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Abstract

The solid electrolyte interphase (SEI) is a multi-structured thin layer that forms at the anode
(e.g., lithtum-metal)/electrolyte (e.g., ethylene carbonate EC) interface due to electrolyte
reduction. At the initial battery cycles, the SEI protects the electrolyte from further reduction.
However, the SEI continues to grow with time leading to capacity loss and eventually the death
of the battery. In this work, we modeled the battery-aging process at storage conditions
(calendar aging). We studied EC decomposition reactions using density functional theory
(DFT) simulations in the gas-phase in isolation and over the inorganic layer found inside the
SEI composed of Li2COs. We used the values obtained from DFT alongside diffusion
coefficients from the literature to explore the temporal evolution of the concentration of species
by kinetic Monte Carlo (kMC) simulations. We found that reactions occurring over Li>CO3
(001) Ied to a relatively slow SEI growth which is compatible with the general use of carbonate-
based solvents in LIBs for protection/passivation purposes. Our simulations over Li2CO3 (001)
predict the formation of a multilayered structured SEI. Moreover, our kMC simulations predict
the shift from a non-linear initial behavior to a linear behavior for the capacity loss induced by
the formation and growth of the SEI over time which was reported in previous experimental
and theoretical studies for lithiated graphite-based batteries. We extended our analysis to the
decomposition reactions over the Li>O (111) surface which could form from the decomposition
of L12COs. We found that the selectivity of the decomposition reactions strongly depends on
the inorganic surface. The main conclusion of this study is to highlight the crucial role played
by surface reactions inside the SEI on the nature and selectivity of the decomposition kinetics

of EC for the SEI growth.
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1. Introduction

Batteries have been used and undergone continual improvement to meet market requirements
and enhance daily life’s activities>. Among the various battery types, lithium-ion batteries
(LIBs) are playing an increasingly important role in energy storage due to their high-power
density, high energy density, low self-discharge and low reduction potential of Li (—3.04 V with
respect to the standard hydrogen electrode)'. However, the performance of the battery tends to
deteriorate over time due to irreversible chemical processes that take place®~. This gradual
deterioration of the battery is governed by a process called battery-aging which can be cyclic
(when the battery is used) or calendar (i.e., even if the battery is stored) *~. The complex aging
mechanisms can be categorized into loss of active and accessible electrode material (LAM),
loss of Li inventory (LLI) and loss of conductivity (CL) in the electrode®. LLI is considered to
be the primary aging mechanism leading to capacity loss. LLI mainly arises from the formation
and growth of a thin layer (nanometer in thickness) at the anode/electrolyte interface called the
solid electrolyte interphase (SEI)". The SEI forms due to the reduction of the electrolyte by
electrons from the anode’. The formation of the passivating SEI at the initial cycles of the
battery usage protects the electrolyte from further reduction. However, the SEI layer continues
to grow over time consuming further electrons and electrolyte leading to capacity loss and

eventually the death of the battery!’.

The SEI is viewed as a heterogeneous multilayered structure: an inner inorganic layer near
the anode/SEI interface and an outer organic layer close to the SEl/electrolyte interface”*!°,
The nature of the anode and the electrolyte used affects the composition and the structure of the
SEI layer"7®. Materials such as graphite Li-metal, silicon and tin have been used as anode

materials'”®. The electrolyte used is generally composed of organic solvents, salts, and

additives'”®. The commonly used solvent in LIBs is a mixture of cyclic carbonates like ethylene



carbonate (EC) and linear carbonates: dimethyl carbonate (DMC), diethyl carbonate (DEC)
or/and ethyl methyl carbonate (EMC). Most studies have been focusing on the cyclic EC which
is the main solvent as it forms a stable SEI when it decomposes'’®. EC was found to have a
higher electron affinity than linear carbonates (DMC, DEC, EMC), which makes EC most prone

to reduction in cyclic/linear mixed electrolytes’.

For the SEI formed in EC-based electrolytes, experimental studies evidenced the presence of
various species like LioCO3 and alkyl carbonate (ROCO;Li1), representing the inorganic and
organic species respectively’’ 12, The alkyl carbonate species formed inside the SEI are
generally dilithium butylene dicarbonate (Li2BDC) and dilithium ethylene dicarbonate
(Li2EDC). Even though experimental studies were able to give us an idea about the composition
of the SEI, other aspects like thermodynamics and kinetics of the SEI formation and growth are
hard to investigate due to the limitation of experimental techniques'”®. Theoretical studies have
been performed to understand the thermodynamics, kinetics and composition of the SEI
layer’®13°1° Previous theoretical studies (e.g., DFT-based) have been used to model the very
initial steps of EC reduction reactions by lithium radicals (Li’) in isolation, (“only” Li® and EC,
as initial reactants) or Li-metal'>!*2022 It was proposed that the decomposition reactions
forming the SEI starts once Li® attacks EC, forming the closed Li-EC complex cLi-EC* (c stand
for closed and - to indicate that the species is a radical). cLi-ECe undergoes a ring-opening
reaction leading to oLi-ECe (o stands for opened) which in turn initiates a cascade of reactions
to form Li>CO;3 and/or (ROCO,Li),"*!3 18, Since DFT-based methods are restricted to very
short time scales, they are only directly applicable to the fast initiation reactions but cannot

model the long-time evolution of large systems, characteristic for the slow growth of the SEI.

Continuum models can extend the simulation time and help to understand battery-aging

processes that cannot be obtained by DFT’#2324  Christensen et al. developed a continuum



model of the SEI growth, assuming the SEI is mainly composed of Li»CO3%. They found that
the SEI growth inducing capacity loss is faster for charged batteries where the anode contains
more (reactive) electrons than for uncharged batteries>>. Another continuum model developed
by Kolzenberg et al. predicted a shift from an initial non-linear behavior of SEI growth with
time to a linear regime at the long-term?®. A shift to linear capacity loss was also observed
experimentally by different groups during cyclic and calendar aging>>*"?°. Such continuum
models can extend the simulation time, but they do not provide us with molecular and structural

insights on the kinetics of the capacity loss induced by SEI growth’.

Kinetic Monte Carlo (kMC)-based models have attracted interest since they can simulate
longer time scales (from milliseconds to hours) compared to what is attainable in DFT
(picoseconds) and molecular dynamics MD (10°—10s)*. Still, kMC explicitly describes the
geometric evolution of a given system via stochastic reaction sequences and, thus, gives more
structural insights than continuum models*’. kMC uses a library of rate constants of elementary
chemical reactions that are obtained from experiments or atomistic models (e.g., DFT)®3°,
Previous kMC models employed in electrochemical systems like fuel cells, Li-O> batteries and
slurry redox flow batteries used on-lattice structural models®!. In this common setup, species
(atoms or molecules) occupy one or more discrete lattice sites*’. Such kMC models can model
reactions and diffusion events. For example, Thangavel et al. developed a kMC model for
simulating the evolution of the carbon/sulfur mesostructure for discharging Li-S batteries where
the rate constants of the electrochemical reactions were calculated using Butler Volmer type
equations®'. Another kMC model developed by Yin et al. simulated the process of Li>O> thin
film growth during discharging of Li-O; batteries**. They found that Li>O; thin layer ordering
is determined by the interplay between reaction and diffusion kinetics. In the context of the SEI

in LIBs, previous kMC models were used to study the effect of some parameters like

temperature and the charging rate on the charging time and SEI thickness®. A more detailed



study by Abbott et al. performed DFT calculation in the gas-phase in isolation for EC
decomposition reactions and used the values to perform a kinetically corrected Monte
Carlo—Molecular Dynamics simulations to study the SEI growth. Their model predicts a
multilayered structure of the SEI. Furthermore, the simulations reveal the onset of Li2CO3
crystallization'® in agreement with an experimental study where Li»COs crystallites were
observed in the SEI**. A recent study by Spotte-Smith et al.!” performed DFT calculations for
EC decomposition reactions also in the gas-phase in isolation to obtain their corresponding
energy barriers (Ep). They used the DFT values to obtain the rate constants of each reaction to
be used in a 1D kMC model to study the SEI growth at different values of electrostatic potential.

They also predicted a multilayered structure SEI'.

Previous joint DFT-kMC studies were able to predict a plausible SEI structure but none of
them reported the way the capacity loss induced by the SEI growth evolves with time. In
addition, previous DFT methods used to study EC decomposition reactions were considering
the decomposition reactions in isolation or Li-metal'®!*17:20-22 However, once the SEI layer is
formed, the electrode is in contact with a series of layers from an inner inorganic layer to an
outer organic layer which is in contact with the electrolyte (anode/inorganic-layer/organic-
layer/electrolyte)’ !°. Single et al. were the first to suggest that SEI growth reaction happens
inside the SEI but did not specify the exact interface where the decomposition reactions occur*.
The organic layer is a composite heterogeneous and porous material allowing the transport of
EC molecules®’. Since Li® will immediately react with the reducible organic species, it cannot
diffuse through the organic layer of SEI. The inorganic layer is dense and permeable to Li%/Li"
but not to the much larger EC molecules’. It should be noted that the Li® diffusion inside the
inorganic SEI was first proposed by Shi et al.*>. After that, follow-up studies by different groups
investigated the effect of Li® diffusion on the SEI growth and capacity loss>>?*. They suggest

that Li® is the most likely electron transport mechanism for the SEI growth and predicted a shift



to linear SEI growth with time®>?. Hence, we expect the SEI growth reactions to occur over
the inorganic layer (e.g., Li2CQO3) at the inorganic/organic (in/organic) interface inside the SEI,
see Figure 1, i.e., by solvent diffusion from the electrolyte through the porous structure of the
organic layer, until the solvent molecule reaches the dense inorganic layer, where it reacts with

Li° that has diffused from the electrode to the in/organic interface.

Note that in commercial batteries the electrolyte is very complex and contains many species
including salts (e.g., LiPFs) and additives (e.g., VC). LiPFs and VC are added to the electrolyte
to enhance some electrolyte properties like ionic conductivity and temperature range'”®. They
contribute to the SEI structure and composition. For example, the decomposition of LiPFe lead
to the formation of LiF which was reported to be present the in SEI'7#2%3637 However,
studying the decomposition reactions of realistic electrolyte mixture including their
corresponding decomposition pathways is very challenging and computational too expensive.
Considering this limitation, in this work, we focus on studying the SEI formation and growth
during calendar aging of an LIB using a model system containing Li-metal as the anode and EC
as the solvent. It is important to mention that the main consequence of not including other
electrolyte species (e.g., LiPF¢ and VC) in our study is probably the oversimplification of the
heterogeneous SEI formed in our simulations compared with the one observed in real batteries.
In that context, our work can be considered as an approach to the formation of SEI using a
simplified electrolyte composition. We perform DFT calculations for the set of EC
decomposition reactions commonly discussed in the literature. For reference purposes, we study
the reactions in the isolated gas-phase similar to previous studies and inside the SEI layer. Our
main aim is to analyze the reactions over the inorganic layer of LioCO3 and assess the effect of
the surface (i.e., SEI) on the thermodynamics and kinetics of these decomposition reactions.
We mainly focus on the cLi-ECe ring-opening reaction that starts the whole cascade of

reactions. For this purpose, we used a slab of Li2CO3 (001) as can be seen in Figure S1, which



corresponds to the most stable and most abundant, surface orientation of LioCO3 and hence is
most likely formed in the SEI*®. Then, we used the activation energies and rate constants
obtained from DFT calculations alongside diffusion coefficients from literature’®**° in a kMC
model to study the growth of the SEI layer (composition and kinetics) and the capacity loss
with time. It should be noted that, since we are modeling calendar aging of the battery, all the
DFT and kMC calculations were performed in the absence of any electric field to mimic an

inactive battery (at storage conditions).

Solid Electrolyte Interphase (SEl)

-Metal Anode Inorganic Layer Organic Layer Electrolyte

n — Li° Diffusion

e EC Diffusion

O
59%55%¢%
b Pt
hlehly
e

o FEthylene Alkyl  (Li°+EC)
Carbonate (EC) Li,CO; Carbonate Reaction — ., SEI Product

Figure 1: The interface where SEI growth reactions are expected to occur.

2. Methods and Computational Details

2.1 DFT Computational Details

All DFT calculations have been performed using the Vienna Ab initio Simulation Package
VASP 5.4.44% ysing the Perdew—Burke—Ernzerhof functional (GGA-PBE)*. Dispersion

interactions were included using the density-dependent dispersion correction dDsC*+*7. The



projector augmented plane-wave (PAW) pseudopotential was used to describe the core
electrons. All structures were optimized using the conjugate gradient algorithm in the gas-phase
in isolation (no slab) and over the slab of Li,CO3 (001), where (001) is the most stable surface
orientation of Li>CO5*®. The slab used to model Li»COs (001) layer is made of four layers, see
Figure S1, where the bottom two are fixed. 12 A of vacuum spacing were introduced to reduce
the periodic interaction in the direction normal to the slab. The k-point sampling of the first
Brillouin zone was performed with a 1 X1 X 1 Monkhorst-Pack*® grid for the isolated
molecules, 3 X 3 X 1 grid for the slab LioCO3 (001) calculations and 5 X 5 X 5 grid for bulk
Li>CO;3 calculations. Convergence criteria for the calculations were set to 10 eV and 0.03
eV/A, for the electronic self-consistency iterations and ionic relaxation loop respectively. A
Fermi smearing with a width of 0.03 eV was employed. Spin polarized calculations are
performed for radical species (such as cLi-ECe). The cutoff energy for the plane-wave-basis
was set to 600 eV. Since we are interested in modeling the battery during calendar aging, i.e.,

the battery is inactive, we did not apply an electrochemical potential.

To obtain the energy barriers (Eb), the optimized geometries of reactants and products were
used as inputs for the Opt'n Path software* to have a rough estimate of the minimum energy
path (MEP) connecting them. The Nudged Elastic Band method (NEB)** was used to find a
more accurate MEP and a possible transition state (TS) structure by creating 8 images between
the initial and final states. Once the potential candidate for a TS was identified, the dimer
method®! was exploited to optimize the possible TS geometry. Finally, to ensure the nature of
the potential candidate as a TS, a vibrational frequency calculation was performed. In the case
of a TS, only one imaginary frequency should be obtained, which corresponds to the chemical

reaction of interest.

2.2 Kinetic Monet Carlo (kMC)
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Monte Carlo (MC) methods are computational algorithms that help obtain numerical results
by random sampling®?>*. In the present work, we have used the classical kMC method, usually
named the “n-fold way”, in the framework of the Bortz, Kalos, and Lebowitz (BKL)
approach™>% Our kMC simulations were performed using SPPARKS software which is a
parallel MC code®. We have adapted the on-lattice application “erbium” of SPPARKS to our
system to include enough species to model the growth of our SEI model. More details about the
kMC methodology and code modifications are found in the supporting information. Any event
(reaction/diffusion) to occur in the “erbium” application must be described by an energy
barrier/rate constant. If “two” species are meant to react to form “one” new species, they have

to meet in space and a vacant site would be added to conserve the initial number of sites, Eq.

(D).

A+ B - C + vacant site (D

For the SEI to grow, three main factors are important: Li° diffusion, EC diffusion and
decomposition reactions’ energy barriers. In our simulation, all chemical reactions are
considered reversible. SPPARKS also allows for calculation of diffusion coefficients.
Additional details on the kMC parameters and the validation of the diffusion coefficient

obtained through the mean square displacement are provided in the supporting information.

kMC set-up

The on-lattice kMC application implemented in the work represents a constant volume
system, which has important implications in the way the reaction paths are considered. In
practice, to avoid dilution of the system due to the production of gases, we assumed that once

a gas molecule forms (e.g., C2Ha), see Eq. (2), it immediately escapes from the volume control
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of our kMC simulations close to the SEI layer through combination of Eq. (2) and Eq. (3) to

give Eq. (4):

A+ B - C+ Cz2Hs (2)
C2H4 — vacant site 3)
A+ B - C + vacant site (4)

The concentration of any species (e.g., i), [C;], is calculated using:

NAVtotal

[Ci]

(5)

, where N;j is the number of species 1 inside the simulation box, N, is Avogadro’s number and

Viotar 18 the total volume of the simulation box.

The initial conditions of our kKMC simulation where the solvent (EC) is in direct contact with
the Li-metal, see Figure S6. We used a simulation box with dimensions 8.8 nm X 8.8 nm X
35.2 nm corresponding to a total volume of =~ 2700 nm?>. The total number of sites is 128000.
The box is periodic in the plane (x and y) direction only. We used an FCC lattice to model our
system. The FCC lattice constant (a) is set to be 4.4 A, providing a molar volume of 13.0 cm?
mol! and specific capacity of around 3862 mAh.g"! representing pure Li-metal anode as
reported in the literature'. It should be noted that the local concentration of species (e.g., Li’) is
calculated with respect to the volume occupied by that species. Around 4.4 nm (in z direction)
of the simulation box is filled with Li® with initial local concentration of [Clocal_Lio] =78.0 mol/l
to mimic a Li-metal. Since we are using constant volume kMC (with the inherent fixed fcc-
lattice size limitations) and to avoid EC being the limiting reactant (due to the lack of reducible
species), the size of the EC compartment was set to be larger (around 30.8 nm in z direction,

after the Li-metal zone) than that of the Li-metal with local concentration of that of the bulk
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liquid EC [Cbulk_EC] = [Clocal_EC] =15.0 mol/l in agreement with experimental values'. It should
be noted that our on-lattice kMC setup is to be understood as a molecular kMC approach, i.e.,
lattice sites can host molecules, not just atoms. This implies that the volume occupied by a
single molecule is not realistic (the lattice distance was chosen to be representative of metallic
Li). However, to have realistic starting concentrations of the solvent (EC) we spaced the EC
molecules with empty sites and since they are freely diffusing (no lateral interactions), the
average concentration is then physically relevant. For sake of simplicity, we will be referring
to the concentration of species with respect to the total volume of the simulation box following
Eq. (5): [Cgc] = 12.8 mol/l and [Cy;0] = 9.7 mol/l in the rest of the article. It should be noted
that all species included in our model are neutral (e.g., Li%, EC). All our kMC simulations have
been performed at constant temperature of 298 K (25 °C), representing normal storage

conditions at room temperature in the absence of an electrical current.

As discussed before, the inorganic species Li»COs is permeable to Li® but not to EC. In our
model, on one hand, EC can diffuse through vacancies and the newly formed species (excluding
Li>COs) and is assumed to have diffusion constant in the bulk of Dec pu =107° m?s™! and inside
the organic SEI of Dgc ser =1071* m?s™! respectively as reported in previous studies?>-343%:40-3,
On the other hand, Li® can diffuse only through the inorganic species Li>COs. The diffusion
coefficient of Li® inside the bulk Li»CO3 is assumed to be Dr; =10""* m?s! which falls in the

range of Li diffusion inside the SEI as reported in the literature>#3%57-8,

Note that several theoretical studies devoted to the transport of species in the solid phase
usually use grain boundary models to calculate the diffusion coefficients. Hence, they
intrinsically assume faster kinetics since diffusive species are placed close to solid edges.
However, once the bulk structure of the crystal forms (as in the case of SEI growth), the

“average” diffusion of species through the bulk solid phase will probably be slower. This
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inherent assumption affects the resulting time scale of kMC simulations, since both reactive
and diffusion events are coupled in our model. The timescale in all our simulations must be
considered as qualitative since it is difficult to link to any “real time” observed in experiments.
More details about kMC methodology and assumptions made are found in the supporting

information.

In all our calculations, we used the “tree” solver implemented in SPPARKS. Performance
tests to check the effect of the number of cores on the results of simulations were made. It was
found that the results are independent on the number of CPU cores used. Consequently, all
calculations in the following sections were performed using 32 cores. All parameters used in

SPPARKS, performance test and additional results are provided in the supporting information.

3. Results and Discussions
In the first subsection, we describe our DFT results for EC decomposition reactions in
isolation and over Li>CO3 (001). In the second subsection, we discuss the kMC simulations’
results for the SEI growth and capacity loss.
3.1 DFT

EC Decomposition Reactions in the Gas-Phase Isolation

The SEI starts to form when EC and Li° meet at the anode/electrolyte interface. Scheme 1
shows all decomposition reactions included in our study with energy values referring to the gas-
phase. EC and Li’ combine to form cLi-ECs, where the electron is located at the carbonyl
carbon, which undergoes ring-opening reaction (Ri, where “R” stands for Reaction and “I” is
the reaction number) to form oLi-ECe through an energy barrier of 23 kJ/mol. The electron is
located at the terminal CH> of the newly formed product which could dissociate to ethylene
(C2Hy) and carbonate radical LiCOse (Ri) intermediate complex (through an energy barrier of

65 kJ/mol) where the electron is located at the oxygen (not connected to Li).
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Once oLi-ECs- is formed, a series of cascade reactions can occur. oLi-ECe can react with Li°
to form Li,CO3 and CoHs (Rur) or undergo coupling reaction with itself forming the alkyl
carbonate Li2BDC (R1v) or it reacts with a carbonate radical LiCOs* forming the other alkyl
carbonate Li,EDC (Ry) via a substitution reaction. LiCOs* can also react with Li’ to form
Li2CO3 (Rvi). The barrierless formation of the carbonate and alkyl carbonate (LinBDC and
Li;EDC) has also been suggested in the literature'>~'>. It should be noted that all reactions
obtained in the gas phase in isolation are exothermic except Ri, see supporting information for

additional results and more details.

The inorganic part of the SEI layer (Li2CO3) forms through two paths (Rir and Rvr). We
would expect more inorganic layer at high Li’ concentration mostly through R since the
energy barrier of Ry is the highest, and this reaction is essential for Rvyy to occur. Away from
the anode and closer to the electrolyte, Li® concentration decreases, and more organic species
are expected!>$!111215 The formations of the organic species LizBDC and Li;EDC are
barrierless but the decomposition of oLi-ECe (Ru) is required first for Li,EDC. Consequently,
based on the gas-phase DFT computations, we would expect Li,BDC to form before Li,EDC

formation.
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Scheme 1: Ethylene carbonate (EC) decomposition reactions in the gas-phase in isolation. Ep

is the energy barrier of each reaction in kJ/mol.

EC Decomposition Reactions over Li2CO3 (001)

The diffusion of EC is faster than Li’, see Section “kMC set-up”. Hence, the decomposition
reactions over the surface start with the adsorption of EC over the surface (S-EC) until it meets
Li° diffusing through Li>CO3 coming from the anode to form S-cLi-EC*, where S stands for the
surface Li2CO;3 (001). Therefore, we have also investigated the reaction sequence on the most
stable surface of Li,COs. The relative energies of species over Li2CO3 (001) are shown in Figure
2. Even though most of the reactions over LioCO3 (001) follow the same chemistry as in the
gas-phase in isolation, we notice some differences in energy barriers and reaction energies for
R and Ry The surface stabilizes the species compared to the gas-phase case in isolation. For
example, the effect of Li2COs (001) stabilize cLi-ECe leading to an increase in the energy
barrier for ring-opening reaction Ry which initiates the cascade reactions. Consequently, it is
harder to initiate the cascade reactions over LiCO3 (001) since cLi-ECe is more stable in

comparison with the isolation case. The transition state configuration for the ring-opening
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reaction over Lio>COs3 (001) is shown in Figure 3. We notice that a Li atom of the surface is
strongly interacting with the adsorbate. In contrast, the surface does not have a significant
impact on the energy barrier of Ry. Additional results including the geometries of species over

LiCOs (001) are found in the supporting information.

r 3
o | LiP+EC
S-I+
-0t Vo, 07
-60 | AN s cLi-ECe.” 23] 4
S-ECHLI 'y et -
i -63 ' S-IIE .
90| 67 , 83 LicOwt Gl
'é‘—llﬂ_ ‘: . /65 95
- L - I+ ' v
=150 ' SIS oLi-ECy
E_180] T F ) -158
= 53 .
< L :
210 S-cLi-ECe et ®. .
= o : T248
-270] d Fal \SLicows cH,
-300] \ =5
QL1 -310 -

Reaction coordinate

Figure 2 : EC decomposition reactions in isolation (black) and over LiCO3 (001) (blue). S

stands for surface.

Figure 3: Side and top views of transition state geometry of the ring-opening reaction (Ry)
over Li2COs3 (001). The colors: red, white, brown, and green represents oxygen, hydrogen,
carbon, and lithium respectively. The blue dashed line represents the C-O bond distance (1.73

A). Only the top layer of the surface in contact with reactive species is shown.
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All barrierless reactions in Scheme 1 were found to be also barrierless over Li2CO3 (001)
except for Ryv. This can be attributed, on one hand, to the fact that in the direct reaction of the
two o-LiECe to form Li;BDC (in isolation), the reorientation to meet the "good" reaction
configuration for C-C coupling reaction should come at no-cost. On the other hand, the surface
stabilizes oLi-ECe leading to a C-C coupling with 13 kJ/mol energy barrier. In contrast, the
oxygen radical in LiCOse is highly reactive, and undergoes reactions Ry and Ry with no energy

barrier even over LioCOs3 (001).

The energy barriers obtained from our calculations agree with those of a previous study by

1.14. However, it should be noted that the energy barriers vary in the literature and are

Zhang et a
sensitive to the level of theory used. Spotte-Smith et al.!” reported that the energy barrier varies
for EC decomposition reactions and gave an example for the cLi-ECe ring-opening reaction
where the difference could reach 90 kJ/mol at different levels of theory. Herein, we target the

difference between reactions in isolation and over the surfaces by keeping the same level of

theory and assume that this relative quantity is more robust with respect to the level of theory.

To study the kinetics of the SEI growth over time considering the effect of diffusion of
species, we used the obtained energy barriers to calculate the rate constants needed for our kMC
model, see supporting information for details. In particular, kKMC allows us to compare the
relative effect of reactions occurring over LioCO3 (001) with respect to the gas-phase case in
isolation and the ensuing consequences on the kinetics and composition of the SEI growth and

capacity loss.

3.2 kMC Results: Evolution of the SEI layer and Capacity Loss

EC Decomposition Reactions in the Gas-Phase in Isolation
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Table S3 shows the physical parameters used in the kMC simulations. The initial
configuration at time = 0 s before any SEI is formed and the concentration profile of species
with time are shown in Figure 4a and 4b respectively. We notice the formation of SEI species:
inorganic and organic species (Li2COs3 and alkyl carbonate (only LiBDC)) respectively with
time in agreement to previous theoretical and experimental studies that predict their formation.
The final concentration of LioCO3 is around 5 times higher than the alkyl carbonates Li,BDC.
The small energy barrier for the ring-opening reaction (R;) and the high concentration of Li’
leads to the higher concentration of Li2COs3 since most reactions follow Rui. The lifetime for
the oLi-EC is short since it reacts immediately with Li® before it reacts with another oLi-ECe
or LiCO3 to form the alkyl carbonates. This explains the rapid consumption of Li’ compared
to EC: two Li® are consumed to form one Li»COs3 while only one EC is consumed. All Li>CO3
molecules formed were through Rir and not Ryi. This is due to the relatively high barrier of
oLi-ECe decomposition (Ri) which is essential for (Rv) and (Rvr). This also explains the zero
concentration observed for LioEDC. Our results agree with a previous ReaxFF MD study
performed by Bedrov et al. that predicted the exclusive formation of LioBDC as the only alkyl

carbonate formed from EC decomposition reactions in the gas-phase in isolation”.

It should be noted that all intermediate radical species (cLi-ECe, oLi-ECe and LiCOs3¢) have
almost zero concentration throughout the simulation since they immediately react once they
form. It is important to mention that the total concentration of CoHs produced during the SEI
formation assumed to escape from the system as defined in Egs. (2) to (4) is 4.2 mol/l. The

initial and final concentrations of all species in our KMC simulations are shown in Table S5.

The variation of the specific mass density profile along the Z-axis and a snapshot of the
simulation box after all Li® have reacted after 0.6 microseconds (us) for the gas-phase in

isolation are shown in Figure 4c and 4d respectively. We notice the beginning of the formation
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of a dense layer: close to the Li-metal anode where the total density is principally determined
by Li2CO3 and a few LinBDC molecules. This behavior agrees with what is expected from
previous studies in the literature where the dense layer of the SEI is generally composed of

inorganic species formed close to the anode®’.

We would like to mention that our simulations do not include the effect of quantum tunneling.
This phenomenon is more important for the decomposition reactions at the very initial moments
of SEI formation. Consequently, we can expect that the time scales reported in our simulations
for the case of reaction in isolation are probably overestimated (i.e., quantum tunneling would
probably slightly reduce the magnitude of the activation barriers). However, once the SEI starts
to form the probability of quantum tunneling decreases and the reactions follow the trend

observed in our simulations.
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Figure 4: Summary of kMC results. a-d) Information of the EC decomposition reactions in
isolation: a) Initial conditions b) Variation of the concentration of species vs. time c) Specific
mass density profile along the Z-axis of the simulation box d) Snapshots of the simulation box

after 0.6 ps. e-h) Information of the EC decomposition reactions over LioCO3 (001): e) Initial
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conditions f) Variation of the concentration of species vs. time g) Specific mass density
profile along the Z-axis of the simulation box h) Snapshots of the simulation box after 1.2 ms.

Ptotal 18 the total density.

EC Decomposition Reactions over Li2CO3 (001) and SEI growth

Following our assumption that the growth reactions take place over the inorganic layer inside
the SEI, we performed kMC simulations using the configuration shown in Figure 4¢ where 4
layers of Li2COs3 (representing a concentration of 1.9 mol/l and 0.88 nm thickness in z direction)
are placed between the EC and Li° compartments to mimic the influence of a preformed
inorganic layer of the SEI. We used a slightly bigger simulation box with 8.8 nm X 8.8 nmX
36.08 nm to add the layers of Li2COs while maintaining the same initial local concentration of
Li® and EC molecules as used in the study of the system at the gas-phase in isolation. The
structure of the organic layer was neglected in the initial configuration since from our results in
isolation, we notice the formations of small amounts of LizBDC compared to LiCOs. In

addition, since the precise structure of the organic layer is not known experimentally®’4!2,

we
would like to avoid any assumption on the structure of the organic part of the SEI. In any case,
our approximate rate constants do not depend on the organic layer. Over Li2CO; (001), the
movement of reactant species is restricted since they are strongly adsorbed. Therefore, the
diffusion of EC is only possible through the vacant sites, or through swap events with final
products such as Li;EDC and LiBDC. In our work, the diffusion coefficient of EC was set to

be (Dkc _se1= 10" m?s™!) lower than the bulk value and similar to the value of electrolyte species

diffusing inside the SEI*>~. All the physical parameters used are shown in Table S3.

The variation of concentration of species with time when reactions occur over LioCO3 (001)
is shown in Figure 4f. We notice that reactions over LioCO3 (001) are slower than in isolation:

all Li® are consumed in = 1.2 milliseconds (ms) which is three orders of magnitude slower than

21



the time observed in the gas-phase in isolation (0.6 us). This is because Li2COj3 (001) increases
the barrier of the cLi-ECe ring-opening reaction (from 23 to 53 kJ/mol, see Figure 2) slowing
down the decomposition reactions, explaining the abundance of the cLi-ECe in Figure 4f
compared to Figure 4b. In addition, Li° is less accessible to the reaction intermediates since it
needs to diffuse through the Li2COs prior to any subsequent reaction. This gives more time for
oLi-EC» molecules to react to form Li,BDC before a new attack by Li’ may occur. Hence, we
notice a higher consumption of EC and more generation of organic species as compared to the
case in the gas-phase in isolation. However, and like the results obtained in gas phase in
isolation, the relative high energy barrier of the ethylene dissociation reaction (Epn in Figure 2)
explains the zero concentration of LiEDC. This also explains why most of the Li,CO3 forms

through Ry rather than Ry

The increase in the formation of the organic species leads to a more structured multilayer
SEI The specific mass density profile along the Z-axis after 1.2 ms obtained over Li2CO3 (001)
is shown in Figure 4g and the corresponding configuration of the simulation box in Figure 4h.
Additional intermediate snapshots of the kMC simulations are added in the supporting
information. A thin and dense inorganic layer (= 2 nm) is composed of LioCO3 (which has an
initial thickness of 0.88 nm at the beginning of the simulation) close to the Li-metal anode. A
thick porous organic layer (= 17 nm) is found above (from Z-axis=2 nm to 19 nm) where the
total density is mostly composed of the organic species LizBDC rather than EC as reported in
the literature>”%!1 The existence of the organic layer over Li,CO; layer was detected
experimentally through XPS studies'?. It should be noted that these XPS studies can
demonstrate the presence of alkyl carbonates, but they are unable to differentiate between
Li;EDC and Li;BDC?*!%12% It should be noted that the relative position of species inside the
simulation box (e.g., the initial Li2CO3 in Figure 4e) is not fixed. Consequently, the initial

number of Li2CO; and the newly formed ones can slightly move through different events
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(diffusive or reactions), and, in particular, they can swap their position with Li’. Figures 4f and
4g show the presence of the LioCOs layer at the beginning and at the end of the simulations
respectively. The thickness of the layer slightly increases from 0.88 nm to around 2 nm, but its

relative position inside the simulation box has changed due to diffusion.

The observed thickness of both the inorganic and organic layers (€inorganic and €organic

respectively) of the SEI obtained by the analysis of the concentration profiles as a function of
the z position (similar to Figure 4g) at different simulation times are shown in Figure 5. We see

a linear growth of the SEI layer (¢sg1 = €morganic™ €organic) With time. The linear time

dependence of the long-term SEI growth with time has been reported in the literature?®. We also
notice that the growth of the inorganic layer is slower than that of the organic one since a larger
amount of Li2CO;3 is needed per one dense inorganic layer in comparison to the amount of alkyl
carbonate needed to form one porous organic layer. The final thickness of the inorganic layer
at the final steady state conditions of our simulations is ~ 2 nm 7% while the thickness of the
organic layer is = 17 nm. It should be noted that, the initial number of layers of Li2COs in the
setup in Figure 4e represents 0.88 nm of the final thickness of the inorganic layer. The effect of
the initial number of layers of Li2CO3 on the concentration profile of species with time was

found to be negligible, see Figure S7 for more details.
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Figure 5: Evolution of the SEI layer thickness with time after EC decomposition reaction over

Li>CO; (001).

Some studies predict the formation of a compact organic layer due to the formation of
polymers inside the organic layer of the SEI from solvent/additives degradation and
polymerization!’?>0, Under these conditions, one would expect that the organic species will
not freely move inside a polymeric network. Hence, we tested the effect of this polymeric
environment on the setup in Figure 4e assuming a strong slowing down of the mobility of the
product species. In this case, our hypothetical system consists of a kMC simulation where once
an organic species (LiBDC or Li,EDC) is formed, it remains captured at its position (i.e., the
species are not allowed to diffuse). We found that this hypothetical setup led to a small increase
in the concentration of Li,CO3 and the formation of a more compact organic layer which is still
thicker than the inorganic layer formed. However, this setup did not fundamentally change the

overall behavior of the concentration profiles with time (see Figure S8 for more details).

EC Decomposition Reactions over Li2O (111)

Li2O was detected inside the SEI, and it is generally assumed to originate from the
decomposition of Li>CO3""-%61:62 For example, Han et al. found that at high Li® concentration

close to the vicinity of the anode (Li-metal) Li>COs is converted to Li>O®'. The formation and
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presence of CO, due to the electrochemical decomposition of Li>CO3 were also reported®.
Hence, we tested the decomposition reactions over the most stable surface orientation of Li,O
(111). To simplify our kMC simulations, Li,COs is set to immediately decompose (barrierless

reaction) to Li2O and CO» (modifying R and Rvi), see Eq. (6).

Li,CO3 - Li,0 + CO» (6)

The energy barriers calculated using DFT over LioO (111) are shown in the supporting
information. In contrast to the energy barriers calculated in the gas-phase in isolation, Li,O
(111) limits the ring-opening reaction Ry (Ep increases from 23 to 42 kJ/mol) and LiBDC
formation reaction Ry (from barrierless to E, = 53 kJ/mol) but catalyzes the ethylene
dissociation reaction Ry (Ep decreases from 65 to 48 kJ/mol) while the other reactions remain
barrierless. More details about energy barriers, reaction energies and geometries of species over
Li;0O (111) are found in the supporting information. We used the same kMC setup as that for
Li>CO3 (001) but changing 4 layers of Li>COs to Li>O and the diffusion coefficient of Li® in
LiO was set to be 10® m%s™! similar to values in the literature for Li® diffusion in the bulk
Li;0%%, When carrying out reactions over Li>O (111), we notice that similar to Li>CO3 (001),
the timescale for the total consumption of Li® was three orders of magnitude lower than in
isolation, see Figure S10 for details. We form mostly the inorganic species Li>O and some
Li2EDC but almost no LizBDC. The effect of carrying reactions over Li2O (111) could explain
the abundance of LiEDC in comparison to LiBDC in some experimental studies®”3!!,

Overall, Li;O (111) provides a path for the enhanced formation of Li.EDC with respect to

Li;BDC.

In summary, our kMC results predict that if the inorganic layer is composed of Li2COs, the
organic layer would consist mostly of LizBDC, while if the inorganic layer is composed of Li2O

we would favor LiEDC over LixBDC. Thus, each surface features a specific selectivity
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regarding the production of the SEI organic species. This inorganic-surface specific formation

of the organic layer might explain the complex, heterogenous composition of the SEI.

Relative Capacity and Calendar Aging

Calendar aging experiments are usually performed at higher temperatures to speed up the
aging process, because at room temperatures it could take years to reach 80% or 90% of the
initial capacity. It should be noted that the experimental time observed for capacity loss is
different for different battery-aging studies even when experiments are performed using the
same solvent, salts, and aging temperature®233637, A direct comparison of the calculated relative
capacity with experimental ones is difficult as these notably depend on the many variables like
electrolyte decomposition, state of charge and battery design. Hence, it is arduous to obtain a
generalized experimental capacity loss plot. While our model resembles to a Li-metal anode,
most calendar aging studies in the literature focus on LIBs with lithiated graphite anode. These
studies report different decays for the capacity loss induced by SEI growth with time **”: square

3,26,65,66

root®, linear or combinations of both®”%®, However, recent theoretical and experimental

aging studies reported a shift from a non-linear to a final linear behavior for the capacity

loss>>2°

The relative capacity, as calculated according to Eq. (7), induced by SEI growth following
our model is shown in Figure 6, where [Liionitial] and [Ligeacted] are the initial and consumed

Li° concentrations respectively.

[Li?nitial]'_ [Li?eacted] * 100% (7)
[Li2 i ]

initial

Relative Capacity % =

Since the loss in capacity in isolation (absence of the inorganic surface) is much faster

(microseconds) than over the inorganic surfaces (milliseconds), we have, in order to ease the
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comparison, normalized time (t) from 0 to 1, representing 100 % and 0 % relative capacity,

respectively.

Note that the evolution time of the relative capacity is strongly correlated to the Li® loss during
time through Eq. (7). We observe in Figure 4b in the case of the gas-phase in isolation that the
consumption of Li’ follows a non-linear behavior. Hence, the corresponding relative capacity
also follows a non-linear behavior with time as seen in Figure 6. This non-linear dependency
can notably be attributed to the limited diffusion of EC and Li’, since once the SEI starts to
form Li° and EC are not anymore in direct contact. On the other hand, once the dense inorganic
layer (Li2COs3) forms, electrolyte degradation reactions take place over Li2CO;3 and results in a
linear consumption of Li® (and relative capacity) with time, as can be seen in Figure 4f and

Figure 6, respectively.

In summary, even though we used Li-metal anode in our study, rather than lithiated graphite
as the anode and considered EC as the only solvent molecule, our model predicts a shift from
an initial fast non-linear (in isolation) to a slower and linear (over Li2CO3) decay of the relative
capacity. It should be noted that various mechanisms like electron migration and mechanical
effect (SEI fracture and regrowth) were proposed to explain the final linear behavior for
capacity loss induced by SEI growth. Our approach suggests that this linear behavior could be
attributed to the effect of the inorganic layer that slows down the decomposition reactions
(Li2COs can be considered as a protective layer). Moreover, this slow of Li’ loss observed by
LiCOs (001) is in line with the use of carbonate-based solvents (EC) to build a stable

passivating SEI layer to protect LIBs'’.

In order to validate that the linear loss in Li° is due to the inclusion of reaction over Li»CO3
(001) and not a simple consequence of the preformed LioCOj3 layers introduced in the initial

setup of our simulations as shown in Figure 4e, we used the energy barriers obtained in the gas-
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phase in isolation for the same initial setup as for the reactions over the Li,CO3 (001) i.e., with
preformed Li>COs layers. We obtained the same non-linear behavior limited by diffusion as in
the case where no initial LioCOs layers are used. We also mostly formed Li,CO3 and almost no

organic species, see Figure S11 for details.
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Figure 6: The behavior of the relative capacity induced by SEI growth as a function of time.
The black, blue, and green lines represent the relative capacity for the loss of Li for our

calculation in isolation, over Li,CO3 (001) and over Li;O (111) respectively. T =

t

where t is the the theoretical (simulated) time.
t~0% of relative capacity

For the case where EC decomposition reactions were performed over Li>O (111), the relative
capacity induced by SEI growth follows an intermediate behavior between non-linear and linear
behaviors as can be seen in Figure 6. The slow diffusion of Li® in the bulk Li,O explains the
slow non-liner capacity loss at the initial time that shifts to linear once Li’ meet EC over LizO.
It is important to mention that, on one hand, the Li° diffusion in the bulk of Li>O (1071 m?s)
is two orders of magnitude lower than through Li>COj3 (10'* m?s™). On the other hand, the ring-
opening energy barrier R; (Epi= 42 kJ/mol) is lower than the value obtained over Li,CO3 (001)
(Ev= 53 kJ/mol). Consequently, Li® diffusion through Li,O (111) plays a more dominant role

to govern the SEI growth kinetics than over Li2CO3 (001). On the other hand, Li2CO3 (001)
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stabilize the cLi-ECe slowing the decomposition reactions where the kinetics is governed by
the ring-opening reaction (Ry) rather than diffusion explaining the linear loss of Li%capacity. A
plausible way to get the SEI structure is the formation of Li>O close to the Li-metal anode. As
we get away from Li-metal, Li® concentration decreases and the reaction proposed in Eq. (6)
becomes less probable leading to the formation of Li>COs, followed by the formation of alkyl
carbonates (Li-metal/Li>O/Li»COs/alkyl-carbonate/electrolyte) as suggested in the literature!?.
In any case, overall, the kMC results observed in our work are compatible with this general

picture.

4. Conclusion

The solid electrolyte interphase (SEI) layer forms from the reduction of ethylene carbonate
(EC) by lithium radical (Li’) at the anode/electrolyte interface. The growth of the SEI
importantly contributes to the battery-aging process which leads to capacity loss and eventually
the death of the battery. In our work, we modeled the battery at storage conditions (calendar
aging). We performed DFT calculations to calculate the energy barriers for EC decomposition
reactions in the gas-phase in isolation and over the inorganic surfaces most likely found inside
the SEI. The main contribution of this theoretical work, coupling DFT and kMC simulations,
is to highlight the effect of the inorganic layer on these decomposition reactions. We used our
DFT values alongside diffusion coefficients obtained from the literature to study the formation
and the growth of the SEI over time by means of kinetic Monte Carlo (kMC) simulations. Our
model predicts that EC decomposition reactions in isolation mostly lead to the formation of
inorganic species Li2CO; and a non-linear loss of Li%capacity. Reactions occurring over
Li,CO3 (001) led to the formation of more organic species (dilithium butylene dicarbonate,
Li,BDC) and a more realistic SEI multilayered structure, where inorganic species are close to

the anode and organic species are formed close to the interface with the electrolyte. Our
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simulations predict that the growth of the inorganic layer is slower compared to the growth of
the organic layer. We also tested the effect of carrying reactions over Li>O (111) based on the
assumption that once Li2CO3 forms, it converts to Li2O and CO,. We found that Li,O mostly
forms inorganic species Li2O and some LiEDC (dilithium ethylene dicarbonate) but few
Li;BDC. The enhanced formation of Li,EDC over Li,O (111) compared to LinBDC could
explain its abundance in the organic layer in some experimental studies>”®!!. In summary, we
provide evidence that reactions over Li,COs; (001) or LixO (111) leads to contrasting

selectivities in terms of the produced organic species.

The loss of Li%capacity over Li»COs (001) is found to have a linear behavior with time which
is slower than the one observed in the case of the gas-phase in isolation, since Li>CO3 (001)
stabilizes the radicals and increases the energy barrier for the ring-opening reactions. This slow
behavior of Li%capacity loss over LixCO3(001) could explain the common use of carbonate-
based solvents to protect and extend the lifetime of LIBs'’. Overall, our model predicts a shift
for the loss of Li%capacity with time from a non-linear initial behavior in isolation limited by
diffusion to a slower linear behavior (once reaction takes place over Li2CO;3 (001)). This shift
in time dependence has been observed in some experimental and theoretical works in the
literature for lithiated graphite-based batteries. We also determined the relative capacity with
time over Li20 (111) and found that it follows an intermediate regime between non-linear and
linear. Our work shows that considering the role of inorganic species like Li,CO3 and Li2O in
studying decomposition reactions leading to battery-aging could explain the kinetics, structure,

and heterogeneity of the SEI.
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Further information is available on the methodology, reaction rate constants, mean square
displacement to calculate diffusion coefficients, performance tests, geometries of molecules
over LixCOs (001) and Li,O (111), EC decomposition reactions over Li,O (111), effect of
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(PDF).

The geometries of the transition states and their corresponding reactants can be found on
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