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ABSTRACT: Recent progress in high-energy-density oxide cathodes for lithium-ion
batteries has pushed the limits of lithium usage and accessible redox couples. It often
invokes hybrid anion- and cation-redox (HACR), with exotic valence states such as oxidized
oxygen ions under high voltages. Electrochemical cycling under such extreme conditions N o
over an extended period can trigger various forms of chemical, electrochemical, mechanical, °
and microstructural degradations, which shorten the battery life and cause safety issues.
Mitigation strategies require an in-depth understanding of the underlying mechanisms. Here
we offer a systematic overview of the functions, instabilities, and peculiar materials behaviors 02
of the oxide cathodes. We note unusual anion and cation mobilities caused by high-voltage
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charging and exotic valences. It explains the extensive lattice reconstructions at room

temperature in both good (plasticity and self-healing) and bad (phase change, corrosion, and damage) senses, with intriguing
electrochemomechanical coupling. The insights are critical to the understanding of the unusual self-healing phenomena in ceramics
(e.g., grain boundary sliding and lattice microcrack healing) and to novel cathode designs and degradation mitigations (e.g.,
suppressing stress-corrosion cracking and constructing reactively wetted cathode coating). Such mixed ionic-electronic conducting,
electrochemically active oxides can be thought of as almost “metalized” if at voltages far from the open-circuit voltage, thus differing
significantly from the highly insulating ionic materials in electronic transport and mechanical behaviors. These characteristics should
be better understood and exploited for high-performance energy storage, electrocatalysis, and other emerging applications.
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1. INTRODUCTION

Oxide cathodes are key components in lithium-ion batteries
(LIBs). Historically, intercalation cathodes were first demon-
strated in TiS,/ILi metal cell in 1976, where TiS, cathode,
initially free of Li, was synthesized in the charged (fully
delithiated) state and electrochemical lithiation was conducted
during the first battery discharge half-cycle."” Similar examples
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include MoS§, and NiPS; sulfides, V,0O4 and MoO; oxides, and
FeOCI oxyhalide.” Because the cell voltage is the highest when
cathodes are fully delithiated (Li* and e~ removal lowers the
Fermi level and increases the voltage), the accessible upper
redox potential is thus limited by the oxidation state of transition
metal (TM) ions during synthesis under certain atmosphere
(e.g, air, oxygen, inert, and reducing atmospheres), which is not
expected to be significantly higher than the open-circuit voltage
(OCV) of Li—air battery (~2.91 V vs Li*/Li). Therefore, the
historical shift to initially Li-containing LiCoO, cathode not
only increases the average redox potential, energy density, and
anodic stability by switching the anion from easy-to-oxidize $>~
in sulfides (Pauling electronegativity y = 2.58 for S) to more
electronegative O*~ (y = 3.44 for O) in oxides but also allows
cathodes to be first charged/delithiated so that a high cell
voltage (no longer constrained by the atmospheric synthesis
conditions) up to S V (vs Li*/Li) can in principle be achieved
electrochemically.”* Further, these Li-containing cathodes
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make Li-free anodes such as graphite possible, which are safer
than Li metal and historically critical to the success of LIBs.

Continuous developments in oxide cathodes lead to other
chemistries, including layered LiNi,_,_,Co,Mn,0, (NCM) and
LiNi,_,_,Co,AlLO, (NCA),”"® layered Li-/Mn-rich cathodes
(e.g, xLi,MnOj-(1—x)LiNi, ;Co;/3Mn, 30, LRNCM),’~ "'
spinel LiMn,0, and LiNiysMn, sO,,"*~" polyanion cathodes
(e.g, LiFePO,),"*™"® and Li-excess cation-disordered rocksalt
cathodes.'””* Elevating the upper cutoff voltage of these
cathodes and achieving their full delithiation capacities would
maximize the discharge capacity and energy density, yet this
practice often results in accelerated capacity/voltage decay and
shortened cycle life of the cathode and the full cell, caused by, for
example, side reactions with and “pollution” of the electrolyte.
Various forms of degradations have been identified, including
impedance growth, irreversible surface and bulk phase trans-
formations, intergranular/intragranular cracking of cathode
particles, side reactions with the liquid organic electrolytes
(the consumption can dry out the electrolyte), overgrowth of
cathode—electrolyte interphases (CEIs), gassing (e.g., O, and
CO,), and TM dissolutions (which can migrate to and
precipitate on the anode side, thus affecting the stability of
solid electrolyte interphases, SEIs). Here we provide our
perspectives to understand the functions, instabilities, damage
buffering, and degradation mitigations of high-energy density
oxide cathodes, with a special focus on layered cathodes
(LiCoO,, NCM, NCA, and LRNCM) that are of great scientific
and technological interests. They also serve as good model
systems to understand electrochemically active oxides. This
review is organized in the following manner. Section 2 provides
the basic knowledge on the atomic structure and lithium
transport kinetics that enable proper functioning of the oxide
cathodes and discusses the situations when the kinetics becomes
sluggish and causes impedance issues. Section 3 applies
electronic structure insight and local structure analysis to
cathode design and explains the emergence of reversible oxygen
redox activity in LRNCM. The unique electrochemical
characteristics of LRNCM are discussed. Section 4 systemati-
cally reviews the cathode degradation mechanisms and high-
lights the strongly coupled electrochemomechanics, especially
recently proposed stress corrosion cracking (SCC) of oxide
cathodes immersed in liquid electrolytes. The unique degrada-
tion modes of extensive lattice cavitation and layered-to-spinel
bulk phase transformation for oxygen redox-active LRNCM are
pointed out, and the underlying mechanism, bulk oxygen redox
enhanced lattice oxygen mobility, shall be discussed and
explained in section 5. While these cathodes suffer from various
forms of degradation upon electrochemical cycling, section 6
discusses the peculiar mechanical properties, damage tolerance,
and self-healing phenomena of certain electrochemically active
oxides, which are unexpected for ceramics. Section 7 provides
our perspectives on strategies to mitigate degradations,
including the role of segregating dopants, microstructural
design, reactive wetting enabled surface coating-plus-grain
boundary infusion, Li concentration gradient produced by
molten salt immunization, and novel electrolytes. Section 8
concludes and gives some forward-looking remarks.

2. ATOMIC STRUCTURE AND LITHIUM KINETICS

Oxide cathodes for LIBs are mixed ionic and electronic
conductors with large “Li’” storage and release capability.
High Li* and electronic conductivities are preferred to minimize
resistive loss. High capacity and voltage (for discharge) are

preferred to maximize the energy density, and a robust anion-
dominated host structure is preferred for cyclic Li’ removal/
insertion and safety. When a cathode is charged or discharged at
a finite rate, a chemical-potential gradient is set along the radial
direction of the cathode particles, which drives the fluxes of Li*
and electrons with 1:1 ratio, thus effectively a Li’ flux. According
to the ambipolar diffusion theory (assuming local charge
neutrality), the effective diffusivity Dy; of Li® can be expressed
by the diffusivity D;;* of Li* and the diffusivity D, of electronic
species

Dy, = 2D +D,/(Dy+ + D) (1)

For oxide cathodes, depending on the chemistry and state of
charge, the electronic charge carriers can be small polaron or
iterant electron, which even in the former case can have a much
smaller migration barrier and thus much higher mobility than
Li* (~12 700 times heavier than an electron). In the limit of D,
> D%, D;; ~ 2D.;%, and it is Li* that rate limits the diffusion
kinetics within each cathode particle.

For layered cathodes LiMO, with 1:1 Li-to-non-Li-metal ratio
such as LiCoO,, NCM, and NCA (M = Co, Ni, Mn, and Al;
these are typically TM elements, except for Al used in NCA with
<5% Al/M ratio, which otherwise makes NCA insulating and
degrades electrochemical performance), oxygen anions are
close-packed to form the structural framework, while Li and M
both fill in octahedral sites, as is the case for the parent rocksalt
structure. Because of distinct valence, cation radius, and
hybridization between Li and M, there is a strong tendency for
cation ordering in the system, forming alternating Li and TM
layers within an O3 structure with —ABCABC-— stacking
sequence for the close-packed oxygen layers. The thickness of
the TM layer is much smaller than that of the Li layer, because of
stronger M—O bonds with shorter bond length than Li—O
bonds. In a perfect layered structure, the Li layer can be viewed
as an infinitely large two-dimensional (2D) plane for Li*
diffusion via a Li vacancy mechanism, which offers facile kinetics
in the accessible compositional range Li;_ MO, (0 < x < 1)
during electrochemical service. Here, Li* is designed to be
ideally the only mobile ionic species, while TM and oxygen ions
are ideally immobile within the structural framework, thus
offering a reversible process of electrochemical charge and
discharge. The Li* diffusion kinetics also depends on the Li slab
size, as a larger slab size increases the size of the tetrahedral site
(an intermediate site for Li* hopping between two octahedral
sites) and the length between a hopping Li* and its neighboring
transition-metal cation (thus lowering electrostatic energy
penalty for Li* hopping). Such a correlation has been used to
further increase Li* diffusion kinetics, especially for high-rate
applications.”' ~**

However, Li* diffusion becomes problematic (i) when x
approaches 0 in the fully lithiated state where the Li layer is fully
occupied and Li vacancy concentration is low (“traffic jam”),
and (ii) when degradations occur to transform the layered
structure to some other phases close to pure TM oxides (such as
rock-salt structured NiO and spinel structured Co;0,) that
blocks percolative Li* diffusion pathway. For (i), it is most
pronounced at the end of the discharge (cathodic) half-cycle,
where the surface of the oxide particle equilibrates with the lower
cutoff voltage (e.g, 3.0 V vs Li*/Li for LiCoO,, NCM, and
NCA) and returns to the pristine LiMO, stoichiometry. It not
only slows down Li* diffusion at the surface but also cuts off the
longer-range Li* diffusion to lithiate the interior of the cathode
particle (in the discharge half-cycle, the surface of the cathode
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particles has a lower voltage and higher lithium concentration
than the interior to maintain the inward Li® flux). Such sluggish
Li" diffusion kinetics results in a large overpotential and rapid
voltage drop at the end of the discharge half-cycle. As a result,
Dy; measured by galvanostatic intermittent titration technique
(GITT) shows 3—4 orders of magnitude decrease (Figure 1) as
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Figure 1. Dependence of D;; (measured by GITT) as a function of
lithiation amount x in LiNi;gMn,;Coy,0, during delithiation
(charge) and lithiation (discharge). Reproduced with permission
from ref 24. Copyright 2019 American Chemical Society.

the discharge voltage approaches ~3.0 V (vs Li*/Li), even
though the average bulk composition does not yet fully recover
the original LiMO, stoichiometry”* due to “traffic jam” at the
surface. It results in asymmetric kinetics during charge (faster)
and discharge (slower) because resolving the traffic jam at the
surface by releasing Li’ is easier than further inserting Li’ into an
already-jammed near-surface region, and thus, the layered
cathodes appear to have lower discharge capacity than charge
capacity in the first cycle, for the same discharge rate with the
charge rate. For a good layered cathode material, the first-cycle
Coulombic efficiency (CE) is typically around 90%. Such 10%
first-cycle capacity loss for layered cathodes is mostly due to the
asymmetric kinetics, as an elevated-temperature long-time
constant-voltage hold at the lower cutoft voltage after the
galvanostatic discharge step would recover most of the charge
capacity.”**® Other factors affecting the initial irreversible
capacity include the formation of CElIs, gassing, TM dissolution,
and the formation of cation-densified phases at the oxide surface.
As shall be discussed below, the formed CEIs and cation-
densified surface phases would further slow down the lithiation
kinetics during discharge. This contrasts with the SEI-

formation-dominated first-cycle capacity loss (consumption of
the lithium reserve) for anodes such as graphite.

For (ii), because heavily delithiated cathodes containing an
extreme level of lithium vacancies may not be thermodynami-
cally stable, cathode decomposition tends to happen to
eliminate these vacancies if the kinetics is allowed, such as at
the surface of the cathode _}aarticles. (Bulk decomposition is
possible upon heating,””*” including during the thermal
runaway event in battery accidents.) This process involves
oxygen loss, TM ion migration from TM layer to Li layer, TM
reduction, and the formation of Li vacancy-free/lean, TM-
enriched oxides with poor ionic and electronic conductivities. It
is also called “TM condensation” as TM content gets enriched
close to that in pure TM oxide™® or cation densification as excess
Li vacancies are removed.”” For example, it can be expressed as

Lil—xDxNiOZ = (2 - x)Li(l—x)/(Z—x)Nil/(Z—x)O
+ x/20,(gas) (2)

for the near-surface region of delithiated LiNiO,. Here, []
denotes Li vacancy created during electrochemical delithiation,
and 0 < x < 1. Obviously, the decomposition reaction would be
more severe with larger x, i.e,, at higher charge voltages, and the
product Li(;_,)/2-+)Nij /(2O has TM content close to that of
NiO. With x close to 1 at the surface, it eventually leads to the
formation of rocksalt NiO (insulating to both electron and Li*)
following

Lio[;NiO, = NiO + 1/20,(gas) (3)

A thick NiO-like phase has been widely observed at the surface
of degraded Ni-rich layered cathodes®*~** (Figure 2a), which is
resistive and causes impedance growth and capacity decay. In
such a NiO-like phase, (Li,M) cations fill the octahedral sites
quasi-randomly so that the cubic symmetry of the rocksalt
parent structure is partially recovered; Ni has mixed +2 (major)
and +3 (minor) valence with poor electronic conductivity (NiO
is known to be an electronic insulator with strong correlation of
Ni 3d electrons, which was used to propose the model of Mott
insulator’*); Li concentration is depleted to exclude percolating
Li* diffusion pathway so that it is no longer electrochemically
active. These are the typical features for Li-poor (TM-rich)
cation-disordered rocksalt structure TM oxides, which are
different from the electrochemically active Li-rich (TM-poor)
cation-disordered rocksalt structure TM oxide cathodes.'”*’

Pristine QK
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Figure 2. (a) A thin layer of NiO-like disordered-rocksalt phase at the surface of pristine LiNij ;sMny, 1,C0q 10O, before electrochemical cycling. (b) A
thick layer of NiO-like disordered-rocksalt phase at the surface of LiNi, ;Mny ,Coy 1,0, after 200 cycles at 0.33 C between 2.7 and 4.3V (vs Li*/Li) at
room temperature. Reproduced with permission from ref 30. Copyright 2020 American Chemical Society. (c) Formation of Co;0,-like spinel phase at
the surface of LiCoO, after 100 cycles at 1 C between 3.0 and 4.45 V (vs Li*/Li) at 25 °C. Reproduced with permission from ref 39. Copyright 2019
Wiley-VCH. (d) Formation of spinel phase at the surface of cycled Li; ;Mn, 5sNiy ;5C0g,0,. Reproduced with permission from ref 46. Copyright 2018
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For Ni-rich layered cathodes, the NiO-like cation-disordered
rocksalt surface phase forms not only in electrochemical
degradation but also during synthesis.*>*® Meanwhile, partial
Li/Ni cation mixing (antisite defect, typically with a few percent
fraction when normalized by the amount of Li, or M, thus still
having Li and TM contents close to those of LiMO,,
respectively) also takes place in the bulk, which is often
characterized by Rietveld refinement of the powder X-ray
diffraction (XRD) data. The formations of both NiO-like surface
phase and cation-mixed bulk phase are more pronounced in a
less oxidizing atmosphere and at higher temperatures, which
favors oxygen loss and partial reduction of Ni*" to Ni*'.
Compared to Ni**, Ni** has a charge and a size closer to Li*
(Shannon radius for 6-fold coordination is 0.69 A for Ni**, 0.56/
0.6 A for low-/high-spin Ni**, and 0.76 A for Li*) and smaller
octahedral-site crystal-field stabilization energy (—0.85A, for
Ni** and —1.27A, for Ni**). (Following ref 37, we use A, to
denote octahedral-site energy splitting, assume tetrahedral-site
energy splitting A, = 0.44A , and ignore electron pairing energy.
Electronic configurations are taken as f2g6€g2 for octahedral Ni**,
e 4t2g4 for tetrahedral Ni**, t‘zgéeg1 for octahedral Ni**, and ¢,*, >
for tetrahedral Ni**.) Therefore, there is less tendency for Ni** to
be cation-ordered. Ni**, once formed, tends to migrate to Li
layer and substitute octahedral-site Li*.

A moderate amount of Li/Ni cation mixing (e.g., less than 2—
3%) is beneficial to the cycling stability due to the pillar
effect,”®™*" where Ni** at Li site suppresses TM slab sliding
induced bulk phase transformations at high voltages. However,
as the levels of bulk cation mixing and the formation of NiO-like
surface phase both depend on the synthesis conditions
(especially the precursors, gas atmosphere and temperature)
and are correlated with each other, more severe bulk cation
mixing often indicates the formation of a much thicker NiO-like
surface phase (surface is easier to lose oxygen and to be
reduced). As the former can be easily characterized by XRD
whereas the latter requires high-resolution microscopy, cation
mixing is widely used to describe the “quality” of Ni-rich layered
cathodes, and 5% or more cation mixing often results in poor
electrochemical performance. One may argue that increasing
bulk cation mixing from 2% to 3% to 5% cannot impose a severe
diffusion bottleneck in the lattice, but the concurrent thickening
of the NiO-like surface phase can severely increase the
impedance. As high temperature and low PO, promote NiO-
like surface phase, for synthesizing Ni-rich layered cathodes with
>60% Ni/M, the solid-state lithiation step is often conducted in
flowing oxygen (instead of air for LiNi;;;Co;,3Mn;,;0, and
LiNij sCoy,Mn30,) and at <800 °C (e.g., lower temperatures
of 700 °C was used for LiNiO, and 750 °C for
LiNig 9C0g0sMng 0s0,).*"** Such low lithiation temperature
requires high-reactivity precursors with uniform TM distribu-
tion, which has not yet been made by “all-solid-state” synthesis
method and is currently obtained by a wet-chemistry
coprecipitation method. Hydroxide/carbonate precursors
Nil_x_},Coany(OH)Z/Nil_x_yCoanyCO3 coprecipitated
from aqueous solutions of TM sulfates (e.g, NiSO,, CoSO,,
and MnSO,) are commercially available and become the
preferred routes to synthesizing Ni-rich layered cathodes
NCM, NCA (NCA does not contain Mn or Al in the
hydroxide/carbonate precursors, and Al is added by mixing
the precursors with AI** source before final high-temperature
lithiation step; AI** cannot be uniformly coprecipitated with
Ni** and Co*" due to very different precipitating pH) as well as
Li-/Mn-rich layered cathodes. Upon heating, these precursors

would decompose into fine oxide particles at ~500 °C and react
with mixed lithium salts, followed by cation ordering and phase
formation at higher temperatures. The microstructure of the
final cathode product strongly depends on the morphology of
the precursors, which can be effectively tuned by synthesis
conditions of the coprecipitation technique. The microstructure
of the resulting secondary particle (effectively a polycrystal of
primary particles/grains, with some porosity) would have a
substantial effect on the electrochemical performance.

Back to the side reaction product from cation densification in
(ii), instead of rocksalt surface phase for Ni-rich layered
cathodes, spinel surface phases have been frequently reported
for degraded LiCoO,’”"~* (Figure 2b) and Li-/Mn-rich
layered cathodes*®™* (Figure 2c). Note these TM-rich spinel
surface phases are Co;0,- and Mn;O,like, where Co** and
Mn** occupy the tetrahedral site, and they are resistive to Li*
diffusion and harmful to electrochemical performance, thus
considered “bad” spinels. They should not be confused with
LiMn,O,-like spinel (“good” spinel), where Li* occupies the
tetrahedral site and allows fast three-dimensional Li* diffusion.
For cation densified products, the preference of spinel structure
for Co- and Mn-rich compositions (average TM valence 8/3 =
2.67, with Co?* and Mn*" at tetrahedral site) vs rocksalt
structure for Ni-rich ones (average TM valence 2, with Ni** at
octahedral site) is interesting, which cannot be explained by the
charge or size effect. Cations with higher valence and larger
radius would prefer octahedral over tetrahedral sites because the
former provides more effective screening and has a larger
volume. Shannon radius for 6-fold coordination is 0.69 A for
Ni?*, 0.65 A for low-spin Co**, and 0.67 A for low-spin Mn?*; for
4-fold coordination, it is 0.55 A for Ni**, 0.58 A for Co?*, and
0.66 A for Mn**. Because Ni*" is the smallest among the three,
the charge and size argument would predict more tetrahedral
site preference of Ni** compared to Co** and Mn**, which is
opposite to the experimental observations. The estimation from
the octahedral-site crystal-field stabilization energy does not
explain either, as it gives —0.85A, for Ni**, —1.27A, for Co*,
and —2.0A, for Mn*', which again gives prediction against
experimental observations. (Here the electronic configurations
are taken as tzg‘seg2 for octahedral Ni**, eg4t2g4 for tetrahedral Ni**,
tzgéeg1 for octahedral Co™, eg4t2g3 for tetrahedral Co**, t‘zgseg0 for
octahedral low-spin Mn**, and egztzg3 for tetrahedral high-spin
Mn?**; octahedral high-spin Mn®" has zero octahedral-site
crystal-field stabilization energy.) Instead, we propose that it is
due to the TM redox energies of Ni**/Ni**, Co**/Co?", and
Mn**/Mn®* redox couples in pure TM oxides. When annealed in
air, for nickel oxides, NiO (rocksalt) is the stable form,
suggesting that air is not oxidizing enough to oxidize Ni** to
Ni** and a high equilibrium oxygen partial pressure
InPO,*(Ni**/Ni**) for Ni**/Ni** redox couple. For cobalt
oxides annealed in air, Co;O, (spinel) is stable at low
temperatures (<900 °C) and CoO (rocksalt) is stable at high
temperatures (>900 °C), suggesting an intermediate
InPO,*Y(Co*/Co*") for Co**/Co** redox couple. For man-
ganese oxides annealed in air, Mn;O, (spinel) readily forms at
high temperatures (>1000 °C), suggesting a lower
InPO,*4(Mn*"/Mn?*) for Mn®*/Mn** redox couple. Therefore,
InPO,*(Ni**/Ni**) > InPO,*(Co*/Co**) > InPO,*(Mn>**/
Mn?") in pure TM oxides, which indicates that electronic energy
level follows the rank of Ni**/Ni?* < Co%/Co?* < Mn**/Mn?*".
It also suggests that for cation-densified surface phase that has
gone through oxygen loss and TM reduction, it is more difficult
to retain Ni** than Co®" and Mn** in the solid phase, and it is the
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Figure 3. Schematic diagram comparing the energy levels of different redox couples and DOS of (a) layered cathode LiMO, assuming the top of O 2p
band pinned at 4.0 V (vs Li*/Li), (b) spinel cathode LiM, Oy, (c) olivine cathode LiMPO,, and (d) modified (a) assuming the top of O 2p band pinned
at 4.5V (vs Li*/Li). The energy dispersion along the y axis is for the guidance of the eyes.

electronic energy level that determines the average TM valence
(+2 for rocksalt and +8/3 for spinel), the TM-to-O
stoichiometry, and the phase of the surface side-reaction
products.

3. ELECTRONIC STRUCTURE PERSPECTIVE

Electronic energy level plays a central role in the function and
stability of oxide cathodes. Utilizing the voltage profile of the
discharge curve at a low rate and assuming a rigid band structure
that does not evolve at different states of charge, the approach of
constructing schematic diagram comparing the energy levels of
different redox couples and density of states (DOS) is a useful
method for cathode design and optimizations. This was well
recognized by Goodenough since the initial introduction of
high-voltage oxide cathodes,”"***! whose anodic charging
voltage stability window was presumed to be set by the top of O
2p band that lies at a much lower electronic energy than the top
of S 2p band. In LiCoO,, the top of O 2p band was estimated to
be at ~4.0 V (vs Li*/Li) and there is an overlap between Co*/3*
redox couple and O 2p band.””*" Upon removal of over ~0.55 Li
per LiCoO,, there is a crossover from TM redox to oxygen
redox, with itinerant holes with strong O 2p band characteristics.
This could potentially cause oxygen instability (i.e.,, chemical
instability of oxygen ions) in the cathode material, such as the
formation of peroxide group and oxygen gas evolution.
However, the early estimation of 4.0 V vs Li*/Li is probably
too low, as nowadays, high-voltage LiCoO, is readily available
and can be stably cycled up to 4.6 V (vs Li*/Li), with a first-cycle
charge capacity of >230 mAh/g or 0.84 Li removal per
LiC00,.°* ** It indicates that while the thermodynamic anodic
stability window is set by the chemistry and crystal structure, the
oxygen instability can be kinetically suppressed in real batteries.
This is especially true for oxygen gas evolution reaction (OER)
that typically has a larger overpotential (than, for example,
hydrogen evolution reaction), and oxide stabilization strategies
such as lattice doping, surface coating, and modifications of the
organic liquid electrolytes have been synergistically utilized to
enable high-voltage LiCoO, with extended cycle life. These in
turn encourage the development of HACR cathodes with high
capacities and energy densities.

Within the same layered structure framework, the relative
positions of other TM redox couples can be determined and

plotted schematically (Figure 3a) according to the following
experimental observations. In NCM electrochemical cycling, the
lowest TM valence is +2 for Ni, +3 for Co, and +4 for Mn, which
indicates a higher electronic energy level (i.e., lower redox
voltage) of Mn**/3* than Ni**/**. Under the same charging cutoff
voltage, NCM with initially mixed Ni** and Ni** and NCA with
initial Ni** have higher charging capacity than LiCoO, with
initial Co®*, which indicates a higher electronic energy level of
Ni*/3* than Co*/3*. Therefore, the electronic energy level
follows the rank of Mn*"/3* > Ni**/?* > Ni**/3* > Co*/3*, These
are the most useful TM redox couples in layered cathodes, as is
the case for LiMnO,, NCM, NCA, and LiCoO,. Among them,
LiMnO, is not as widely used as the latter two because of
structural instability.””>> With a small octahedral-site crystal-
field stabilization energy (—0.42A, for Mn’*, electronic
configuration taken as 1,‘2g3egI for octahedral high-spin Mn**
and egztzg2 for tetrahedral high-spin Mn’"), Mn would easily
migrate from octahedral to tetrahedral sites that transforms the
layered structure into a bad spinel. The strong Jahn—Teller
effect for Mn** also causes distortion in the lattice and degrades
the material upon cycling. Other TM redox couples such as
Co**/*, Mn*/?*, and Fe’*/?* lie at higher electronic energies
and thus are less useful in cathodes, and +2 valence TM ions
cannot be readily put into the layered LiMO, that requires an
average initial valence of +3 for M.

Mn is more earth-abundant and much cheaper than Ni and
Co. The rule-of-thumb so far is that in order to better utilize the
Mn*/3* redox couple without causing structural instability, the
average Mn valence should be higher than +3 throughout the
cycling. Good cycling stability has been achieved in spinel
LiMn,0, with average Mn valence of +3.5 in the discharged
state and approaching +4 in the fully charged state. The 0.5 Li
removal per TM obviously lowers the capacity of spinel cathodes
compared to 1 Li per TM in layered cathodes, yet the energy
density is partially recovered due to lowered electronic energy of
TM redox in the spinel structural framework relative to the
layered structure (Figure 3b). For example, Mn*"/3* redox
couple lies at ~4.1 V (vs Li*/Li) in LiMn,O, and Ni**/** and
Ni**/3* redox couples lie at ~4.7 V (vs Li*/Li) in
LiNiysMn, sO,, all of which are higher than the corresponding
ones in the layered structure.'>"*°%>° Here, also note that the
voltage curves of LiMn,0, and LiNiysMn, ;O, show obvious
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Figure 4. Calculated partial DOS of an oxygen coordinated by (a) two Li and four Ni, (b) three Li and three Ni, and (c) four Li and two Ni in a cation
disordered LiNiO,. The decreased O—Ni coordination number from (a) to (c) increases the high-energy DOS close to the Fermi level Eg as shown by
(d) the isosurface of the charge density between —1.64 and 0 eV (vs Eg) of the oxygen in (c). Reproduced with permission from ref 71. Copyright 2016
Nature. (e) Honeycomb-type cation ordering in TM layer of LRNCM creates (d) oxygen coordinated by four Li and two Mn and (f) nonbonding
orbital of O 2p states at the top of the broad O 2p band. Reproduced with permission from ref 72. Copyright 2016 Nature.

voltage plateaus, indicating a narrow redox DOS in the
electronic energy axis. In comparison, the voltage curves of
NCM, NCA, and LiCoO, are more slopy, indicating more
distributed redox DOS. This is likely due to the stronger
sensitivity to the microscopic Li* distribution (the Li—Li
coverage effect, which is stronger in layered compounds due to
shorter Li—Li distance).

The energy of a TM redox couple depends on the element, its
valence, the covalent component (hybridization) of its bonding
with the nearest neighbors (i.e., the local structure around a TM
ion), and the ionic component (Madelung energy) of its
bonding with longer-range ions within the structural frame-
work.>® The lowered electronic energy of Mn*/3 Ni**/?*, and
Ni**/3* redox couples in spinel is primarily due to changes in the
Madelung energy, which is often termed the inductive effect. For
Li;_Mn,0,, Li* ordering at tetrahedral site already causes
~0.15 V shift in the voltage of Mn**/3* redox couple when cycled
between x = 0 and 1, and Li* position change from tetrahedral to
octahedral site causes >1 V shift when cycled between x = —1
and 0 (i.e., overdischarge of LiMn,0,). The inductive effect is
even stronger in polyanion cathodes, such as olivine LiMPO,,
where Fe>*/** redox couple lies at ~3.4 V, Mn>"/?* at ~4.1V,
Co*/* at ~4.8 V, and Ni**/?* at ~5.1 V (Figure 3c).'>*"~%
These redox voltages are much higher than the corresponding
ones in the layered structure, and it enables the use of the most
abundant TM element, Fe, in LiFePO, with a huge commercial
success. LIMnPO, and Li(Fe,Mn)PO, with higher voltages and
energy densities are also under development for extended cycle
life. The olivine cathodes generally have relatively poor ionic and
electronic conductivities and undergo two-phase reactions in the

coarse particles that rate-limits their electrochemical perform-
ance. Therefore, they are typically coated with conductive
carbon and produced in nanoparticle form that recovers a solid-
solution reaction mechanism.’’ ~*® Nevertheless, there are still
distinct plateaus in their voltage curves, again indicating
narrowly dispersed redox DOS.

While the above understandings are mainly on TM redox for
cathode functioning, better oxygen stability is also gained in
spinel and olivine cathodes due to lowered electronic energy of
O 2p band, based on the voltages of Ni**/** and Ni**/?* redox
couples that are assumed not to overlap with O 2p band. This is
supported by the experimental observations that spinel and
olivine cathodes have better thermal stability and thus safety
than layered ones.”* "%’ (In the thermal runaway event of battery
accidents, charged cathodes often release oxygen gas and/or
radicals, which serve as oxidant to the self-accelerating
exothermal reactions with anode material and electrolyte.)
The lowered O 2p band energy can be understood from strong
Mn 3d—O 2p hybridization (especially for Mn*") and three-
dimensionally connected MnOy octahedron network in spinel
cathodes and strong covalent P—O bond in olivine cathodes,
both of which are closely related to the nearest-neighbor
bonding, i.e., local structure of O. The strong Mn**—0?~ bond
also contributes to the oxygen stability of NCM, where higher
Mn contents are known to increase the thermal stability and
safety.”””*® To date, the superior oxygen stability of high-voltage
(e.g, with redox voltage >4.6 V) spinel and olivine cathodes
have not been fully utilized, primarily limited by other
degradation mechanisms of the cathode and the full cell,
especially the anodic stability of the electrolyte. Future
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developments of advanced electrolytes in liquid, solid, or mixed
form may make full use of such high-voltage TM redox couples,
which compensates for the intrinsically lower capacity and ion-
packing density (thus crystal density) of spinel and olivine
cathodes compared to layered ones.”””°

Applying the local structure analysis of O to LRNCM, which
is also a layered cathode but with Li" substitution and Li,MnO;-
type Li/TM ordering in the TM layer, leads to the emergence of
active, reversible oxygen anion-redox. Recall that the layered
structure can be viewed as a cation-ordered rocksalt structure,
and O is octahedrally coordinated with six cation nearest-
neighbors. In LiMO,, O is coordinated by three Li and three M
(mainly TM elements) with 3 X Li—O—M configurations, where
d—p hybridization lowers the energy of O 2p band. In contrast,
in Li;MnOj3, O is coordinated by four Li and two Mn with 2 X
Li—O—Mn configurations and 1X axial Li—O—Li configuration.
Because there is minimal hybridization between Li and O, the
nonbonding O 2p orbital in axial Li—O—Li configuration
constitutes oxygen redox state at the top of the broad O 2p band
(Figure 4).”'~"* Apparently, this analysis also holds for
LRNCM, which accounts for the long, flat voltage plateau at
~4.5 V (vs Li*/Li, contributing to ~200 mAh/g capacity in
Li; ,Mny45Nig15C0g,60, when charged to 4.8 V) in the first
charge half-cycle beyond the accessible TM redox couples
(Ni**/%*, Ni*/**, and Co*/*", contributing to ~120 mAh/g
capacity in Li; ;Mng4gNig;6C0160,). Similar local structure
analysis of O has been extended to interpret the oxygen redox
activity in Li-excess cation-disordered rocksalt cathodes”*~"°
and Li-rich spinel cathodes’” as well as other functional oxides,
the oxygen instability at surface and interfaces, and the
functioning of protective cathode coating.”” The flatness of
the voltage plateau is interesting to note, as no similar shapes
have been identified for TM redox couples in layered cathodes,
including NCM, NCA, LiCoO,, and LRNCM. In fact, it
represents an electrochemical demonstration for the “pinning”
of a redox couple, i.e., further electron removal does not cause
lowering in the electronic energy. The pinning is now clearly
seen in LRNCM, by Li—O—-Li configuration and nonbonding
orbital of O 2p states, which can be used to place the top of the O
2pband at 4.5V (vs Li*/Li). This allows us to replot Figure 3a as
Figure 3d, still assuming an overlap between Co*/3* redox
couple and O 2p band. (In principle, the dispersion of a redox
couple in the energy axis of the schematic should represent the
degeneracy of the corresponding DOS and the area should be
the same for one-electron redox couple. However, it is difficult to
quantify and thus not accounted for simplicity. The energy
dispersion in Figure 3 is only for the guidance of the eyes.)

The Li richness (e.g., 1.2 Li per Li;,Mng4sNig;6C0q,1605,
equivalent to 1.5 Li per TM) and the HACR action provide
LRNCM a high discharge capacity of 250—300 mAh/g when
cycled between 2.0 and 4.8 V (vs Li*/Li), compared to ~205/
220 mAh/g for Ni-rich cathode cycled between 3.0 and 4.3/4.5
V (vs Li*/Li), and ~220 mAh/g for high-voltage LiCoO, cycled
between 3.0 and 4.6 V (vs Li*/Li). While a larger upper cutoff
voltage is required to activate the oxygen redox in the first charge
half-cycle, a smaller lower cutoff voltage is also required for
LRNCM due to the slow kinetics and the voltage hysteresis of
the oxygen redox. Compared to other layered cathodes,
LRNCM has the following distinct features in the electro-
chemical behaviors: (i) There is typically a huge change in the
voltage curve between the first charge half-cycle and subsequent
ones, as the 4.5 V voltage plateau during the first charge is no
longer observed in subsequent cycles. This is often attributed to

the irreversible structural changes (e.g, TM migration and
lattice reconstruction) when LRNCM is first charged/dis-
charged. Interestingly, such a drastic structural change correlates
with the activation of the anion redox reaction. In section 5, we
shall explain that the oxygen mobility (which is the slowest
moving species in the discharge state) also drastically increases
when the anion redox is activated. One may argue that the
hugely enhanced oxygen ion mobility further contributes to the
drastic structural change, as all species (lithium ion, transition
metal ion, and oxygen ion) become quite mobile, at least at the
nanoscale. We suspect that the structural change is not only
thermodynamically favorable but also kinetically accelerated by
the activated oxygen redox and the altered TM-O bonding
characteristics. (ii) The voltage efficiency and energy efficiency
of LRNCM are relatively low. This is due to the hysteresis
associated with the oxygen redox, which exists even under quasi-
OCV conditions, e.g., after long-time relaxations in GITT
measurements.’”®' The OCV hysteresis indicates that the
sluggish oxygen redox does not follow a linear response to the
driving force as is the case in diffusion but requires an
overpotential in analogy to a chemical reaction. (iii) Although
with an upper cutoff voltage of 4.8 V (vs Li*/Li), capacity decay
of LRNCM can be relatively slow.*>** This is likely to be due to
the catalytic inactivity of Mn**, which is the main cation at the
surface of LRNCM, while Ni**, Ni**, Co*', and Co*" in NCM,
NCA, and LiCoO, are more oxidizing and catalytically more
active (thus widely used in oxide catalysts for oxygen evolution
reaction). (iv) There is a gradual decay in the average discharge
voltage (i.e., voltage decay) associated with the shape change of
the voltage curves upon cycling. This is a unique feature of
LRNCM and causes decay in the discharge energy density. The
voltage decay holds even at low rates and under quasi-OCV
conditions: the lowered redox voltage indicates an evolving bulk
structure of LRNCM. This differs from NCM, NCA, and
LiCoO,, whose degradations are mainly due to impedance
(kinetics) and whose voltage profiles under OCV conditions
remain largely the same before and after cycling.”

The unique electrochemical characteristics of LRNCM are
closely related to oxygen redox. Extensive efforts have been
made to resolve the underlying mechanism, especially on its
relationship with voltage hysteresis and voltage decay that limit
the practical applications of LRNCM.*”*"** The proposed
mechanisms include the formation of peroxide- and superoxide-
like oxygen dimers,**™ the oxidation of nonbonding O 2p
orbitals with localized oxygen hole states,”'~"* the formation of
m-bonded orbitals from hybridized TM and oxygen states,”” and
the formation of molecular O, trapped in the bulk.** "’ The last
proposal is supported by high-resolution resonant inelastic X-ray
scattering (HR-RIXS) spectroscopy data,”® and the resolved
low-energy loss features reveal a progression of peaks from
transitions to different vibrational energy levels, which agree well
with the vibrational spectrum of molecular O,. It is consistent
with our interpretation that the OCV hysteresis indicates the
requirement of a reaction overpotential for the sluggish oxygen
redox, namely the breakage and reformation of the O—O
covalent bond. A better and clearer understanding of the oxygen
redox mechanism would help to develop LRNCM further, as
well as other Li-rich, oxygen-redox-active oxide cathodes. It is
also clear that TM cation migration plays a significant role as the
anion migration in the time-dependent HACR voltage, so the
coupled cation and anion mobilities (CCAM) is a frontier of
research for understanding high-energy-density HACR cath-
odes.
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4. COUPLED ELECTROCHEMOMECHANICAL
DEGRADATIONS

Battery cathodes need to be cycled with an extended lifetime,
and they suffer from coupled electrochemomechanical degra-
dations”’ such as chemical corrosion, electrochemical side
reactions, and mechanical cracking. The degradations affect the
functioning of cathodes as well as other components in the
battery ecosystem, such as the electrolyte and the anode. The
cathodes interact with the environment chemically and
electrochemically. When cathodes are charged to high voltages,
the bulk materials are not thermodynamically stable, and upon
heating, they would decompose, release oxygen gas, and
undergo exothermic reactions.”””” This is intimately connected
to battery safety, especially thermal runaways in battery
accidents, and the intrinsic safety of a cathode is often evaluated
by comparing the temperature and heat generation of the
exothermic reactions in the differential scanning calorimetry
(DSC) measurements of the charged cathodes. Under normal
battery operation temperatures, the bulk decomposition is
kinetically suppressed, and side reactions mostly take place at
the cathode surface and with interactions with the electrolyte.
Oxygen gas can evolve from the cathode surface as a gaseous
component of the side reaction products.”>”* Other gases such
as CO, can also evolve due to the oxidization of the organic
electrolytes, which either directly involves oxygen molecule/
radicals generated from the oxidizing charged cathodes or comes
from the anodic decomposition of the electrolytes catalyzed by
the TM ions at the cathode surface.

The side reaction products in the solid form are complicated
and can generally be classified into two regions. The first region
is on the oxide side of the original cathode—electrolyte interface,
i.e., the cation-densified surface phase as we discussed in section
2, such as the NiO-like rocksalt phase at the surface of degraded
Ni-rich NCM and the Co;0,-like spinel phase at the surface of
degraded LiCoO,. The second region is on the electrolyte side
of the ori§inal cathode—electrolyte interface and is termed as
CEILs.”*™” CEIs form because of chemical incompatibilities
between the charged cathodes and the electrolyte. CEIs are
heterogeneous multiphase composites with potentially both
organic and inorganic constituents and the chemical composi-
tions could also vary across the thickness. The cation-densified
surface phase and CEIs are not bad by themselves, and their
formation passivates the cathode surface to suppress the
continuous side reactions. However, their overgrowths are bad
and cause significant impedance growth and decay in capacity,
energy density, and energy efficiency of the degraded cathodes.

The interesting bilayer character of the cathode passivation is
overlooked in the literature. Recall that on the anode side, SEIs,
which are also heterog neous multiphase composites, form as
the passivation layer.” "% While there are still unknowns for
SEIs, the established theoretical picture states that a good SEI
layer should be thin and stable upon cycling and it should be
primarily a Li* conductor but an electronic insulator, so that the
lithiation process takes place at the interface between SEIs and
the anode. The blockage of electron transport to the electrolyte
suppresses the cathodic reduction of the electrolyte and the side
reactions between the lithiated anode and the electrolyte.
Considering the similarities, the insight has been extended to
CEIs to make them Li*-conductive and electron-insulating.
Experimentally, CEIs with less carbon-rich organic components
and more fluorine-rich inorganic (LiF- and POxFy—like)
components have been reported to stabilize the cathode—

electrolyte interface at high charge voltages.'”’ Here, the CEI
layer blocks electron transport to suppress the anodic oxidation
of the electrolyte and physically separates the oxide surface from
the electrolyte to minimize the catalytic effect of the former. For
the role and design rules of the oxide surface phase, the same
guidance, high Li* conductivity and low electronic conductivity,
are often quoted, including in constructing protective cathode
coatings as the artificial surface phase. While Li" solid
electrolyte-like coatings (e.g., lithium phosphorus oxynitride,
LiPON)'* have been reported to improve the cathode
cyclability, nanoscale coatings made of ionic and electronic
insulators (at least for their bulk form, e.g, ALO; and
AlF,),'*>'% mixed ionic and electronic conductors (e.g,
LiNiysMn;, 0,),"” and metallic glass (e.g,, CoB,)”” have also
shown their effectiveness. Therefore, we propose that the
optimal cation-densified surface phase or the artificial cathode
coating should not block the electron transport. Indeed the
proper functioning of cathodes requires ambipolar transport of
Li’, thus electrons, for each particle, and the task of electron
blockage has already been taken by the CEI layer. Instead, it is to
physically separate the highly oxidizing delithiated cathodes
from the CEIs and the liquid electrolyte and to suppress
continuous oxygen outgassing from the bulk of the oxide
cathodes. This is consistent with the fact that the as-formed
surface phase and good cathode coatings all have limited
electrochemical activity and good stability over a wide range of
anodic voltage ranges, and they do not release oxygen gas. For
example, NiO, Co;0,, Al,O;, and AlF; are not redox-active
within the spanned voltage range of a cathode, LiNiysMn, O,
shows limited capacity below 4.6 V (vs Li*/Li, thus being
suitable as a coating material for high-voltage LiCoO,), and
CoB,, forms strong Co—O/B—0 bonds at its interface with the
cathode and with any outgassing oxygen species.

The oxygen release and side reactions consume the liquid
organic electrolyte, which is often the most precious component
inside practical full cells. Overgrowth of CEIs and the cation-
densified surface phase would eventually use up the electrolytes
and lead to significant impedance growth because Li" can no
longer be transported between the two electrodes. Furthermore,
the side reactions cause TM dissolution (reduced TM ions, such
as Mn**, Ni**, and Co?"), which can migrate to and attack the
surface of the anode.'”® It is known to destabilize the passivating
SEIs and result in continuous side reactions on the anode side
and overgrowth of SEIs, which consumes both the electrolyte
and the lithium inventory.'*~""?

Beyond chemical and electrochemical effects, the cathodes
suffer from mechanical and microstructural degradations. When
a layered cathode is charged, there are volume expansion/
shrinkage and anisotropic changes in the lattice parameters. For
example, when NCMS8I11 is charged from 3.0 to 4.4 V (vs Li*/
Li), the a-axis lattice parameter shrinks by 2%, and the c-axis
lattice parameter first increases by 2% and then shrinks by 3%
from the peak value. Correspondingly, the anisotropy ratio (c/
¢o)/(a/ay) first increases by 4% and then shrinks by 3—49%.""'*"'*
(Here, a and ¢ denote the stress-free lattice parameters at
different voltages, and a, and ¢, denote the ones in the fully
discharged state.) As more Li is extracted from the Li layer, the
interlayer bonding becomes weaker, which triggers sliding
between TM slabs and bulk phase transformations. (Note the
bulk phase transformations from TM slab sliding are mass-
conserving and only involve symmetry change.) For single-
crystalline layered cathodes (e.g., LiCoO,), the uniform
eigenstrain (i.e., stress-free strain caused by lithiation/
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Figure 5. (a) Schematic showing that SCC requires both stress/strain and corrosion from the environment. In comparison, pure mechanical cracking
and fatigue can be caused by stress/strain only. Corrosion fatigue also requires both stress/strain and corrosion but arises from cyclic dynamic
mechanical loading, while SCC arises primarily from static mechanical loading. Cross-sectional tomography images of NCM811 showing cycling in (b)
a “good” liquid electrolyte with suppressed environmental corrosion can mitigate SCC and maintain integrity, while cycling in (c) a “bad” electrolyte
with intensive side reactions causes extensive cracking. Reproduced with permission from ref 114. Copyright 2021 The Author(s) under exclusive
license to Springer Nature. Cross-sectional scanning electron microscope (SEM) images of NCM811 showing (d) mitigated SCC with cathode surface
coating and grain boundary infusion and (e) extensive cracking without the coating and infusion. Reproduced with permission from ref 79. Copyright

2021 The Author(s) under exclusive license to Springer Nature.

Figure 6. (a) Extensive cavitation in the bulk lattice and (b) bulk phase transformation from layered to spinel structure in Li; ,Niy,Mng 4O, after 300
cyclesat 0.1 C between 2.0 and 4.8 V (vs Li*/Li). Reproduced with permission from ref 119. Copyright 2019. This is a U.S. government work and not
under copyright protection in the U.S.; foreign copyright protection may apply.

delithiation chemical expansion), and bulk phase trans-
formations (accompanied by abrupt changes in lattice
parameters) seem to be manageable and do not cause severe
intragranular cracking within each particle. Upon electro-
chemical cycling, the cyclic straining and phase transformations
could cause fatigue and microcracks. While electrochemically
degraded cathodes typically show more microcracks and the
suppressed bulk phase transformations (e.g, by lattice doping)
often result in better cycling stability, interpreting such
correlation as the causation of the electrochemical degradations
requires extra caution, as the relatively low density of
microcracks is unlikely to dramatically affect the percolating
diffusion pathway of Li" and electrons in a single crystal. One
possible explanation is that while the electrochemically active
single-crystal lattice can accommodate the uniform eigenstrain,
the inactive cation-densified surface phase and coatings cannot
(SEI layer may not either). As a result, cyclic straining and
interlayer sliding may crack the surface passivation, which results

in more side reactions and uncontrolled growth of the cation-
densified surface phase as well as the SEIs.

The mechanical and microstructural degradations are more
pronounced in polycrystalline layered cathodes (e.g, NCM and
NCA), where intergranular cracking caused by strain mismatch
and stress concentration at grain boundaries is a major
degradation mechanism. (Intragranular cracking can also form
inside the primary particle of polycrystalline layered cathodes
after prolonged cycling.) It not only causes losses of electrical
contacts between the primary particles (grains) but also
generates many unprotected fresh surfaces, thus resulting in
extensive side reactions. The intergranular cracking had been
mostly attributed to a purely stress-driven event, whereas
chemical/electrochemical corrosion later follows at the
generated fresh surfaces after the cracking. However, in the
literature, modified cathode and/or cathode—electrolyte inter-
actions such as surface coatings, grain boundary infusions, and
good electrolytes and electrolyte additives have been reported to
relieve the cracking, including in deep-charge cycling (e.g., with
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Figure 7. (a) Projected DOS of a to-be-migrating O®™ next to an oxygen vacancy Vy, in the ground-state (GS) supercell before the migration in model
A. (b) Projected DOS of a migrating O~ in the saddle-point (SD) supercell of the migration in model A. (a) Projected DOS of a to-be-migrating O*~
next to a V, in the GS supercell before the migration in model B. (b) Projected DOS of a migrating O*~ in the SD supercell of the migration in model B.
The energies of the y axis were aligned using the band center of O 2p states of the nonmigrating lattice oxygen ions in the supercell. (a—d) Insets:
Schematic local structures. (d) Inset: Electron cloud in blue denoting the unoccupied states (i.e., hole states) with 0.006 electron/Bohr? iso-charge-
density. Reproduced with permission from ref 141. Copyright 2022 Elsevier.

an upper cutoff voltage of 4.7 V vs Li"/Li for
NCMS811).””"*~ 17 1t indicates that the stabilized cathode—
electrolyte interface and mitigated chemical corrosions (e.g.,
oxygen loss) suppress cracking. This is despite the fact that the
same bulk redox, lattice expansion/shrinkage, and grain
boundary mismatch straining take place in the polycrystalline
cathodes. In addition, unlike mechanical cracking for brittle
oxides, most cracks in polycrystalline cathodes tend to form after
extended cycling, ie., after cyclic loading. Based on these
experimental observations, we recently proposed that the
intergranular cracking is, from the beginning, a stress corrosion
cracking (SCC, Figure 5) process,'' and it involves both the
mechanical stress/strain and the chemical interactions between
the charged cathode and the electrolyte. (Both SCC and
corrosion fatigue rely on simultaneous environmental and
mechanical stressing, and their difference lies in static vs cyclic
dynamic mechanical loading. A definite assignment to SCC
and/or corrosion fatigue requires more experiments on the
cracking behaviors at different charge/discharge rates to mimic
the strain rate dependence and during constant-voltage floating
tests to mimic static mechanical loading conditions.) In fact, the
two are closely coupled, as the concentrated stress (especially
tensile stress) would accelerate the corrosion process, and
continuous side reactions would corrode the grain boundaries,
cause materials loss (oxygen loss and TM dissolution), and offer
thermodynamic and kinetic advantages to the initiation and
propagation of SCC. The proposed SCC mechanism offers new
insights into the coupled electrochemomechanics of oxide
cathodes under extreme electrochemical conditions and the
mitigation strategies.

In addition to the above, cavitation in the lattice (Figure 6a)
and bulk phase transformation from layered to spinel structure
(Figure 6b) have been reported for LRNCM. ' Figure 6a
shows an extreme case where numerous cavities formed
throughout the entire particle of cycled Li, ,Nig,Mn, 0,." "
These lattice cavities were initially formed close to the surface of
the cathode particles in the early cycles and then proceeded
inside with prolonged cycling. While there is not a clear answer
on whether these cavities are voids or oxygen bubbles, their
formation during room-temperature battery cycling definitely
requires mass flow and thus lattice diffusion of oxygen anions,
which should be the slowest moving species in layered cathodes.
Meanwhile, the phase transformation involved is also non-

conserved in oxygen. The transformed spinel structure has
mixed LiM, O, and M;0, characteristics, both of which have M/
O ratio >1/2 that is higher than the original composition (M/0O
ratio of 2/5 for Li; ,Niy,Mn,0,). It thus indicates loss of
oxygen in the transformed bulk lattice, which again requires
lattice diffusion of oxygen anion. The lattice diffusion requires a
point defect to form and migrate. A low defect formation energy
for diffusion-mediated oxygen vacancy is not unexpected
because the charged cathodes are not thermodynamically stable.
Substantial lowering in oxygen vacancy formation energy from
fully lithiated to highly delithiated cathodes has been reported
for many layered cathodes (e.g., LiCoO,, LiNiO,, Li-
Nij33C0033Mng330,, and Li;,sNiy;;Mngs0,) which is not
unique for LRNCM.""*~"*" A more striking yet less discussed
aspect is the anomalously high room-temperature oxygen
mobility in the lattice, which will be discussed in detail in the
following section.

Lastly, it is important to acknowledge the spatial hetero-
geneity both at the cathode particle level and at the composite
electrode level.'””~"** The heterogeneity depends on many
factors such as the spatial distributions of active materials,
conductive carbon, binder, and porosity, macroscopic defects in
the electrode, the shape and crystallography of cathode particles,
and the spatial uniformity of the surface passivation. It affects the
transport of Li* and electrons, as well as the local chemical
potential of Li®."*>~"*” With a large spatial heterogeneity either
from cathode processing or after extended cycling, such as
detachment of some particles from the electron percolating
network or even wholesale detachment of the electrode from the
current collector, these particles would be electrically insulated
and become electrochemically inactive. What is worse, the
charge/discharge current density calculated from the nominal
active material loading would only be loaded on the active ones,
which is equivalent to a high-rate cycling condition and result in
accelerated degradations. The heterogeneous charge distribu-
tions can now be mapped by advanced characterization
techniques, and degraded cathodes indeed show more spatially
distributed redox behaviors (e.g, the valence of the redox-active
TM elements) within each particle and across different
ones.'**7"*° The dynamics of particle network in composite
battery cathodes, and the collective vs asynchronous activities
have been reported to be the key to the full utility of cathode
capacity and long-term cyclability."”' Such a multiscale
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understanding of the microstructure is critical to the improve-
ment of the processing techniques and the mitigation of the
correlated cathode heterogeneity and degradations.

5. OXYGEN MOBILITY

The problem of lattice oxygen mobility was investigated by Lee
and Persson'”” with density functional theory calculations in
Li,MnOj;, which is a model layered structure with oxygen redox
activity and the parent structure of LRNCM. Assuming an
oxygen vacancy diffusion mechanism, the migration barrier (i.e.,
the energy barrier of an exchange event between an oxygen
vacancy and a neighboring oxygen ion) was calculated to be 3.9
eV in Li,MnQO;, 2.0 eV in Li; MnQ;, 0.9 eV (for O~, lower than
2.3—4.0 eV for O*" migration at the same composition) in
Li,MnO;, and 2.1 eV in Li;MnO, Lee and Persson'’
concluded that the 0.9 eV migration barrier indicates moderate
oxygen mobility that may allow for oxygen diffusion at the
surface with undercoordination, disordering, and strain but not
in the bulk lattice. Nevertheless, it was later cited to support the
anomalously high room-temperature oxygen mobility required
to explain the experimental observations.””'*”'"” To shed more
light on this subject, we conducted more detailed first-principles
calculations by using the Vienna Ab Initio Simulation Package
(VASP)B}_139 on oxygen migration in Li,MnOj; with oxygen
redox activity using a supercell containing 32 Li, 16 Mn and 48 O
(some ions were then removed to generate point defects of
interest)."**'*!

To simplify the matter, we consider an oxygen vacancy
mediated migration across the Li layer (inset of Figure 7a,
plotted using VESTA'**). Before and after the migration event,
the oxygen ion is 6-fold coordinated in an octahedron with two
Mn and four Li. During the migration event, the oxygen ion
passes through a high-energy saddle point near the shared edge
of the two neighboring OMn,Li, octahedra. Considering the
occupancy of the two Li at the shared edge and the possible
anion redox state (here to simulate the oxidized oxygen ion O™,
0 < x <2, we added one hole into the Li,MnOj; supercell and the
structural relaxations would determine whether it is a
delocalized or localized oxygen hole state), there are six possible
models for oxygen ion migration: model A, O*~ exchange with a
+2 charged oxygen vacancy V" and with no lithium vacancy on
the shared edge; model B, oxidized oxygen ion O™ exchange
with Vo** and with no lithium vacancy on the shared edge;
model C, O*~ exchange with V> and with one —1 charged
lithium vacancy Vi;~ on the shared edge; model D, O™
exchange with Vo** and with one V;~ on the shared edge;
Model E, O*" exchange with Vo** and with two Vi;” on the
shared edge; and model F, O*~ exchange with V,** and with two
Vi~ on the shared edge. As shown in Table I, the migration
barrier is insensitive to Vi;~ (models A, C, and E give similar
values, and models B, D, and E give similar values) but strongly
affected by the redox state, and the migration barrier of O~
(2.32—2.37 eV, models B, D, and F) is ~0.7 eV lower than that
of O*™ (3.00—3.13 eV, models A, C, and E), despite the minor
redox introduced (one electron per supercell, or ~0.02 electron
per O).

Careful inspections of the Bader charge'* of the migrating
oxygen ion reveal interesting features. First, at the ground state
before the oxygen ion migrates, the added hole in models B, D,
and F tends to be delocalized (due to insufficient lattice
distortions to render hole localization on some “special” oxygen
ions) and the Bader charge of the to-be-migrating oxygen ion is
similar to the corresponding case without the extra hole. Its

Table 1. Defect Configuration, Calculated Migration Barrier,
and Bader Charges of Migrating Oxygen Ion at the Ground
State before Migration and at the Saddle Point of Migration
in Li,MnO;

Bader charge (e)
Ground  Saddle

Migration

Model Defect configuration barrier (eV) state point

A O exchange with Vo> 3.00 7.41 7.38

B O™ exchange with Vo™ 2.33 7.40 7.05

C O”" exchange with V™, 3.13 7.32 6.96
with one V;~

D O™ exchange with V™, 2.37 7.25 6.92
with one V;~

E O’ exchange with V™, 3.09 7.23 6.73
with two Vi;~

F O™~ exchange with V>*, 232 7.14 6.77
with two V;~

Bader charge slightly decreases as the number of Vi;~ on the
shared edge increases due to the electrostatic interactions
between the negatively charged V;~ and the hole state
(unoccupied electron state). Second, at the saddle point of
migration, the added hole in models B, D, and F tends to localize
on the migrating oxygen ion, causing ~0.3—0.4 e decrement in
Bader charge. This indicates the saddle-point oxygen ion prefers
an oxidized state. Because O*~ has lower absolute valence (x <
2) and smaller size than fully ionized O*7, the charge transfer
helps to lower the migration barrier. Beyond the charge and size
argument, the lower symmetry and weaker Mn 3d—O 2p
hybridization for the saddle-point oxygen ion raise the energy of
its nonbonding orbitals above the Li—O—Li redox state, thus
favoring hole localization and relaxations to lower the electronic
energy (Figure 7). Such electronic structure relaxation comes
from the extreme saddle-point local structure of the migrating
oxygen ion, which has few Mn neighbors and minimal Mn 3d—0O
2p hybridization. It also has general insights on enhanced
mobility of cations and anions in the heavily oxidized state as we
reported.'*" Third, in the case of models C and E, where no extra
holes were added to the supercell and all oxygen ions should be
—2 charged, there is also a substantial decrement in the Bader
charge of the migrating oxygen ion at the saddle point. We found
that this is due to the existence of Vi;~, which causes poor charge
screening of the saddle-point oxygen ion. To better screen the
charge and to lower the system energy, as the oxygen ion
migrates to the saddle point, it donates electron to neighboring
Mn following the reaction

O”~(ground state) + Mn**(lattice)
= 0" (saddle point) + Mn**)*(lattice) (4)

However, it does not lower the migration barrier because the
exotic charge transfer in eq 4 costs energy. Summarizing the
above three observations, one may expect higher mobility if the
oxygen ion gets oxidized and the charge transfer does not cause
additional penalty. This requires that the Fermi level of the
system lies at or below the top of the O 2p band.

With the understanding above, we expect a further lowered
migration barrier when more Li gets removed from Li,MnO;.
We calculated the migration barrier of an oxygen ion in
Ligg;MnO; (removing 19 Li out of 32 Li in the supercell,
corresponding to 273 mAh/g capacity, which is similar to that of
LRNCM). For three converged calculations, we obtained
migration barriers of 0.59, 0.62, and 0.76 eV and found
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consistent Bader charge decrement (~0.2 ¢) of the migrating
oxygen ion at the saddle point compared to the ground state. As
oxygen diffusion would proceed percolatively along the path
with the lowest migration barriers, we believe the effective
migration barrier would be <0.6 eV for oxidized oxygen ions in
LRNCM, which is low enough for active room-temperature
long-range diffusion in the bulk lattice. This offers plausible
explanations for the experimental observations. Furthermore,
one may rationally argue that higher oxygen mobility is triggered
when more oxygen redox is used, so the usage of TM and oxygen
redox in HACR paradigm should be balanced to achieve high
capacity and energy density while not invoking long-range
oxygen diffusion (to lose oxygen through the surface or to form
bubbles in the lattice) and massive lattice reconstruction. With
high oxygen mobility, on the good side, diffusional processes
such as creep could take place to release the stresses in the lattice
and at the grain boundaries. This could avoid brittle fracture of
the oxide particles. On the bad side, long-range oxygen loss from
particle interior to the surface becomes possible. This could
result in bulk phase transitions from layered structure to cation-
densified spinel and rocksalt structures and cavities (voids and/
or oxygen bubbles) in the particle interior, which agree with the
experimental observations.

We also conducted similar calculations in LiCoO, that
primarily operates on TM redox but not on oxygen redox. (A
supercell containing 27 Li, 27 Co and 54 O was used without
counting the generated point defects.) We obtained migration
barriers of 2.90 eV for model A, 3.02 eV for model B, 3.38 eV for
model C, 3.59 eV for model D, 3.21 eV for model E, and 3.37 eV
for model F, which are not affected by the extra hole added to the
supercell. This is understandable because the added hole would
cause oxidation of Co®* to Co*", which lies at higher electronic
energy than the O 2p states. With a Fermi level away from the
top of the O 2p states, delithiation of LiCoO, is not expected to
lower the migration barrier of oxygen ion either. This is also
confirmed by our calculations in highly delithiated LiCoO,,
where three converged calculations in Li; 3yC0oO, (correspond-
ing to 192 mAh/g capacity) give migration barriers of 3.05, 3.34,
and 3.47 eV. Therefore, consistent with the general insights
discussed above, room-temperature oxygen mobility in the
lattice should be very low and insensitive to the depth of charge
in TM redox-based layered cathodes. Nevertheless, due to
defective atomic structure, distinct redox chemistry and bandgap
narrowing of surfaces and grain boundaries, oxygen mobility at
these two-dimensional planar defects is sufficiently high to allow
for long-range transport in TM redox-based layered cathodes.
This is supported by the following experimental observations.
Figure 8a shows an atomically sharp twin boundary that
separates two grains, both with well-ordered layered lattice in
LiNiy ,¢Mn, ;4,Coq 100, before cycling.3°Figure 8b shows the
local structure near a twin boundary in cycled Li-
Nij-¢Mng 1,C04 100, where NiO-like rocksalt phase forms
between the two neighboring grains. Recall that the phase
transformation from layered phase to cation-densified NiO-like
rocksalt phase is oxygen nonconserving and must involve oxygen
loss. So there is active oxygen diffusion along the twin structure
as well as the later-stage formed interface between the
untransformed layered phase and the transformed NiO-like
rocksalt phase, most likely in the charged state. Figure 8c—e
show the local structures near the tip of an intragranular crack
inside the primary particle of cycled NCM811, where NiO-like
rocksalt phase forms at the surface of the ~1 nm wide crack as
well as at the uncracked tip.'** Following the same argument, it

Figure 8. (a) An atomically sharp twin boundary in pristine
LiNiy;6Mny 4Coq 100, before cycling. (b) A thick layer of NiO-like
rocksalt phase forms between the two neighboring grains in cycled
LiNij 7¢Mng 14C00190,, replacing an “original” twin boundary.
Reproduced with permission from ref 30. Copyright 2020 American
Chemical Society. (c) Microstructure of cycled NCM811 showing
intragranular cracking inside the primary particle. Formation of NiO-
like disordered-rocksalt phase (d) at the surface of the crack and (e) at
the lattice of the crack tip. Reproduced with permission from ref 144.
Copyright 2020 Elsevier.

suggests active oxygen diffusion along the crack surface. As the
particle has already cracked, oxygen molecules may readily form
(no elastic energy penalty) and oxygen gassing through the
nanoscale channel is also possible. Lastly, considering strong
hybridizations between TM d and O 2p states, high-voltage
cycling may also enhance oxygen mobility in TM redox-based
layered cathodes. For example, voids/oxygen bubbles have also
been observed near the surface of high-voltage LiCoO, cycled
with an upper cutoff voltage of 4.6 V (vs Li*/Li).'* These are
important considerations in order to understand and mitigate
cathode degradations.

6. DAMAGE TOLERANCE AND SELF-HEALING

Oxide ceramics are perceived as typically brittle. This is because
dislocations are difficult to nucleate/migrate, so there are no
applicable plastic deformation mechanisms to release mechan-
ical stress at room temperature. Yet the electrochemically active
oxide cathodes discussed above can withstand the large
anisotropic eigenstrains during charge/discharge as well as the
abrupt structural changes during the slab-sliding induced bulk
phase transformations. It shares some similarities with trans-
formation plasticity but is more reversible in the sense that cyclic
electrochemical load can be applied without heat treatment to
recover the original phase before the transformation. With
optimized compositions, good coating, and modified electro-
lytes, there is minimal cracking of the single-crystalline cathodes
(e.g, LiCoO, and NCM) over a few hundred cycles. It indicates
that the slab sliding is reversible with minimal structural damage
to the crystal lattice of the micrometer-sized particles, and the
damage accumulated over cyclic loading is not excessive. To
enable sliding while suppressing cracking, the bonding between
two neighboring TM slabs should be anisotropic, weak in shear
and strong in the opening. Such peculiar mechanical properties
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Figure 9. In situ compression test of a single-crystalline pillar of charged Nay,;Nij3Mng¢Cog;0,. (a—c) Morphology (a) before and (b) after the
compression perpendicular to the basal plane and (c) the corresponding stress—strain curves from multiple tests. (d—f) Morphology (d) before and
(e) after the compression along the basal plane and (f) the corresponding stress—strain curves from multiple tests. Reproduced with permission from

ref 146. Copyright 2021 American Chemical Society.

Figure 10. (a) SEM image of single-crystalline LiNij ;4Mng14C0,,0, charged to 4.8 V (vs Li*/Li). (b,c) Scanning transmission electron microscopy
(STEM) image of single-crystalline LiNi; ;sMng 1,C0, 0, charged to 4.4 V (in full cell and after cycling between 2.7 and 4.4 V for 120 cycles). (d) SEM
image of single-crystalline LiNij,sMng,Cog 0, discharged to 2.7 V (after charging to 4.8 V, both vs Li*/Li). (e,f) STEM image of single-crystalline
LiNig,6Mng 14C0g 0, discharged to 2.7 V (in full cell and after cycling between 2.7 and 4.4 V for 120 cycles). Red arrows in (e) indicate trace marks for
gliding inside the lattice. Reproduced with permission from ref 148. Copyright 2020 American Association for the Advancement of Science.

have been directly demonstrated by in situ compression tests of
single-crystalline pillars of charged Na,;Nij;Mng4Co4,0,, a
layered cathode for sodium-ion batteries."*® The compression
perpendicular to the basal plane (i.e., the ab plane) in Figure 9a—
¢ shows quasilinear stress—strain response, limited plastic
deformation, and brittle fracture with a sharp fracture surface.
In comparison, the compression along the basal plane in Figure
9d—f shows substantial plastic deformation, extensive nonlinear
responses, and interesting flow-stress plateaus with ~8—28%

plastic strain. The compressed pillar in Figure 9e is much
shortened and extended along the lateral direction without
observable cracks.

From an atomistic point of view, the slab sliding is not
expected to be through rigid-body layer translation between
neighbor TM slabs. Instead, it should be mediated by the glide of
dislocations, i.e., the boundary between the transformed region
and the untransformed region. This is the same argument as
plastic deformation of a crystal takes place by dislocation glide at
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much lower stress than that is required to simultaneously move a
whole plane of atoms over another. While dislocations may
nucleate at surfaces and dislocation glide does not rely on
diffusion, the process involves lattice reconstruction and
relaxation involving the oxygen ions. Therefore, softening of
the oxygen ion sublattice should facilitate the nucleation and the
gliding motion of dislocations. Thus, dislocation dynamics is
expected to be more active when the layered cathodes are
charged to higher voltage and especially when oxygen redox is
activated. Using in situ Bragg coherent diffractive imaging
technique, Singer et al.'*’ tracked the three-dimensional
displacement field inside primary cathode particles during
cycling and calculated the dislocation density in
Li; ;Mny 533Ni.133C00,1330, and LiNig g9Coq 15Alg 05O, at differ-
ent charge voltages. Consistent with our argument, the
dislocation density in Li; ,Mng33Nig;33C001330, rapidly
increases once the voltage plateau of oxygen redox is reached,
and it is much higher in Li;,Mn3;Nig133C0g,330, (~10"
cm™?) than in LiNiyg,C0p;5Aly 05O, (~10° cm™) at 4.4 V (vs
Li*/Li). We may call this phenomenon HACR:-lubricated
plasticity.

In addition to the peculiar plasticity, self-healing of generated
intragranular microcracks in single-crystalline cathodes has been
reported by Bi et al.'**Figure 10a—c shows the cross-sectional
images of single-crystalline LiNi,,sMng,Co,,0, in charged
states, where slab sliding created steps at the surface and
microcracks in the lattice. Surprisingly, as shown by Figure 10d—
f, when the cathode was fully discharged, not only the surface
steps were gone but also the microcracks were healed. The
sliding slabs went back to their original locations, which largely
recovered the original morphology of the single-crystalline
particle and only left some trace features in the lattice without
initiating visible damage. Similar observations, microcracking
generation at high charged voltages and self-healing when fully
discharged, have also been observed in its extended cycling
between 2.7 and 4.4 V in full cells paired with graphite anode.
Such a peculiar microcrack healing phenomenon has been
directly visualized in Naj;Nij;Mng¢Coy;0, by in situ TEM
over repeated charge/discharge cycles.

Unlike single crystals, the large strain mismatch and stress
concentration at the grain boundaries of polycrystalline
cathodes are more difficult to manage. For example, NCM811
undergoes +4% change in the anisotropy (c/c,)/(a/a,) during
the charge/discharge. Using a Young’s modulus of ~140
GPa,"*” it would lead to an unphysically large elastic stress of
~6 GPa if there are no inelastic relaxation processes involved at
an uncracked grain boundary because the grain boundary is not
an invariant-plane of the martensitic-like transformation, i.e., the
grain-boundary length is not preserved across the two sides of
the boundary.'* (Here we only consider an imagined coherent
strain-matching and the 6 GPa elastic stress does not account for
the concentration factor at a crack tip. It readily suggests severe
cracking of the ceramic particles, especially mode II and III
cracking under shear.) For well-protected polycrystalline
cathodes with good cycling stability, experiments show that
many grain boundaries still remain intact after extended cycling.
Therefore, significant inelastic grain boundary sliding is very
likely to happen to preempt the huge stress build-up and
cracking during the electrochemical cycling, which is again
surprising for ceramic materials. The peculiar plasticity,
microcracking self-healing, and grain boundary sliding in
electrochemically active cathode particles all point to a dynamic,
reversible bond breaking and reforming process similar to a

tribochemical effect.””” We argue that the key lies in the

enhanced CCAM at higher voltages, as well as the conservation
of the species at the local and global levels, where the loss of
oxygen and TM elements would result in irreversibility. In other
words, with the participation of active oxygen redox and
dynamic changes in the TM-O bonding characteristics,
reversible structural changes are facilitated and irreversible
ones (e.g, in-plane microcracking in the lattice) are suppressed.
The HACR-lubricated plasticity, grain boundary sliding, and
“miraculous” self-healing reviewed in this section are all
consistent with CCAM mentioned at the end of section 3 that
are only activated at voltages far from the OCV. It is consistent
with the experimental observations and the proposed SCC
mechanism applied to both intragranular and intergranular
cracking. This is also the key to degradation mitigations, as shall
be discussed in the following section.

7. STRATEGIES TO MITIGATE DEGRADATIONS

Doping is one of the most frequently practiced methods in
mitigating cathode degradations. Uniform bulk doping is often
achieved by high-temperature annealing, as many elements have
considerable solubilities in the layered cathodes. It is used to
tune bulk redox chemistry and to suppress the abrupt slab-
sliding induced bulk phase transformations (by pillar elements
such as Mg®* and Ni** that substitute Li* in the Li layer). As we
discussed before, the suppressed bulk phase transformations
result in not only less mechanical and microstructural
degradations of the oxide but also less damage to the as-formed
surface passivation. The combined outcome is less surface side
reactions, less SCC, more reversible slab sliding, and more
robust microstructure. However, interpreting the benefits of a
trace amount of bulk doping (e.g, <1% of the TM amount)
demands extra caution, as it is not expected to significantly alter
the bulk behavior. Instead, the working mechanism should be
primarily from its segregations at surfaces and grain boundaries
and the modified cathode—electrolyte interactions. For example,
it has been reported that 0.1 wt % Ti segregates at the surface and
grain boundaries of Ti, Mg, and Al codoped high-voltage
LiCoO,, which stabilizes the surface oxygen and improves the
cycling;>* Al segregation at the surface of both the secondary and
primary particles of LiNij 9,Cog 46Alj 9, O- has also been reported
to stabilize the cathode—electrolyte interface accompanied by
the formation of more stable CEIs."*" These thermodynamically
driven interfacial segregations in bulk doping practices echo the
ideas of surface doping'>>'** and constructing TM concen-
tration gradients'>*'> that are achieved by special synthesis
techniques with built-in chemical gradients and then kinetically
suppressing the high-temperature homogenization.

With regard to the microstructure design, the coprecipitation
technique has been widely used to produce high-reactivity
hydroxide or carbonate precursors for NCM, NCA, and
LRNCM with atomically uniform elemental distributions and
with self-assembled secondary particles (~10 gm in diameter)
to improve the packing density of cathode-active materials in
battery electrodes. The lowered lithiation temperature that
suppresses Li/Ni cation mixing is critical to the synthesis of
high-quality Ni-rich layered cathodes. However, the self-
assembled secondary particles can be cracked along grain
boundaries in the electrode calendering process (pure
mechanical cracking) and during the electrochemical cycling
(SCC), which is a major degradation mechanism. To improve
the grain boundary cohesion, lower the anisotropic strain
mismatch during charge/discharge, and tune the internal stress
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Figure 11. (a—c) Microstructure of secondary particles of Ni-rich layered cathode with radially aligned primary particles. Reproduced with permission
from ref 156. Copyright 2020 The Author(s). (d) Rod-like primary particles in concentration gradient Ni-rich layered cathode. Reproduced with
permission from ref 154. Copyright 2012 Nature. (e—h) Microstructure of Ni-rich layered cathodes synthesized using the same (Niyg,C0g09)(OH),
precursors but adding (e) Al (f) B, (g) W, or (h) Ta with 1/99(Ni+Co) mole amount. Reproduced with permission from ref 157. Copyright 2020 The
Author(s) under exclusive license to Springer Nature.

distribution, grain-textured secondary particles with radially
orientationally aligned primary particles (Figure 11) have been
produced with better mechanical and microstructural stability.
Such a specially designed microstructure is typically obtained by
standard lithiation process (mixing with Li salts followed by heat
treatment) on specially processed solid precursors.'*® Clearly, it
requires much knowhow in the coprecipitation, which sets an
initial condition for the microstructural evolution during the
complicated process of hydroxide/carbonate decomposition,
lithiation, grain growth, and texture development during the
heat treatment. In addition, a minor addition (~1% over the TM
amount) of some elements (e.g, B, W, and Ta) has been
reported to slow down the grain growth and substantially alter
the texture produced.””’ These elements, either covalently
bonded with O with short bond lengths (as is the case for B) or
too high in valence to substitute TM ions (as is the case for Ta®"
and W), are expected to have low bulk solubilities in the
layered cathode. As a result, they should have a strong preference
to segregate at grain boundaries, which lowers the grain
boundary energy and mobility and results in slower grain
growth.

A complete solution to the intergranular cracking problem is
to synthesize single-crystalline cathodes. It allows higher
pressure to be used in the cathode calendering without cracking
the particles, which increases the electrode density and the
volumetric energy density and decreases the specific surface
areas, thus giving fewer side reactions. Historically, micrometer-
sized single-crystalline LiCoO, and LiMn, O, are very successful,
and the lesson further drives the development of single-
crystalline Ni-rich layered cathodes and LRNCM.'**~'¢! To
produce single-crystalline Ni-rich layered cathodes with good
electrochemical performance, the lithiation temperature needs
to be kept relatively low (no more than 800 °C for NCM811 and
lower for higher Ni content) to minimize Li/Ni cation mixing,

As we discussed above, the amount of Li/Ni cation mixing is an
indicator of both the bulk redox activity (a too high amount such
as >5% suggests poor Li* diffusion kinetics in the lattice) and the
amount of surface impurity phase (resistive NiO-like rocksalt
phase). Achieving a low Li/Ni cation mixing (e.g, <3%) is a
necessary but insufficient condition for good electrochemical
performance, and further characterizations and optimizations on
the cathode surface are required. Two critical insights have been
gained in the practices to produce single-crystalline Ni-rich
layered cathodes from coprecipitated precursors.'**'*” First,
not all of the precursors work equally. With the same Li salts and
lithiation conditions, different precursors show different particle
growth kinetics and different morphology of the final product. It
again points to the key role of precursors in the synthesis.
Segregating impurities may also matter and need to be
minimized, as now we are in the opposite situation of producing
fine radially aligned primary particle texture and actually want a
grain to grow faster once nucleated. Second, a two-step heat
treatment schedule is helpful by first heating to a higher
temperature (~950 °C) to obtain single-crystalline particles and
then annealing at a lower temperature (~800 °C) to recover the
Li/TM order and reduce the amount of Li/Ni mixing. This
method is known to work, yet the first-step temperature needs to
be carefully chosen; otherwise, the second step would not be
able to recover the preferred layered structure in the bulk and at
the surface.

Coating is another widely practiced method to mitigate
cathode degradations. While a thin protective coating of
electrochemically and catalytically inert compounds (e.g.,
ALO;, ZrO,, Li;PO,, and AlF,;) is helpful, it is difficult to
achieve full surface coverage with a scalable synthesis method
and to remain conformal during the electrochemical cycling.
The task is even more difficult for polycrystalline cathodes,
whose grain boundaries also need to be protected as they would
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boundary. Reproduced with permission from ref 79. Copyright 2021 The Author(s) under exclusive license to Springer Nature.

be exposed to the liquid electrolyte upon cracking. Such a
challenging solid-on-solid wetting problem remains despite the
fact that extensive wet-chemistry methods have been employed
and optimized, followed by carefully controlled heat treatment.
Gas-phase methods such as atomic layer deposition (ALD) and
oxidative chemical vapor deposition have attracted much
attention due to the capability to construct uniform conformal
coatings with controlled thickness."'®'®*~'** For example, Yan
et al."'® ALD-coated LiNij,sMng,,C0p,00, with ~10 nm
Li;PO, at the surface of the secondary particles, and Li;PO,
infuses into the grain boundaries between primary particles after
heat treatment at 600 °C for 2 h. The protection at both
secondary and primary particle levels suppresses side reactions
between the cathode and the electrolyte, intergranular cracking,
and layered-to-spinel phase transformation at the surface. We
recently reported a new wet-chemistry method to achieve full
surface coverage and facile grain boundary infusion at room
temperature without the need for any follow-up heat treat-
ment.”” The idea lies in reactive wetting, which provides a strong
chemical driving force for the coating materials to be spread over
the cathode surface and infusing deeply into the grain
boundaries (Figure 12). We demonstrated the concept by
treating NCM811 with amorphous cobalt boride Co,B, a
metallic glass that has a strong oxygen affinity and completely
wets the surface and grain boundaries of the oxide cathode.
(Note that a boride reactively wet the oxide, but a borate
cannot.) It dramatically improved the rate capability and cycling
stability by suppressing the side reactions and the micro-
structural degradation of the intergranular cracking. Atomistic
simulations identified the critical role of strong selective

interfacial bonding, which supports a large chemical driving
force for the reactive wetting mechanism as well as lowers the
surface/interface oxygen activity. The Co,B grain boundary
phase also improves the mechanical strength of the cathode
secondary particles, as supported by a higher “opening” strength
at Co,B/LiNiO, interface than at (104) face of bulk LiNiO,
from first-principles calculations.

Similar to surface coating, it is helpful to directly engineer the
near-surface composition and atomic structure of the cathodes.
This is the design principle for concentration-gradient layered
cathodes with a Ni-rich and Mn-poor inner core to increase
capacity, with an Mn-rich and Ni-poor outer layer to increase
high-voltage and thermal stability.'**'®® The idea originated
from earlier investigations on core—shell structured layered
cathodes,'*® and the technological advance avoids the sharp
interface between the inner core and outer shell, thus offering a
more robust microstructure. The desired TM concentration
profiles can be continuously controlled by the coprecipitation
parameters, and it has been demonstrated that the obtained
profiles in the precursors can be well maintained in the final
products with minimal homogenizations during the high-
temperature lithiation process. In addition to the Ni versus
Mn versus Co concentration gradients within a constant total
TM concentration, we have recently reported a MoO; molten
salt treatment to construct Li—TM concentration gradient in
LRNCM, where the net TM concentration varies with the
position, changing continuously from a Li-rich (Li replacing TM
in the TM-layer) core to a Li-poor (TM replacing Li in the Li-
layer) near-surface region.””'"” As we explained in section 5,
heavy usage of oxygen redox is accompanied by enhanced
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oxygen mobility. Therefore, to suppress long-range oxygen
diffusion and outgassing through the surface, one needs to lower
the oxygen activity in the outer surface region. This is a
challenging task, as the modified surface region needs to be
sufficiently thick to block the oxygen outflux, and it needs to be
uniformly applied to each cathode particle. We realized that
MoOj; can be beneficially used for such purpose because (i)
Mo® has a low solubility in the layered structure, (ii) MoO; can
extract Li,O from LRNCM to become Li,M0,0;3, Li;MosO,,
Li,MoO,, and their solid solutions, (iii) all compositions from
MoO; to Li;MoO, are in the liquid state at 800 °C (including a
eutectic composition that melts at ~525 °C), thus providing a
molten-salt bath during the heat treatment that reactively wets
the oxide cathode particles and extracts Li,O along the radial
direction, and (iv) after the high-temperature molten salt
treatment and cooling down to room temperature, the xLi,O-
(1—x)MoO; compound can be dissolved in water and washed
away. It turns out the successfully produced Li concentration
gradient (Li-rich core and Li-poor outer surface) has a smooth
profile across ~10 nm depth from the surface (Figure 13) and
transforms the original bulk composition
Li; ,0Mnj 4sNig 16C04 60, to a new composition
Lig9sMny 63Nig,;C0g,,0, in the outer surface, with full epitaxy
(lattice coherency). Note for Li-poor LiggsMng ¢;Nig,;Cog,10,,
Niis +2, Co is +3, and Mn has an average valence of +3.17, and
their oxidations to +4 valence can provide 1.15 electron redox
that is sufficient for charge compensation for electrochemical
delithiation. Therefore, there should be no oxygen redox activity
in the outer surface. This is the key to lowering global oxygen
mobility (GOM), decreasing surface oxygen loss, and improving
the cycling stability, including much suppressed voltage decay.

The development of advanced electrolytes is another way to
stabilize the cathode—electrolyte interface and achieve better
cycling stability. While the anodic stability window of the
electrolyte is of critical importance, the cathode—electrolyte side
reactions are more complicated than a simple charge transfer
reaction (e.g., deprotonation reaction of the solvent) and involve
many chemophysical processes. The interfacial stability heavily
relies on surface passivation. In recent years, high-concentration
electrolytes'®””'®® have been demonstrated to reduce the free
solvent activity at the cathode—electrolyte interface and produce

inorganic compound-rich surface passivation, which improves
the cycling of both lithium metal anode and high-voltage
cathodes, but the high price, high viscosity, and poor wettability
with porous electrodes are issues to be addressed. For “normal”
concentration electrolytes (e.g., with 1 M LiPFy), fluorine-rich
electrolytes with specially designed solvents have been reported
to produce LiF-rich CEIs,””'% which is anodically stable and
enables aggressive cathode chemistries such as LiCoPO, with an
upper cutoff voltage of 5.0 V vs Li*/Li. These advances point out
the critical role of anion groups (of the Li salts) in constructing
high-quality CEIs. To obtain more anion-derived CEIs, Li
needs to be weakly solvated and maintain a relatively strong
correlation with the anion group in the electrolyte. This also
leads to the development of anion-inspired solvent molecules
and derivatives.''*'%*"'”> We recently reported the application
of 1 m LiFSI in N,N-dimethyltrifluoromethane-sulfonamide
(DMTMSA) electrolyte in constructing 4.7 V Li metal batteries
paired with ultrahigh-voltage NCM811."'* The 1 m LiFSI/
DMTMSA suppresses cathode—electrolyte side reactions, SCC,
TM dissolution, and impedance growth on the cathode side, Al
current collector corrosion, and enables highly reversible Li
metal stripping/plating with a compact morphology. In addition
to the reasons discussed above, 1 m LiFSI/DMTMSA is
relatively nonpolar, so inorganic salts generally have low
solubilities in it. As a result, the side reaction products between
the cathode and electrolyte and between Al/Al,O; and LiFSI
cannot be dissolved and diffuse away. Instead, they would
quickly become supersaturated (e.g., at the nanochannel near
the crack tip of SCC and at the surface of the Al current
collector) and form a dense passivation layer (Figure 14).

Beyond liquid electrolytes, all-solid-state LIBs and Li metal
batteries are under rapid development and show great promise
for higher energy density and superior safety. As TM ions have
no mobility to diffuse through the solid electrolyte layer, all-
solid-state batteries no longer suffer from TM dissolution,
migration and precipitation problem that limits the practical
applications of cost-effective Mn-based cathodes. The integra-
tion of high-energy density cathodes in these all-solid-state
devices is a promising area of study.

https://doi.org/10.1021/acs.chemrev.2c00251
Chem. Rev. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00251?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00251?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00251?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00251?fig=fig13&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00251?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

|
T
1
|
1
I

E/YStrained grain 1

PA—

| c Passivation ——)
i layer '
' Grain1 \/v a Y i
' 1
| |
1 Stress concentration Crack !
i at grain boundary and crack tip propagation |
i «— .

- =L Corrosion
7 Grain boundary

Supersaturated
reaction products

a

r

E Strain

i mismatch

! c

i Grain 2 <' wﬁ ~nm

g

Figure 14. SCC at grain boundaries involves strain mismatch and
chemical interactions between the cathode grain boundary/surface
region and electrolyte and can be largely suppressed by less-reactive/
corrosive electrolytes with supersaturated side reaction products at the
surface and in the nanochannel near the intergranular crack tip. The
dashed lines are schematics of the strained grains. Reproduced with
permission from ref 114. Copyright 2021 The Author(s) under
exclusive license to Springer Nature.

8. SUMMARY AND OUTLOOK

To summarize, we have presented an overview of the oxide
cathodes, exemplified by the layered ones. The general insights
on materials theory, chemistry, structure, electrochemome-
chanics, damage buffering, and degradation mitigations pave the
way to further development of these materials, concerning both
materials design and processing. A wide range of phenomena
associated with cathode functioning, stability/instability, and
degradation mitigations have an electronic origin, including
formability of the oxide surface phase, redox potentials, anodic
stability, and oxygen mobility. The chemical, electrochemical,
and mechanical effects in electrochemically active oxides are
clearly coupled, and a unified view of the electrochemome-
chanics is required to offer complete solutions to the cathode
degradations. For example, the proposed SCC for intergranular
cracking in polycrystalline cathodes and intragranular cracking
in single-crystalline cathodes provides a fresh view and new
strategies to mitigate the mechanical and microstructural
degradations from the chemical stability perspective. Distinct
electrochemical activities and degradation mechanisms have
been identified for cathodes with vs without anion redox, which
is related to oxygen redox enhanced CCAM, among other
considerations. A better understanding of the thermodynamics
and kinetics of HACR cathodes is required. Peculiar mechanical
properties, damage tolerance, and self-healing phenomena have
also been noted in layered cathodes, which not only buffer
damage during battery cycling but also provide opportunities for
these functional oxides to be used in many other applications.
More fundamental research into the relationship between self-
healing and exotic-valence-induced high cation and anion
mobilities is needed to understand such surprising materials
behaviors under dynamic electrochemical and extreme con-
ditions, especially for high-capacity HACR cathodes.

With synergistic modifications, stabilized layered cathodes
such as 4.6 V LiCoO,, >4.5 V NCM811, and 4.8 V LRNCM
should be able to deliver 850—1000 Wh kg™" energy density at
the cathode level over hundreds to thousands of deep-charge
cycles under practical conditions. (High-voltage LiCoO, offers

high volumetric energy density and would still be the preferred
option for portable electronics, where volume is the most
precious and the price is less of a concern.) The cathode
modifications include the rational design of the chemical
compositions, doping, microstructure, and coating. Challenges
lie in both atomic-scale materials design with precision and
large-scale synthesis/processing with uniformity, reproducibil-
ity, and reliability. Interfacial segregation of major and/or minor
bulk doping elements is probably overlooked, and we suspect
many bulk doping practices work by modifying the surface
chemistry and cathode—electrolyte interactions. Polycrystalline
microstructural design with chemical concentration gradients
and radially aligned primary particles is useful, and it is in
principle compatible with the next-level design of texture and
grain boundary engineering, such as increasing the population of
twin boundaries. Surface coating plus grain boundary infusion is
clearly a better strategy than only covering the secondary particle
surface, and its demonstration with a cost-effective method at
the industry scale would be meaningful. In addition to the
cathode itself, electrolytes clearly play a large role in stabilizing
the cathode—electrolyte interface, which offers a drop-in
solution to increase the energy density, cycling stability, and
safety of the energy-dense batteries.

Looking forward, we call attention to a few other important
directions. First, better characterization and computational
techniques need to be developed and digested to get general
materials insight that guides cathode processing and optimiza-
tions. Second, the sustainability issues need to be addressed. It is
now a general trend to work on Co-free/lean cathodes, but Ni
scarcity is also a concern. More abundant Mn and Fe should be
used as the main cathode constituents. This requires new
cathode designs, probably beyond layered ones. Third, new
redox chemistries need to be explored to further increase the
energy density. Questions such as the applicability of using high-
voltage redox couples above 5V (vs Li*/Li) and reversible Fe**/
Fe* or Mn®/Mn* redox couples remain to be answered.
Lastly, most of the theoretical issues discussed in this review will
manifest when a solid-state electrolyte is used. Certain aspects,
such as electrochemomechanical degradation and self-healing
will become ever more critical.
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