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Transition metal oxyflourides have gained considerable interest as potential high-capacity cathode
materials for Li-ion batteries. So far, commercialization has been hindered by the poor cyclability and
fast degradation of this class of materials. The degradation process is believed to start at the surface and
progresses toward the bulk. In this context, a suitable cathode-electrolyte interphase (CEIl) appears to be
a crucial factor where the formation of LiF has been identified as a key component promoting interfacial
stability. In the current work, we make use of a combined density functional theory (DFT) and kinetic
Monte Carlo (kMC) approach. Using DFT, we determine relevant interfaces between Li,VO,F and LiF.
Rejection-free kMC simulations with parameters based on DFT are then used to probe the kinetics in
the charging and discharging process of the Li,VO,F phase. We find that the interface formed by joining
Li,VO,F and LiF via their most stable surface terminations has a modest but positive effect on the
charging rate, where the LiF phase acts as a funnel that facilitates the Li extraction from the bulk of the
Li,VO,F phase. However, the same interface has a severe impeding effect on the discharging of partially
delithiated structures, which is orders of magnitudes slower than in the charging process. We find that
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the key property controlling the kinetics in the discharging process is the difference in stability of Li
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1. Introduction

The last years has seen a growing interest in transition metal
oxyfluorides, not least the disordered rock-salt vanadium oxy-
fluoride (Li,VO,F), for utilization as Li-ion battery cathodes.
This is due to their potential as high-capacity cathode materi-
als, rendering them superior to their layered oxide counterparts
for high energy-density battery applications." However, their
low cyclability® hinders the commercialization and wider adop-
tion of this cathode technology.

These high-capacity transition metal oxyfluorides operate
according to an extraction mechanism of more than 1 Li* per
formula unit. While 2 Li* could be reversibly deinserted in
theory, this has been shown to destabilize the structure and
lead to rapid capacity degradation. Chang et al.®> demonstrated
the formation of peroxides and superoxides in the Li,VO,F bulk
even when the charging potential is limited to a relatively low
level of 4.1 V. Furthermore Kéllquist et al. have observed a
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vacancies in the Li,VO,F and LiF phases.

continuous degradation process of Li,VO,F also at moderate
levels of lithiation/delithiation, which starts in the surface layer
of the active materials particles and then progresses onward
towards the bulk.” Strategies to mitigate such effects include
doping of the active material with different elements (e.g
Li,Vo.sMo50,F; M = Ti, Mn, Fe, Co)>® and surface coatings
(e.g. AlF;),” which have shown to be successful in enhancing
cycling stability, at least in short to intermediate terms. As
studies on electrolyte additives have shown,® stabilization of
the surface layer is profound if the long-term stability of these
highly reactive cathode compounds is to be achieved. In this
context, the problem of forming a suitable cathode electrolyte
interphase (CEI) is a crucial factor.

It is interesting to note that the formation of LiF has
generally been identified as a key component that promotes
such interfacial stability, similar to what is often found for the
anode side in Li-based battery chemistries. While LiF has
intrinsically poor ionic conductivity (ca. 10** § em™),° its
chemical inertness seems to be key for the robustness and
efficiency of battery interphases. It can also be speculated that
the spontaneously formed LiF from electrolyte salt or solvent
decomposition contains a high degree of defects, which in turn
raises the ionic conductivity to more acceptable levels.

One aspect that has particularly been under scrutiny for the
disordered rock-salt phases is the role of local order/disorder in
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these materials and its connection to Li transport via the
formation of so-called zero-transition-metal pathways, a con-
cept that was previously developed for transition metal oxides
by the group of Gerbrand Ceder.'°* In recent studies by Chang
et al.,"'* a Density Functional Theory (DFT) based approach
has been applied to a range of disordered lithium rock-salt
phases such as Li,VO,F and Li,CrO,F, showing that these
materials at high lithiation levels adopt a layered configuration
with alternating sheets of Li,F and VO, which turns into a
disordered structure upon delithiation. However, the crucial
CEI layer and its structure-dynamic properties have so far been
largely unexplored by computational tools despite its high
relevance and importance in understanding and further
exploration of better functioning oxyfluoride cathodes. Here,
we investigate Li-ion transport in the Li,VO,F/LiF interfacial
region using a kinetic Monte-Carlo (kMC) simulation approach
based on DFT calculations to obtain the relevant energetics.

Several simplifications and approximations are necessary to
make our simulations tractable. Therefore, we focus on condi-
tions close to the full lithiation limit and use the layered
Li,VO,F structure, which has been determined to be the
ground-state structure in a theoretical study of Chang et al.'®
As mentioned, there is an extensive discussion in the literature
regarding the role of disordering and the impact of zero-
transition-metal pathways on the Li kinetics in this type of
system. However, the focus of the current contribution is on the
role of the LiF interface, and thus, we limit our study to the
ordered Li,VO,F and leave studies of interfaces between LiF
and disordered Li,VO,F for later.

The aim of this study is to explore how LiF in the CEI layer
controls the kinetics of the lithium intercalation reaction of the
disordered rock-salt phases. One more key assumption in this
context is that the diffusion resistance in the electrolyte is not
rate-determining but that the rate is controlled by diffusivity
through the CEI layer.

2. Methods

The computational approach employed here is based on two
distinct steps. Firstly, DFT calculations are performed to extract
the relevant energetics of the system, including energy barriers
for ionic migration and the overall thermodynamics and rele-
vant potentials. Secondly, these parameters are used in kMC
simulations, where the overall transport process from LiF to
Li,VO,F is simulated.

2.1. Density functional theory simulation protocol

All the DFT calculations were performed using the Vienna ab
initio simulation package (VASP) in its implementation with
plane-wave functionals.’®® The Perdew-Burke-Ernzerhof
(PBE?®?!) exchange-correlation functional augmented with a
rotationally invariant Hubbard-U correction by Dudarev et al.*>
with the U value of 3.25 eV was used to describe the strongly
correlated 3d electrons of vanadium correctly. Li was described
using 1 valence electron (2s'), oxygen by 6 valence electrons
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(2s*2p*), Flourine by 7 valence electrons (2s°2p°), and Vana-
dium by 11 valence electrons (3p*3d®4s'). All structure were
optimized until the maximum force on any one atoms were
below 0.01 eV A™". In addition, when cells shapes and volumes
were optimized all components of the stress tensor were less
than 0.01 kbar. The Brillouin zone was sampled using a k-
spacing where the distance between neighbouring points were
smaller than 0.056 A™'. In all calculations, the plane wave
energy cut-off was set to 600 eV.

Surface energies for the low-index surfaces of each crystal
(Li,VO,F and LiF) were calculated using periodically repeated
slabs consisting of N formula units terminated perpendicular
to the (100), (110) or (111) directions. The surface energy was
obtained by subtracting the energy of N formula units of the
bulk material (calculated at the same level of theory) and
dividing the area of the slab by two (since two equivalent
surfaces are exposed in the slab model). Accordingly, the
following formula was used to calculate the surface energy:

Egab — N Epuik

E. =
surf 24 b

Interface energies were calculated analogously to the surface
energies, albeit by subtracting the corresponding number of
formula units of both materials, Li,VO,F and LiF, involved in
the interface structure. Surface energies were calculated using
slabs with 7, 6 and 9 atomic layers for the (100), (110) or (111)
surfaces, respectively.

In the optimization of pristine bulk structures and inter-
faces, both the cell shape and cell volume were optimized. In
the calculation of surface energies and in calculation involving
Li vacancies, the cell was kept fixed at the corresponding
optimized bulk/interface values.

2.2. Kinetic Monte-Carlo simulations of Li-ion/vacancy
mobility

The dynamic behaviour of Li ions at the interface was analysed
with the rejection-free kMC method (also known as the
residence-time algorithm, n-fold way or the Bortz-Kalos-
Lebowitz algorithm) using an in-house code. This approach
relies on being able to calculate the rates of all possible events
in the system. One of these is then selected randomly based on
their rates, and the time of the system is also moved forward by
a number d¢ which is based on the cumulative rate of all events
Q according to:

dt = In(1/u)/Q,

where u is uniform random number. In our case the structural
model comprised a rigid lattice including 456 Li sites inside the
Li,VO,F phase, with 4, 8 or 12 layers of LiF on top of this phase.
We consider two type of events at this lattice, (i) Li migration
and Li creation/annihilation. Li migration is assumed to be
vacancy mediated; we found it more practical to the vacancies
as the migrating species in our simulation. Li vacancies can be
created and annihilated at the outermost LiF layer at the Li-
metal anode contact (see Fig. 1, more details will also be given
in Section 3.2). The Li vacancies (and consequently the Li ions)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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L| metal anode

Reflecting
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Fig. 1 Schematic representation of the model for the CEl used in this
work. Li vacancies are introduced/annihilated at the right-hand side. Li
metal is used to determine the Li chemical potential and acts as an artificial
reservoir of Li ions.

can also migrate by nearest-neighbour hopping on the lattice.
The activation energies (E,) for these processes were predicted
from energy differences (dE) between the initial and final states
of the hop (see description below for details), while the rates
were calculated from activation energies using a pre-factor of
10" Hz, which is in the range of typical phonon frequencies.
The energy differences were computed from a DFT derived
interaction model.

3. Results and discussion

Fig. 1 shows a schematic representation of the model used to
describe the Li,VO,F system in contact with a Li-metal anode. A
CEI composed entirely of LiF is put on top of the cathode layer,
while Li metal is employed as a lithium reservoir and working
anode. The absence of an electrolyte in the model signifies that
it is assumed that the Li-ion transport from Li metal to the
cathode is not limited by electrolyte resistance. Moreover, Li
metal determines the Li chemical potential in the simulations.

3.1. Stability and structure of the interface

In order to assess the stability and atomic structure of likely
solid electrolyte interphases, we have calculated and compared
the surface and interface energies for a number of structures. In
the following, we will focus on the behaviour of the Li,VO,F in
its most stable crystalline form, which is a face-centred cubic
structure with alternating VO, and Li,F layers, while we use the
conventional rock salt structure for LiF. The similarity of the
two crystal structures allows coherent interfaces to form. These
coherent interfaces correspond to joining two slabs, one of
Li,VO,F and one of LiF, both exposing the same surface
termination, e.g. (100). As a prelude to constructing such
interfaces, we first consider the surface energy, Eq.yf of the
various (low-index) surface terminations of Li,VO,F and
LiF alone.

The calculations are straightforward for the non-polar sur-
faces but require extra care for the polar counterparts. In these
latter cases, it is necessary to perform polarity compensation.
Here, we have considered F-terminated surfaces with half
occupation of F at the surface. This is a common strategy in
theoretical simulations of such, so-called, Tasker type III
surfaces.”® In the case of Li,VO,F the layers in the structure
are oriented parallel to surface. It should be noted that in the
interface, the half-occupied F-layers correspond to a fully
occupied layered shared by Li,VO,F and LiF, and F vacancies

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Calculated surface and interface energies in eV A=2 for Li,VO,F
and LiF

LiF surface Li,VO,F
Termination energy surface energy Interface energy
(100) 0.054 0.039 0.016
(110) 0.105 0.170 0.087
(111) 0.138 0.236 0.003

are therefore neither visible nor present at such an interface.
Table 1 collects the surface energies for the low-index surfaces
of Li,VO,F and LiF. The low-energy surface for both materials
corresponds to the non-polar (100) termination.

Returning to the interfaces, three types will be considered in
the following. The first interface is formed by joining the most
stable (100) surfaces (interface A in the following). We use a
surface cell of the interface that corresponds to a p(4 x 3)
surface cell of LiF(100). The second interface is perpendicular
to alternating planes of Li,F and VO, in the Li,VO,F structure
(interface B in the following) and is formed by joining the
materials through their polar (111) surfaces. The surface cell in
this case corresponds to a p(4 x 4) surface cell of LiF(111).
These two models are shown in Fig. 2. In addition to these we
also consider an interface made from the (110) surface which
corresponds to a p(4 x 3) surface cell of LiF(110) (not shown).
This interface model has 8 atomic of both Li,F and Li,VO,F,
just like the (100)/(100) model in Fig. 2a. All interface energies
are also collected in Table 1. Interestingly, we find that the most
stable interface corresponds to the least stable surface termina-
tions of Li,VO,F and LiF. This can be partly explained from the
smaller (on average) strain at the interface B compared to
interface A. We determined the strain by comparing the lattice
parameters of the optimised interfaces to those of the pristine
bulk crystals.

The strain along the two surface unit cell axes at interface A
is +8.0/—1.2% and —3.8/—1.3% for LiF/Li,VO,F. The corres-
ponding values for interface B are +5.5/+0.7% and +5.5/+0.7%
(the unit cell axes are symmetrically equivalent at this
interface).

( (100)/(100)

(111)/(111)

O LR LT L
S 1 ZS 2SS A1 A T 7 ~
SAAAL ‘:zsx N
NN NZE N A
O

\ @ J

AN/ \V AVAV
AAANANANL

I‘
@ LiF,0,

Fig. 2 The two Li,VO,F/LIF interfaces used in the theoretical modelling.
(a) Interface A'is built by joining a Li,VO,F and a LiF slab exposing their low-
energy surfaces. (b) Interface B is the most stable interface and corre-
sponds to the least stable surface terminations of Li,VO,F and LiF (which
join along a polar direction). Small gray spheres are V, large red spheres are
O, large green spheres are F, and small dark green spheres are Li. The
interface energies are given in Table 1.
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Thus, depending on which of the energies - surface or
interface - that are dictating the crystal growth, we will obtain
particles with different morphology. While we have not
attempted to address the issue of particle shape in our simula-
tions, but will instead discuss the dynamic behaviour of both
the above identified interfaces.

3.2. Li vacancy formation energies, migration barriers and
kMC model

Before analysing the dynamics of Li and Li vacancies at the
interfaces, it is necessary to estimate (relative) formation ener-
gies and migration barriers for Li vacancies. These energies
constitute essential input to the kinetic Monte-Carlo method
that is used in the dynamical simulations. It is also necessary to
determine/estimate the mutual interaction energy of Li vacan-
cies. The energy associated with removing Li ions from various
positions in the two interface models has therefore been
calculated at the DFT level. For the more stable interface B, Li
vacancies inside the Li,VO,F region are 0.27 eV more stable
than inside the LiF phase. The same general behaviour is also
true for the less stable interface A, but here there are variations
in the Li vacancy stability, and the same lateral position
perpendicular to the interface may have slightly different
energies. This behaviour is consistent with the symmetry of
the two interfaces. While all Li positions in layers parallel to the
interface are equivalent in interface B, they are not so in
interface A. Fig. 3 provides a two-dimensional colour map
displaying the relative stability of Li vacancies in the plane that
contains the interface normal which is perpendicular to the
VO, and Li,F planes in the Li,VO,F structure.

(" (100)/(100) )

Region I

Y

Region II

\O°O- P

Fig. 3 Li vacancy energy profile perpendicular to interface A in the form
of a color map. The plane shown in the figure contains the interface
normal and the normal of the VO, and LiF planes in the Li,VO,F structure.
Relative energies with respect to a position in the middle of the LiF phase
are given from O (blue) to —0.5 eV (dark red).

2274 | Energy Adv., 2024, 3, 2271-2279

View Article Online

Energy Advances

For simplicity and feasibility, a flattened version of the
energy landscape is used in the kMC simulations, where Li
vacancies at sites inside Li,VO,F and close to the interface (sites
in region I in Fig. 3) are assigned to be 0.25 eV more stable
than at the bulk LiF sites (sites in region II in Fig. 3). The
calculated average value of type II sites is 0.28 eV lower than for
type I sites.

Regarding Li vacancy migration barriers, it can first be noted
that the energy required for a Li vacancy to pass through the
VO, layer in bulk Li,VO,F is likely associated with a prohibi-
tively large energy barrier. Given the very similar energies for Li
vacancies on either side of the VO, layer in interface B, we
expect that the same also applies for this interface, i.e. when
transferring Li from LiF to Li,VO,F or vice versa. Consequently,
the VO, layer can be expected to act as a pacifying layer that will
severely impede ionic transport during charging/discharging.
The situation at interface A is less obvious and requires further
scrutiny. Therefore, targeted simulations were performed for
this interface as presented below. Fig. 4a show a schematic
representation of lattice model used in our kMC simulations of
interface A.

We have calculated migrations barriers, using the climbing
image nudged elastic band method** for vacancy mediated
diffusion of Li in (i) the middle of the LiF phase, (ii) the middle
of the Li,VO,F phase, and (iii) in the interface between them.
We used five images in these calculations. If the barrier height
of these migration events in the direction towards the final

Case 1: IAEI<0.5 eV

0.5eV

Case 2: IAEI> 0.5 eV

J () J

Fig. 4 (a) A schematic representation of our lattice model used in the
kMC simulations of interface A with all possible events (in the plane shown
in the figure) at a given time-step indicated with black arrows. The blue
circles represent Li ions and white circles Li vacancies. Note that all Li ions,
and Li vacancies, adjacent to the Li anode reservoir are able to participate
in an event (either being created or annihilated). The plane shown in the
figure contains the interface normal and the normal of the VO, and LiyF
planes in the Li;VO,F structure. (b) A schematic representation of protocol
used to compute the hopping barrier for each of the events. Two cases
can be identified in the approach. In Case 1 the energy difference between
initial and final state is less than 0.5 eV in magnitude. In this case the barrier
going “uphill” is set to 0.5 eV. In Case 2 the energy difference between
initial and final state is larger than 0.5 eV in magnitude. In this case the
barrier in the uphill direction is set to be equal to the energy difference.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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states of higher energy is considered, they are all close to 0.5 eV,
namely 0.50, 0.54, 0.50 eV for cases i, ii, and iii, respectively.
Guided by these results, the barriers for migration steps were
calculated by our kMC model according to the following
protocol:

oIf the energy of the final state was 0-0.5 eV higher than the
initial state, the barrier was set to 0.5 eV.

oIf the energy of the final state was more than 0.5 eV higher
than the initial state, the barrier was set to be equal to the
energy difference.

oIf the final state was 0 to 0.5 eV lower in energy, the barrier
was set to be 0.5 eV minus the energy difference.

eFinally, if the final state was more than 0.5 eV below the
initial state, the barrier was set to 0 eV.

The protocol is also illustrated in Fig. 4b. Before the kMC
model can be completed, a simplified energy model to rapidly
estimate initial and final states needs to be derived. A key
ingredient in such a model is the mutual interaction of Li
vacancies. In order to estimate such interactions between Li
vacancies, Li vacancy pairs at different separations in a 3 x 3 x
3 LiF supercell were considered. The energy profile is shown in
Fig. 5. The energy required to bring two Li vacancies that are
separated by a “large” distance (half space diagonal of the
supercell) into close contact is about 0.05 eV. We also note that
the energy variation beyond first neighbour separation is rather
small, ~0.01 eV. These results indicate that the mutual inter-
actions are short-ranged and that LiF is effective in screening
the Coulomb repulsion between vacancies. The energies are
also small in comparison to the energy profile at the interface.

3.3. Kinetic Monte-Carlo simulations of charging and
discharging - the effect of LiF layer thickness

Using the kMC protocol developed, the charging and dischar-
ging processes of Li,VO,F could be simulated for various
numbers of LiF layers, corresponding to varying degrees of
interphase layer formation.

0.05

0.04

0.03

0.02

0.01

0

-0.01

-0.02 : : :
> > >

X > Q>
N & 5 & S

Mutual Li vacancy interaction energy (eV)

Fig. 5 Mutual interaction between two Li vacancies in a 3 x 3 x 3 LiF
supercell. The x-axis corresponds to distance expressed in terms of
nearest neighbours (Ist N), next-nearest neighbours (2nd N), etc. The
energy is taken with respect to the 5th neighbour distance.
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3.3.1.
initiated from a fully lithiated interface. Li vacancies are
introduced in the terminal LiF layer (next to the contact in
our simulation, see Fig. 1).

We put the potential at the Li-metal anode 0.25 V higher
than the energy of an isolated vacancy in the LiF phase, ie.
corresponding to a value of +0.25 eV in Fig. 3. Given that the
energy to introduce a Li vacancy in LiF computed with respect
to Li metal using our computation setup is 3.55 eV, this would
correspond to a voltage of 3.80 (3.55 + 0.25) V.

Li vacancy profiles in the form of two-dimensional color
maps and their evolution with time are analysed in snapshots
sampled every 0.01 ms along the trajectory; see Fig. 6 for an
example. The results display some alternation in Li content
between adjacent layers along the interface normal, where a
lithium-rich layer is (often) followed by a Li-poor layer. This is
most notable close to the contact as well as at the interface
between LiF and Li,VO,F. This behaviour is likely a conse-
quence of the mutual interaction between Li vacancies and the
fast depletion of Li in the first layer. A similar behaviour has
been observed in kinetic Monte-Carlo simulations of LiFePO,.>*
The charging behaviour was quantified by monitoring the Li

Charging. Simulations of the charging process are

fraction in the system as a function of time. Fig. 7 compares the
charging behaviour for interface A with different numbers of
LiF layers. Initially, the charging is slower the more LiF layers
there are, i.e. at more extensive CEI layer formation. However,
the slope in the state-of-charge (SOC) profile that appears at
longer time scales is similar in all systems with LiF present.
This suggests that the difference originates from the initial Li
depletion, which is very fast when only 4 layers of LiF is present,
as compared to 8 or 12 layers. Interestingly, comparing the
results for the systems with LiF to a system without any LiF
interface (i.e., an interface A with zero layers of LiF), it can be
observed that the slope at longer time is smaller in the absence
of an interface. Thus, the LiF phase acts as a funnel that
facilitates charging of the bulk material, while presumably also
protecting the surface of the Li,VO,F material from further

CEL L £ §:
%&‘: &}ﬁ “%5;‘:. & 5—2‘" o
v v o ‘{‘U ‘{d
FE L& L L&

(a) Li configurations during charge

- J

Fig. 6 Li arrangements during charge of interface A with a LiF layer
thickness of 4 represented by a two-dimensional color map. The system
has a slab geometry with periodic boundary conditions in planes perpendi-
cular to the z direction (horizontal direction in the figure). The color map
represents Li occupation of columns perpendicular to the color map plane
with deep blue color indicating depletion. Li exchange takes place at the
top. The time difference between the snap-shots (from left to right) are
0.1 ms and the first (left) is taken at 0.1 ms.

Energy Adv., 2024, 3, 2271-2279 | 2275


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ya00163j

Open Access Article. Published on 30 July 2024. Downloaded on 2/24/2026 12:39:07 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

1.0

0.9

0.8

SOC

0.7

0.6

0'8.00

0.05 0.10 0.15

time (ms)

0.20 0.25

Fig. 7 Comparison of charging behaviour of interface A with no layers
(OL), 4 layers (4L), 8 layers (8L) and 12 layers (12L) of LiF on top of the
cathode active material. To allow for a reasonable comparison, only the Li
fraction (State of Charge, SOC) inside the Li,VO,F part is considered.

decomposition reactions. While this might appear as an ideal
behaviour of a coating formed on an electrode surface, we will
see below that such a positive effect of this CEI is unfortunately
not the case during the battery discharging process; i.e. the
lithiation of the oxyfluoride.

3.3.2. Discharging. Simulations of the discharge process
are initiated from an equilibrated system with a prescribed
number of Li vacancies in the system corresponding to 12.5%,
25%, 37.5% and 50% with respect to the number of Li in the
Li,VO,F phase. An extended metropolis Monte-Carlo (MMC)
simulation using the same interaction model as for the Li
vacancies used in the kMC simulation was used in the equili-
bration run. The MMC simulations were stopped once the
energy of the system fluctuated around a constant value. It
appears that the simulated discharge process is much more
sluggish than the charging process. In fact, there are no

View Article Online
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indications of Li vacancies passing from the Li,VO,F phase to
the contact during the course of the kMC simulations, which
extends more than 10 000 steps.

To make an estimate of the discharge rate, we instead resort
to a mean-field model. The model is presented schematically in
Fig. 8. In this model, the Li,VO,F phase is treated as a single
entity in contact with the first LiF layer. The subsequent LiF
layers are connected in a chain with the outermost layer
connected to the contact. All entities (the LiF layers and the
bulk Li,VO,F) are described in terms of a fractional occupancy
of Li-vacancies, P;,. With this definition, the SOC of Li,VO,F
becomes equal to (1 — Po). The rate constants, Q;, describing
the transfer of Li-vacancies from a layer (or entity) to another,
are given by:

Qy = Age Ei/kT

where 4, is the attempt frequency (in this work assumed to be
10" Hz), E;; is the energy barrier for the transition from i to j, k
is Boltzmann’s constant and T is the temperature. For transi-
tions between the LiF layers, Ej; is given by the vacancy migra-
tion barrier calculated in Section 2.2, which is 0.5 eV. The rate
constant for transitions from the last LiF layer to the contact is
set to Ay, corresponding to a zero transition barrier. The energy
barrier for transfer of Li-vacancies between bulk Li,VO,F and
the first LiF layer is determined from the difference in Li-
vacancy formation energy, AE,,, in the two phases (related to
the Li chemical potential). The barrier is calculated in the same
way as the migration barriers used in the kMC simulations
presented above (see Section 2.2 for more details) with the
energies of the final and initial states being determined from
the difference in Li vacancy formation energy.

The variation of AE,,. is estimated as a function of fractional
occupancy, P, of Li-vacancies in the bulk Li,VO,F phase using
the regular Monte-Carlo simulations presented in the opening
of this subsection. Using fractions of 0, 0.125, 0.25, 0,375 and
0.5, AE,,. values of, —0.25, —0.24, —0.23, —0.20 and —0.14 eV,
respectively, are obtained. Note that it is assumed that the
fraction of Li-vacancies in the LiF layers is small enough,
so that we can neglect vacancy-vacancy interactions in our
simplified model. A negative AE,,. obtained means that the

LiF |

151 2nd

Q21

Atomic layer

Q32 QN(N-l)

Fig. 8 Schematic representation of the mean-field model used in the simulations of the discharging process. The bulk Li,VO,F phase is represented by
single entities while the individual atomic layers in LiF are represented by separate entities. All entities are characterized by their fractional occupancy of
Li-vacancies, P;. Rate constants describing Li-vacancy migration between layers are denoted with Q;. Qun describes migration of Li-vacancies out from

the CEl into the Li reservoir.
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(a) Comparison of discharging behaviour expressed as SOC vs. time of interface A with 4 layer (4L), 8 layer (8L) and 12 layer (12L) of LiF using the

mean-field model. To allow for a fair comparison, only the Li fraction inside the Li,VO,F part is considered. (b) Discharging behaviour for a hypothetical
system of interface A with 12 layer LiF using a constant AE,,. set to zero. Note that the time scale on the x-axis is given in ms in this case.

Li-vacancy is more stable in the bulk Li,VO,F phase. Thereby,
all ingredients to set up our mean-field model exists. If the
initial values for P; are known, the time evolution Pyt) can be
determined from a set of coupled differential equations where
the time derivatives P/(¢) are related to the rate constants and
the fractional occupancy of Li-vacancies at adjacent layers
denoted by subscript numbers (1, 2, 3). For example, P,’(¢) is
given by:

PZI(t) = Pl(t)QIZ - PZ(t)OZI - PZ(t)QZS + PS(t)QSZ

When the time evolution of P; and P, (corresponding to the two
LiF layers closest to Li,VO,F) is calculated, the ratio of the
number of available Li-positions in the first LiF layer compared
to the Li,VO,F bulk need to be taken into account. We denote
the ratio between these number available positions a, allowing
us to define the time evolution of P, and P; according to:

Py/(t) = —Py(t)Qo1 + aP1(£)Q10;  Pi'(t) = —Po(t)Qo1 + o 'Pa(t)Q21

Since AE,,. - and consequently Qo and Qy; — depend on P,
in a non-trivial way, it is difficult to solve this problem analy-
tically. We therefore constructed a simple code in the computer
language octave to solve the differential equations numerically.
The model makes use of a linear interpolation to determine
AE,,. for arbitrary values of P, in the range from 0-0.5. The
initial values for the fractional occupancy of Li-vacancies, P;(0),
are all set to zero apart from P,(0) which is set to 0.5. Using an o
of 0.08 which match the situation in the kMC simulations
presented above results in the graphs shown in Fig. 9a. From
these graphs, it is apparent that the time-scales for charging
and discharging of the Li,VO,F phase in the presence of a CEI
formed by LiF differ by orders of magnitudes. The importance
of AE,,. in determining the discharge rate can be highlighted
by comparing the results of our mean-field model to a simula-
tion using a constant AE,,. set to zero, as shown in Fig. 9b. The
discharging behaviour for the latter model is orders of

© 2024 The Author(s). Published by the Royal Society of Chemistry

magnitudes faster and comparable to time-scales in the char-
ging behaviour from the kMC modelling of Section 2.3.1.

4. Conclusions

Dynamic atomic-scale models of the ionic transport between
the SEI or CEI layers, and the active electrode material in Li-ion
batteries, are scarce in literature. Here, we have shown the
possibility of using a combined approach of density functional
theory (DFT) calculations and kinetic Monte-Carlo (kMC) simu-
lations. First, DFT has been used to determine relevant inter-
faces between Li,VO,F and LiF. Rejection-free kinetic Monte-
Carlo simulations (kMC) were then used to probe the kinetics
of the charging and discharging process of the Li,VO,F phase.
It is then seen that the interface formed by joining Li,VO,F and
LiF via their most stable surface terminations has a modest but
positive effect on the charging rate, where the LiF phase acts as
a funnel that facilitates the Li extraction from the bulk of the
Li,VO,F phase. However, the same interface has a severe
impeding effect on the discharging of partially delithiated
structures, which is orders of magnitudes slower than in the
charging process.

Using a mean-field model to describe the discharging pro-
cess, it is found that the key property controlling the kinetics in
the discharging process is the difference in stability of Li
vacancies in the Li,VO,F and LiF phases. This suggests that
the Li vacancy formation energy difference could be used as an
effective descriptor for estimating the expected impact on Li
kinetics in the formation of a CEI layer.

Given that a number of approximations and simplifications
have been used to make the simulations feasible as well as
easily interpretable we do not expect that the data presented
here is expected to reproduce quantitatively what could be
measured experimentally. However, we are confident that our
simulations should provide qualitative agreement.
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