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Abstract

Cation-disordered rock-salt (DRX) materials are a new class of high-capacity Li-ion

battery cathode materials in which Li diffusion can occur despite cation mixing.

Li transport in DRX materials relies on low-barrier diffusion channels that only

become percolating in Li-rich compositions. In the limit of fully stochastic cation

disorder, at least 10% Li excess is needed for percolation to occur. It has recently

been demonstrated that fluorine substitution of some of the lattice oxygen in DRX

materials is possible because of the strong attractive interactions between Li and

F atoms. In this work, we investigated how this Li–F attraction affects the Li

transport and percolation limits in fluorinated DRX materials. We constructed a

simple lattice model that captures the essential Li–F interactions and is otherwise

agnostic with respect to the composition. Using Monte-Carlo simulations coupled

with percolation analysis, we determined that fluorine substitution is beneficial for

Li transport in DRX materials. The Li content in oxyfluorides can be significantly

reduced compared with that in non-fluorinated oxides without affecting the high ca-

pacity of the materials, and even compositions with only 5% excess Li can exhibit high

capacities. We confirmed this computational prediction by experimental comparison

of the fluorinated Li1.05Ni0.533Ti0.373Mo0.033O1.85F0.15 with its unfluorinated counter-

part Li1.05Ni0.458Ti0.458Mo0.033O2, demonstrating that the capacity of the fluorinated

composition was nearly 40% greater.

a)Electronic mail: nartrith@atomistic.net
b)Electronic mail: gceder@berkeley.edu
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I. INTRODUCTION

Rock-salt-type lithium transition-metal (TM) oxides have recently emerged as a new class

of high-capacity cathodes for Li-ion batteries (LIBs).1–11 In contrast to conventional layered

or spinel-type cathodes, Li and TM ions occupy equivalent lattice sites in cation-disordered

rock-salt (DRX) cathodes. Li transport in DRX materials is enabled by fast Li-rich diffusion

channels that become percolating in Li-excess compositions.1,12

One advantage of DRX materials compared with conventional layered or spinel-type Li-TM

oxides is the feasibility of fluorine substitution of some of the lattice oxygen. Fluorination

of layered cathode materials typically leads to either segregation of a LiF phase or cation

mixing and the eventual loss of order,13–16 which negatively affect the capacity. Fluorination

of spinel materials is possible in some cases with the ordered structure maintained and

has been reported to have a beneficial effect on the capacity retention.17,18 Fluorination of

DRX materials, however, appears to be generally possible and highly beneficial. Fluorine

substitution can significantly improve the stability of DRX materials against decomposition

by irreversible oxygen loss19,20 and enables the achievement of remarkable capacities and

energy densities.4,11,21–25

Motivated by these recent discoveries of high-capacity oxyfluorides, we investigate here how

fluorination affects Li transport and the practical capacity in DRX materials. Li transport

in DRX structures is mechanistically complex and highly dependent on the composition.

In DRX cathodes, Li transport occurs through fast 0-TM Li diffusion channels that are

only present in sufficient concentration in compositions containing at least around 10% Li

excess, and even higher Li contents (∼ 20%) are required to achieve high capacities of up

to 1 Li atom per Li1+xM1–xO2 (M=other metal cation species) formula unit.12 In addition,

short-range order (SRO) can further alter the Li transport and thereby change the optimal

Li content.26

Computational studies using lattice model simulations27,28 and experimental solid-state

nuclear magnetic resonance (NMR) measurements28 have established that F substitution

does not occur homogeneously in the anion sublattice in DRX materials. Instead, F strongly

prefers Li-rich environments in which LiF-like domains are formed, and M–F bonds have been

predicted to be unfavorable by computation.27,28 As a consequence of this bonding preference,

fluorinated materials exhibit strong SRO on the atomic scale despite their apparent disorder
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FIG. 1. 0-TM diffusion channel and o-t-o mechanism. The hop from one octahedral Li site i

to another octahedral site j via a tetrahedral intermediate state as seen (a) along the cubic (111)

direction and (b) in a perspective visualization. The tetrahedral intermediate of 0-TM channels is

only coordinated by Li atoms (or vacancies once the Li sites have been vacated) as shown in panel

(b). Fluorination replaces some of the oxygen atoms (red) with fluorine atoms (gray circles in (b)),

which may affect the activation energy for Li hops.

on the macroscopic scale.

In the present work, our aim was to determine the effect of these strong Li–F interactions

and the resulting SRO on the percolation of 0-TM diffusion channels and the Li transport. In

the Methods section, we introduce a computational model that incorporates the previously

observed27,28 atomic Li–F interaction tendency in rock-salt-type oxyfluorides into Li transport

simulations. We applied this methodology to obtain insight into the effect of F substitution

on Li percolation and the expected capacity. Finally, we experimentally validated the

computational predictions for cation-disordered Li1.05(Ni, Ti,Mo)0.95(O, F)2.

II. METHODS

A. Li Percolation Theory

In rock-salt-type oxides, including DRX structures and those with the layered α-NaFeO2

crystal structure such as LiCoO2, the cation sites are octahedral. Li transport occurs on

the atomic scale as hops between two octahedral sites via a tetrahedral intermediate in

the presence of a second Li vacancy.29,30 This o-t-o divacancy mechanism is schematically

illustrated in Fig. 1.

In cation-disordered structures, three types of diffusion channels exist that can be classified
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as 0-TM, 1-TM, and 2-TM depending on the number of TM ions that coordinate with the

intermediate tetrahedral site.12 In layered materials, cation disorder results in contraction of

the c-lattice parameter such that the type of Li diffusion channel that is active in layered

materials (1-TM channels) is mostly inactive or slow in disordered phases.12,31 Because of the

electrostatic repulsion between the high-valent metal ion and the diffusing Li+ ion,30,31 the

activation energy for diffusion through 0-TM channels is on average the lowest (∼ 300 meV)1.

A lower bound on the capacity can be obtained by considering Li atoms only extractable

when they are on cation sites connected to percolating 0-TM pathways.12

A 0-TM channel is essentially a tetrahedral interstitial site that connects two octahedral

Li sites and is itself only coordinated by Li or vacancy sites and not by other metal cations

(Fig. 1). As 0-TM channels are locally Li rich, their concentration increases with increasing

Li content in the composition. Percolation simulations have shown that an excess Li content

of approximately 10% (i.e., Li1+xM1–xO2 with x ≈ 0.1) is required for 0-TM channels to

form percolating diffusion pathways in fully cation-mixed structures.12 However, even when

percolating 0-TM diffusion pathways exist, not all of the Li sites are necessarily connected

to the percolating network. Higher Li contents of ∼20% Li excess are needed to enable the

reversible extraction of approximately 1 Li atom per formula unit, which corresponds to a

high capacity (>200 mAhg−1).12

In the present work, we employed the lattice-model percolation simulation methodology

that we previously developed for unfluorinated DRX materials.1,12,32 These percolation

simulations are agnostic with respect to the M species and only depend on the definition of

the active diffusion channel, i.e., the 0-TM channel, with the advantage that the results of

the simulations are transferable across different DRX compositions.

B. Simulating Realistic Short-Range Order (SRO)

It is a common feature of fluorine-substituted Li-TM oxides across different compounds

and metal cation (M) species that Li–F bonds are strongly preferred over M–F bonds,27,28 as

detailed above. From the perspective of an interaction energy model, the Li–F interactions

are thus net attractive (negative energy contributions), whereas the M–F interactions are

net repulsive (positive). The precise magnitude of the energetic difference between Li–F and

M–F interactions depends on the M species; however, the trends are general across different
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(b)

(a)

FIG. 2. Schematic illustrations of bonding and site energies in the employed lattice

model. (a) The bond energies are expressed in terms of a positive effective interaction parameter

J and capture the Li–F attraction and M–F repulsion (M=other metal cation species). With this

bond energy definition, the energy of each F site lies between −6J and +6J . Two examples are

shown in panel (b).

compounds. Based on this observation, we constructed a general pairwise interaction model

that is, within the scope of our application, transferable to any (transition) metal species.

To simulate realistic SRO in fluorinated DRX, we employed a lattice model of the rock-salt

structure comprising two interpenetrating face-centered-cubic sublattices for the cations and

anions. Two assumptions underlie our model: First, we only considered SRO arising from

fluorination, i.e, SRO that is driven by the Li–F attraction and M–F repulsion. SRO that

is present in the unfluorinated oxide and caused by Li–M interactions was disregarded in

this model as it is specific to the M species and independent of fluorination. Second, we

further assumed that the Li–F and M–F interactions that determine the SRO relevant for

the percolation properties are captured by pairwise and short-ranged contributions.

With these two assumptions, the Li–F interaction energy ELi-F and the (M-species-specific)

M–F interaction energy EM-F are the only physical interactions needed, and a single effective

interaction parameter

J =
EM-F − ELi-F

2
(1)
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is sufficient to define the lattice model (Fig. 2a).

Within this simple model, the energy of an F site i is

Ef
i = J

6∑
j=1

σj with σj =

 1 if site j is a M site

−1 if site j is a Li site
, (2)

where the sum runs over the six neighboring cation sites (Fig. 2b). The mean energy per F

site of a given structure S with a total of Nf F atoms is

E
f
(S) =

1

Nf

F sites∑
i

Ef
i . (3)

This lattice model has a number of interesting properties: The ground-state energy

E
f
0 = −6J does not depend on the actual composition or the number of F atoms, though it

can only be realized if there is sufficient Li available such that every F site is only coordinated

by Li. For a given composition LixM2–xO2–yFy , the energy of a fully random atomic ordering

approaches

E
f
∞(x) = 6(1− x)J, (4)

which only depends on the ratio of Li to M in the composition and is exactly 0 for the

stoichiometric composition with x = 1.

Most importantly, the energy of each atomic configuration can be expressed relative to the

effective interaction parameter J such that the physics of the system described by the lattice

model does not depend on the actual value of J . Hence, we can set J = 1 without loss of

generality, and a connection with an actual M species or a mixture of different metal species

can be made a posteriori by determining the value of J that best describes the specific

composition, for example by fitting to first-principles calculations or by comparison of the

universal J-dependent phase diagram with an experimental or first-principles phase diagram.

C. Phase Diagram Calculations

Using the above interaction model, structures with realistic SRO were sampled using

Monte Carlo (MC) simulations. We employed grand canonical (µV T ) Monte Carlo (GCMC)

simulations to construct the temperature-dependent phase diagram of the model system, i.e.,
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the ranges of x and y in LixM2–xO2–yFy that belong to compositions that can be realized as

solid solutions at a given temperature.33 The GCMC Hamiltonian is

H =
F sites∑

i

Ef
i − µLiNLi − µFNF, (5)

where µLi and µF are the chemical potentials of Li and F and NLi and NF are the number of

Li and F atoms in the structure, respectively.

Note that the M and O chemical potentials are not present in the Hamiltonian equation (5).

The chemical potentials of species that share the same sublattice are interrelated, and only

the differences µLi − µM and µF − µO are meaningful. We thus set µM = µO = 0 without loss

of generality.

Similar to the configuration energy Ef
(S) of equation (3), the temperature in the GCMC

simulations is in units relative to the interaction parameter J ([T ] = J/kb, where kb is

Boltzmann’s constant), and the phase diagram itself is independent of the actual value

selected for J . Therefore, once the phase diagram is known for one specific choice of J (such

as J = 1), the result can be scaled to any other J without repeating the GCMC simulations.

D. Lithium Transport in Fluorinated Phases

After the phase diagram was computed using GCMC simulations, canonical MC simulations

were used to sample atomic configurations in the accessible solid-solution composition space.

We sampled the composition space of LixM2–xO2–yFy with x ∈ [0.925, 1.500] and y ∈ [0.0, 0.7]

for temperatures T ∈ [0.1, 6.0] J/kb. For each of the sampled compositions and temperatures,

500 configurations with 2,400 lattice sites each were used for further analysis. Further

computational details are provided in the appendix.

For each of the generated atomic configurations, it was determined whether the structure

was 0-TM percolating (yes/no), and if it was percolating, the number of Li sites connected

to percolating 0-TM diffusion pathways was determined. These quantities were averaged

over the 500 configurations to obtain a percolation probability and a mean 0-TM connected

capacity for every sampled composition. The percolation threshold as a function of the

Li content, F content, or temperature was then computed by combining the percolation

probabilities from multiple compositions and temperatures.

To confirm that fluorination does not affect the Li diffusion mechanism and that 0-TM

8



0.0

0.5

1.0

1.5

2.0

0.0 0.5 1.0 1.5 2.0

F 
C

on
te

nt
 y

 in
 L

i xM
2-

xO
2-

yF
y

Li Content x in LixM2-xO2-yFy

0.0

0.5

1.0

1.5

2.0

0.0 0.5 1.0 1.5 2.0
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0

Te
m

pe
ra

tu
re

 (J
/k

B)

MO—LiF
 Com

po
siti

on
 Li

ne

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

1.0 1.1 1.2 1.3 1.4 1.5

F 
C

on
te

nt
 y

 in
 L

i xM
2-

xO
2-

yF
y

Li Content x in LixM2-xO2-yFy

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

1.0 1.1 1.2 1.3 1.4 1.5
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0

Te
m

pe
ra

tu
re

 (J
/k

B)T=
2.5
J/k

B

2.0
J/k

B

1.5
J/kB

1.0 J/kB

0.5 J/kB

MO Li2O2

LiF

LiMO2

Li2MO2F

(a) (b)

LiMO2

Li2MO2F

FIG. 3. Phase diagram from grand-canonical Monte-Carlo simulations. The color cor-

responds to the lowest temperature at which each composition LixM2–xO2–yFy occurred in the

simulations. (a) Phase diagram of the entire composition space. The composition line LiMO2–LiF is

indicated by a dashed line. The compositions that are relevant for Li-ion battery cathode materials in

practice are enclosed by a white rectangle. (b) Magnified version of the region within the rectangle.

In both (a) and (b), the composition Li2MO2F is indicated by a circle.

channels are the active diffusion channels in DRX oxyfluorides, we performed diffusion

path simulations for special quasi-random structures (SQS)34,35 using the climbing-image

nudged-elastic-band (NEB) method.36,37 Representative NEB minimum energy pathways are

shown in Figs. S1 and S2 in the supporting information. As seen in the figures, fluorination

only slightly changes the diffusion barriers by less than 0.1 eV. This change is not enough

to activate the 1-TM channel or to deactivate the 0-TM channel, and the overall diffusion

mechanism therefore remains unchanged.

III. RESULTS

A. Phase Diagram of Fluorinated Rock-Salt Phases

Figure 3 presents the two-dimensional phase diagram of the LixM2–xO2–yFy oxyfluoride

composition space obtained from GCMC simulations using the energy model introduced in

the Methods section. The figure shows the lowest temperature at which each composition
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was observed in the simulations to obtain an approximation of the coexistence (binodal)

plane. At low temperatures (shades of blue), phase separation into the end members is

favored, whereas more of the composition space can be accessed at higher temperatures (red

to yellow regions).

The lattice model is intended for oxyfluoride compositions derived from LiMO2; the phase

diagram is thus only meaningful for the region in which realistic oxyfluoride compositions

are located. Therefore, only the relevant Gibbs triangle with compositions within the space

defined by MO, LiF, and Li1.5M0.5O2 is shown. A more conventional visualization of the

phase diagram as an equilateral triangle is provided in supporting Fig. S3.

The region of the phase diagram that is most relevant for LIB cathode materials is

enclosed by a white rectangle in Fig. 3a. This region, shown magnified in Fig. 3b, contains

compositions with up to 50% Li excess (highly Li-rich compositions) and up to a fluorine

content of 33%, which corresponds to the composition Li2MO2F. Note that Li2VO2F and

other oxyfluorides with analogous compositions of other transition metal species can be

prepared by mechanochemical synthesis but not via thermal routes4; thus, we can deduce

that temperatures above ∼ 2.0 J/kb (colored in shades of red in Fig. 3) are usually not

accessible using thermal solid-state synthesis.

Note that all compositions that lie directly on the composition line between MO and

Li2O2 are equivalent for the lattice model as they do not contain any fluorine, and hence,

neither Li–F nor M–F interactions are present. However, fluorination of the compositions

becomes more facile with increasing Li content (indicated by the growing blue region in the

phase diagram) and more difficult when approaching the MO composition because of the

attractive Li–F and repulsive M–F interactions.

Previous computational work by Richards et al. using first-principles-based lattice models

established that the solubility of fluorine in Li-TM oxides is low and that wide miscibility

gaps between the end members LiMO2 and LiF exist even at typical solid-state synthesis

temperatures (∼1,000◦C).38 To replicate the properties of a realistic Li-TM oxyfluoride and

to allow correlation of the scaled temperature in units of J/kb with those expected for an

actual oxyfluoride composition, our model should show the same qualitative behavior.

Figure 4 shows the one-dimensional phase diagrams along the two composition lines

LiMO2–LiF (the line studied by Richards et al.) and MO–LiF, and both show clear miscibility

gaps up to temperatures of approximately 2.5 J/kb and 3.0 J/kb, respectively. Thus, the
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FIG. 4. Phase diagram along two composition lines. The one-dimensional phase diagrams

correspond to the composition lines between (a) LiMO2 and LiF and (b) MO and LiF that are

also indicated in the two-dimensional phase diagram of Fig. 3. Both phase diagrams show large

two-phase regions (gray) in which phase separation into the end members occurs. The data points

from Monte Carlo simulations are shown as green dots. The black dashed lines are meant to guide

the eye.

simplified general Hamiltonian of equation (5) reproduces the phase-separating behavior

seen in real oxyfluorides. At low temperatures, LiF does not mix with LiMO2 and only a

small solubility region is thermally accessible. Introducing fluorine becomes more facile with

increasing Li content and increasing temperature.

B. Li Transport Properties in Fluorinated Phases

Using the canonical MC protocol outlined in the Methods section, we determined the

0-TM accessible Li content in fluorinated rock-salt structures with realistic SRO. Taken

together with the phase diagram of Fig. 3, the 0-TM capacity can be analyzed as a function

of the Li and/or F content and the temperature. In particular, we can now determine the

effect of a specific amount of fluorine substitution on the Li transport properties. A fluorine

content of approximately 7.5% was previously observed to enable good capacity retention

in DRX cathode materials.19 We therefore considered 7.5% fluorine substitution, i.e., the

general composition LixM2–xO1.85F0.15, as an example.
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FIG. 5. 0-TM connected capacity for 7.5% fluorination. The 0-TM connected capacity

for compositions LixM2–xO1.85F0.15 (= 7.5% F substitution) is shown in terms of extractable Li

atoms per formula unit (F.U.). The thick black line represents the percolation threshold, and the

compositions within the red region are not 0-TM percolating. The gray region at the bottom of the

graph is not accessible under equilibrium conditions as it is part of the miscibility gap of the phase

diagram in Fig. 3.

Figure 5 shows the temperature-dependent 0-TM percolation threshold and accessible

capacity for compositions with 7.5% fluorine substitution. Note that the temperature in the

percolation map should be understood as the synthesis temperature and not the operation

temperature, and as reasoned in the previous section, temperatures above T = 2.0 J/kb are

likely not accessible. In addition, at low temperatures, 7.5% of fluorination is not achievable

as this value falls in the phase-separation region in the phase diagram (gray region in the

percolation map in Fig. 5).

From the percolation map, it is immediately obvious that fluorine substitution can have a

strong effect on the percolation properties. For very high temperatures approaching 6 J/kb,

the Li–F and M–F interactions are overcome and the atomic ordering becomes essentially

random. Therefore, the percolation threshold (indicated by the thick black line in Fig. 5)

approaches the value for fully disordered unfluorinated rock-salt materials of xc ≈ 1.09.12
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FIG. 6. Percolation maps as a function of Li and F content. Accessible compositions and

0-TM capacities at temperatures (a) T = 0.8 J/kb, (b) T = 1.2 J/kb, (c) T = 1.6 J/kb, and

(d) T = 2.0 J/kb. With increasing temperature, more compositions become accessible in the phase

diagram. The percolation threshold is indicated by a thick black line, and in each panel, three contour

lines for the 0-TM connected capacities (I) 0.50 Li/F.U., (II) 0.75 Li/F.U., and (III) 1.00 Li/F.U.

are shown. Compositions within the red regions are not percolating, and the gray regions are within

the miscibility gap of the phase diagram (see also Fig. 3).

However, interestingly, the percolation threshold decreases significantly at lower temperatures,

where the SRO is governed by the Li–F and Li–M interactions. Below T = 1.5 J/kb, the

percolation threshold becomes as low as xc ≈ 0.96, i.e., no excess Li is required for percolation.

The same trend is also reflected by the amount of 0-TM accessible Li atoms per formula

unit (F.U.) that determines the practical capacity of the cathode materials. This 0-TM

connected capacity is shown as shades of blue (and white contour lines) in Fig. 5. As seen

from the contour lines, for example, at a Li content of x = 1.05, nearly 0.6 Li/F.U. become

accessible under ideal conditions, whereas 5% Li excess is still well below the percolation

limit in unfluorinated rock-salt materials.

Instead of considering a specific amount of fluorine substitution, we can alternatively

construct percolation maps for select temperatures. Figure 6 shows the percolation threshold

and 0-TM connected capacity as a function of the Li and F content for four different scaled

temperatures, again taking T = 2.0 J/kb as the thermally accessible limit. With increasing
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temperature, higher fluorine contents become accessible such that the area of the miscibility

gap (gray region in the percolation maps) decreases from T = 0.8 J/kb (panel a) to

T = 2.0 J/kb (panel d). The percolation threshold is again shown as a thick black line, and

the shades of blue indicate the 0-TM connected capacity. Three selected capacities (I: 0.50,

II: 0.75, and III: 1.00 Li per formula unit) are indicated by white contour lines.

In all the percolation maps in Fig. 6a-d, the fluorine content of y = 0 corresponds to the

fully disordered unfluorinated LixM2–xO2 oxides, and the percolation threshold and 0-TM

capacities of reference 12 are recovered.

Irrespective of the temperature, it is clear from Fig. 6 that the percolation threshold

decreases faster than linearly with the F content. In fact, for all except the lowest temperature

(0.8 J/kb), materials fluorinated up to the solubility limit can achieve 0-TM percolation even

without Li excess. Fluorination also generally improves the 0-TM capacity. For example, the

amount of Li excess that is needed to extract 0.5 Li/F.U. is reduced from approximately 13%

for the unfluorinated case to approximately 5% at the maximal obtainable fluorine content

at any of the temperatures. As also seen in the figure, the beneficial effect of fluorination

is largest for compositions with low Li content and decreases as the Li excess rises to 25%

(x = 1.25).

Another insight from Fig. 6 is that although the temperature determines the feasible

degree of fluorination, the 0-TM connected capacities of the compositions with the highest

achievable fluorine content for any given Li content are similar across all temperatures.

This observation is important as it allows us to estimate the limit of the achievable 0-TM

connected capacity independent of the scaled temperature, which in our simulations depends

on the metal species M-specific interaction strength J . In other words, the percolation maps

in Fig. 6 indicate that the maximal achievable 0-TM connected capacity at the F solubility

limit will be roughly the same independent of the maximum F solubility of a specific material.

C. Experimental Validation

To put theory into practice, we considered a cation-disordered cathode material for

experimental validation of the computed percolation trends. We selected compositions

derived from cation-disordered LiNi0.5Ti0.5O2
39 as it has previously been reported that Li

excess can be introduced by molybdenum doping40 and that fluorination is possible using
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FIG. 7. Experimental verification of fluorination improving percolation in

a cation-disordered rock-salt material. Powder X-ray diffraction patterns of

(a) Li1.05Ni0.458Ti0.458Mo0.033O2 (LNO) and (b) Li1.05Ni0.533Ti0.373Mo0.033O1.85F0.15 (LNF15),

which both form as phase-pure rock-salt structures. (c) First-cycle charge and discharge volt-

age profiles of LNO and LNF15 within two different voltage windows of 1.5–4.3 V and 1.5–4.6 V.

(d) LNO and LNF15 capacity in terms of accessible Li within the two voltage windows as obtained

from the voltage profiles in (c).

thermal solid-state synthesis.19 In principle, these compositions have the additional advantage

that both Ni2+/Ni3+ and Ni3+/Ni4+ redox reactions would be available. However, in previous

related unfluorinated materials, oxygen redox participation was observed before all of the

Ni3+ was fully oxidized.40 Irrespective of the redox mechanism, the available electron redox

is not expected to become capacity limiting.

The percolation analysis shown in Fig. 5 predicts a 0-TM capacity of 0.5-0.6 Li/F.U. for

compositions with only 5% excess Li and a F content of 7.5%, and the percolation maps
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in Fig. 6 indicate that the fluorination has the largest effect on compositions with low Li

content. Therefore, we decided to compare two cation-disordered materials with 5% excess

Li and (i) no F and (ii) 7.5% fluorination. The target compositions for the two compounds

were Li1.05Ni0.458Ti0.458Mo0.033O2 (LNO) and Li1.05Ni0.533Ti0.373Mo0.033O1.85F0.15 (LNF15).

Both compounds, LNO and LNF15, were prepared by conventional solid-state synthesis

following previously published routes19,40, as described in the Experimental section. As seen

in the X-ray powder diffraction patterns in Fig. 7a-b, both materials were phase pure and

formed in the disordered rock-salt structure, as expected. Fluorination only resulted in a

slight lattice contraction from a = 4.1459Å to a = 4.1415Å as determined from Rietveld

refinement.

Before attempting to directly compare the simulation and experimental results, it is

important to recall that the 0-TM capacity is a lower bound for the actual capacity, as

detailed in the Methods section. Even though a Li content of 5% is below the 0-TM

percolation threshold of pure oxides, some capacity should be expected for the unfluorinated

material owing to contributions from slow migration through 1-TM channels.

Figure 7c presents the first-cycle charge/discharge voltage profiles of the two materials

for two different voltage windows. As similar compositions have previously been shown to

release oxygen gas during charge,40 the discharge capacities can be more straightforwardly

compared with the predicted 0-TM capacities. In the smaller voltage window (1.5-4.3 V), the

unfluorinated LNO delivered a discharge capacity of 0.38 Li/F.U., and in the larger voltage

window (1.5-4.6 V), 0.59 Li/F.U. was delivered. Although these capacities are not very high,

5% excess Li is below the 0-TM percolation threshold in fully disordered rock-salt materials,

and the observed capacities indicate that the percolation threshold in LNO is either reduced

by SRO or that some of the 1-TM channels are active in LNO.

Significantly higher discharge capacities were achieved for the fluorinated LNF15 for both

voltage windows. In the smaller voltage window, LNF15 could reversibly cycle 0.52 Li/F.U.

(an improvement of 37% over that for LNO), and in the larger voltage window, LNF15 could

reversibly cycle 0.78 Li/F.U. (an improvement of 32% over that for LNO). A capacity of

0.8 Li/F.U. is remarkable for a composition with such a small amount of excess Li and is

significantly larger than the capacity of commercial rock-salt-type cathodes, which only allow

for reversible extraction of ∼0.7 Li at most.41 This result clearly indicates that fluorination

improved the Li percolation of the material.
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IV. DISCUSSION

Both the lattice-model simulations and experiment followed by electrochemical characteri-

zation indicate that fluorination is beneficial for Li transport in fluorinated rock-salt-type

cathodes. In particular, F substitution systematically reduces the amount of Li excess re-

quired to achieve high capacities by lowering the percolation threshold of fast 0-TM diffusion

channels. Our simulations demonstrate that even a small amount of F substitution can

have a strong beneficial effect on the observed capacity, which is especially obvious in the

percolation map of Fig. 5.

The beneficial effect of fluorination can be explained by the attractive interaction between

F and Li atoms in oxyfluoride compositions. As F atoms prefer to be surrounded by Li atoms,

the SRO around F atoms results in the formation of Li-rich domains. 0-TM channels, which

are diffusion channels that avoid transition metals, are themselves Li rich, and thus, local

Li enrichment will increase the concentration of 0-TM channels. Indeed, the concentration

of 0-TM channels increases almost linearly with the amount of F substitution, as seen in

supporting Fig. S4.

The number of 0-TM accessible Li sites also increases with F content (supporting Fig. S5);

however, the effect is much stronger for compositions with low Li content. As seen in Fig. S5,

low F contents (y < 0.05) do not have a significant effect on the 0-TM connected capacity if

the unfluorinated composition is near the percolation threshold (x = 1.10 in the figure). A

possible reason for this behavior may be that the Li clustering promoted by F substitution

counteracts the formation of percolating diffusion pathways.

Note that these trends are based on our simple lattice model that only considers Li–F

and M–F interactions. In an actual material, additional SRO arising from cation-cation

(Li–M, Li–Li, M–M) interactions might be present that may positively or negatively affect

Li transport.26 For some combinations of transition metals, it is thus possible that small

amounts of fluorination might disturb the beneficial SRO that is already present in an

unfluorinated material.26 However, for larger F contents, the beneficial effects of fluorination

can be expected to dominate.

The percolation maps in Figs. 5 and 6 show a temperature dependence; thus, it may

be difficult to relate them to real-world materials. However, we can draw a connection to

real materials by comparing the upper critical solution temperature (UCST)42 in the one-
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dimensional phase diagram for the LiMO2–LiF composition line of Fig. 4a with previously

reported cluster expansion simulations performed by Richards et al.38 The UCST, i.e., the

maximum of the coexistence line, is approximately T = 2.5 J/kb for our lattice model

(Fig. 4a). The simulations performed by Richards et al. predicted the lowest UCST for

LiFeO2 (approximately T = 2, 400 K) and the highest UCST for LiCoO2 (approximately

T = 3, 000 K). These simulations were based on lattice models that included fitted Li–M

interactions, and the simulations did not allow for thermal decomposition or melting, which

explains the very high temperatures.

Using the UCST of LiFeO2 as a lower bound, we can roughly relate the relative tem-

peratures in our phase diagrams to an absolute temperature scale using a scaling factor

of 1 J/kb ≈ 960 K. A temperature of 1,000◦C (1,273 K), which is realistic for solid-state

synthesis, then corresponds to a scaled temperature of 1.33 J/kb.

The lattice model simulations performed by Richards et al. were themselves only approx-

imate and did not include, for example, free energy contributions from lattice vibrations,

likely resulting in an overestimation of the temperature. However, the scaling factor gives us

a ballpark number and is in line with our intuition that temperatures above T = 2 J/kb are

likely not accessible for thermal synthesis.

In the discussion thus far, we have assumed that every Li site that is connected to a

percolating 0-TM diffusion pathway contributes to the overall capacity. Owing to the strong

Li–F interaction, this picture might change as the fluorine content increases. Previous

simulations performed by Kitchaev et al. indicated that Li ions cannot be extracted at

feasible voltages when this extraction would give rise to isolated F ions.27 This effect can lead

to trapping of some of the Li atoms within the structure even when their sites are connected

to a 0-TM diffusion pathway. In the worst-case scenario that each F atom traps one Li atom,

the capacity reduction in our LNF15 compound could amount to 0.15 Li/F.U. However,

because each Li atom is coordinated by six anions, a number of which could be F atoms, the

actual capacity reduction is much smaller.

V. CONCLUSIONS

We investigated the effect of fluorine substitution on the Li transport in cation-disordered

Li-ion battery cathodes using a tailored lattice model for the simulation of SRO caused by

18



Li–F attraction and M–F repulsion (M=other metal species). Our simulations predict

that fluorination has a strong beneficial effect on Li transport and significantly reduces

the Li content needed to achieve high capacities. Specifically, the percolation simulations

predict that small amounts of Li excess (∼ 5%) are sufficient to achieve high capacities

in oxyfluorides, whereas the same compositions would not be percolating for Li without

fluorine substitution. We validated this prediction by synthesizing and characterizing new

cation-disordered rock-salt compounds with and without fluorine substitution and with only

5% excess Li. The fluorinated compound indeed exhibited superior capacities that were

32–37% greater than those of its unfluorinated counterpart.

Our findings demonstrate that fluorine substitution is generally favorable for Li transport

in cation-disordered cathodes and should be considered for materials in which transport

becomes performance limiting. The capacity increases proportionally with the fluorine

content up to the solubility limit, such that the optimal composition is obtained for maximal

thermal fluorination.
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Appendix A: Computational and Experimental Details

1. MC Simulations and Percolation Analysis

The GCMC (µV T ) phase-diagram calculations were performed using a 4× 4× 4 supercell

of the primitive rock-salt unit cell containing 128 sites. The Li and F chemical potentials

were varied within the ranges −60 < µLi < 50 and −70 < µF < 60, and a temperature

range 0.1 ≤ T ≤ 8.0 J/kb was sampled. These settings resulted in ∼2,800,000 (µLi, µF, T )

combinations, out of which ∼764,000 fell into the relevant composition space and were

considered for the construction of the phase diagram in Fig. 3.

For convergence of the percolation properties with good accuracy, the canonical MC

simulations were performed using a larger 12× 10× 10 rock-salt supercell containing a total

of 2,400 sites. Each MC step consisted of N Metropolis attempts to interchange the species

of two randomly picked sites, where N = 2, 400 is the total number of sites in the structure.

For each sampled composition and temperature, 200 MC steps were run for equilibration,

which was followed by 10,000 production MC steps. The structures after each 20 MC steps

were stored for analysis, resulting in a total of 500 configurations per composition over which

the percolation properties were averaged.

2. First-Principles Diffusion Path Calculations

All the density functional theory (DFT) calculations used the Perdew-Burke-Ernzerhof43,44

exchange-correlation functional and projector-augmented wave pseudopotentials,45 as im-

plemented in the Vienna Ab-Initio Simulation Package (VASP).46,47 A plane-wave energy

cutoff of 520 eV was employed, and gamma-centered k-point meshes with d25 |~bi|e k-points

in each reciprocal lattice direction i were used, where ~bi is the ith reciprocal lattice vector.

Diffusion path calculations were performed using the climbing-image (CI) nudged elastic band

(NEB) method36,37 with five intermediate images. The NEB calculations were performed for

di-vacancy diffusion in a quasi-random structure (SQS)34 model with composition LiTiO2

(Li16Ti16O32 and supercells thereof) that was originally constructed by Shin et al. for the

simulation of close-packed alloys.35
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3. Synthesis and Characterization

Li1.05Ni0.458Ti0.458Mo0.033O2 (LNO) and Li1.05Ni0.533Ti0.373Mo0.033O1.85F0.15 (LNF15) were

synthesized using a traditional solid-state method. Li2CO3 (Alfa Aesar, ACS, 99% min),

NiCO3 (Alfa Aesar, 98%), TiO2 (Anatase, Alfa Aesar, 99.9%), MoO2 (Alfa Aesar, 99%), and

LiF (Alfa Aesar, 99.99%) were used as precursors. All the precursors were stoichiometrically

mixed (except for adding 5% more Li2CO3 and 4% more NiCO3 to compensate for possible

loss during synthesis19,40) with a Retsch PM 200 planetary ball mill at a rate of 300 rpm for

4 h. The precursors were then pelletized and sintered at 750◦C in air for 3 h, followed by

quenching in air. The pellets were then transferred to a glovebox and ground into powders.

To prepare the cathode films, composed of active materials, SUPER C65 (Timcal), and

polytetrafluoroethylene (PTFE, DuPont, Teflon 8A) at a weight ratio of 70:20:10, 280 mg of

active materials and 80 mg of SUPER C65 were mixed and shaker-milled for 20 min in an

argon atmosphere with a SPEX 800M Mixer/Mill, and PTFE was later added and manually

mixed with the shaker-milled mixture for 40 min. The components were then rolled into

thin films inside the glovebox. Commercialized 1 M LiPF6 in ethylene carbonate (EC) and

dimethyl carbonate (DMC) solution (volume ratio 1:1) was used as the electrolyte. Glass

microfibers (Whatman) were used as the separator, and FMC Li metal foil was used as the

anode. Coin cells were assembled inside the glovebox and tested on an Arbin battery tester

at room temperature. The loading density of the films was approximately 5 mg cm−2 based

on the weight of the active materials. The specific capacities were then calculated based on

the weight of the active materials (70%) in the cathode films.

X-ray diffraction (XRD) patterns of the as-synthesized compounds were obtained using

a Bruker D8 Advance A25 diffractometer (Cu source) in the 2θ range of 20◦–85◦. Rietveld

refinement was performed using PANalytical X’pert HighScore Plus software.
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FIG. S1. Impact of fluorination on a 1-TM channel. The plot shows the minimum energy

paths (MEPs) obtained from nudged-elastic band (NEB) calculations for a 1-TM channel in an

unfluorinated (red circles) and in a fluorinated (blue diamonds) special quasi-random structure

(SQS) with composition LiTiO2 (Li16Ti16O32). In the fluorinated structure, one of the four oxygen

atoms around the 1-TM channel was replaced by a fluorine atom. For both diffusion paths a second

vacancy was created so that the diffusion could occur via the divacancy mechanism. In Li-ion battery

cathodes, diffusion channels with activation barriers greater than 0.3 eV are typically considered

inactive,1,2 and this threshold is indicated by the gray region in the figure. Fluorine substitution

does slightly change the diffusion barrier from around 0.6 eV to around 0.5 eV, but the effect is not

large enough to activate the 1-TM channel.
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FIG. S2. Impact of fluorination on a 0-TM channel. The plot shows the MEPs obtained from

NEB calculations for a 0-TM channel in an unfluorinated (red circles) and in a fluorinated (blue

diamonds) SQS with composition LiTiO2 (Li16Ti16O32). As in the case of the 1-TM channel in

Fig. S1, in the fluorinated structure, one of the four oxygen atoms around the 0-TM channel was

replaced by a fluorine atom, and the divacancy mechanism was considered. Again, fluorination

changes the MEP slightly, but the overall diffusion barrier is not significantly affected and the 0-TM

channel remains active. Note that the tetrahedral site (NEB image 3) is stabilized in the fluorinated

structure. However, this does not alter the overall diffusion pathway and is of no consequence for

the percolation analysis.
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FIG. S3. Gibbs-triangle representation of the phase diagram of Fig. 3a in the main text.

The colors are according to the legend in Fig. 3a and encode the lowest temperature at which a

composition is observed in the grand-canonical Monte-Carlo (GCMC) simulations. The region

enclosed by the solid white rhomboid corresponds to that shown in Fig. 3b in the main text. The

white circle indicates the Li2MO2F composition. The GCMC phase-diagram calculations were done

using a 4× 4× 4 supercell of the primitive rock-salt unit cell containing 128 sites.
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FIG. S4. Increase of the 0-TM channel concentration with fluorination. The figure shows

the change of the concentration of 0-TM channels relative to all tetrahedral cation clusters as function

of the fluorine content as obtained from canonical MC simulations. The 0-TM channel concentration

is c0-TM = N0-TM/(N0-TM +N1-TM +N2-TM +N3-TM +N4-TM) where Nn-TM is the total number

of n-TM clusters in the structure. Three different Li contents are shown: x = 1.05 (green circles),

x = 1.10 (red triangles), and x = 1.20 (blue squares) with the overall composition LixM2–xO2–yFy .

As seen in the figure, independent of the Li content, the 0-TM channel concentration increases almost

linearly with the fluorine content. The figure shows data for a temperature of J = 2.0 J/kb. For

lower temperatures the trend is the same but the slope is steeper (not shown). The canonical MC

simulations were performed using a 12× 10× 10 rock-salt supercell containing a total of 2,400 sites.
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FIG. S5. Change of the 0-TM connected capacity with fluorination. Unlike the 0-TM

channel concentration shown in Fig. S4, the 0-TM connected capacity (in terms of the 0-TM

accessible Li sites) does not increase in the same way for each Li content. The effect of fluorination

is strong for low Li contents (x = 1.05 and x = 1.10), and is small for x = 1.20. The capacity does

not increase linearly, and in the case of x = 1.10 F substitution of less than y = 0.05 (2.5%) has

no significant effect. The canonical MC simulations were performed using a 12× 10× 10 rock-salt

supercell containing a total of 2,400 sites.
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