which potential the excess Li" is extracted from the TM layers
and whether this extraction reaction is reversible. In 2004,
based on the NMR spectra of Li[Li;oMns/Niy5]0,, Grey et al.*®*
found that the Li* ions are extracted from the TM layers before
the plateau during charge and they return during discharge.
After 20 cycles, the signals corresponding to the Li' ions in the
TM layers are extremely weak, indicating that this process is
partially reversible. In 2009, based on the °Li MAS NMR spectra
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of the pristine Li[Li;,oNi;;3Mns,0]O, electrode and electrodes at
the pristine state and at the end of the 2nd, 5th and 11th cycles,
Grey’s group further confirmed that Li cannot intercalate
back to the TM layers after several cycles, as shown in
Fig. 8d and e.'®® However, in the same year, by investigating
the initial discharge capacities of Li,MnOj at different states of
charge, Yu et al."®® proposed that Li" is extracted from both
Li and TM layers simultaneously and no Li' ions re-enter into
the TM layers during discharge. The poor reversibility of
(de)intercalation of Li* (from) in the TM layers was also con-
firmed by operando neutron diffraction by Liu et al.'®® in 2016.
Their results indicated that little or no Li" is extracted from the
TM layers before the plateau and very few Li" intercalates
back into the TM layers after being charged to high voltages.
Importantly, they proposed that the Li" ions migrate to the
tetrahedral sites during the plateau and prevent the migrated
Li" ions from returning to the TM layers. From the above
discussions, we can conclude that most of the Li" ions in the
TM layers may be extracted at the plateau and the reversibility
of de-intercalation of these Li" ions in the TM layers is poor.
3.3.2 The evolution of lattice parameters. In situ XRD is a
powerful tool to investigate the structure evolution of electrodes
during the charge/discharge process. Up to now, this technique
has been applied to many LLROs, such as Li[NiLij;z sys-
Mn2/37x/3]02y79 Li[Lio.zs(Nio.zMno.s)o.w]Ozyl% Li[Li1/9Ni3/9MI15/9:|Ozy197
Lil.2Mn0.61Ni().18Mg0.0102;198 and Li; 5C00Mng 55Nig150,." In 2002,

LiNi Li,,, ..M, ]O, x=1/6 |

(a)
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Lu et al” investigated the structural changes of Li[Ni,Liy; sy
Mn,3_ 3]0, samples at x = 5/12 and 1/6 by in situ XRD and provided
the evolution of g, ¢ and V parameters. As shown in Fig. 9a, at x = 1/6
in Li[NiLij;_5,3Mny; 3]0, @ decreases and ¢ increases at the
slope section of the initial charge due to the oxidation of the TM
ions and the increased repulsion between neighboring TMO,
slabs, respectively. At the plateau, a is stable, while ¢ remains
constant in the first half of the plateau and then decreases
rapidly in the later half. At x = 5/12, a remains stable and ¢
decreases during the course of the plateau. During the discharge
process, both a and ¢ smoothly increase. At the 2nd cycle, a and ¢
decrease during the charge process and increase during the
discharge process, revealing that the structural evolution of
LLROs during the anionic redox reactions in the 1st cycle is
different from that in the following cycles. Lu et al.”**® ascribed
the usual ¢ changes at the plateau to the loss of lattice oxygen
and the extreme extraction of Li'. Similar in situ XRD results have
been observed for other LMROs. For example, Simonin et al.>*
found that both a and ¢ remain constant at the plateau of the
initial charge process. Mohanty et al'®® also observed that
during the charge plateau, the change in ¢ is very small at the
first half of the plateau but then ¢ decreases significantly at the
second half of the plateau. A similar trend in structural evolution
was further observed by in situ EXAFS and operando ND. Both
in situ XAS results of Li; ,Nig.17,Mng 56C00.070,>°" (Fig. 9b) and
operando XAS results of Li; ;Mng 5,Niq 13C00.130,”" revealed that,
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during the initial charge process, all Ni-O, Mn-O, and Co-O
bonds change little at the plateau, thus suggesting that the
valence states of the TM ions at the plateau remain stable.
However, it is difficult to explain why the ionic radius of lattice
oxygen remains constant during the oxygen redox reactions.
Operando ND results (Fig. 9¢) of Liu et al'®® demonstrated
that, for LMROs with high-lithium content (HLR, e.g
Li; »,Nij 15C00.1Mny 550, in this work), ¢ remains almost constant
between the lithium content of 0.85 and 0.45 per formula unit
and decreases slightly at the end of the plateau (at a lithium
content of ~0.35), while for LMROs with low-lithium content
(LLR, e.g. Li; ¢gNip5C0025Mng 410,), ¢ decreases rapidly during
the charge plateau. Liu et al. suggested that the less severe or
delayed contraction of ¢ in HLR may originate from their higher
degree of oxygen redox activities than in LLR.'®® We speculate
that the extraction of Li* from the TM layers, TM migration, and
the local structural changes during oxygen redox reactions could
be the main causes for the unusual ¢ evolution in the first cycle
of LMROs;/ however, the detailed mechanisms and their
relationship with the performance need to be further explored.

3.3.3 TM migration and LS transition. The migration of the
TM ions at highly delithiated states has been widely recognized
in LLROs. The reaction is partially reversible in the bulk of
particles. For LLROs, due to the partial reversibility of the
(de)intercalation of Li" in the TM layers and the overoxidation
of partial lattice oxygen, Li* and oxygen vacancies are left in
the lattice at the electrochemical activation plateau, which
facilitates the migration of the TM ions."®”'#5'59 Besides, the
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species of oxidized lattice oxygen also influences TM migration.
Based on DFT calculations, Chen et al.*®* proposed that oxygen
dimerization could promote Mn migration from the TM layers
to Li layers. In 2008, Tran et al.®® proposed the migration of
cations from slabs (TM layers) to interslabs (Li layers) during
the charge plateau by using magnetic measurements and
Rietveld refinement of XRD patterns. In general, the migration
of the TM ions in the first cycle is recognized to be partially
reversible. Gent et al.”* found that the TM ions located in the
Li layers increase from 2.8% to 9.0% during the charge process
and return to 4.7% at the end of discharge based on the
Rietveld refinement results of XRD (Fig. 10a). Besides, their
DFT calculations suggested that the coupling between TM
migration and O redox reactions leads to voltage hysteresis
(Fig. 10b). Genevois et al.'®® studied the structural changes
during the plateau of Li; ,oMny 54Nig 13C0¢ 130, by HAADF-STEM.
As shown in Fig. 10c,'®® the cation ordering (bright-bright-dark
dots) in the TM layers is well maintained after the 1st cycle
without the plateau, while the dark dots in both TM and Li layers
become brighter after the 1st cycle with the plateau, indicating
that the TM ions not only migrate to the Li vacancies within the
TM layers but also migrate from the TM layers to Li layers when
cycling at a high voltage plateau, and both migration pathways
show low reversibility. The migration of the TM ions from the
TM layers to Li layers and the returning back of the migrated
TM ions to the TM layers, with good reversibility, have also
been observed."*”'*® By comparing the HAADF-STEM images of
layered Li,Ru, sMn, 505 electrodes at the pristine state, charged
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Fig. 10 TM migration in LLROs. (a) Relationship between the O fractional oxidation state and the migrated TM fraction, which indicates a link between
voltage hysteresis and TM migration.”® (b) Schematic illustration of the influence of TM migration on the electronic structure.” (c) HAADF-STEM images
of Li; 20Mng.54Nip13C00.130> in the discharge states with and without using the plateau at 4.5 V, suggesting that TM migration is closely related to the
plateau. 8 (d) HAADF-STEM images of LioRug sMng sO3 at different charge/discharge states.?’ (e) HAADF-STEM images of Li; ,Nig 2Mng gO; electrodes in

the pristine state and after 10 cycles.’®® Reproduced with permission,”® Copyright 2017, Nature Publishing group. Reproduced with permission,
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state (4.6 V) and discharged state (2.0 V) of layered Li,R-
Ug.sMny 503, Lyu et al.'*” found that the TM-TM-Li cation
ordering in both Li and TM planes disappears at the charged
state and re-emerges after the reinsertion of the Li ions
(Fig. 10d), suggesting that most of the migrated TM ions move
back to the original sites at the end of discharge. This is also
supported by the HAADF-STEM results of Li; ,Nig,Mng ¢O0,.
Fell et al.'®® observed that the cation ordered structure of
Li; 5Nip,Mng O, can be well maintained after 10 cycles
(Fig. 10e). Interestingly, they found that the stacking sequence
along the c-axis of the cycled material is more uniform as
compared to the pristine one and attributed this phenomenon
to the influence of the formation of oxygen vacancies.

The migration of TM ions at the surface is more severe
than in the bulk, which leads to the LS transition near the
surface.’°>?%® Boulineau et al*** investigated the structural
transitions of Li; ;Mng ¢1Nig1sMgo 010, at both the surface
and bulk during cycling. As shown in Fig. 11a, the distribution
of the Ni and Mn ions in the pristine sample is homogeneous.
After 50 cycles, both the segregation of the Mn-Ni ions and the
formation of a defect spinel-like phase can be observed near the
particle surface. They proposed that the higher mobility of
the Mn than the Ni ions results in such segregation because
the Li vacancies in the TM layers are surrounded by the Mn
rather than the Ni ions.”** They further observed that although
the TM ions migrate to the Li site in both TM layers and
Li layers, the cation ordering structure is still preserved.
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Importantly, they found that the spinel-like phases are formed
at the surface of particles with 2-3 nm thickness during the first
cycle and no more extension of this phase could be observed
after 50 cycles (Fig. 11b),2°* which may suggest that the spinel
phase at the surface is not the main cause of voltage decay. The
migration of the Ni ions from the bulk to the surface along with
cycling was also observed in Li; ,Nip,Mng 6O, (Fig. 11c-d). By
using HAADF-STEM and EDS mapping, Yan et al.**® found that
the structural evolution near the surface follows the sequence
of C2/m — I41 — spinel. A Ni-rich surface reconstruction layer
(2-6 nm) is formed in the cycled Li, ,Ni;,Mn, 0, electrode.
Moreover, they confirmed that the electrode degrades upon
reaction with the electrolyte and consequently the surface facet
is terminated with a pure cation or anion, such as (202), which
is more stable than the surface with the mixed cation and
anion.>®> However, Gu et al.*°® found that the spinel phase
extended from the surface to the bulk in Li; ,Niy,Mng¢O,
during cycling, which considerably contributed to capacity
fading and rate capability reduction. In addition, they proposed
that the observed cracks (Fig. 11e) and pores of LROs should be
attributed to LS transition and the removal of lattice oxygen.
The STEM and EELS results obtained by Hu et al.'®” confirmed
the formation of pores during synthesis. The observed increase
in the size and number of pores during cycling is an indicator
of electrode damage due to oxygen release. Moreover, thick
layers and very thin layers of the spinel/rock-salt structure are
observed in the exposed and concealed/partially exposed pores,

Spinel: Li,M;0,

Fig. 11 Layered to spinel-like phase (LS) transition. (a) HAADF-STEM images and chemical maps of Li; ;Mng :Nip 18Mdg 010> in the pristine state and after
50 cycles showing the migration of TM ions.2* (b) HAADF-STEM images of cycled Li; sMng ¢:Nio 18Mdo.010> at the surface and bulk.2°* (c) HAADF-STEM
image of Liy o,Nig 2Mng ¢O5 after 45 cycles, showing the appearance of both spinel-like structure and /41 structure.?%® (d) Schematic diagram of surface
layer evolution on Lis 5Nig »Mng Q> during cycling.2® (e) STEM and EDS mapping of Li; 2Nig 1Mng 525C00.1750> after 60 cycles, showing the formation of
particle cracks.2°® Reproduced with permission,2°* Copyright 2013, American Chemical Society. Reproduced with permission,2°> Copyright 2015,
American Chemical Society. Reproduced with permission,2°® Copyright 2013, American Chemical Society.
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respectively, which suggests that most of the spinel-like phases
form at the surface of the particles. Similarly, Yan et al.'®>
observed the spinel-like structure near the nanopores within
the bulk Li; ,Mn, ¢Ni, ,0, electrode after 300 cycles. In conclusion,
the fundamental understanding of structural evolution (e.g. TM
migration, LS transition, and the formation of cracks and pores),
along with the Li vacancies and oxygen vacancies formed during
the plateau, is crucial for further enhancing the electrochemical
performance of LLROs.

3.3.4 Densification mechanism. In 2006, based on the
hypothesis that oxygen is released at the surface, Armstrong et al.*®
proposed two possible models to describe the detailed oxygen
loss phenomenon in Li; ,Niy,Mng 60, i.e., (i) the diffusion of
lattice oxygen from the bulk to the surface and thus leaving
oxygen vacancies in the bulk and (ii) the migration of the TM
ions from the surface to the bulk at the empty Li octahedral
sites in the TM layers, resulting in densification near the
surface. They found that the latter model results in a better
refinement of the ‘4.8 V' ND pattern and proposed it as the
nascent densification mechanism. Two years later, Tran et al.®*
verified the above two models for the charged Li; ;,(Nig425-
Mny 425C00.15)0.8s0> sample by XRD Rietveld refinement and
confirmed the reliability of the densification mechanism.
In 2013, Koga et al.’® investigated the structural changes of

Li; 20Mny 54C09.13Nip.130, during cycling by XRD and proposed
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located at ~18.8° appears in the XRD pattern of the electrode
obtained at the end of charge (4.8 V), which has been ascribed
to a densified layer based on the further Rietveld refinement
results. Combined with their later work focusing on the rever-
sible oxygen participation,®® the final ‘two-phase’ mechanism
comes into being: the over-oxidation of lattice oxygen in the
outer part of the particles leads to oxygen release and the
appearance of a new densification layer, while the bulk of
particles undergo a reversible lattice oxygen redox process
without major changes in the structure.'®® Moreover, as shown
in Fig. 12b, Koga et al. found that the densified layer (marked as
phase 2 in the XRD patterns) gradually increases with cycling.”®

The particle size is crucial for the extent of densified layers
in LROs. For example, Koga et al.’® found that the proportion of
the densified phase (phase 2) in the Li; ;Mng 5,C0¢.13Nig 130,
material at 4.8 V decreases with the increasing synthesis
temperatures (Fig. 12a). In addition, they also observed in
SEM images that the sizes of primary particles synthesized at
higher temperatures are significantly larger than those pre-
pared at lower temperatures, indicating that the proportion of
the densified phase might be closely related to the particle size.
Dahn’s group'®® further investigated the effect of the particle
size on the two-phase behavior of LMROs by in situ XRD
experiments. As can be clearly observed in Fig. 12c, for big
particles (~10 um), both original and new (003) signals appear

. . . 90 .
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Fig. 12 The densification mechanism of LLROs. (a) Changes in the XRD patterns within 18—-19.5° in the first cycle of Li; 5Nig 13C00.13MNg 540, synthesized
at 800 °C, 900 °C and 1000 °C indicate a two-phase mechanism.®® (b) XRD patterns of Li; 5Nig 13C00.13MNg 540> at the 1st, 10th, 50th, and 100th cycles

suggest that the densified layer increases with cycling.®°

(c) In situ XRD patterns of LMROs with different particle sizes showing that the extent of the

densified layer is related to the particle size.'®® (d) 3D electron tomography reconstruction of Li; 5Nig 15C00.1Mng 5502 after 15 cycles showing generated

pores in the LMRO electrode.’®” Reproduced with permission,®®

Copyright 2013, Elsevier. Reproduced with permission,1°® Copyright 2015, American

Chemical Society. Reproduced with permission,*®” Copyright 2018, Nature Publishing group.
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phases, respectively. While no splitting of the (003) reflections
could be observed during the whole initial charge and dis-
charge processes in the material with small particles (<1 pm),
indicating that when the size is small enough, the material
behaves as a densified phase throughout the entire particle.'*®
Moreover, the generated cracks and pores during cycling might
lead to an extension of the densified layer from the surface to
the bulk. In 2018, Hu et al.'® found a large number of pores
surrounded by a thin shell of Mn** built-up in the bulk of the
cycled Li; ,Nig 15C00 1Mny 550, electrode (Fig. 12d). The authors
proposed that these pores are formed due to oxygen release and
related lattice densification, suggesting that the densification
exists at both the surface and bulk of LROs.

Although the ‘two-phase’ mechanism has been identified in a
variety of LROs and widely accepted by many researchers,”%°%87:19
several puzzles exist regarding experimental evidence and
fundamental understanding. First, the thickness of the densi-
fied layer remains unknown. Second, Koga et al.’® proposed
this mechanism based on XRD results shown in Fig. 12a,
however, it is very hard to explain the disappearance of the
peak for the densified phase at the end of discharge (2.5 V)
since the transformation between the pristine and densified
phases should be irreversible. Third, the new phase formed
during cycling is different from that appearing at the end
of the first charge, but its true nature is not clarified yet.

(a) (b)
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Consequently, the relationship between the densified layer and
electrochemical performance has not been fully identified yet.

3.4 Structural evolution of DLROs

Although it is believed that the cation-disordered materials are
highly tolerant to structural stress and strain and thus have
good structural stability,"**°” up to now, most of them still
suffer from poor cycling performance.?*®?%° Given that the TM
ions and Li" ions are randomly located at the same sites, the
structural changes of DLROs such as TM migration are difficult
to trace as opposed to those of LLROs. In recent years,
researchers have tried to clarify the capacity degradation
mechanisms of DLROs and reached a consensus that the
capacity decay might be closely related to the formation of a
surface densified layer caused by the oxygen loss,'>!207:21°
although experimental evidence is still very limited.

Very similar to LMROs, oxygen release is a serious challenge
faced by DLROs. Fig. 13a shows the DEMS evidence for gas
evolution of the Li; ;5Nig 375Tig37,5M0,10,>"" material in the first
cycle. It can be observed that a large amount of O, is generated at
~4.35-4.80 V at the initial charge process. In contrast to the poor
cycling stability of these DLROs with severe oxygen loss, those
cation-disorder oxides without or less oxygen loss during cycling,
such as Li; 5Nbg 3V,.40,>** and Li; ;Mnyg gsNby 1501 6Fp.1,>** usually
exhibit better cycling performance. Therefore, the oxygen loss
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is believed to be one of the critical factors associated with
capacity decay.

The formation of the densified layer in DLROs is similar to
that in LLROs. Specifically, the oxygen vacancies are formed
near the surface of particles due to the oxygen release, and they
destabilize the local metal-coordination structure, cause the
migration of transition metal ions, and finally result in
the formation of densified layers. Importantly, Ceder et al.™>'
confirmed through theoretical calculations that these densified
layers are more thermodynamically stable than the oxygen
vacancies in cation-disordered Li; ,Niy/3Ti;3M0,/150,. Fig. 13b
and c shows the structural evolution of a typical cation-
disordered oxide Li; 3Nig,;Ta, 430, along with its in situ XRD
patterns.”’* During the charge/discharge process, the general
cubic phase structure is maintained with the changes in peak
intensity and the peak position. At the end of charge, the
appearance of shoulder peaks indicates that a new cubic phase
that may correspond to a densified phase emerges with the
release of oxygen. Ceder et al. investigated the oxygen loss in
Li; ,Niy3Ti;/;3M0,/150, by EELS."' As shown in Fig. 13d, the
ratio of O/Ti signal intensities in Li; ,Niy/3Ti;;3M0,/150,
decreases by ~39% after 20 cycles.">" According to the lattice
densitification mechanisms, this EELS results indicate that
the chemical composition near the surface of the particles
changes from Li; , yTM( 3O, to Lip;_xITM; 30,, as illustrated
in Fig. 13e."”!

It has been recognized that the electrochemical activity of
DLROs relies on their percolating network of 0-TM channels,
which could only be formed at high Li/TM ratios. However, the
above results (Fig. 13d-e) unveiled that the Li/TM ratio in
the densified layers is much lower than that in the pristine
electrode, thus increasing the diffusion resistance of the
lithium ions and resulting in rapid electrode degradation.""
Chen et al.>"® pointed out that the same process also exists
in Li; 3Nby3Mny 40, and that the densified layer gradually
expands from the surface into the bulk of particles with cycling.
Although the densified layer has been widely accepted as one of
the main results of structural transformation, it is still doubtful
whether it plays a major role in capacity/voltage decay. Other
possible factors, including parasitic reactions at the electrode
surface,”*?! dissolution of transition metal ions,®>*** Mn?**
Jahn-Teller distortion,>'® etc., may also contribute greatly to
the capacity/voltage decay in DLROs. Thus, more powerful
techniques, such as HAADF/ABF STEM, ss-NMR, etc. are
urgently needed to recognize the structural and chemical
evolution and further to clarify the underlying mechanisms of
DLROs during charge/discharge cycling.

3.5 Electrochemical performance of LROs

3.5.1 Modifications and electrochemical performances of
LLROs. Very recently, Ceder and his co-workers have reviewed the
electrochemistry of the disordered lithium-rich oxides (DLROs)
and oxyfluorides.”® Herein, we will briefly review the modifications
and electrochemical performance of LLROs in this section.

LLROs face several challenges. First, as discussed in the
previous sections, the LLRO structure suffers from irreversible

This journal is © The Royal Society of Chemistry 2020
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structural degradation processes, such as TM migration, LS
transition, and structural densification. Second, to activate the
oxygen redox of LLROs, it is a prerequisite to have a high charge
cut-off potential (4.6-4.8 V vs. Li/Li") that goes beyond the
electrochemical stability window of carbonate-based organic
electrolytes. For this reason, the LLRO electrodes undergo
pernicious side reactions at the electrode/electrolyte interface,
including the decomposition of the electrolyte, the formation of
thick cathode electrolyte interphase (CEI) layers,>'® electrode
corrosion due to contact with acidic electrolyte species (such as
HF),>"” and the dissolution of transition metal ions. Moreover,
the irreversible oxygen reactions such as oxygen gas release and
radical oxygen evolution®'® exacerbate these parasitic reactions.
As a consequence, four electrochemical barriers, i.e. low ICE,
capacity decay during cycling, poor rate capability, and fast
voltage fade, are well acknowledged for LLRO electrodes.

In the last decade, a great number of studies have been
carried out on the the modification of LLRO materials with the
aim of improving their electrochemical performance. As shown
in Table 2, different elements and radicals, such as Mg,>***2°
Al,221’222 Na,223 Ba,224 Ti,225 Zl’l,226 Zr’227,228 K,229 Sn,230 Ca,231
Y,232’233 La,234 B’235,236 F’237,238 Cl,239 B—O,240 PO43_,241 etc.,
have been introduced into the framework of LLROs. An effec-
tive substitution element can play one or more roles during the
electrochemical process: (i) stabilizing the host framework,
(ii) preventing TM migration, (iii) expanding Li layer spacing,
and (iv) stabilizing the O radical. Up to now, both TM site
substitution and surface substitution/doping have positive
effects on improving ICE, cycling stability, and rate capability.
However, some discussions regarding substitution/doping
effects are still open, for example, whether substitution/doping
with ions that have a large ionic radius (e.g. K') or high
electronegativity (e.g. F~) can hamper the migration of TM ions
and thus mitigate voltage fade. In the near future, it is not only
of great significance to mitigate structural transformation and
to improve Li" (de)intercalation kinetics, but equally important
to manipulate the electronic structure, tune redox behavior and
reduce undesired irreversible oxygen reactions by adopting
appropriate substitution/doping elements. To resolve inter-
facial problems, as summarized in Table 3, a great variety of
materials have been utilized to modify the surface of LLROs,
such as oxides,>*>*” fluorides,?*>***°® phosphates,>*'>>°
silicates,>” carbon,?*®%® polymers,”** and so on. The main
function of such a protective coating layer is to avoid the direct
contact between the active material and electrolyte, thus redu-
cing parasitic electrolyte oxidation and TM dissolution. It has
also been observed in LLROs that the coating layers can delay
the structural transitions near the surface, especially LS
transition.?®> Therefore, such a coating usually leads to a longer
cycle life. New electrolyte formulations and electrolyte additives,
measures that are applied to resolve interfacial problems,?®*2%*
can also be applied to increase the cycling stability of LLROs. As
shown in Table 4, a substantial number of electrolyte additives

have been used as CEI-formers for LLROs, including borates,**> %%
sulfones,”® sultones,””® phosphites,””'*”* phosphates,*”*"" etc.
275-277

Moreover, phosphates can also serve as oxygen-scavengers

Energy Environ. Sci., 2020, 13, 4450-4497 | 4469


https://doi.org/10.1039/d0ee01694b

Published on 20 September 2020. Downloaded on 1/13/2021 6:08:09 PM.

View Article Online

Energy & Environmental Science Review
Table 2 Representatives of reported effective substitution/doping strategies for Li-rich oxides
1st dis-capacity Cycling
Electrodes Elements Functions (mAhg™) performance Year
Li; ;Mng¢_Nip5C0¢ 15Ti O, Ti Suppressing the — — 2011%%%
oxidation of 0%~
Li; »,Mng_54Nig 13C00.1301.05F0.05 F Stabilizing host framework 277 (C/5, 2.0-4.8 V) 88.1%, C/5, 2013%%7
50 cycles
Li; ,Mng ¢ Nig,Y,0, Y Expanding Li layer spacing 281 (C/10, 2.0-4.8 V) 85%, 40 cycles 201332
Li; »—xMg,Mny 54Nig 13C00.1302 Mg Expanding Li layer spacing ~250 (C/10, 2.0-4.8 V) 76%, 100 cycles 2014%*°
Li[Lig ,Nig.13C00.13MnNg 54]1_xMg,0, Mg Expanding Li layer spacing 275 (40 mA g7, 92.4%, 50 cycles 2014%2°
2.0-4.8 V)
Li; 5Nig.13Mng 54C00.13- BO,, BO;  Manipulating 319 (C/10, 2.0-4.8 V) 89%, 300 cycles 2014240
(BO4)0.015(BO3)0.01501.925 electronic structure
Li; ,Mng ¢ xRuxNig ,0, Ru Stabilizing the O radicals — — 2014%7°
Li; 5Nig 13C0¢.13Mng 5,0, K Mitigating phase transition 315 (20 mA g7, 85%, 110 cycles 2014%%°
2.0-4.8 V)
Liy 16MnNg 50Nig 215N0,0302 Sn Expanding Li layer spacing 294 (5mAg’, 100% (100 mA g™, 201528°
2.0-4.8 V) 125 mAhg™),
100 cycles
Li; ,Mny 57Nig 17Alg.0602 Al Mitigating phase transition ~271 (25 mA g}, 91%, 50 cycles 2015%%*
2.0-4.8 V, 45 °C)
Li; ,Nig,Mng.¢_xM0xO, Mo Expanding Li layer spacing 245 (C/10, 2.0-4.8 V) 93.2%, 204 cycles 2015%%"
Li; »Nig 05C0g 2sMNg 54MO0g 04602 Mo Expanding Li layer spacing 296 (20 mA g’l, ~91%, 200 mA g’l, 2015282
2.0-4.8 V) 100 cycles
Li; 5Nig 13C00.13Mng 5,0, Zr Stabilizing host framework 256 (12.5 mA g, 95%, 25 mA g, 2015%%7
2.0-4.6 V) 100 cycles
Li; ,Nig 13C00.13MnNg 540, Zn Stabilizing host framework 212.8 (C/20, 2.5-4.8 V) 83.5%, 1C, 100 cycles 20152%¢
Liy B 005Nig.105MNg 60, Ba Stabilizing the O radicals 200 (25 mA g7, — 2015%**
2.0-4.8 V)
Li; 5Mng 50Nig 19B.0102 B — 250 (C/10, 2.0-4.8 V) 94%, 100 cycles 2015%%°
Liy 5Nig 106MNg 5055N0.00002 Sn Stabilizing host framework 212 (C/5, 2.0-4.8 V) 96.2%, 50 cycles 2015>%°
Liy ,Nig,Mng ¢_xNbxO, Nb Stabilizing host framework 254 (C/10, 2.0-4.8 V) 92.3%, 100 cycles 2015233
Li; 21Ko.02Mno.616Nig.15205 K Expanding Li layer spacing 299 (C/10, 2.0-4.8 V) 94%, C/2, 100 ciycles 2016%%*
Li; »Nig.13C00.13Mng 54,0, B Stabilizing host framework 238 (60 mA g7, 94%, 60 mA g~ -, 2016%%°
2.0-4.8 V) 100 cycles
Liy,_xTigMnyg 54C00.13Nig.130, Ti Enhancing conductivity 320 (C/5, 2.0-4.8 V) 71%, 300 cycles 2016>%°
Liy ,Nig.16Mng 51Alg,05C00.0502 Al Stabilizing host framework 210 (C/10, 2.0-4.6 V) 96%, 100 cycles 2016%
Li; ,Mng 515C00.075Nig.115V0.01502 \% Stabilizing host framework 253 (C/10, 2.0-4.8 V) 90%, 1C, 50 cycles 201658
Li[Lip ,Mnyg 54Nig 13C00.13]1—xBxO2 B Suppressing 253 (C/10, 2.0-4.6 V) 89.9%, C/5, 50 cycles 2016>%¢
structural transitions
0.6Li,MnO3-0.4LiNis/1,C01/sMns/1,0, Zr — 260 (20 mA g7, 84%, 100 cycles 2016>%%
2.0-4.8 V)
Li[Lig ;Mng 54Nig 13C00.13]1-xM0,0, Mo Expanding Li layer spacing 276 (C/5, 2.0-4.8 V) 91%, 50 cycles 2016%°
Liy »Nig2_x/2MnNg 6_x/2YxOs Y Stabilizing the host 253 (C/10, 2.0-4.6 V) 92.7%, 50 cycles 2016>*
framework
Li; 5Nig.13C00.13MnNg 54_yLa,Os La Stabilizing the host framework 286 (C/10, 2.0-4.6 V)  93.2%, 1C, 100 cycles 2016>%
Li; 5Nig.13C00.13MnNg 5,0, Na Stabilizing the host framework 228 (C/10, 5th, 233 mAh g, C/5, 2016>%3
2.0-4.7 V) 100 cycles
Li; 99Nig.13C00 13MNg 54Ca0 00502 Ca Expanding Li layer spacing 273 (C/5, 2.0-4.8 V) 87%, 100 cycles 2017%31
Li; 14Nio.136C00.10Alp.03MN 54405 Al Stabilizing the host framework 212 (C/10, 2.0-4.8 V)  94.7%, 100 cycles 2017%%2
Li; ,Ni13C00.13-xMng 5sALO51 ) Fy, Al F Enhancing structural stability 220 (C/2, 2.0-4.8 V) 88.2%, C/2, 150 cycles ~ 2017°°
Liy.11Nig.8002,Cl, Cl Tuning redox behavior — — 2017%%°
Li[Lip ,Mny 56Nig 16C00.08]1 —xT€x0 Te Enhancing structural stability 271.6 (C/10, 2.5-4.6 V) 84.3%, C/2, 100 cycles  2017>"
Li; 5Nig 13C00.13Mng 54_Cr, O, Cr Suppressing structural transitions 230 (C/10, 2.0-4.8 V)  93.7%, 50 cycles 201722
Li; »Nig 13C00.13MnNg 54— xFe, 0, Fe Suppressing structural transitions 230 (C/10, 2.0-4.8 V) 90%, 50 cycles 2017%%%
Liy.17Nag.03Nig 13C00.13MN 55P0 010, Na, PO,>~  Expanding Li layer spacing 255 (C/10, 2.0-4.8 V) 93.8%, 1C 2018>4
(182mAh g™,
100 cycles
Li; 5Mng_55Nig.13C00.15La0.020,@CaF, La — 275.1 (C/20, 2.0-4.8 V) 93.9%, C/2, 100 cycles 2018
Li; 15Nig sMng 5,0, W (1 vol%) — 284 (C/20, 2.0-4.8 V) 66%, 100 cycles 2018%%*
Li; »Mng 54 xNbyNig 13C00.1305_6xFex Nb, F Suppressing structural 269 (C/10, 2.0-4.8 V) 94%, 1C, 100 cycles 2018%%°
changes
Li;/6Ni;6C01/6M111/,01.95F0.05 F Improving thermal stability ~255 (C/10, 2.0-4.6 V) — 2018>%®
Liy »(Mng_54Nig.13C00.13)1 _xCr O, Cr Stabilizing the O radicals ~260 (C/20, 2.0-4.6 V) 91%, 1C 2018%9°
(175 mAh g™,
200 cycles
Liy »Nig,Mng 60, Mo, Co Mitigating oxygen release 297 (12.5 mA g7, 86.5%, 25 mA g, 20187
2.0-4.8 V) 50 cycles
Li; ;Mng 5,Nig 13C00.13MNg 1Al 0:0, Mg, Al Expanding Li layer spacing 271.9 (C/20, 2.0-4.8 V) 81%, C/10, 100 cycles 2019%%8
Li; 5Mng_54Nig 13C00.1505 Sn, K Expanding Li layer spacing 278 (C/2, 2.0-4.6 V) 70%, 100 cycles 2019%%°
Li; ,Mng 54Nig 13C00.13_xYb, O, Yb Expanding Li layer spacing 295 (C/10, 2.0-4.8 V) 87%, C/5, 100 cycles 2019°%°
Li-rich Li-Ni-Mn-Co-O P Expanding Li layer spacing 296 (C/10, 2.0-4.8 V) 73%, 1C (247 mA h g™ '), 2019*"
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Table 2 (continued)
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1st dis-capacity Cycling
Electrodes Elements Functions (mAhg™) performance Year
Liz.1sMng 55C00.13Nig 13L20.0:Mg0.0,0, Mg, La Preventing TM migration 296 (C/10, 2.0-4.8 V)  86.1%, C/2, 150 cycles  2019°°
Li; ,Nig 13C00.13MnNg 54 Re— Re, B Stabilizing the O redox 202 (400 mA g7, 81%, 300 cycles 2019°%
[(BO4)0.75y(B03)]0.25y02—3.75y 2.0-4.8 V)
Li; ,Nip.,Mng 60,Cdg 03S0.03 cd, S Expanding Li layer spacing 268 (C/10, 2.0-4.8 V) 90.6%, 80 cycles 2019

to remove the generated O, and radical oxygen atom produced
by the over-oxidation of lattice oxygen. Overall, to enable a long
life for LLROs, a suitable electrolyte system should satisfy the
following requirements:*® (i) a wide electrochemical stability
window to ensure its electrochemical and chemical stability
during battery operation, (ii) the capability to form a uniform,
effective and robust solid electrolyte interphase (SEI)*”® and CEI
on the surface of both positive and negative electrodes, and
(iif) the capability to eliminate the by-products of oxygen redox
reactions (e.g. O,).

The electrochemical performance of LLROs can be greatly
improved by substitution/doping, coating and electrolyte-
modulation strategies. However, it is rarely reported that the
voltage fade of LLROs can be greatly eliminated by these
conventional modification methods. Most of the articles have
not quantified the voltage fade before and after modification.
In addition, voltage fade is a result of various bulk-structure
transformations. These modification methods, especially
coating and electrolyte modulation, would have limited effects
on delaying the voltage decay as they are more or less surface
related strategies.

3.5.2 Voltage fade in LLROs. Up to now, cycling stability
has no longer been a major concern for the practical applica-
tions of LLROs. Many reports have shown significant improve-
ments in the cycling stability through various strategies.
For example, by coating Li; ,Nip15C001Mng 550, with AlF;,
Zheng et al.*®®> enhanced the capacity retention from 80.9%
(uncoated sample) to ~100% (coated sample) at the 100th
cycle. Qiu et al.**” obtained ~100% capacity retention after
100 cycles from the Li; 144Nip.136C00.136MNg 5440, electrode by
creating oxygen vacancies on the particle surface. However,
although all these reports present almost no capacity fading
for LLROs, the voltage decay is unfortunately remarkable.
As shown in Fig. 14a, the Li, ,Ni; ,Mn, O, material synthesized
by a hydrothermal assisted method™*" delivers a high capacity
retention of ~100% after 100 cycles at C/10, but the continual
shift of both charge and discharge profiles to the lower voltage
regions with cycling can be clearly viewed. This shows a typical
voltage fade phenomenon of LMROs, which results in the
diminution of energy density. At present, voltage fade becomes
the primary challenge faced by LROs.>*>>*8

As discussed in the above sections, the migration of the TM
ions leads to LS transition. Both TM migration (especially from
the TM layers to the tetrahedral sites in the Li layers) and
spinel-like phase formation have been listed as the main reasons
for capacity and voltage fade.”*"*' Mohanty et al.'®” investigated
the cation migration pathways of Li; ;Mng 55Nig 15C00.10, by ND.

This journal is © The Royal Society of Chemistry 2020

The refined pattern fitted well with the experimental ND data by
employing three-phase models of trigonal, monoclinic and spinel
phases. Based on the Rietveld refinement results of ND,
they proposed that the spinel phases are formed through the
migration of the Li and Mn ions from octahedral sites in the TM
layers to tetrahedral sites and octahedral sites in the Li layers,
respectively. Importantly, the alteration of the Mn and Li sites
might ease the movement of the Li ions, lower the operating
voltage of the cell and thus lead to voltage fade. Apparently, in
that report, LS transition was regarded as a bulk feature of
the LLROs rather than being restrained only at the surface.
Therefore, substitution with alkali atoms and reduction of the
manganese content were proposed as potential solutions to
minimize voltage fade."®” By using aberration-corrected STEM,
Zheng et al'*' investigated the structural changes of the
Li; ,Nip ,Mng 0, electrode with cycling and provided a possible
mechanism for voltage fade. As illustrated in Fig. 14b, the layered
structure transformed into a defect spinel structure and then
converted to a disordered rock-salt structure with extended
cycling. During this process, some of the 16¢ octahedral sites
were occupied by the migrated TM ions, thus blocking reversible
Li insertion/deinsertion and lowering the redox potential of
LMROs."*! In 2018, based on a comprehensive XAS investigation
of Li; ,Nip15C00.1Mny 550,, Hu et al.*® observed the continuous
reduction of the average valence state of the TM ions during
cycling (Fig. 14c), which resulted from oxygen release and led to
the activation of the lower-voltage Mn**/Mn*" and Co**/Co**
redox couples. Besides, the significant amounts of pores and
the surrounding build-up of Mn*>*/Mn>" in the bulk contribute to
valence changes (Fig. 14d). Recently, by studying the oxygen
redox inactive Li; ,Nio,Ruq ¢O, electrode, Li et al.**” have found
that the microstructural evolution mainly originated from T™M
migration as a direct cause of the voltage fade phenomenon.
It should be pointed out that the voltage fade in Li; ,Nij ,Ru 05
is much lower than in materials involving oxygen redox, which
might indicate that oxygen related factors, such as O, release, are
closely related to voltage fade. Therefore, voltage decay/fade can
be mainly attributed to TM migration, LS transition, and O,
release.

Effective strategies to achieve the complete elimination
of voltage fade are still lacking. Surface/interface/interphase
concerned methods, i.e. active material surface modification
and film forming electrolyte additives, have attracted just some
interest. For example, Zheng et al.>®* showed that AlF; coated
Li; ,Nip 15C00.1Mng 550, exhibits a reduced voltage fade of
10.1% as opposed to 12.3% for the uncoated samples after
100 cycles. Bloom et al.**° investigated the effects of coatings,
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Table 3 Representatives of reported effective coating strategies for Li-rich oxides
Thickness  1st dis-capacity
Electrodes Coating layer (mass) (mAhg™) Cycling performance Year
Li; 05Nig.4C0p.15Mng 40, Various oxides 10 nm — — 2007%4?
Li; »Nig 13C00.13MnNg 5,0, AlF, — 267 (C/10, 2.0-4.8 V) 87.9%, 0.5C, 80 cycles 2008%48
Liy ,Nig.13C00.13Mng 540, TiO, 3 mol% 250 (18 mA g, 2.0-4.8 V) 87%, 90 mA g, 90 cycles 2008°%%
Liy »Niy ,Mng 60, MnO, 20 nm 298 (20 mA g, 2.0-4.8 V) 89%, 20 mA g ', 30 cycles 20113°°
Liy.04sMn 351Ni0 286C00.28602 C 5-8 nm 203.2 (C/10, 2.5-4.5 V) 94%, 100 cycles 2012%%8
Li; 5Nig.13C00.13MNg 540, 710, 1 wt% 253 (C/10, 2.0-4.8 V) 207 mAh g, C/2, 50 cycles  2013>"
Li; ,Mnyg 55Nig 175C00.105 LiPON <10 nm 275 (C/10, 2.0-4.9 V) ~85%, 350 cycles 20137
Liy »Nig 13C00.13MNg 540, Al,O,4 3 wt% 250 (20 mA g, 2.0-4.6 V) 92%, 100 mA g, 100 cycles ~ 2013°%°
Liy »Nig 13C00.13MNg 540, FePO, 5-10 nm 271 (C/20, 2.0-4.8 V) 95%, C/2, 100 cycles 2013%?
Liy 17Nig2C0g.0sMng 550, LizV,(PO,)s 3-4 nm ~320 (30 mA g7, 2.0-4.8 V)  90.1%, 60 mA g~ ', 50 cycles 2014%2
0.3Li,MnO3-0.7LiNig/q - ZnoO 8 nm 316 (C/10) 81%, 50 cycles 2014%%
C05/21Mny1/310,
Li; »Nig 15C001Mng 550, AlF, 10 nm ~250 (C/10, 2.0-4.8 V) ~100%, C/3, 100 cycles 2014%%%
Li; ;Mng 54Nig 13C00.130, Polyimide (PI) — 269 (20 mA g, 2.0-4.8 V) 90.6%, 50 cycles 20147
Li; ,Mng 54Nig 13C00 1305 CeF, 10 nm 223 (C/10, 2.0-4.6 V) 91.7%, 50 cycles 20140
Li; »Nig ,Mng 6O, Li;+xMn,0, 1-2 nm 295 (C/10, 2.0-4.8 V) 94.7%, 50 cycles 2014%"
Liy »Nig 13C00.13MNg 540, LiF & Spinel 1 nm ~265 (30 mA g ' 2.0-4.6V)  89.1%, 150 mA g, 2014>*°
200 cycles
Liy ,Feq 1Nig.15Mng 550, AlF; 3 nm 250 (0.1C, 2.0-4.8 V) 87.9%, 50 cycles 2014>*%
Liy »Fey 1Nig 15Mng 550, Al O, 15 nm 272 (0.1C, 2.0-4.8 V) 84.2%, 50 cycles 2014>%
Li; 15Mng 4gNig 23C00.1205 MgO 2 wt% 260 (C/10, 2.0-4.8 V) 99.5%, 10 cycles 2014%4
Liy »Nig 13C00.13MNg 540, MnO, 3% wt% 308 (0.1C, 2.0-4.8 V) 81%, 0.1C, 20 cylces 2014>"
Liy ,Nig,Mn, 60, NH,F, Al,O, 3 mol%, 287 (C/20, 2.0-4.8) — 2015°"2
1 mol%
Li; 17Nig.17C00.1;Mng 50, LiMgPO, 2-3 nm 255 (C/10, 2.0-4.7 V) 72%, 1C, 250 cycles, 60 °C 2015
Liy 13Nig 30Mng 570, Li,SiO; 10-30 nm 202 (20 mA g ', 2.0-4.8 V) 90%, 100 mA g ', 100 cycles  2015°"3
Li; »Nig 13C00.13MnNg 5,0, Li;PO,@C 3-7 nm 266 (30 mA g, 2.0-4.6 V) 87%, 150 mA g, 200 cycles  2015>*°
0.5Li,Mn0j3-0.5LiNiy 5C0g,Mng 30,  Al,O; — 244 (C/5, 2.0-4.8 V) 98.6%, 100 cycles 2015
Liy »Nig 13C00.13Mng 540, LiFePO, 7 nm 282.8 (C/10, 2.0-4.8 V) 98%, 120 cycles 20152
Liy oFeq 1Nig15Mng 550, AlPO, 5 wt% 296.4 (0.1C, 2.0-4.8 V?) 74.4%, 50 cycles 2015%°
Liy ,Nig.13C00.13MnNg 540, Samaria 2-3 nm 261 (25 mA g, 2.0-4.8 V) — 2015°"3
doped ceria
Li; 13Nig3Mng 5,0, Li;PO, 2 nm 319 (C/20, 2.0-4.8 V) 74.2%, 1C, 60 cycles 2016°'°
Liy ,Nig ,Mng 60, LizPO, 2-7 nm 240 (C/10, 2.0-4.8 V) 90%, 50 cycles, 60 °C 20167
Li,MnO; TiO, 1-3 nm 188.8 (20 mA g™, 2.0-4.8 V)  79.2%, 60 cycles 2016°'8
Li; gNig.15C00.15MNg 705 675 Li,SiO; 2 nm 250 (C/10, 2.0-4.8 V) 160 mA h g ', 94.3%, 1C, 20167
200 cycles
Li; »Nig 13C00.13MnNg 540, Li,PO, 5 nm 226 (C/5, 2.0-4.8 V) 78%, C/5, 100 cycles 2016°"
Li; 5Nig.13C00.13MNg 540, LizPO, 4 nm 284.7 (C/20, 2.0-4.8 V) 85%, C/2, 100 cycles 2016°2°
Liy »Nig ,Mng c0, ZnAl,0, 1 Wt% 254 (0.1C, 2.0-4.8 V) 98.6%, C/5, 50 cycles 2016°2
Li; »Nig 13C00.13MnNg 5,0, Sno, 4-8 nm 264 (C/10, 2.0-4.8 V) 89.9%, 1C, 200 cycles 2016°*?
Li; ,Nig ,Mng 60, LiAlO, 5 nm 237.1 (3C/50, 2.0-4.8 V) 90.5%, C/2, 2.0-4.6 V, 20162
100 cycles
0.4Li,MnO;- LiNig sMn; 50, 2 mol% 270 (C/10, 2.5-4.7 V) 86.2%,? C, 2.5-4.6 V, 2017%%*
0.6LiNig_415C0¢.16:MNg 41705 150 cycles
Li; »Mng 54Nig 13C00.130, Li,NiysMn,; s0, 5.4 nm 264 (C/5, 2.0-4.8 V) 94%, 1C, 100 cycles 2017°%°
Li; 15Nig sMng 5,0, WO, 1 vol% 284 (C/20, 2.0-4.8 V) 188 mAh g™, 1C, 20182
100 cycles
Li; »Nig 133C00 133MNg 53401 5F0 2 Al,O, 5-7 nm 220 (after activation, C/20, 176 mA h g™, C/10, 2018%2¢
2-4.6 V) 100 cycles
Liy ,Nig ,Mng 60, LiAlIF, 5.2 nm 246 (C/10, 2.0-4.8 V) 92.8%, 100 cycles 2018%°°
Li; ,Nig ,Mng 60, LaNiO; 5-10 nm 216 (C/10, 2.0-4.8 V) 94.3%, 200 cycles 2018°%7
Li; ;Mn_5,Nig 13C00.13L80.0202 CaF, — 275.1 (C/20, 2.0-4.8 V) 93.9%, C/2, 100 cycles 2018%%
Li; 214M0g 530C00.125Ni0 12505 Li;Mns0;, 14 nm 276 (C/20, 2.0-4.7 V) 83.1%, C/5, 300 cycles 2018328
Li; 5Nig.13C00.13MNg 540, Al,O, 20 nm 244 (C/20, 2.0-4.8 V) — 20183%°
Liy »Nig 13C00.13MNg 540, CeO, 4 wt% 281.9 (C/20, 2.0-4.8 V) 81.3%, 50 cycles 2018%°
Liy »Nig 13C00.13M1g 5405 YF, 2-3 nm 273 (C/20, 2.0-4.8 V) 85%, C/2, 150 cycles 2019%3°
Liy»_Nay Nig13C00.13MNg 550, Na;_,Li,F 2 nm 230 (C/2, 2.0-4.8 V) 92%, 100 cycles 2019%3°
Li; ,Mng_54Nig 13C00.1505 LATP@CNTs — 275 (C/20, 2.0-4.8 V) 86.2%, C/5, 100 cycles 20192%¢°
Li; »Nig 13C00.13Mng 5,0, LaPO, 2 wt% 249.8 (C/10, 2.0-4.8 V) 83.2%, 1C, 200 cycles 2019%°°

including Al, 03, LiAlO,, ZrO,, AIPO, and LiPON, and electrolyte
additives, including 3-hexylthiophene and lithium difluoro
(oxalato)borate, on the elimination of the voltage fade in
0.5Li,Mn0O;-0.5LiNij 375Mng 375C00.250, and suggested that
these methods, especially LiPON coating, are very effective
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in improving capacity retention during cycling, but have a very
limited or even no effect on voltage fade.

Other approaches, especially those aiming at the changes
in the bulk of LLRO particles, have attracted more attention.
By limiting the upper cut-off voltage and the amount of excess Li,
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Table 4 Representatives of reported effective electrolyte additives for Li-rich oxides
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Base electrolyte

1st dis-capacity

Electrodes Additives (1 M LiPFg) Functions (mAhg) Cycling performance Year
Ligx]Ni;/3C013Mny3]000, ~ TPFPB 1.2 M LiPFy, Film-former — — 20062%°
EC:PC:DMC 1:1:3
Li; 41Nig 3Mn, 3C00.30// LiBOB 1.2 M LiPFy, Film-former — ~84%, 100 cycles 20077
MCMB EC:PC:DMC 1:1:3
Li; 41Nio.3Mny,3C00.505// VEC Film-former — ~90%, 100 cycles 2007%%°
MCMB
Li; 1Nig 3sMng 3C00.30,// LiDFOB Film-former — ~95%, 100 cycles 2007%%¢
MCMB
Li-Rich NMC//graphite LIiDFOB 1.2 M LiPFg, Film-former 200 (1C, 2.0-4.8 V) 92%, 100 cycles 2012%%7
EC:EMC 3:7
Li; ;Mng 56Nig.16C00.0502 HFiP EC:DMC 1:1 Film-former 250 (18 mA g ', 73.3%, 180 mA g/, 2012%7*
2.0-4.6 V) 130 cycles
Li; »Mng 54Nig 13C00.130, Py.,TFSI  EC:DMC 1:1 Film-former ~250 (C/10, 2.0-4.8 V)  84.4%, 1C, 150 cycles, 2012%%*
Liy ,Mny 54Nig 13C00.130, TMP EC:DMC 1:1 Film-former 270 (C/10, 2.5-4.8 V) 82%, 0.5C, 100 cycles, 2013%%?
Liy.167Ni0.233C00.1MNg 467 TEP/TPP/ EC:FEC:EMC: Oxygen — 56%, 300 cycles 2013%7°
MO0y.03302 EDP DMC 1:2:2:5 scavenger
Li; ;Mng 54Nig 13C00.130, TMSP EC:DMC 1:1 Film-former 247.7 (20 mA g *, 91%, 50 cycles 2014%*
2.0-4.8 V)
Li; sMn 54Nig.13C00.130, TMSB EC:EMC:DMC 3:5:2 Film-former ~270 (C/10) 74%, 0.5C, 200 cycles 2015°%*
Lithium-rich-NMC//graphite TTFP EC:DMC 1:1 Film-former; 192 (4th cycle, 1C, 83%, 100 cycles 2015%7°
oxygen 2.0-4.6 V)
scavenger
Li; 17Nig 17Mng 5C00 170, TMSP EC:EMC:DMC 3:4:3 Film-former ~250 (C/10, 2.0-4.6 V)  77.1%, C/2, 90 cycles, 2015°7
Li; 17Nig1;Mn 5C00 170,// ~ TMSP EC:EMC:DMC 3:4:3 Film-former ~250 (C/10, 2.0-4.6 V)  87.1%, C/2, 100 cycles, 20157
graphite
Li; ;Mny 56Nio.16C00.0502 SUN EC:DMC 1:1 Film-former 265 (C/10,2.0-4.8 V) 77.4%, 180 mA g~ ', 2015°%
200 cycles
Li-Rich NMC PS EC:DMC 1:1 Film-former 275 (C/10, 2.0-5.0 V) 88.4%, C/5, 240 cycles 2015°7°
Liy.16[MnNg 75Nig 25].88402 FEC EC:DMC:DEC 1:1:1  Film-former 198 (C/2, 2.5-4.7 V) 92.5% 100 cycles 2015%°
Li; 5Mng.54Nig 13C00.1305 EGBE EC:EMC 3:7 Film-former ~200 (C/2, 2.0-4.8 V) 89%, C/2, 150 cycles 2016%%7
Li; ;Mng 54Nig 13C00.130,// ~ TMSPi EC:EMC:DEC 3:5:2  Film-former 209 (C/2, 2.0-4.8 V) 83%, 50 cycles 2016>7"
graphite
Li; ;Mng 54Ni 13C00 130, PVS EC:EMC:DMC 3:5:2 Film-former 207 (C/2, 2.0-4.8 V) 80%, 240 cycles 2016>%°
Li; ;Mnyg 54Nig 13C00.130, DMAc EC:EMC:DMC 3:5:2 Film-former 246 (C/2, 55 °C) 66.7%, 150 cycles 20168
Liy 16Ni.2C00.1Mng 5,0, TPPi EC:EMC 1:2 Film-former ~250 (C/10, 2.0-4.8 V)  91.2%, C/2, 90 cycles 2016°"
Li; ;Mn 56Nig.16C00.0s02//  PS/SB EC:DMC 1:1 Film-former ~130 (full cell mass)  85%, 485 cyces 2016>%°
graphite
0.5Li,MnOj;-0.5Li- TMSOMs EC:EMC 1:2 F~ scavenging  ~230 (C/10, 2.0-4.6 V)  92.8%, 100 cycles 2016°"°
Nig.4C00.,Mng 40,
Li; 17Nig 17Mng 5C0 170, LiDFBP  EC:EMC:DMC 3:4:3 Film-former ~240 (C/10, 2.0-4.6 V)  99.5%, C/2, 100 cycles 2017°"
Li; ;Mng 54Nig 13C00.130, HTN EC:DMC 1:2 Film-former ~198 (C/2, 2.0-4.8 V) 92.3%, 150 cycles 2017°*
Li; ,Mny 54Nig 13C00.130, TEP EC:DMC 1:2 Film-former; 213 (0.3C, 2.0-4.8 V) 82.6%, 100 cycles 201777
Oxygen
scavenger
Li; 17Nig17Mng sC0g.170,// LiFMDFB 1.3 M LiPF;, Film-former — 85%, 100 cycles 2018%43
SGC EC:EMC:DMC 3:4:3
Li; ,Nig ,Mng 60, bisTMSA EC:DEC 1:1 Removing H,0 237 (C/10,2.0-4.8 V)  80%, 1C (171 mAh g '), 2018***
374 cycles
Li; ,Mng 54Nig 13C00.130, TPB EC:EMC:DEC 3:5:2  Film-former ~230 (C/10, 2.0-4.8 V)  78%, C/2, 250 cycles 20182%®
Li; 16Ni0.2C0p 1M 540, MDP EMC:EC 1:2 Film-former ~290 (C/10, 50 °C, 93.9%, 1C, 80 cycles 20183
2.0-4.8 V)
Li;y ,Mny 55Nig 15C00.10, BTMSC  EC:EMC:DEC 3:5:2 Eliminating HF 250 (C/10, 2.0-4.8 V)  72%, C/2, 200 cycles 2019%4¢

Croy et al.**°

observed that the voltage fade becomes worse with

inhibiting this process is also effective in eliminating voltage

the increase of Li,MnOj; content. Coupling with the XAS data,
they further proposed that maximizing Mn-Ni interactions,
minimizing Mn-Mn interactions, limiting the excess Li content
and the extent of electrochemical activation could be viable to
improve the rate capability and mitigate the voltage fade phe-
nomenon. Aurbach’s group®® demonstrated that substituting/
doping Li; ,Nig 16Mng 56C00 050, With Al could reduce the voltage
degradation from 0.15 V to 0.07 V (average discharge voltage,
100 cycles). Very recently, Kang and co-workers have confirmed
that improving the reversibility of TM migration rather than

This journal is © The Royal Society of Chemistry 2020

fade.*®* Via an ion exchange method, they prepared an O2-type
layered Li[Li,Ni,Mn;_,_,]O, (LLNMO) compound with the ABBA
stacking sequence (Fig. 15a, top), which is different from the
conventional O3-type LLNMO with ABCABC stacking (Fig. 15b,
top). The connection between the neighboring LiOg octahedra
and TMOg octahedra in the O2-type structure (Fig. 15a, bottom)
differs from that in the O3-type structure (Fig. 15b, bottom),
which leads to the high reversibility of TM migration in O2-type
LLNMO (Fig. 15c and d) and results in the suppressed voltage
fade in the O2-type LLNMO electrode (Fig. 15e). After 40 cycles,
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Copyright 2015, Royal Society of Chemistry. Reproduced with permission,*®” Copyright 2018, Nature Publishing group.

the retention of energy density is increased from 71.8% for
O3-type LLNMO to 82.5% for O2-type LLNMO. By a modified
co-precipitation method, Zhang et al.*** obtained the Lij ,Nig »-
Mn, 0, compound with dispersed spherical secondary particles,
which exhibits substantially suppressed voltage fade as compared
to the one obtained with the conventional co-precipitation
method. He et al®**? also prepared Li; ;Mng 56Nig 16C00.0502 via
a template assisted method; this material showed a porous
morphology integrated with an in situ formed surface containing
carbonaceous compounds. The voltage decay was only 0.084 V
(100 cycle) when investigated in the voltage range of 2.0-4.8 V.
Although the underlying mechanisms should be further explored
and O2-structured LROs still exhibit low cycling stability, their
work shows that adopting suitable synthesis methods might be
promising to mitigate the voltage fade issue.

From the above analysis and discussion, it can be concluded
that voltage decay/fade is closely related to structural changes
in the bulk of the materials, and thus strategies such as stoi-
chiometry optimization, element substitution/doping, structural
design, and morphology tailoring show great promise in mitigating
voltage decay.

3.5.3 Voltage fade in DLROs. For DLROs, voltage fade and
capacity decay that have been discussed in Section 3.4 are two
major challenges during cycling. As discussed in Section 3.5.2,
the direct reason for voltage fade in LLROs is the transforma-
tion from high voltage redox couples to low voltage redox
couples,'®” while the underlying mechanisms are very complex
and involve many features, such as LS transition, TM migration,
and continuous oxygen release. However, except for the densified

4474 | Energy Environ. Sci., 2020, 13, 4450-4497

layers (Fig. 13b), the structural evolution of DLROs is difficult to
detect due to their complex structural characteristics, which
brings difficulties in the mechanistic studies of voltage fade in
DLROs. Kan et al.”®® observed that during the discharge process of
Li; 3Nby 3Mn, 40,, the reaction peak located at ~3.2 V degrades
rapidly, while the reduction reaction at ~2.2 V increases with
cycling, indicating the occurrence of redox reactions involving
different Mn species. Chen et al. further studied the change of
the Mn valence-state in Li; 3Nbg3Mng 40, electrodes cycled in
different voltage ranges.>'® They found no obvious increase of
Mn”* in discharged electrodes cycled five times compared to
pristine when cycled within 1.5-4.2 V. However, when the upper
cut-off voltage increased to 4.8 V, the amount of Mn** increased
with cycling, which suggests that the Mn reduction during cycling
is induced owing to the anionic reactions above 4.2 V. The
reduction of the TM ions with cycling in anionic redox active
DLROs has been clearly observed*'**>* and should obviously be
related to the voltage fade phenomenon in DLROs. However, the
intrinsic causes of the TM reduction and their detailed connection
with electrochemical performances are rarely studied.

4. Oxygen redox in Na-cathodes

The first cathode materials for sodium ion batteries (NIBs) were
reported in the early 1980s, shortly after those for LIBs.*
However, because of their inferior electrochemical performance,
NIBs received less attention as compared with their lithium
counterparts. The fervor for developing NIBs has been revived

This journal is © The Royal Society of Chemistry 2020
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owing to the higher natural abundance of sodium than lithium
and the considerable achievements made in advanced NIB
electrode materials, in particular cathode materials.>**3"
In comparison with Li*, although the heavier weight and larger
ionic radius of Na* (1.02 A for Na* vs. 0.76 A for Li*) slow down Na"
migration, the lower charge density of Na' leads to a weaker
interaction between charge carriers and lattice oxygen, thus
resulting in a higher mobility of Na* in layered oxides.’****
Therefore, some layered sodium oxides exhibit good rate capabil-
ity in appropriate voltage ranges.****®> However, the higher
standard reduction potential of Na (—2.71 V vs. SHE) than Li
(—3.04 V vs. SHE) results in the lower operative potential of
sodium ion cathodes than their Li counterparts.>*® Compared to
their lithium counterparts, the layered sodium transition metal
oxides (Na,TM,0,, x +y < 2) show decreased specific capacity,
versatile layered structures, and more irreversible phase changes
during sodium insertion/extraction.*®” To address the low energy
density and thus high cost per kWh caused by the above-
mentioned factors and to increase the commercial viability of
NIBs, high capacity sodium ion cathodes with both cationic and
anionic redox reactions came into the radar. Up to now, anionic
redox reactions have been found in an enormous number of
Na,TM, O, materials, as shown in Table 5. Unlike layered lithium
transition metal oxides, for which the anionic redox that provides
extra capacities beyond the TM redox is usually triggered by the
excess lithium ions, it is very interesting that all of the sodium
ions can be extracted from Na,TM;0,, no matter how much
charges are compensated by TM redox reactions, which indicates
the easy activation of the lattice oxygen redox reactions. Besides,
the lattice oxygen redox in Na,TM, 0, is more reversible than that
in LLROs.”’

This journal is © The Royal Society of Chemistry 2020

Based on the stoichiometry of the chemical formula
(Na,TM,0,), anionic redox reactions have been found in both
Na-rich (x > 1) and Na-poor (x < 1) oxides. It is still a mystery
that most of the Na-rich oxides are based on 4d (such as
Na,Ru0O;, NazRuO;) and 5d (such as Na,IrO;) TM ions.
One possible explanation is the large difference in ionic radii
between Na' and other 3d TM ions. For example, the ionic
radius of Na* (1.02 A) is 1.92 times that of Mn** (0.53 A), which
leads to the strong tendency of the Na" ions to be located in the
sodium layers instead of the TM layers. However, ratios of
ionic radii between Na' and Ir** (0.63 A, 1.62 times), Ru’"
(0.62 A, 1.64 times), and Ru®" (0.68 A, 1.50 times) lie also too
much above the critical value of 1.15 to form solid-solution
structures. Therefore, the critical reasons that constrain
the synthesis of 3d-based Na-rich oxides need to be further
uncovered. Besides Na-rich oxides, the lattice oxygen redox is
widely identified in Na-poor oxides containing 3d TMs, such
as P2-type Nag ;Mg 33Mng 6,0,”” and Nag 6,Zng ;Mn, 50,,>%" as
shown in Table 5. In this section, the recent advances and
reaction mechanisms of anionic redox in layered Na-rich and
Na-poor materials will be reviewed.

4.1 Lattice oxygen redox in Na-rich oxides

Layered Na,RuO; (space group: R3m) is the first reported
Na-rich oxide that can be used as the cathode for NIBs.*?
The capacity delivered by Na,RuO; within 1.5-4.0 Vis 147 mAh g™ *,
which is only 7% higher than the theoretical capacity based on the
Ru™/Ru®" redox couple. Two years later, Rozier et al.'** found that
the Na,Ru;_,Sn,0; series could (de)intercalate more Na* per for-
mula unit than the amount of charge compensated by the Ru**/Ru’*
redox couple. They proposed the involvement of anionic (Ru*'/Ru’")

Energy Environ. Sci., 2020, 13, 4450-4497 | 4475
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Table 5 List of reported layered sodium oxides with anionic redox reactions
1st dis-capacity Redox 0,
Materials Structures (mAhg™) Cycle performance center release Year
Na-Rich oxides
Na,RUg 755102503 Layered ~142 (1.5-4.2 V) ~71%, 50 cycles Ru, O — 2015
Na,IrO; Layered (C2/m) ~133 (C/5,1.5-4 V) ~45%, 50 cycles Ir, O Yes 2016°%°
Na,RuO, Layered (R3m) ~180 (30 mA g %, ~87%, 50 cycles Ru, O — 20167
1.5-4.0 V)
NazRuO, Layered (C2/m) ~130 (50 mA g, ~46%, 50 cycles (0] — 2018°%°
1.5-4.0 V)
Na; ,Mng 41,40, Layered (R3m) ~140 (20 mA g}, >60%, 100 mA g, Mn, O No 201937°
1.5-4.4 V) 50 cycles
Na-poor oxides
Na,,/3Mgo 25MNg 720, Layered ~220 (10 mA g%, >68%, 30 cycles Mn, O — 2014%71
1.5-4.4 V)
Nayg_7gLig15Nio.25- Layered ~240 (125 mA g, 190mAhg’, Mn, O — 2015372
Mny 5550, 1.5-4.5 V) 30 cycles
Nay ¢Lig ,Mn, O, Layered ~80 (0.1C, 3.5-4.5 V) 50%, ~ 10 cycles o — 2018'%°
Na,/3Mg 25MNg 7,0, Layered ~160 (10 mA g™}, — Mn, O No 201874
1.5-4.5 V)
Na,/sMN5/6ZN, /60, Layered ~195 (0.1C, 1.5-4.5 V) >60%, 50 cycles Mn, O No 2018373
(P63/mmc)
Nay_sNip.25Mng 750, Layered (R3m) 180 (20 mA g7, — Ni, O — 201874
1.5-4.6 V)
Nay/;Mng,0, Layered (P1) ~200 (0.05C, 85%, 20 cycles Mn, O — 2018°7°
1.5-4.7V)
Na,;Mng,0, Layered (P1) ~220 (—, 1.5-4.4V) 68%, 20 cycles Mn, O — 2018°7¢
Na,3Ni; 3Mn, 50, Layered 228 (10 mA g7, 40%, 100 cylces Ni, surface No 2018%77
(P63/mmc) 1.5-4.5 V) Mn, O 2020%78379
Na,/;sMg;/3Mn, 50, Layered 168 (0.1C, 2.0-4.5 V) ~80%, 1C, Mn, O — 2019”7
100 cycles
Nag.653MNg.02002 Layered ~210 (0.1C, ~86%, 60 cycles Mn, O — 201938
(P63/mmc) 1.5-4.3 V)
Nay/sMgy/3TiqsMny 0, Layered ~230 (20 mA g}, ~70%, 0 — 2019381
(P63/mmc) 1.5-4.3 V) 40 mA g, 50 cycles
Nag 75Lig.24Mng 760, Layered ~270 (10 mA g *, ~55%, 30 cycles o) - 2019382
(P63/mmc) 1.5-4.5 V)
Nayg_¢sLig.18F€0.12MnNg 705 Layered ~190 (10 mA g}, ~87%, 80 cycles Mn, Fe, O — 2019%%
(P63/mmc) 1.5-4.5 V)
Nayg_¢6Lig.25Tio.15MNg 6305 Layered 228 (10 mA g7, 83.6%, Mn, O Yes 201938
(P63/mmc) 1.5-4.5 V) 50 mA g %,
100 cycles
Nay ¢Mgo ,Mn, ¢C0p .0, Layered 214 (26 mA g7, 87%, 100 cycles Co, O — 2019°%°
(P63/mmc) 1.5-4.6 V)
Na,/sMg;/3Mny 50, Layered (R3m) 225 (7.5 mA g *, ~65%, 15 mA g 7, Mn, O — 2019°%¢
1.6-4.4 V) 30 cycles
Nag oNip.sMng 50, Layered (R3m) 102 (100 mA g7, 78%, 100 mA g, Ni, O — 2019%%7
1.5-4.5 V) 500 cycles
Nayg_¢6Lig.22RU0 7505 Layered 158 (10 mA g7, 91%, 50 mA g7, Ru, O — 2020388
(P63/mmc) 1.5-4.5V) 500 cycles
Nayg.¢,Nig 33MnNg 665N0.0102 Layered 245 (20 mA g7, 73%, 200 mA g7, Ni, Mn, O — 2020°%
(P63/mimc & 1.5-4.5V) 50 cycles
R3m)
Nay/sMnyg 7,Cl 2,ME0.0602 Layered 108 (17.4 mA g7, 87.9%, 174 mA g, Mn, Cu, O — 2020°%°
(P63/mmc) 2.0-4.5V) 100 cycles

and cationic (O*7/0"") redox mechanisms based on their
XPS results.’*® Focusing on the discrepancy of anionic redox,
Boisse et al. discovered the relationship between the local
structure and anionic redox reactions of Na,RuOj;, as shown
in Fig. 16a.”> For the honeycomb-ordered Na,RuO;, Na' is
extracted from the TM layers prior to the Na layers and leaves
[O4/3Ruy,/;3] ordering in the TM layers. The short O-O distance
in the [[J;;3Ruy3] structure raises the energy level of the
antibonding o* orbital of the O-O bond close to the Fermi
level and thus triggers the oxygen redox reactions. In contrast,
the O-O distance in the disordered Na,RuO; is too long to

4476 | Energy Environ. Sci., 2020, 13, 4450-4497

activate anionic redox. Furthermore, after studying the charge
compensation in NazRuO,, Zhou’s group®®® demonstrated that
it is lattice oxygen redox that is responsible for the very high
initial charge capacity of 321 mA h g~ since Ru is already in the
high valence state of 5+ in the pristine material. More impor-
tantly, they observed the superoxide signal at the very initial
stage of the charge process by in situ Raman spectroscopy
(Fig. 16b), indicating that the oxidation of lattice oxygen does
not follow the rigid gradual steps of 0>~ — O~ — 0,” — O,.
For Ru*'-based materials, the oxidation of Ru*' and lattice
oxygen reactions are usually decoupled and appear in the low

This journal is © The Royal Society of Chemistry 2020
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in the voltage range of 1.5-4.3 V.38 Reproduced with permission,”> Copyright 2016, Nature Publishing group. Reproduced with permission,*®° Copyright
2018, Royal Society of Chemistry. Reproduced with permission,>®® Copyright 2016, American Chemical Society.

and high potential ranges, respectively. It is different in the case of
Ir-based materials. The first charge plateau of Na,IrO; with 2.0 >
x > 1.0 is related to the combination of Ir*** and oxygen redox
(Fig. 16¢), while oxygen redox alone contributes to the charge-
compensation of the second charge plateau (1.0 > x > 0.5).>%
Although Perez et al. proposed that the large delocalization of the
5d orbitals enables a greater overlap with O 2p orbitals as compared
to 3d or 4d metals, which leads to strong covalent Ir-O bonds that
block Ir migration and inhibit O, evolution, and the cycling stability
of Na,IrO; at 1.5-4.0 V is still limited due to the structural
transition of 03-01', as shown in Fig. 16d.

4.2 Lattice oxygen redox in Na-poor oxides

3d TM-based Na,TM, 0, materials have been widely investigated
due to the successful application of their lithium counterparts.
Up to now, lattice oxygen redox reactions have been identified in a
wide range of layered Na-poor Mn-based Na,TM,0, (x < 1),
as shown in Table 5.

Among them, Li substituted Na,MnO, oxides show promise
as cathodes for NIBs due to their high capacity and great
stability. In 2014, Komaba’s group reported that NassLiy/,-
Mn;,,>*%*0, delivers a high reversible capacity of ~200 mA h g™*
in the voltage range of 1.5-4.4 V.*** In the following year, Liu et al.
prepared an O3-type Nag ygLip15Nip25MnNg 5830, (0 < w < 2)
compound by an ion-exchange process, which delivers an even
higher discharge capacity of 240 mA h ¢~ " in the voltage range of
1.5-4.5 V.37 Later on, De la Llave et al. found that Li substituted
Nay ¢Lio ,Mn, 5**O, exhibits not only a higher specific capacity of
190 mA h g but also better cycling stability as compared to

This journal is © The Royal Society of Chemistry 2020

Nag ¢MnO, in the voltage range of 2.0-4.6 V.>** More recently,

as shown in Fig. 17a, Rong et al®** have reported an
Nag ,;Lig 24Mng 76*0, electrode which delivers the highest dis-
charge capacity (~270 mA h g ', 1.5-4.4 V) and energy density
(~700 W h g, based on the mass of the positive electrode
material) among the known Na,TM,0, oxides by then, although
the cycling performance needs to be further improved (Fig. 17b).
The high discharge capacity delivered by these kinds of electro-
des should be attributed to the combination of the Mn*"/** redox
couple and lattice oxygen redox reactions, but the possibility of
Li" extraction from the TM layers and the reversibility of the Li"
(de)intercalation process are still unclear. To clarify these issues,
the solid state nuclear magnetic resonance (ss-NMR) technique
has been applied due to its high sensitivity to local environments
and the capability of tracking the target ions in real time.
As shown in Fig. 17c¢, the Li" at different local environments
of the surface (0 ppm), Na layers (~750 ppm), TM layers
(~1750 ppm), and TM layers with more distorted coordination
(2100 ppm) can be well distinguished by "Li MAS ss-NMR.*%
According to the ’Li spectra at different states and different
cycles of Nay ¢Lip,Mn, gO, electrodes (Fig. 17c¢), it can be con-
cluded that (i) during the charging process, the Li* ions in the
TM layers move into the Na layers, (ii) the Li" ions can move out
of the particles during cycling, and (iii) the Li" ions can return to
the transition metal layer during discharge, but there is Li* loss,
which is detrimental to structural stability.

From the results of oxygen K-edge sXAS and RIXS, Maitra et a
confirmed the participation of the lattice oxygen redox in the
charge compensation mechanism of Na,;3Mgj,sMng 7,0,.

l. 74
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Reproduced with permission,®”> Copyright 2018, Wiley-VCH.

More importantly, unlike most of the LROs, no oxygen release
was observed in the charge and discharge processes of
Nay 67Mgo 2sMn, 7,0, because no cations migrated from the
TM layers and thus oxygen ions are always stabilized by the
coordination environment of at least three cations.”* Their
results also suggested that excess alkali ions are not always
necessary to activate the oxygen redox reaction, at least not in
layered Mn-based Na,TM,0, oxides. Based on XPS results,
Rozier’s group reported that the oxygen redox activities in
Na,;3Mny,Zn,,s0, originated from the highly covalent
Zn**(3d"°)-0(2p) bonds.>”® Generally, with an increase in the
amount of electrochemically inert elements, the reversible
capacity of a Mn based Na,TM,0, material delivered within
2.0-4.0 V declined because of the decreased active Mn sites,
while the oxygen redox reactions in the voltage range of ~4.0-
4.5 V increased, as demonstrated for the Mg-substituted
Naye,Mg,Mn; ,0, and Zn-substituted Nage,Zn,Mn; ,O,
materials (Fig. 17d).>”"3°"3% In other words, the lattice oxygen
redox can be brought about by intentionally increasing the
Mn valence state in the pristine component, e.g. by doping/
substituting with low-valence-state elements or by introducing
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observed a
highly reversible oxygen redox at ~4.1 V in Nay/;[4,,;Mng;0,
(O stands for Mn vacancies), whose XRD pattern indicated that
the arrangement of [J-Mn forms a /7 x /7 superlattice, as
shown in Fig. 17e. Nearly at the same time, Li et al.*”® reported
similar results and demonstrated that the structural evolution
of this material during charge and discharge is negligible.
Although the oxygen redox reactions in Na,TM,0, do
provide extra capacities beyond TM redox, many challenges
still hinder their practical application, such as parasitic side
reactions at the surface and interface of the electrolyte, large
potential/voltage hysteresis, and poor cycling stability. The
oxygen redox reactions in Na,TM,O, especially in Na-poor
oxides usually occur in the voltage range of 4.0-4.5 V vs.
Na/Na' (4.3-4.8 V vs. Li/Li"), and rational electrolyte additives
and protective coating layers®*! are therefore urgently needed
to passivate the interface between the electrode/electrolyte
and decrease the decomposition of the organic electrolyte.
Very recently, by comparing the electrochemistry, pristine
structures, and structural evolution of Nag-sLig.25Mng 550,
and NaggLiy,Mng s0,, Bruce’s group®”’ demonstrated that

transition metal vacancies. Yamada’s group®’®
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the voltage hysteresis is closely related to superstructures in the
TM layers. They proved that the voltage hysteresis of honey-
comb ordered Na, ;5Liy,5Mng 550, resulted from its structural
instability (Mn migration), as opposed to ribbon ordered
Nay ¢Lig,Mng g0, whose voltage hysteresis in the first cycle
was negligible and the structure during cycling remained
relatively stable. However, the voltage hysteresis of ribbon
ordered Na, ¢Lis ,Mn, 3O, still increased with cycling, and little
information was provided on the design of materials with low
voltage hysteresis. Furthermore, a large voltage hysteresis of
oxygen redox reactions can be clearly observed in Nag ;Mg 25~
Mn,.,,0,”* even under the circumstance that the structure of
Nay 67Mgo 2sMn, 7,0, during charge is much more stable than
the ribbon ordered Na, ¢Liy,Mn, gO,. Therefore, it appears to
be still a long future journey to resolve the origin of voltage
hysteresis of lattice oxygen redox reactions in Na,TM,0, oxides.
Irreversible phase transformations during the oxygen redox
reactions often lead to poor cycling stability. For example, the
formation of a Na-depleted ramsdellite phase with a short
coherent length of 30 A is observed for the deeply de-sodiated
P2-Na, ¢,FeqsMn, 50, material, and the poor reversibility of
this phase change is responsible for capacity fade.**® As shown
in Fig. 17f, another example is the phase transition of P2-OP4
in the high voltage range, which is related to the oxygen redox
reactions in Zn-substituted Na,,MnO, electrodes.** Specifi-
cally, this transition is absent in unsubstituted Nay ;MnO, and
gradually becomes severe with the increase of Zn content. It is
important to point out that the contraction of the c¢ lattice
parameter due to the P2-OP4 phase transition might be an
intrinsic feature associated with the oxygen redox reactions in
many Na-poor oxides, such as Nag,Lig4Mng760,°%* and
Nao.671\/Ig0.28Mno.7202-371

Compared to LROs, the pristine structures and structural
transitions during the charge/discharge of some Na-poor Na,-
TM,0, compounds are simpler. Therefore, Na-poor Na,TM, 0,
compounds can be used as models to reveal the intrinsic
characteristics of anionic redox reactions. For example, based
on Na,;3Mgj.sMng 7,0,, Bruce’s group first found that the
oxygen redox reactions that deliver excess capacity beyond
cation redox could be performed without excess alkali-metal
ions.”* Moreover, Yang’s group quantified the reversibility of
the cationic redox reaction in Na,;Mg;,3Mn,;;0, electrodes
through mRIXS.”” In combination with the results for the
Li; 17Nig.21C0¢.0sMny 540, electrode reported in the same paper,
they found that the lattice oxygen redox in both Li-ion and
Na-ion systems exhibited high reversibility. Very recently, they
have attempted to distinguish the oxygen activities in battery
electrodes into two kinds,*'® i.e. lattice oxygen redox and irrever-
sible oxygen activities (non-lattice oxygen redox); the latter includes
O, release, radical oxygen evolution, and surface reactions.
Through the quantification and comparison of oxygen redox in
Nay ¢Lip ,Mn, g0, and Na,;sMgy,3Mn,30,, they proposed that lattice
oxygen redox is highly reversible and the majority of capacity/
voltage decay is aroused by non-lattice oxygen redox reactions.

Another important issue with the oxygen redox systems is
the sluggish kinetics, which seems to be intrinsic to the oxygen
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redox activities and has been considered the most critical issue
for practicability.”® Strikingly, some Na-poor oxides with strong
oxygen redox reactions, e.g., Na,;3sNi; ;3sMn,30,, display negligible
voltage hysteresis and a highly reversible electrochemical profile
that were found only in conventional systems reported
earlier.’”®*”® These investigations of oxygen redox and its elec-
trochemical behaviors in layered sodium transition metal oxides,
especially Na-poor oxides, provide unique candidates for com-
parative studies on understanding the reaction mechanisms and
structure-performance relationship of LROs, which will enable
the new design of advanced electrode materials with high
capacity, stability, and kinetics.

5. Characterization techniques

Comprehensive understanding of the structural and chemical
evolution of materials during electrochemical processes is of
great significance for designing advanced electrode materials.
There are three major scientific concerns in the research of
LROs: (i) regulating the lattice oxygen redox to a certain extent;
(ii) probing bulk and surface structural evolution during
cycling; (iii) clarifying the relationship between structure/
charge-transfer mechanisms and electrochemical performance.
Characterization techniques are essential for the in-depth
understanding of these issues.

The cycling stability of electrode materials is closely asso-
ciated with the pristine structure and structural evolution during
electrochemical processes. Many characterization techniques,
both ex situ and in situ/operando, have been developed and
successfully utilized to analyze the structural issues of electrode
materials, such as XRD,”® ND,'® X-ray and neutron pair distribu-
tion function (XPDF and nPDF),"”” EXAFS,”" Raman spectro-
scopy,® Mossbauer spectroscopy,'*® ss-NMR,** TEM,'®® etc.
Besides, the charge compensation mechanism plays a key role
in understanding the electrochemical behavior of battery electro-
des during charge and discharge. The charge transfer process is
usually performed by the charge-variable ions, such as TM ions in
conventional layered cathode materials and both TM ions and
lattice oxygen in LROs. The valence state of the TM ions can be
determined by XPS,'°® XAS'® Mdssbauer spectroscopy,'*®
EELS,'®® etc. Moreover, the recently developed mRIXS*® is effective
in tracking oxygen redox. The principles, experimental set-ups, and
applications of these characterization techniques have been
reviewed previously, eg TEM (STEM/EELS),*>**' synchrotron-
based X-ray techniques (XAS/XRD/PDF/XPS/mRIXS),"""***"%* and
in situ techniques (XAS/XRD/PDF/SEM/TEM).**"*%* These previous
reviews are highly recommended for our readers. In the following
section, we will focus on the present features and future expecta-
tions regarding the application of these above-mentioned techni-
ques in the study of LROs.

5.1 XRD, ND and PDF

XRD and ND are powerful and complementary characterization
techniques to inspect the structures of well-crystallized elec-
trode materials. They can provide information about purity,
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space groups, crystallinity, Li/Ni mixing, oxygen vacancies, and
cation orderings based on the positions and relative intensities
of XRD/ND reflections. Compared to ND, XRD is more easily
accessible because of the widespread lab-sources and in situ/
operando XRD have been therefore widely used to probe struc-
tural transformations of LROs during cycling. Moreover,
synchrotron-based XRD has high photon energy and extremely
bright X-rays, thus having the advantages of high signal intensity,
low noise, fast detection, and deep sample penetration. Due to
these distinct characteristics, the in situ XRD set-up of the
synchrotron-source is slightly different to that based on the lab-
source (Fig. 18a).**> Up to now, in situ XRD has been applied in
the studies of various LROs and Na,TM,0, with anionic redox
reactions during electrochemical cycling, such as LiNi Liq/3_x/3y
Mn(2/3—x/3)02;79 Li,MnO;,'** Lil.ZMno.GlNiO.l8Mg0.01027200 Liy 5Nig 13-
M1'10.54CC‘0.1302,70 Lil.zcoo.1M1'10.55Ni0.1502,199 Liy 5Niy5Tiy3M0Oy/15-
0,,"*! Li,Ruy sMng 50,,?” Na,Ir0;,*%® Nay ¢,Zn,Mn;_,0,,%"3>1
Nayg 72 Lio 24Mno 760,87 etc. It is well known that ND is a scattering
technique with very high sensitivity to light elements (such as
H, Li, Na, O, F, etc.) and to distinguish the neighboring
elements (such as Ni, Co, and Mn). Therefore, ND could
provide complementary structural information to XRD. How-
ever, the application of ND especially its in situ/operando
technique is restricted by two factors: (i) long acquisition time
(1-12 h) and a large sample amount (0.5-2 g) are needed due to
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the low intensity of the neutron beam; (ii) the neutron source
and experiment time are very limited and thus precious. Up to
now, only a few operando ND results have been reported on LROs.
In 2013, Liu et al.*** applied in situ ND to compare the structural
changes between LiNi;;3Mn;;3C04,30, and Li; ,Nig 1gMng 53C00 10,
by lab-made pouch cells (Fig. 18b). They observed an irreversible
volume expansion in Li; ,Nig 1sMng 53C00 10, after the first cycle.
Three years later,"®® they further investigated the lithium
dynamics in high Lirich and low Li-rich layered oxides by
operando ND and observed site-dependent lithium ion migration
during charge/discharge processes.

A PDF pattern is obtained by Fourier transform of the total
scattering from either X-ray (XPDF) or neutron beam
(nPDF).*'*% As shown in Fig. 18c,"> a PDF pattern provides
a probability of finding two atoms at given inter-atomic dis-
tances ‘7’ and therefore it is able to provide information on
bond lengths, coordination numbers, orderliness and particle
sizes. Therefore, PDF is one of the handiest tools to probe the
structures of electrode materials with high, low, or even no
crystallinity, and has been used to investigate a large number of
electrode materials, including those involving anionic redox
reactions. For example, according to their ex situ nPDF results
on Li,Ruy sMny 50,, Lyu et al."®” found that the Ru-Ru dimeri-
zation is well preserved with the initial charge/discharge processes,
suggesting the stabilization function of the Mn cations in Ru-based
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Fig. 18 (a) Schematic illustration of lab-source (top) and synchrotron (bottom) in situ XRD set-ups. (b) Schematic of an operando ND experimental
set-up based on the HLR/Si pouch cell.**® (c) The illustration of the PDF pattern.*®® (d) In situ TEM set-up for studying the LiCoO,/LiPON interface.®®
Reproduced with permission,*¢® Copyright 2016, Wiley-VCH. Reproduced with permission from Dr Y. Liao.*%° Reproduced with permission,°® Copyright

2016, American Chemical Society.
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LROs. Recently, Zhao et al."”” have investigated the change in the
0-0 bond lengths of Li; ,Nij 13Mng 54C00 130, during the first cycle
by ex situ nPDF and found that the local structural changes along
with the lattice oxygen redox reaction are reversible. It is highly
expected that the in situ/operando XPDF and nPDF techniques will
provide more detailed information about the structural and
chemical evolution of both LRO and Na,TM, 0O, materials, espe-
cially in regard to local changes, and thus provide an in-depth
understanding of the mechanisms of anionic redox reactions.

5.2 TEM

Among various electrode characterization techniques, TEM,
especially the state-of-the-art aberration-corrected TEM, provides
most convincible evidence of morphological, structural and
chemical informations on the nanometer and even atomic scale
of materials and electrodes. In the recent decade, TEM has been
widely utilized to understand the pristine structures, structural
transitions, and chemical evolution (in combination with EELS) of
LROs. For example, it provided direct evidence to settle the
argument of solid-solution and two-phase nanodomain hypo-
theses for the pristine structure (Fig. 4), to identify the formation
of spinel-layers and the migration of TM ions (Fig. 10), to visua-
lize the 0-O dimers'® in the oxidized Li,IrO; electrode, etc.
Furthermore, the in situ/operando TEM techniques have been
designed and widely utilized to study the lithiation/de-lithiation
behavior of electrodes materials based on the conversion and alloy
mechanisms, such as Si, Ge, Fe;0,, etc. There are also a few cases
that employ them for the investigation of layered cathodes. For
example, Wang et al**® studied the LiCoO,/LiPON (electrode/
electrolyte) interface by in situ STEM (Fig. 18d) and observed a
disordered interfacial layer between LiCoO, and LiPON even
before cycling. They suggested that this layer evolved to form
highly oxidized Co ion species along with Li,O and Li,O, and that
the increasing thickness of this layer along cycling leads to rapid
capacity decay of the investigated solid-state battery. Gong et al.**’
found that single crystal LiCoO, transformed into nanosized
polycrystals at high voltages by in situ TEM and proposed
the lithium migration pathways before and after this poly-
crystallization process. Besides, the atomic-scale observation
can be made using their chip-based in situ TEM holder.*’” With
the fast development of the in situ TEM technology, the
monitoring of the structural and chemical evolution during
the lithium intercalation/de-intercalation processes of LROs is
realized at the atomic scale.

5.3 ss-NMR

As a non-destructive and quantitative technique, ss-NMR
spectroscopy is very sensitive to the local environments and
physicochemical states of the target nucleus in both amorphous
and well-crystallized substances. In addition to obtaining qualita-
tive and quantitative information on local structures, ss-NMR also
gives plenty of kinetic information, such as atom/ion diffusion and
migration. Moreover, in situ/operando ss-NMR can track the inter-
mediate structures and the structural evolution of metastable
substances during the electrochemical processes. Therefore, the
combination of ss-NMR and other structural probing technologies,
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such as XRD, XAS, and ND, can provide comprehensive under-
standing of the mechanisms of structural evolution, electrode
degradation, and structure-performance relationships.

The theoretical basis of NMR is as follows (Fig. 19a). In an
external magnetic field B,, an atomic nucleus with non-zero
spin-I exhibits a total of (2I + 1) quantized eigenstates
(e, —=I, =1 + 1, ... + I) along B,. For instance, nuclei with
spin-1/2 (such as "H) have two eigenstates m = —1/2 and +1/2,
whose eigenvalues or energies can be plotted in the energy level
diagram, as shown in the top of Fig. 19a. The energy level
splitting of the spin in B, is known as the Zeeman splitting,
corresponding to the precession of the spin, the so-called
Larmor frequency. When a radio frequency (RF) pulse is
applied in the direction that is perpendicular to B, the spin
experiences two external magnetic fields, i.e. a static external
field B, and an oscillating field from the RF pulse. When the
oscillating frequency of the RF pulse is resonant with the
Larmor frequency, the RF pulse permits the inter-state polar-
ization transition between the lower- and higher-energy states.
When the RF pulse is terminated, excessive polarization at a
higher energy level excited by the RF pulse will transit back to
the lower energy level according to the internal spin inter-
actions such as chemical shifts. In the rotating frame at Larmor
frequency, the RF pulse can be simply represented as a vector to
rotate the spin magnetization. As demonstrated in the bottom
of Fig. 19a, when the RF pulse is applied along the x-axis,
it rotates the spin magnetization +M, from the equilibrium
state along the z-axis to —M,, along the y-axis for detection. The
receiver coil will pick up the free-induced decay (FID) of —M,),
which contains information about the internal spin interac-
tions. Different from solution NMR, wherein samples experi-
ence fast and irregular Brownian motion such that only
isotropic spin interactions (i.e. the chemical shifts and spin-
spin J-couplings) are subjected to NMR measurements, ss-NMR
deals with relatively rigid samples in which the internal spin
interactions are orientation dependent with respect to B, such
that the observed NMR signals become very broad and even
featureless. Magic-angle-spinning (MAS), ie. by rotating the
sample along an axis tilted by 54.74° from the external B,
(Fig. 19b), is a useful technique to remove those orientational
dependent spin interactions thus enabling the acquisition of
solution-like high-resolution solid-state NMR spectra, as indi-
cated in Fig. 19¢.**®

°Li, "Li, and **Na ss-NMR have been widely used to investi-
gate the local environment of LIB and NIB electrode materials.
At the beginning of the 21st century, based on °Li ss-NMR
results, Yoon et al.'®” confirmed the extraction of Li* from TM
layers during the first charge process. Yang et al.*® observed
the migration of Li" from the TM layers to the Na layers in the
first cycle of P2-Na,Li,Mn;_,0, by "Li MAS ss-NMR. Recently,
by tracking the local-environment evolution of Li" ions via
°Li ss-NMR, House et al.*” have revealed that the local ordering
in the TM layers of honeycomb ordered Na, ;5Lig »5Mng 750, is
partially destroyed, while that of the ribbon ordered Nag ¢Liy »-
Mn, O, is maintained during the first cycle (Fig. 19d). ss-NMR
is also very sensitive to phase transformations. It is well known
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Fig. 19 (a) Schematic illustration of the nucleus spin (i = 1/2) which is related to the Zeeman splitting of the energy levels and the spin system is
manipulated by RF pulses. (b) The schematic illustration of magic angle (54.7°) spinning. (c) The “Li static and MAS NMR spectra of the Li; 0sMny 6204
powder sample show that the MAS NMR spectrum provides much more detailed information.*® (d) The 6Li spectra of ribbon ordered Nag glLig 2Mng ]O>
at different charge/discharge states. Lithium ions migrate from TM to AM layers upon charging and diffuse back upon discharge.**” (e) O NMR spectrum
of Li,MnO3 showing the spinning-sideband manifolds with isotropic resonances highlighted (magenta dashed box) and an expanded view of the isotropic
resonances showing the two regions of 7O shifts, X (2100 to 2450 ppm) and Y (1600 to 1950 ppm).*>*° (f) YO MAS NMR spectrum of Li,RuQO3 at room
temperature.*°° Reproduced with permission,*©® Copyright 2013, Elsevier. Reproduced with permission, >’ Copyright 2020, Nature Publishing group.
Reproduced with permission,**° Copyright 2016, American Chemical Society. Reproduced with permission,*®® Copyright 2019, American Chemical Society.

that the Jahn-Teller effect associated with the Mn**/Mn*" redox
couple leads to the notorious P2-P2’ phase transition in the
Mn-rich Na,TM,0, material. According to recent results,’**>*!
this transformation can be unobservable in the in situ XRD
patterns when the size of the P2’ phase is out of the detection
range of XRD. However, *>Na ss-NMR could provide very
reliable information for the identification of new phases. O
ss-NMR is considered to be a powerful tool to detect the
evolution of O ions during the electrochemical process. Grey’s
groups®®® obtained the 'O NMR spectra of the paramagnetic
material Li,MnO; (Fig. 19e). Their hybrid DFT calculations
suggested that the most intense isotropic resonances should
be assigned to the 4i and 8j sites in the C2/m structure, and the
multiple O environments in each region are related to the
stacking faults (ca. 10%). More recently, the local structures
of the pristine Li,RuO; have been investigated by variable
temperature ‘Li and O ss-NMR.’”® In that work, Reeves
et al. analyzed the 7O NMR spectra based on the simple bond
pathway analysis and the effect of metal-metal bonding on the
Ru-O overlap. Their results confirmed that Li,RuO; contains
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four distinct O sites (Fig. 19f). Importantly, they found that the
TM-TM interactions should not be ignored in the analysis of
”O NMR spectra of 4d and 5d TM containing compounds,
particularly the cathodes with anionic redox reactions.’O ss-NMR
is expected to be a promising technique to probe the anionic redox
reactions directly. However, because of the strong influence of TM
ions, variable bond lengths, low natural abundance of 'O
(0.037%), and the large quadrupole moment of the nucleus (I =
5/2), 7O ss-NMR spectra usually exhibit large shifts and broad
lines. In conclusion, ss-NMR is a powerful technique for structural
characterization and can play a key role in identifying the pristine
structure and electrochemically induced local structure transfor-
mations of layered lithium/sodium transition metal oxides. It is
expected that advanced ss-NMR techniques such as in situ ss-NMR
and "0 ss-NMR will be developed to further promote the inves-
tigation of lattice oxygen redox reactions.

5.4 XPS

The XPS spectrum is obtained by irradiating a material with an
X-ray beam, and then measuring the kinetic energy and the
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number of electrons that escape from the material. Due to the
shallow escape depth of electrons, the probe depth of XPS is
limited to 5-10 nm for oxides through in-house laboratory
sources of X-ray radiation (such as Al Ko radiation of 1.49 keV).
Therefore, as a surface-sensitive quantitative spectroscopic tech-
nique, XPS has been widely utilized to investigate the surface
composition and the chemical state of specific compounds near
the surface of a probe, such as the formation of the SEI and CEI.
For LROs, XPS was extended to probe lattice oxygen redox reac-
tions. Tarascon and his co-workers quantified oxygen redox
evolution via XPS measurement and revealed that the oxidized
oxygen content increased during charge and decreased in the
following discharge process in Ir-based, Ru-based and Mn-based
LROs. 108126410 By comparing the XPS spectra of pristine,
delithiated, and lithiated Li; 14Nig136C00.136MNg 54405, Li,MnOs3,
LiNiq 5C00,Mn, 30,, and LiCoO, compounds, Han et al.*'! also
confirmed that the former two species undergo reversible oxygen
redox reactions. In recent years, synchrotron-based hard XPS with
increased probe depth has also been used to explore lattice oxygen
evolution. For example, Ogumi et al.*'* observed the formation
of O” ions in the charged Li[Lij,5Nig20Mng55]01.03 €electrode
by synchrotron XPS. Assat et al further identified'’® and
quantified*'® anionic redox in Li; ,Nig 13Mng 54C00.130, based on
synchrotron XPS results.

However, it is worth noting that, even with hard X-ray XPS,
the probe depth is still limited to about 40 nm at 10.0 keV due
to the principle limit of the shallow electron escape depth. This
is obviously not the detection scale for the lattice oxygen redox
reactions, especially considering that high voltage operations
are often required for oxygen redox reactions and trigger
parasitic surface reactions with chemical products coating the
electrode surface. In addition, assignment of many XPS peaks
in the O-K spectra could be easily complicated in a transition-
metal system due to the many possible contributions. Indeed, a
recent study by Piper et al. has directly concluded that the
heavily used XPS feature, even with hard X-rays, for discussing
oxygen redox reactions is actually from the near surface signals
coming from reduced transition-metals and electrolyte decom-

position products, showing “no clear link to oxygen redox”.*"*

5.5 XAS: sXAS and hXAS

XAS is one of the most popular spectroscopic techniques for
materials studies in both chemical states and local structural
analysis. Naively, XAS could be categorized into three different
energy ranges due to the very different instrumentation require-
ments. Soft XAS (sXAS) and hard XAS (hXAS) typically cover low
and high energy ranges of 10-1500 and > 3000 eV, respectively.
A new domain of 1500-5000 eV has been recently defined as
tender XAS (tXAS) with the energy range in the middle of the
typical sXAS and hXAS, covering some important technological
elements, e.g., S, P, Ru, etc. XAS techniques are fundamentally
based on electron excitations to unoccupied states by absorbing
the incident X-ray photon energy. Therefore, the characteristic
energy levels of the electron states of individual elements
could be easily distinguished by the characteristic energy
called an “absorption edge”.*'> Most XAS experiments require
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synchrotron facilities with continuously tunable incident X-ray
sources; however, recent developments in desktop X-ray sources
have started to enable some of the hXAS experiments using a lab-
based system. But in general, synchrotron-based experiments
provided far better statistics and resolution by this time. Particu-
larly, new developments in diffraction limited light sources,
microscopic, and 3d tomography have greatly improved the
spatial, temporal, and energy resolutions of XAS techniques.*'®

Relatively, hXAS is more popular in battery material studies,
mainly due to the deep penetration depth of hard X-rays,
leading to convenience in both sample handling and in situ/
operando experiments. Almost all hXAS endstations at synchro-
tron facilities are equipped with in situ/operando electrochemical
cell systems, and in situ/operando hXAS has become almost
standard in today’s battery research.****'* Information from hXAS
could be obtained from different aspects based on X-ray absorp-
tion near-edge structure (XANES) and extended X-ray absorption
fine structure (EXAFS) analysis. XANES is often used for mea-
suring the TM valence states, and EXAFS is powerful for detecting
the local chemical bond changes and coordination numbers.'*®
For example, a recent study on the voltage fade and its association
with oxygen activities in LRO electrodes was mostly based on
the hXAS results."®” Although hXAS cannot access the O-K edge
around 525-550 eV, due to the technical advantages and
convenience of hXAS, evaluation of the cationic redox reactions
is often used as indirect evidence of oxygen redox reactions if they
cannot compensate all charge transfer numbers observed in
electrochemistry.'®”

Although hXAS has been a popular and powerful tool for
various studies of LRO materials, the main edge feature of hXAS
corresponds to the excitation to 4p states, not the 3d valence
states for 3d TMs. This could lead to complications in mea-
suring some important elements, e.g., Mn. In addition, the
direct probe for low-Z elements requires low energy range sXAS,
e.g., C, N, O, etc. Indeed, Mn-K has been found to display very
different edge positions and lineshapes in K-edge hXAS XANEX
spectra even with the same Mn valence value due to the effect of
the environmental ligand changes.*'® In contrast, sXAS L-edges
correspond to the direct excitation to the 3d valence states for
3d TMs. Such a direct correspondence leads to a high sensitivity
of the spectral lineshape to the TM valence states, which could
be quantified to obtain the oxidation state distributions in
battery electrodes.*’” Further analysis of the TM-L of electrodes,
often coupled with theoretical calculations, could also reveal
the spin states that are directly associated with the electro-
chemical profile.*'84?

As shown in Fig. 20a, sXAS covers the K-edge for low-Z
elements and L-edge for 3d TMs, both of which are important
for battery cathode materials.*’” Modern sXAS systems are
always equipped with different detection channels to collect
SXAS signals simultaneously by counting the number of both
the electrons, ie., total electron yield (TEY), and photons,
i.e., total fluorescence yield (TFY), emitted from the samples
after soft X-ray photon absorption. TEY and TFY offer two
different probe depths of about 10 nm and 100-300 nm depending
on the photon energies, respectively.**” The combined TEY and
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Reproduced with permission,** Copyright 2016, IOP Publishing. Reproduced with permission,”” Copyright 2019, Elsevier.

TFY modes thus provide information on both the surface and
relatively bulk chemistry of both the TM and oxygen states of
electrodes and SEL*'7*?1:122

5.6 Soft X-ray RIXS and mRIXS

The depth of today’s battery research has gone beyond what
conventional sXAS could offer in many aspects. Particularly
for LRO studies, bulk TM and O states need to be reliably
characterized to understand the important cationic and anionic
reactions involved in this high capacity material. Unfortunately,
many TM-L sXAS spectra in its bulk-sensitive TFY mode are
heavily distorted, making it impossible to be evaluated.**®
Although O-K sXAS could be easily obtained, the features are
dominated by TM characters through the strong hybridization
effect. Both the intensity and the lineshape of the O-K sXAS
pre-edge features vary significantly with the changing TM
states,"""*** leading to many confusing discussions on oxygen
redox states in battery electrodes. For example, LiFePO, displays
probably the strongest contrast in O-K sXAS pre-edge features with
a clear pre-edge intensity enhancement in the charged state;**
however, LiFePO, is known and has been verified to be a pure
Fe-redox system without any oxygen redox reactions.

4484 | Energy Environ. Sci., 2020, 13, 4450-4497

The challenges in probing the bulk anionic and cationic
redox reactions were tackled directly by the spectroscopic
community, and the high-efficiency mapping of RIXS (mRIXS)
over a wide range of absorption edge energies naturally came to
the horizon because it could further resolve the emission
energy of the emitted photons,**® rather than only counting
the total number as in sXAS TFY signals. This has greatly
improved the chemical sensitivity of the TM and O state
detection.

For TMs, the inverse partial fluorescence yield (iPFY) signals
from mRIXS could be used to extract undistorted bulk signals
of TM-L spectra,'"" which could be quantified directly to get the
precise charge transfer numbers from cationic redox reactions
(Fig. 20c).””**® In addition, the unusual states of TMs could be
revealed even if conventional sXAS cannot sense their chemical
differences,””” again due to the much improved chemical
sensitivity of mRIXS.

For oxygen redox states, because mRIXS offers a new dimen-
sion of information along the emission energy, it could distin-
guish the oxidized oxygen species, typically at around 523.7 eV
emission energy,””®*** from the strong TM contribution
at around 525 eV emission energy.'’* As a matter of fact, RIXS

This journal is © The Royal Society of Chemistry 2020
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cuts at several individual energies have been found earlier in LRO
electrodes before mRIXS reports, however, without meaningful
interpretations.”® The extensive application of mRIXS started to
emerge when the technique was established as a reliable probe for
the lattice oxygen redox in LRO compounds,”** with the finger-
printing feature intensity varying with the electrochemical profile
and being quantifiable to obtain the reversibility of oxygen redox
reactions. Fig. 20b displays how the oxidized oxygen feature
(indicated by red arrows) starts to emerge during charging, and
disappears during discharging.”” Following the intensity variation
of the Mn L-edge (Fig. 20c) and oxidized oxygen feature in mRIXS,
reversibility and cyclability could be quantified for oxygen redox
reactions (Fig. 20d). For example, the oxygen redox reaction of
Li; 17Nig »1C09 0sMny 540, is found to be 76% reversible during the
initial cycle with 44% being retained after 500 cycles, much higher
than expected.””

At present, mRIXS has been recognized as a reliable tool for
detecting the oxygen redox states in LRO materials with both
layered and disordered rocksalt structures,'**>*%3! conven-
tional electrodes,***>*** and Na-ion battery electrodes.””*'%378
The full potential of the mRIXS technique for uncovering the
unconventional chemical states of both TM and O in batteries
is yet to be explored. A recent mRIXS study has shown that
mRIXS is sensitive enough to find the subtle effect of the
oxidized oxygen states with an inductive effect from a proton
in the vicinity.®® Such a high sensitivity also makes mRIXS an
ideal probe for other hard-to-detect systems, such as electrolyte
solvation shells.**®

It is important to note that, although mRIXS has now been
widely used for characterizing battery electrodes, especially the
oxygen redox reactions, the theoretical interpretation of this
specific feature in LRO materials remains elusive. Calculations
could reproduce the oxidized oxygen feature in model systems
with oxidized oxygen,**® however, they have failed to generate
the feature similar to that in TM oxide electrodes, indicating
the different fundamental nature of the oxidized oxygen in
LRO electrodes. Indeed, a recent mRIXS comparison directly
between Li,O,, O,, Na-ion batteries and LRO electrodes has
indicated that the oxidized oxygen states in these systems are
different.**® Nonetheless, the fundamental nature of the oxygen
redox mechanism would be clarified if the mRIXS feature could
be theoretically resolved in TM oxide systems, which remains a
challenge for fundamental physicists, chemists, and materials
scientists.

5.7 EPR

EPR can be utilized to study materials with unpaired electrons
or radicals. In the journey of LRO research, the potential of EPR
characterization to probe the oxidized oxygen species has been
fully demonstrated.®®'*® Moreover, the development of the in situ
EPR technique enables the visualization of reversible oxygen redox
reactions in Li,Ruy 755N, ,503,"'° as well as the O and Mn redox in
Mn-based Li-rich Li,MnOj3, Li; ,Nig ,Mng ¢O,, and Li; ,Nig 13MNg 54~
C00.130, cathodes.”*® In summary, the corresponding in situ/
operando EPR technique is very helpful to establish the funda-
mental understanding of reversible anionic redox chemistry.

This journal is © The Royal Society of Chemistry 2020
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6. Conclusions and outlook

To fulfill the requirements for the next-generation energy
storage systems applied in electric vehicles and grid storage,
it is critical to develop advanced batteries with high energy
density, low cost, long service life, environmental benignity,
and high safety standard. Due to the combination of both
cationic and anionic redox, LRO compounds have become
promising candidates for achieving energy densities beyond
those of the current state-of-the-art LIB cathodes, which is the
bottleneck of today’s battery capacity and energy density. With
over thirty years of development, continuous improvements in
electrochemical performance and advances in understanding
the structure and charge-compensation mechanisms of LROs
have been made. Nevertheless, various performance para-
meters of LROs, especially the retention of energy density,
cycling stability, and rate performance, are still not comparable
to commercialized NCA and NCM electrodes, which hinders the
application of LRO electrodes.

Fig. 21 summarizes the reaction mechanisms, electro-
chemical performances, and challenges of LLRO systems at
both material and cell levels (involving the influence of the
electrolyte). The high capacity and high energy density of LROs
originate from oxygen redox reactions, which cause undesirable
oxygen gas release, surface reactions, and residues of Li* vacancies
in the TM layers. These activities can arouse and/or accelerate the
following issues: (i) the formation of structural defects and even
voids in the bulk, (ii) TM migration within the TM layers and/or
from the TM layers to Li layers, (iii) LS transition near the surface
and bulk holes, which not only do lead to electrochemical
challenges, including insufficient service life, poor rate capability
and low ICE, but also do activate the low-voltage redox couples
and result in voltage fade, (iv) the released O, or radical oxygen
could accelerate the oxidation of carbonate electrolytes and
surface reactions, further deteriorating their electrochemical
performances. Similar problems are also faced by oxygen redox
active DLROs and Na,TM,0,. Based on these facts and concerns,
several future challenges and directions are highlighted in the
following discussion.

6.1 Standardizing the LRO test protocol

Searching for new types of materials with appropriate stoichio-
metry is still highly essential to develop advanced LROs, especially
promising DLROs. However, for many reported LROs, the
comprehensive electrochemical performance, especially cycling
stability, remains a mystery, let alone the detailed comparison
between different LROs. This might mislead the readers and
researchers. It is therefore highly desirable for researchers to
offer a common set of electrochemical performance tests when
reporting a new material, including the rate capability and cycling
stability at both low and high current densities, even if the
electrochemical performances are not the research focus. Besides
electrochemistry, the air-stability of LROs should be investigated
and included in the database, because preparation and storage
conditions of materials/electrodes influence the costs and deter-
mine whether the LROs are truly commercially viable.
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6.2 Eliminating the voltage fade

To resolve voltage fade and voltage hysteresis in LROs, an
in-depth understanding of the redox reaction and structural
evolution mechanisms of oxygen redox active materials with
low voltage hysteresis and voltage fade, such as Li,IrO; and
Li,RuO;3, is definitely required. In addition, as discussed above,
certain Na-poor compounds, e.g. Na,;3Niy;3Mn,30,, with strong
oxygen redox reactions display a highly reversible reaction
profile with negligible voltage hysteresis. In general, regulating
the electronic structures and redox behaviors of LROs should
be taken into consideration to stabilize oxygen radicals and
reduce irreversible oxygen reactions. In addition, to better
understand voltage hysteresis and voltage fade, advanced
characterization tools, especially in situ/operando techniques.
are highly needed to clarify the region (bulk or surface, spatial
resolution), the time (temporal resolution), and the products of
the oxygen redox reactions. Besides, to further understand the
nature of redox reactions, direct theoretical calculations for
spectroscopic analysis need to be developed and established.

6.3 Strategies accelerating the path to practical applications

LROs hold great advantages of high capacity, low cost and
relatively high working potentials. However, their application
prospects are still in their trial stage. Strategic plans are
necessary to explore the applications of LROs: (i) balancing
cationic and anionic redox in LROs to achieve both high capacity
and structural stability. At the early stage of commercialization, LRO
compounds with relatively low excess Li" contents are recom-
mended. (ii) Computational studies, especially high throughput
computing, can provide targeted guidance for the selection, synth-
esis, and modification of new LRO electrodes with compatible
electrolytes. Calculations could be valuable also for designing
ideal electrode-electrolyte interfaces and new structures of active
materials. (iii) Employment of solid-state electrolytes provides
another opportunity for LROs. Since solid-state electrolytes address
the safety concerns of metallic Li and allow the application of high

4486 | Energy Environ. Sci., 2020, 13, 4450-4497

upper cut-off voltage of cathodes, it can be expected that the solid-
state batteries based on LROs would offer improved safety and high
energy density. (iv) Designing economic, green and facile industrial
processes and optimizing the synthesis procedure to obtain LROs
with high tap densities for achieving high volumetric energy density
in a practical cell.

6.4 Full-cell design

Up to now, most of the scientific studies of LROs are based on
half-cells with metallic Li as the counter/reference electrode.
However, it is well recognized that the electrochemical beha-
viors of a specific electrode material in full-cells are very
different to those in half-cells. First of all, the initial coulombic
efficiency (ICE) is more important in full-cells than in half-cells,
because the low ICE of cathodes will lead to the underutiliza-
tion of anodes and trigger detrimental issues on the electrode
balance. Second, the release of O, into organic electrolytes is a
severe problem in full cells, because O, consumes the electro-
Iyte, leading to cell flatulence and thus compromising the
safety. Therefore, effective strategies for both electrolytes and
electrode materials should be adopted to alleviate or eliminate
oxygen release. Thirdly, electrode processing should be
optimized for achieving high mass loading of electrodes. Such
an engineering improvement is a direct and efficient way for
enhancing the energy density of full-cells.

6.5 Oxygen redox in Na-based systems

It is generally accepted that little oxygen gas is released during
oxygen redox in Na-based systems. In addition, for most of the
layered Na-poor oxides with oxygen redox, there are no Na vacan-
cies generated in the TM layers except for Li-substituted/doped
Na,TMO, compounds. Therefore, on the one hand, Na-based
oxides can be used as models to grasp the intrinsic characteristics
of lattice oxygen redox, reveal the relationship between lattice
oxygen redox and oxygen release, and thus provide new informa-
tion for the research and design of advanced LROs. On the other
hand, the high reversibility of the lattice oxygen redox in Na,TMO,
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positively supports their potential application as cathode materials
for NIBs. The oxygen redox reactions are often accompanied by
large voltage hysteresis and phase transformations. However, the
finding that some Na-poor layered compounds could maintain
extremely low voltage hysteresis with strong oxygen redox reactions
indicates that there is much to learn from the Na-based systems to
shed light on our understanding of LROs. Therefore, the roles of
oxygen redox in the Na,TMO, system need to be further clarified.

In summary, LROs have attracted enormous attention in the
field of energy storage materials due to their higher specific
capacity and lower cost compared with commercially available
LIB cathodes. Herein, we reviewed the history, pristine struc-
tures, nature of anionic redox, structural evolution mechanisms,
electrochemical challenges and corresponding materials modifi-
cation, and characterization of LROs. The continuous develop-
ment of characterization techniques and synthesis methods will
expand the research efforts to both reaction mechanisms and
electrochemical performance further. We note that formidable
challenges remain for the employment of LROs in practical devices,
e.g. O, release, TM migration, voltage fade, and low ICE. However,
similar to the significant achievements made in the broad field of
highly correlated physics through studies of high temperature
superconductors that are still yet to reach practicability at room
temperature, the optimism embedded in every study of LROs not
only relies on the practical potential of the materials, but also
research on such complex systems has inspired the bloom of a
number of advanced experimental techniques and theoretical
calculations for gaining unprecedented depth of information on
batteries. It is our belief that such a benefit from LRO studies for
the whole energy science field will surely continue and prevail even
after the commercialization of the materials.
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ABF-STEM Annular bright field scanning transmission
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CEI Cathode electrolyte interphase

DEMS Differential electrochemical mass spectroscopy

DFT Density functional theory

DLROs Cation disordered lithium-rich oxides
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Layer to spinel-like phase transition
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mRIXS Mapping of resonant inelastic X-ray scattering
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NCM LiNi,CoyMn;_,_,0,

ND Neutron diffraction
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nPDF Neutron pair distribution function
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RIXS Resonant inelastic X-ray scattering spectroscopy
SAED Selected area electron diffraction
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ss-NMR Solid-state nuclear magnetic resonance

STEM Scanning transmission electron microscopy
STXM Scanning transmission X-ray microscopy

SXAS Soft X-ray absorption spectroscopy

TEM Transmission electron microscopy

TEY Total electron yield

TFY Total fluorescence yield

TGA-MS Thermogravimetric analysis/mass spectrometry
™ Transition metal

XANES X-ray adsorption near-edge structure

XAS X-ray absorption spectroscopy

XPDF X-ray pair distribution function

XPS X-ray photoelectron spectroscopy
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