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Correlating concerted cation on oxygen redox in rechargeable
batteries

Shigi Wang?, Lifan Wang?, Sandoval David®, Tongchao Liu*?, Chun Zhan*2and Khalil Amine*®

Rechargeable batteries currently power much of our world, but with the increased demand for electric vehicles (EVs) capable
of traveling hundreds of miles on a single charge, new paradigms are necessary for overcoming the limits of energy density,
particularly in rechargeable batteries. The emergence of reversible anionic redox presents a promising direction toward
achieving this goal, yet this process has positive and negative effects on battery performance. While it often leads to higher
capacity, anionic redox also causes several unfavorable effects like voltage fade, voltage hysteresis, sluggish kinetics, and
oxygen loss. However, the introduction of cations with topological chemistry tendencies has created an efficient pathway
for achieving long-term oxygen redox with improved kinetics. The cations serve as pillars in the crystal structure and
meanwhile can interact with oxygen in ways that affect the oxygen redox process through their impact on the electronic
structure. This paper delves into a detailed examination of the fundamental physical and chemical characteristics of oxygen
redox and elucidates the crucial role that cations play in this process at the atomic and electronic scales. Furthermore, we
present a systematic summary of polycationic systems, with an emphasis on their electrochemical performance, in order to

provide perspectives on the development of next-generation cathode materials.

Introduction

Positioning the future of energy storage, making substantial
improvements in the energy density of oxide electrodes
becomes increasingly challenging solely through the cationic
redox pathway'. Additional electrons provided by both anionic
and cationic redox put one crucial step in overcoming current
constraints®7. In addition, the occurrence of concerted anion
and cation redox charge compensation, unlike the commercial
family of NCM materials with solely cation redox, does not
exhibit a great dependence on strategic resources such as
cobalt and nickel and presents electrochemical activity in
disordered rocksalt structures®. This development offers a clear
trend towards lowering costs and reducing strategic resource
dependence by expanding the choice of cation (normally-
believed inert cations) and structure.

Although anionic redox integration with conventional
cationic redox-based cathode materials advances ultrahigh
energy density and expands the choice of cations, it also poses
challenges related to both cation and anion redox®. The
practical application of anion and cation redox charge
compensation in cathode materials is hindered by unfavorable
electrochemical properties, including slow kinetics, oxygen loss,
voltage fade, and voltage hysteresis. Over the past two decades,
researchers have uncovered that these issues stem from oxygen
holes stabilized by O-O dimerization and coupled cation
migration. Dozens of studies have endeavored different options
based on different mechanisms to minimize these challenges.
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For instance, examining oxides that can accommodate local
structural reorganization produced by O-O dimerization or
identifying materials that do not undergo O-O dimerization
while simultaneously avoiding transition metal migration and
voltage hysteresis.

Indeed, the aforementioned studies on the topic of regulating
oxygen redox chemistry always exploit the role of cations,
either as mediators of anionic processes, leveraging the fast
kinetics and electrochemical stability of cationic redox, or as
dopants to control the activation and stabilization of anionic
redox through coordination environments. Such nature of
oxygen redox along the M-O bond, along with cationic intrinsic
pillar roles and electronic structure modification, suggests the
pressing need for focusing on the interactions between cation
and anion redox. Considering anionic redox chemistry from a
cationic perspective is crucial in clarifying the mechanisms
behind oxygen redox, ultimately providing opportunities to
improve cathode performance and minimize material costs.

In this review, we first examine the physical and chemical
properties of oxygen redox as a new redox center different from
conventional cationic redox, including its significant benefits
and intrinsic challenges. Followed by discussing the action
mechanism of cation in regulating oxygen redox. Then, we land
on the specific cation selection and the effect of their
combination and ordering. Finally, we offer conclusive thoughts
on the future of oxygen redox. By exploring the specific roles
played by cations in influencing the behavior and performance
of oxygen redox, we can gain crucial insights into the design
principles and strategies for harnessing the full potential of this
intriguing phenomenon.

2 The overview of the oxygen redox instincts

Before delving into the topic of the role of cations in oxygen
redox, we need to start by understanding the instincts of oxygen
redox. Anionic redox is commonly considered synonymous with
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the limit-breaking capacity of cathode materials by providing
additional charge compensation. In fact, even when the total
deintercalation of alkali is constant, increasing anionic redox
increases the capacity per unit of alkali removal. This is because
the charge compensation provided by anionic redox is detached
from the heavy transition metal. Researchers aim to utilize
anionic redox pairs as a complement to low-cost redox electric
pairs to increase the additional capacity of cathode materials.
However, after the involvement of oxygen redox in charge
compensation, several challenges will arise due to the worse
reversibility of anion redox and inherent differences in the
properties of redox centers between anionic and cationic redox.
These challenges include poor capacity retention, sluggish
kinetics, voltage decay, and voltage hysteresis. In this section,
we will explain the fundamental principles underlying the
electrochemical behavior of anion redox, based on the charge-
discharge curves of layered oxides that contain typical anion
redox. (Fig 1a)

2.1 Exceeding the capacity limitation of conventional cathodes

According to Faraday's law, the theoretical specific capacity
of rocksalt-structured Lijy Mit, 0; (1>x=0) materials can be
expressed as

Q =nZF/M = (A +x)F/[39+ Wy +(7—Wy)x],
Here, Q represents the specific capacity, n signifies the number
of ions that can provide electrons, Z is the amount of charge
transferred per ion, F is Faraday's constant, and M is the molar
mass of the material.

The equation shows that the specific capacity increases with
the rise of x, highlighting the need for excess alkali to achieve
high capacity. (Fig 1b) However, there is a constraint imposed

by the charge balance, which dictates that Z = 1+2/(1-x). This
means that as x increases, the valence of the cation is already
too high for charge compensation. At this point, oxygen ions can
contribute to charge compensation via redox, which enables
hyper-lithium oxides to achieve their theoretical capacity,
overriding this restriction. Furthermore, achieving high capacity
is not only reliant on x but also on the value of Wy, the molar
mass of the cation. (Fig 1c) Rocksalt-structured oxides are
dependent on high-valent transition metals under high excess
alkali.

compensation without introducing weight gain, enabling the

Nevertheless, oxygen redox can offer charge
use of lighter but less electrochemically active cations such as
Ti*, Fe®*, and Mg?*. In this way, the use of these lighter,
environmentally friendly metals in energy storage is made
possible while simultaneously increasing capacity.

Anyhow, the dependence of rocksalt structured oxides on
high-valent transition metals under high excess alkali is
unavoidable. The extreme utilization of anionic redox capacity
entails a departure from rocksalt structures and consideration
of structures with an anion-to-cation ratio of less than 1. Li,O
with anti-fluorite structures, for example, solely possesses
oxygen redox and has the ultimate theoretical specific capacity.
Unfortunately, its poor electrical activity makes it difficult to
use. To improve its conductivity, TM doping was utilized to
obtain a series of ultra lithium-rich materials such as LisFeQy,,
LigCoO,4, and LigMnO,. LisFeO, can realize the ultra-lithium
component with Fe3* and thus obtain high capacity based on
simultaneous anion and oxygen ion redox. Ultimately, high
capacity as a function of both x and Wy, which aligns with
anionic redox, indicates that the more anionic redox accounted

for, the higher the capacity.
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Figure 1 The instincts of the oxygen redox. a) Typical charge/discharge behavior of layered oxides including anionic redox. b, c)
The specific capacity of the cathode material increases as the proportion of anion redox increases, as indicated by the increase in
alkali metals and the decrease in molecular mass, as oxygen redox can reduce the reliance on heavy transition metals. c) Schematic
of the electrochemical instability of oxidized O%. Reproduced with permission. Copyright Royal Society of Chemistry 2016. d)
Kinetic square scheme in O2-Liy 12-yNig.17Mng 710,, C(O™ )and € (O,* )as a function of time . Reproduced with permission!!. Copyright

Royal Society of Chemistry 2022.
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2.2 Limited reversibility triggered by metastable 0%/™ couples

Besides capacity, reversibility and cyclability are the most
important metrics for secondary electrode materials. Compared
to cationic redox for charge compensation, the drawbacks of
anionic redox currently are its poor reversibility and cyclability.
For example, researchers have found that irreversible O,
release accounts for 70% of the charging capacity of Li,MnO3'2.
Furthermore, the cycling performance of cathodes containing
oxygen redox is usually inferior to that of cathodes with pure
cationic redox. The use of anionic redox is challenging due to
the energy loss caused by both voltage hysteresis!3 14 (150-500
mV during charge and discharge) and voltage decay® ¢ (300—
500 mV after 100 cycles).

The destabilization of anionic redox can be primarily
attributed to the characteristics of the desired oxygen redox
pair of metastable 027", as shown in equation:

0?°~Q0~ +e =>1/20,+2e~

In fact, the redox pair of anionic redox does not exhibit the
easy addition or removal of electrons as the conventional
transitional metal ions!. The loss of electrons in 0?2 requires
higher energy compared to transition metals, as the O 2p bond
is located lower than the TM 3d bond. Additionally, as the
oxidized 0% potentially are severely underbonded, isolated O-
does not meet the octet rule and is considered unstable, as
in Fig 1d'7 18, This instability leads to phase
decomposition into MO, and O, during delithiation, which
quickly depletes the unhybridized oxygen during charging. The
evolution of the O, is energetically favorable with poor
electronic stability of oxidized oxygen, but O, gas release is
irreversible because it leads to the loss of lattice oxygen,

shown

thereby rendering capacity unavailable, which needs to be
suppressed. Compared to O, gas, oxidized oxygen in the form of
0-0/TM=0 bonding is more likely to reversibly regain electrons
and return to the O? state. Doublet et.al.?® defined that the
number of holes produced per oxygen (h°) is an essential
parameter in determining the reversible capacity. Therefore,
the critical feature associated with reversibility is the stability of
the O holes.

In sum, the O%/™ couples are inherently electrochemical
instability. The electronic instability of O~ O-holes leads to
limited capacity reversibility. The asymmetries between the
charging and discharging of O2/™ redox couples result in poor
voltage reversibility. Furthermore, the presence of unstable O-
holes decreases the energy barrier for transition metal (TM)
migration, leading to irreversible phase transitions and an
increase in low-valent cationic redox, ultimately resulting in
electrochemical degradation such as voltage decay. Regulating
the stabilizing mechanism of the metastable 0%/™ couples is
crucial for the development of reversible oxygen redox.

2.3 Power rate associated with the sluggish kinetics

The energy density and power characteristics of electrode
materials are crucial indicators for practical applications,
particularly in the context of electric vehicles. However, it is
commonly observed that capacity contributed by oxygen redox
degenerates sharply with the increase of C-rate?°-?2, and oxygen

This journal is © The Royal Society of Chemistry 20xx

redox is accompanied by severe “polarization/overpotential”.
For instance, the Li—O, battery shows sluggish reaction kinetics
and sensitivity to rates?’. Oxygen reduction and evolution
reaction (ORR and OER) in Li-O, batteries require a large
overpotential to overcome severe kinetic bottlenecks, which
originate from four electron-proton coupled processes and the
dismantling of solid products into gas?* 2>. Likewise, oxygen
redox in transition metal oxide cathodes is often regarded as
kinetically sluggish. In earlier studies, it was considered that
oxygen redox contributes to charge compensation mainly via
evolution into O2 gas at a plateau around 4.5V. J. R. Dahn et al.
calculated the oxygen diffusion constant in this oxygen loss
region of Li-rich oxides to be 1013-1012 cm? s1,26 which is
roughly 1000 times less than the lithium diffusion constant in
LiCoO,. When considering reversible oxygen redox, it involves
the charge transfer (accepting and donating electrons) process
and the accompanying stabilization process. Actually, the
kinetics of oxygen redox per se is not slow, while the
stabilization process of the O- along with O-O dimerizations and
the motion of TM are the main factors limiting the kinetics.
Kosuke proposed the kinetic square scheme to describe the
oxygen redox reaction (Fig 1e). During the charging process!?,
O? initially oxidizes to labile O-, and dimerizes to stable peroxide
0,2 with a rate constant of k. During discharge, 0,2 is reduced
to the unstable 0,%, then provoking the cleavage to O%. In turn,
it has been shown that sluggish local reaction kinetics will
trigger electrochemical deterioration of the material, such as
cation migration?”.

Besides the electrochemical reaction resistances, chemical
diffusivity is also an important parameter affecting the
transport rates in solids. Therefore, except for sluggish kinetic
processes of oxygen redox, the large voltage gap between
charge and discharge in Alkali-rich oxides is additionally
ascribed to poor ionic conductivity. In fact, The Li-ion diffusion
coefficient in most Li-excess disordered rock-salt oxides (D;:
10716-1071> cm? s71)?8 2% and layered Li-rich oxides (Dy: 107*4—
10711 cm? s71)30-32 gre far from traditional cathode materials
LiCoO, (Dyi: 1071°—-10"8 cm? s71)33, Therefore, although oxygen
redox may be inherently kinetics sluggish, the rate performance
of lithium-rich materials can still be improved by increasing the
Li* diffusion coefficient. There are many intriguing studies on
acquiring high rate capability in Li-rich materials by facilitating
the Li-ion diffusion, such as lattice plane controlling3# 35, cation
doping3®, and nanocrystallization3’, which all demonstrate that
involvement of oxygen redox is not an unbreakable limitation
on rate capability.

3 Concerted cations modulating oxygen redox
process

In fact, it is difficult to analyze oxygen redox in isolation within
the AMO, system, as oxygen redox naturally proceeds in
concert with cations due to the presence of M-O bonds.
Moreover, the additional capacity contributed by oxygen redox
may not be fully reversible due to the electrochemical instability
of 02/™ couples. Activation and stabilization are required to
enable anionic redox within appropriate potential, providing

J. Name., 2013, 00, 1-3 | 3
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high capacity upon prolonged cycling. Actually, the cations, a
AMO,, the
thermodynamic and kinetic nature of the anion redox, i.e., the

fundamental component of can impact
TM-O systems can accommodate unstable O and determine its
that the

electrochemical behavior of oxygen redox is highly correlated

reversibility. It is essential to acknowledge
with cations, and thus, this section will provide a detailed
analysis of the origin and mechanisms of oxygen redox, with a
primary focus on the regulation of cations in anion redox

processes (027" couples).

3.1 Cations elevate the energy of oxygen 2p state

The capacity of the Lij Mit, o, gradually increases as the
cation valence rises in the rocksalt structures. For instance,
although the capacity of the conventional LIMO, {M: Ni, Co)
system has gradually approached its theoretical capacity and
increases yearly, it is still difficult to exceed the limit of 250
mAh/g. In contrast, the Li,MO; system (M: Mn, Ti, Ru) easily
exhibits a capacity of more than 250 mAh/g. Moreover, when
further raised to Li;MQ,, the layered rocksalt LizIrO, can nearly
reversibly contribute 356 mAh g. 38 This is because the Li/TM
ratio rises with the increase of cation valence with an anion-to-
cation ratio of 1:1 in the rock-salt structures as illustrated in Fig
2a. For example, from LiM** 03, LiasM3502, Liz2M350: to
Lig/sMg/fr,Oz, and the increase in the Li/TM ratio, accompanied
by anionic redox involved in charge compensation, can enhance
the capacity of the cathode®®, which is the extra capacity
provided by anion redox.

However, solely Alkali {A) rich or high valence TM in the rock-
salt oxide is not able to guarantee the occurrence of oxygen
redox within the working potential window that electrolytes can
withstand. The chemical origin of anion redox is the energy
increase of the O 2p orbitals. It is because common O 2p
hybridized with TM 3d bands along A-O-TM. Therefore, it is
commonly proposed that specific cations should be selected to
reduce the TM-O hybridization and facilitate the unhybridized
O 2p state at the elevated energy level, as shown in Figure 2b.
The presence of non-bonding O states raises the energy of the
O 2p orbital to induce oxygen redox during deep delithiation?’.
Electrochemically inactive cations, such as alkali, alkali earth,
divalent d'° transition metals {M), or vacancies(V) with fully
filled (or non) d-shells result in weaker and less directional
metal-oxygen bonds, favoring the formation of orphaned O 2p
states'? 19,

It was found that the density of states of O 2p non-bonding
of A-O-A" (M/V)
configurations!” and oxygen redox exhibits a configuration

state is proportional to the number
dependence. For example, the cationic charge surrounding one
oxygen affects the energy of oxygen non-bonding state in the
electronic structure. The lattice oxygen redox was considered
be activated in the absence of transition metal {TM)-redoxable
species. The generation of the A-O-A' (M/V) configuration can
be achieved by decreasing the TM/O ratio. Here, TM refers to

ions other than cations favoring the A-O-A' (M/V) configuration.

4 | J. Name., 2012, 00, 1-3
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Figure 2 a) The number of O non-bonding states (A-O-A

configuration) in the localized structure increases with
decreasing TM/O ratio. a) A-O-A configuration is controlled by
cation valence state. Reproduced with permission®. Copyright
Springer Nature 2018. b) A-O-A configuration reduces the
energy level of the oxygen 2p non-bonding orbital, thus leading
the oxygen redox. c) A-O-A configuration is controlled by cation

specie. Reproduced with permission?!. Copyright Elsevier 2019.

When A' (M) is A in the A-O-A' (M/V) configuration, a typical
lithium-rich or sodium-rich structure is formed. In this case, the
cathode theoretical capacity is determined by the number of A-
O-A configurations (A/TM ratio). Lithium-rich compounds are
the most promising structures for next-generation cathode
materials due to the extra capacity of oxygen redox from excess
alkali. Sodium-rich compounds also have the potential to offer
higher capacity. However, for alkali metal Na* (1.02 A) with
large radii, it is significantly mismatched with the 3d cation size.
Na;MnOsz-like materials are only discussed in theoretical
calculations??. Na-rich oxides are primarily based on Ir/Ru,
which struggle to achieve a capacity advantage due to their high
molar mass.

When A' (M) is not A in the A-O-A' (M/V) configuration, the
participation of oxygen redox does not result in ultimate extra
capacity. Therefore, this is
stoichiometric/deficient oxides. Although the substitution of

more common in sodium-

This journal is © The Royal Society of Chemistry 20xx
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non-A cations would theoretically sacrifice the ultimate capacity
of the the practical
de/intercalation of alkali metals, the oxides with non-A cation
substitution may not necessarily show a decreased discharge
capacity. Furthermore, sodium-based oxides are inherently
susceptible to phase transitions during the removal of sodium,
Na-rich materials do not exhibit higher capacity and reversibility
advantages compared to Na-deficient oxides*3. In contrast, the
reversibility of oxygen redox may be modulated by changing the
A’/M/V configuration. Primarily, alkali-rich environments as the
conventional paradigm for controlling A-O-A' activation of anion
redox, it is also feasible to utilize the Na-O-Li configuration (Fig
2c.) in sodium-ion batteries to activate anionic redox** and
performance. example,
constructed Na-O-Li bonds by introducing Li* into the transition
metal layer, thereby activating anionic redox in O3-type
NaLi;;3sMny/30,, which even exhibit improved performance
compared to lithium-rich oxides, with little voltage fade during
cycling®®. Na,Li,Mn;.,) O2-type oxides are commonly employed
in sodium ion cathode materials to activate anion redox. This
not only activates higher capacity but also improves cyclic
performance by leveraging the pinning effect of Li+ 4% 46 47,
When x < 1, this suggests that A-deficient oxides can also exhibit
anionic redox activity, thereby extending the scenario for the
use of anionic redox. Then, divalent activated ions have a
stabilizing effect due to stronger repulsive
interaction. For example, Mg?* as an alkaline earth metal forms
an A-O-Mg configuration that possesses labile oxygen electrons
due to unhybridized p orbitals*® 4°. Besides, Cu?* and Zn?* can
promote oxygen redox activity through O 2p non-bonding
states along with the Cu-O/ Zn-O bond due to the fully localized
electrons on the oxygen anion®% 51, Therefore, researchers are

material. However, considering

showed better For researchers

electrostatic

interested in Na-stoichiometric/deficient oxides that exhibit
enhanced reversible anionic redox, which demonstrates high
compatibility with anionic redox. Although it is limited by the
amount of A content, it is considered a potential candidate for
the development of cost-effective energy storage materials,
when combined with sodium replenishers.

In summary, the activity of oxygen redox is regulated by
cations through the TM/O ratios, thereby further affecting the
ratio of anion and cation redox in the system. The theoretical
capacity of the system increases as a result of added lighter
metals associated with oxygen redox, while the ultimate
capacity hinges on the degree of alkali enrichment.

3.2 Cation accommodates oxygen redox through hybridization
As mentioned above, the 02/O couple itself is resistant to easy
addition or removal of electrons. Therefore, the process of
losing electrons of oxygen oxidation involves interactions with
cation through hybridization, regulating the activation and
0%/0-.
determine the electrochemical
including reversibility and kinetic, which is the origin of
asymmetric charging and discharging processes of anion redox
and is related to collateral damage such as cation migration.
Before losing electrons of oxygen oxidation, the M-O
interaction is actually always present. Although the A-O-A

stabilization of The hybridization procedure will

behavior of anion redox

This journal is © The Royal Society of Chemistry 20xx

configuration is able to elevate the energy of oxygen 2p state in
the rock-salt oxides as stated before. Compounds such as
Li,TiO3, Li,Sn0O;3, Li,ZrOs, and LisNbO,4, which have abundant A-
O-A configurations still fail to exhibit expected oxygen redox
activity. This is because in these charge-transfer insulators
compounds with either completely empty or completely filled
d-shell cations, electrons should be extracted directly from the
O non-bonding state. It requires high activation energies and
thus induces large overpotentials, pushing the working
potential of the oxygen redox over the electrochemical window
of the electrolyte.

On contrary, the activation energy can be effectively lowered
with the presence of transition metal ions with partially filled d
bonds. When M nd-O 2p antibonding states are located at the
Fermi energy level, the trigger of oxygen redox can be achieved
before the oxidative decomposition of the electrolyte, through
the dynamic charge transfer from ligand (O 2p) to metal (M d).
Cations can act as intermediate species for oxygen redox>2. It is
shown that transition metal cations with strong M-O covalency
have fewer valence electrons in the high oxidation state. This
drives the donation of charge from oxygen to the metal center
due to low charge transfer energy, which is called LMCT (oxygen
oxidation through ligand-to-metal charge transfer)?. (Fig 3a) An
example of this is the activation process in Li,Ir,.,Sn,03 (LISO)
with 1r>55+-02" — [r55+-02")- |t was shown that the LMCT
process is the beginning of electrochemical irreversibility (anion
redox) in Li,_,Ir;_,Sn,03, indicating the activation of the LMCT
process for anion redox®. (Fig 3b) Analogously, since strong d-p
hybridization provokes Ru®*—(0,)>~ or Ru*—(0,)” through
Ruf*+02-—Ru>*+0" in Li,Ru;-,Sn,03%3, the oxidation of oxygen
may request the TM d orbital to enable the electronic
rearrangement of O because electron transfer is afforded by
cumulative cations (M™ — M1+ and anions (0% — 0,%)
through d-p hybridization®*.

LiMn,0,,

d)

t

————€g Low spin Ni%*,
N 1, High spin Rut* etc
) 9

)
oz
®m

charge transfer process

— €
9 Mn
illtzg Low spin Ru‘* etc

Figure 3 a) Schematic diagram of mechanisms of anionic redox
via ligand-to-metal charge transfer (LMCT) in Liylr,-,Sn,Os.
Reproduced with permission®. Copyright Springer Nature 2019.
b) The LMCT process is the onset of anion redox. Reproduced
with permission®. Copyright Springer Nature 2019. c)The
metastable phase diagram indicates the oxidation of Mn** to
Mn7*. Reproduced with permission®>. Copyright Springer Nature
2019. d) Charge transfer processes regulate anion redox
potentials. Reproduced with permission®. Copyright American
Chemical Society 2023.
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Although first identified in the 4d and 5d transition metals, in
fact, this two-step oxidation mechanism also occurs in 3d
transition metals®’. In the case of Li,MnOs, in contrast to the
commonly assumed direct oxygen oxidation mechanism,
theoretical calculations have proposed the LMCT process is
from O 2p to Mn 3d. When oxygen evolution is kinetically
hindered, the oxidation process of Mn** (oct) to Mn7* (tet)
becomes more thermodynamically favorable (Fig 3c), which
subsequently triggers the oxygen redox>>. Recently, researchers
have discovered that the LMCT process is universal. This process
has been observed in Ni3*/4* and Co*" in Li-rich oxides®s.
Additionally, the LMCT process along with charge redistribution
between TM and O>* will regulate the potential and amount of
anion redox®®, (Fig 3d). In conclusion, the LMCT process in the
anion redox process is both general and intricate, serving as an
approach to facilitate the activation of oxygen redox.

Upon losing electrons, oxygen tends to undergo irreversible
redox with the presence of unstable O~ on localized states®®.
Oxidized O?% deviates from the octet rule and tends to form
additional covalent bonds for self-stabilization. It was generally
considered that the oxidized 0%~ species can be stabilized by O-
O hybridization (also known as O-O dimerization) (Fig 4a), in the
formation of dimers in peroxide, superoxide® 33 ¢, or O,
molecules as trapped in voidst% 62 (< 1.5 A), in order to prevent
irreversible O, gas releasing. (Fig 4b) Peroxo-superoxide species
can restabilize the oxygen network*® 353, and trapped O,
molecules®? within the local environment throughout the bulk
can enable reversible oxidation of 0%, which both indicate more
inclination towards reversible bulk O-redox. However, it has
been found that O-O dimerization is accomplished through a
multi-step process that involves the migration of the transition
metal through an in-plane or out-of-plane to a
thermodynamically favorable location to stabilize the distorted
oxygen network 83, At the same time, the emergence of cationic
vacancies and dangling oxygen as a result of cation migration in
turn promote the formation of O-O dimerization due to the
decreased structural rigidity. (Fig 4c) The collateral damage of
structural rearrangement of the cation coupled to O-O
dimerization will give rise to other issues such as voltage decay

due to the correlated irreversible phase transition.
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Figure 4 a) Schematic diagram of the electronic structure of O-
O hybridization stabilized O- holes. Reproduced with
permission®, Copyright Springer Nature 2022. b) The evolution
of O-O dimers involves peroxides, superoxides, and molecular
oxygen. Reproduced with permission®. Copyright American
Chemical Society 2019. c) Transition metal migration coupled to
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dangling oxygen involved in O-O dimers. Reproduced with
permission®®. Copyright Springer Nature 2022.

Rather than the O-O hybridization resulting in severe local
structure transition, the strong M-O hybridization can stabilize
oxidized oxygen through localized m-type interactions with
minimal and/or reversible TM migration. Researchers suggest
that reversible oxygen redox involves M-O bonds, with o
donation mainly from oxygen before oxidation and m back-
donation from M to stabilize oxygen holes after oxidation (Fig
5a). This was proved by the spectroscopic signatures of this m-
type hybridization between localized O 2p and M t,, orbitals
through RIXS (Fig 5b)®’. Eum et.al®® reveals that the large
voltage  hysteresis of oxygen redox in NLTMO
(Nag.6(Lio.2Tip.2Mng.)02) compared to NLMO (Nag ¢(Lio.2Mng.5)O>)
is related to the difference in the oxygen stabilization
mechanism. The o-type cooperative oxygen with O-O dimers
replaces m-stabilization between the oxygen and TM by rapid
out-of-plane migration in NLTMO, while NLMO exhibits a much
slower conversion of m-stabilized oxygen to O-O dimers and
thus less voltage decay due to the slow in-plane migration (Fig
5c). Such Metal-Ligand 1t Interaction is thought to promote
reversible oxygen redox in many other cathodes®87°. However,
further exploration is required to understand the impact of the
extent of oxygen network distortion on reversibility, specifically
the M-0O bond shortening resulting from M-O rehybridization. It
has been shown that the TM=0 rehybridization may be
correlated to reversible cationic migration®. Furthermore, it is
important to examine the distinction and transformation of m-
type cooperative oxygen and O-O dimers.
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Figure 5 a) Schematic diagram of the electronic structure of M-
O hybridization stabilizes O- holes. Reproduced with
permission®. Copyright Springer 2022.b) RIXS
spectroscopic evidence of enhanced mn-type interactions
stabilizes O- holes. Reproduced with permission®’. Copyright
Royal Society of Chemistry 2020. c) Schematic illustration of the
change in stabilizing mechanisms for oxidized oxygen by M-O
hybridization and O-O hybridization, respectively. Reproduced
with permission®®. Copyright Springer Nature 2022.

Nature

From the above, it can be seen that the reversible oxygen
redox is achieved through the M-O rehybridization during the
oxygen redox process. (Fig 6a) However, due to the asymmetry
of the oxidation and reduction mechanism (Fig 6b), the voltage

This journal is © The Royal Society of Chemistry 20xx

Page 6 of 17



Page 7 of 17

Chemical Society-Reviews

reversibility and kinetics of their electrochemical behavior are
limited (Fig 6c). This corresponds to the electrochemical
behavior demonstrated by most anion redoxes, such as the
typical lithium-rich NCM.
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Figure 6 a) Schematic representation of the stable oxygen redox
reaction including c-accepting and m-donating of metal from
by the M-O rehybridization. Reproduced with
permission®’. Copyright Royal Society of Chemistry 2020. b)
Anion redox asymmetry due to the rehybridization mechanism.

oxygen

Reproduced with permission®. Copyright Springer Nature 2022.
c) Schematic representation of the electrochemical behavior
corresponding to different redox mechanisms. Reproduced
with permission®. Copyright Springer Nature 2022.

As mentioned above, although M-O rehybridization enables
reversible oxygen redox, it seems to be correlated with poor
voltage reversibility and sluggish kinetics. Hopefully, recent
studies have indicated that the electrochemical behavior of 0%
/O couples (Fig 7a) through delocalized electron holes on (TM-
O), clusters is relatively more reversible compared to the
localized O-O/TM bonding’" 72. For example, the researchers
proposed that the nonhysteretic extra capacity of Na;Mns;O5
originates from the delocalized metal-oxygen mn-redox”3.
Specifically, the equivalent Mn-d and O-p orbital contributions
to the hybridization can result in the formation of a delocalized
large M-O n-bond network, which provides extra capacity. Such
a m-system is composed of nonbonded M d-orbital and O-p
orbitals within the Mg ring. The n-bond network will generate a
novel antibonding state in the band structure, which can serve
as the redox center. Such dispersive m-oxygen redox will
activate the structure-preserving oxidation and exhibit the
excess nonhysteretic capacity by decreasing the free energy as
Fig 7a. related the
electrochemical behavior of Nagg[Lip2Mngs]O, to the evolution

shown in Furthermore, House
of electron holes on 0%, i.e., the transformation from non-
hysteretic to large-hysteretic electrochemical behavior, which
corresponds to the change from delocalized electron holes to
0, (Fig 7b).
comprehensive characterizations, it is generally believed that

trapped molecular over time. Based on

the mRIXS spectrum of the 527.5eV7% 74 feature corresponds to

This journal is © The Royal Society of Chemistry 20xx

O while the 531eV® feature and the 523.5eV feature
correspond to trapped O, and O-O dimers.

In conclusion, the oxygen redox processes that do not undergo
rehybridization exhibit non-hysteretic electrochemical behavior,
regardless of the delocalized electron holes in
Nagg[Lip2Mngs]O, or the M-O mt network in Na,Mn;O575. In
addition, the non-hysteretic electrochemical behavior also
indicates a relatively improvement regarding the sluggish
kinetics associated with O evolution.”® 77, This highlights the
significance of modulating the interactions with cations in
anionic redox processes.
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Figure 7 a) Schematic of excess non-hysteretic anion redox
behavior through delocalized M-O n-network and schematic of
the free energy and energy level diagram for mn-redox.
Reproduced with permission’?. Copyright American Chemical
Society 2021. b) The conversion of delocalized oxygen to the O-
O dimer over time corresponds to a transition from non-
hysteretic oxygen redox to hysteretic electrochemical behavior
and the schematic representation of delocalized electron-hole
on oxygen evolving into an O-O dimer over time. Reproduced
with permission”. Copyright Springer Nature 2023.

3.3 Pillar cations to ensure topochemistry of oxygen redox
In a typical cathode material based mainly on cationic redox, the
secondary cathodic behavior is achieved by topological chemical
reactions that maintain the crystal structure during the insertion and
abstraction of Li ions, with only lattice expansion occurring in the
perpendicular direction’®. For instance, in the layered oxide
LiNi,Mn,Co,0, cathode (NMC), the electrochemically inert metal ions
such as Mn?** are often used to improve structural rigidity and act as
the reaction framework for topological chemistry to enhance ion
transport channels. Likewise, anionic redox also required the stability
of the layered structure to ensure the topochemical charge-
discharge properties. As mentioned above, however, structural
rearrangement and transition metal migration{(0O% + TM — O+ TM
+ e) % 7° are deeply coupled with the oxygen redox for the
stabilization of the band structure, which helps to prevent
irreversible oxygen gas release but adversely impacts the local
ordering of materials®4.

The electrochemical degradation induced by the irreversible
cation migration anionic redox

accompanying the process

emphasizes the importance of the structural integrity of interlayer/

J. Name., 2013, 00, 1-3 | 7
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intralayer cations. Researchers have correlated heterogeneous
structural dynamics of LITMO, and Li,MnO; nanodomains with
electrochemical degradation in lithium-rich oxides?’. The lattice
strain due to the heterogeneous structure and reaction kinetics will
provoke TM migration®. (Fig 8a) Conversely, anionic redox can also
be stabilized by improving the structural integrity of cation layers.
Yamada explains the better reversibility of Na,RuQO; due to the self-
repairing layer stacking triggered by robust pillars of remaining A
ions®, Recently, it was found that P3-Nag ¢Lip.Mng 0, with the -a-y-
layer stacking can preserve the reversibility of lattice oxygen redox
through topological protection®. Eum found that the local structure
of face-sharing between TMOg octahedra and LiOg; octahedra
exhibits more reversible anionic redox. This is due to the strong
electrostatic repulsion between cations, which hinders the TM
migration compared to edge-sharing®® 24, Liu et al. demonstrated
that by placing transition metal (TM) ions as a "cap" above or below
lithium (Li) ions to anchor the honeycomb structure, the reversible
lattice oxygen redox of Liy4(Nig21MngesAloes)O> with negligible
voltage decay can be achieved®.

Therefore, in anionic redox systems, higher structural
stability is required to stabilize the oxygen network. Specific
cations can benefit structural integrity, thus enhancing anion
redox cyclability and is highly resistant to voltage decay.
Cationic doping is widely applied and the key indicator of the
the
electrochemical performance is the degree of disorder (A/TM

substitution element to improve oxygen redox
mixing), which is also a fundamental factor affecting the
stability of the structure®6. Alkali/alkali earth metals in the
transition metal layer also stabilize the oxygen redox through
structural factors. For example, the larger cations {Na*, K*)
doping in the alkali site can suppress cation migration at the
charged state through the pinning effect 8% %8, and the divalent
cations (Mg?* and Zn?*) prefer to be retained in original
octahedral sites due to electrostatic effects thus reducing
mobility®®. In addition, adjusting the ratio of cationic redox to
anionic redox also results in a more reversible electrochemical
behavior of oxygen redox due to the structural stabilization
network of cationic redox. Li-rich systems with raised nickel
content can achieve both high energy and long cycles with
reversible capacity above 250 mAh/g and capacity retention
above 90% after hundreds of cycles®® 91, The lifetime of pure
anionic redox cathodes does not exceed 50 cycles, while mixed
anion and cation cathodes will exceed 300 cycles.

Furthermore, cationic intralayer/interlayer arrangement and
interlayer stacking are also crucial for structural integrity. Therefore,
the sodium-ion system may exhibit better maintenance of structural
integrity with homogeneous oxygen redox compared to the lithium-
ion system. Tarascon suggested that P2-type stacking is more
suitable as a framework for stabilizing oxygen redox, allowing for
homogeneous oxygen oxidation and maintaining interlayer O-O
bonds, while 02 stacking tends to lead to a disproportionation of the
oxygen network?®2, (Fig 8b) In addition, Chen et al. proposed that the
P3-type structure restricts the out-of-plane migration of transition
metals due to the size mismatch between the TM ions and Na sites

and provides space to hold 0-O dimerization®.
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In sum, the stability of anionic redox is closely correlated with the
reaction framework of the topological chemistry of cations. Stable
oxygen networks that can accommodate reversible anion redox are
crucial, which can be achieved by tuning the chemical and structural
rigidity, cationic intralayer/interlayer arrangement, and interlayer

stacking.
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Figure 8 a) Heterogeneous nanostrain of LITMO, and Li,MnO;
domains triggers oxygen release and TM migration. Reproduced with
permission®, Copyright Springer Nature 2022. b) P2-type stacking is
more suitable as a framework for stabilizing oxygen redox, allowing
for homogeneous oxygen oxidation and maintaining interlayer O-O

bonding. Reproduced with permission®2. Copyright Elsevier 2020.

I"

4 Building an appropriate “transition meta
{A,M;.,0,) slab for oxygen redox with high
capacity and long cycle life

The geometrical and electronic structures of cations play a
crucial role in affecting the kinetics and thermodynamics of
oxygen redox, as discussed above. Cations with varying valence,
size, electronegativity, and TM-O binding energy exert physical
and chemical interactions that impact the activation and
stabilization of oxygen redox. Hence, creating an appropriate
A,M1,0; slab presents the potential for oxygen redox to offer
higher capacity with improved reversibility, serving as an
additional charge compensator to aid in cathode material
advancement.

This section will explain the construction of an A,M;.,0, slab
capable of accommodating oxygen redox. The first step involves
carefully selecting specific cations to be included in the M layer
based on their physicochemical properties (Fig. 9a). In addition,
it is important to note that in anionic redox systems, there is a
selective increase in the availability of cations due to reduced
dependence on the electrochemical activity of the cations.
Therefore, more consideration should be given to the earth's
abundance and price of cations. Figure 9b, c the geophysical
abundance and cost of common cations in cathode materials,

This journal is © The Royal Society of Chemistry 20xx
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respectively. Following cation selection, it is equally important
to consider the combined and ordering effects of multiple
cations in the M layer on oxygen redox.
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Figure 9 a) Index several common types of transition metals in
cathodes through the periodic table of elements. b) Abundance
in the Earth's crust of common metals in cathodes. Reproduced
with permission®®. Copyright Royal Society of Chemistry 2011.
c) Prices in $ per metric ton of TMs commonly used in cathodes.
Reproduced with permission®s. Copyright John Wiley and Sons
2021.

4.1 Selection of appropriate cations

In an anion redox system, the primary role of cations is to
activate and stabilize anionic redox while also accommodating
excess alkali metals and providing stable capacity themselves
ideally. However, a single cation cannot fulfill all roles
simultaneously; at the same time, a single cation may assume
multiple roles. The selection of the appropriate cation is
intricate. Generally, cations with similar physicochemical
properties have comparable effects on oxygen redox, although
specific outcomes may still differ. We will discuss the desired
roles of cations from the perspective of their physicochemical
properties. Among them, the stabilizing role of complexity and
diversity will be discussed in relation to other roles. This
understanding is essential for designing materials to achieve
high capacity and reversibility with both anion and cation redox.

First,

compensation, the presence of higher-energy unhybridized O

in order to activate oxygen redox for charge
2p states is necessary. This requirement calls for the existence
of cations with weaker and less directional metal-oxygen bonds
in the M-layer, such as alkali and alkaline earth metals, and
divalent d° metals. Among them, Li* is the most commonly
used cation due to its lighter molar mass, which inherently
increases the theoretical specific capacity of the system. Then,
cations with relatively heavier molar mass, such as Na*, Mg?*,
Cu?*, and Zn?%, may exhibit a less pronounced capacity-
enhancing effect compared to Li*. However, they are capable of
enhancing reversibility. For example, Mg?* remains in the lattice
thereby stabilizing lattice oxygen through stronger electrostatic
repulsive interaction*®°% %7 Moreover, Cu?* and Zn?* contribute
to increased rigidity of the oxygen framework, consequently
enhancing the reversibility of the oxygen redox®.

This journal is © The Royal Society of Chemistry 20xx

Secondly, in order to enable the provision of ultimate
capacity through anionic redox, the alkali-rich structure is
preferred over the alkali-stoichiometric. High valence cations
are the fundamental components of alkali-rich anionic redox
systems, common Az,,MO;,, systems consist of high-valence
cations including Mn#*, d° metals® 190 such as Ti**/ Mo®/ Nb*,
d1° metal ions like Sn**/Sb5*, and highly covalent 4d/5d metals
of Ru**/Ir**. Among them, the highly valent cations encompass
strong covalent cations (Ru**, Ir**), which are viewed as
exemplifying the reversible anionic redox process through the
charge compensation involving mixed cations (M™ — M{n+1)+)
and anions (0% — 0,%), facilitated by the strong M-O bond®.
However, the utilization of 4d and 5d metals is limited due to
their scarcity and heavy mass. In addition, the Ru* and Ir%*
remain electrochemically active at high valency and can achieve
charge compensation by cationic redox with high alkali
contents, requiring particular caution when exploring anionic
redox. For example, the primary contributor to the capacity of
Li,IrO; materials has been shown to originate from the Ir#+/|r5-5¢
redox couple, whose reversible electrochemical behavior
cannot explain the fundamental principles of anion redox. In
contrast, cations with d° (Zr#t, Nb3*, W3+, Ta>*) and d° (Sn#*, Sh3*,
and Te®*) electronic configurations have relatively ionic TM-O
bonds, resulting in them as charge transfer insulators. These
inactive cations can enhance the hole localization of the oxide
ions and spontaneous metal-oxygen decoordination upon
oxygen oxidation!® 8 resulting in the presence of dangling
oxygen'®l 102 This promotes the formation of localized O-O
single bond?3% 193, (Fig 10 a-c) While the special inert Ti** (3d-tgg
eg)
Theoretical calculations indicate that the 02/O™ redox reaction

are relatively inactive in oxygen redox reactions©4,

potentials in Li,TiO3 are as high as approximately 4.86 V vs Li/Li*,
which exceeds the voltage window of the electrolyte!0> 108
Therefore, the rigid structure of the non-bonding O-TM state
and no electrons available in the valence band in the electron
configuration can serve as a “potential-pillar” to stabilize

structures®?. 108

Ti** cation tends to effectively maintain
electrostatic repulsion of the lattice 0% in the M-layer due to
the nonreactive nature during the voltage window?08-110,
leading to the stabilization of oxygen redox. With the raising of
inactive Ti** (not available for charge compensation),
Li; 2 TipeMno 0, instead of Liy,TipsMne40;) exhibits higher
capacity and better cycle performance due to the strengthened
networks of strong electrostatic repulsion® 11, Compared to
the aforementioned cations, the Mn#" with 3 d-t,,® electronic
configuration exhibits both electron acceptance and donation
abilities, making it highly compatible with anionic redox and
perhaps a more appropriate choice. For example, It has been
shown that Mn#* with the (Mn#*/Li*)-0O
interaction can promote the localization of electron holes on

relatively ionic
oxygen!l2 and it has also been reported that stable Mn4-O-e
coupling is the origin of reversible nonhysteretic oxygen
redox!13, As a result, Mn-based oxygen redox systems such as
Li,MnO3114-116  Nag ¢[Lip,Mngs]O,, and Na,Mn;0,75
attracted extensive research in the battery industry. In the end,

have

it needs to be mentioned that with cycling the valence state of
the high valence cations decreases and the proportion involved
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in charge compensation gradually

somewhat leads to voltage decay.
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Figure 10 The role of high-valent cations. a) M-O decoordination
promotes the formation of O-O dimer to stabilize O holes.
Reproduced with permission®. Copyright Springer Nature 2019.
b) Stabilization of peroxo bonds by d° Cations{W>3*). Reproduced
with permission©3, Copyright American Chemical Society 2019.
c) LigSnOg to LigSnOg¢ with the formation of O-O dimers.
Reproduced with permissioni®l, Copyright American Chemical
Society 2021.

Thirdly, the low-valence active cations are used in anion
redox systems due to their own stable and large capacity. These
low-valent 3d metal cations like Fe3*, Co®*, and Ni?* undergo
simultaneous or asynchronous cationic redox with oxygen
redox. As a result, the combined cationic and anionic redox
offers advantages in reversibility, cyclability, and high capacity.
Moreover, the active cations have a significant but not identical
impact on anionic redox through the covalent M-O bonds. Fig
1lla-c shell
relationship between the bands of these TM redox pairs and the

illustrates the quantitative electron energy
O 2p band according to the electrochemical behavior of NaMO,.
Put simply, the degree of coupling between the cationic and
anionic redox reactions varies depending on the energy
differences between the O 2p band and the M3*4* band. Firstly,
as an environmentally friendly earth-abundant element, Fe has
attracted much attention for its role in anion redox. Fe®*, with
its d5 configuration, exhibits a pronounced Fe**— Fe3* process
that affects anionic redox. Researchers explored that LisFeO,
could achieve simultaneous and reversible cationic and anionic
redox between LizFeOs 5 and LisFeO; 5118, (Fig 11d) Fe3* can also
stabilize oxygen redox and show better cycling performance,
due to the formation of Fe-(0-0) species!?912L (Fig 11e) Co 3*/4*
redox centers exhibit fast electrochemical kinetics and small
energy differences with O 2p, facilitating the kinetics and
thermodynamics of anionic redox. It has been observed that
rapid Co 3*/4* can promote oxygen kinetics due to the strong
hybridization of TM-d and O-2p orbitals during the oxygen
redox process. Li et al. demonstrated this phenomenon in their

10 | J. Name., 2012, 00, 1-3

study, where perfect overlap of Li;;Rup4C00.40, above 3.7 V
with increasing C rate in dQ/dV profiles indicated that Co3+/(3+5}
with more facile kinetics can expedite oxygen redox through
tough coupling, thereby acting as an oxygen redox mediator!??
(Fig 11f). Additionally, Co®*/(*8* with fast kinetics was found to
elevate transport pathways in Li,O as a skeleton!?® (Fig 11g).
Overall, the fast electrochemical kinetics and small energy
difference of Co®*7/4* with O 2p contribute to the enhanced
dynamic and activation of anionic redox. Ni?* is the major
electron-donating cation and has a long-term stable cationic
redox capacity. So increasing Ni content can alter the redox
center and positively affect the thermodynamics and kinetics of
oxygen redox through the shielding effect®® 124-126_(Fig 11h) In
addition, it has been demonstrated that Ni3*/4* is less effective
than Fe/Co in activating anionic redox, and relatively more
beneficial in stabilizing the structurel20:127, Therefore, “Lithium-
rich nickel-rich” oxide is a popular strategy for trading off high
capacity and reversibility128,

Additionally, this suggests that traditional layered materials
(such as Ni-rich layered oxides >4.3 V129 and LiCoO, >4.2 Y130-132)
often involve oxygen redox, commonly known as oxygen loss, at
higher states of charge132-134,

LiM3* 0265Lia- oM ™3 072 +xLit +xe (1 2x>0)

According to the reaction, we can know that when TM is not
in the fully oxidized state, the involvement of oxygen in charge
exchange merely modifies the redox center instead of
contributing to de-lithiation. However, the strong hybridization
of the M-O bond, resulting from the overlap of M 3d and top O
2p orbitals, enables both TM cations and lattice oxygen to be
involved in charge compensation through TM-O rehybridization
during deep delithiation®% 136, The Co*74 couple exhibits
earlier oxygen redox due to the overlap between Co®* t2g
orbitals and O 2p orbitals!37 138,

undergoes oxygen redox at deeper delithiation2?. This is similar

while the N34 couple

to the described role of Ni**/* and Co* as intermediates in
triggering anion redox through LMCT in Li-rich NCM?2. It can be
seen that the participation of oxygen redox does not always
result in extra capacity, but in transition metal oxides, achieving
higher capacity may inevitably involve oxygen redox.
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Figure 11 The role of 3d metal Fe/Co/Ni. a, b, c) Schematic
representation of the relative energy of the Fe3*/4*/ Co3*/4* / Ni3*/4*
band and the O 2p band, respectively d) Simultaneous Fe3*/4* and 0%
/- were observed in LisFeO,. Reproduced with permission!18,
Copyright Springer Nature 2017. e) Fe stabilizes oxygen by forming
Fe-(0-0) species by the reductive coupling mechanism. Reproduced
with permission??!, Copyright American Chemical Society 2020. f)
Schematic of the effect of activation energy (Ea) in different cationic
intermediate states kinetics.

on oxygen

permission?2, Copyright American Chemical Society 2020. g)

Reproduced with

Schematic of the Co30,4 skeleton as a diffusion channel for lithium
ions in Li,O/Li,0,/Li0,. Reproduced with permission!?3. Copyright
Springer Nature 2016. h) Ni contributes to the maintenance of the
structure and thus exhibits a more reversible oxygen redox.
Reproduced with permission!?4. Copyright John Wiley and Sons 2020.

4.2 Considering the combinations and ordering of multi cations
Multiple cationic complexes will have multi-level effects on
redox compared to single cations, synergistically
enhancing each other, or inherently limiting TM migration
through ordering. By adjusting the combinations and ordering
of multiple cations, it is possible to alleviate the limitations of
current oxygen redox and achieve long-term reversible and
high-capacity oxygen redox.

First, when examining capacity, cycle life, and kinetic properties,

anion

using a combination of multiple cations as a framework for
anion redox is more suitable than relying on a single cation due
to the multiple roles required to regulate anion redox. On the
one hand, typical anionic redox systems always contain high
valence cations to increase alkali-rich environments and
electrochemically active cations to enhance reversibility and
kinetics. For example, cubic Li,TiOs; is not electrochemically
active; however, the introduction of active cations triggers
substantial oxygen redox!4% 141, |eading to a reversible capacity
of 250 mAh gt in Liy,Tig4Feq40,4°. Besides, the combination of
cations with different chemical properties will induce different
redox activity. For example, Li; 5Nip,Mg 60, (M: Mn/Ru) (LNMO
/ LNRO) with similar crystal structures exhibit approximate
capacity but completely different electrochemical behavior'4?,
with active oxygen redox in LNMO and active cation redox in
LNRO. Likewise, the electrochemical behavior of anion redox
exhibits complex and multifaceted changes with the same Mn**
and different A’ combinations. It has been found that
Nag g[Lio.2Mngg]O; and Nay/3[Mg;1/3Mn;3]0; electrode materials,
both with the sole and substantial oxygen redox activity, yet
exhibit entirely distinct lattice oxygen redox behavior®® 143,
Na,/3[Mg1/3Mn;/3]O, activates higher anionic redox capacity and
demonstrates good long-term cyclability but large voltage
hysteresis, while Nagg[Lip2Mngg]O, displays ultra-high first-
cycle coulomb efficiency and good voltage reversibility but few
cyclability. On the other hand, studies have shown that there
are synergistic effects resulting from multiple cation
coordination. Significant progress has been made through the
use of element substitutions and blending doping elements
(<1%). Similarly, high-entropy systems (> 5 elements) that
combine the advantages of a wide range of cations have

This journal is © The Royal Society of Chemistry 20xx

captured the attention of researchers due to the extended cycle
life of cathodes. However, further exploration is needed to
understand the effect of the coexistence of multiple cations on
anion redox, either in a simple parallel manner or through
coupled interactions## 145, Overall, optimizing the capacity and
reversibility of anionic redox systems can be achieved by
rational design of cation composition and content.

Moreover, the cations in the TM layer are not randomly
distributed. For example, in order to minimize the electrostatic
energy, the high-valent Mn** will be orderly distributed around
the low-valent Li* (LiMng), leading to the so-called honeycomb
superstructure?®, Influenced by charge ordering, the
low-valence transition metals promotes
honeycomb ordering. For instance, the divalent ion Ni?* is
capable of maintaining the honeycomb ordering through two
competing charge orderings: NiZ*-Mn** and Li*-Mn**. Likewise,
Fe3* has been proposed to tend to honeycomb structure
formation!4’. Although trivalent ions may have a weaker impact
compared to divalent ions, it has been demonstrated that Co3*
reduces the electrostatic energy of Li*-Mng** ordering by in-
plane geometrical frustration!4®, The superstructure can
seriously affect the cycle life of the material, it has been shown
that even for the same elemental species, different ratios will
significantly affect the electrochemical behavior. This is the
impact of the control of cation ordering. Along with the
variation of cation ratios, the local arrangement will significantly
change. For example, the researchers found that given
electrostatic interactions between high-valence cations and
low-valence cations, the atomic ratio of (Mn** and Co3*) and (Li*
and Ni?*)=2:1 in the transition metal layer favors the formation
of a perfect which
accommodate oxygen redox while preserving the layered

introduction of

Honeycomb  superstructure, can
structure!®®. (Fig 12a) The local arrangement with different
cation ordering is inherently different in structural stability.
Bruce observed the presence of -Li-4Mn-Li- sequences in
Nage[Lio.2Mngg]O,, which exhibit Ribbon superstructures that
inhibit TM in-plane migration and suppress voltage hysteresis
compared to the conventional honeycomb structure in
Nag.75[Lig.25Mng 75] 0,150, (Fig 12b) Similarly,
Li1.1(Nig.21Mng.e5Al0.04) 02 with a capped-honeycomb
superstructure can exhibit electrochemical behavior with
negligible voltage hysteresis, and it also suppresses oxygen
release, cation migration, and phase transitions®. (Fig 12c) The
stabilization of superstructure motifs has been widely used to
suppress oxygen loss in cathodes with anion redox. Forinstance,
MngMg ordering is employed instead of MnglLi ordering®’, and
“entropic stabilization effects” are also utilized44.
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Figure 12 a) Schematic for TM coordinate distorted oxygen
lattice. Reproduced with permission4°. Copyright Elsevier 2020.
b) Schematic of the cation migration paths in different local
superstructure. Reproduced with permission?®0. Copyright
Springer Nature 2019. c) The capped-honeycomb structure
inhibits the migration of transition metals, resulting in improved
reversibility of anionic redox. Reproduced with permission®.
Copyright Springer Nature 2023.

Then, without requiring specific cation ordering, disordered
rock-salt structures (DRX)
structure-induced anionic redox activity and broader cation
options. DRX was initially believed to be limited in lithium
diffusion due to the reduction of the Li slab spacing.
Subsequently, Ceder points out that the 0-TM percolation
network (without octahedral transition metals) is active when
enough Li excess is introduced,?>! which sets on a new path to
develop oxygen redox, especially for the structural altering
oxygen redox. For example, it was found that electrodes with
cations partially disordered can suppress voltage fading better
than cations well-ordered?>2. Cation migration even spurs novel
opportunities in power density in cation-disordered materials.
Ju Li et al. proposed that oxygen-redox-coupled structural
reorganizations may disrupt medium-range-order in Li-rich
layered materials, which are beneficial to kinetics!>3. Ceder and
coworkers suggest that fast and reversible oct-tet cation
migration is promising for fast Li transport in Li-rich disordered-
rocksalt oxides?®. Although such compounds also exhibit rapid
capacity and voltage decay!*!, which stems from high capacity-
dependent oxygen redox and low TM redox caused by the
excessive Li and low TM for increasing percolating Li. DRX is still
an effective path for the development of anionic redox.
Fluorinated DRXs facilitate cation over stoichiometry to
mitigate the issue of low TM redox. Ceder introduces a high-
capacity Mn2*/4* double redox coupled with a small voltage fade
by replacing 0% with low-valent F%5* Fluorination is a
prominent direction for developing DRXs materials due to its
compatibility with higher lithiation and more reversible
capacities!>> 156, Furthermore, Li-rich disordered rocksalt (DRX)
materials offer an important direction for improving the rate

have attracted attention with

capability of Li-rich oxides. Cho’s group revealed the significant
difference of Li-rich cation-ordered/disordered oxides at high C-
rates when discharging <3.5 V and interpreted it as the
deviation between the surface and bulk!>’. Ceder et al. found

12 | J. Name., 2012, 00, 1-3

short-range order (SRO) of the cations in DRX, which will affect
local arrangement and thus exhibit unique lithium transport
characteristics'®®, and showed high-entropy cathodes can
deliver 170 mAh g™ at a high discharge rate of 2,000 mA g
with SRO disruption'®®. Therefore, the DRX oxides bring new
dynamics to the development of anionic redox.

Conclusions

Generally, anionic and cationic redox each offer distinct
advantages for charge compensation. The unique topological
chemistry of the cationic tendency in the electrode material
enhances reversibility, while the participation of anions in
charge compensation has the potential to address energy
limitations, albeit with highly metastable processes that can
lead to irreversible damage. Consequently, achieving long-term
reversible oxygen redox requires attention to the complex
interaction between cations and anions. We summarize the
cationic action mechanism based on the TM/O ratio, M-O
hybridization, and reaction framework. The complex interaction
between cations and anions drives oxygen redox in different
ways, leading to diverse properties. However, the cationic
action mechanism in anion redox processes may be more
complex than currently proposed. Focusing on the coupling
between anions and cations and further exploring this
relationship can help achieve a balance between system
reversibility and the involvement of oxygen in charge
compensation.

Among them, cation migration, which can stabilize oxygen
holes, is a significant degradation mechanism that impacts
reversibility and stability. Despite studies increasingly showing
the emergence of active O- without cation migrations, none of
them are stable in the long term. The suppression of irreversible
cation migration in long-term cycles continues to be an
inescapable challenge for the development of reversible anion
redox. Multi-cation compound oxides that incorporate various
combinations and ordering have proven to be superior to
perturbed migration in addressing this issue. It is worth noting
that the effect of adding cations is multiscale. Further
exploration of different electrochemical activities, ratios, and
valence states of cations, along with a consideration of
structural and chemical modifications, will enable the discovery
of more advanced cathode materials. It is possible to maintain
the reversibility of the oxygen redox while utilizing numerous
cationic redox in a multi-cationic system, providing potential
opportunities for the future advancement of oxygen redox. a
deterioration mechanism exists where cation migration
stabilizes oxygen redox.

The battery industry constantly requires cathode materials to
increase energy density, which can be achieved through the
utilization of high-valent cationic redox and anionic redox.
Oxygen redox has gained significant attention as a supplement
to current transition metal-redox couples, owing to its presence
in many systems that strive for higher energies. It seems an
inevitable aspect of the advancement of high-capacity layered
transition metal oxide cathode materials. It is important to note
that the advantages and disadvantages of anionic redox vary

This journal is © The Royal Society of Chemistry 20xx
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across different systems. For example, the high occurrence of
non-hysteresis  anion redox in  Nag7.(1/7Mng/7)0,60,
Na,Mn30,7> 181 and Nagg[Lig2Mngg]0,°° et al. highlights the
strong compatibility of the sodium ion system with anionic
redox. It provides a promising direction for achieving anionic
redox with long-period stability and fast kinetics. However,
additional capacity still needs to be realized through A-rich, and
Li-rich materials are the most promising components for
breaking through the energy density of cathode materials. The
development of anionic redox systems that are abundant in
earth elements, and that take into account both high capacity
and reversibility by controlling the structure and reducing the
lithium-rich content, remains an important focus. In the case of
conventional transition metal oxides for anionic redox coupled
with cationic redox, it can be further integrated with the
experience of mature lithium-rich material systems to maintain
reversibility close to the theoretical capacity.
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