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SUMMARY

Cationic redox-based oxide cathodes have formed the basis of al-
kali-ion batteries. The limited energy density provided by cationic
redox can be overcome by triggering oxygen redox. Hence, oxygen
redox has received extensive interest from the perspective of mate-
rials development and fundamental understanding. Although oxy-
gen redox is widely studied, there is still much to understand.
Consolidating various concepts of oxygen redox (static/dynamic)
can inform a unified understanding. Moreover, materials with oxy-
gen redox create significant challenges such as oxygen evolution,
voltage hysteresis/fading, and chemical/structural transformations.
A consensus is yet to be achieved on the interrelationship of these
phenomena due to the chemical/structural complexities at different
length and time scales. Given the great potential of these materials
for next-generation batteries, a review of the recent understanding
of oxygen redox is timely. In this review, the mechanistic under-
standings, and challenges and their mitigation with oxygen redox
are summarized by integrating various schools of thought.

INTRODUCTION

A paradigm that oxide cathodes deliver reversible energy based on the redox activ-
ity of cations (transition metals) alone has been challenged by the fact that in many
oxide electrodes, anions also take part in redox reactions. Li-rich layered materials
and Li-excess disordered rocksalt (DRX) materials deliver excess capacity than the
calculated capacity from the redox activity of the transition metals alone.” Today,
it has been widely accepted that the excess capacity can be attributed to the redox
activity of oxygen ions in addition to the transition metal ions.” The cumulative
cationic and anionic redox has enabled the achievement of enhanced capacity
and energy density. Hence, the development of materials combining anionic and
cationic redox activities has become a focal point of research in Li/Na-ion

batteries.>*

Layered LiCoO; is one of the first commercial cathodes for Li-ion batteries and has
enabled the widespread application of Li-ion batteries in many consumer elec-
tronics.” Further development of these cathode materials involved the partial substi-
tution of Co by Ni and Mn (widely known as NMC materials).® NMC materials with
high Ni content are desirable because of the high discharge capacity.”* Due to
the geopolitical issues with Co mining, a recent incentive is to reduce or completely
eliminate Co from cathode materials.”'° Li-rich layered materials have attracted
particular attention as an alternative to Co-based conventional NMC cathodes
because they can provide larger than the theoretical capacity based on the cationic
redox.!"™"* Initially, it was thought that the irreversible oxygen extraction and struc-
tural transformations account for the large irreversible capacity.'”'* Later on,
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Progress and Potential
Oxygen redox plays a critical role
in breaking the energy density
barrier of oxide cathodes for
alkali-ion batteries. The
development of advanced
cathodes may take advantage of
controllable oxygen redox along
with conventional cationic redox.
However, such development will
require a clear understanding of
oxygen redox chemistry. With the
utilization of complementary
multiscale synchrotron
characterizations, the
understanding of oxygen redox
has developed over time.
However, oxygen redox can
polarize the opinion of experts as
the static nature of oxidized
oxygen, molecular oxygen, and
peroxide formation has been
reported. Meanwhile, prominent
challenges such as voltage
hysteresis and fading have been
attributed to transition metal
migration, oxygen evolution, and
slow oxygen redox kinetics.
However, a consensus is yet to be
achieved. This review focuses on
bridging many mechanisms and
issues with oxygen redox so that a
convenient understanding can be
achieved by the reader.
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through various studies, the reversible nature of the lattice oxygen redox was inves-
tigated.""® Formulation of Li-excess DRX materials has further thrust oxygen redox
chemistry into the limelight."”?° These materials deliver high capacity owing to the
combined anionic and cationic redox activities without the need for a well-defined
structural ordering for Li percolation. Hence, many transition metals can be utilized
for designing these materials, which also vastly expands the compositional space for

developing cathode materials with cheap transition metals.”’%?

Charging conventional layered oxides to a very high voltage (close to 5.0 V) has been
reported to lead to lattice oxygen redox.”*?* In a conventional layered material,
electron holes can be localized in the O 2p molecular orbital, leading to the oxida-
tion of oxygen anions at high states of charge.”” Meanwhile, Ceder and coworkers
showed that the Li-O-Li configurations are important for forming oxygen 2p orbitals
prone to oxygen redox, which can be achieved in Li-rich stoichiometry or through
structural disordering.'® While some of the models explain the oxygen redox to

'S other models predict them to be dynamic.”® For example,

be static in nature,
some studies claim structural reorganization takes place on the oxidized oxygen
to form peroxo-like species®’ as well as transition metal migration that can modify
the crystal and electronic structures of cathode materials.?® Voltage fadings are sig-
nificant issues in these materials, which are claimed to be caused by irreversible tran-
sition metal migration and could be accelerated by oxygen redox, although the
exact mechanism remains debatable.?®~*" It is clear that there are various mecha-
nisms being put forward toward understanding oxygen redox and related stability
issues. In this review, we compile a consolidated report on the mechanism of oxygen
redox and related issues with irreversibility of oxygen redox. A mechanistic explana-
tion is first presented by providing accounts of both static and dynamic nature of ox-
ygen redox. This is followed by a discussion of Li and Na cathode materials in which
oxygen redox was confirmed through spectroscopic and computational studies.
Challenges with oxygen redox and mitigation strategies are explained thereafter.

MECHANISMS OF OXYGEN REDOX

Oxygen redox in oxide electrodes mainly refers to the evolution of oxidation states
of lattice oxygen that leads to reversible capacity during cycling.*” The voltage of the
conventional layered oxide cathodes is limited by the top of the O 2p bands. In
layered oxides, removal of alkali ion during charging strengthens the transition
metal (TM)3d-O2p hybridization. However, at deeper delithiation level (e.g., x >
0.55 in Li;_xCoOy), the holes created due to the removal of electron gets trapped
in the O 2p orbitals, followed by oxygen evolution.” This type of oxygen activity
is irreversible and does not lead to usable charge/discharge capacity on long-
term cycling. However, recent works show that the oxygen redox at high states of
charge in conventional layered oxides is not entirely irreversible and can lead to us-
able capacity.?*?*?* Reversible oxygen redox in conventional layered oxides is dis-
cussed in more detail later.

Reversible oxygen redox is widely studied in Li-rich materials. The work of Ceder and
coworkers explored the structural and chemical characteristics of triggering oxygen
redox in Li-rich layered oxide cathodes.'” They performed density functional theory
(DFT)-based calculations utilizing the Heyd-Scuseria-Ernzerhof (HSE06) hybrid func-
tional on a series of Li-rich layered and disordered rocksalt materials (Figures 1A~
1C). Their calculation showed an increase in partial density of states (pDOS) from
the oxygen states between 0 and —2.5V (Figure 1B). The charge density plot around
oxygen confirmed that within the shaded region of the pDOS plot, the charge
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Figure 1. Mechanism of Oxygen Redox in Alkali-Rich Oxide-Based Cathodes for Alkali-lon Batteries
(A) Li-O-Li configurations in Li,MnO3.

(B) A plot showing the pDOS of O 2p orbitals and the Mn 3d orbitals in Li,MnO3. A larger pDOS arises from the O 2p orbitals in the shaded region of the
plot.

(C) Isosurface of the charge density around the O 2p orbital in the shaded region of the pDOS plot.

(D) Schematic representation of the electronic band structure of Li;MnO3. Adapted from Seo et al.”> Unhybridized O 2p orbitals arise in the Li-O-Li
configuration, which are higher in energy than the bonding molecular orbitals but lower in energy than the antibonding molecular orbitals.

(E) Electronic structure evolution of a Mott-Hubbard system upon alkali-ion removal. Schematic band structure of a Mott-Hubbard system (on the left).
The electrostatic stabilization of the (M-O)* states upon electron removal is shown by the blue dashed line. The electrostatic destabilization of the O 2p
lone pair electrons upon Li* removal is shown by the red dashed line. Reductive coupling mechanism through a ligand (oxygen ions) to metal charge
transfer is shown in the inset. The schematic band structure as a result of the reductive coupling mechanism is shown on the right.

(F) Electronic structure evolution in charge transfer systems upon alkali-ion removal. The O 2p orbital splits into o, 7, 6*, and * states with increasing
anionic capacity, as highlighted by the red and yellow triangles. Adapted from Ben Yahia et al.”

density resembled an isolated O 2p orbital lying in the direction of the Li-O-Li axis
(Figure 1C). The enhanced charge density around the oxygen ion because of the
Li-O-Li configuration near the Fermi level indicated that these electrons from oxygen
are prone to participate in redox reactions during electrochemical cycling. This can
be further visualized by the schematic of the electronic band structure of the Li-rich
materials in Figure 1D. The O 2p orbital in the Li-O-Li configuration cannot hybridize
with the Li 2s orbital because of the large energy difference. Hence, these O 2p
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orbitals remain unhybridized. The energy of these unhybridized orbitals is higher
than that of the bonding orbitals (e.g., t°;.) but lower than that of the antibonding
metal states (e.g., €*g). Whether these unhybridized O 2p orbitals or the transition
metal cation will oxidize first depends on the energy level of the d states of the tran-
sition metal ions. If a transition metal (e.g., Mn 3d)'® has a higher energy level of the
3d orbital compared with another transition metal (e.g., Ni 3d),"° the corresponding
eg* state will also be higher in energy. This will cause a lesser overlap between the
e*q state and the unhybridized O 2p orbital, resulting in better utilization of the tran-
sition metal redox. Meanwhile, in certain cases, the oxidized oxygen has been re-
ported to form peroxo-like species.”” According to the authors, the peroxo-like
bond will be formed when the oxygen is bonded to non-transition metals, such as
Sb and Sn. The relatively free rotation of the Li-O-Li configuration allows for the for-
mation of a weak sigma bond between two oxygens. Formation of peroxo-like spe-
cies is difficult for transition metals with partially filled d orbitals because of the
strong directionality of the d orbitals (e.g., Mn, Ni, Co). Meanwhile, Doublet and co-
workers proposed the charge-transfer gap of Li-rich oxides as an indicator of oxygen
redox and its reversibility.? The authors classified the oxide cathodes into two cat-
egories: Mott-Hubbard system (partially filled metal bands) and charge-transfer sys-
tems (empty metal bands).** In the Mott-Hubbard-type Li-rich oxides, the partially
filled metal bands will empty first, resulting in the destabilization of the O 2p lone
pairs and the stabilization of the (M-O)* states (Figure 1E). At the delithiation point
beyond the degeneracy level of these two bands, structural distortion must take
place to form M—(O-0O) species to stabilize the oxidized oxygen. Such coupling
will take place with the concomitant reduction of the transition metals, hence the
name “reductive coupling mechanism.” In contrast, in the charge-transfer type Li-
rich metal oxides, the anionic band will empty first on delithiation and the oxidized
oxygen must recombine to satisfy the octet rule (Figure 1F). This recombination will
lead to the splitting of the anionic band (marked by Oz, in Figure 1F) to the forma-
tion of &, ®*, o, and ¢* bands. The separation between the filled anionic band and
empty metallic band (M(d)), Act, and A™o_o are taken as pertinent parameters to
predict oxygen redox reversibility. As long as Acr is bigger than A™g_p, the oxygen
redox will be reversible and a reductive coupling mechanism can take place. Howev-
er, when Act is smaller than A™o_o (with an increase in anionic capacity), oxygen
evolution takes place through a “reductive elimination mechanism.” Doublet and
coworkers argued that the coupling between oxidized oxygens (formation of per-
oxo-like species) and/or transition metal migration are crucial factors in stabilizing
oxygen redox irrespective of the partially filled or empty metal d bands. Further
computational work by them showed that formation of peroxo-like species is
possible in Li; ,RuO3 and that the formation of this species is not linked to the pres-
ence of elements such as Sn, Ti, and Mn,>° much in contrast to other studies that
emphasized the importance of non-transition metals for the formation of peroxo-
like species.’® A study by Zhou and coworkers claimed to visualize peroxo-like spe-
cies in Lit 2Nig 2Mng O, through X-ray diffraction (XRD) and Raman spec‘croscopy.36
Peroxo-like species are also reported in Li;Ru;_,Sn,O3 based on X-ray photoelec-
tron spectroscopy (XPS) study.’” However, the rationalization of oxygen redox
based on XPS was challenged recently by the work of Piper and coworkers. They
mention that the O1s peak in the region of 530-531 eV observed at high states of
charge can be rationalized in terms of transition metal reduction and electrolyte
decomposition rather than lattice oxygen oxidation.?® Recent studies have pre-
dicted that the oxygen redox cannot be explained by a rigid O* /O~ redox couple
and must take into account structural and electronic changes upon oxygen
redox.?? In Li/Mn-rich materials (abbreviated as LMR), oxygen oxidation is accom-
panied by transition metal migration to the Li site.”®*° Such migration changes the
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Figure 2. Studying the Nature of the Oxidized Oxygen in Li,IrO; Cathodes during
Electrochemical Cycling

(A) XPS spectra at different states of charge to show the evolution of the chemical nature of the
oxygen ion.

(B) [010] HAADF-STEM images of Lig 5IrO3 (charged state). The white arrows mark antisite point
defects.

(C) [001] HAADF-STEM image (left) and ABF-STEM image (right) of Lig s5IrOs.

(D) Zoomed-in view of the ABF-STEM image in C. The O-0O pairs with shortened distance are shown
as black dumbbells. The lengthened projected O-O separations are left blank. The twisting of the
IrO, octahedra (shown in yellow) gives rise to the O-0 pairs.

(E) ABF intensity profile showing the long (blue) and short (red) O-O pair distances.

(F) O1 stacking sequence of the charged Lip 5IrO3 along the [001] projection, calculated through
DFT. Oxygen and Ir atoms are represented in red and blue, respectively. The Fukui orbitals are
shown in yellow.

(G) Structure of the charged material deciphered from the neutron powder diffraction. The pristine
structure is shown in black, on which the charged structure is superimposed. Adapted from McCalla
etal.”’

electrostatic environment surrounding the oxidized oxygen and shifts the O 2p
states to higher energy compared with the TM-O hybridized states. This reshuffling
reduces the redox potential of the bulk oxygen redox couple during electrochemical
cycling, which according to the authors cannot be explained by a rigid O*/O~
redox model. Itis evident that the true chemical nature of the oxidized oxygen is still
under debate, and the understanding of oxygen redox is likely to evolve over time.

Nevertheless, the visualization of peroxo-like species in Li cathodes with oxygen redox
was reported by McCalla et al. based on their work in LioIrOs.?” The oxidation of O?~
was studied through XPS spectra at different states of charge (red peak in Figure 2A),
which took place concomitant to Ir** oxidation. The authors argued the oxidized oxygen
formed peroxo-like species. The formation of this peroxo species takes place through a
local distortion of the oxygen lattice. Such distortion was probed by high-angle annular
dark-field scanning transmission electron microscopy (HAADF-STEM), annular bright-
field scanning transmission electron microscopy (ABF-STEM) (Figures 2B-2E), DFT calcu-
lations (Figure 2F), and structural analysis through neutron powder diffraction
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(Figure 2G). The authors argued that since the material assumed an O1 type structure at
the end of charge, the visualization of the oxygen lattice was possible in the ¢ direction
without the interference from Ir or Li. Their analysis showed that the symmetry of the IrO4
octahedron decreased from sixfold to threefold because of the formation of the short-
ened (black dumbbells in Figure 2D) and lengthened O-O separations (left blank).
Such shortening of the O-O distance was attributed to peroxo-like species through
DFT calculations (red dumbbells in Figure 2F) and neutron powder diffraction refinement
(Figure 2G). The Fukui function (yellow surface in Figure 2F) displays overlapping lobes in
the direction of O-O pairs, which the authors attributed to partially empty antibonding
o* orbitals from peroxo-like species.

Recently, Bruce and coworkers proposed molecular O, formation as one of the
models of lattice oxygen redox.*%*" In a material where alkali ions in the transition
metal layer are in honeycomb ordering with the transition metals, all oxygen atoms
are coordinated with two transition metals. Upon oxidizing lattice oxygen, alkaliions
in the transition metal layer can move to the alkali layer and transition metal migra-
tion can break the degeneracy in energy, forming oxidized oxygen coordinated with
three to no transition metals. The oxidized oxygen coordinated with no transition
metal can stabilize through dimerization with oxygen coordinated with one transi-
tion metal. Upon discharging, the O-O bond is cleaved through the reduction of
the unoccupied states in O,."" Molecular oxygen formation on the bulk of the mate-
rial has been supported by resonant inelastic X-ray scattering (RIXS), which shows
energy-loss peaks corresponding to O-O bond vibrations similar to molecular
0,.*" The proposed model of molecular oxygen formation has provided an alterna-
tive explanation to the oxygen redox chemistry. On the other hand, some studies
mention subtle nuances in the RIXS maps of molecular O, and oxidized lattice oxy-
gen in battery materials.*? It is clear that the nature of lattice oxygen redox still re-
mains elusive, and further investigations are required.

In summary, oxygen redox in battery cathodes is closely related to the energy of the TM
(n)d bandsand the O 2p bands.?® At deep delithiation/desodiation level, electron holes
can be localized on the O 2p bands, making them redox active. Li-rich stoichiometry has
enabled tuning of the oxygen redox chemistry in battery cathodes. The work of Ceder
and coworkers has established Li-O-Li configurations as a critical structural unit for trig-
gering oxygen redox in Li-rich layered and DRX materials.' Unhybridized O 2p orbitals
are created along the Li-O-Li configurations which are close to Fermi level, making them
potentially redox active. Even though there is general consensus about triggering oxy-
gen redox in Li-rich cathode materials, the account of the consequence of oxygen redox
varies significantly. Some studies point out structural reorganization to stabilize oxygen
redox with coupling between the oxidized oxygen, irrespective of the material compo-
sition.?*> Other studies indicate the type of the transition metal element to which the
oxidized oxygen is bonded is critical for peroxo-like dimer formation.'® Peroxo-like spe-
cies, molecular O, formation, and localized electron holes in O 2p orbitals have been
reported in the literature.”’*'** Indeed, it is critical to truly reveal the chemical nature
of oxidized oxygen in the battery cathode materials. With the advancement of charac-
terization techniques for probing oxygen redox, attainment of such understanding
might become possible, as discussed in detail later.

CHARACTERIZATION OF OXYGEN REDOX REACTIONS

Many studies probe oxygen redox through XPS.**~** However, XPS is a surface-sensi-
tive technique that can give information about the redox evolution only on the surface
region of particles and electrodes. Hence, XPS cannot provide conclusive evidence as
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to whether such redox process is a bulk phenomenon or only limited to the surface. Itis
notable that by utilizing high-energy synchrotron X-rays, the probing depth of XPS can
be enhanced to 40 nm at 10.0-keV incident energy.*” Another challenge facing surface-
sensitive XPS is associated with the formation of complex cathode-electrolyte inter-
phase that may interfere with the XPS signal from the lattice oxygen. Fitting of the O
1s XPS spectrum shows a feature in the range of 530-531 eV, which has been attributed
to the lattice oxygen redox process. However, Piper and coworkers attributed the peak
within this range to transition metal reduction and electrolyte decomposition,*® which
puts into question the reliability of fitting the O1s XPS spectrum to show lattice oxygen
redox. O K-edge X-ray absorption spectroscopy (XAS) spectra derived from soft XAS
has also been utilized to provide evidence of oxygen redox. However, caution should
be taken on interpreting the O K-edge spectrum because it predominantly gives infor-
mation about the evolution of TM3d-O 2p hybridization on electrochemical cycling
rather than probing the localized hole states on O 2p orbitals.”’** Nevertheless, since
soft XAS directly probes the TM3d-O 2p hybridization, indirect information on oxygen
redox reactions can be obtained in some particular cases. On the high-voltage plateau
region of materials showing oxygen redox, minimum oxidation of transition metals is
reported in many cases.”” The increase in pre-edge peak area of O K-edge at the
high-voltage plateau region can be reasonably attributed to the oxidation of oxygen an-
ions in those cases.”” Perhaps more direct and convincing spectroscopic evidence of
oxygen redox is obtained through RIXS. RIXS has a probing depth similar to that of fluo-
rescence yield of soft XAS and can provide information up to about 100-nm depth of a
particle.”® The reliability of RIXS over XAS for probing oxygen redox reactions stems
from the ability to resolve the emission energy of fluorescence photons that is not
possible in conventional XAS. Such resolution has enabled discernment of the finger-
print feature of oxidized oxygen, which is typically buried in XAS. An RIXS map (Fig-
ure 3A) will consist of features predominantly at around 525-eV emission energy. The
excitation energies of 529 eV and 532 eV corresponding to the same emission energy
of 525 eV is assigned to TM3d-O 2p hybridization while the excitation energy at >534
eV can be assigned to O 2p bands of O?~ hybridized with TM4s/4p states. Interestingly,
for the charged Nay;3sMgq,3Mn,30, cathode in Figure 3A, an additional feature is
observed at 523.7-eV emission energy for corresponding 531-eV excitation energy.
Such experimental observation, along with theoretical calculation based on the OCEAN
package, of Li;O, has shown that the feature is generated from the O 2p-O 2p intra-
band excitation.”’ This interaction requires unoccupied O 2p orbitals, which are absent
in O?~ and is a sign of oxygen redox. However, further studies of Li,O,, Oy, and CO,
systems indicate that this RIXS feature interpretation is beyond a simple molecular
model with unoccupied O 2p states because the highly covalent CO, system does
not display such a feature.? At this time, theoretical calculation of the oxygen redox
signature in RIXS maps remains a major challenge but holds the promise to reveal
the fundamental mechanism of oxygen redox. For example, resolving the energy of
the emission photons reveals critical information on the nature of the lattice oxygen
redox reactions, including subtlety in RIXS signals of Li,O,, O,, and materials showing
lattice oxygen redox.*? This warrants further investigation to reveal the true nature of
the lattice oxygen redox. Nonetheless, integrating the red boxed region showing the
lattice oxygen redox (Figure 3A) yields a spectrum (red spectrum in Figure 3B) that
has clearly different spectral features than when the spectrum is obtained (blue spec-
trum in Figure 3B) by integrating the blue boxed region (containing the intensity map
of pre-edge and O K-edge in Figure 3A). However, integration of the RIXS intensity
map on a much wider excitation and emission energy range (green box in Figure 3A)
would yield a spectrum wherein this distinction of the oxygen redox signal is completely
absent (green spectrum in Figure 3B). The features for this integrated spectrum
(TM3d-O 2p hybridization and O 2p bands of O?7) match with the energy for the
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Figure 3. Oxygen Redox Process in Oxide Cathodes Probed by Resonant Inelastic X-ray
Scattering

(A) O K-edge mapping of resonant inelastic X-ray scattering (RIXS) of charged Nay,;3sMg1,3Mn2,30;
cathode.

(B) The super-partial fluorescence yield (sPFY) spectra (colored blue and red) are obtained by
integrating the signal on the boxed region of same color on the RIXS map in (A). Integrating at a
wider region (green box in A) gives the spectrum colored green. The conventional partial
fluorescence yield (PFY; green spectrum), total fluorescence yield (TFY; in black), and total electron
yield (TEY; in black) are also shown for comparison. Adapted from Dai et al O PFY is generated
when the fluorescence photons are discriminated based on their energy. TEY is generated from
both auger electron and photoelectron.

conventional XAS and show why the conventional XAS cannot decipher the true lattice
oxygen redox. Furthermore, the bulk sensitivity of RIXS can be enhanced if the surface
signal is differentiated from the bulk.*’ Spatially resolved scanning transmission X-ray
microscopy has shown a feature at 531-eV excitation energy on the bulk of charged
Li/Mn-rich materials.”® The RIXS map shows a feature at the same excitation energy
for the oxidized lattice oxygen (Figure 3), which proves that the oxygen redox is a
bulk phenomenon.

Pair distribution function (PDF) analysis can probe the local structural rearrangement
associated with oxygen redox reactions.”” By utilizing both Bragg diffraction and diffuse
scattering signal, PDF can provide local structural changes and short-range ordering.”
Neutron PDF holds an advantage over X-ray PDF because it is sensitive toward lighter
atoms such as oxygen. Hence, most local structural changes associated with the lattice
oxygen framework can be probed by neutron PDF analysis. Through utilizing such a
technique, short O-O pair formation similar to peroxo-like dimer has been reported
in charged P3-type Nag ¢[Lig 2Mng g]O, samples, similar to Li,lrO5.2752

MATERIALS SHOWING OXYGEN REDOX

Oxygen Redox in Alkali-Rich Layered Transition Metal Oxides

Several research groups have extensively explored the synthesis, structural, and
electrochemical characterization of various Li-rich layered oxide materials
(Li14+xTM_,O,, where TM is a 3d transition metal or a combination of different
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Figure 4. Voltage Hysteresis in Li-Rich Layered Materials

First-cycle charge-discharge curves of Li-rich NMC material. The regions marked by C and A denote
cationic and anionic redox reactions, respectively. Voltage hysteresis is displayed as the charge
and discharge curves do not trace the same path. Adapted from Assat et al.'*®

transition metals).'’'?>**" A large characteristic voltage plateau and irreversible
capacity were observed in these materials at the first cycle (Figure 4). Initial theories
of the excess capacity included Mn oxidation to +5 state, irreversible extraction of
oxygen on the high-voltage plateau region,'" and extraction of Li,O (lithia) from
the Li;MnO3; domain of the composite structured Li-rich cathodes.”® However, a
reversible participation of lattice oxygen was not mentioned. The contribution of ox-
ygen to charge compensation without oxygen loss on Li-rich layered Li[Lig 15.
Nig.275-xMgxMng 575]02 was speculated by Amine and coworkers back in 2003
based on their XAS study.”” An increase in pre-edge peak area was taken as a
sign of oxygen redox, and it is now well known that the pre-edge feature is mostly
dominated by TM3d-O 2p hybridization and not the localized hole states on the
O 2p orbitals, as discussed in the Introduction.

The reversible/irreversible nature of the surface-to-bulk oxygen redox activity in Li-
rich layered materials was investigated by the works of Delmas and coworkers in
2013%%%7 and later by Bruce and coworkers.'®“* Delmas’ group argued that the
observed initial discharge capacity of more than 270 mAh/g in Lij 20Mng 54C0g.13-
Nig.1302 can only be explained if both irreversible oxygen redox in the form of oxy-
gen loss from the surface of the particle and reversible oxygen redox in the bulk of
the particle are taken into account.®” Oxygen redox in Li;.20Mng.54C0g.13Nig.1302
was further probed and quantified by Bruce and coworkers through operando differ-
ential electrochemical mass spectrometry (DEMS), Raman spectroscopy, XAS, and
RIXS."® To estimate the irreversible nature of the oxygen redox, the authors labeled
the oxygen in the material with 80 isotope. Time-of-flight secondary ion mass spec-
trometry indicated that a total of 15% 80 enrichment in the lattice oxygen was ob-
tained. Hence, the evolved gases from the irreversible lattice oxygen redox activity
during electrochemical cycling must have a certain ratio of '®0/'80. Their DEMS
study revealed that on the 4.5-V plateau region, even though there was no molecular
O, evolution, a detectable amount of CO, was measured (Figure 5C). The CO, evo-
lution was also observed at very high states of charge (close to 4.8 V). The total
160/"80 ratio in the evolved CO, was close to that of the expected ratio if all the
evolved CO, was accounted for only by the reaction of the lattice oxygen with the
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Figure 5. Probing the Reversible and Irreversible Oxygen Redox in Lij 20Mng 54C00.13Nio.1302
(A) First-cycle charge and discharge curves of Lii 20Mng 54C00.13Nig.130,. The labels (i) to (iv)
indicate the state of charge in which Raman and RIXS spectra were taken in (D) and (E).

(B and C) Quantifying the evolution of (B) gaseous O,, and (C) CO; during cycling, measured
through operando differential electrochemical mass spectrometry (DEMS).

(D and E) Probing the chemical nature of the oxidized oxygen through (D) Raman spectroscopy and
(E) RIXS. Gas evolution through DEMS probes irreversible oxygen redox, whereas RIXS probes
reversible oxygen redox. Adapted from Luo et al."®

electrolyte (expected: 20%; experimental: 13%). Even when taking the discrepancy
between the expected and experimental percentages into account, it is clear that
most of the CO; evolution occurred from the contribution of the lattice oxygen. At
high states of charge (close to 4.8 V), significant O, evolution occurred (Figure 5B)
and the ratio of '*0/'80 in O, was close to what was expected if the evolved oxygen
came only from the contribution of the lattice oxygen (expected: 26%; experimental:
23%). Even though oxygen evolution could account for most of the capacity ob-
tained at the sloping region beyond the 4.5-V plateau (Figure 5A), the irreversible
oxygen redox reactions at the plateau region could only account for 9% of the total
charge capacity obtained at that region. Hence, a significant portion of the charge
capacity was obtained by a reversible oxygen redox, as DEMS can only measure irre-
versible oxygen evolution. A reversible oxygen redox is expected to create hole
states in the O 2p orbitals but those hole states did not create O-O dimers (no peaks
similar to peroxide are observed in Figure 5D), unlike Li-rich materials with 4d or 5d
transition metals (see Mechanisms of Oxygen Redox for more details). Instead, the
authors argued that the hole states were localized in nature as signified by the
broadening of the RIXS spectrum and the formation of an elastic peak at around
532 eV (boxed region in Figure 5E). Hence, the analyses carried out by Bruce and
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coworkers indicated that the oxygen redox is both reversible and irreversible in na-
ture as opposed to the early model of only irreversible oxygen redox proposed to
explain the enhanced capacity delivered by these materials."’

Li,TMO3 or Li[Li4,3TM5,3]O5 (where TM is either 4d or 5d transition metals) studied in
detail by Tarascon and coworkers also delivers excess capacity through oxygen
redox.?’*/> |n case the Li and TM in the transition metal layer are ordered, only
one type of oxygen sublattice where all O should have one Li-O-Li configuration is
expected.?® Itis argued that the peroxo-like O-O dimer in materials such as Li,RuO3
and LizRuy_,Sn,O, forms through a “reductive coupling mechanism” (see Mecha-
nisms of Oxygen Redox for more details).?**>” Such structural reorganization sta-
bilizes oxygen redox in these materials. Similar to Li-rich oxides with 3d transition
metals, a large high-voltage plateau is observed, and oxygen redox plays a signifi-
cant role in the charge-compensation mechanism.?” Na-rich transition metal oxides
with 4d and 5d transition metals and the general formula Na;TMOj3 also show oxy-

gen redox activity during electrochemical cycling.®~¢?

Similar to oxygen redox chemistry in Li-rich materials, the understanding of the crystal
structure of these materials has also evolved over time. Li-rich materials are thought of
either as a single-phase solid solution with trigonal structure where all the Li and tran-
sition metal ions are distributed in the transition metal layer with long-range
ordering*’? or as a single-phase monoclinic structure throughout.”' They are also
viewed as a composite of Li;MnO3-LiTMO, with close structural compatibility, with Li
and Mn in the Li,MnQO3 domains having honeycomb-like ordering.”*’* The actual crys-
tal structure arrangement has sparked a long-standing debate in the research commu-
nity. Here, we summarize the claims from both ends (single-phase or composite).

One of the first claims of the composite nature of the Li-rich materials was made by
Thackeray and coworkers.'*’ Experimental verifications of the composite nature of
Li1.2Mng s5Nig 15C00.1002 (commercially known as TODA HE5050) were provided
through neutron diffraction and magnetic susceptibility studies.”” Two models were
chosen by the authors for neutron diffraction refinement: a single monoclinic phase
throughout with a C2/m space group, and a composite of a monoclinic phase with a
C2/m space group and a trigonal phase with an R3m space group. Reasonable fitting
was obtained for both models. For example, a fitting model with the composite struc-
ture of a monoclinic phase with only Li and Mn and a trigonal phase with all three tran-
sition metals and Li is shown in Figure 6A. The Li- and Mn-containing phase had Li/Mn
ordering, which explained the superstructure peaks in the pattern. Moreover, including
a 3% Li/Ni site exchange increased the reliability of the fitting. To conclusively choose
between the composite or single-phase models, the authors further performed a tem-
perature-dependent magnetic susceptibility study (Figure 6B). From the magnetic sus-
ceptibility study, it can be seen that the field-cooling (FC) and the zero-field-cooling
(ZFC) curves follow each other up to 100 K, which the authors attributed to the disorder-
ing of the transition metals in the trigonal phase (one component of the composite
structure). At temperature lower than 100 K, the curves diverge from each other due
to a magnetic ordering in the material, which the authors attributed to the Li/Mn
ordering in the Li;MnO3 phase of the material (the other component of the composite
structure). Even though some studies claim the composite nature of the Li-rich materials
based on transmission electron microscopy,”? such multiphase composite structure is
highly debated. Dahn and coworkers argued that certain transition-metal-rich domains
such as the Li;MnOj3 are unlikely because the high-temperature synthesis should not
allow the clustering of a particular transition metal from the entropic perspective.'”
The counterclaim against the composite nature of the Li-rich materials is now discussed.
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Figure 6. Experiments lllustrating the Composite Nature of the Li-Rich Layered Materials

(A) Refinement of the neutron diffraction pattern of Liy ;Mng 55Nig.15C00.1002 (TODA HE5050) by
considering a biphasic model (monoclinic and trigonal).

(B) Magnetic susceptibility study of Lij 2Mng s5Nig 15C00.1002 to provide evidence between single-
phase and composite structure. The divergence of the FC and ZFC curves at lower than 100 K was

attributed to the ordering of Li/Mn in Li;MnO3 component of the composite material. The Curie-

Weiss fit of the inverse magnetic susceptibility is shown in the inset. Adapted from Mohanty et al.”?

It is necessary to provide visual representations of the phases at the single-particle
level in addition to structural refinement analysis to prevent any structural ambiguity.
High-resolution TEM (HRTEM) imaging can be one such way, but the small field of
view of the HRTEM imaging cannot unanimously prove whether a material is a single
phase or of composite nature. Shukla et al. provided a comprehensive TEM analysis
on the nature of the phases present in Lij 20Mng 54C0g.13Nig 1302 by imaging the
particles of this material at a much larger field of view (Figure 7).”" The needle-like
particles with small thickness enabled imaging of the whole primary particle with
atomic resolution (Figures 7C and 7G). HAADF images showed that there was no
sign of composite nature in the material. Instead, the crystal structure of the material
consisted of three different variants of the monoclinic phases alternating between
each other randomly (colored boxes in Figure 7A and colored rows in Figure 7B).
The three variants of the monoclinic phases are defined by the projections along
the [100], [110], and [110] directions, as shown in Figures 7D-7F. Meanwhile, imag-
ing at a much larger field of view did not show any presence of the composite nature
of the material (Figures 7C and 7G). The authors made similar observations in com-
mercial Li-rich TODA HE5050 material, in contrast to the study summarized earlier.”?
It must be mentioned that whether the structural ambiguity with the Li-rich materials
was raised because of the different synthesis method and composition used by
different groups or from the misinterpretation of the TEM data is not clearly under-
stood. Shukla et al. provided one such example that because of the different stack-
ing of more than one monoclinic variant in the thicker regions of the particle, those
regions may assume hexagonal ordering when viewed from a certain direction. This
may lead to the erroneous assignment of trigonal phases to these regions. More
study is needed to clear up the confusion regarding the composite versus single-
phase debate in the Li-rich materials. However, it seems that the oxygen redox
chemistry takes place in these materials independent of the debate.

Oxygen Redox in Conventional Layered Transition Metal Oxides

The contribution of oxygen to the charge-compensation mechanism in conventional
layered LITMO, with no Li excess (e.g., LiCoO;, LiNig sCog 50,) was claimed in the
early 2000s,”°"® even before the general acceptance of significant reversible oxy-
gen redox in Li-rich materials. However, these studies were based on observations
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Figure 7. Experiments lllustrating the Single-Phase Nature of the Li-Rich Layered Materials

A) HAADF image of a Liq »Nig.13Mng.54C00 130, particle. The three colored boxes show the monoclinic variants.

B) HAADF image of (A), colored to show the variations of the three monoclinic phases.
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D-F) Schematic illustration of the crystal structure of the three monoclinic variations in a single particle of Li1 2Nig.13Mng.54C00.1302.
G) HAADF image of the entire primary particle shows that only one phase is present. The marked region in red and the corresponding inset show the
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(C) HAADF image of a Liy 2Nig.13Mng 54C00.1302 particle at a larger field of view.
(
(

occasional transition-metal-rich defects observed in the particle. Adapted from Shukla et al.”’

made from O K-edge and TM L-edges from soft XAS, which, as mentioned before,
cannot probe the localized hole states on the O 2p orbitals. Hence, a conclusive
claim on oxygen redox in conventional layered materials could not be reached. How-
ever, recent studies showed that oxygen redox could be achieved in conventional
layered materials at very high states of charge (SOCs).?***’? In Ni-based layered ox-
ides, Ni in +3 oxidation state has an electronic configuration of 3d7(t296 eg1) with
partially filled eg orbital, which means electron removal will first take place from
the e4 orbital. Hence, electron removal from O 2p orbital will take place later at
high SOCs.2%®" This might give an indication of the high-voltage behavior of
many technologically significant Ni-rich layered NMC materials (LiNi,
Coy,Mn;_,_,Oy), since LiNiO, can be taken as the parent material for this series of
materials. Besides, high-voltage charging pushes the O 2p states closer to the Fermi
level, making them redox active.®? Utilizing RIXS on these materials at high SOCs al-
lowed deciphering of the localized hole states in the O 2p orbitals contributing to the
capacity at high voltages.

Oxygen Redox in Alkali-Poor Layered Transition Metal Oxides

The work of Ceder and coworkers has established the Li-O-Li configuration as an
important structural descriptor to trigger oxygen redox in Li cathodes.”® Such a
descriptor can be obtained in large quantity in Li-rich layered oxides and DRX mate-
rials. In Li-rich DRX materials there are different oxygen sublattices, some of which
have the Li-O-Li configuration because of the disordering of the transition metal cat-
ions, whereas in Li-rich layered materials the excess Li sitting in the transition metal
layer enables the formation of the Li-O-Li configurations.'® Sodium layered cathodes
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provide a unique scenario with respect to oxygen redox and the alkali stoichiometry.
Unlike their Li counterparts which largely form O3-type structures, sodium layered
cathodes can be synthesized in different polymorphs (such as O3, P2, and p3).83
O3 structure is empirically stabilized when the Na stoichiometry is close to 1 in
Na,TMO,.%% The P2 and P3 polymorphs are stabilized in sodium-poor stoichiom-
etry (xis less than 1in Na,TMO,).%¢ Na-rich stoichiometry is attainable with 4d (e.g.,
Ru)®” and 5d (e.g., IN®’ transition metals because of the smaller size difference be-
tween Na ion, and Ru or Ir ions. Hence, the Na-O-Na configuration can be found
in sodium transition metal oxides with 4d and 5d transition metals, and oxygen redox
has been reported in these materials.®®*?®” However, for the case of sodium layered
oxides with 3d transition metals (e.g., Ti, Cr, Mn, Fe, Co, Ni, Cu), the larger size dif-
ference between the transition metal ion and the Na ion does not allow the Naion to
stably occupy the transition metal layer.®**® Hence, attainment of the Na-O-Na
configuration is not favored in sodium layered oxides with 3d transition metals. How-
ever, the almost similar size of Li ion and Mg ion compared with the transition metal
ions allows them to replace some 3d transition metal ions in the transition metal
layer.***7? Hence, the formation of Na-O-Li or Na-O-Mg configuration becomes
possible. O 2p orbitals in these configurations are also expected to be unhybridized
and, thus, redox active.”® Additionally, cation vacancies are reported to increase the
O 2p lone pair electrons and can trigger oxygen redox in alkali-poor sodium layered
materials,Zé such as N32/3[|\/|ho'72|\/|90'28]0291 and Na4/7[D 1/7Mn6/7]02.92

NaX[LinM1,y]OZ32'SO and NaX[ngTM1,y]Oz43'49 (where x is less than 1) are two ex-
amples of materials in which the oxygen redox is triggered without excess alkali and
by substituting transition metals by either Liion or Mg ion. Indeed, the presence of Li
ion and Mg ion in the transition metal layer is well characterized in these materials.
Structural characterization such as XRD, neutron diffraction, and Li-nuclear magnetic
resonance (NMR) can give direct evidence of the specific lattice sites Li and Mg can
occupy in these materials.”"”> Combined XRD and neutron diffraction analysis with
Rietveld refinement in P2-Nag ¢¢Lio.18Fe0.12Mng 702 indicated the occupancy of Liin
the transition metal layer (Figures 8A and 8B). An in-plane Li/TM ordering can be
defined by a v/3a x v/3a supercell in this material.?” The ordering is similar to typical
honeycomb ordering of Li/Mn observed in Li-rich materials.”*?” The honeycomb
ordering can be assumed by alkali/alkaline-ion substitution in the transition metal
layer, as shown in Figure 8D. Li-NMR can provide information of Li occupancy in
the transition metal layer, e.g., in Li-substituted P2-Nag 7gLig.2sMng 750, by a char-
acteristic shift at 1,850 ppm (Figure 8C).*’

Direct participation of oxygen to redox reactions has been documented in
Na,[Li,TM;_,]O; and Na,[Mg,TM;_,JO, through various spectroscopic techniques.
A reversible oxygen redox was observed in Nag g[Lip.2Mng g]O> through RIXS by a
characteristic increase in the intensity at 531-eV excitation energy and a corres-
ponding 523.7-eV emission energy (boxed region in Figure 9A).*” Bruce and
coworkers reported a change in spectral weight in O K-edge at high SOCs in
Nay/3[Mgo 2sMno 72]O5, indicative of oxygen redox (Figures 9B and 9C).** The
O K-edge spectral evolution studied in alkali-poor cathode materials is similar to ox-
ygen redox active Li-rich cathode materials reported in the literature.”®*°

Recently, Yang and coworkers reported the contribution of oxygen redox in charge
compensation of layered Naz/3Niq,3Mn5,30, during cycling.”® The oxidation of oxy-
gen anion is particularly observed during the 4.2-V plateau on charging. This oxygen
redox activity is fundamentally distinct from the other sodium layered oxides where
transition metals are substituted with Mg and Li. The oxidation of oxygen anion at
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Figure 8. Structural Characterization of Na,[AM,TM,_,]O, (where AM Is an Alkali/Alkaline lon
such as Li* or Mg®*, and TM Is Transition Metal lon), Showing that Alkali/Alkaline lon Can Be
Incorporated onto the Transition Metal Layer of the Sodium Layered Oxides

(A and B) (A) Synchrotron XRD pattern with Rietveld refinement and (B) neutron diffraction pattern
with Rietveld refinement of P2-Nag ¢sLio.18F€0.12Mng 702. Adapted from Yang et al.®?

(C) °Li-NMR of P2-Nag 75Li.2sMng 7502, showing the presence of Li in the transition metal layer.

Adapted from House et al.*?

(D) Schematic crystal structure of Nay/3[Mgp 28Mng 72102 showing the honeycomb ordering of Mg/
Mn. Adapted from Maitra et al.*?

high voltage can be similar to the oxygen redox activity observed in conventional
stoichiometric layered oxide materials (see Mechanisms of Oxygen Redox and Ox-
ygen Redox in Conventional Layered Transition Metal Oxides for more details).

Oxygen Redox in Disordered Rocksalt Oxides

Li-rich cation-DRX materials have opened up a vast compositional space to explore
new Ni/Co free high-energy cathode materials for Li-ion batteries. These materials
can utilize combined cationic and anionic redox chemistry to deliver large
discharge capacity and energy density. DRX materials have a face-centered cubic
structure. Normally, these materials do not have an open percolation network for Li
insertion/de-insertion. However, having a Li-rich stoichiometry opens up a contin-
uous percolation network for Li ions and allows for electrochemical cycling of Li
ions.'” In DRX materials, the Li percolation takes place by hopping of the Li ion
from one octahedral site to another octahedral site through an intermediate tetra-
hedral site (Figure 10A). Li ion in the tetrahedral site is regarded as an active Li for
the hopping. In DRX materials, since many oxygen sublattices exist, the intermedi-
ate tetrahedral site for the Li hopping can be face sharing with no-TM (0-TM in Fig-
ure 10B), 1-TM (Figure 10C), or 2-TM (Figure 10D) octahedral sites.'? The electro-
static repulsion between a Li in the tetrahedral site and the surrounding octahedral
TM can indicate whether one tetrahedral site will be feasible for Li percolation. The
height of the tetrahedral site (about 2.35-2.45 A) can be taken as a measure of the
activation energy required for Li hopping. Owing to the small height of the tetra-
hedral site, the 1-TM channel in DRX materials has an activation energy of Li hop-
ping of more than 500 meV and is usually inactive for Li hopping. However, these
1-TM channels are active for Li hopping in ordered layered transition metal oxides
because of the larger interslab distance. Hence, only 0-TM channels are active for
Li percolation in DRX materials. For macroscopic Li-ion conduction, a continuous
network of these 0-TM channels is required. Monte Carlo simulations showed
the critical Li concentration for the formation of sufficient 0-TM channels in DRX
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Figure 9. Probing Oxygen Redox in Na,[Li,TM,_,]O; and Na,[Mg,TM,_,]O, Type Materials
(A) Oxygen redox probed through RIXS at different states of charge in Nag ¢[Lig 2Mng g]O5.
(B) First-cycle charge-discharge curves of Nay/3[Mgo.28Mng 72]02. The points on the curve indicate
the states of charge where RIXS spectra were collected in (C).
(C) O K-edge RIXS spectra at different states of charge on the first cycle of Nay/3[Mgo.28Mng 72]05.
Adapted from Wu et al.*” and Maitra et al.**

materials for continuous macroscopic Li diffusion.”® Figure 10E shows the period-
ical wrapping probability for various combinations of percolation channels in DRX
materials. A cluster of sites are periodically wrapping if the cluster has different pe-
riodic images of the same Li site. Since 0-TM channels are likely to be the main
percolation channels for DRX materials, it can be seen from Figure 10E that at least
10% Li-excess composition is required for the 0-TM channels to percolate Li ions
(red dashed line). Furthermore, the fraction of accessible Li ions from the DRX ma-
terials for electrochemical cycling increases with increasing Li composition. For at
least one accessible Li per formula unit, an excess of 25% Li in the composition is
required (red dashed line and black horizontal line in Figure 10F). Hence, this
shows that excess Li composition is required for DRX materials to electrochemi-
cally cycle Li ions. The rule of thumb of excess Li composition can be applied to
most DRX materials and is independent of the type of the transition metal ions.
Disordering of the transition metals in the rocksalt structure is facilitated with tran-
sition metals of d° electronic configuration while transition metals with d® elec-
tronic configuration prohibit disordering.”” Cation disordering can affect the prop-
erties of cathode materials such as Li-ion conductivity. For example, in
Li1 2Mng.4Zro.40,, the short-range cation ordering leads to significantly less Li-ion
conductivity than in more disordered Liy 5Mng 4Tig 405.'%°
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Figure 10. Formation of Li Percolation Network in Disordered Rocksalt Materials

(A-F) (A) Schematic illustration of the octahedral-tetrahedral-octahedral (o-t-0) hopping of Li ion.
(B-D) The local environment of the intermediate tetrahedral site. The tetrahedral site is surrounded
by (B) no transition metal, (C) one transition metal, and (D) two transition metals. Adapted from Lee
etal.'”

(E and F) Li-excess stoichiometry for open percolation network in disordered rocksalt materials.
Periodic wrapping probability (E) and accessible Li content against the overall Li content of the
material (F). An excess Li stoichiometry is required for DRX materials to macroscopically conduct Li
ions. Adapted from Urban et al.”®

Because of the disordered nature of the cation distribution in DRX materials, there can
be significant numbers of Li-O-Li configurations,'® and some oxygens may have more
than one Li-O-Li configuration (e.g., the local Li-rich environment such as that in 0-TM
channels).”® Hence, oxygen redox activity is expected in these materials.'”" Indeed, Ya-
buuchi et al. reported disordered Lij 3Nbg 3Mng 4O, with large discharge capacity due
to the combined cationic and anionic redox activities.”” The authors of this study per-
formed partial density of states (pDOS) calculation on the material with the general for-
mula Lig_,),3Mn1/,3Nb,50, (0 < y < 4) to understand the participation of oxygen on
charge compensation (Figure 11). Charge compensation in this material at the initial
y values (0-1) takes place mainly from the Mn e orbitals of the MnOy octahedra accord-
ing to the calculated density of states from the top of the valence band at y = 0 and the
bottom of the conduction band at y = 1 (green circles on the right panel of Figure 11 for
the yvalues 0-1). For the y values 1-3, O 2p orbitals mainly take part in redox reaction as
can be seen from the top of the valence band at y = 1 (blue circle in the right panel of
Figure 11) and the bottom of the conduction band at y = 2, 3 (blue circles on the right
panel of Figure 11), and they are mainly composed of dumbbell-shaped O 2p orbitals.
The drastic change in the density of states on the Mn ey orbitals at higher SOCs (y = 4)
indicates that further Mn oxidation can take place at deeper delithiation level. Lattice
oxygen redox in DRX materials has also been substantiated by experimental evidence
through techniques such as RIXS."%"'%° However, quite often the feature indicating lat-
tice oxygen oxidation appears as only a shoulder because of the strong overlap of TM-
4d states in second-row transition metal-containing DRX materials.'® In addition, it has
been reported that the lattice oxygen redox does not lead to distortion of the lattice
oxygen framework with reduced O-O separation.'% Due to the random distribution
of the cations in DRX materials, the formation probability of coplanar unhybridized O
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Figure 11. Understanding Charge Compensation of Lis_,),3Mn4/;3Nb4/,30, (0 < y < 4) through
Partial Density of States and Partial Electron Density Calculation

The density of states calculation shows different participation of transition metal and oxygen to
redox reactions during Li deintercalation. Adapted from Yabuuchi et al.”°

2p orbitals greatly reduces, leading to the lesser interaction between the oxidized
oxygens.

Utilizing a vast array of compositions, various DRX materials have been reported with
large capacity and energy density.”>'%*"%? Fluorine substitution strategy and incorpo-
rating d° transition metals with high valence states can keep the valence states of the
redox active species low, thus enabling facile redox reactions of the redox active tran-
sition metal ions.*"">""? For example, the lower valence state of Mn achieved in
LizMng/3Nb+,305F through the incorporation of high-valence-state Nb°* and F substi-
tution has enabled the use of Mn?*/Mn** redox couple in this material.'"* In addition
to a small amount of oxygen redox, this material can deliver more than 300 mAh/g
discharge capacity and almost 1,000 Wh/kg discharge energy, although the lower cut-
off voltage has to reach 1.5 V versus Li/Li". Due to the absence of specific ordering in
DRX materials, these materials can utilize a wide variety of transition metals, which
can be crucial for developing a cost-effective alternative to more conventional ordered
lithium layered oxide materials with expensive Ni/Co as the transition metals.”

In summary, various cathode materials can utilize oxygen redox and transition metal
redox to deliver high capacity. For the convenience of the reader, we have summa-
rized below (Table 1) the capacity contribution of oxygen and transition metal redox
during initial cycling when the data were reported in the literature.

ISSUES WITH OXYGEN REDOX

Voltage Hysteresis and Fading

Even though oxide cathodes showing oxygen redox are a promising group of mate-
rials due to their high discharge capacity, they present significant challenges toward
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Table 1. Contribution of Oxygen Redox and Transition Metal to the Observed Initial Capacity of
Various Cathode Materials (Li-Rich Oxides, Disordered Rocksalts, Li-Substituted Oxides, and
Conventional Layered Oxides)

Voltage Cycling Cationic Redox  Anionic Redox
Window Rate Capacity (mAh/  Capacity (mAh/

Material (V) (mA/g) g) g) Reference
Li; 2Nig.13Mng 54C0g 1302,°— 2.0-4.8 20 141 123 Assat et al.*
Li; 5Nig 1sMng ssCog 1O~  2.0-4.8 21 134 128 Hu et al.*®
LioRug.755n0.2503— 2.0-4.6 32 120 120 Assat et al.®®
Li1.3Mng 2Cog.1Cro 1 1.5-4.7 20 175 132 Lun etal.'"?
Tio.1Nbg 201 7F0.3—

Lis 25Nbg 25Mng 50,°— 15-48 10 146 141 Wang et al."
Nag ¢[Lio.2Mng g]O2— 3.5-45 10 66.6 8.8 Wu et al.*?
Nay/3Ni1/3Mnp/30,— 2.3-45 16 60.4 43.1 Dai et al.”*

?Second-cycle capacity.
BCycling performed at 55°C.

materials development, which has hindered their practical applications.”'* Voltage
hysteresis and fading, and low initial Coulombic efficiency (Figure 12) are some of
these challenges, which require further understanding and mitigation strategies.' '
A large voltage hysteresis, which refers to the difference in voltage between charge
and discharge cycles, is especially observed in the first cycle. Voltage hysteresis
leads to a decrease in energy efficiency and is persistent throughout the electro-
chemical cycling of most of the cathode materials with oxygen redox. The contin-
uous decrease of the average discharge voltage referred to as voltage fading ren-
ders subpar energy output even when the capacity is not fading drastically.'"®
Meanwhile, the low first-cycle Coulombic efficiency indicates irreversible structural
and chemical transformations.”'® In general, some of the reasons behind voltage
fading include but are not limited to (1) irreversible transition metal migra-

tion'32,39,1 17,118

(2) emergence of new redox couples,30 and (3) oxygen evolu-
. 26,101 . . . .

tion. Often these processes are interconnected; for example, irreversible oxy-
gen evolution can cause irreversible transition metal migration and associated
structural changes.'?"""?12° Meanwhile, some of the reasons behind the particularly
severe voltage hysteresis between the first charge and first discharge have been

121

attributed to the following: (1) charge-transfer band gap, “' (2) asymmetric redox

couple evolution,?® (3) sluggish nature of oxygen redox,”” and (4) type of orderin
p 99 y9 yp 9

of alkali-ion/transition metal ion in the transition metal layer.*!

Tarascon and coworkers reported out-of-plane transition metal migration to the Li
layer in LizRug 75Tig2503." "7 The migration can take place from one octahedral site
to another through an intermediate tetrahedral site. Such migration is reported to
be reversible to some degree, but the migrated transition metal can get entrapped
in the tetrahedral site on repeated cycling. The entrapment of the transition metal
ions in the tetrahedral site has been attributed to the continuous voltage fading of
LizRug.75Tip.2503.""" The study by Chueh and coworkers showed that transition
metal migration to the Li layer is necessary for triggering and stabilizing oxygen
redox in materials such as Li,_,r;_,Sn,O3, even though such migration may lead
to voltage hysteresis.>” An out-of-plane migration of Sn to the Li site creates a point
defect on the transition metal layer and significantly changes the electronic structure
of the material (Figure 13). Meanwhile, the migration of Sn is favored over Ir because
of the stabilization effect of Sn on the delithiated structure (stabilization of 1.34-1.36
eV by Sn migration against a stabilization of 0.02 eV by Ir migration). The authors
predicted that upon the out-of-plane migration of Sn, one of the two outcomes
can take place depending on the type of local structure from which Sn is migrating.
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Figure 12. Voltage Hysteresis, Voltage Fading, and Low First-Cycle Coulombic Efficiency
Observed in Li-Rich Cathodes with Oxygen Redox

The vertical dashed arrow between the charge and discharge curves indicate voltage hysteresis
arising from the difference in voltage in charge and discharge cycle. The difference persists in
subsequent electrochemical cycling. The black arrow across the discharge curves indicates the
fading nature of the output voltage, even when the capacity is not fading drastically. CE, Coulombic
efficiency. Adapted from Hu et al.*°

If an Sn migrates from a site that was the nearest neighbor to an Ir in the transition
metal layer, a substantial contraction of the Ir-O bond takes place (Figure 13A),
which also leads to the splitting of the unhybridized O 2p states. A part of the split
state moves above the Fermi level and becomes oxidized (shaded region in Fig-
ure 13B). The oxidized oxygen states above the Fermi level can rehybridize with Ir
5d states. The crystal orbital overlap population analysis performed by Chueh and
coworkers indicates that the rehybridization can form a short Ir-O 1 bond through
a ligand-to-metal charge-transfer process. However, if the migration of Sn takes
place from a local structure where the nearest neighbor was another Sn atom (Fig-
ure 13C), the single coordinated oxygen atoms form an O-O dimer (1.44 A bond
length), which also results in reshuffling of the nonbonding O 2p states to above
the Fermi level (Figure 13D). Meanwhile, the migration of Sn to the Li layer is argued
to be initiated by the oxidation of Ir beyond 5.5+ state. In such a highly oxidized
state, facile ligand-to-metal charge transfer can take place. The bonding and struc-
tural configurations that support this transfer are stabilized by such charge transfer.
Hence, itis clear that the oxygen redox can trigger transition metal migration, which
acts to stabilize the oxygen redox,?® but the irreversible transition metal migration
can lead to voltage fading on consecutive cycling.

Meanwhile, Hu et al. reasoned the emergence of new redox couples such as Co?*/Co®*
and Mn®**/Mn** due to oxygen loss and transition metal reduction on the observed
voltage fading of Li; 2Nig.15C00.1Mng 5502.°° The emergence of these new redox cou-
ples raises the Fermi level and lowers the operating voltage because of the smaller dif-
ference between the Fermi level and the Li%/Li* energy level (Figure 14). Such lowering
of the operating voltage contributes to the voltage fading of the material. Similar to this
observation, Yang and coworkers attributed the voltage fading of P2-Nag ¢[Lio 2Mng g]
O, to the increasing contribution of Mn redox on cycling.?

Assat et al. evaluated the electrochemical reaction mechanism of Lij »Nig.13Mng 54
Co0.1302 in detail and revealed that the oxygen redox reaction considerably slows
down the electrochemical kinetics.?” A detailed charge-compensation study revealed
that small anionic activity and Mn®*/Mn** redox is mainly observed on low potential
charging (blue shaded region in Figure 15). Meanwhile, the capacity at charging to
4.1V is predominantly obtained by the redox activity of Ni#*/3*4* and Co?*"** redox
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Figure 13. Computational Analysis of the Transition Metal Migration-Triggered Oxygen Redox Behavior in Lig slrg.755n0.2502 (Charged)

(A) Oxygen coordination environment (right) and Ir-O bond length (left) calculated by DFT before and after the Sn migration. The migrated Sn initially
neighbors an Ir atom.

(B) Evolution of the electronic structure as calculated through the pDOS of oxygen before and after the Sn migration in (A).

(C) Oxygen coordination environment (right) and Ir-O bond length (left) before and after the Sn migration. The nearest neighbor of the migrated Sn is
another Sn atom.

(D) Electronic structure evolution triggered by the migration of Sn neighboring another Sn atom (C) as calculated through pDOS of oxygen. Adapted

from Hong et al.*?

active species (gray shaded region in Figure 15). Charging to higher voltage (4.8 V), the
charge compensation primarily takes place from the oxidation of O?~ (red shaded re-
gion in Figure 15). On subsequent discharge, O™ (n < 2) reduces over two voltage re-
gions: the high-voltage region (green shaded area in Figure 15), and low-voltage region
(red shaded area with 3.2-V reduction peak in Figure 15). Such asymmetric oxygen redox
evolution leads to voltage hysteresis.

510 Matter 4, 490-527, February 3, 2021



Matter

Ener A Energy
fiedl MO LA il I LA
()
()]
: -
g Mn3+ _>_ e Mn3+
] — Er
.2 i
[ I N:S: Usy Cycling
Mn4+
0*/0"
Density of states N(E) Density of states N(E)

Figure 14. Effect of the Redox Couple Evolution on the Output Voltage of Li-Rich Layered
Materials
Density of states in Liy 2Nig 15C00.1Mng 550, before cycling (left) and after cycling (right). Evolution

of new redox couples such as Mn®*/Mn** and Co?*/Co>* lowers the operating voltage. Adapted

from Hu et al.*°

Tarascon and coworkers proposed charge-transfer band gap as an indicator of
voltage hysteresis.'?" The density of states calculation on the disordered Liy 5Nig 3.
Tag.4O; shows that the material has a large Mott-Hubbard band gap. The band
gap reduces to a small charge-transfer band gap on delithiation and before the
onset of anionic oxidation (left panel of Figure 16B). After the onset of anionic oxida-
tion, structural reorganization takes place, leading to the formation of O-O dimers
with o, t, o*, and 7t* bands. Since the antibonding state such as o* sits above the
empty metal band, electron transfer from O to metal takes place, causing the reduc-
tion of transition metal and molecular oxygen evolution (left panel of Figure 16C).
Such irreversible transformation leads to the large voltage hysteresis and fading in
the cycling curves of Lij 3Nig3Tag 4O, (Figure 16D). On the other hand, after the
onset of the anionic redox in Lij 3Mng 4Tag 302, the antibonding states stay below
the metal band (right panel of Figure 16B) and electron transfer from oxygen to
metal cannot take place, stabilizing the oxygen redox. Consequently, less voltage
hysteresis is observed in Lij 3Mng4Tag 30, (Figure 16D). Meanwhile, the smaller
voltage hysteresis in Nag ¢[Lig.2Mng s]O, as compared with Nag 7s5[Lig.25Mng 75102
was attributed to the differences in Li/Mn ordering in the transition metal layer of
these two materials (Figures 16E and 16F).*" Nag 7s[Lio.2sMng 7510, shows honey-
comb-type ordering, which is not effectively maintained on cycling (Figure 16E).
Nag ¢[Lio.2Mng g]O, shows ribbon-type ordering that is well maintained (Figure 16F),
leading to less voltage hysteresis.

It is clear that a host of reasons have been related to the voltage hysteresis and
voltage fading of materials showing oxygen redox. It is thus most reasonable to
mention the underlying reasons behind voltage hysteresis/fading as materials spe-
cific. However, there seems to exist a strong correlation between transition metal
migration and voltage hysteresis and fading. Reversible transition metal migration
may lead to voltage hysteresis, but irreversibility in transition metal migration will
lead to voltage fading.'?? In some materials, oxygen redox itself due to slow redox
kinetics and asymmetric redox evolution has been attributed to voltage hysteresis,
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Figure 15. Charge-Compensation Mechanism and Electrochemical Kinetics of

Lis.2Nio.13Mng 54C00.1302 beyond the First Cycle

Predominant charge compensation takes place through oxygen redox when charged to 4.8 V. On
discharge, oxygen reduces in two potential ranges: high potential region (green shaded region)
and low potential region (red shaded region). Adapted from Assat et al.”’

even when no appreciable transition metal migration is observed.*® Indeed, voltage
hysteresis has been observed to increase when anionic redox chemistry is
involved.?” Oxygen redox is usually kinetically slow and causes voltage hysteresis
on electrochemical cycling. The structural and electronic reorganization that ensued
after stabilization of the oxygen redox may also be responsible for the voltage hys-
teresis.''®'?® Such reorganization caused by the oxygen redox may alter the
sequence of cationic and anionic redox reactions (e.g., cationic-to-anionic oxidation
on charge followed by cationic-to-anionic reduction on discharge) and cause
voltage hysteresis.>” Meanwhile, irreversible oxygen redox in the form of oxygen
evolution may lead to a cation-densified state as a result of irreversible transition
metal migration. The accumulation of the irreversible transition metal migration
may lead to voltage fading. Irreversible oxygen redox can also lead to transition
metal reduction, which causes emergence of new redox couples. Contribution of
some of these redox couples such as Co>"/Co*" and Mn®**/Mn** can lower the
output voltage during cycling, causing voltage fading.?®

Irreversible Oxygen Redox and Oxygen Evolution

Irreversible oxygen redox and oxygen evolution are commonly observed because of
the reactive nature of the oxidized oxygen. The irreversibility associated with the
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Figure 16. Charge-Transfer Band Gap and Superstructure Control as Indicators of Voltage Hysteresis on Materials with Oxygen Redox
(A-C) (A) Electronic band structure (calculated through the density of states) of Li;Nig.3Tag 40> (left) and Liy 3Mng 4Tag 30, at the pristine state (right), (B)

during cationic oxidation, and (C) during anionic oxidation.

(D) Charge and discharge curves of Li1 3.xNig 27Tao 430> (left) and Li1 3.,Mng 4Tag 305 (right). Adapted from Jacquet et al.!?!

(E) Honeycomb ordering in P2-Nag 75[Lig.25Mng 75107 studied through STEM-ADF images along the [010] zone axis. Adapted from House et a

|4'\

(F) Ribbon ordering in P2-Nag s[Lio 2Mn g]O, studied through STEM-ADF images along the [010] zone axis. Adapted from House et al.”’

O?7/O™ redox couple might lead to permanent structural modifications,’'®"#%712¢

oxygen gas evolu‘tion,127’131

and accelerated electrolyte decomposition through
the nucleophilic attack of the oxidized oxygen with the electrolyte.?”'%* Oxide ion
in the oxidized state can either form O-O dimers through structural reorganization,
or the hole states can be localized in the unhybridized O 2p orbitals.”?4313? The
O-0 bonds are kinetically labile toward oxygen evolution.”** Meanwhile, if the hole
formation in the O 2p orbitals is not stabilized, it can lead to oxygen release and
accelerated electrolyte decomposition. Indeed, the migration barrier of the oxidized
oxygen is found to be significantly lower than that of O%~, which may contribute to
the irreversibility of the oxygen redox.’**'¥> Meanwhile, in conventional Li/Na
layered materials the oxygen stability is closely related to the SOC.'?%"3¢137 At
higher SOCs, O, and CO, evolution is observed in LiCoO,."*81% The thermal stabil-
ity of the delithiated Li,CoO, (x < 1), which can indicate the oxygen stability, de-
creases significantly in comparison with the pristine LiCoO,."*” The thermal stability
is also compromised in delithiated Li-rich materials.'* Ni-rich layered materials are
also prone to irreversible oxygen redox and associated structural transformations.”*’
Ni can form facile antisite defects with Li in layered materials, and the process is
accelerated at high SOCs.”'? Such migration can lead to structural transformation
(layered to spinel/rocksalt) and lead to oxygen release.''” The instability of the Ni
ions at high valence states is particularly severe because of the thermodynamic
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instability of the Ni ey electrons.’”” Various spectroscopic techniques such as
RIXS,2448:50,142,143 ) A g 48,144,145 and XPS are utilized to probe the reversibility of ox-
ygen redox.”’”* Meanwhile, DEMS has allowed the direct study of the nature of irre-
versible oxygen redox in cathode materials (see Oxygen Redox in Alkali-Rich
Layered Transition Metal Oxides for more details).’**""*® A combined analysis with
DEMS and spectroscopic techniques such as RIXS, XAS, or XPS allows the study
of the whole range of oxygen redox whether reversible or irreversible. Gasteiger
and coworkers showed the evolution of singlet oxygen from Li-rich NMC materials
at high SOCs through emission spectroscopy and CO and CO, evolution through
on-line mass spectrometry.’*? This further signifies the reversible and irreversible na-
ture of oxygen redox observed in these materials.

Structural and Chemical Evolution in Irreversible Oxygen Redox

A gradual structural and chemical transformation triggered by irreversible oxygen
redox is usually observed in materials where oxygen plays a significant role in
redox reactions.''® In the literature where Li-rich materials are reported as a com-
posite of Li;MnOj3 and layered LIMO5, Li,O (lithia)-like structural units are claimed
to be extracted at high-voltage charging.'*>* Such irreversible Li and oxygen
extraction is accompanied by structural transformations from layered to cation-
dense structures (spinel and rocksalt). The origin of structural transformations
may be involved with irreversible transition metal migration to the Li site, led by
oxygen extraction.”*® A transition metal ion surrounded by five oxygens instead
of six due to the oxygen release will be destabilized and move toward the vacant
octahedral site of the Li layer.'®" Structural transformation in Li-rich materials from
layered to spinel to rocksalt is observed, which is more severe at the surface
region of the particle.”"”'*""5* Boulineau et al. studied the surface structural
reorganization of Liy ;Mng ¢1Nig.18Mgo.010; at different C-rates and cycle numbers
(Figure 17)."°" The pristine material can be defined as a well-ordered layered
structure with a homogeneous distribution of the transition metals from the sur-
face to the bulk (Figure 17A). However, on prolonged cycling (50 cycles at C/10
rate), a thick reconstructed surface layer emerges, which is composed of defective
spinel structure with an outer layer of rocksalt (Figure 17B). Moreover, segregation
of transition metal is observed with a higher ratio of Ni at the surface region of the
particle in comparison with the bulk (Figure 17B). Such segregation indicates that
the surface reconstruction takes place mostly through the migration of the Ni ions.
Ni at higher oxidation state (close to +4) is thermodynamically unstable, triggering
the migration of Ni ions to the vacant Li sites.'*” Meanwhile, a gradual loss of the
superstructure reflection on cycling in the XRD pattern (Figure 17C) indicates pro-
gressive disordering of Li and transition metal ions, consistent with the transition
metal migration observed in STEM images. Usually the migrated transition metal
ions in the Li site are in the reduced state compared with the transition metal ions
in the transition metal site (Figure 17D)."17153 Since the reconstructed layer is a
few nanometers thick and mostly limited to the surface, the oxidation state of
the transition metals underneath the surface reconstruction layer is higher
(Figure 17D).

Oxygen release can cause mechanical degradation of cathode particles. Mu et al. stud-
ied the chemomechanical degradation of layered Li; _,Nig 4Mng 4Co0 20, (NMC) parti-
cles caused by irreversible oxygen release under thermal abuse conditions.'?° The
authors performed an in situ TEM study at 230°C of the delithiated NMC particles in or-
der to accelerate the oxygen release and associated chemomechanical evolutions.
Z-contrast STEM images were recorded to observe the nucleation and propagation
of cracks at the primary particle level (Figure 18). After a short incubation period of
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Figure 17. Structural and Chemical Evolution in Layered Cathodes Triggered by Irreversible
Oxygen Redox

(A) HAADF-STEM image of pristine Li1 ;Mng 41Nio.18Mg0.010> (left) and the EELS concentration map
and histogram (right) of the boxed region on the STEM image.

(B) HAADF-STEM image after 50 cycles at C/10 rate (left) and the EELS concentration map and
histogram (right) of the boxed region on the STEM image.

(C) XRD pattern of Li; 2Mng ¢1Nig.18Mgo.0102 before and after cycling at various C-rates and cycle
numbers. Adapted from Boulineau et al.'”’ Chemical evolution on the surface reconstruction of
LiNip.4Mng 4Co0.18Ti0.0202.

(D) STEM image highlighting the regions (in circles) in which EELS spectra were acquired (left) and
Mn L-edge EELS spectra on the marked regions of the STEM image (right). Adapted from Lin
etal.'"”

about 7 min, several microcracks grew quickly in length up to 15 min and grew slowly
afterward (about 90 nm after 40 min). Such chemomechanical degradation in practical
electrodes can lead to several other phenomena such as detachment of the cathode
particle from the binder matrix,'>® transition metal dissolution, accelerated cathode-

141

electrolyte side reactions,’*" and poor electronic conductivity.'>® All of these processes

combined can step up the overall degradation of the cathode material.

STABILIZATION OF OXYGEN REDOX AND MITIGATION OF THE
STRUCTURAL/CHEMICAL IRREVERSIBILITY

Suppressing Voltage Hysteresis and Fading
Voltage hysteresis and fading are major roadblocks to the development of high-en-
ergy Li-rich layered materials. Many mitigation strategies to suppress voltage hyster-
esis and fading have been reported. These methods include cation doping,'®’ t

5% controlling redox couple evolution,’” compositional
161

un-
ing crystal structure,
control,'?'¢% gradient Li distribution,
component.'®? Here we summarize these strategies.

and tuning the non-electroactive cathode

Tuning the crystal structure of Liy(Lig 2Nig 2Mng ¢)O2 from an O3 to an O2 type has
resulted in suppression of voltage fading on long-term cycling and minimum initial
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Figure 18. Chemomechanical Degradation of Layered Materials due to Irreversible Oxygen Loss
(A-D) Evolution of cracks monitored through selective Z-contrast STEM images upon heating
Lio.sNig.4sMng 4Cog 0, at 230°C for (A) 0 min, (B) 12 min, (C) 26 min, and (D) 40 min.

(E) Growth of cracks over time. Four cracks are individually measured and plotted. The initial growth

of microcracks is rapid during heating, which slows down with time. Adapted from Mu et al.'*°

voltage hysteresis.'*® For the O2-type structure, TMO,, octahedra in the transition
metal layer is face shared with the LiO4 octahedra in the Li layer (Figure 19B). Tran-
sition metal migration from an intermediate tetrahedral site to an octahedral site of
the Li layer is not favored because of the electrostatic repulsion between the cations
in the face-shared octahedral sites (Figure 19B). The authors argue that the large
electrostatic repulsion encourages the transition metal ions in the tetrahedral site
to return to the octahedral site of the transition metal layer and thus minimize the
initial voltage hysteresis and voltage fading on long-term cycling."*® Similar to crys-
tal structure tuning, careful compositional control has resulted in suppression of
voltage fading in Li-rich materials. For example, Kang and coworkers showed that
increasing the Ni content from 20% to 40% in Lij 2NiMng O can improve the
voltage stability."*” The underlying mechanism is the introduction of Ni** species
with increasing Ni content in the material. Irreversible oxygen redox necessitates
the triggering of another redox couple in the form of Mn3*/Mn*" in Li/Mn-rich
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Figure 19. Suppressing Voltage Fading through Tuning the Crystal Structure and the Composition of Li-Rich Cathodes

(A) Crystal structure of an O3-type layered oxide (top). A schematic representation of a transition metal migration pathway in an O3-type layered oxide
(bottom). Adapted from Eum et al.'*®

(B) Crystal structure of an O2-type layered oxide (top). A schematic representation of a transition metal migration pathway in an O2-type layered oxide
(bottom). Adapted from Eum et al.'*®

(C—~F) Schematic electronic band structure of (C) pristine and (E) cycled Liy ;Nig 2Mng O, and (D) pristine and (F) cycled Liy/2Nig 4Mng 4O,. Adapted from
Ku et al.”™?

materials. Formation of Mn®* is detrimental to the voltage stability because Mn®*
can migrate to the Li site and form a spinel phase. However, Ni** is more likely to
be reduced than Mn** in Lij 5Nig 4Mng 4O, because the empty Ni*/Ni* states lie
below the Mn®*/Mn** states (Figures 19D and 19F). Hence, the Mn**/Mn** redox
couple is not triggered for charge compensation (Figures 19E and 19F). Controlling
redox couple evolution such as suppressing the activation of Mn®**/Mn** redox
couple in charge compensation can also mitigate voltage fading in Mn-based so-
dium layered oxide materials.>’ A significant voltage decay in Nag ¢[Lig 2Mng g]O-
is observed in comparison with Nay/3[Mgq,3Mn5,3]O, because of the larger contribu-
32 K* doping in Lij ;Mng.54C00.13-
Nig.130; is reported to slow down voltage decay.” On K* free Li; ;Mng.54Cog.13.
Nig 1305, the Mn**/Mn3* redox continuously shifts to lower potential, contributing
to voltage decay, along with a continuous growth of the spinel phase. Meanwhile,

tion of Mn in charge compensation in the former.

the K™ doping is argued to suppress spinel phase formation and the polarization
of Mn**/Mn3* redox coupling, resulting in comparatively lesser voltage decay in
the material. Meanwhile, a gradient distribution of Li (Li-poor surface and Li-rich
bulk) has been proposed as a strategy to stabilize Li-rich materials.’®" The Li-poor
surface is claimed to be immune to irreversible oxygen redox while the bulk can still
maintain the high capacity from oxygen redox. Interestingly, Pan and coworkers re-
ported that utilizing a novel non-electroactive cathode component, e.g., sodium
carboxymethyl cellulose (CMC) binder, can enhance the cycling performance of
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Liy 2Mng 54C00.13Nig.1302.'%? CMC binder can prevent the detachment of the elec-
troactive particles and also suppress voltage fading of Liy ;Mng 54C0g.13Nig.1302
by Na* incorporation from the binder into the cathode particles. The incorporated
Na® can suppress transition metal migration to the Li site and prevent capacity
and voltage fading.

Surface Coating to Prevent Irreversible Oxygen Redox

Various surface coatings are applied to prevent irreversible oxygen redox, such as
LisPO,4, "% Zr-based oxides (e.g., LiZrOs, ZrO,),"** %7 Co30,.,"%® Li,SiO5,"¢7
SnOy,""% Al,O3,""""7% and AlFs.""* These surface coatings are argued to suppress
oxygen release by acting as a barrier between the cathode and the electrolyte, pre-
venting oxygen loss,"’” electrolyte oxidation,'? transition metal dissolution,'®”'"°
and structural transformations.'®*"¢>'%” Often these benefits are accompanied by
the sacrifice of initial discharge capacity because of the utilization of electrochemi-
cally inactive coating materials.'’® Electronic and ionic conductivities are also
compromised because of the structural mismatch between the coating and the cath-
ode particle."’® Hence, phase compatibility becomes an important factor in main-
taining the electronic and ionic conductivities of the coated materials.’’® Hu et al.
reported a phase-compatible coating of Lag gSro,MnO3_, (LSM) on Li-rich Lij 5.
Nig.13C00.13Mng.5405."7¢ The LSM coating has a hexagonal crystal structure, and
the (012) plane of the coating consists of Mn octahedra with Mn-O bond length of
1.96 A. The bond length is almost similar to the TM—-O bond length of the Li-rich ma-
terial, allowing a heterostructural connection between the coating and the cathode
particle. The authors reported that such phase-compatible coating can mitigate
transition metal migration and irreversible oxygen redox, and protect the cathode
particle against hydrogen fluoride generation. Zhang et al. reported a dielectric
Mg, TiOy4 coating on Lij 2Mng 54Nip.13C00.130,, which can create a reverse electric
field to inhibit migration of bulk anions to the surface, preventing irreversible oxygen
loss.'”® The prevention of oxygen loss resulted in better cycling stability and less
voltage fading on the coated material compared with the uncoated one.

Cationic and Anionic Doping/Substitution to Stabilize Oxygen Redox

The incorporation of foreign elements into the crystal lattice can effectively modify
the crystal and electronic structure of cathode materials, which can be beneficial
for stabilizing oxygen redox. Many different dopants have been studied, and the
incorporation of these dopants to a specific lattice site can be carefully controlled.
For example, Mg and Zn can be incorporated into the alkali layer and/or the transi-
tion metal site simultaneously.'”’"'”® Meanwhile, elements such as Ti, Nb, Zr, Cr, Al
and Fe are doped into the transition metal site of the layered structure.'’?~'%¢ An
anionic dopant/substituent such as F can replace some O in the oxide framework
of the crystal lattice.”®®"®” F can enhance the structural stability by decreasing the
Jahn-Teller distortion due to Mn3*."% F incorporation into the host lattice has
been reported to enhance high-voltage stability of DRX materials.” Often, the stabil-
ity is rationalized based on greater contribution of transition metal cations to redox
reactions with respect to the oxygen anions. F substitution can reduce the effective
anionic charge, thus lowering the positive charge on the transition metals. Lower
positive charge on the transition metals results in larger capacity from the redox ac-
tivity of the transition metals, which can limit the contribution of oxygen to redox re-
actions.'"® A strategy of F substitution and high-valence-state transition metal ion
incorporation has enabled triggering of the facile redox of Mn?*/Mn** in Mn-based
DRX materials."’® Thus, high capacity can be obtained without triggering
extensive oxygen redox. Consequently, the degradation of cathode materials
related to irreversible oxygen redox can be minimized. However, the effect of F
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doping/substitution can extend beyond to modifying the electronic structure of
transition metal cations and oxygen anions. For example, unlike the oxide version
of the DRX material, simultaneous redox of Mn and O can be observed in Li,Mn,,
3Nb1,30,F because of the overlap between Mn eg* states and unhybridized O 2p or-
bitals. The overlap can take place because of the Mn—F bonds and longer separation
between Mn and the anions.""* Meanwhile, cationic dopants such as Ti** can stabi-
lize the oxygen environment by strengthening the bonding between metal and ox-
ygen.'O188189 Mg2* is reported to act as a pillar when sitting in the alkali layer, thus
stabilizing the structure at high SOCs."’® Mg®* can also improve the electrochemical
stability by breaking the alkali-ion/vacancy ordering.’” Zn?" doping can reduce
Mn3*-induced Jahn-Teller distortion and can enhance phase stability.'”” Intentional
incorporation of proton in the Li layer of the Li-rich oxides is reported to improve the
initial Coulombic efficiency and discharge capacity.'?® Protons can be incorporated
in the host structure through solution treatment of the pristine material at different
pH.""% A moderate coupling between the oxidized lattice oxygen and the inserted
proton is observed, which is claimed to improve the stability of the oxygen redox
activity.

Some dopants such as Ti,'%"®® Zr,'®> and W'?" are observed to segregate preferen-
tially on the surface of the cathode particles. The segregation on the surface can form
a protective layer between the cathode and the electrolyte, similar to the coating on
a cathode particle. For example, Ti when segregated to the surface of the cathode
particle can stabilize the interface because of the strong Ti-O bonding, and minimize
the interfacial degradation phenomena.'®'®® Doping with multiple elements with
unique distribution from the surface to the bulk can enhance the surface-to-bulk
structural and chemical stability of conventional Li layered cathodes,'” and the
strategy can be adapted for stabilization of Li-rich layered oxides as well."*%%3
Shin et al. conducted a comprehensive study of many dopants to theoretically ascer-
tain the tendency of the dopants to segregate on the surface of the particle.”” The
authors calculated the dopant segregation energy at the low index surface facets
(namely two surface facets (001) and (010), and three subsurface facets (100),
(110), and (111)) of Li;MnOs3, which is summarized in Figure 20. The study effectively
summarized the segregation behavior of the dopants and provided a reference
point for identifying dopants to impart surface stability on the Li-rich cathodes.
These calculations are based on thermodynamics. During the practical synthesis, ki-
netic parameters, such as temperature profile, will likely govern how dopants redis-

tribute in cathode particles.'”

CONCLUSIONS AND PERSPECTIVE

Oxygen redox chemistry in alkali-ion batteries has opened up new opportunities for
designing materials with high capacity and energy density. The large capacity obtained
by the Li-rich materials has intrigued battery scientists in figuring out the chemistry
behind the excess capacity. Early explanations included irreversible structural transfor-

mations and Li and O extraction.'’'*
15,16,26,37,43,62,63,117,194

However, from various pioneering
works, it is now widely accepted that the excess capacity can be
obtained by the reversible redox chemistry of lattice oxygen. In conventional layered ox-
ides, holes created by electron removal ata deeper delithiation/desodiation level can be
trapped at the O 2p orbitals, causing oxygen redox.?® This type of oxygen redox is often
deemed irreversible. However, recent studies on the reversible nature of high-voltage
lattice oxygen redox in conventional layered oxides warrants further investigation.”***
Li-O-Li configurations have been identified as critical structural units for triggering

reversible oxygen redox in Li-rich materials.'> However, the true nature of oxidized
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Figure 20. Segregation Behavior of Dopants Calculated in Terms of Dopant Segregation Energy at Various Low Index Surface Facets of Li,MnO3

The background rainbow color scheme of the element labeling indicates the radius of the elements. The segregation preference of the dopants is
represented by a pie chart, and each segment of the pie chart belongs to a different facet. The segments are colored differently based on the
segregation behavior of a dopant, with blue color indicating that the dopant would tend to segregate on the surface of that facet while the red color
means that the dopant would prefer to stay in the bulk. Adapted from Shin et al.””

oxygen is still under debate. Some studies indicate localized holes in the O 2p orbitals,*
whereas others claim significant structural transformations with the formation of peroxo-
like bonding along with ligand (oxidized oxygen) to transition metal ion charge trans-
fer.?>” Recently, molecular oxygen entrapment in the lattice has also been presented
as a possible model of lattice oxygen redox.*" In this review, we have summarized these
models of oxygen redox to develop a convenient understanding for readers. While many
techniques such as XPS,***¢ DEMS,"”>"""” and electron paramagnetic resonance®® are
utilized to probe the chemical nature of oxygen redox, the recent development of RIXS
has unequivocally proved the reversible nature of the lattice oxygen redox.”’'*?
Through resolving the emission energy against the excitation energy of the fluorescence
photons, the true signature of oxidized oxygen has been resolved. Such resolution has
also enabled deciphering of the chemical nature of the oxidized lattice oxygen and has
provided critical information on the bulk process of the lattice oxygen redox.”®*? How-
ever, we note that the theoretical interpretation of the RIXS results of the transition metal
oxide-based system remains elusive, although it may provide the most direct modeling
related to the fundamental mechanism of oxygen redox reactions. We are aware of the
current debate over the most legitimate analytical tools to probe the oxygen redox
chemistry. We believe that a complete understanding of the highly controversial anionic
redox requires a comprehensive diagnostic toolbox that can probe oxygen redox chem-
istry at multiple length and time scales.

We have also summarized the challenges with oxygen redox that prohibit the
commercialization of the Li-rich cathode materials. Transition metal migration to
the alkali metal-ion layer is widely observed in materials with oxygen redox.'"’
Such migration has contributed to voltage fading on consecutive cycling. This migra-
tion is often accompanied by oxygen evolution and structural transformations.** The
loss of oxygen induces the reduction of some transition metals, which can form new

redox couples during subsequent cycling. The evolution of Mn- and Co-based redox
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couples has been found to contribute to the voltage fading of Li- and Mn-rich cath-
ode materials.*® Transition metal migration can alter the electronic structure of cath-
ode material and change the redox sequence, causing redox asymmetry (cationic-
to-anionic oxidation on charge and cationic-to-anionic reduction on discharge).?®
Voltage hysteresis and fading have also been reported to originate from such asym-
metric redox evolution. A recent study of oxygen redox in Naz/3Ni1,3Mnz,30; raises
further questions regarding the mechanistic understanding of voltage hysteresis and
oxygen redox.”* This material can utilize oxygen redox for charge compensation but
with very little voltage hysteresis (<0.1 V), i.e., almost perfect electrochemical ki-
netics. No doubt a complicated relationship exists between oxygen redox, transition
metal migration, transition metal reduction, and voltage hysteresis and fading.
Further development of oxygen redox chemistry will involve the formulation of a uni-
fied understanding of oxygen redox to that of transition metal migration and voltage
fading. Meanwhile, the critical challenges inhibiting the practical application of ox-
ygen redox, such as voltage hysteresis, voltage fading, and slow oxygen redox ki-
netics, call for materials development that can address these issues. Future develop-
ment of cathode materials with oxygen redox may focus on engineering the crystal
structure and exploring the compositional space in order to tackle these issues.
Enhancing the reversibility of transition metal migration can be promoted by tuning
the crystal structure (e.g., O2-type structure over O3-type structure) that can sup-
press voltage fading on electrochemical cycling.”*® Controlling the long-range
ordering of transition metals also provides a means of reducing voltage hysteresis.”’
Meanwhile, close composition control of transition metals can suppress irreversible
oxygen evolution."*? Exploring the compositional space also provides an opportu-
nity for improving oxygen redox kinetics. For example, incorporating Co in
Nag ¢[Mgo 2Mng g_Co,]O, can reduce the band-gap energy and enable facile elec-
tron transfer from Co 3d and O 2p states. This results in improved rate capability of
the material.’”®

Oxygen redox allows the development of high-energy cathode materials as an alter-
native to Li-ion cathodes. Sodium layered cathodes constitute such examples. In this
review we have summarized that oxygen redox can be triggered in sodium layered
cathodes, which can improve the capacity and energy density.”*"’” Crystal struc-
tures of sodium layered cathodes are more diverse than those of Li counterparts,
and the compositional space is also vastly expanded.®? Thus, along with utilizing ox-
ygen redox, sodium layered cathodes can be synthesized with cheap and abundant
transition metals, improving the cost-effectiveness of these materials.'”” Moreover,
the broad range of crystal structures can provide an opportunity to minimize transi-
tion metal migration, thus suppressing voltage fading.
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