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Context & Scale

Lithium ion batteries have relied

on Ni- and/or Co-based redox to

achieve high energy density since

their inception decades ago.

Meeting the demands of next-

generation energy storage

technologies (e.g., electric

vehicles) with lithium ion batteries

requires increasing energy density

while moving to lower cost

electrode compositions, both of

which typically come at the cost of

reversibility (lifetime). High-valent

redox, which offers capacity at

high voltage in Fe- and Mn-rich

electrodes by accessing high
High-valent redox, where over-oxidation of oxygen or transition
metals (TMs) drives extensive charge sharing through the formation
of short covalent bonds, has historically been avoided in intercala-
tion electrodes because of its association with structural disorder
and electrochemical irreversibility. Here, we present a perspective
on the origin of these undesirable behaviors and materials design
criteria to mitigate them. Drawing parallels between oxygen redox
and high-valent TM redox (e.g., CrIII/VI and VIII/V), we reveal that the
defect formation energy landscape is the primary factor controlling
the electrochemical reversibility of high-valent redox, as it deter-
mines which defects form to accommodate the short covalent bonds
as well as the nature of those covalent bonding arrangements. By
tuning the defect formation energy landscape, researchers can con-
trol the nature of the oxidized species while minimizing structural
disorder. These concepts reveal a wide range of previously avoided
redox mechanisms as promising candidates for high density energy
storage.
oxidation states, is a promising

solution, if only the associated

degradation can be addressed.

Here, the first framework for

understanding and controlling the

poor electrochemical reversibility

of high valent redox is proposed.

Several promising strategies are

presented for the design of high

valent intercalation electrode

materials with high reversibility,

opening the door to new low-cost,

high energy density

compositional regimes that have

previously been considered ‘‘off-

limits’’.
INTRODUCTION

The rocking chair lithium (Li)-ion battery, involving Li+ charge carriers migrating be-

tween two intercalation electrodes, has enabled major breakthroughs in modern

technology by providing high energy density, long-life, on-board energy storage

for everything from cellular phones to drones to electric vehicles.1 Intercalation re-

actions have remained the electrode chemistry of choice due to their exceptional

reversibility and the high electronic and ionic conductivities of intercalation mate-

rials.2 However, intercalation electrodes require mass and volume to be taken up

by a redox-active host lattice, which limits the intercalation capacity. Demands for

high energy density have driven researchers to push the limits of intercalation reac-

tions for positive (high electrical potential) electrodes, seeking to cycle increasingly

more Li ions and electrons with increasingly high voltage hosts, typically oxides.3

This has led to exploring charge compensation mechanisms beyond conventional,

mostly ionic, transition-metal (TM) redox into the realm of ‘‘high-valent redox’’,

where TMs and oxygen become strongly covalently bonded and both take part in

redox. Unfortunately, high-valent redox couples such as MnIV/VII, CrIII/VI, VIII/V, and

OII�/I� typically drive substantial structural disorder,4–11 leading to voltage hystere-

sis and voltage fade with cycling,12–16 which makes them technologically chal-

lenging to implement. Understanding the origin of the link between high-valent

redox and disorder, and identifying strategies to mitigate the disorder, is essential

to designing practical high-valent intercalation compounds. However, there are dis-

agreements as to when oxygen can be considered to be redox active7 and how this

affects electrochemical properties. As such, a general set of design rules for

improving the reversibility of high-valent intercalation reactions has remained

elusive. For example, reversible high-valent redox compounds have been
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developed, such as Li2VOPO4, which undergoes VIII/V redox with minimal cation dis-

ordering and voltage hysteresis,17,18 and yet general strategies have not been in-

ferred and applied to Mn-rich compounds to improve the reversibility of oxidation

beyond MnIV. These compounds are considered to undergo oxygen redox,8,19–22

for which the design rules are thought to be unique,23–25 despite the fact that Mn

can in principle access a formal valence of VII. There is therefore a pressing need

for a unified framework for solid-state high-valent redox mechanisms that addresses

the competition between TM and oxygen redox and informs clear design rules for

reversible high-valent intercalation reactions. In this perspective, we attempt to

achieve the following:

(1) Put the field of oxygen redox into broader historical and scientific context

(2) Address misconceptions around the nature of oxidized oxygen and the dis-

tinctions between different types of high-valent redox

(3) Develop a framework in which to understand and rationalize high-valent

redox electrochemistry, including both oxygen and high-valent TM redox

(4) Propose an initial set of design rules for improving the electrochemical revers-

ibility of high-valent redox
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LEARNING FROM OTHER FIELDS

Before discussing the work in this field, it is helpful to draw parallels to a similar

and well-known redox quandary also involving oxygen: the nature of the bound

dioxygen species in oxyhemoglobin. The dispute dates back to Linus Pauling’s

publication in 1936 of the magnetic properties of oxy- and deoxyhemoglobin,

which are diamagnetic and paramagnetic, respectively.26 Since the active site

of deoxyhemoglobin (Hb) contains a high spin FeII ion with four unpaired elec-

trons, and the ground state of oxygen is also paramagnetic with two unpaired

electrons, it was puzzling that oxyhemoglobin (HbO2) was diamagnetic. Many

electronic descriptions of the Fe–bound dioxygen were proposed, including

electron transfer from iron to form an antiferromagnetically coupled superoxide

adduct (FeIII–O2
�), double electron transfer to form a diamagnetic FeIV–O2

2�

adduct, and Pauling’s own model of a low spin FeII–O2 adduct involving singlet

oxygen.27 The spread of proposals is similar to that in the battery field, which

has seen � 2.4 Å TM-hybridized O2
n–,28–34 � 1.45 Å O2

2–,6,35–39O2
–,40,41

O–,8,20,21,41–43 molecular O2,
8 and MnVII7 species, all proposed as the oxidized

species in nominally ‘‘oxygen-redox-active’’ intercalation materials. It is perhaps

disheartening to see that despite it being over 60 years older, the HbO2 debate

continues to this day.44 However, there have been several major learnings that

the battery field may find useful. Although papers continue to be published us-

ing new characterization techniques to understand the precise degree of elec-

tron transfer between Fe and O2 in HbO2, the one consistent conclusion is

that even our best conceptual models for bonding in molecules and solids are

simply approximations to the underlying reality.44–46

The goal should not be to quantify the parameters of an approximate model per se.

Rather, the bonding models should serve to help explain and, crucially, control the

functional, observable properties of a compound ormaterial. In this respect, a recent

review by Bren, Eisenberg, and Gray highlighted that even though there is still no

consensus on the best description of the bonding in HbO2, Pauling’s early work

on the subject did reveal that the electronic structure of the active site is crucial

in controlling allostery and therefore the function of the protein.27 It was this under-

standing – even in the absence of a ‘‘complete’’ picture of the Fe–O2 bonding – that
1370 Joule 4, 1369–1397, July 15, 2020
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birthed the field of modern bioinorganic chemistry, through which major technolog-

ical advancements have been possible.
DEFINITIONS: OXIDATION STATES AND REDOX

We approach the issue of oxygen redox in high-valent battery electrode materials

from the above perspective. The parallel is to understand and predict the electro-

chemical properties of high-valent redox as a function of local structure and compo-

sition. Classifying redoxmechanisms into ‘‘oxygen redox’’ and ‘‘TM redox’’ is useful if

it aids with this understanding, but, as in HbO2, designing improved electrode ma-

terials may not require a fine-grained description of the nature of bonding in these

inevitably strongly covalent systems.

As we will show throughout this perspective, the poor voltage and kinetic properties

of high-valent redox can be mostly explained by the overall driving force to form

short covalent bonds, regardless of whether those bonding arrangements are cate-

gorized as oxidized oxygen or TM. In fact, attempts to classify oxygen redox activity

into a unique class of charge compensation mechanismsmay have led researchers to

overlook its similarities with high-valent TM redox. The term ‘‘high-valent redox’’ is

particularly useful from this perspective, as one can be unsure of the specific cova-

lent bonding arrangements that form but still be able to understand the associated

electrochemical behaviors and design improved materials. Nonetheless, properly

classifying redox mechanisms allows for clear discussion, and brings the concepts

proposed in the battery field in line with historical definitions of similar phenomena.

We attempt to do so in this section.

Conventionally, redox mechanisms follow changes in formal valence or oxidation

state, rather than changes in atomic charge density.47 For example, the oxidation

states of oxygen in Li2O2 and H2O2 are both considered to be I�, despite the fact

that H–O covalency in H2O2 confers substantially more positive charge to oxygen.

Both compounds are considered a one electron reduction per oxygen from molec-

ular O2. Formal valence is also commonly used to understand electrochemical reac-

tions, whose properties often correlate with integer changes in oxidation states.48

This reflects the fact that formal oxidation states reflect electron counts and resultant

bonding configurations and are therefore good predictors of structural and chemical

properties such as Jahn-Teller distortions and reactivity. For example, KMnO4 is

considered to be an example of MnVII, even though spectroscopic measurements

indicate that the electron density aroundMn is much higher than would be expected

for a 7+ cation.49 Nonetheless, the formal valence correctly predicts the chemical

properties of Mn: KMnVIIO4 (formally d0) cannot be easily oxidized, while K2MnVIO4

(formally d1) can. This reflects the fact that oxidation beyond MnVII (i.e., depopula-

tion of O 2p states) cannot be stabilized by Mn–O bonding, because there are no

d electrons with which a depopulated orbital can form a bond. Two empty orbitals

cannot form a bond. In keeping with these conventions, we therefore define any

redox process that is stabilized through TM–O hybridization to be TM redox (as

we recently suggested6) and denoted by the formal TM valence, regardless of the

charge density change on the TM or nature of the state initially depopulated prior

to bonding. Note that the formal valence can also predict spectroscopic behavior:

the Mn L3 edge which probes 2p/3d electronic transitions and is highly sensitive

to the spin state of the Mn ions, is significantly different for KMnVIIO4 and MnIVO2.
50

So when can a material be said to undergo oxygen redox? What bonding configura-

tions represent oxidized oxygen? Conversely, we suggest that the formation of any
Joule 4, 1369–1397, July 15, 2020 1371
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oxidized species in an oxide that does not require TM–O bonding should be consid-

ered oxygen redox. This encompasses the formation of < 1.5 Å O–O bonds (dimers

in peroxide, superoxide, or molecular oxygen species), as well as the formation of

OI� anions by depopulation of unhybridized O 2p orbitals in the absence of subse-

quent bonding. In all cases, the oxidation state of oxygen is unambiguously greater

than II–. This definition is not arbitrary – it predicts that oxygen redox can occur in

both d0 and non d0 oxides and predicts spectroscopic inactivity at the TM absorp-

tion edges due to the hole states having purely O 2p character (either localized on

an OI� 2p orbital or hybridized in the s* or p* orbitals of the oxygen dimers). These

definitions are also consistent with the historical application of the oxidation state

formalism, which is primarily used as a heuristic to understand bonding and not

atomic charge. Although the formal valence framework has known limitations,47

we show that it is sufficient for describingmost of the bonding configurations formed

during high-valent redox. We use the Roman numeral notation to refer to formal

valence (i.e., MnIV) rather than the charge notation (i.e., Mn4+), which can be

confusing as it implies a specific positive charge which, as mentioned, will deviate

from spectroscopic or computational measurements of charge density.
LIMITATIONS OF PROPOSED MECHANISMS

With these definitions in place, we discuss previously proposed mechanisms and

design rules for reversible high-valent redox. In fact, design principles have only

been broadly proposed for oxygen redox, and we use these as a starting point to

build a unified understanding of high-valent redox, in which oxygen redox and TM

redox inevitably compete. For an overview of the various proposed mechanisms,

the reader is referred to the work of Tarascon,25 Doublet,23 Ceder,20 Bruce,8 Yabuu-

chi,24 van der Ven,7 and ourselves.6 Here we highlight the limitations of current un-

derstanding and then propose a potentially unifying framework.

In general, electrochemical reversibility is defined in terms of capacity fade, voltage

fade, and voltage hysteresis, all of which are associated with high-valent redox. Early

work by Tarascon and colleagues28,51 emphasized that the electrochemical revers-

ibility of oxygen redox should be strongly dependent on the nature of the oxidized

oxygen species, withmore stable, less reactive species being less prone to release as

oxygen gas and reaction with the electrolyte. Oxygen gas evolution manifests as all

three major irreversible electrochemical properties, as it results in the formation of

electrochemically inactive phases52 (capacity fade), reduces53 and disorders54 the

lattice (voltage fade12,13), and consequently leads to structural path dependence

for the (de)lithiation reaction (voltage hysteresis). However, we later observed that

oxygen redox is intrinsically coupled to structural transformations and disorder

even when the extent of oxygen gas release is small.16 Two important inferences

could be made from this observation: (1) the extent of oxygen gas release from

the surface is not necessarily related to the extent of oxygen oxidation in the

bulk55,56; (2) since disorder results in voltage hysteresis and voltage fade, preventing

oxygen gas release is not sufficient to achieve truly reversible oxygen redox. The

structural mechanism by which the oxidized species is formed is equally important

in determining electrochemical properties.

Two widely accepted frameworks were then proposed by Tarascon et al.25 and

Doublet et al.23 to explain the electrochemical properties of oxygen redox across

materials. Both models built upon earlier work by Ceder and colleagues,20 who

showed that non-bonding (NB) O 2p states can reside at higher energy than TM

d states – and therefore be depopulated – if they exhibit no s interactions with
1372 Joule 4, 1369–1397, July 15, 2020
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neighboring TMs (i.e., residing along linear A–O–A axes, where A is an ionic cation

such as Li+, Mg2+, etc.). Oxygen redox is generally thought only to occur when these

labile NB O 2p states are depopulated (we show later that this is not always true) and

subsequent work was aimed at understanding the differing electrochemical

response to such oxidation across materials.

Tarascon and colleagues proposed that the electronic structure – described primar-

ily by the charge-transfer gap betweenO 2p and TM d bands relative to the Hubbard

U splitting between the TM d bands – determines the nature of oxidized oxygen

upon depopulation of the NB O 2p states and, therefore, its stability against oxygen

gas release and its associated electrochemical reversibility. They proposed that in

Mott-Hubbard systems where the NB O 2p states overlap energetically with the

lower Hubbard TM nd band (e.g., Li2RuO3 (LRO) and Li2IrO3 (LIO)), oxygen redox

can be stabilized by the formation of � 2.4 Å TM-hybridized O2
n– dimers through

small symmetry-breaking Peierls or Jahn-Teller distortions to the original TMO6

octahedra. On the other hand, in charge-transfer systems such as Li- and Mn-rich

Ni/Mn/Co oxides (LMR-NMC), where the O 2p states do not overlap with TM nd

states, it was argued that depopulation of these NB O 2p states cannot be stabilized

by hybridization with the TMs. It was argued that the resulting reactive OI� radicals

would inevitably drive oxygen gas release or reaction with the electrolyte, and could

only be prevented with sufficient TM–O covalency and proper alignment of the TM

d and O 2p bands. Notably, Yabuuchi proposed a contrasting model in which

greater TM–O covalency is argued to be detrimental, driving greater charge transfer

from oxygen and leading to more oxygen oxidation and O2 gas release.
24 Nonethe-

less, neither model was able to explain the striking differences in electrochemical

reversibility between materials expected to have very similar TM–O covalency and

electronic structures, for example, Na2Mn3O7,
19,57 LMR-NMC,16 and Li2MnO3.

58

Doublet attempted to address this by proposing a continuous spectrum of revers-

ibility described by the effective number of holes on oxygen (hO) – independent of

covalency – which could be influenced by a number of factors such as charge transfer

energy, structure (fraction of A–O–A environments), and d electron count. Doublet

proposed that the more reversible 3-center� 2.4 Å TM–O2
n� oxidized species could

exist even in charge transfer systems provided the hO value is limited below a critical

threshold. Meanwhile exceeding this threshold in any system would lead to the for-

mation of short (< 1.5 Å) oxygen dimers (e.g., peroxide, superoxide, and eventually

oxygen gas), requiring decoordination of oxygen from its TM neighbors and driving

extensive structural disorder, voltage hysteresis and, in the case of oxygen gas

release, capacity fade. This concept was able to explain the observation of reversible

oxygen redox in LMR-NMC for hundreds of cycles with minimal capacity fade,16 ox-

ygen redox without gas release in P2-Na0.67Mg0.28Mn0.72O2,
43,59 and oxygen redox

with minimal voltage hysteresis in Na2Mn3O7
19,57 (all charge transfer systems), while

also explaining the poor reversibility of Li3IrO4 after extensive delithiation and oxy-

gen oxidation.31

However, some discrepancies still remain. For example, note that according to our

definition, � 2.4 Å TM-hybridized O2
n� dimers do not constitute oxidized oxygen

because, despite the notation, there are no formal O–O bonds in such complexes,

only TM–O bonds and symmetry-breaking distortions. Equivalently, the oxidation

state of oxygen in these complexes is II�, although the atomic charge may deviate

substantially. Likewise such species cannot form to stabilize oxidation beyond a d0

configuration, as they require hybridization with occupied TM d orbitals. These com-

plexes – constituting TM redox – should therefore give pronounced changes at the
Joule 4, 1369–1397, July 15, 2020 1373
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TM absorption edges in X-ray absorption spectroscopy (XAS). This is consistent with

the spectroscopic behavior of LIO during the formation of these species,6,29 but not

LRO60 or Sn-substituted LIO (LISO),6 in which the TM absorption edges are relatively

inert during the high-valent oxidation. O K edge measurements also indicate sub-

stantially different redox behavior between LRO (see the ‘‘Narrowing Down the Na-

ture of Oxidized Oxygen’’ section later) and LIO,6 and it is well known that LRO ex-

hibits large voltage hysteresis24,28 similar to LMR-NMC, while LIO exhibits negligible

voltage hysteresis.6,29 LIO essentially appears to exhibit reversible TM redox while

LRO appears to exhibit hysteretic oxygen redox, yet LIO and LRO are isostructural

and should have identical hO at the end of charge, which under current understand-

ing would indicate that they should have identical redox and electrochemical prop-

erties. Likewise, a recent report by Bruce and co-workers showed that P2-Na0.75[-

Li0.25Mn0.75]O2 and P2-Na0.6[Li0.2Mn0.8]O2 exhibit completely different

electrochemical reversibility and oxidized species despite having almost identical

hO.8 These discrepancies are important, as ideally an understanding of high-valent

redox would explain why LIO and P2-Na0.6[Li0.2Mn0.8]O2 exhibit such reduced

voltage hysteresis, and would then offer clear design strategies to impart such

reversibility onto a wider range of compositions.
A WORKING FRAMEWORK

Based on the recent studies of Bruce,8 van der Ven,7 and ourselves,6 we propose a

framework that is able to address the competition between oxygen redox and TM

redox across compositions and explain how similar compositions can exhibit drasti-

cally different redox and electrochemical properties, even though some questions

on the exact nature of the oxidized species across compositions still remain. The

overarching framework is based on the following principles:

(1) Highly oxidized (high-valent) TMs or ligands exhibit a large driving force to

form short, strongly covalent bonds in order to maximize bonding enthalpy

with the few available valence electrons

(2) The bond lengths in typical intercalation oxides are too long to achieve such

covalency, and therefore high-valent redox drives major bonding rearrange-

ments to increase covalency

(3) The defect formation energy landscape defines the structural transformations

that occur in order to achieve the desired covalent bonding arrangements

(4) The local or extended structural transformations that occur define the nature

of the dominant oxidized species and the electrochemical reversibility of the

(de)intercalation reaction

(5) The nature of the oxidized species defines the chemical reactivity of the

oxidized material

We discuss the reasoning for the claims here. The first claim is intuitive tomost chem-

ists. All TMs with high oxidation states such as CrVI,61 VV ,18 MoVI,62 and MnVII 63,64

almost invariably exist in 4- or 5- coordinate geometry with at least one terminal

oxo ligand—a short (<<1.8 Å) TM=O multiple bond (we use ‘‘=’’ to refer to any mul-

tiple bond, as the precise bond order in a TM complex can be hard to determine).

Likewise, oxidized oxygen (OI� or O0) invariably exists in nature covalently bonded

(<1.5 Å bond length) to other elements such as C, N, O, and H (e.g., carbon monox-

ide, hydrogen peroxide). This is a manifestation of the well-known ‘‘octet rule,’’

which itself is due to the fact that, being a 2p element, oxygen has high electroneg-

ativity (low energy valence states) and a large energy splitting between its electronic

states. In both the TM and oxygen cases, the unoccupied electronic states on the
1374 Joule 4, 1369–1397, July 15, 2020
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Figure 1. Conceptual Defect Formation Energy Landscape for LiCrO2 and NaCrO2 upon

Oxidation of Cr

(A) Relative free energies of three CrIV species versus the disproportionated configuration of two

CrIII and one tetrahedral CrVI species. The small interlayer spacing in LiCrO2 allows this

disproportionation to occur immediately upon delithiation.

(B) The same diagram for NaCrO2, where the larger interlayer spacing destabilizes the CrVItet
species, allowing CrIVoct to persist. The red arrows indicate the destabilization of the CrVItet defect

in the NaCrO2 structure.
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highly oxidized ion are extremely low in energy, and there is therefore a strong

driving force to pull an electron from a neighboring element and form a covalent

bond. Equivalently, there is substantial energy released in forming covalent bonds

between such highly oxidized ions due to the high effective nuclear charges.

The second claim is also obvious: the typical M–O and O–O distances in Li-ion inter-

calation oxides are >1.9 Å and >2.4 Å, respectively.28,29,65 This reflects the fact that

the bonding is more ionic. Meanwhile, typical M=O and O–O bond lengths are <

1.9 Å and < 1.5 Å, respectively. The third and fourth claims are explained together

in Figure 1 with the use of LiCrO2 and NaCrO2 as examples.4,10,66,67 While there may

be a driving force to form short covalent bonds upon oxidation, in any ordered crys-

tal lattice there is also an enthalpic penalty associated with many of the transforma-

tions that might mediate such bonding. The dependence of this enthalpic penalty on

the nature of the structural transformation varies with the material’s overall atomic

structure. Thus in some materials, such as LiCrO2, oxidation of CrIII/IV results in

disproportionation and formation of tetrahedral CrVI defects in the Li layer (i.e.,

CrO4
2� anions),4,67,68 while in other materials such as NaCrO2, these defects are de-

stabilized by the larger interlayer spacing and CrIV persists in the Cr layer with no dis-

order.4,10 Figure 2 shows similar considerations favor an ordered phase transition

upon delithiation of tavorite Li2V
IIIOPO4 to form VV=O multiple bonds in square py-

ramidal coordination via a concerted distortion of the corner-sharing VO6 octa-

hedra,18 while similarly oxidizing VIII in cation disordered rocksalt Li1.25Nb0.25V0.5O2

drives migration of V into non-octahedral sites (i.e., no ordered phase transition).5

Any structural transformation or defect that breaks the long range structural order
Joule 4, 1369–1397, July 15, 2020 1375
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B

Figure 2. Conceptual Defect Formation Energy Landscape for Li1.25Nb0.25V0.5O2 and Li2VOPO4

upon Oxidation of V

(A) Relative free energies of three VV species in Li1.25Nb0.25V0.5O2, showing that in the disordered

structure the formation of VV is easily stabilized by V migration into non-octahedral sites.

(B) The same diagram for Li2VOPO4, where the tavorite structure enables an ordered phase

transition involving a concerted distortion of the corner sharing VO6 octahedra to form chains of

VO5 square pyramids containing V = O species. Tetrahedral VV defects are energetically penalized

in this structure. The red arrows indicate the destabilization of the VV
tet defect in the tavorite

structure.
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and allows a major change in local bond length and coordination can facilitate the

formation of short covalent bonds, including antisite-cation vacancy TMLi/VM pairs

(also commonly referred to as cation migration),6,8 dislocations,69 and interstitials.7

Note that these oxidation driven defects arise due to the change in bond enthalpies

as valence electrons are removed, and are therefore distinct from the entropically

stabilized defects (e.g., TMLi) that form in many layered oxides during high temper-

ature synthesis,70 and the defects driven by electrostatic instability upon delithia-

tion. The specific structural rearrangements driven by high-valent redox determine

the voltage behavior of the intercalationmaterial as well as the nature of the oxidized

species. The latter relationship can be easily seen in the examples in Figures 1 and 2:

CrVItet in LiCrO2 versus CrIVoct in NaCrO2; V
V=Osq. py. in Li2VOPO4 versus VV

tet in

Li1.25Nb0.25V0.5O2. We discuss the specific relationships between structural rear-

rangements and electrochemistry in the ‘‘Design Rules’’ section later.

The last claim follows naturally from the above discussion: the CrO4
2� anion in disor-

dered Li0.5CrO2 will have very different reactivity compared to the CrIV species in layered

Na0.5CrO2. Thus, depending on the allowed structural transformations and resulting

oxidized species, materials will exhibit differing reactivity with the electrolyte, solubility

within the electrolyte (important71 but only rarely considered), and stability against

decomposition (e.g., oxygen gas release). Thus, the favored structural transformations

control the electrochemical reversibility of high-valent redox by determining the nature

of the oxidized species and the extent of disorder associated with its formation.
1376 Joule 4, 1369–1397, July 15, 2020



Figure 3. Generalized Defect Formation Energy Landscape for High-Valent Redox

Many different oxidized species can form as result of oxidation. The yellow isosurface is shown to

emphasize hole hybridization between TM and O (left) or localization on oxygen (right). The actual

relative ordering (i.e., which of these species forms in reality) is strongly dependent on both the

bond and defect enthalpies for a given structure and composition (see Figure 7).
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Here, we have presented this framework using more accepted high-valent TM redox

mechanisms as examples, but the extension to oxygen redox is straightforward. Fig-

ure 3 shows a more general picture for high-valent redox where oxidation forms

either high-valent TM or OI� species, depending on the electronic structure (see Fig-

ure 7 later), both of which can drive formation of short, covalent TM=O or O–O

bonds,6,8 among other species, depending on the defect formation energy land-

scape. Once again, the nature of the oxidized species depends strongly on the

favored structural transformations. This concept was presciently first predicted by

Chen and Islam for the structural transformations at the surface of Li2MnO3 upon de-

lithiation, where the sequence of oxygen dimerization, oxygen gas release, and Mn

migration determine whether OI�, O2, O2
I�, O2

II�, or MnV prevail as the oxidized

species.72

An important implication of this framework is that similar compositions can exhibit

entirely different oxidized species if their atomic structures favor different local

bonding rearrangements, and this will be correlated with their electrochemical

reversibility. Bruce and co-workers showed that this concept can explain the drasti-

cally different spectroscopy and voltage hysteresis of Na0.75[Li0.25Mn0.75]O2 and

Na0.6[Li0.2Mn0.8]O2, which have different superstructure ordering of the Li and Mn

in the Mn layers and therefore differing extents of Mn migration.8 Thus, this frame-

work offers a straightforward explanation for the major differences in electrochem-

istry and spectroscopy between similar oxygen-redox-active compositions, for

which previous models were unable to account. Composition alone does not deter-

mine the redox mechanism, the oxidized species, or the electrochemical

reversibility.

The competition between the various covalent bonding arrangements is an essential

theme of high-valent redox processes in oxides. In this context, the proposed redox
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mechanisms of Bruce8 (formation of trapped molecular O2), Van der Ven7 (formation

of MnVIItet), and ourselves6 (formation of TM=O and O2
II�) are all embodiments of

high-valent redox. Although these mechanisms disagree on the specific structural

transformations and oxidized species, they share the crucial feature that the favored

covalent bonding arrangements drive major local structure rearrangements which

govern electrochemical properties. In general, if these bonding arrangements are

most easily formed through cation disorder, then voltage hysteresis and poor ki-

netics will result regardless of the chemical stability of the oxidized species, as

increasing disorder lowers average voltages,12,13 cation site hopping pathways

are typically hysteretic between charge and discharge,15,73 and barriers for hopping

are large at room temperature.74,75 This is the crucial piece of understanding, similar

to the concept of allostery-redox coupling in hemoglobin, that enables the rational

design and control of the electrochemical properties of high-valent redox via control

of the defect formation energy landscape. Indeed, it was this realization in our 2017

report on local structure-redox coupling in LMR-NMC16 that led us to propose struc-

tural approaches – rather than compositional modifications – to improving oxygen

redox electrochemistry, an approach whose efficacy has now been validated by

Bruce,8 Kang,73 and co-workers (see ‘‘Design Rules’’ later).

Although improvements in electrochemistry are possible without knowing the pre-

cise nature of the oxidized species that form during high-valent redox by simply con-

straining cation disorder, knowing the specific covalent bonding arrangements that

are promoted informs the design of structures that reversibly facilitate their forma-

tion, as we show later. In addition, the oxidized species determine important chem-

ical reactivity and solubility properties as well as the spectroscopic signatures of

high-valent redox. We therefore attempt to narrow down the nature of the oxidized

species across structures and compositions.
NARROWING DOWN THE NATURE OF OXIDIZED OXYGEN

We first note that tetrahedral MnVII is not the majority oxidized species in most Mn-

containing compounds during high-valent redox. It was previously argued that ex-

perimentalists have not observed MnVII in charged LMR-NMC because of the

damaging nature of the X-ray beam during XAS measurements,7 even though

KMnVIIO4 can be reliably measured using hard X-ray XAS,63,64 as shown in Figure 4A,

soft X-ray XAS, as shown in Figure 4B, and in electron energy-loss spectroscopy.50 It

is true that resonant inelastic X-ray scattering (RIXS) measurements,76 which employ

a focused X-ray beam, can damage high-valent materials (e.g., KMnO4, K2FeO4, and

K2RuO4) and give signatures of oxidized oxygen in some cases (Figure 4B). However,

a simple comparison of the emission-integrated RIXS to the less damaging defo-

cused XAS measurements – a routine for most spectroscopists employing these

techniques – clearly indicates when such processes occur. Additionally, beam dam-

age studies have been done specifically on the oxidized oxygen species in battery

materials and have shown an opposite behavior, with the signal fading with

increased beam exposure.77 This not only shows that the RIXS feature found in the

battery electrodes is not due to radiation damage, thus intrinsic, but also the distinct

irradiation behavior compared with the reference compounds suggests different

active sites under irradiation. Furthermore, operando Mn K edge XAS measure-

ments on LMR-NMC electrodes78 – likely the least damaging probe of the Mn oxida-

tion state and which is consistent with ex situ measurements,16,22 indicating no

obvious signs of sample damage in ex situ experiments – do not indicate the forma-

tion of MnVII during high-valent redox. As shown in Figure 4A, the Mn K absorption

edge of KMnVIIO4 is several eV higher than MnIVO2, and the pre-edge which arises
1378 Joule 4, 1369–1397, July 15, 2020
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Figure 4. High Valent TM Species under X-Ray Beam Exposure

(A) Mn K edge XAS for Li1.17Ni0.21Co0.08Mn0.54O2 (LMR-NMC) during oxygen redox compared to reference compounds. This compound exhibits ~0.5

electrons of oxygen redox capacity (~1 electron per Mn). Black arrows indicate spectral changes that are inconsistent in magnitude and/or direction

with oxidation of 1/3 of the Mn ions from MnIV to MnVII. Data are taken from the literature.16,63

(B) Comparison of the low dose XAS measurement (black trace) taken first with a defocused beam, and the emission-integrated high dose RIXS

measurement taken afterwards (red trace). Differences in the slit sizes, monochromator grating, and beam focus account for small differences in the

broadening of the peaks, but KMnO4, K2FeO4, and KRuO4 all exhibit major changes in relative peak intensities, indicating material degradation under

the focused beam. Beam damage is therefore easily detected through this routine analysis.

ll
Perspective
fromMn in the tetrahedral geometry79 is considerably more intense. LMR-NMC typi-

cally exhibits about one electron of high-valent redox capacity per Mn ion, so one

would expect approximately one-third of the shift between MnO2 and KMnO4 (> 1

eV) to be observed in LMR-NMC during high-valent redox. This is well within the

resolving power of the measurement, and is not observed. Likewise the Mn L3
edge of KMnO4 is considerably different to that of delithiated LMR-NMC.16,50,80

These observations are similar to those at the Ir L3 edge in LISO, which indicates

the absence of Ir oxidation during high-valent redox6 as observed in operando mea-

surement, but is different to the behavior of the Mo and Cr XAS during charging in

Li2MoO3
62 and Li1.2Cr0.4Mn0.4O2,

68 respectively, which clearly show the formation of

MoVI and CrVI during oxidation. XAS measurements are clearly able to detect forma-

tion of high-valent TM species, and there is no evidence for MnVII under such
Joule 4, 1369–1397, July 15, 2020 1379
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Figure 5. RIXS Maps of Charged LMR-NMC, LRO, and LISO, Compared to Various Reference Compounds

(A) RIXS maps of LMR-NMC, LRO, and LISO, showing the same signature corresponding to the oxidized high-valent species.

(B) RIXS maps of various peroxides, superoxides, and high-valent TM reference compounds, showing that the oxidized species in the battery

compounds most closely resembles a peroxide. The RIXS features in the white, blue, and yellow dashed boxes correspond to O 1s/s*, O 1s/p*, and

O 1s/(TM nd–O 2p) excitations, respectively. The compounds in red boxes degrade under the focused RIXS beam (see Figure 4). The red and white

arrows correspond to features that disappear and appear as a result of beam damage, respectively. Green crosshairs indicate the location of the

oxidized oxygen feature in charged LISO for reference.
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measurements in Mn-rich compounds. Further evidence for the absence of Mn

oxidation beyond MnIV can be seen in the magnetic moment of fully charged

LMR-NMC, which matches closely what would be expected for d3 MnIV.56,81 For

these reasons, we can refer to the redox activity in these compounds as oxygen

redox, rather than covalent TM redox. Of course, one can never rule out the pres-

ence of any species in low concentrations, and MnVII may well be an important inter-

mediate in catalyzing the oxygen redox process as proposed by van der Ven7 and

others,75 but it is not the majority oxidized species.

In Figure 5A we compare the O K-edge RIXS of fully charged (4.5–4.6 V) delithiated

LISO,6 LRO, and LMR-NMC.16,82 Interestingly, all three materials exhibit a qualita-

tively identical sharp signature in the RIXS map that appears in the absence of major

spectroscopic changes at the TMK and L edges, despite their large variation in initial

TM–O covalency. They also all exhibit major structural disordering, poor kinetics,

and large voltage hysteresis associated with their high-valent redox capac-

ity.6,16,29,83 In Figure 5B we compare these RIXS maps to those of a range of O2
N-
1380 Joule 4, 1369–1397, July 15, 2020
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Figure 6. Analysis of the RIXS Feature at 530.8 eV Excitation Energy

(A) Overlay of the emission linecuts at 530.8 eV excitation for the various peroxide reference

compounds and charged battery compounds in Figure 5.

(B) Plot of the emission energies of the peaks in (A), showing that the battery compounds lie in the

range of the peroxides. The peaks were determined by the point of maximum emission intensity.
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and high-valent TM reference compounds (containing TM=O species). The sharp

feature most closely resembles that of certain peroxides: CaO2, MgO2, ZnO2,

Na2CO3 xH2O2, Na2B2O4(OH)4, and Na2S2O8. In the peroxides, this has been shown

to correspond to an excitonic state associated with the O 1s/s* excitation.84

Indeed, all the peroxides exhibit roughly the same excitation energy of this sharp

feature (�530.8 eV), although they do differ in terms of the total energy loss and

the peak broadening. Why this feature appears to have substantially larger excita-

tion energy broadening in Li2O2 and BaO2 warrants further study. Nonetheless,

the difference between the peroxides is larger than the differences between the

charged LISO, LRO, and LMR-NMC, and the energy loss of the feature in the battery

electrode materials is well within the range of the peroxide references, as shown in

Figures 6A and 6B. Additionally, the excitation energy of the similarly sharp 1s/p*

superoxide feature in KO2 (� 528.5 eV) is distinctly lower than that of the peroxides

and battery electrode materials and, as expected, the features associated with the O

1s/(TM nd–O 2p) excitations in the high-valent TM=O compounds depend on the

nature of the TM, as the unoccupied ligand field states contain substantial TM and O

character due to their high covalency. We additionally performed the same beam

damage study as in Figure 4 on the peroxide compounds and found that in most

cases (especially CaO2, MgO2, and ZnO2) this intrinsic feature is X-ray sensitive

and fades under high X-ray dosage, just as observed for the similar feature in

charged LMR-NMC.77 Although the RIXS signature of LISO, LRO, and LMR-NMC

most closely matches that of a peroxide dimer, a recent study has cautioned against

simple comparisons of charged battery compounds to ionic or molecular ana-

logues.85 Indeed, the 1s/p* excitation of O2 (g) is also known to exhibit a similar

RIXS feature to the peroxides, making a straightforward assignment

challenging.8,86,87

Vibrational measurements also appear to support both types of oxygen dimer.

Raman measurements by the Zhou and Rosseinsky groups have consistently shown

a vibrational energy of � 850–900 cm�1, corresponding to a typical peroxide

bond,88 correlated with oxygen redox in a wide range of compounds exhibiting

voltage hysteresis, including LMR-NMC, Na3RuO4, and Li2Ni0.5W0.5O3.
35–39 Howev-

er, Bruce and co-workers’ recent report closely analyzed the vibrational energy loss

features of the sharp RIXS signature in P2-Na0.75[Li0.25Mn0.75]O2 and P2-Na0.6[-

Li0.2Mn0.8]O2 and showed that the vibrational energy (�1600 cm�1) closely corre-

sponds to that of molecular O2.
8
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Although a precise assignment is not currently possible, it is clear that only com-

pounds containing short (< 1.5 Å) covalent O–O bonds exhibit a similar RIXS signa-

ture to the charged battery compounds. Regardless of their precise electronic prop-

erties, the formation of < 1.5 Å O–O dimers is unambiguous evidence of oxidation of

oxygen, as holes reside in O–O s* and/or p* antibonding states, and necessarily re-

quires major local structure transformations to decoordinate oxygen from two- or

three-coordinate to single-coordinate or less. We cannot emphasize enough that

these < 1.5 Å O–O dimers are different from the � 2.4 Å O–O dimers that were pre-

viously thought to arise during oxygen redox. Those dimers can form in the absence

of point defects and voltage hysteresis through a small distortion of the TMO6 octa-

hedra, do not give rise to such a RIXS feature (as demonstrated in LIO6,29), and, as

mentioned, should be referred to as a type of TM redox due to the requirement

for TM–O covalency. Likewise the stability conferred by the minor distortion to

form� 2.4 Å O–O dimers should be much less than the strong covalent bond energy

in a < 1.5 Å O–O dimer, and the latter is therefore more consistent with the large

voltage hysteresis during oxygen redox and the path dependence of the associated

structural transformations, which can be attributed to the large energetic barriers to

covalent O–O bond breaking and reformation, as well as asymmetry in the cation

migration pathway.73,89

Does the sharp RIXS feature at � 531 eV excitation energy necessarily indicate the

presence of < 1.5 Å O–O dimers?While it is possible that other oxidized oxygen spe-

cies give similar signatures, the presence of short oxygen dimers in oxygen-redox-

active materials that exhibit structural disorder and voltage hysteresis is the best

explanation for the data in aggregate at this time. Between the RIXS and vibrational

similarities to peroxide and oxygen gas mentioned and the consistent spectroscopic

behavior during oxygen redox across 3d (LMR-NMC), 4d (LRO), and 5d (LISO) sys-

tems, oxygen dimers offer a straightforward explanation for the observable proper-

ties of these materials. Furthermore, the associated structural disorder and voltage

hysteresis can be easily understood as a means to decoordinate oxygen and enable

dimerization, as previously explained. Further studies involving a combination of

spectroscopic, vibrational, and structural probes with computational support are

needed to clarify the exact nature of these oxygen dimers as a function of composi-

tion and how they bond to neighboring TMs, if at all. As in HbO2, the defect localized

O–O dimers may be quite distinct from any ionic or molecular analogues, and may

exhibit spectroscopic85 and vibrational88 properties that reflect covalency with the

TMs. In addition, we note that a recent study identified a unique compound –

Na2/3Ni1/3Mn2/3O2
90 – that exhibits this sharp RIXS signature in the absence of sub-

stantial voltage hysteresis and structural disordering. Whether this material un-

dergoes disorder- and dimer-free oxygen redox yet exhibits the familiar RIXS signa-

ture or whether, conversely, it is able to undergo oxygen dimerization in the absence

of substantial structural disorder (see ‘‘Design Rules’’ later) represent important

areas of study for furthering our understanding of oxygen redox electrochemistry

and spectroscopy.

We note that it is becoming increasingly clear that O-K edge RIXS (along with TM

XAS and/or RIXS) is a robust spectroscopic tool for studying bulk high-valent redox.

The field has often relied on X-ray photoelectron spectroscopy (XPS), which has

given confusing results (e.g., oxygen redox in LIO) due to its surface sensitivity.

Indeed, oxygen redox activity has been explicitly shown to diverge substantially be-

tween surface and bulk.56 Even hard XPS, which has a probing depth of only a few

tens of nm,25,56,91,92 can be contaminated by divergent near-surface chemistry.52

RIXS is able to differentiate even similar species such as O2
II� and O2

I� at a probing
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depth of hundreds of nm,making it better suited for probing oxygen redox in battery

materials. In addition, we note that considerably different oxygen redoxmechanisms

have been ‘‘supported’’ by density-functional theory (DFT) calculations. This is due

to the difficulty of knowing the relevant local structures to simulate in highly disor-

dered materials, which leads to bias in choosing the configurations that support a

given mechanism. Only in well-defined materials that retain their atomic order dur-

ing cycling, such as LIO,6,29,93 Na4/7[▢1/7Mn6/7]O2,
19,57 and P2- or P3-Na0.6[-

Li0.2Mn0.8]O2,
8,65,94 are DFT calculations more tractable. In the future, we suggest

that the field should rely more heavily on bulk-sensitive spectroscopies such as

RIXS to gain the clearest insight into high-valent redox mechanisms where disorder

becomes important.
COVALENT BONDING PREFERENCES ACROSS COMPOSITIONS

Knowing the oxidized species across the various compounds studied to date allows

us to translate the general framework in Figure 3 into specific predictions for the

oxidized species formed during high-valent redox across structures and composi-

tions. As mentioned, high-valent redox drives short covalent bonding, which gener-

ally occurs between TM and O (covalent TM redox) or between two oxygens in an

oxygen dimer (oxygen redox). In LMR-NMC and other charge-transfer insulators,

high-valent redox occurs via direct depopulation of the NB O 2p band during dein-

tercalation. In the absence of major structural constraints (i.e., where the most stable

arrangement is determined entirely by bond enthalpy) this generally results in the

formation of short O–O dimers8,37,41,72 (Figure 7A) to avoid the formation of unsta-

ble OI� species, as first suggested by Doublet.23 In Mott-Hubbard systems, the

valence band consists of hybridized TM nd–O 2p states, and the preferred bonding

arrangements then depend on the TM. Again in the absence of structural con-

straints, in late TM systems such as LISO,6 oxidation of the high-valent TM drives

O–O bonding (Figure 7B), while in early TM systems such as Li2MoO3,
62 LiCrO2,

4

and Li1.25Nb0.25V0.5O2
5 TM=O multiple bonding is instead preferred (Figure 7C).

The differences between early and late TM Mott-Hubbard systems can be rational-

ized on the basis of electronegativity and the oxo wall.95 High-valent early TMs are

less electronegative, and therefore TM=O multiple bonding, which involves less

charge transfer from oxygen, is more stable. Meanwhile, high-valent late TMs are

more electronegative, and therefore drive greater electron transfer from oxygen.

Additionally, late TMs reach high electronegativity before many of their d electrons

are depopulated, and thus are often unable to form TM=O bonds in tetragonal co-

ordination environments (e.g., octahedral) despite experiencing a strong driving

force to pull electrons from oxygen.95 One could equivalently consider the fact

that the degree of electron transfer afforded by TM=O species decreases with

increasing d count (and is essentially zero for dR5), as more of the TM=O antibond-

ing orbitals become populated. The most stable covalent bonding arrangement is

therefore that in which oxygen transfers electrons entirely to the electronegative

TM (ligand-to-metal charge transfer, LMCT6) and is in turn stabilized through O–O

bonding. Note that under this scenario, oxygen redox can occur even without first

depopulating a NB O 2p orbital, by simply accessing a highly electronegative TM

oxidation state and driving LMCT.

Based on these observations in the literature, we show in Figure 7D the expected

trend in covalent bonding preferences across the d block elements during high-val-

ent redox in oxides. We expect that TMs for which there are stable d0 phases (e.g.,

KMnO4, OsO4) will be able to stabilize oxidation through TM=O bonding and will
Joule 4, 1369–1397, July 15, 2020 1383
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Figure 7. Covalent Bonding Preferences across Compositions

(A) Electronic structure of charge transfer insulators (e.g., LMR-NMC) showing the formation of OI– upon

oxidation via depopulation of the NB O 2p band. In the absence of structural constraints, OI– anions will

dimerize to form < 1.5 Å O2
M� species (M = 0, 1, 2). The formation of a peroxide (M = 2) is shown.

(B and C) (B) and (C) show the analogous schematics for late (e.g., LISO) and early (e.g., LiCrO2) TM

Mott-Hubbard systems, respectively. In (C), the formation of an octahedral TM=O species is shown,

but the TM=Omultiple bonding can also be achieved in 4- or 5-coordinate geometry. In all cases, M

represents any metal cation (e.g., Sn, Al, Mg, or a TM).

(D) Qualitative trend of covalent bonding preferences for high valent redox across the d block,

ignoring structural constraints. The formal valences in the top right corners of some boxes indicate

the oxidation states at which further oxidation drives strong covalency and high valent redox.

Assignments are determined from a survey of the literature cited herein. As shown in Figures 1, 2,

and 3, structural constraints can favor other covalent bonding arrangements to those shown if

certain defects are selectively energetically penalized. VS is the roman numeral notation for 5.5.
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generally prefer these covalent bonding arrangements over full charge transfer and

O–O dimerization. This sets the somewhat arbitrary boundary for Mott-Hubbard sys-

tems drawn in Figure 7D. However, some TMs have low lying d states due to a com-

bination of high electronegativity, large coulomb interactions, and/or weak TM–O

hybridization, and become charge transfer insulators, with NB O 2p states forming

the valence band, before depopulating all their d electrons (e.g., MnIV).96 These

will therefore drive O–O dimerization upon subsequent oxidation, as indicated in

Figure 7A. Similarly, elements to the left of V, Mo, and Re, are not sufficiently elec-

tronegative in their d0 oxidation states to drive major bond contractions (as deter-

mined by the absence of single-coordinate oxygens in their d0 oxides) and can there-

fore also only undergo high-valent redox through direct depopulation of NB O 2p

states. We provide an initial assessment of the oxidation states beyond which

high-valent redox is expected to occur for each element for which there are electro-

chemical studies, based on a survey of the literature cited herein as well as experi-

mental reports for Li2PtO3
97 and Li2RhO3,

98 and a computational study of the elec-

tronic structure of b-Li2TMO3 materials.99

When covalent bonding rearrangements are inhibited, the oxidized species is deter-

mined primarily by the nature of the valence band. As shown in Figure 7B, if the

valence band consists of hybridized TM nd–O 2p states (Mott-Hubbard systems, Fig-

ures 7B and 7C), then the oxidized species will be a high-valent TM species, as we

showed for LISO,6 while if the valence band consists of NBO 2p states (charge-trans-

fer insulators, Figure 7A), then the oxidized species will be anOI– anion, with the hole

residing in the highest energy O 2p orbitals lying along the A–O–A linear

axes.20,43,72 Whether a true OI� anion can persist for an appreciable length of

time at room temperature without any stabilizing bonding rearrangements is still a

matter of debate and warrants further study.7,57,100,101

Note that as shown in Figure 3, in addition to preventing the formation of short co-

valent bonds, structural constraints can favor the formation of different covalent

bonding arrangements to those shown in Figure 7D by selectively promoting the

associated structural transformations. For mid TMs such as Ru, the bond enthalpy

preferences at high valence may be marginal, and the structure may mostly deter-

mine the oxidized species. This can explain why Li3RuO4 exhibits Ru
V/VI/VII redox,71

while Li2RuO3 exhibits oxygen redox and dimerization when charging beyond RuV.

Figure 7 thereby further highlights the relationship between redox mechanism

and structure, while also clearly rationalizing why the spectroscopic properties of

high-valent redox are related to the electrochemical reversibility of high-valent

redox in each case. These are all consequences of the defect formation energy land-

scapes in the different compounds, which determines the local structural behavior

during high-valent redox. We now identify specific strategies to tune the defect

enthalpy landscape to maximize the electrochemical reversibility of high-valent

redox.
DESIGN RULES

A perfect intercalation material is one that exhibits high voltage and high capacity

without suffering voltage hysteresis, voltage fade, or capacity fade. In a general

sense, voltage hysteresis and voltage fade are associated with the path dependence

and reversibility of structural disorder arising during (de)intercalation, while capacity

fade is more closely related to chemical stability of the (de)intercalatedmaterial both

against the electrolyte and against decomposition (Figure 8). The ideal scenario is

therefore one in which no cation disordering occurs and the oxidized species are
Joule 4, 1369–1397, July 15, 2020 1385



Figure 8. Relationship between High Valent Redox, Cation Disordering, and Electrochemistry

From left to right: a case where cations are inhibited from changing sites, leading to negligible

voltage hysteresis and no voltage evolution between cycles; a case where cations do change sites in

response to high valent redox, leading to voltage hysteresis (DV1), but migrate back into their

original sites upon discharge, recovering the original structure; a case where cation migration is not

fully reversible, leading to accumulation of structural disorder and evolution of the voltage

hysteresis (DV2) and fading of the average voltage (Vfade) with cycling; a case where high valent

redox leads to completely irreversible structural transformations, such as formation of new,

electrochemically inactive phases. In all cases, chemical reactivity and/or instability of the oxidized

species can lead to capacity fade (DQ). The examples drawn here are for a hypothetical layered

structure (top left) in which high valent redox drives tetrahedral site occupancy, but in principle

apply to any high valent redox process.
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inert (top left of Figure 8). As mentioned, this is challenging for high-valent redox

due to the driving force to drastically rearrange bonding configurations. Indeed,

many high-valent redox electrodes exhibit voltage profiles resembling the bottom

right of Figure 8, where disorder is only partially reversible, losing the high voltage

plateau after the first cycle and progressively losing voltage thereafter. Meng and

co-workers described this as a trapping of the structure in progressively disordered

metastable configurations after each cycle.70

Ceder et al. recently demonstrated that avoiding high-valent redox altogether (e.g.,

by employing MnII/IV redox) can be an effective strategy to improve capacity reten-

tion, voltage hysteresis, and voltage fade while achieving high energy density.102 F

doping was proposed as a means to increase the voltage of low valent MnII/IV redox.

This is a viable strategy; however, improving the reversibility of high-valent redox,

with its intrinsically high voltage, offers an alternative and similarly promising

approach toward reversible high energy density materials. We therefore present

design rules here primarily aimed at improving the voltage reversibility of high-val-

ent intercalation materials (moving to the left in Figure 8), and propose that further

understanding of the relative reactivity of the various oxidized species is a fruitful

avenue of further study for addressing capacity fade (moving vertically in Figure 8).

Based on the published literature, there are so far three ways in which this can be

achieved:

Inhibit Covalent Bonding Rearrangements

This is the mechanism taking place in Na-ion layered oxides such as NaCrO2,
4

NaVO2,
103 and P2- or P3-Na0.6[Li0.2Mn0.8]O2.

8,65,94 Since Na ions are typically �
1 Å in radius,104 the large interlayer spacing energetically penalizes the TMNa defects

required for covalent bonding rearrangements (Figure 9A). This is even more effec-

tive in Na-ion compounds with P-type stacking, where the interlayer sites are
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Figure 9. Improving the Reversibility of Oxygen Redox in Layered Oxides by Inhibiting In-Plane

and Out-of-Plane Cation Migration

(A) Increasing interlayer spacing and using prismatic stacking geometries progressively disfavors

out-of-plane migration.

(B) Li migration into the Na layer can prevent conversion to O stacking during desodiation, as

proposed by Meng and co-workers.106

(C) The in-plane TM-vacancy or TM-Li ordering affects whether in-plane migration can enable

oxygen dimerization via decoordination, as proposed by Bruce and co-workers.8 Green circles

indicate the single-coordinate oxygens resulting from migration.
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prismatic and further disfavor TM occupancy. However, many P-type Na-ion com-

pounds convert to O-type stacking at deep desodiation, which is expected to be

less effective at inhibiting out-of-plane cation migration even with the larger inter-

layer spacing.10,11,105 Meng and co-workers showed that including Li in the TM layer

in P2 stacking Na-ion layered oxides can inhibit this stacking change due to migra-

tion of the Li ions into the interlayer space, pinning the layers in P2 stacking106 (Fig-

ure 9B). Subsequent studies have shown this to be an effectivemethod for extending

the reversible capacity during high-valent redox in P-type Na-ion layered oxides.107

Other cations such as Zn and Mg may play a similar role,108 and importantly cannot

be easily electrochemically extracted upon charging,43 unlike Li, making them

potentially more promising dopants to prevent stacking changes.

We note that Doublet and co-workers have framed the inhibition of cation disorder in P2

Na-ion compounds as enabling the formation of TM-hybridized O2
n�dimers through

reductive coupling after depopulation of O 2p states, rather than formation of short <

1.5 Å O2
II� dimers, leading to improved reversibility.105 We instead emphasize that

the improved voltage reversibility in these compounds should be primarily ascribed to

the inhibition of cation disorder and not to the formation of specific oxidized species.

As shown in Figures 7A–7C, the oxidized species formed when cation disorder is in-

hibited can vary significantly depending on the redox mechanism and electronic struc-

ture; however, the voltage hysteresis should be minimal in all cases.

We have also previously proposed that in-plane migration in layered oxides with Li

or vacancies in the TM layers is equally capable of mediating oxygen decoordination
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and covalent bonding, andmust therefore also be controlled.6 Bruce and co-workers

recently demonstrated the importance of in-plane migration during oxygen redox

by showing that structures containing extended Li-TM honeycomb ordering in the

TM layer exhibit major in-plane disordering during deintercalation to mediate oxy-

gen dimerization, even if out-of-plane disorder is prevented (e.g., as in P2-Na0.75[-

Li0.25Mn0.75]O2).
8 In contrast, structures with a lower fraction of Li cations or va-

cancies in the TM layer, such as P2- or P3-Na0.6[Li0.2Mn0.8]O2, were shown to

exhibit minimal in-plane disorder as there are fewer migration pathways that result

in a net change of coordination environment around oxygen (Figure 9C). In-plane

migration was shown to be similarly important for high-valent TM redox in Li2MoO3,

where voltage hysteresis occurs primarily due to in-plane Mo disorder.109 Thus, to

fully inhibit covalent bonding rearrangements in layered structures, both in-plane

and out-of-plane cation migration must be prevented.

Energetic penalties for disorder can also be achieved through modification of the

spectator cations (i.e., those not engaging in high-valent redox, for example, SnIV

in Li2Ru1�ySnyO3 or TiIV in Li1.2Mn0.4Ti0.4O2). For example, larger spectator ions

have been shown to reduce the extent and rate of accumulation of cation disorder,14

while d6 species are predicted to strongly disfavor disorder due to the sensitivity of

the average ligand field electron energy to the resulting broad distribution in TM–O

bond lengths.110

When cation disorder is entirely prevented, the oxidized species will depend on

composition as outlined in Figure 7, and Peierls and Jahn-Teller distortions to the

ordered structure will be the primary stabilization pathway. However, the stabiliza-

tion conferred by these minor symmetry-breaking distortions is significantly less

than the energy released by forming the short covalent bonds otherwise mediated

by cation disorder, and as a result one would expect the oxidized species in these

disorder-free materials to be significantly more reactive and unstable than those

in materials where disorder is not prevented. Indeed, Chen and Islam predicted

that dimerization of OI– anions to form O2
II� or O2

I– dimers can stabilize the

Li2�xMnO3 lattice by 0.4–0.8 eV per dimer.72

The challenge with this approach is applying it to Li-ion systems, particularly layered

oxides where out-of-plane cation migration cannot be easily inhibited by modifying

the interlayer spacing, which is mostly set by the ionic radius of Li. Employing non-

layered structures (e.g., olivine, tavorite, spinel, b-Li2TMO3
33,99) may be necessary to

sufficiently penalize cation disorder, but layered oxides are nonetheless attractive

due to their high atomic fraction of Li and their typically higher electronic and ionic

conductivities. One possible approach is to modify the stacking order between

layers. For example, O2 stacking sequences have a different relationship between

the octahedra in the TM and Li layers compared to the more commonly employed

O3 stacking, sharing faces rather than edges and therefore more strongly destabiliz-

ing out-of-plane TM-TM neighbors due to the high TM cation charges.73 One prom-

ising example is the Li2Fe
III
0.5Sb0.5O3 (LFSO) model compound, which exhibits a

unique paired-layers stacking order.111 LFSO is able to exchange almost 2 electrons

per Fe with significantly improved voltage reversibility over any other intercalation

material exhibiting oxidation beyond FeIII 30,112,113 (Figure 10). Structural transfor-

mations appear to be more reversible and less hysteretic in this material, and the

electrochemistry resembles that of P2- or P3-Na0.6[Li0.2Mn0.8]O2. However, in addi-

tion to its unique stacking order, this complex material was also shown to exhibit a

substantial degree of off-stoichiometry and cation vacancies that may also play a

role in its unique electrochemical properties. Cation vacancies have also been shown
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Figure 10. Comparison of the (De)intercalation Reversibility of Three FeIII-Containing Positive

Electrode Materials

In LiFeO2, out-of-plane Fe migration is facile, while in NaFeO2 it is not due to the larger interlayer

spacing, leading to improved reversibility. Further desodiation below Na0.5FeO2 results in similar

disorder and hysteresis to that seen in LiFeO2. It is unclear why LFSO is even more reversible than

NaFeO2. The idealized C2/m LFSO structure is drawn, but in reality this material exhibits

compositional and structural defects such as cation vacancies and stacking faults, some of which

may be responsible for its enhanced reversibility. Electrochemical data for LiFeO2,
112 NaFeO2,

113

and Li2Fe0.5Sb0.5O3
30 were taken from the literature.
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by Dahn and co-workers to improve the electrochemical reversibility of oxygen

redox in LMR-NMC.114 Clearly, there are many unanswered questions surrounding

the surprising reversibility of LFSO, which therefore warrants further study. Applying

the bulk sensitive spectroscopic probes shown to be successful in recent studies on

oxygen redox (XAS, RIXS) to this material to clarify the nature of the oxidized species

will reveal much needed insight into this unusual redox behavior. In addition, we

encourage researchers to identify the specific structural motifs that enable reversible

(de)intercalation in LFSO and synthetic methods through which they can be incorpo-

rated into Sb-free compositions. This is a promising strategy toward reversible, tech-

nologically relevant Li-ion compounds employing high-valent redox. However, in

addition to the electrochemical reversibility, pursuing such strategies will also

have to involve optimization of kinetic properties, particularly electronic conductiv-

ity, in these new compositional regimes.

Enable Covalent Bonding Rearrangements through Ordered Structural

Transformations

This is the mechanism operative in the tavorite Li2VOPO4 compound18 (Figure 2).

Since the V octahedra are corner sharing in the lithiated compound, a concerted

distortion of the V cations can take place where V decoordinates one axial oxygen

and dimerizes with the other, forming chains of square pyramidal V=O complexes.

This occurs without disordering the structure, minimizing voltage hysteresis and ex-

tending reversibility. The tavorite structure works well for stabilizing VIII/V redox, and

may work for other high-valent TM redox processes, particularly those involving

early TMs that favor TM=O bonding.

In general, Figure 7D can be used as a guide to determine which type of structure

should be used to reversibly accommodate the preferred covalent bonding arrange-

ments (O–O or TM=O), depending on the composition. However, structures have

yet to be identified that mediate O–O bonding without cation disorder. Structures

that already contain single coordinate oxygen ions such as Li3IrO4,
31,71

Li3RuO4,
71,115 and Li5FeO4

41,116 may be promising targets, as shown in Figure 11.

However, these excessively Li-rich structures are typically electrostatically unstable

upon delithiation due to the large vacancy concentration. Incorporating domains
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Figure 11. Improving the Reversibility of Oxygen Redox by Employing Reversible Structural

Transformations to Achieve Covalency

Schematic showing the dimerization of oxygen in a structure containing single-TM-coordinate

oxygens (e.g., Li3RuO4, and Li5FeO4). In practice, such a mechanism may only be possible in small

domains containing single-coordinate oxygens due to the high vacancy content and poor

electrostatic stability of such structures upon delithiation.
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of these structures in dimensionally stable parent structures may improve revers-

ibility, as is effective for Li2MnO3 domains in LMR-NMC.117

The major challenge with this strategy in general is that, although the local structural

transformations may be reversible, cation disorder and/or bond breaking and refor-

mation will inevitably exhibit a substantial kinetic barrier that may result in poor high

rate performance. Understanding the kinetic barriers to the various ordered struc-

tural transformations is therefore essential.

Lower the Barrier and Hysteresis of Cation Migration

This strategy is most notably embodied by the cation disordered rocksalt oxides

such as Li1.2Mn0.4Ti0.4O2
40 and Li1.25Nb0.25V0.5O2,

5 which exhibit oxygen redox

and V redox, respectively. These materials exhibit quite different electrochemical

properties to layered oxides of similar compositions. For example, oxygen-redox-

active Li1.2Mn0.4Ti0.4O2 exhibits minimal voltage evolution between cycles despite

large charge-discharge voltage hysteresis, unlike LMR-NMC, which suggests that

the original structure is mostly recovered upon discharge despite defect formation

during charge (top middle left of Figure 8). Meanwhile Li1.25Nb0.25V0.5O2 exhibits

a much smaller voltage drop after the first charge and considerably larger reversible

capacity than layered LiVO2,
118 even though both structures exhibit cation disorder

(Figure 12), suggesting that the kinetic barrier and path hysteresis of defect forma-

tion is substantially reduced. The presence of pre-existing disorder in these struc-

tures reduces the barrier to forming defects to mediate covalent bonding as no

long-range structural order is broken.110 Likewise voltage hysteresis is lowered as

the net change to the local and long-range structure is minimal regardless of the

defect formation pathway taken. Although effective in improving reversibility, cation

disorderedmaterials still exhibit large voltage hysteresis that may be an unavoidable

consequence of defect-coupled redox. In addition there remains a challenge in syn-

thesizing cation disordered materials with large, dense particle morphologies and

high electronic conductivities such that they can be employed in dense composite

electrodes with minimal conductive additives.

Kang and co-workers recently reported an elegant demonstration of a similar

approach in layered Li-ion compounds, where employing an O2 stacking order,

instead of the more common O3 stacking, drastically influences the pathway of

cation disordering during oxygen redox.73 Since the interlayer octahedra in O2

stacking are edge sharing with one TM layer but face sharing with the other (a

more repulsive interaction), TMs that hop into the interlayer space are driven to

hop back to their original sites via a symmetric migration pathway (Figure 13A).

This reduces both charge-discharge hysteresis and voltage fade with cycling as
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Figure 12. Comparison of the (De)intercalation Reversibility of Four VIII-Containing Positive

Electrode Materials

The cation disordered rocksalt material Li1.25Nb0.25V0.5O2 exhibits substantially improved

reversibility over the layered LiVO2 by reducing the kinetic barrier and path hysteresis of cation

migration. However, this is still worse than NaVO2 and Li2VOPO4, which entirely prevent cation

migration within the capacity ranges shown. Electrochemical data for LiVO2,
118 NaVO2,

103

Li1.25Nb0.25V0.5O2,
5 and Li2VOPO4

17 were taken from the literature.
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the accumulation of structural disorder is minimized. As highlighted by Kang,

economically viable strategies for synthesizing O2 structures (i.e., other than ion-ex-

change from P2 Na-ion precursors) remain to be developed.

A recent study proposed another interesting strategy within this category in which

protons mediate covalent bonding during oxygen redox. It was suggested that in

FeF2.33O0.67 0.33H2O, proton migration between lattice oxygen and the interlayer

water can occur concomitantly with oxygen redox, enabling the formation of cova-

lent bonds in the absence of TM migration.119 A reaction of OHI–
interlayer + OHI–

lattice

# H2Ointerlayer + OI–
lattice + e– was proposed. Even if the oxidized oxygen proceeds

to form short covalent TM=O or O–O bonds (Figure 13B), decoordination via proton

migration is expected to be substantially more reversible than decoordination via

TM migration due to the lower mass and kinetic barrier to migration of protons.

Investigating whether a judicious use of protons in intercalation materials can stabi-

lize high-valent redox and improve reversibility by promoting proton migration

(rather than TM migration) and/or taking advantage of the strong covalency in the

H–O bond is a promising avenue of further research. Indeed, initial results have

demonstrated that proton doping can substantially improve the reversible capacity

of notoriously irreversible Li2MnO3 during oxygen redox.120
Employing Later Chalcogenides

Recent studies have shown that high-valent redox in sulfides and other chalcogen-

ides can be substantially more reversible than in oxides.121,122 For high-valent

TMs or oxidized chalcogenide ions (X–) in such materials, substantial covalency

can be achieved with longer bonds than in oxides due to the increased polarizability

of the larger np (n > 2) orbitals. Thus, high-valent redox can be more easily stabilized

through concerted structural distortions rather than cation disorder.122,123 Equiva-

lently, the additional energy released by forming shorter covalent bonds may not

outweigh the energy penalty for forming the requisite defects. Meanwhile, since

the coulomb interaction in the np orbitals decreases as n increases due to increasing

orbital volume, charge delocalization across the NB np band becomes possible

upon anion oxidation, which will also reduce the driving force to form short anion di-

mers as charge localization on the anions is prevented. This is evidenced by the
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Figure 13. Improving the Reversibility of Oxygen Redox by Improving the Reversibility and

Hysteresis of Cation Migration

(A) Schematic showing the different migration pathways in O3 (left) and O2 (right) layered oxides,

the latter of which show reduced hysteresis and voltage fade. Reproduced from Eum et al.73

(B) Schematic showing the dimerization of oxygens (oxygen redox) via proton migration from

single-TM-coordinate OHI� anions. Proton migration has been shown to be more reversible than

TM migration during oxygen redox.
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decreasing occurrence of X–X dimers going down the chalcogenide group, with

MnTe2 being one of the few tellurides with discrete Te2
2– dimers.123 Unfortunately,

to apply these benefits to battery materials requires substitution of oxygen with

heavier chalcogenides. Doing so increases battery weight, cost, and/or reduces

voltage, which make this strategy commercially challenging. In addition, it remains

a challenge to synthesize defect-free chalcogenide structures for a wide range of

compositions,124 which may also hurt long term cycling performance. We suggest

that the previous structural approaches discussed for oxides are more promising

strategies for commercial application of high-valent redox.

While strategies 1–3 focus on atomic structure approaches to improving electrochemical

properties, work is also needed to understand the relative reactivity and solubility prop-

erties of the different oxidized species favored by the various structures and transforma-

tions. Itmay be that certain oxidized species that form inmore structurally reversible pro-

cesses are more chemically reactive (e.g., prone to O2 evolution), resulting in the

reduced voltage hysteresis coming at the cost of increased capacity fade. Indeed, an

OI– is expected to more reactive than an O2
II� or O2 for the same reasons that forming

OI– drives the dimerization of oxygen in the first place. Likewise high-valent TM species

are not inert, as evidenced, for example, by the high oxidizing power of KMnVIIO4 and

K2Cr
VI
2O7, and the propensity of delithiated layered oxides containingNiIV to evolve ox-

ygen gas.125 Thus, capacity fade must also be considered when tuning the voltage hys-

teresis associated with high-valent redox. Nonetheless, an advantage of these structural

approaches to improving voltage reversibility is that they do not necessarily require
1392 Joule 4, 1369–1397, July 15, 2020



ll
Perspective
major compositional modifications, while the chemical reactivity of oxidized species can

often be addressed somewhat orthogonally with surface coatings and treatments.126

This leaves hope for the development of highly reversible, high energy density, high

rate electrodes based on affordable elements (i.e., Ni, Mn, Fe) employing high-valent

redox.
CONCLUSIONS

We have shown that the poor electrochemical reversibility of both oxygen redox

and high-valent TM redox—otherwise attractive charge compensation mechanisms

for high energy density battery electrodes—are due to a shared underlying driving

force to drastically increase covalency. This is achieved through the formation of

short covalent bonds (typically < 1.5 Å O–O and << 2 Å TM=O, respectively),

which drive and stabilize the formation of disorder-mediating defects that enable

the necessary bonding rearrangements. We have shown here that an understand-

ing of the covalent bonding configurations driven by these high-valent redox pro-

cesses informs design principles for improving their electrochemical properties.

Although further work may be needed to fully characterize the precise nature of

the oxidized species across more structures and compositions, substantial im-

provements in the electrochemistry of high-valent redox can already be made

through control of the defect formation energy landscape to constrain or prevent

the formation of short covalent bonds in a way that minimizes structural disorder

and hysteresis. We have highlighted recent studies that have shown this to be

an effective strategy and proposed a few additional approaches, which generally

use structures that have been shown to exhibit reversible high-valent redox as tem-

plates for compositional modification. Further research should seek to find new

structures—particularly ordered compounds—that similarly constrain the structural

transformations driven by high-valent redox to those that are kinetically facile and

electrochemically reversible. Additionally, since short covalent bonds stabilize high

valence, further work is also needed to understand how constraining or preventing

the formation of these bonds affects the chemical reactivity and stability of the

oxidized species.
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