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Lithium-ion batteries have proven itself to be indispensable among modern day society. Demands stemming from consumer

electronics and renewable energy systems have pushed researchers to strive for new electrochemical technologies. To this
end, the advent of anionic redox that is, the sequential or simultaneous redox of the cation and anion in a transition metal
oxide based cathode for a Li-ion battery has garnered much attention due to their enhanced specific capacities. Unfortunately,
their higher energy densities are plagued with problems associated with the irreversibility of anionic redox. Much effort has
been placed to find a suitable composition of transition metal oxide, with some groups identifying the underlying features and
relationship for anion redox and cationic redox to occur reversibly. Accordingly, it is timely to review anionic redox in terms
of: what is anionic redox with emphasis on mechanism and the evidence underlying their discovery and validation. To follow
will be a section defining the nature of the transition metal and oxygen bond accompanied by three subsequent sections

bridging the redox spectrum from pure anionic, mix of cationic and anionic and pure cationic.

Introduction

Lithium-ion batteries (LIBs) have been the centre of research
attention for many years. Their application in portable electronics,
electric vehicles, and drones among others have helped revolutionized
humanity as a species.! As our desire for higher energy density energy
storage devices have grown over the years, the need for higher
performance battery have increased drastically. While there are many
candidate technologies, such as Li-S,>* Li-O,,°#® Zn-air®!! and other
multivalent battery systems,'>'Setc., the field of LIBs holds much
promise for further improvements in energy densities, while remaining
in the realm of well-established LIB manufacturing infrastructure.
Currently much effort is placed on moving towards low Co composition
due to the high cost and geopolitical issues regarding Co supply. Li-rich
cathode compositions of Li; yNig ;3Mng 54C00,130; (low Co)!!7 and even
the Co-free cathodes!'®!? are quite attractive for the industry especially
since they can theoretically offer higher energy density and lower cost.
The mechanism from which the high energy density is achieved from lies
in the reversible redox of the oxygen anions in addition to the metal
cations.
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Since the advent of Li-ion batteries, the transition metal
oxides (TMOs) used as the active cathode material have been considered
exclusively based on cation redox electrochemistry. That is the main
redox centre in the TMO is the cation transition metal (TM). Only a few
years ago have the phenomenon of anion redox electrochemistry been
established and accepted to be occurring in TMOs for LIBs where the
2p-band of the oxygen overlaps with the d-band of the metal.?* From
modern spectroscopic characterization techniques, anionic-redox occurs
due to the degree of which the O is bonded with the TM or the subsequent
existent of O non-bonding-like orbitals in the TMO. When this occurs,
these particular TMOs cathode material have comparatively higher
capacity for Li-ion storage and consequently higher expected energy
densities. However, the stability of the TMOs begin to quickly
deteriorate with cycling due to structural collapse and the eventual
release of gaseous oxygen.? It became clear that anion redox will most
likely in the near future, be difficult to control. Accordingly, recent work
have placed a larger emphasis on what is known as Li-excess cation-
disordered rock salt?! (or colloquially: DRX??>?3) materials which are also
expected to offer a large increase in energy density along with a higher
electrochemical stability among the anion redox materials.

In less than a decade, research have progressed quickly into
this field, establishing mechanism and knowledge frameworks?* 25from
which new materials can be based upon. While there has been a few
reviews that have discussed the mechanism of anionic redox (AR) and
the various materials,?*27 recent major advances in the field (in the past
year) have significantly transformed our understanding very quickly.
Accordingly, it is timely to review this field in details for both
comprehensiveness and correctness for the readers. Moreover, this field
of science have offered an opportunity to merge parts of the various
battery fields into a unified spectrum that have not been established by
others. In this review we will bridge the discussion between pure cationic
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redox (CR), cationic and anionic mixed redox (CAR)?® and pure AR3?
to establish a clear spectrum for these technologies. First, a discussion on
the evidence and underlying reasons responsible for cationic and anionic
redox will be presented. To follow will be section on CR, CAR and AR
with discussion on some of the most relevant materials and designs.

Fundamentals of Anion Redox

Experimental Evidence for Anionic Redox Contribution in Li-
ion Batteries

CAR and AR with discussion on some of the most relevant
materials and designs. Anionic redox was originally an explanation for
the extra capacity obtained from the delithiation a TMO. Studies
regarding the change in the TM’s valence established early on it was
impossible that the TM was the only redox centre at certain voltages.*
The term anionic redox refers to the actual existence electrochemically
active electrons of the O atoms in the TMO lattice, from which the extra
reversible capacity for Li insertion stems. Therefore, the existence of
anionic redox must be accompanied by a change in the valence of the O
atoms in the TMO. Although evolution measured by differential
electrochemical mass spectroscopy (DEMS) likely represents the most
clear proof for oxygen oxidation (202> Oy + 4¢°), it cannot be applied
towards analysing reversible AR as there should be not O, evolution
(which will inevitably occur in any TMO at an anodic enough
potential).?® Accordingly, most of the evidence for the anionic redox
revolves around observing the change in the O valence when Li-ion
capacity is extracted/inserted into the TMO. Early X-ray diffraction work
by Tarascon et al have identified a peculiar reduction in the O-O spacing
from the delithiation of LiNi;.,C0,0, (x=0, 0.3 and 1).3! Further evidence
from the LiIrO; system was found by a transmission electron
microscopy study where structural changes in the delithiated material
implied peroxide formation.3? It was rationalized that similar to other
chalcogenide-based intercalation hosts,3** O underwent redox along
with the TM that is, CAR. This was also backed by even earlier
theoretical studies by Cedar where he proposed that the O redox is the
dominating redox centres and not TM in some TMOs.?

Among the published work, perhaps the most convincing
spectroscopic evidence for CAR stems from electron paramagnetic
resonance (EPR), X-ray absorption spectroscopy (XAS) and resonant
inelastic scattering (RIXS). As any O oxidation will likely create radicals
from the oxidation of O%, EPR is an ideal technique for identifying such
chemical species. Specifically, EPR was applied for the delithiation of
Li;Rug5Sng sO;. At high charging voltages (4.6 V) as shown in Figure
1a, the EPR signal detected at a temperature of 4 K largely resembled
that of calcium CaO,, suggesting the oxidation of the lattice oxygen
atoms from -2 to -1.3¢ The use of soft XAS detected dramatic changes in
the O K-edge over delithiation of the LiCoO,. This is in contrast with the
minor changes in the Co L-edge. From a fully lithiated system (spectrum
denoted by x = 0.00) to a partially delithiated (x = 0.15-0.75), more
distinct features began to develop around the O K pre-edge (~528 eV,
shown in Figure 1b).37 The A peak related to the hybridization of the
Co 3d and the O 2p orbital, decreased in intensity over the delithiation
cycle, indicating a decrease in the Co-O bond covalency.?$3? The authors
reasoned that the appearance of other neighbouring peaks (A, and Aj)
indicated the re-hybridization of the Co-O bonds due to the change in
charge from delithiation. Other works* have generally stated that the A ;.
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; features are the hybridization features of the Co*** with O-2p.
Additionally, a slight shoulder peak appeared at a higher absorption
energy level than A, which the authors attributed to the oxidation of O
with delithiation. However, this attribution is in the end rather arbitrary
and should be interpreted with caution. Taken together, these
observations can only clearly say that the Co-O bonding environment has
changed as a result of delithiation. However, a change in the O bonding
environment does not necessary indicate AR and could simply mean the
O is compensating for the change in oxidation state of its bonded TM.
For example, it has been shown that a similar change in the pre-edge
features have been identified in TMOs (olivines*! and spinels*?) that do
not have AR. The pre-edge feature lies right in the energy regime that
has been related to merely TM’s contribution to hybridization. 43
Although the XAS results summarized here is not definitive in proving
both CAR are present, it was encouraging and promoted future work for
corroboration.

Perhaps a more appropriate technique is RIXS. RIXS can
probes the energy profile of the emission spectrum of the TMO over a
range of excitation energy.**#¢ This effectively expands the emission
information in a XAS from 2D (count versus excitation energy) to 3D
(count versus excitation energy and emission energy) that is, each point
on the XAS absorption spectrum is expanded into its corresponding full
energy-resolved emission spectrum, (analogous to the relationship
between fluorescence emission and resonant Raman excitations).?’
Although the previous description is somewhat simplified and the
corresponding data interpretation is in fact more complicated in nature,
the benefit of expanding the spectroscopic data by this dimension lies in
the ability of RIXS to clarify the pre-edge features and detect distinct
fingerprint-like signatures that only appear in AR. As shown in Figure
1c with both CAR, a clear spike in intensity (indicated by a white arrow
at an excitation energy of ~530.8 eV and an emission energy of ~523.75
eV for this study) is found at 4.8 V in the Li;;Nig,Mng¢O, material,
which disappears when discharged. Similar phenomenon was also found
for recent work in Na-ion batteries with anionic redox.#¢ This is in stark
contrast with Figure 1d for Li;,Nig,RupcO, (only CR is expected)
where no spike in intensity is found.** If only XAS was performed, this
extra peak at a different emission energy would be integrated along with
the two adjacent peaks at an emission energy of ~525 eV, forming a
convoluted signal. Importantly, this RIXS signature was also present in
independently captured RIXS maps of Li,0,.47 In the same work, the
authors mapped both Li,O and Li,CO; as comparison, suggesting that the
unique signatures of Li,O, and the O in AR-active TMOs are related to
the partial filling of the oxidized O 2p bands. It is important to point out
that similar RIXS features (around an excitation and emission energy of
~530.8 and 523.5 eV respectively) was also found for molecular
oxygen.*® This is indicates that there is still much left to be understood in
the use of RIXS to prove AR. Specifically, RIXS should still be
interpreted with caution, while a deeper understanding in to the RIXS
phenomenon and the impact of the TM on the O RIXS signatures should
be pursued by the research community.

This journal is © The Royal Society of Chemistry 20xx
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Figure 1: a) Electron paramagnetic resonance spectroscopy (EPR) of Li,RugsSngsOs.
Reproduced with permission.*® Copyright Springer Nature 2013 b) Change in the O K-edge
measured by soft X-ray absorption spectroscopy (XAS) at various degrees of delithiation of
Li;Co0O, in which case x is the degree of delithiation. Reproduced with permission.’”
Copyright The American Chemical Society 2002. O K-edge resonant inelastic X-ray scattering
(RIXS) excitation energy (eV) vs emission energy (eV) contours plots as a function of voltage
for ¢) Li; ,Nig,Mny¢0, (anionic redox) and d) Li; ,Ni,Ru¢O; (no anionic redox). Reproduced
with permission under the Creative Common License Deed.*

Overall, the evidence for anionic redox has been mainly
obtained by a combination of X-ray diffraction (XRD),! X-ray
photoelectron spectroscopy (XPS),364 XAS,3745503IR[XS,?745 EPR?%36
and differential electrochemical mass spectroscopy (DEMS).29-36:45.50,52
Briefly, XPS, RIXS and XAS can provide information pertaining to the
valence of the O in the TMO where RIXS mapping can offer energy-
resolution for the excited energy states. EPR serves as mean to detect the
created peroxide radicals. The eventual evolution of lattice O in the form
of O, is then detected by DEMS. Taken together, these characterization
techniques have convincingly indicated that CAR is occurring in some
TMOs and have built the foundation upon which new CAR materials
will be validated and identified. The following sections will discuss about
how these techniques have been used to formulate the mechanism of
CAR.

Mechanism of Anionic redox

Over the research history of this anionic redox, there has been
many different theories on what exactly renders specific TMOs CAR
active and reversible. While they are all describing the same
phenomenon, some of them differ significantly from one another. In this
section we will discuss these mechanisms and descriptors for reversible
CAR in Li-rich layered material and disordered rock salt materials while
noting their relevance in the current CAR literature. Early theory for the
extra capacity present at higher charging voltage included theories such
as the over metal oxidation up to Mn>*,>® or the extraction of the Li,O
units from the Li,MnQOs, activating additional capacity.>* The majority of
these alternative theories have been listed and summarized by Tarascon
et al.** However, it is important to point out the difference between AR
from over-delithiation of common systems such as LCO. O, evolution is
a result of the oxidation of O anions and is not reversible in nature in a

This journal is © The Royal Society of Chemistry 20xx
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LIB configuration. Accordingly, this type of electrochemistry is not
useful for a battery and is not considered AR. The type of O
electrochemistry that is considered AR entails relatively reversible O
redox with specific mechanisms.

Firstly, from XAS studies, many researchers have thought that
the CAR is related to static O>/O redox couple.’>*® Perhaps the main
school of thought for AR generally stems from the existence of O 2p lone
pairs in the TMO. When O is bonded to TM and Li, there will be the
formation of TM-O bonds that may or may not form lone pairs depending
on the valence of the TM and the ratio the elements. Furthermore, the AR
is likely not a perfect O>/O- redox couple as in the case of Li,O, formed
in lithium-O, batteries,”’ but instead forms oxidized O in the form of
peroxo-like O™ dimer species’23¢ or isolated O anions.!%>>8 These two
possible scenarios are also often coupled with change in the crystal
structure of the TMO. It is important to show that the physical location
of AR redox sites and the corresponding change in the TMO crystal
structure occurred throughout the bulk of the TMO particle. While this
might appear to be a rather trivial matter, its confirmation was not
particularly simple without certain characterization techniques. Typical
XAS measurement obtains a bulk average of the sample. Therefore, only
by a specialized spatially resolved analysis techniques can the bulk redox
of O be analysed.

Much of the spectroscopic studies regarding AR did not take
into account the concurrent changes in the structure of the material as
proven via transmission electron microscopy>® and, neutron®' and X-
ray>%6263 scattering/diffraction experiments. By using a transmission X-
ray microscopy with nanoscale X-ray absorption, the delithiation of
Li; 17« Nig2,Cog0sMng 5405, or specifically the mechanism of CAR of
this material was found to be related to the removal of electrons from the
TM 3d-O 2p hybridized orbitals at voltages below 4.5 V followed by the
oxidation of just O 2p above 4.5 V.** As this technique is spatially
resolved, oxidation above 4.5 V was readily concluded to be related to
the migration of the TM throughout the entirety of the TMO particle and
not just the surface. This offers a correlated structural and spectroscopic
explanation of CAR, indicating that when the O redox is active (>4.5 V),
there must be a corresponding reaction that likely simultaneously occurs
causing TM migration. This is also complemented by XPS performed
with hard X-rays where higher penetration is achievable.* By increasing
the energy of the X-ray, the penetration depth the XPS increase from 6.3
nm at 1.487 keV to 13 nm at 3.0 keV and 29 nm at 6.9 keV. To ensure
29 nm was deep enough to be considered bulk, the author utilized Li-rich
NMC with a particle size of ~100 nm. The authors found that the
percentage of O™ present over the total amount of O™ + O, did not change
when moving deeper into the sample, indicating the AR is a bulk process.
In fact the signals from the sample at a higher depth were less convoluted
due to the lack of electrolyte decomposition product. Additionally, 3D
electron tomography reconstruction also revealed an increase in pore
volume inside the Li;;Nig;5C00MngssO, particle over cycling as
shown in Figure 2a (pristine) and Figure 2b (after 15 cycles).?® These
pores are believed to stem from the nucleation and accumulation of O
vacancies from O, evolution. The pore fraction varied from 1.5 to 5.2%
(relative to entire particle volume). When taken together, these
experimental results provide the most concrete evidence that AR is not
just a surface phenomenon but occurs throughout the bulk of the TMO

J. Name., 2013, 00, 1-3 | 3
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Figure 2: 3D electron tomography reconstruction of Li; ,Nig5C0g1Mng 550, with cross

section in black/white and volume in green during a) pristine state and b) after 15 cycles.
Reproduced with permission.?® Copyright Springer Nature 2018.

The most widely accepted reason for the extra-capacity has
been established to be from the O atoms acting as redox centres. For Li-
rich layered materials, the mechanism of anionic redox have been
described by many groups to be based on the degree in the covalency of
the TM-O bond. Due to this covalency, the Fermi level state degeneracy
is split into the similar energy level of O 2p and TM d-band.?’ When Li-
ions are removed, both O and TM can act as oxidation sites for providing
the electron to the external circuit. However, because O is so
electronegative, compounds consisting of TM and O usually results in
clear separation between the O 2p-band and the d-band of the TM
(typically the redox active centre for pure CR materials). Generally,
relatively reversible CAR can be achieved by using less electronegative
anions or using TM such as Ru and Nb among other TM that possess a
4d band.% The 4d or higher bands allow for more covalent bonding due
to their larger orbital sizes. If ones looks towards the other chalcogenides,
the nature of the bond are also correspondingly more covalent with more
overlap between the O 2p and TM d band.>* Specifically, if O was to be
replaced with S, the higher polarizability and overall lower iconicity of S
would also allow for anion redox as exemplified by the Li-ion de-
intercalation from Li,FeS,.6¢

Research groups have developed CAR reversibility and
capacity descriptors based on covalency-based parameters of the
material. The ratio between the Coulomb interaction term U and the
charge transfer term Acr has been proposed by Doublet et al as rough
descriptor without true exact values.®”-8 U is a value used to describe
the Coulombic repulsion between two atoms (charged entities)
depending on its electron density and the radius of the atoms. Generally,
the greater the U, the smaller the size of the atoms. Acr is the charge
transfer between the two atoms in the compounds. The greater the
charge transfer, the greater the ionic characteristic of the bond. If U<<
Act (known as a material in the Mott-Hubbard regime), the TMO of
interest will undergo mostly a CR and the system is very ionic. If U>>
Act (known as a material in the Charge Transfer regime), the system
will undergo mostly an irreversible AR.® The intermediate regime
where U/ Act ~2, the system will have both the MO* d-band and the
O 2p lie in the Fermi level and the system will undergo both CAR.
When this occurs, the O 2p-bands becomes electrochemically active and

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

will undergo redox at higher voltages. The degree of covalency of the M-
O bond will dictate the energy level of the non-bonding O 2p lone pair
and correspondingly, the electrochemical activity and reversibility of this
non-bonding O 2p. For example, if the formed (O,)™ peroxo-species
cannot be bonded to or stabilized by the TM, there will be irreversible O,
gas evolution.?? The stabilization of the peroxo-species occurs through
what is known as a reductive coupling mechanism that is,%7° the TM is
reduced while the O is oxidized.

When AR occurs, the electrons removed from the TMO stems
from the O (i.e. AR). After 20? are oxidized by the removal of 2 Li-ion
and 2 electrons, a single (O,)* peroxide species would form. This is
coupled with the splitting of the O 2p into 6, 6", w and " with their energy
change denoted as A°® oo and A™ o for the sigma- and pi-bond states
respectively (as shown in Figure 3).”' The (O,)* peroxide species must
now be charged balanced with the TM via the reduction of the TM (i.e.
reductive coupling mechanism). If the TM cannot appropriately undergo
the reduction process, the system will destabilize, leading to O, gas
evolution.?? How well the TM can undergo the reduction can be viewed
by the Acr energy (difference in energy between the lowest TM d band
and the O 2p). When Acrremains greater than A° g (left of numbered
1 blue circle in Figure 2), the system will generally undergo stable
anionic redox. If the anionic capacity is increased towards right of the
number 2 blue circle (Act < A™ ¢.0), the system will evolve O,
irreversibly. In between the number 1 and 2 blue circle, the system
will still produce voltage hysteresis, but in this region the TM are
expected to stabilize the peroxo-species. Overall, as more and more
Li-ions are stripped from the system, the O 2p becomes more and
more distinct from the TM’s d-band with the eventual release of O,.
Interestingly, if the mechanism described for AR and CR is only
related to the covalency of the TM-O bond or their hybridization, the
total capacity of the system should still not exceed that of the
theoretical limits predicted from the TM.

Anionic capacity

—_—

UM
J LI
=4
Nty >
Acr>450 43 o >8> > dcr
@)
Reversible Hysteresis Irreversible
(0-0) (0,)° O;: 7

Figure 3: Qualitative electronic structure of TMO with reversible, hysteresis and
irreversible anionic redox. Vertical axis denotes the relative energy levels and horizontal
axis denotes the decrease in bond distance between O-O or increasing anionic capacity
from left to right. Reproduced with permission.”" Copyright 2019. Springer Nature.

This journal is © The Royal Society of Chemistry 20xx
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Another method for gauging the degree of reversible and
extent of CAR is the ratio of Li and TM and the existence of a particular
linear Li-O-Li bond. This method is distinct from just the TM-O
covalency and allows for additional capacity from the O that is not
intrinsically coupled with the TM. Cedar et al demonstrated that when
one replaces the Ni in LiNiO, with Li, the projected density of states
(pDOS) for the O 2p changes drastically when Li is added (Figure 4a-
¢).’ Specifically, the change from 3 Li with 3 Ni (Figure 4b) to 4 Li to 2
Ni (Figure 4c), the O 2p pDOS exhibited an increase between 0 to -2.5
eV from the Fermi level. They reasoned that this increase in DOS stems
from the formation of a Li-O-Li linear bond as shown in Figure 4d. Of
the two O 2p orbitals, the one along the Li-O-Li and not the Li-O-TM is
key to the AR capability of the TMO. O 2p orbitals in the along the Li-
O-TM bond are hybridized with the TM which produces the same states
as the stoichiometric layered oxides. For the Li-O-Li bond, the O 2p will
not hybridized with the Li due to too great of an energy difference which
forms orphaned O 2p states. These orphaned O 2p states are then
positioned in the TM-dominated complex of e, and t,, states of the TM.
When this occurs, the O 2p in this configuration are particularly labile
and redox active, even making AR and CR compete with each other.
Similarly, the authors theorized that since many of the CAR TMOs are
achieved by increasing the Li to Ni ratio in the sample that is, Li-rich/Li-
excess TMOs, the same rationale was used to explain the CAR
phenomenon between other Li-rich TMOs. For example, in Li,MnO3
(Figure 4e), the same linear Li-O-Li bonds are produced increasing the
O 2p DOS (Figure 4f). Furthermore, the Li atoms participating in the
linear bonding with O are the ones that are active when AR occurs. This
method can be used to explain the CAR properties of both Li-rich layered
TMOs and disordered TMOs. This explanation is different from the
previously described dependence of the nature of the CAR on the
covalency of the TM-O bond. In contrast, it was explained that the
unhybridized O 2p are the key electrons useful for AR. From this
viewpoint, the amount of oxygen redox does not change the available
TM redox in terms of capacity (but still in terms of delithiation potential
due to hybridization’). In fact, from this perspective, the AR redox are
somewhat decoupled from CR. The ordering of AR or CR or
simultaneous CAR will proceed based on the d states of the TM species.
This is reflected in the O redox difference between Li,_ IrO; (multivalent
Ir redox compensated by O redox) and Li,Ir,SnyO; (additional
capacity from O redox).* Furthermore, by changing the TM species, the
system’s redox active d-band of the TMO can be changed to either ensure
that AR also occurs at a similar voltage or only after CR. Furthermore, if
the energy levels of the TM were to be raised higher than that is
preventing TM and O orbital overlap, the amount of TM can be
maximized in Li-rich TMOs.

This journal is © The Royal Society of Chemistry 20xx
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Figure 4: Projected density of states of a O coordinating environment of a) 2 Li/4 Ni, b)
3 Li/3Ni and c) 4 Li/2 Ni. d) Rotated view of the 4 Li/2 Ni configuration illustrating the
characteristic linear Li-O-Li bond (highlighted). ) Structure of Li,MnO; with the Li-O-
Li indicated with boxed dotted lines. f) Projected density of states of Li,MnOj; for Mn 3d
and O 2p. Reproduced with permission. >>Copyright Springer Nature 2016.

Beyond just Li-rich systems and the regime of which the
TMO falls upon (Mott-Hubbard or Charge Transfer) or degree of
covalency, Doublet et al very recently suggested that the holes per
oxygen was a more universal and accurate indicator of reversible
CAR.”" This method moves beyond the crystal and electronic
structure of the material and becomes more generic or intrinsic to the
underlying phenomenon. Whether the system is disordered or
substituted, the underlying effect on the AR is the resulting
distribution of the non-bonding O 2p. The unhybridized O 2p will be
entirely dependent on the electrostatic environment generated from
the adjacent atoms to O as it is not bonded. Generally, a hole on the O
sublattice (4°) numbered <x is required to maintain reversible AR. In
this case, x denotes the excess Li present in the TMO with the generic
formula Li[LixM, «]O,. The value of 4° depends on how homogenous
the O network is and the amount of theoretical anionic capacity
available. The maximum number of electrons to be removed with Li-
ions will then be 1+x. While the Act can be used to estimate how much
extra capacity will stem from AR, A° requires both the Act and x,
which can be used to quickly estimate whether the candidate TMO
will have reversible AR. If 4° remains below X, the majority of the
capacity will stem from cationic redox in a reversible fashion.
Changing h° can be achieved by changing the amount of
electrochemically inactive TM into the TMO. For example, -
Li,IrO;7® and Li,RuO37* has no electrochemically inactive TM
elements. For these TMOs (4° <x), the CAR has been shown to be
quite reversible and usually exhibits distinct plateaus for CR and AR
as schematically shown in Figure S5a with relatively negligible
hysteresis. If a non-electrochemically active TM is substituted into the
TMO, the h° will shifts towards a higher number (as shown in Figure
5b). This is the most common situation among researched
materials3236:60.75 where irreversible capacity is observed along with
higher voltage hysteresis and cycling occurring with an S-shaped
curve. In some situations, the AR process would activate some CR
that was not previously available which would compensate for the loss
in AR (Figure 5¢). When all of the electrochemical active TM are
substituted for inactive TMs and h°= (1+x)/2, the Li-rich TMO will
experience O, evolution with voltage fade on each cycle as shown in

J. Name., 2013, 00, 1-3 | 5
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Figure 5d. The critical number of holes per oxygen appears to be 1/3.
At this level, no O, release will occur.
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Figure 5: The four generic types of CAR. a) Homogenous system with h°<x where the
system is highly reversible with no capacity loss from O, evolution. b) h° =x, with oxygen
release leading to irreversible capacity loss on discharge. This is the most common Li-
rich TMO reported in literature. ¢) h° =x, but with the development of new TM redox pairs
that can compensate for the capacity loss from O, evolution. d) h°>x results in irreversible
capacity loss from O, evolution and persistent voltage fade. Note the blue and red portion
of the voltage profiles represent the cationic and anionic contribution respectively.
Reproduced with permission.”! Copyright Springer Nature 2019.

The Spectrum of Cationic and Anionic Redox

As described in the previous section, the process of CR and AR are both
fundamentally linked to the nature of the A°. This is a generic statement
that is meant to offer the research community a means to predict and
gauge the CAR in a given compound. Now we will discuss specific
material and battery technologies that have mostly AR, a blend of CAR
and mostly CR. As the most basic and pure for anion redox, Li-S and Li-
O, will be discussed in terms of leveraging the possibility of state-of-
charge control of pure anion redox. This is in contrast to their full
conversion reaction, which are practically very difficult to achieve
reversibly. Cationic and anionic combined redox will be discussed with
regard to some of the early materials and current state-of-the-art
materials. Cationic redox will discuss Li- and Mn-rich layered materials,
disordered rock-salts and their variations TMOs.

Anionic redox

Over the develop timeline of the anionic redox field, its definition have
evolved significantly. Currently, what is considered AR is the reversible
depopulation of the non-bonding O 2p states where the create electron
holes in the O 2p remains in orbitals that possess O characteristics even
after the structural and electronic restructuring throughout delithiation.
However, it is likely this definition will continue to evolve as research
progresses. Whether or not something should be classified as AR will
remain open to discussion among the research community. However,
some of the recent work in the field of Li-O, remains to be undeniably
some extreme form of AR where there is a full substitution of redox
active TM for Li. While Li-O, typically do not have TMs to enabled the
same kind of AR,? this section will discuss some of the more unique form
of Li-O, battery recently demonstrated with future implications in Li-S
and potential of this class of battery proposed.

L1-O,; AND LI-S BATTERIES

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

Li-S and Li-O, batteries are 100% AR and have significantly
different characteristics than CAR and CR. Fundamentally, the lithiation
of Sg or O, are known as conversion reactions. There are no intercalation
of Li-ions into the crystal of either of these chalcogenides as there are in
the case of the conversion reaction based TMO anodes. While the
conversion reaction mechanism of TMO of pure chalcogenides leads to
significant problems in terms of cycle stability and Coulombic
efficiency, they typically possess immense potential in both specific and
volumetric energy density. Overall, both of these systems have mostly
been considered for their full redox reaction from an oxidation state of 0
to -2 or -1 (in the case of Li,O,). As both Li,O and Li,S are ionic
compounds, the bond between the Li-O/Li-S is very strong. This could
be seen as an extreme case of no TM substitution compared to the CAR
and CR materials. Because of this strong bond and the corresponding
poor ionic and electronic conductivity, it is very difficult to strip the Li-
ions from Li,S/Li,O particles. In the case of Li,S, it has even been
accepted that the outer shell of the Li,S particle will be stripped of Li-
ions forming high oxidation compound that is, the Li,S particles does not
charge in a sequential manner (in terms of oxidation state) like the
common TMO.”® If the anion redox of these compounds were to be
consider in the same sense as the CAR and CR compounds, there should
be some ability of the system to achieve partial conversion, that is
avoiding the full oxidation of S/O from a state of -2 to 0.

The benefit of a partial conversion reaction for S and O based
systems i.e. controlling the state of charge (SOC) of the system, is the
enhanced cycle stability of the cell. However, work on limiting their
redox to prevent full conversion remains to be rare and could be one of
the key direction in the future.”’For example, early work showed that
pure solid LiO, can be relatively stable, which could then be used
independently in a Li-ion battery based set up.® More explicitly, work on
a pure anion redox nanolithia was recently shown to be quite stable as a
partial Li-O, battery even in carbonate-based electrolyte.” This work
demonstrated that when Li,O is small enough and there is a catalyst
(through some unclear mechanism) as schematically shown in Figure
6a, it is possible to achieve partial oxidation from O%* to O* where x ~-
0.5. Shown in EPR (Figure 6b) and Raman (Figure 6c), there are
convincing evidence that LiO, species are present in the sample after
charging to 600 mAh g'!. A voltage plateau was found at around ~2.5 V,
which is exactly the cell voltage of a low overpotential Li-O, as shown
in Figure 6d.7® Similar results were found for Co-doped Li,O” and
nanolithia embedded into an Ir-graphene catalyst host.3 Because the
SOC was controlled to not allow for O, release, the Li-O, discussed here
is much more stable (up to 200 cycles). Whether it is a simple particle
size dependent phenomenon or there is some nonbonding O 2p from
bonding with the Co;04 skeleton or a combination of both remains to be
answered. However, it was theorized that Ir-graphene based nanolithia
redox was achieved because the unstable delithiated Li,O’s outer shell
can be stabilized by the oxidization of Ir, forming a Li,O,-Ir
compound.3’ Validation of this theory will require further extensive
studies.

Pure Li,O can be viewed as the completely substituted form
of Li TMOs (Li substituted TM) where there also exist linear Li-O-Li.
The key difference could lie in the lack of electron and ionic conductivity
throughout a bulk Li,O, which might limit its electrochemistry to surface
reactions. As nanonization of Li,O will likely have tap density problems
later on in the prototype stages, future probing into whether or not there
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exist any bonding between the Co;04/Ir-graphene framework and the
Li,O to enhance the electrochemistry of the system is key to any future
commercial breakthrough.
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Figure 6: a) Schematic illustrating the distribution of Li,O among the Co0;04
skeleton/framework. b) Raman and c) electron paramagnetic resonance spectroscopy of
the cathode at different state of charge. d) Voltage profile of the nanolithia composite at
various cycles. Reproduced with permission ?Copyright Springer Nature 2016.

Interestingly, in terms of Li-S batteries, there has not been any
reported work that was able to limit the direct oxidation of Li,S to
Li;Sg/Ss. It has been well-established that the charging mechanism of
Li,S entails the initial delithiation of the surface of the Li,S particles
forming high order Li,Sg/elemental Sg.”¢ The highly soluble Li,Sg then
reacts chemically with the remaining Li,S through comproportionation
reactions, forming lower order polysulfide species. As these polysulfide
species are highly soluble in the electrolyte, they can be easily oxidized
to Li,Sg or even to Sg. These electrochemically formed high order
polysulfide species will then once again comproportionate with the
remaining Li,S.8!83 In contrast to the oxidation of nanosized Li,O,% the
use of nanosized Li,S did not offer a different charging mechanism
(albeit without a metal or metal oxide catalyst to stabilized any delithiated
species).®* A characteristic of a polysulfide formation when charging
Li,S is the initial activation peak. In the case of a nanosized graphene-
encapsulated Li,S (as shown in the transmission electron micrograph in
Figure 7a), there still exist a sharp increase in initial overpotential up to
~3.25 V (Figure 7b), indicating the direct formation of high order
polysulfides from Li,S.®* This suggests that the same SOC control for
Li,S cannot be achieved by simple nanonization down to ~50 nm
particles. However, further decreasing the particle size down to LiyS;o
was theoretically predicted to possess extremely low overpotentials.®’
Interestingly, amorphous Li,S film synthesized from a vapour-phase
atomic layer deposition method was shown to produce al*t charge
voltage profile that still exhibited a slight overpotential resulting in a cell
voltage of ~2.4 V vs Li/Li*.% By enabling an oxidatively sequential
charging mechanism in Li,S, the formation of polysulfides could be
avoided based on a SOC control (analogous to common TMO for LIBs)
and thus likely produce a more stable Li-S battery. A similar
aforementioned Co30, catalyst framework 2° could also benefit the
controlled sequential charge of Li,S. However, this type of AR (if it can

This journal is © The Royal Society of Chemistry 20xx
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be allowed to be considered as such) still requires much additional work
and understanding.
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Figure 7: a) Transmission electron micrograph of the nanosized graphene wrapped Li,S
with low magnification image shown in inset and b) the corresponding 1%, 2" and 3" cycle
charge/discharge voltage profile. Reproduced with permission. % Copyright Springer
Nature 2017.

Reversible cationic and anionic redox:

A material with a mixed reversible CAR can occur in different
situation. Although the overarching mechanism is more or less the same
that is, the existence of non-bonding O 2p orbitals, the specifics of the
cycling varies. In this section, we will discuss the details of some of the
leading CAR TMOs under the two major classes of materials: Li-rich
layered cathodes and Li-excess disordered rock salts. Under these sub-
headings, specific major technologies and research fields will be
discussed in detail.

LI-RICH LAYERED CATHODE MATERIALS:

LiNi;3Mn;5Co,30, (NMC111), a non-Li-rich material have
played a key role in the electric vehicle market. However, prior to its
discovery, Li-rich material have already been explored by Dahn et a/ in
the form of Li[NiLi(i3.003Mn(3.x3)]0, where x=1/3,5/12 and 1/2.%7
When x=1/2 the system reduces down to a non-Li-rich material
(LiNi;pMn;,0,). For the other values of “x”, the system is Li-rich and
demonstrated very high capacity (~260 mAh g™ at first cycle and ~200
mAh g! at 55 cycles) when cycled from 2.0 to 4.6 V at x=1/3
(Li[Ni;5Li15Mns]O,). It was not well understood that reversible anion
redox was responsible for the enhanced capacity, but that the extra
capacity was from evolution of 0,.8 Thackeray®* also separately
investigated NMC material with an excess amount of Li. Li-rich layered
oxide, have been long understood to be a specific type of TMO that
possessed particular high capacity and thought to be a class of material
that consisted of LiMO, (where M=Mn, Ni, Co) and stabilized by
Li,MnO;.**# The main problems involved with Li-rich layered oxides
were their low first cycle Coulombic efficiency, poor energy density
stability and poor rate performance.”® While the capacity retention was
relatively good, the energy output decreased quickly over cycling due to
a well-known voltage fade phenomenon. It was not well-understood that
AR was the cause of its capacity increase and poor durability.”! This type
of anionic redox materials were in fact the first ever demonstration of
reversible (to some degree) CAR.

Li[Lij»,Nig»Mng]O, were once again revisited but with a specific focus

of taking advantage of the anionic redox of the material.!® This type of
material consisted of layered structure of Li,MnQO; and LiNiysMngs0,”
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and were particularly attractive due to their lack of Co which has been a
pressing concern in terms of cost and global supply chain.®? Interestingly,
the use of isotope labelling of the lattice O atoms was used to determine
if these O atoms were stripped from the TMO and evolved as O, or
CO,."? Li[Lig,Nig»Mng]O, labelled with '#0, was prepared by heating
the atmosphere in an 130, atmosphere with a final proportion of 15.4%.
Like most TMO cathodes, no O, evolution was detected below 4.5 V.
Above 4.5 V oxygen release was observed. The authors stated that the e,
states of the octahedral Ni** were first oxidized, bringing Ni**(t5,® ¢,%)
DNi**(ty° €,). This dropped the energy level of e, and raised the O 2p,
allowing for its redox upon further delithiation of the TMO. The CAR
mechanism and the subsequent implication on the cycling is perhaps
more deeply studied in the common material of Li; ;Nig;5C0.;Mng 550,
(LMR). LMR was thoroughly investigated with a suite of
characterization techniques throughout the past few years. The redox
couple of TM and O was observed experimentally to change in
proportion between one another drastically over cycling. Specifically, the
change in oxidation state was observed via XAS at the Mn, Co, Ni and
O K-edge of electrode cycled to different cycle number (1%, 274, 25t 46t
and 83') at both charged and discharged states. Over the course of
cycling, the edge position of Mn, Co and Ni was used to correlate to their
oxidation state.”® As there was an excellent linear relationship between
the oxidation state and the edge energy of Mn, Co and Ni. The TM’s
change in oxidation can be easily deduced. The total charge contribution
of the TM’s to the capacity is then subtracted from the total measured
capacity, obtaining the semi-quantitative contribution of O redox. As
shown in Figure 8a,?® the total capacity changed slightly (degradation
mostly occurs in the form of voltage) from 1%t to 834 cycle. However, the
proportions of Mn and Co were found to increase over the course cycling
whereas Ni and O decreased. The decrease in Ni redox can be readily
explained by the formation of an electrochemically inactive rock-salt
phase on the surface.”* The voltage fade is due to the change in the
density of state of the cathode caused by the TM migration within the
cathode to empty Li sites®%* due to the O redox. With the instigation of
the Co?"/Co*>" and Mn*/Mn*" redox pair (which compensated the
capacity decrease of Ni and O), the Fermi level of the system is raised
and as such, the observed voltage drops or fade(Figure 8b). This is the
exact type of material that exhibits the charge/discharge voltage profile
shown in Figure 5c. It was argued that the reduction of the transition
metal led to the weakening of the covalency on the TM-O bond and
ultimately the proportion of O redox. However, regardless of the
perceived mechanism, it was well recognized that the stability of these
Li-rich layered TMOs were practically useless due to the voltage fade
phenomenon (as in the case of Li-rich NMC?").
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Figure 8: a) Evolution of capacity contribution of Mn, Co, Ni and O. b) Change in electronic

structure of Li; ;Nig 15C01Mnyg 550, over cycling. Reproduced with permission.?® Copyright
Springer Nature 2018.

In most cases, and especially in early iterations of this class
material, the stability of the AR was poor. O, release was very common
at higher charging voltages, which directly correlated with poor cycle
stability. Some work have focussed heavily on limiting the evolution of
O, by surface coating the TMO with materials such as AlF3,°5% MgO,”’
ALO;3,%%  AIPO4'% and even polymers such as poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS).!%! This
coating was found to limit electrolyte decomposition over the cathode
(forming a cathode electrolyte interphase, CEI) and the surface phase
transition from layered to spinel. In addition to coatings, suppression of
O, evolution can be achieved more readily throughout the entirety of the
LMR particles by doping with other metals.”%102103 These foreign
elements have cumulative effect of enhancing the conductivity and
overall stability of the TMOs. For example, Na-ions were shown to have
a pinning or pillar effect where the added Na-ion can prevent the
migration of TM ion into the Li-ion sites.!03-105

To stabilize the O redox, it was found that substitution of the
commonly used 3d TMs with 4d or even 5d TM have significant and
desirable impact on the stability. The key difference between >4d over
3d electrons lies in their ability to make strong covalent bonds where the
4d electrons overlaps with that of the ligand nonbonding O 2p orbital.
Initially, Li;Mn;Ru,O; was synthesized to take advantage of the
discovered higher capacity of the chemically leached Li,MnO; by
Thackeray.!% Li,IrO; was synthesized and found to have good
electrochemical stability and capacity (~130 mAh g!) when cycled from
3.0 to 44 V vs Li metal.'9” Although enhancements in performances
were obtained, the underlying reason is not well-known. Tarascon et al
supported the sequential CAR theory via EPR and XPS analysis of
Li,Mn;_,Ru,O; with Mn substituted by Sn.3¢ This was done to ensure that
the extra capacity obtained by AR was not convoluted by the uncertainty
of Mn redox. Sn was significantly more difficult to reduce to Sn?*. The
material was found to possess about 220 mAh g in discharge specific
capacity, significantly higher than most reported materials. Furthermore,
it was quite stable up to 60 cycles with a specific capacity of ~200 mAh
g!. By calculating the theoretical capacity of Ru*/Ru’* redox, it was
clear that O must be a significant redox center as well. Peroxo-like O
species were found via XPS and EPR. The authors reasoned that the 4d
orbital of Ru overlapped strongly with the 2p orbital of O. The
delithiation process at 4.25 V and past it will therefore affect the O 2p
levels, rendering them as redox centers. The detected peroxo-like O was
reasoned to be formed from the generated O- anions, which re-stabilized
to O-O bonds. Furthermore, a later work also by Tarascon ez a/” revealed
that the B-Li,IrO; (5d TM) possessed exceptional cycle stability and
specific capacity. B-LirIrO; consisted of a 3D long-range ordered
framework of Ir-O bonds in a hyperhoneycomb structure. This structure
possessed edge-sharing IrOgs octahedra, which were able to
accommodate the anionic distortion during AR. Experimentally, the
structure was shown to remain stable up to a Li extraction/insertion
process of 2.5 Li per TM with nearly no hysteresis.

Although the mechanism is open to debate, it was clear that 4d

and 5d TMs were ideal for achieving enhanced performance with CAR.
It is however unfortunately that these TMs were typically very expensive
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and rather rare in the Earth’s crust, rendering them impractical for
commercialization. Alternative methods include substitution of Co with
Fe in Li-rich NMC have shown to be beneficial towards suppressing
oxygen release while increasing the stability of the redoxing O in the
TMO’s lattice.!®® Li(Lip,7Nig17Feg 17Mng49)O,  (Co-free) possessed
orphaned oxygen states in the form of Li-O-Li (indicator for CAR).
During delithiation, Fe 3d and Ni 3d is first oxidized. Normally, the +3
oxidation state of Fe does not have Jahn-Teller distortion due to the
paired e, orbitals. However, upon oxidation (+3->+4), Jahn-Teller
distortion will occur i.e. stretching one of the Fe-O bonds of the FeOg
octahedron, lowering the energy level of the d,, orbital. This allows for
the oxidation of the O(2p) orbital upon further delithiation earlier in the
delithiation process (when compared to the non-Fe doped
Li(Lig 17Nig 17C00.17Mng 49)O;). The authors claimed that the larger
amounts of O participating in the redox earlier on in the process produces
a lower accumulation of O oxidation in the form of peroxo-like species,
which enhances the structural stability of the Fe-doped material.

LI-EXCESS DISORDERED ROCK SALT MATERIAL (DRX):

Li-excess disordered rock salt material (DRX), have gained
significant traction in the recent years. In contrast to the layered
materials, rocksalt structures are traditionally considered to be
electrochemically inactive due to a lack of percolating Li-ion pathway
throughout the bulk structure. This changed when disordered rocksalts
were investigated.?! Work by Cedar et a?19%110 demonstrated that the
Li;211M00467Cro30, (LMoCrO) and Lij 2sNbg2sMngsO, (LNbMO)
produce exceptional specific capacities. LMoCrO offered about 265.6
mAh g while specific capacities of up to ~300 mAh g! and 200 mAh
g! were obtained at 50° C and room temperature respectively for
LNbMO. LMoCrO was formed as a layered rocksalt structure but
developed into a disordered rocksalt upon cycling. Figure 9a shows the
scanning transmission electron microscopy image of LMoCrO before
and after cycling for one and ten cycles. Before cycling, it can be clearly
deduced that the structure have more distinct pillars in the Z-contrast line
scan (top right of Figure 9a). The distinct pillars represent the Li-Mo-Cr
ions, with the troughs of these pillars representing Li-ions. After cycling,
the Z-contrast decreased with increase in signal from the troughs of the
original Li-Mo-Ci pillars (from pristine to 1 and 10 cycles), suggesting
the mixing of the cations.

More importantly, the excess Li (particularly above 10%)
opened percolating networks of 0-TM, which enhanced the material’s Li-
ion conductivity. 0-TM Li-ion diffusion mechanism refers to the
transport of Li-ions through channels that do not have any TMs at the
octahedral sites (in their place Li-ions).!'® Normally in layered material
such as LiCoO,, Li-ion transfer occurs through 1-TM channels.
However, 1-TM are not suited for Li-ion transport for disordered
materials as the size of the tetrahedron are too small due to disordered
nature of the structure. In contrast, for disordered materials, 0-TM is the
dominating means of Li-ion transport because their migration barrier are
lower and should offer more facile transfer of Li-ions.?! Figure 9b plots
the simulated 0-TM percolation curve as a function of Li content in the
TMO and the degree of cation mixing. The colour red in the contour plot
represent a low probability of 0-TM percolation whereas blue represent
high. The percolation threshold sits readily from 1.05 to 1.1 at a cation
mixing degree of greater than 50%. Figure 9¢ plots the contour plot of
electrochemically accessible Li-ions in the disordered rock salt as a

This journal is © The Royal Society of Chemistry 20xx
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function of once again Li content and cation mixing. Interestingly, if the
amount of Li in the system does not form a percolating network (when
Li content is below 1.05), no Li-ions were calculated to be
electrochemically accessible from the disordered rock salt which has
been shown experimentally in compounds such as disordered LiCoO,
and LiNiQO,.!"Past this value, the black contour lines labelled as 0.8, 1.0
and 1.2 indicate the amount of accessible Li-ions. This can be seen as the
predecessor to the identification of the importance of the Li-O-Li bond.>
However, this material still exhibited a voltage-fade phenomenon over
cycling, similar to the LMR material. Regardless, prior to the discovery
of AR in rock salt structures, AR was found only in layered structure.
Therefore, the opening of the rock salt materials towards AR offered
many new research directions. Rock salt-like structured Li;Mn,Os
prepared by a mechanochemical synthesis have been shown to offer
exceptional specific capacity (355 mAh g1).!12 The high capacity was
associated with the Mn**/Mn**, 0%/O" and Mn*"/Mn>* but was found
to decrease down to ~250 mAh g! after 8 cycles. The Mn*"/Mn>*
redox couple was suggested by magnetic susceptibility studies where
the oxidation state of Mn was calculated from the Curie-Weiss fitting
of the macroscopic magnetic measurements. Theoretically, the Mn>*
to Mn** redox would only deliver about ~250 mAh g1.113
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Figure 9: a) Scanning transmission electron microscopy analysis of Li; 211 M0g 467Cro 30,
and corresponding intensity plots to the right of sample before cycling, 1% cycle and 10%
cycle. b) Li-ion percolation curve and electrochemically accessible Li content as a
function of Li content (x in Li,TM,.,O,) and degree of cation mixing (%). Reproduced with
permission. 2! Copyright The American Association for the Advanced of Science 2014.

Li-rich anti-fluorite lithium iron oxide (LisFeO,, LFO) was
investigated where CAR occurs.?® The authors
demonstrated clear evolution of O, and reduction in particle size during
the first charge to 4.7 V. The anti-fluorite structure was found to evolve
into a disordered rocksalt structure or essentially a DRX material through
X-ray diffraction. In situ X-ray absorption spectroscopy experiments
(Figure 10a and b for near-edge and fine structure respectively)

simultaneous

revealed a decrease of the Fe-O bond over Stage I (as denoted in Figure
10¢). Furthermore, the A;, A, and A3 gradually converted to A; and A’
which is due to the formation of FeOg octahedron in the disordered
rocksalt phase from the FeO, tetrahedron in the pristine LFO material.
During the Stage II of the 1%t charge process, the F K-edge was found to
decrease (Figure 10a), indicating a reduction of the Fe which is likely
due to the reduction coupling mechanism as described previously.
Interestingly, subsequent cycles were able to remain relatively stable if
charged below 3.8 V with relatively minor oxygen release. Overall, it
was concluded that the initial charge process of LFO proceeded from an
oxidation of Fe** to Fe*" and O to O and O,. During Stage I, the Fe**
is reduced to Fe" with coupled O* and O, formation, resulting in
amorphous LiFeO, (as shown in Figure 10d).2°
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Figure 10: a) In situ X-ray adsorption nears-edge spectroscopy (XANES) and b) extended
X-ray fine structure spectroscopy (EXAFS) of LisFeO, of the Fe K-edge during the first
charge to 4.7 V. Corresponding voltage profile shown in c). d) Schematic of the cycling
mechanism with regards to the crystal structure and redox centres. Reproduced with
permission.**Copyright Springer Nature 2017.

Reversible cationic redox:
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Figure 11: a) Cyclic voltammetry of NMC 111, 622 and 811 full cells up to 4.8 V and b)
corresponding O, release measured by on-line electrochemical mass spectroscopy.

Reproduced with permission.''* Copyright The Electrochemical Society 2017.

Stable cationic redox based cathodes are widely considered as
the leading technological advances towards enabling the LIB. Although
the fortunate achievement of a stable SEI is equally if not more
important, the inventor of the high performance LiCoO, (LCO), K.
Mizushima and J. Goodenough!!S has been considered to be the father of
the LIBs. Originally, LCO is a material that will only achieve reversible
cycling with about 50% of its theoretical capacity.''® Any further
increase in charging voltage will lead to irreversible oxygen release as
the covalency in the Co-O bond is not high enough to facilitate reversible
anion redox. Similarly, contemporary cathode such as the Ni-Mn-Co
oxides (NMC) and Ni-Co-Al oxides (NCA) will also undergo similar
degradation phenomenon if over-delithiated. Within the stable cycling
regime, the redox active component mostly remains to be Co**/Co*" and
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the Ni2*/Ni*" double redox!!7 with the Mn*" serving mostly as a structural
stabilizer.!'8 XAS have shown that the capacity of Li-ions extracted from
NMC can be accounted for satisfactorily by these two redox centres. 11
Specifically for the NMC class of material, the reversible CR occurs
below 4.0 V.1120 However, it was well known that at higher charge
voltages the system tended to experienced O, gas release. This is
particularly apparent as the Co content is decreased. Stable cycling
voltage decreases from 4.4 V for NMCI111 and LiNipsMng,Co0,0,
(NMC622) to 4.0 V for the Ni-rich LiNipgMng ;Cop 10, NMC811).114121
As shown in Error! Reference source not found.a, cyclic voltammetry
(CV) of NMC 811 exhibited clear oxidation peaks at 4.1 V while the
NMC111 and NMC622 compositions remained relatively stable
upwards of 4.4 V. On-line electrochemical mass spectroscopy shown in
Error! Reference source not found.b clearly indicates O, release
corresponds well to the oxidation peaks observed in the CV. This could
be seen a Mott-Hubbard system where the O oxidation occurs very
distinctly from CR. In fact, at high enough voltage irreversible O
oxidation will occur due to the increase in the covalency of the TM-O
bond. However, if the d-band of the TM is well segregated from the
2p of O, there will be a portion of capacity that is exclusively and
reversibly CR and is the commonly used regime of capacity for
commercial applications.

An interesting case of CR lies in the material LisNbOy, a
disordered rocksalt type structure. This material have been shown to offer
a high 300 mAh g 1* discharge (1.5-4.8 V). 122 While this particular
cycling condition did exhibit severe voltage and capacity fade, significant
enhancements in stability (both voltage and capacity) was achieved when
the cycling was limited to a constant 250 mAh g! on the charge process.
This work associated the capacity and voltage fade with the formation of
superoxide-like species upon delithiation. Subsequent further doping of
LizNbO4 with Mn, V and Ti yielded significant enhancement in
performance.”® Substitution of Nb for Mn and Fe yielded relatively
stable cycling of the O and Mn/Fe redox. However, when V is
substituted, forming the composition of Li; 3Nbg 3V 40,, the material
switched the redox centers from a combined Nb and O to just Nb and
V. This was due to the difficulty in the electron transfer (kinetically)
from O-ions to the V*.

More recently and explicitly, Ceder et a/ have demonstrated
the concept of increasing the available CR in a TMO as another means
of increasing energy density.'?* Transition metal oxyfluorides are
compounds that can successfully store Li-ions mostly from CR with a
small portion of AR. By using high-valent cations, O> replacement
with F-, the typically occurring Mn** is reduced to Mn?*. This allows
for the Mn?*/Mn*" double electron redox with a small amount of
oxygen redox. As described by Doublet et al,”! this naturally lowers
the number of /4° by activating additional cationic redox pairs and
effectively increasing the overall reversibility of the cycled anionic
redox pair in terms of capacity and voltage fade. In fact, the cycle
stability of this material will likely be much more manageable and less
inherently limited by O, evolution such as the case for many of the
typical Li-rich CAR materials. Specifically, Li;Mn,;Nb;30,F and
Li,Mn;,Ti;,0,F have a calculated theoretical specific capacity of 270
and 230 respectively based on the Mn?*/Mn*" redox pair. With a
minor contribution from O-redox, the obtainable specific capacity of
these materials are about 300 mAh g! (as shown in Figure 12a). From
Mn K-edge (Figure 12b) it was identified that the bonding

This journal is © The Royal Society of Chemistry 20xx
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environment around Mn changed from MnO-like to Mn,O3-like when
charged from pristine to 135 mAh g-!. More revealing is the O K-edge
(Figure 12¢), which indicates clear shift towards ~529 eV when the
TMO is charged beyond 270 mAh g-!. ~529 eV have been previously
associated with MnO,, suggesting that the Mn in Li,Mn,;;Nb;,;0,F
did indeed oxidize to +4.124 Upon discharge to 320 mAh g'!, the O K-
edge reverted back to ~531 eV. At the extreme of this spectrum exist
the Lithium-rich oxyflourides without any TMs. Li,VO,F have been
shown to possess over 450 mAh g at 2.5 V with only a lattice volume
change of 3%.!2> However, this material has no reported anion redox
with the capacity of 1.8 Li-ion stemming from only the V3*/V3* redox
couple. Interestingly, there was a change in the O K-edge during
cycling, which indicates a change in the bonding O bonding
environment.

Lastly, it should be noted here that f-Li,IrO; has been recently
suggested to not possess true anion redox in the sense that the O adds
capacity to the system and not just participates in the redox process of the
TM.7® This was mostly supported by the RIXS measurement which
indicated there was no emission at ~522.8 eV (or separate from the 525
eV)s, characteristic of AR.* It should be noted that this emission energy
is different than the aforementioned 523.7 eV,? further indicating the
complexity of analysing O RIXS spectrums with the influence of TMs.
While many groups previously thought Li,IrO; was an anionic redox
material, the large specific capacity is considered by some to be the
sole effect of a multi-valent hybridized Ir-O redox, which was
ultimately used to reconcile why this material is stable over cycling.*
As RIXS is likely required to differentiate between the true AR and
coupled AR/CR, much work must be placed in revisiting which
mechanism is occurring. However, it is important to note that earlier
studies of RIXS have detected a similar so-called “fingerprint” feature
in O, gas.*
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Figure 12: a) First cycle voltage profile of Li;Mn,;Nb,;;0,F with different upper cut-off
voltage. b) Mn K-edge and ¢) O K-edge of Li,Mn,;Nb,;;0,F at different state of charge.
Reproduced with permission.'?* Copyright Springer Nature 2018. d) O K-edge of MnO
and MnO, for comparison. Reproduced with permission.'>* Copyright American Physical
Society 2019.

Conclusions
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Anionic and cationic redox will continue to hold a significant
presence in achieving high energy density Li-ion batteries. Overall, the
identification and evidence for CAR revolves around the use of resonant
inelastic X-ray scattering. More specifically, AR separate from CR
should produce a signal at around an excitation of ~530.9 eV and an
emission energy of 522.8 eV,*both varying slight among different
works, #4564 but all of which are distinct from the broad peak from an
emission energy of 522-527 eV across all excitation energies. With the
continual development of advanced characterization techniques, 2627
our understanding and identification of CAR will continue to evolve.

The ability of AR inclusive LIBs to offer increased energy
density without significant changes to the cell manufacturing process
(changes in electrolyte and anode) makes this type of material highly
adoptable and attractive for industry. Many hurdles still exist for CAR
before it can be commercialized. Much progress have been made over
the past few years regarding the identification of a parameter that can be
used to estimate the reversible and extent of anionic redox. From the
bond-covalency to the ratio between Li-O and M-O bonds to the recently
proposed O hole (/#°), our understanding of reversible CAR has come a
long way. The specific definition of anionic redox has been traditionally
reserved for O redox that occurs separately from TM redox. In this case,
the O redox adds capacity to the system and does not leach capacity from
the TM. This type of redox have yet to be shown to be reversible in both
capacity and voltage to any sufficient degree. In contrast, B-LiyIrOs,
which has been shown to be stable due to the redoxing of the hybridized
Ir-O and not O and Ir separately,** does indeed produce stable cycling
with minor voltage hysteresis. Additionally, work into Mn?*/Mn*"
double redox'?? (similar to the multivalent Ir redox of B-Li,IrOs) have
also shown excellent project energy densities with minor voltage fade
and good capacity retention. It appears that a system based on a blend of
CAR at significant proportions might be not practical while high valent
cation redox with a slight addition or capacity boost from AR might be
more promising. Finally, the nanolithia mixed with Co;O4 might also be
a promising direction for future research. Whether this type of material
falls in to the definition of AR is up to debate, but it does nevertheless,
open new possibilities as a compromise between a full Li-O, system and
a Li-ion battery.
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