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The Configurational Space of Rocksalt-Type Oxides
for High-Capacity Lithium Battery Electrodes

Alexander Urban, Jinhyuk Lee, and Gerbrand Ceder*

A unifying theory is presented to explain the lithium exchange capacity of
rocksalt-like structures with any degree of cation ordering, and how lithium
percolation properties can be used as a guideline for the development of
novel high-capacity electrode materials is demonstrated. The lithium per-
colation properties of the three most common lithium metal oxide phases,
the layered a-NaFeO, structure, the spinel-like LT-LiCoO, structure, and the
¥-LiFeO, structure, are demonstrated and a strong dependence of the percola-
tion thresholds on the cation ordering and the lithium content is observed.
The poor performance of }-LiFeO,-type structures is explained by their lack of
percolation of good Li migration channels. The spinel-like structure exhibits
excellent percolation properties that are robust with respect to off-stoichiom-
etry and some amount of cation disorder. The layered structure is unique, as
it possesses two different types of lithium diffusion channels, one of which

is, however, strongly dependent on the lattice parameters, and therefore very
sensitive to disorder. In general it is found that a critical Li-excess concentra-
tion exists at which Li percolation occurs, although the amount of Li excess
needed depends on the partial cation ordering. In fully cation-disordered
materials, macroscopic lithium diffusion is enabled by =10% excess lithium.

be optimized.’'2l In general, very little
design guidelines are available to pre-
select high-capacity electrode materials,
and the search for novel cathodes has been
largely by trial and error.

Here, we show that there is a well-
defined relation between the composi-
tion, transition-metal ordering, and the
diffusion kinetics of lithium intercala-
tion. Mapping the configurational space
of ordered and cation-disordered rocksalt-
type lithium metal oxides in terms of their
diffusion kinetics leads to design guide-
lines for potential high-capacity cathode
materials. Drawing a connection between
the atomistic lithium hopping mecha-
nism and macroscopic lithium diffusion
allows us to determine the conditions
under which fast lithium diffusion can
be expected. Our methodology based on
percolation theory is independent of the
transition-metal species, and the results

1. Introduction

With increasing demand for portable electronics fueled by
lithium ion batteries, the urge for improved battery technology
has been rising. The development of high-capacity and high-
energy-density cathode materials is generally considered the
greatest challenge in the advancement of lithium ion battery
technology.l"?! Today, ordered lithium metal oxides with for-
mula unit LIMO, (M = metal species), especially layered oxides
and ordered spinels, are the most important class of cathode
materials for lithium-ion batteries in consumer electronics.’%
The configurational space of stoichiometric ordered rocksalt-
type lithium metal oxides is already vast, as any combination
of redox active metal species and every ordered structure has
to be considered. However, the recent discoveries of high-
capacity materials with lithium-excess compositions (Li/M
ratio greater than 1) indicate that the lithium content and the
degree of cation disorder are also important parameters to
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of our simulations therefore apply to any

general rocksalt-type lithium metal oxide.
In addition, it is straightforward to generalize the formalism
to different classes of ion conductors, provided that the micro-
scopic migration mechanism of the ions is known.

In the second section, the structure of rocksalt-type lithium
metal oxides and the current understanding of lithium migra-
tion are briefly reviewed. A relationship between the micro-
scopic hopping mechanism and macroscopic lithium diffusion
is established. Percolation theory and the Monte-Carlo for-
malism used to predict lithium percolation properties are dis-
cussed in the third section. In sections 4 and 5, the results of
the simulations are presented; we report critical compositions
for the three most common ordered phases of lithium metal
oxides, both, for the ideal crystal structures and as a function of
gradual disordering. Finally, in section 6, we point out how the
results of the percolation analyses can be used for engineering
high-capacity cathode materials.

2. Background: Lithium Percolation Through
Rocksalt-type Oxides

The crystal structures of many lithium metal oxides with for-
mula unit LiMO,, where M typically represents one or more
metal species, are related to the cubic rocksalt (NaCl) structure:
oxygen atoms occupy the sites of a face-centered cubic (FCC)
lattice, and the cations (lithium and other metal atoms) occupy
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(a-LiFeOs)

Layered
(a-NaFeO,)

Spinel-like
(LT-LiCoO,)

Figure 1. The four most common rocksalt-type lithium metal oxide crystal structures: a) disor-
dered rocksalt structure in which all cation sites are equivalent, b) layered structure (o-NaFeO,
structure), c) spinel-like low-temperature (LT) LiCoO, structure, and d) ¥-LiFeO, structure.
Large empty circles indicate oxygen sites, small gray and black filled circles stand for lithium

and transition metal sites.

the FCC sub-lattice of octahedral interstices (Figure 1a). If all
cation sites are equivalent, the disordered-rocksalt (o~LiFeO, or
NaCl-type) structure is obtained. Specific cation orderings on
their respective sub-lattice result in crystal structures of lower
symmetry. The typical cation arrangements observed in LiMO,
structures were reviewed by Hewston and Chamberland!**l and
later explained by Wu et al.' using atomistic modeling. The
most common ordered phases of lithium metal oxides are i)
the layered o-NaFeO, structure, in which lithium and transi-
tion metal cations segregate into layers in the cubic (111) direc-
tion (Figure 1b), ii) the spinel-like low-temperature LiCoO,
structure, and iii) the ¥LiFeO, structure (Figure 1c,d).'* The
layered structure is by far the most common, and its stability
has been attributed to its ability to independently relax the
oxygen octahedra around each type of cation.'" Hence, it is
found when the alkali and metal cations are very different in
size, as in NaFeO, or LiCoO,. The ¥-LiFeO, cation ordering is
the electrostatically favored arrangement, and hence is obtained
when the size difference between the cations is small. Another
structure, the orthorhombic LiMnO, ordering, is only observed
for the Mn cation and has been attributed to strong magnetic
and Jahn-Teller effects.l'>1 This structure will not be further
discussed in this article.

2.1. Microscopic Diffusion Mechanism vs.
Macroscopic Percolation

The cathode material in a lithium-ion bat-
tery functions by reversible extraction and
re-intercalation of Li* ions, and hence good
lithium transport throughout the bulk of
particles is essential in order to achieve high
capacity-to-mass and -volume ratios.

To sustain macroscopic ion migration,
a cathode material (and generally any ion
conductor) has to meet at least two require-
ments: i) the material has to support facile
ion diffusion via low-barrier channels and
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i) these diffusion channels need to span the
entire structure, or in other words, the diffu-
sion channels need to form a percolating net-
work. Hence, it is not sufficient to consider
the microscopic diffusion mechanism alone:
even if low-barrier diffusion channels exist,
they might not occur in large enough con-
centration or proper arrangement to support
macroscopic lithium migration.

Several studies have found that in rocksalt-
type lithium metal oxides, lithium migration
between two octahedral sites proceeds via a
tetrahedral activated state (o—t-o diffusion),
as direct migration through the O-O edge
shared by the octahedral sites is too high in
energy.'’-20 The activation barrier for this pro-
cess is mainly determined by the electrostatic
repulsion between the tetrahedral activated Li
and the species (metal cation or vacancy) on
its two face-sharing sites. In the following, we
will refer to these two face-sharing sites as gate sites, since they
decide whether a diffusion channel is open or closed (Figure 2).

In stoichiometric layered lithium metal oxides (Figure 1Db),
every tetrahedral site is coordinated by either 3 lithium ions and
1 (transition-) metal (TM) ion, or 1 lithium ion and 3 TM ions
(Figure 3). Only the first of these environments connects at least
two lithium sites and can therefore sustain lithium migration.
Hence, for each lithium diffusion channel in the layered struc-
ture, exactly one gate site is a TM site, while the second one is
a lithium site. In this case, extracting the lithium cation from
the gate site reduces the activation barrier dramatically, so that
a di-vacancy mechanism, involving a vacancy on one of the two
gate sites, becomes dominating.l'”'8] The barrier for migration
of lithium through such a 1-TM channel is correlated with the
TM valence and the lithium-TM separation. The latter distance
varies with the height of the Li layer, the slab distance, as it
constrains how far the TM can relax away when lithium enters
the activated state.?!! Typical slab distances in layered cathode
materials are between 2.6 and 2.7 A (Table 1), which results in
activation barriers well below 500 meV.?! All lithium sites in
stoichiometric layered materials are equivalent, and hence all
sites are interconnected by 1-TM channels and form a two-
dimensional percolating network inside of the lithium slabs.

b gate sites

Figure 2. Schematics of the diffusion from octahedral lithium site i to site j. a) Top view in
rocksalt (111)-direction. Large empty circles denote octahedral sites. The arrow indicates one
of two lithium diffusion channels that connect sites i and j. Only one gate site, k, is depicted.
b) 3D view of the same diffusion channel along with both gate sites, k and I. The di-vacancy
lithium diffusion mechanism requires one of the gate sites to be vacant.
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ion and lithium/vacancies on the gate sites,
@ 0-TM channels are active irrespective of the

size of the diffusion channel.'>1%%] In addi-
tion, the activation barrier for the diffusion
through a 0-TM channel is relatively inde-
pendent of the transition metal species in
the material, as no TM is near the activated
state. The spinel-like structure possesses a
percolating network of 0-TM lithium diffu-

sion channels and therefore supports macro-
scopic lithium migration.

Finally, in the stoichiometric ¥LiFeO,
structure (Figure 1d) only 2-TM diffusion
channels exist (Figure 3). However, the 2-TM
channels are generally inactive, as two TM
ions exert a strong electrostatic repulsion
on the activated tetrahedral lithium ion.
The high lithium diffusion barriers in the

Figure 3. Cation distributions around tetrahedral sites in the stoichiometric ordered lithium
transition-metal oxides of Figure 1. Potential lithium diffusion channels are indicated with

arrows.

Note that migration barriers associated with 1-TM diffusion
channels vary upon delithiation: first, because of the increasing
electrostatic repulsion while the transition metal cations are
oxidized to higher valence, and second, because of the change
of the slab distance. During charge, the lithium slab initially
widens as the electrostatic attraction between the lithium and
oxygen atoms decreases, but at the end of charge, when most
of the lithium has been extracted, a collapse of the lithium slab
is observed that results in a dramatic decrease of the lithium
mobility.22-24

The cation distribution in the stoichiometric spinel-like (LT-
LiCoO,) structure (Figure 1c) is the result of the perfect segre-
gation into tetrahedral lithium and TM clusters. Three different
cation arrangements around tetrahedral sites are present in the
structure, with lithium-to-transition metal ratios (Li:TM) equal
to 4:0 (only lithium), 0:4 (only TM), and 2:2 (Figure 3). Each two
neighboring octahedral lithium sites in the spinel-like structure
are connected by one 0-TM channel, whose two gate sites are
lithium sites, and one 2-TM channel, whose gate sites are TM
sites. Due to the low repulsion between the activated lithium

¥LiFeO, structure have been demonstrated
computationally for lithiated anatase (LiTiO,)
by Belak, Wang, and van der Ven.[?®l Hence,
the y-LiFeO, structure does not generally
support macroscopic lithium migration.

2.2. Cation Disorder

In contrast to the ordered crystal phases discussed so far, in the
disordered rocksalt structure (Figure 1a), the local environment
around lithium sites and diffusion channels is stochastic and
follows a normal distribution. All lithium diffusion channel
types (0-TM, 1-TM, and 2-TM) occur in cation-disordered struc-
tures. As argued above, 2-TM channels are generally inactive.
It remains to determine, whether 1-TM channels can support
macroscopic lithium migration in cation-disordered structures,
or if only 0-TM channels are available.

Recall that in layered materials the activation barrier associ-
ated with 1-TM channels critically depends on the slab distance.
Due to the higher valence and smaller ionic radius of transi-
tion metal cations compared to lithium cations, even a few per-
cent of cation disorder can result in a dramatic decrease of the
lithium slab distance in layered structures.?*3% For a number
of materials a reduction of cation mixing has been observed to

“h,

Table 1. Slab distances dj,, in representative layered lithium transition metal oxides, and lattice constants a and tetrahedron heights ftet = f5he =5
for a number of cation-disordered materials with disordered-rocksalt crystal structure. Lattice parameters taken from the original publications (column
“Ref.”). The tetrahedron height in disordered rocksalts is equivalent to the slab distance in layered materials.

Layered oxides

Cation-disordered oxides

Material dyap [A] Ref. Material aA] et [A] Ref.
LiNiO, 2.602(3) 27] LiTiO, 4.149(1) 2.395(4) 28]
LiCoO, 2.637(4) 129] LiMnO, 4.179(4) 2.412(9) 28]
LiVO, 2.640(4) 130] o:LiFeO, 4.157(1) 2.400(1) [13]
LiMoO, 2.695(1) 371] Lig 542C07 4530; 4.143(2) 2.392(0) 28]
Lio838sNi1 16120, 4.074(1) 2.352(1) [28]

LiNig 5Tig 5O, 4.1453(6) 2.3933(2) 32

LiCog sTig 5O, 4.14 2.39 33]

Adv. Energy Mater. 2014, 4, 1400478

© 2074 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

wileyonlinelibrary.com

(3 of 9) 1400478

b |
G
[
-
>
n )
m
o




-
™}
o
g
-l
md
=
4

ADVANCED
ENERGY
MATERIALS

Makies

www.advenergymat.de

result in improved energy density.’>%! The c/a lattice param-
eter ratio, which measures the slab distance relative to the
oxygen distance around the TM layer, has indeed been used in
patents and publications to indicate the quality of materials in
terms of their electrochemical activity.343942]

In fully cation-disordered materials, the distinction between
lithium and transition metal slabs is no longer valid, and no
unique slab distance can be defined. Instead, the average
height of tetrahedral sites may be used as a generalized geo-
metric criterion.'”! For the disordered-rocksalt structure the
tetrahedron height htet is proportional to the lattice constant a
and is given as hy, = %. Typical tetrahedron heights in cation-
disordered structures are 2.35-2.45 A, which is much smaller
than typical slab distances in layered structures (Table 1). A
this small tetrahedron height limits how far the gate-TM can
move when lithium is in the activated state, it results in energy
barriers above 500 meV for lithium migration through 1-TM
channels.['>21 Most 1-TM channels can therefore be considered
inactive in cation-mixed materials, and thus only 0-TM chan-
nels can sustain lithium migration.

In general, if a rocksalt-type lithium metal oxide possesses
a percolating network of 0-TM channels it will support mac-
roscopic lithium diffusion irrespective of its cation ordering.
Layered materials are an exception, as their large lithium slab
distances enable migration through 1-TM channels.

2.3. Excess Lithium

Since 0-TM channels imply a local lithium-rich domain, their
concentration will increase with increasing lithium content.
In stoichiometric rocksalt-type lithium transition metal oxides
with formula unit LiTMO, the molar ratio of lithium to tran-
sition metal is 1:1. In that composition, every TM cation car-
ries a formal charge of 3+, and upon lithium deintercalation
during the charging of the battery the transition metal is grad-
ually oxidized from TM(3+) to TM(4+). In order to introduce
excess lithium, i.e., to increase the Li:TM ratio beyond 1, higher
valent transition metal cations need to be introduced to satisfy
the charge balance. In principle, a larger-than-stoichiometric
lithium content leads to a larger theoretical specific capacity of
the cathode, provided that the TM species can exchange more
than one electron. In recent years several

www.MaterlalsVIews.com

the critical concentration x = x. such that an infinite spanning
network of occupied sites exists, if bonds are formed between
nearest neighbor sites? This is the site percolation problem of
percolation theory.*>=*8] The probability p that a spanning net-
work exists on an infinite lattice is a step function

ps<x)={ ol o)

1ifx>x.

with a discontinuity at the critical concentration x,, the per-
colation threshold. While analytic values for the site percola-
tion threshold of many 2D lattices have been derived (see for
example ref. [47], approximations for 3D lattices have to be
obtained from Monte-Carlo simulations.*>*% Such numerical
simulations usually impose periodic boundary conditions, for
which pg(x) is replaced by the probability p,(x) that a periodi-
cally wrapping network exists. Due to finite-size effects, the
periodic wrapping probability is not a step function but sig-
moidal and approaches p,(x) asymptotically with increasing size
of the simulation cell. Figure 4a shows the convergence of py(x)
towards p,(x) for supercells of the FCC primitive unit cell. As
can be seen from the graph, the inflection point of py(x) is not
sensitive with respect to the supercell size and coincides with
the percolation threshold, which allows an accurate approxima-
tion of x, = 0.199 despite the periodic boundary conditions (ref-
erence value for FCC: x, = 0.1994(2)).1*]

The second quantity from percolation theory that is of
interest in the following sections is the fraction P of sites that
are part of the infinite percolating network. Assuming a single
periodically wrapping cluster, at concentrations x > x. each
occupied site belongs either to the percolating network or to a
finite isolated cluster. In numerical simulations, P is available
as the ratio of the number of sites in the periodically wrapping
cluster Ny, and the total number of sites N

Norap (%)

P(x)=
( ) Nsites

(2)

With increasing concentration the number of sites in the
wrapping cluster approaches the number of occupied sites, i.e.,
less and less sites belong to isolated clusters and P (x > x.) = x
(Figure 4b).

promising lithium-excess cathode materials a 10 b 05
have been suggested in the literature.>*344] g &
Variable lithium content and multiple 2 gl {1 £ o4} ]
transition metal species result in a very large g 2
composition space for offstoichiometric 8 0.6 | 1 @ 037 1
. . . . S 8
materials. Our aim is to determine the g §
lithium contents at which a percolating 0-TM 'é 041 Asdnd — 1 & 02r 3 1
network is formed, so as to define clearer & 8x8x8 —— ° Axdxd —
i ; i, g 02 501t A ]
boundaries of this vast composition space g 16x16x16 2 17 8x8x8
i - s 32x32x32, m= g S 16x16x16
that can be used to engineer new materials. 3 0.0 4 : L £ 00 : .
nh“_: 00 01 02 03 04 05 00 01 02 03 04 05

Site concentration x

Site concentration x
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3. Percolation Theory

Given an infinite lattice whose sites are ran-
domly occupied with probability x; what is

wileyonlinelibrary.com

Figure 4. Convergence of a) the periodic wrapping probability and b) the fraction of accessible
sites with the size of the simulation cell. The different curves correspond to FCC supercells
ranging from 4 x 4 x 4 primitive cells (64 sites) to 32 x 32 x 32 cells (32 768 sites). The vertical
line at x = 0.2 indicates the percolation threshold x..
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To apply percolation theory to lithium migration through
different types of diffusion channels, we need to extend
the concept of site percolation beyond the simple nearest-
neighbor model discussed above. Instead, we consider two
lithium sites i and j (on the FCC sublattice of cations) to be
connected only if an active diffusion channel between these
sites exists. In that case, the percolating network will only con-
sist of lithium sites that are interconnected by active diffusion
channels, and the ratio P(x) of Equation (2) corresponds to the
amount of lithium (usually in atoms per formula unit) that
becomes accessible at a certain lithium content x. Only acces-
sible lithium, i.e., those lithium atoms that can be reversible
extracted and re-intercalated, contribute to the electrochemical
capacity. In practice, the accessible lithium content is there-
fore more readily comparable to experimental results than the
percolation threshold.

3.1. Monte—Carlo Percolation Simulations

We performed Monte—Carlo simulations to determine the
percolation threshold, Equation (1), and the accessible
lithium content, Equation (2), for different cases of active
lithium diffusion channels. The possible scenarios are:
i) only 0-TM channels are active, ii) 1-TM and 0-TM chan-
nels are active, and iii) all channels, 0-TM, 1-TM, and 2-TM,
are active. Case (iii) simply corresponds to a nearest neighbor
site percolation model, as two neighboring lithium sites are
always connected by either a 0-TM, 1-TM, or 2-TM channel.
For scenarios (i) and (ii) the species on the gate sites need to
be considered. Mind that each two octahedral lithium sites
i and j are connected by two potential tetrahedral diffusion
channels (Figure 2) due to the edge-sharing nature of the
octahedral sites in rocksalt-type structures; in scenario (ii),
i.e., with active 1-TM channels, i and j will be connected, if
any of the four gate sites belonging to those two channels is
a lithium site. When only 0-TM channels are active, both gate
sites of at least one of the two channels need to be lithium
sites. Hence, our approach is to decorate the FCC lattice
of cation sites with lithium or TM, according to some pre-
scribed composition and state of order, and code each diffu-
sion channel as active or inactive based on which of the above
scenarios we are considering. We then evaluate whether the
active channels are percolating.

In the MC simulations, a cluster of sites is considered to be
periodically wrapping in one dimension if it contains two dif-
ferent periodic images of the same lithium site.’! The com-
parison of the translation vectors of the periodic images allows
furthermore to detect the dimensionality of the percolating
network.

Following the methodology by Newman and Ziff,"! at the
beginning of each MC sweep i, all cation sites are occupied by
transition metal ions. Then, at each step one randomly selected
TM is replaced by lithium. When the new lithium site results
in a wrapping lithium cluster, the current concentration . is
stored. The MC sweep continues until all TM ions have been
converted to lithium, while at each step for x > x.{) the number
of sites within the percolating cluster, Ny,,,¥(x), are stored.
After Nyc MC sweeps, the percolation threshold is estimated as

Adv. Energy Mater. 2014, 4, 1400478
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X, = —— NZ x! 3)
NMC i

where the cumulative distribution function of x.() is the peri-
odic wrapping probability, and the accessible lithium content is
given by

P(x) - z N\(Al'zap (4)

sites NMC i

The MC simulations discussed in this work comprised Nyc =
1000 MC sweeps to guarantee well-converged results. Each
cation ordering defines two distinct sublattices for lithium
ions and TM ions, respectively. The impact of long-range
cation ordering on the critical lithium contents was modeled
by analyzing the percolation on the lithium sublattice first,
before including the transition-metal sublattice in the simu-
lation: 1) at the beginning of the simulation all sites of both
sublattices are decorated with TM ions. 2) At each MC step
one random TM ion on the lithium sublattice is converted to
lithium, and the structure is screened for percolating clusters.
3) Only after all sites of the lithium sublattice have been con-
verted to lithium, does the simulation continue with the sites
of the TM sublattice.

Cation disorder was introduced in a similar fashion: instead
of beginning the simulation with the lithium sublattice sites of
the stoichiometric ordered material, before each MC sweep a
number of lithium and TM sites are randomly interchanged.
A fully disordered structure is obtained when half of the sites
of the TM sublattice are interchanged with half of the sites of
the lithium sublattice. Every arbitrary degree of cation disorder
can be simulated by interchanging smaller numbers of TM and
lithium sites.

4, Lithium Percolation in Disordered-Rocksalt
Materials

Figure 5 shows the periodic wrapping probability and the
accessible lithium content in fully cation-disordered lithium
transition metal oxides for the three different scenarios of
active diffusion channels discussed in Section 3.1: i) assuming
all lithium diffusion channels (0-TM, 1-TM, and 2-TM) are
active, ii) only channels that support the di-vacancy mecha-
nism, i.e., 1-TM and 0-TM channels, and iii) only 0-TM chan-
nels. Note that the unit of the abscissa in Figure 5 and all
following figures has been converted from concentration to
lithium contents per formula unit, which is a more common
notation in electrochemistry. Since a lithium concentration
of 1 corresponds to 2 lithium atoms per Li,TM, ,O, formula
unit, the actual value of the percolation threshold for case
(i) is twice the one of Figure 4. The percolation threshold for
a network of active 1-TM and 0-TM lithium diffusion chan-
nels lies with x. = 0.662 atoms per formula unit clearly below
the stoichiometric composition (x = 1). However, when only
0-TM channels are considered active, 9% excess lithium is
required to achieve percolation, as the critical concentration
is raised to x. = 1.092. Even more than 25% excess lithium
(x = 1.257 atoms per formula unit) is required for 1 lithium
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xin Li, TM,_ O,

Figure 5. a) Periodic wrapping probabilities and percolation thresholds (indicated by vertical
bars) in disordered rocksalt-type structures for the various possible combinations of active
diffusion channels discussed in the text. If only 0-TM channels are active, percolation requires
around 10% excess lithium. b) Accessible amount of lithium as function of the overall lithium
content. More than 25% lithium excess is required to extract one lithium atom per formula
unit (f.u.) based on 0-TM diffusion. Both, the wrapping probabilities and the accessible lithium

content were computed for the 16 x 16 x 16 supercell of Figure 4.

atom per formula unit to become accessible by 0-TM migra-
tion (Figure 5b).

As argued in Section 2.1, most 1-TM diffusion channels
are inactive in cation-disordered materials, and a percolating
network of 0-TM channels would be required to utilize such
materials. Hence, the results from the percolation simulation
are in agreement with the experimental observation that stoi-
chiometric cation-disordered materials possess only a negli-
gible reversible capacity. However, the simulations also show
that excess lithium will enable 0-TM percolation in cation-
disordered materials. Indeed, disordered Li; ;;1M0g467Crg30,
(23.3% lithium excess, but with slight lithium deficiency)
exhibits a large reversible capacity,!'2 and other electrochemi-
cally active disordered lithium excess materials have been
reported.P?>°]

Lithium excess/deficiency (%)

-100 50 0 50
DO rocksalt |
Layered |
Spinel-like 1 a;clézl;ilaé
v-LiFeO» 0-/1-TM 0-TM by
00 05 10 15

x in LixTM2_,02

Figure 6. Critical lithium concentrations for different lithium-rich and lith-
ium-deficient ordered structures (also see Figure 1). The first gray region
of the bars indicates the percolation threshold if 0-TM and 1-TM chan-
nels are active. The black region is the extra lithium required to achieve
percolation if only 0-TM are active. The third hatched region gives the
lithium content that is required to enable extraction of one lithium atom
per formula unit (f.u.) Li,TM,_,O, based on 0TM migration.
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a Lithium excess (%) b Lithium excess (%) 5, Lithium Percolation in Ordered

3 —_

21 0 io 40 60 80100 3 20 020406080100  Crystal Phases

2 08} { ( . £ Employing the modified MC algorithm of
g \% 1.5t ] Section 3.1, the percolation properties of
> 061 1 E 4 |one atom per f.u cation-ordered crystal phases were analyzed.
'é 0.4 01/2-TM —] é ' . A graphical comparison of the critical con-
s i 01-TM —1 = 05} 0\®\> ?/1/2‘TM ] centrations for the different cation order-
5 02 J 0 oo™ e 5 &2 : 0/2)_¥m llllll ings of Figure 1 is shown in Figure 6, and
3 0.0 : L : § 0.0 : - - the numerical values are listed in Table 2.
g 0o 0.5 1.0 1.5 20 g 00 0.5 1.0 1.5 20 Interestingly, the percolation thresholds for

the layered cation ordering are within 4% of
the values found for cation-disordered mate-
rials. Although, the critical lithium content
for 0-TM percolation (black bars in Figure 6)
is slightly larger in layered materials, the
extraction of 1 lithium atom per formula unit
requires nearly identical lithium excess (red
bars in Figure 6). Hence, layered materials
would not offer any topological advantage
over cation-disordered structures, if their 1-TM channels were
not active. Yet, very different results are found for the Spinel-
like and y-LiFeO, structures.

The topological analysis of cation distributions in Section
2.1 already informed us that the stoichiometric spinel-like
structure is 0-TM percolating. Indeed, the result of the per-
colation simulation shows that the structure becomes 0-TM
percolating for lithium contents as low as x = 0.77 atoms per
formula unit, which translates to 23% lithium deficiency com-
pared to the stoichiometric composition. These remarkable per-
colation properties may be responsible for the fact that lithium
oxides with spinel-like structure readily deintercalate lithium
and can be used not only as cathode materials,>¢°¢ but also, in
delithiated form, as lithium insertion anode in lithium ion bat-
teries.#>78 Our results also indicate that the excellent perfor-
mance of spinel-related materials is remarkably tolerant to off-
stoichiometry. Note that the tetrahedral site of a 0-TM channel
may become more stable for lithium than its surrounding octa-
hedral sites once all but one lithium ions have been extracted
from its face-sharing sites,”” as is the case in the LiM,0,
(= LipsMO,) spinel structure. Consequently, the lithium migra-
tion mechanism may locally change to tetrahedral-octahedral—
tetrahedral. Since the diffusion path remains unchanged (i.e., the
same sites are visited during lithium diffusion), the percolation
model does not need to be adjusted to account for this effect.

Table 2. Critical lithium contents x per formula unit Li,M,_,O, for lithium
diffusion under different open channel scenarios (top row). The last
column contains the lithium contents required for the extraction of one
Li atom per formula unit via 0-TM diffusion. All numbers are based on
MC simulations of 16 x 16 x 16 FCC supercells. See also Figure 6 for a
graphical representation of some of the data.

0-/1-/2-TM 0-/1-TM 0-TM only 1 Li acc.
DO-rocksalt 0.398 0.662 1.092 1.257
Layered 0.432 0.644 1.138 1.233
Spinel-like 0.390 0.542 0.770 1.016
¥-LiFeO, 0.428 1.094 1.330 1.417
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As discussed in Section 2.1, the stoichiometric ¥-LiFeO,
structure only possesses 2-TM channels, and is therefore nei-
ther 0-TM nor 1-TM percolating. A very large amount of more
than 40% lithium excess (x = 1.42 atoms, Table 2) is required
to render one lithium atom per formula unit 0-TM accessible.
To the authors’ knowledge, no functioning lithium electrode
material with -LiFeO, structure is known, consistent with our
prediction.

5.1. Cation Mixing in Ordered Materials

Perfectly disordered structures and perfectly ordered struc-
tures are merely the limits of a large possible configurational
space of cation arrangements, and it is important to under-
stand the opportunities to create partially disordered structures
with good percolation properties. Figure 7 shows the 0-TM
percolation threshold in the three cation ordered phases of
Figure 1 as function of the cation mixing. Cation disorder was
introduced as described in Section 3.1. In the spinel-like and
¥-LiFeO, structures, the percolation threshold initially changes
nearly linearly towards the value in the disordered phase with
increasing degree of cation mixing. This is not the case for
the layered structure, in which the percolation threshold is
minimal for around 50% cation mixing. The trends are similar
but slightly less pronounced for the amount of 0-TM accessible
lithium. The minimal excess lithium content (22%) in the lay-
ered structure to extract one lithium atom per formula unit is
achieved for around 24% cation disorder. In general, the critical

a Lithium excess/deficiency (%)
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xin LixTMZ—XOZ
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percolation concentrations of the ordered phases converge rap-
idly to those of the disordered system above 75% cation mixing,
which indicates that the remaining correlation between cation
sites has only a negligible influence on percolation.

6. Discussion and Implications

In essence, the geometry of lithium diffusion through rocksalt-
type lithium TM oxides creates three types of diffusion channels
that are associated with the local distribution of cations around
tetrahedral sites: 0-TM, 1-TM, and 2-TM channels. Not only the
arrangement of these channels throughout the structure, but
also their size, is critical for good diffusivity. In general, 2-TM
channels exhibit a very high lithium diffusion barrier and do
not contribute to macroscopic lithium migration. 1-TM chan-
nels are only active when their tetrahedron height is sufficiently
large, whereas 0-TM channels are not sensitive with respect
to the local structural environment and are usually active.
Ordered LiMO, crystal structures can be classified by their
distribution of diffusion channel types: the %LiFeO, structure
only possesses 2-TM channels, and is therefore unsuitable as
a lithium ion conductor. In the ideal o-NaFeO, (layered) struc-
ture the cation ordering results in a 2D percolating network of
1-TM channels that are, in the absence of cation mixing, large
enough to support lithium diffusion. The ideal situation is
found for the spinel-like LT-LiCoO, ordering, which gives rise
to a perfect segregation of lithium cations into 0-TM channels.
Finally, the disordered-rocksalt (o-LiFeO,) structure possesses a

b Lithium excess/deficiency (%)
-40 -20 0 20 40 35
100 20%
= 80 55
g 60 T
= 1S
< 40 Layered =
= 052
8 20 %
0 0.0 &
06 08 1.0 1.2 14 <

xinLi,TM,_ O,

d Lithium excess/deficiency (%)
-40 -20 0 20 40 35
100 20
£ 80 55
g 60 TS
= 1S
c 40 y-LiFeO, £
S structure 052
T 20 v
© 2
0 0.0 8
06 08 1.0 1.2 14 £

xin LiXTMZ—XOZ

Figure 7. a) Critical lithium concentrations for 0-TM percolation and b,c) 0-TM accessible lithium atoms per formula unit as function of the overall
lithium content and the degree of cation mixing in the three cation-ordered phases of Figure 1, layered, spinel-like, and ¥-LiFeO,. The structure specific
percolation thresholds are indicated by thick black contour lines. Compositions falling into the region left of these contour lines are not 0-TM perco-
lating. Thin lines indicate the compositions at which one lithium atom per formula unit becomes 0-TM accessible.
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normal distribution of all diffusion channel a 350.0 . . . b 350.0 . . .
types, from which only 0-TM channels are theoretical capacity 5
active. However, in stoichiometric cation-dis- £ o000 [, O-TMcapacity = 1 < 800.0 pr i ]
ordered structures with Li/TM ratio of 1, the LE; 250.0 1, . 1 §>: 2500 1 1
0-TM channels are not percolating. Our sim- '§ 200.0 ¢ Ni(2+/4+) 1 ’§ 200.0 Mo(4+/6+)
ulations of off:stoichiometric compositions g 1900 | 1 g 1500} Cr(3+/4+)
show that excess lithium is required for all g 100.0 f 1 o 1000 ]
but the spinel-like structure to become 0-TM g 50.0 f 1 S 500f E)he'l%\r/i 32’)22:}” T
percolating. The high concentration of 0-TM & 0.0 . . . & 00 2 capacily

1.00 110 1.20 1.30 1.40 1.00 110 1.20 1.30 1.40

channels in the spinel-like ordering permits
0-TM percolation in compounds with more
than 20% lithium deficiency, whereas around
10% of lithium excess is required in the lay-
ered and the disordered-rocksalt structure,
and even more than 30% is needed to make
the y-LiFeO, structure percolating.

These insights should spur the development of novel mate-
rials: i) in layered materials lithium excess can make 0-TM
channels available, when cation mixing occurs and closes the
1-TM channels. Currently, lithium-excess layered materials are
of considerable interest,”! and it is not clear whether these
diffuse lithium through 1-TM channels, 0-TM channels, or a
combination thereof. ii) The creation of novel materials along
the spectrum between fully ordered and disordered structures
may have additional benefits: for disordered Li; 5;;Mo0g 45,Crg 30,
virtually no change of the lattice parameters has been observed
during charge/discharge'?! thus the variation in the tetrahe-
dron heights is minimal and almost no change in the lithium
migration barrier has to be expected during delithiation and
lithium re-intercalation.?!l Such zero strain materials are critical
for applications in solid state batteries, in which volume changes
of the electrodes will result in breaking of the solid-electrolyte
interface. Indeed, one of the reasons why the theoretical capacity
of layered materials can not be achieved is the very large change
of the lattice parameters and concomitant slab-space reduction
when a large amount of lithium is extracted. This reduces the
lithium mobility sharply,'”'*) and hence lithium can not be
extracted. It is therefore not surprising that high-capacity mate-
rials exhibit some degree of disorder,?12%% as the disorder miti-
gates the slab-distance contraction at high states of charge.

The percolation analysis presented in this work is com-
pletely independent of the transition metal species and can be
applied to any arbitrary compound. Given an actual composi-
tion, the 0-TM accessible lithium content directly translates
to a 0-TM specific capacity. Only lithium sites that are directly
connected to the percolating 0-TM network contribute to the
0-TM capacity. However, lithium atoms that are separated from
the 0-TM network by only a few 1-TM channels may be acces-
sible as well, depending on the material-specific 1-TM diffu-
sion barriers. Since 0-TM channels are active irrespective of
the transition metal species and are not particularly sensitive
with respect to the lattice parameters, the 0-TM capacity can be
understood as a conservative estimate of the reversible specific
capacity. Whether the true specific capacity lies closer to the
0-TM estimate or to the maximum theoretical capacity will be
determined by the amount of active 1-TM diffusion channels,
which exhibit a strong structural dependence. Two examples of
lithium-excess compounds from the literaturel'>¢! are shown
in Figure 8. The experimentally optimized capacities of both

ref. [61,12]).

wileyonlinelibrary.com

x in Li Ni(2+),Mn(4+),0,
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Figure 8. Maximum theoretical specific capacity (dotted line) and 0-TM capacity (solid line)
based on the disordered-rocksalt structure for a) Li(Li,Ni,Mn)O, and b) Li(Li,Cr,M0)O,. The
observed capacities at empirically optimized compositions are indicated by circles (data from

materials falls indeed in the expected range and coincides, in
the case of Li(Li,Mn,Ni)O,, with the predicted maximal 0-TM
capacity. In addition to an estimate of the optimal lithium con-
tent, systematic doping strategies for existing materials can be
developed by considering the effect of reducing or increasing
the degree of cation disorder.

7. Conclusion

In this work we mapped the configurational space of common
lithium metal oxide crystal phases to determine bounds on the
composition of high-capacity electrode materials. Based on
percolation theory, we explained the lithium diffusion proper-
ties of layered and spinel-like materials, and pointed out the
reasons why materials with y-LiFeO, structure are not suitable
as electrode materials. We showed that cation disorder is not
detrimental for layered materials, provided a sufficient amount
(=20%) of excess lithium is present in the composition. Indeed,
some degree of disorder is argued to deliver beneficial materials
properties, such as negligible strain upon charge/discharge.
Our analysis is purely based on the crystal topology, and hence
is not specific to any metal cation species. The results give rise
to a general understanding of lithium migration that provides
guidelines for the engineering of novel high-capacity and high-
energy-density electrode materials.
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