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Cation-disordered rocksalt transition metal oxides
and oxyfluorides for high energy lithium-ion
cathodes

R. J. Clément, (22° 7. Lun{ 3¢ and G. Ceder*®©

For lithium-ion rechargeable batteries to meet society's ever-growing demands in electrical energy
storage, e.g. for the electrification of transportation, for portable electronics and for grid storage
applications, novel electrode materials with a large charge storage capacity and a high energy density
are needed. Over the last five years, several experimental and theoretical studies have demonstrated the
feasibility of disordered rocksalt (DRX) cathodes, that is, lithium transition metal oxide cathodes with a
crystalline rocksalt structure but with a disordered arrangement of lithium and transition metal on the
cation lattice. We provide here an overview of the current understanding of DRX materials, in terms of
their structural and compositional characteristics, as well as their electrochemical properties. We also
present important considerations for the design of high performance DRX cathodes and suggest future
research directions. Because no specific order is needed, DRX compounds can be composed of a wide
variety of transition metal species, which can create long-term benefits for the lithium battery industry
by making it less reliant on scarce and expensive raw materials. While some DRX compositions can
simply be synthesized at high temperature to induce thermal cation disorder, other compositions
require mechanochemical methods to induce a disordered arrangement of cation species. Cation
disorder leads to unique lithium transport properties, small volume changes during charge—discharge
cycling and sloping electrochemical profiles. Fluorine substitution for oxygen and the incorporation of
high-valent d° transition metals in the bulk DRX structure are two strategies used to increase the lithium
content in the material, improve lithium percolation and to keep the valence of redox-active metal
species low so that high transition metal redox capacity can be obtained. Short-range cation order,
which is affected by thermal treatment, metal composition and fluorine substitution, has a significant
impact on electrochemical performance. Moreover, fluorine substitution for oxygen improves long-term
capacity retention by significantly reducing anion-based charge compensation mechanisms during
charge. Fluorinated DRXs have recently demonstrated reversible capacities >300 mA h g~ and
extremely high energy densities approaching 1000 W h kg~ holding promise for a nearly two-fold
increase in the energy density of commercial lithium-ion batteries.

Rechargeable batteries are still the limiting component of portable electronics, hybrid electric and electric vehicles, motivating research efforts to improve the
energy density, power capability and safety of lithium-ion batteries, and specifically of the cathode material. Additionally, electrical energy storage plays a key
role in the worldwide strategy to combat global warming. For grid storage applications, low-cost battery technologies requiring minimal maintenance and with
a long charge-discharge cycle life are needed. Over the last few years, lithium transition metal oxides with a cation-disordered rocksalt-type structure have
emerged as potential high energy density cathodes. These compounds can be reasonable ionic and electronic conductors when prepared with excess Li content,
a realization which has led to the investigation of a large range of compositions in this structure space. Already, several cation-disordered rocksalt cathodes
have demonstrated very high specific capacities and energy densities up to 1000 W h kg™ *, well exceeding commercially-available layered lithium transition
metal oxide cathodes. Cation-disordered rocksalt cathodes also hold promise for the integration of cheap and Earth-abundant transition metal species,
enabling more sustainable battery chemistries for large-scale electric transportation and grid storage applications.
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Introduction

The transition to a more carbon-neutral society requires
significant advances in electrical energy storage technologies,
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both for load leveling of the power grid, an important step
towards replacing steady electric supplies from, e.g., coal and
fossil fuels, by intermittent energy sources from renewables
(wind, tide, solar, etc.), and for the electrification of transporta-
tion. A large research effort is targeted at improving the current
rechargeable battery technology, which provides a means of
storing energy electrochemically. Among the different battery
chemistries, lithium(Li)-ion systems are closest to meeting
gravimetric and volumetric energy density requirements for a
variety of applications, ranging from portable electronics to
electric and hybrid electric cars. Today, Li-ion batteries are even
considered for the (partial) electrification of aviation and
marine transportation."? This tremendous growth of the
Li-ion battery industry underscores the need for novel cathode
materials. Not only does the current cathode technology create
resource strains on the transition metal elements needed for
cathode manufacturing,® but further improvements in energy
density will also require cathode materials that surpass the
current Li(Ni,Co,Mn)O, (NMC) layered cathodes.

In 1976, Whittingham demonstrated that transition metal
(M)-containing compounds, such as TiS,, can undergo rever-
sible Li intercalation reactions at reasonably high voltages,
paving the way to a new class of cathode materials.” The
development of high-voltage stable electrolytes quickly led to
the replacement of sulfide cathodes by oxides, as the latter
provide higher working voltages, and hence higher energy
densities. Nowadays, the great majority of commercial Li-ion
cathodes are high-voltage intercalation-type lithium transition
metal oxides and phosphates. A commonality between these
cathode materials is the ordered arrangement of Li and M
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species, which provides clear paths for Li* transport during
electrochemical cycling. Olivine-structured transition metal phos-
phates (LIMPO,) feature one-dimensional diffusion paths for Li
with very low Li migration barriers,® thus providing very high rate
capability. Depending on the cation-to-anion ratio, lithium transi-
tion metal oxide (LMO) cathodes form either spinel (LiM,0,)
structures featuring three-dimensional interconnected pathways
for Li" migration or layered (LiMO,) structures, where Li" diffu-
sion occurs within the two-dimensional Li slabs.’ LiMn,O,
spinels’ have been commercialized as cathodes but are steadily
being replaced by NMC layered cathodes due to these materials’
higher energy density and good stability. While olivine LiFePO, is
employed in commercial Li-ion batteries, its use is mostly limited
to low energy density applications, leaving most of the Li-ion
market dominated by NMC cathodes.

For decades, cation disorder, whereby the Li and M metals
mix on each other’s position in the layered or spinel LMO
structures, has been considered detrimental to Li" transport,
hence to the reversible capacity of intercalation-type electrodes.
While this assumption has proven true in certain cases,® several
recent theoretical and experimental studies have demonstrated
the feasibility of disordered rocksalt (DRX) cathodes, that is,
LMO cathodes with a disordered arrangement of Li and M on
the cation lattice as shown in Fig. 1a°>' This finding is
important as it broadens the chemical space in which cathode
materials can be designed. In fact, the main reason why NMC
layered cathodes (with the cation ordering shown in Fig. 1b)
must use Ni, Co and Mn as majority elements is that these are
among the very few transition metals that do not migrate to Li
sites when a large amount of Li is removed from the structure
upon charge,” thereby setting the industry up for a Co/Ni
resource problem. When the Li-ion battery industry grows to
an annual production of 1 TW h, it will require more than a
million tons of combined Co/Ni,> which far surpasses the
annual Co production, and makes up about half of the annual
Ni production in the world (U.S. Geological Survey 2019%4).

We note here that layered and DRX LiMO, compounds
crystallize in two variants of the rocksalt (NaCl) structure, where

Disordered rocksalt
(e-LiFeOy)

Layered
(e-NaFeO,)

Spinel-like

(LT-LiCoOy)

Fig.1 Common rocksalt-type lithium transition metal oxide crystal struc-
tures: (a) the disordered rocksalt a-LiFeO, structure in which all cation
sites are equivalent, (b) the layered a-NaFeO; structure, (c) the spinel-like
low-temperature LiCoO, structure, (d) the y-LiFeO, structure. Large
empty circles indicate oxygen sites, small gray and black filled circles stand
for lithium and transition metal sites, respectively. Adapted with permission
from Urban et al.??> Copyright Wiley-VCH.
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cations and anions occupy octahedral (Oy,) sites on two inter-
penetrating face-centered cubic (FCC) lattices. With a common
close-packed oxygen framework, these LiMO, structures differ
in the arrangement of the Li and M species on the cation sites,
as shown in Fig. 1. DRX compounds exhibit, in theory, a
random arrangement of Li and M, leading to the o-LiFeO,
structure shown in Fig. 1a, while layered compounds exhibit an
ordered arrangement of Li and M in alternating planes along
the (1 1 1) direction, leading to the a-NaFeO, structure shown in
Fig. 1b. The spinel-like low temperature structure of LiCoO,
and the 7v-LiFeO, structure are two other cation-ordered
variants of the NaCl structure shown in Fig. 1c and d, respec-
tively. Criteria for the stabilization of each NaCl variant will be
discussed later.

Rather than leading to performance degradation, intrinsic
disorder on the cation lattice usually results in small and
isotropic volume changes on charge and discharge and can
remedy issues related to structural degradation upon cycling. A
comparative plot showing the performance of selected cation-
disordered and layered LMOs, in terms of average working
potential, gravimetric capacity and energy density, is given in
Fig. 2. Compared to commercial layered LMO systems, such as
NCA-type (with a Li-Ni-Co-Al-O, composition) and NMC-type
(with a Li-Ni-Mn-Co-O, composition) compounds, or the
standard LCO (LiCoO,) cathode, the capacity and energy
density of DRXs is at least as good or superior. However, DRXs
are not nearly as well optimized as today’s commercial cathode
materials, and better insight into the relation between chemistry,
structure and performance is required in order to create DRX
cathodes that are competitive in all respects with (or even outper-
form) today’s cathodes.

The aim of this review paper is to provide an overview of the
current understanding of DRX materials, in terms of their
structural and compositional characteristics and electrochemical
properties. We first examine the characteristic features of DRX
cathodes; these insights are used in the second part of the paper
to discuss and compare the different classes of DRX compounds
that have been synthesized and tested as Li-ion cathodes.
Important considerations for the design of high performance
DRX cathodes and future research directions are presented in a
third part.

I. Cation disorder: impact on the
structure and properties of rocksalt-
type lithium transition metal oxides

a. What factors govern cation order/disorder in lithium
transition metal oxides?

As mentioned earlier, many LiMO, compounds crystallize in
variants of the rocksalt-type crystal structure, as shown in
Fig. 1. The optical, magnetic and electronic properties of LiMO,
materials are dictated by the type of Li-M bond formed, which
in turn depends on the electronic configuration and size of the
M** cation.”®> Among first row LiMO, compounds, partially-
filled t,g orbitals and t,,—t,, orbital overlap result in d electron
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Fig. 2 Average discharge potential (V vs. Li*/Li) and gravimetric capacity
(mA h g3 of selected layered and DRX cathodes. Contour lines represent
the gravimetric energy density (W h kg™). NMCA = NMC (Li—-Ni-Mn-Co-0,)
and NCA (Li-Ni-Co-Al-0,).

itinerancy in LiTiO, and Li,VO,, as revealed by the Pauli
paramagnetic behavior of the former and the semiconducting-
to-metallic transition within the V planes of the latter, while
transition metals to the right of V are characterized by more
contracted t,, orbitals, localized d electrons and a semiconducting
behavior. LiScO,, with no d valence electrons, is insulating.>”
Hewston and Chamberland®” first organized LiMO, struc-
ture types according to the size of the M>* ion relative to that of
Li*, which was later rationalized with modeling by Wu et al.*
The formation of a layered a-NaFeO,-type structure (see Fig. 1b)
is favorable when the M*" ion is significantly smaller than Li*
(r(Li") = 0.76 A), as in LiCoO, (1{Co*") = 0.545 A),*” LiVO, (r(V*") =
0.64 A),*® LiNiO, (r(Ni*") = 0.56 A),>® and LiCrO, (r(Cr*") =
0.615 A),*® as this structure type allows for independent relaxa-
tion of bond lengths in LiOs and MOy octahedra. When all
cations are of similar size, e.g. in LiScO, (r(Sc*") = 0.745 A), this
relaxation effect is less significant and the structure type is
governed instead by favorable electrostatics,® resulting in the
formation of the ordered y-LiFeO, structure®* (see Fig. 1d).
Some unique cases in which other structure types form also
exist. For instance, the presence of Jahn-Teller distorted Mn**
ions in LiMnO, results in the crystallization of a unique low-
temperature orthorhombic form*~3* (the high temperature
polymorph of LiMnO, has the o-NaFeO, layered structure).
Another example is the spinel-like LiCoO, structure (see
Fig. 1c), with cations in the 16c and 16d Oy, sites of the spinel
structure, which does not appear to be an equilibrium structure
under any conditions and has only been stabilized in rare cases,
typically via low-temperature synthesis routes.***® While many
metals and metal combinations can form the layered structure
type, very few will remain layered when a substantial amount of
Li is removed from the compound. Driven by lower electro-
statics, many metal cations will migrate into the vacancies
created in the Li layer by the charging process. Only metals
with very high Oy, site preference will have high enough kinetic
barriers to prevent disordering of the layered structure upon
cycling. Typically, these are metals with filled or halffilled t,,
shells, such as Co®" (low-spin d°), Mn** and Cr*" (high spin d*).**°
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An important consideration for the stability of the layered struc-
ture is that the transition metals retain their high Oy site pre-
ference upon oxidation, which is true for Ni**/Ni** (d” to d®) and
Co>/Co™ (d° to d°). Hence, the practical compositional space of
layered LMOs is by and large limited to Co, Ni and Mn (the latter
when it does not undergo reduction from Mn*"). In contrast, one
important advantage of making functional cathodes with cation
disorder is that it opens up the possibility of using a larger range of
transition metal species, and combinations of them.

The cation-disordered structure shown in Fig. 1a is never a
ground state but a high-temperature form of the other structure
types. The equilibrium temperature at which a structure dis-
orders is controlled by the balance of entropy (TS) and energy
change (E) associated with the disorder. While the entropy
increase caused by a given level of disorder is chemistry-
independent, the energy increase is not, and depends on the
ability of the system to accommodate that disorder. Hence,
disorder can be promoted by high temperature (which multi-
plies S), by low energy cost for disorder, or by both. This
principle has been demonstrated in an earlier work by Wolverton
et al.,*® who showed, for example, that the hypothetical disorder-
ing temperature for LiCoO, is over 5000 K, because the energy cost
for accommodating Co®" in the deformed octahedra that arise
from cation disorder is very high.

Two first principles studies by Urban et al.*' and Richards
et al.*? evaluated the propensity of various LMO compositions
to form a cation-disordered structure (Fig. 1a) and identified
Ti-containing oxides as potential DRX candidates due to their low
disordering energies. Experimentally, cation-disordered LiTiO,
has been synthesized®*® and a large number of Ti**-containing
DRX oxides®®* have been both successfully synthesized and
electrochemically tested in Li-ion cells, with Li, ,VTiO, exhibiting
>300 mA h g~ of reversible capacity.”> Urban’s study was later
extended to more broadly understand the elements that help
stabilize cation disorder at low enough temperature to be synthe-
tically accessible.”® In stark contrast to metallic alloys, which only
form a solid-solution when the species of interest have similar
electronegativities and atomic radii (<15% difference), DRX
oxides composed of cations with large ionic radius and
charge differences, e.g. Li*/Mo®",27 Li*/Np>* 13181957759 op
Li*/Ti*"*471648:50,51,33755 are commonly observed, suggesting
that the physics of disorder is driven by considerations other
than ionic size in rocksalt-based materials. Urban et al>°
suggested that the ability to accommodate disorder is con-
trolled by the d-level orbital occupancy in transition metals.
When cations are randomly distributed over the Oy, sites of a
rocksalt structure, their different sizes and valences create
octahedral distortions. Because octahedra in rocksalts are edge
sharing, these distortions must be accommodated in part by
neighboring octahedra. Hence, the ability for a structure to
cation disorder reflects the energy cost to distort the octahedra
around the various cations. With no valence electrons, Li* has
no crystal field stabilization energy, and therefore no particular
octahedral shape preference. The propensity of a given LMO to
disorder can therefore be predicted solely from the d shell
filling of the transition metals, as each filled orbital imposes a

This journal is © The Royal Society of Chemistry 2020
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particular preferred octahedral distortion mode. Using density
functional theory (DFT), Urban et al.”® evaluated the energy cost
of all M** O octahedral distortion modes in LiMO, compounds
and concluded that elements with no d electrons can accom-
modate octahedral variations at the lowest energy cost. Perhaps
unsurprisingly, the band energy of d° metals solely depends on
lower-lying oxygen-dominated orbitals that are always occupied
and is largely insensitive to site distortions. Hence, transition
metals with no valence d electrons can best stabilize disordered
rocksalt phases even when ionic radius differences between the
cation species are relatively large.”® This finding relates the
physics of DRX materials to that of ferroelectrics, where d°
elements (e.g. Ti*" or Nb>') are often the critical elements that
create electric dipoles in a composition due to their ability to
displace from the center of the octahedron at a low energy cost.
Simulations of disordered structures in mixed transition
metal systems showed that the presence of at least one d°
species can help stabilize the disordered structure, as the d°
ions (M and Li") occupy the distorted Oy, sites, leaving the less
distorted cation sites for species with d valence electrons.>®
These electronic structure insights help rationalize why LMOs
containing at least one redox-inactive d° element account for
the overwhelming majority of DRXs reported to date, with Ti*",
Vv>*, Nb**, and Mo®* being the most commonly encountered d°
species,”10:13719,44746,48,50,33-55,57-62 Thjg model, however, does
not explain why certain DRX materials with no d° M species are
stable,®%*" a topic covered in the second part of this review.
While cation disorder can be created at reasonable syn-
thesis temperatures in many DRX compounds, for some
compositions, disorder cannot be accessed thermally and
instead requires extensive ball-milling. While the relation
between the mechanical forces that induce disorder in ball-
milling and entropy are unclear, the high energy ball-milling
process has been related to an ‘“‘equivalent” synthesis tem-
perature of ~1750 °C on a purely empirical basis.®® To more
systematically design DRX materials and their synthesis route,
a better mechanistic understanding of the milling process is
required.®”®®
The discovery of DRXs as candidate Li-ion cathode materials
enables the use of a large range of 3d and 4d metals, including
those species which, in layered LMOs, are prone to migrate
from the transition metal layers to octahedral (Oy) and tetra-
hedral (Ty) sites in the interlayer space during electrochemical
cycling and impede Li" diffusion. The natural abundance and
metal price of selected transition metal species present in DRX
compounds reported to date is shown in Fig. 3. It is clear from
this figure that rocksalt cathodes based on Earth-abundant Mn,
Fe and Ti hold promise in terms of sustainability and cost.
Disordering cations results in properties that are radically
different from those of ordered cathode compounds, represent-
ing both challenges and opportunities for their application in
batteries. These typically include a modified diffusion process,
smaller and isotropic lattice expansion, easier anion redox, a
more sloped voltage profile, and the ability for large composi-
tional variety, including oxygen to fluorine substitution. Each of
these topics is discussed in turn.

This journal is © The Royal Society of Chemistry 2020

View Article Online

Review
= layered d°
g 10° A \ N\
=2 1
5 10% 1 |
[&] I I
g 103 ¢ 1
o 1 1
3 10, :
| I : i
é 100 : : -
2 '‘Mn Co Ni,/Cr Fe(V T Zr Nb Mo)

Fig. 3 Natural abundance (blue bars) and price (orange bars) of selected
3d and 4d transition metal elements found in disordered lithium transition
metal oxide cathodes (on a log scale). The metal prices for V, Ti, Nb and Mo
were obtained from the prices of their metal oxides, by accounting for the
weight fraction of the transition metal element. The oxide precursor cost is
more relevant for cathode production, and for some metals, such as Ti, the
oxide precursor price is considerably lower than the metal price due to the
high cost of extracting the metal from the oxide. However, it is difficult to
obtain consistent data for the relevant ores, which is why we have listed
the metal price directly obtained from our sources for Mn, Co, Ni, Cr, Fe
and Zr. The compositional space of layered oxides is enclosed in a dashed
black rectangle, while d° species favoring cation disorder (V>*, Ti**, zr**,
Nb°* and Mo®*) are enclosed in a solid black rectangle. Sources: www.
webelements.com; www.metalary.com (accessed Aug. 2019); U.S. Geo-
logical Survey 2019.24

b. Consequences of cation disorder on Li" mobility and Li
percolation

i. Li" mobility (Oy-Oy hops). In rocksalt-type LMOs, Li*
diffusion between two octahedral (o) sites proceeds via an
intermediate tetrahedral (t) site, hereafter referred to as o-t-o
diffusion.®®®~"* Both the size of the Ty site and the electrostatic
interaction between Li* in the activated Ty site and the four
cations in face-sharing octahedra (see Fig. 4), forming a so-
called ‘tetrahedral cluster’, have a strong impact on the Li"
diffusion barrier.”»”> When the cation lattice is filled with Li
and M species, five types of tetrahedral clusters can, in theory,
be present: Liy, LizM, Li,M,, LiM; and M,. o-t-o Li" diffusion
requires that at least two Oy, Li are connected via the activated
T4 site, immediately excluding LiM; and M, environments as
possible Li" diffusion pathways. The remaining two face-
sharing Oy, sites determine whether diffusion channels are
open (low barrier) or closed (high barrier) and are hereafter
referred to as ‘gate sites’.”>

i.i. Layered lithium transition metal oxides and other ordered
structures. Cation ordering in stoichiometric layered LiMO, and
Li-rich layered Li;+,M;_,O, results in the formation of LiM;
clusters (3-TM channels) in the transition metal slabs, which
are not involved in Li* diffusion, and Li;M clusters (1-TM
channels) in the Li slabs, which support Li migration (see
Fig. 4a). The size of the activated Ty site is controlled by the
layer spacing of the Li slab,”*’® which is primarily determined
by the Li content in the layers,® does not vary significantly with
the nature of the M species, and typically lies in the range of
2.6-2.7 A for LIMO, compositions.>> When Li* is extracted on
charge, face-sharing octahedral sites initially occupied by Li in
1-TM channels are progressively emptied. Typical migration
barriers computed for a 1-TM channel with a single Li vacancy

Energy Environ. Sci, 2020, 13, 345-373 | 349
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Fig. 4 Li* diffusion between neighboring Oy, sites in rocksalt-type Li,MO, takes place via an intermediate T4 site (o—t—o diffusion). (a) Layered Li,MO,
compounds exhibit 1-TM and 3-TM Tj sites, corresponding to LizsM and LiMs clusters, respectively. 1-TM channels are responsible for Li* diffusion. (b) Li
migration barriers for hops between neighboring Oy, sites in layered Li,MO, are very sensitive to the occupancy of sites adjacent to the intermediate Ty
site of the hop. The barrier for hops into isolated vacancies is significantly larger than for di-vacancy hops. Adapted with permission from Van der Ven
etal® Copyright 2013 American Chemical Society. (c) Cation disorder results in the formation of all types of tetrahedral clusters (0-TM, 1-TM, 2-TM, 3-TM
and 4-TM channels). In this case, 0-TM channels (and, to some extent, 1-TM channels) are responsible for Li* conduction.

and a di-vacancy are shown in Fig. 4b. The single vacancy hop
results in strong Coulombic interactions between Li* in the
activated site and Li" in the face-sharing octahedral site. On the
other hand, the di-vacancy hop has no such repulsion and the Li"
diffusion barrier is lower than for hops into isolated vacancies.®
Upon charge, the activation energy for o-t-o diffusion is modified
by two oppositely acting mechanisms. The increase in the oxida-
tion state of transition metals in gate sites increases the electro-
static interaction with the migrating Li* ion, but an increase in
slab spacing at the beginning of charge counteracts this by
allowing the distance between Li' in the Ty site and the gate
metals to remain larger. Typically, for 0.5 < x <1 in Li,MO,, this
leads to an increase in Li diffusivity with charge. For x < 0.5 the
layer spacing decreases with charge, causing an increase in the
activation barrier. At very low Li content, the slab spacing
contracts due to increased hybridization and van der Waals
interactions between the oxygens across the slab, leading to an
abrupt increase in the Li" migration barriers.® This geometric
change is observed for all layered oxides, although the extent to
which it influences Li diffusivity depends somewhat on the nature
of the transition metal species and type of bonding to oxygen,
which in turn determines how much the oxygen can hybridize
across the empty slab. To a good approximation, Li" diffusion is
dominated by a di-vacancy mechanism at all practical Li concen-
trations in layered Li,MO, compounds.® This results in a Li"
diffusion coefficient that depends on the overall concentration of
Li in the material; this dependence is particularly pronounced at
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high Li concentrations, where the vacancy concentration is low.°
In fact, at x ~ 1, the di-vacancy mechanism is activated by a finite
number of intrinsic vacancy defects always present in these
materials.”

The ability to diffuse Li in other ordered rocksalts can be
analyzed in a similar way. For example, the reason that the low
temperature y-LiFeO, structure shows no reversible Li deinter-
calation is because it only contains 2-TM tetrahedral environments
making Li migration extremely high in energy. Spinel-type
ordering leads to segregation into 0-TM, 2-TM and 4-TM
environments, consistent with its good Li diffusivity.**

i.ii. Disordered rocksalts (DRX). If only the 1-TM diffusion
mechanism typical of layered oxides were considered, Li"
mobility would be expected to be negligible in DRX com-
pounds, due to the significant reduction of the slab spacing
and size of the Ty site upon cation mixing. Yet, this analysis
does not account for other types of clusters forming on
disordering, as shown in Fig. 4c. In 0-TM channels, for
instance, the absence of transition metals in face-sharing
octahedra leads to a reduction of the electrostatic repulsion
in the activated Li site. As a result, while disordering causes Li"
diffusion via 1-TM channels to become poor, it also forms
active 0-TM channels. 0-TM and 1-TM migration barriers com-
puted from first principles in model disordered Li,MoO; and
LiCrO, structures are shown in Fig. 5 and indicate that, while
the 0-TM barrier does not exceed 300 meV even for a small
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Fig. 5 Calculated Li migration barriers along 1-TM channels (red squares:
one Mo** neighbor; blue triangles: one Cr** neighbor), and along 0-TM
channels (black circles) as a function of the average tetrahedron height in
model disordered Li,MoOs and LiCrO, structures. Error bars represent
standard deviations and the shaded area highlights the typical range of
tetrahedron heights in disordered materials. From Lee et al.° Reprinted
with permission from AAAS.

average tetrahedron height (e.g., 2.35 A), ca. 500 meV migration
barriers are obtained for 1-TM jumps,” much larger than the
typical ca. 300 meV barriers in layered oxides.”> Furthermore, Li
extraction from nearest-neighbor octahedral sites during charge
leads to a progressive decrease in the 0-TM T4 site energy,
eventually stabilizing T4 Li once all face-sharing octahedral Li
sites are empty. The relatively low barrier for Li migration between
two 0-TM Ty sites, ca. 415 meV,” indicates that Li can escape the
Ty sites created at the end of charge and Ty Li formation has little
impact on the overall Li" diffusion rate.

In summary, microscopic o-t-o Li" diffusion in layered
Li,MO, compounds proceeds via a Li di-vacancy mechanism
and relies on 1-TM channels with a Li" diffusion coefficient
determined by the Li slab spacing and the oxidation state of the
transition metal face-sharing with Li" in the activated site.
In contrast, Li' migration in DRX compounds is primarily
mediated by 0-TM channels with a diffusion barrier that is
almost independent of the average tetrahedron height and the
transition metal composition.>> We note that the Li* diffusion
mechanisms identified in bulk DRX cathodes can also provide
insight into cation migration through the disordered surface
phases that form on a number of layered Li,MO, compounds at
high voltage and how this disorder impacts the electrochemical
performance.

ii. Li percolation (long-range Li* diffusion). The likelihood
of individual Li* jumps between nearest-neighbor Oy, sites in
the rocksalt structure is determined by the o-t-o migration
barrier, which can be computed from first principles. Low
energy diffusion barriers, however, do not necessarily translate
into long-range Li" diffusion. Instead, macroscopic Li" diffusion
giving rise to the ionic conduction determined by conductivity
measurements requires that the microscopic diffusion channels
form an interconnected or percolating network throughout the
structure. Conversely, if these channels do not form a continuous
network, Li" diffusion is localized to isolated percolating regions
within the structure and does not lead to a measurable
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macroscopic current. While percolation is obvious in most
ordered structures due to their small unit cells, in disordered
structures, environments are distributed in a statistical way,
requiring a more elaborate analysis to determine when exactly
percolation is achieved. Li" ions that are part of the percolating
network should be extractable on charge, while those that are
separated from the network may require multiple high energy
hops before they can join the percolating diffusion network.
Because Li' ions separate from the network may not contribute
to the reversible capacity, we define the amount of extractable Li
as the amount of Li within the percolating network.

In summary, whether a given rocksalt-type LMO structure is
percolating to Li depends on: (1) the distribution of Li,, LizM,
Li,M,, LiM; and M, tetrahedral clusters (equivalently, the distribu-
tion 