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Abstract

We examine the evolution of events occurring when a Li metal surface is in contact with a 2M
solution of a Li salt in a solvent or mixture of solvents, via classical molecular dynamics
simulations with a reactive force field allowing bond breaking and bond forming. The main events
include Li oxidation and electrolyte reduction along with expansion of the Li surface layers forming
a porous phase that is the basis for the formation of the solid-electrolyte interphase (SEI)
components. Nucleation of the main SEI components (LiF, Li oxides, and some organics) are
characterized. The analysis clearly reveals the details of these physical-chemical events as a
function of time, during 20 nanoseconds. The effects of the chemistry of the electrolyte on Li
oxidation and dissolution in the liquid electrolyte, and SEI nucleation and structure are identified
by testing two salts: LiPFg and LiCF3;SO3, and various solvents including ethers and carbonates
and mixtures of them. The kinetics and thermodynamics of LigF, the core nuclei in the LiF crystal,
is studied by analysis of the MD trajectories, and via density functional theory calculations
respectively. The SEI formed in this computational experiment is the “native” film that would form
upon contact of the Li foil with the liquid electrolyte. As such, this work is the first in a series of
computational experiments that will help elucidating the intricate interphase layer formed during

battery cycling using metal anodes.

1. Introduction
Global concerns about the use of fossil fuels as primary energy sources have triggered the
production of green energy from renewable sources such as wind or solar energy and the
development of energy storage technologies.'-? For energy storage purposes, lithium-ion batteries
(LIBs) have become among the most important portable storage systems in recent decades,*
portraying an essential part as portable energy sources in popular mobile electronic devices and
many other applications. Nonetheless, the battery performance regarding its life cycle, energy
density, and stability is far from satisfying the increasing requirements of most complex electronic

devices and hybrid/electric cars.5® This points out to the need of advances in battery
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technologies.® In particular, the lithium-sulfur (Li-S) battery has emerged as one of the most
promising options for substituting LIBs, especially for high-performance uses as in electric
vehicles, since Li-S batteries bring a theoretical energy density up to five times higher than LIBs,
as well as low-toxicity and lower costs.''3 However, several limitations have prevented their
commercialization, despite almost half a century of research.' Regarding the cathode, usually an
electronically conductive material such as carbon must be combined with sulfur to overcome its
insulating nature.'®'® Another issue is the formation of long chain polysulfides at the cathode
during discharge reactions. These polysulfides are soluble in most liquid electrolytes and can
migrate to the anode and be reduced on the lithium-metal surface, further dropping the battery

performance.'6-17

The Li-metal anode is considered an essential component for obtaining the expected Li-S battery
performance.'®'° This is because of Li's extremely low negative electrochemical potential, very
high theoretical specific capacity, and low density.?%-2' However, the Li-metal anode has additional
issues. Safety concerns arise because of the possibility of cell damage or manufacturing failures
due to Li-metal’s high reactivity, as well as due to the dendrite formation throughout cycling
processes which can cause short circuits if dendrites reach the cathode.?>* The electrolyte (salt
and solvent) plays a vital role for rapid lithium transport and providing stability even near the highly
reactive lithium surface. At the Li surface, electrolyte decomposition due to reduction reactions
triggered by their low electrochemical stability leads to the growth of a multicomponent passivating
film. This film, known as the solid electrolyte interphase (SEI) may have beneficial passivation
properties, 20253 or, quite the opposite, may be a cause of irreversible capacity loss.'”: 3¢ The
specific film behavior depends on its chemical composition, structure, and thickness. Moreover,
it has been found the SEI properties depend largely on the solvent, salt, and additives used as
well as on the electrode structure.'” 3741, Therefore, understanding the role of the electrolyte in
SEI formation and its properties should be a useful strategy for controlling dendrite formation,
reducing the effects of anode degradation and stabilizing the surface, thus, potentially improving

the performance, cycling and safety of the batteries.?5 28 42-44

Even though the SEI film is supposed to act as an insulator being a barrier for electron transfer,
at the initial nucleation stages its structure may favor electron transport. This may occur because
of the differences between the amorphous character of nucleating crystals and their bulk
theoretical structures, as has been found in some bulk insulator materials where changes in the
electronic conductivity were observed in ultra-thin films showing a semiconductor behavior.45-48

This capability of conducting electrons of imperfectly formed SEI nuclei and phases could
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contribute to the growth mechanism that keeps the SEI forming until it reaches hundreds of
nanometers.*® Another important reason for the continuous SEI growth is the presence of radical
charged species that result from the SEI reactions and are able to diffuse toward the vicinity of
the electrolyte inducing further reactions.’® Several experimental and theoretical works have
studied the various stages of the SEI formation and growth process3'-32. 40-41. 51-57 while other
authors have proposed the formation of artificial SEI layers by pretreating the anode before the
battery is assembled.?8-%° For the early stages of the SEI formation it is crucial to improve the
understanding of electrolyte decomposition by characterizing the reaction mechanisms of
electrolytes typically used in battery systems.*? 6962 |t is known that carbonate solvents have low
stability when implemented with Li-metal anodes, while ether-based solvents like
dimethoxyethane (DME) and dioxalane (DOL) have shown better stability with respect to the Li-
metal anode and are frequently used for these battery systems.?% 63 However, solvent and salt
molecules decomposition are still observed and in spite of the advances reached both from
experimental and theoretical studies, the mechanisms of these processes are not yet well

understood.54

In this work, we carry out classical reactive molecular dynamics (MD) simulations for studying the
initial formation of SEI films occurring by Li oxidation and simultaneous decomposition of
electrolyte (salt and solvent) molecules in the liquid phase in contact with the Li-metal electrode.
We use lithium hexafluorophosphate (LiPFg) as a salt because its reductive decomposition has
been pointed as critical on the SEI formation® and lithium trifluoromethanesulfonate (lithium
triflate or LiTF) that has shown interesting performance in various systems.6-6¢ We study the
behavior of the various system components (i.e. Li-metal anode slab, and salt and solvent
molecules) when the electrolyte solution is put in contact with the Li metal surface. We follow the
evolution of various events including the lithium metal expansion/dissolution, salt and solvent
decomposition, and initial nucleation of the SEI intermediates and products as well as the electron
exchange among the species. We aim to identify the effects of electrolyte composition on the Li-
metal anode behavior and the SEI formation and growth at open circuit conditions. We focus only
on the initial stages of SEl formation, concentrated in a specific part of the battery system, and do
not examine the Li deposition events occurring when an ionic flux arrives at the anode during
charge, and the effects of an applied field. To gain further understanding of the structures and
mechanisms of the initial stages of SEI formation, density functional theory (DFT) calculations on
initial Li-F were used to evaluate SEI fragments observed in MD simulations. Once optimized

structures of such fragments are obtained, we investigated the fragment clustering processes
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found at initial stages of SEI nucleation. These simulations provide preliminary estimations for the

energies of formation and clustering of LiF fragments.

Our conclusions are focused on the formation of a “native SEI” spontaneously occurring due to
the extreme Li reactivity. We expect that the highlights in the formation and growth of the initial
SEIl layer can help to understand the further mechanisms involved in SEI formation and growth

during battery cycling.

2. Computational and system details
Classical reactive MD simulations were carried out using the open source LAMMPS®® software,
and the reactive force field (ReaxFF) developed for the atoms C/H/O/S/Li/F/N relations, where
the main interactions were trained for lithium battery materials.””' The main reason to work with
ReaxFF is its ability to break and form bonds that is essential for the problem we are
investigating.”? ReaxFF uses the interatomic distances and the partial energy to calculate the
bond order, taking into account penalty, lone pair, valence, and torsion energy contributions as
they are updated every simulation step. The Morse potential is used to calculate the Van der
Waals energy, while the charges for every atom are updated through the charge equilibration
method”378 using Coulomb interactions.”? The charge equilibration procedure is important as it
approximates the partial charge on every atom by minimizing the electrostatic energy of the
system, bringing solution to a large sparse linear system of equations.”” Successful results have
been shown in relation to SEI formation in silicon anodes.” The Li crystal was previously
optimized with a lattice parameter of 3.443 A, in good agreement with the theoretical value of 3.44
A.80 The Li(100) slab dimensions are 20.66 A x 20.66 A x 28.55 A and the overall cell height is
49.55 A. Dimethoxyethane (DME), dioxalane (DOL), fluoroethylene carbonate (FEC), and
ethylene carbonate (EC) were used as solvents in 2M solutions of lithium hexafluorophosphate
(LiPFg) and lithium trifluoromethanesulfonate (lithium triflate or LiTF) salt, respectively. DME,
DOL, and EC were used as pure solvents, and DOL and FEC were used as a mixture DOL/FEC

4:1 molar rate. Table 1 summarizes the composition of each system evaluated.

To avoid undesired interactions between the electrolyte molecules and the bottom layers of the
slab due to the periodic boundary conditions, the fix wall®” command was implemented in both
the bottom and top parts of the slab. The main simulations were carried out in the NVT canonical
ensemble at constant number of molecules N, volume V, and temperature T. The temperature

was kept constant at 300K using the default Nosé—Hoover thermostat®? with a time step of 0.2 fs.
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Table 1. Composition of each system evaluated during this work. All systems consist of a mixture of salt

and organic solvent (s) at 2M concentration of salt.

System Salt Solvent Concentration
1 DME 2M
2 DOL 2M
LiPFe 2M
3 DOL+FEC | b6\ .FEC = 4:1 molar
4 EC 2M
5 DME 2M
6 DOL 2M
LiTF 2M
7 DOL+FEC | o1 .FEC = 4:1 molar
8 EC 2M

DFT calculations are performed using Gaussian168® and visualized by GaussView?*. The Boese-
Martin for Kinetics (BMK)? functional was selected as the hybrid exchange-correlation functional
with cc-pvtz® triple-zeta basis set. The primary reason for the selection of the BMK functional was
used is because we would like our simulation methods to be consistent with prior works of our
group.®” For these systems, we have found that BMK converges easier when comparing with the
B3LYP functional. To represent the effect of ethylene carbonate (EC) solvent, an implicit solvent
model was implemented by the solvation model based on density (SMD)? variation of the integral
equation formalism variant of the polarizable continuum model (IEFPCM) method, which is
recommended to calculate changes in Gibbs free energy for solvation. Tetrahydrofuran is used
as the model solvent in this method with its dielectric constant manually changed to 89.8 to
represent EC. Geometric optimizations and frequency calculations are done on all fragments and
clusters to obtain optimal geometry and energies. An overall charge of -1 or zero is assigned to
each fragment to represent the effect of the additions of lithium ions to negative fragments or the
addition of neutral lithium atoms to a neutral fragment. Consequently, all clusters are assigned
with either -2, -1, or zero charge corresponding to the addition of two negative fragments, one
neutral and one negative fragment, and two neutral fragments. These cases are based on

observations in MD simulations.

We first model the Li-F fragment by sequential addition of Li atoms or ions to a fluorine anion.
Each time a new Li atom or ion is added to the system, geometric optimizations and frequency
calculations are performed. Since the system is small, keeping track of actual charges will lead to

unnecessary computational difficulties. Therefore, no matter how many positive lithium ions are
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added to the system, the overall charge of the system will always be either neutral or -1. Extra
calculations are performed to confirm that a positively charged fragment has approximately the
same geometry as the neutral fragment. And higher charges (-2, +2...) cause strong deformation
that are unrealistic and not observed in MD simulations. Once optimal geometry for fragments of
different sizes are obtained, we place two fragments near each other and perform geometric
optimization to investigate possible clustering processes. The free energy of forming clusters are
also calculated based on statistical mechanics using properties obtained in frequency calculations

as implemented in Gaussian16.

3. Results and Discussion
One of the main points of interest when discussing the Li anode behavior is understanding the
nature of Li-slab expansion after the Li metal gets in contact with the liquid electrolyte. We use
the word expansion to signify the decrease in the density of the Li metal that starts on the surface
layers and is a consequence of the oxidation/dissolution process. We study the evolution of the
Li metal density and charge distribution analysis based on the MD trajectories. Figure 1a shows
the slab discretization used to analyze the Li-slab expansion through the calculation of the Li-
density in each block, and the initial atomic charge distribution is shown in Figure 1b. Figure 1c
shows the final configuration reached by System 1 (Table 1) as a result of the reactive interactions
at the Li-metal anode/liquid electrolyte interface after an interaction time of 20 ns. Also, the atomic
charge distribution (Figure 1d) brings information about the nature of each region after the Li slab
has expanded due to Li oxidation and electrolyte reduction. For each salt, four systems were built

according to the information in Table 1 and the results are discussed in the following sections.
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Figure 1. (a) Initial configuration of the simulated system 1 based on LiPF4 electrolyte in a 2M solution of
DME, and the block discretization used for Li density analysis, (b) initial electronic charge distribution and
layer-labeled slab, and (c, d) final configuration obtained after 20 ns and its charge distribution. Color code
for a, c: Li: purple, F: light blue, P: green, O: red, C: grey, H: white. Color code for charge distributions is

shown at the bottom of b and d.

3.1 Systems 1 to 4: Electrolyte based on LiPF¢ solutions

3.1.1. Li-slab expansion

Because of Li oxidation and dissolution in contact with the electrolyte, Li atomic migration is
observed to occur from the Li slab into the electrolyte direction, which decreases the Li atomic
density by expanding the slab in the vertical direction (see the contrast of the Li metal atoms
position in Fig.1a compared to Fig.1c). To further elucidate these density changes, Figure 2
summarizes the Li-density evolution for each one of the blocks defined in Figure 1a. Figures 2a-
d show that in the four LiPFs-based systems in Table 1, the blocks at the bottom (i.e. blocks 7, 8,
and 9) keep the bulk Li metal density of ~0.53 g/cc. This behavior implies that the bottom layers
remain as a dense phase. For the fourth, fifth and sixth blocks the main expansion varies
according to the proximity to the electrolyte. In the case of block 5 (the first block full of Li atoms
from the top of the slab), the expansion is almost instantaneous since the beginning of the
simulations, while the expansion of block 6 takes longer depending of the extent of the reactions
taking place among the anions and some solvent molecules and the partially oxidized Li atoms
already in the low density region, being less drastic for the less reactive component (DOL, Figure

2b) and faster and more drastic for the EC-based system (Figure 2d). The density in the top of
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the cell (blocks 1 to 3) depends on how the electrolyte allows the partially oxidized Li atoms to
reach higher positions, but an average of ~0.2 g/cc is in agreement with the high porosity

evidenced from the top region of

Figure 3a and b. Note that the very top region (block 1, light blue line in Figure 2), has an even
lower Li density, usually lower than 0.1 g/cc. This is usually Li ions still reaching higher positions

and reacting with solvent molecules at the top of the cell.

Figure 2. Li-density evolution for Li slab blocks (refer to Figure 1a for block discretization) from
LiPFs-based systems 1 to 4: (a) DME, (b) DOL, (c) mix of DOL and FEC, and (d) EC. Color code:
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Figure S1 shows the density evolution of the blocks considering all the species present. In all four
systems, the low density in the upper blocks is due to the accumulation of no reacting solvent
molecules and the initial formation of the SEI layer close to the upper section of the porous phase

as discussed in later sections.

3.1.2. Licharge evolution
As mentioned above, one of the reasons why this expansion of the Li phase occurs, is the
existence of interactive redox reactions among the Li-slab atoms and the electrolyte phase. As a

result, there is a change in the oxidation state of the Li-atoms and in other components.
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Figure 3a and b show the behavior of the Li-slab atoms and their charge distribution after

expansion.

Figure 3. Li-metal slab after 20 ns of simulation. (a) Li slab expands along with the dissolution of
Li atoms into the electrolyte and contrasting phases can be recognized due to the different
reactions that take place. (b) Charge evolution for the Li-slab atoms, where one can recognize
that the bottom layers keep the slab structure almost unaltered and neutral while the expanded
atoms reach distinct oxidation levels according to the interaction in the different regions. Color

code for charge distributions is shown at the bottom of b.

On the other hand, Figure 4 summarizes the charge evolution per Li-atom averaged in each one
of the ten top layers of the slab (the layers are numbered from 1 to 17 from top to bottom as shown
in Figure 1b). As observed from Figure 2, from the total 17 Li-layers that compose the Li-slab, the
bottom seven (blocks 1 and 2) keep their bulk structure and density (dense phase); block 7
experiences a small density increase in some of the systems but quickly goes back to normal
density, while the top eight layers (blocks 4 to 6) expand (defining a porous phase) and become
active in the reactions that take place in all four systems evaluated. Following this behavior, the
charge evolution of all atoms in each layer was tracked. Figure 4a and b are comparable and

show relatively progressive charge variation from the top layer to the internal 10%" layer.
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Figure 4. Charge evolution for Li-slab top layers 1 to 10 (refer to Figure 1b. for Li-slab layers
numbering) for LiPFg in various solvents: (a) DME, (b) DOL, (c) mix of DOL and FEC, and (d) EC.
Color code: light blue for top layer 1, orange for layer 2, black for layer 3, yellow for layer 4, red
for layer 5, green for layer 6, dark blue for layer 7, grey for layer 8, purple for top layer 9, and light

brown for internal layer 10.

The trends observed in Figure 4a and b allow us to hypothesize that the expansion and oxidation
of the Li phase takes place in a continuous way from the top of the slab until the number of
reactions decreases significantly. This behavior contrasts with the observed in Figure 4c and d,
where for some layers the change in the Li atomic charge is progressive for some time and
regressive in other times. This is attributed to the knock-off effect?®* where there is an exchange
of position among Li atoms of different layers that allows Li atom diffusion to the top of the

electrolyte phase.

Figure S2 illustrates the atomic electronic charge distribution in the Li-slab for systems 1 to 4. It
shows that the dense phase remains practically unaltered and its charge is almost neutral. On
the other hand, the porous phase has various degrees of oxidation of the Li atoms. At the bottom
of the porous phase we find important presence of non-reacted solvent molecules. These
molecules remain stable interacting with partially oxidized Li atoms with average charges of +0.3
le], while in the top porous phase there is a strong interaction among Li atoms and fragments from

electrolyte molecules that dissociated (mainly F anions from LiPFs decomposition) forming a

10
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representative group of organic and inorganic components that can be considered the initial SEI
nuclei. The Li atoms that reach the top porous phase region are highly oxidized and get an
average charge of +0.55 |e|. In summary, the further the Li-atoms migrate away from the slab the

more oxidized they become, as shown by their more positive charges.

3.1.3. LiyF coordination
In this section we analyze the interactions of the Li atoms with the different species present in
each system and the initial stages of the SEI layer formation. The main SEI component obtained
from the LiPFg¢ salt systems is lithium fluoride (LiF), especially in cases where the main solvents
used are more stable than the salt (for example DOL) and their decomposition is much delayed,
although some of their initial decomposition products are detected and discussed. The time
evolution of the LixF (x =1, 2, 3, 4, 5, 6, 7+) was tracked and the results are summarized in Figure
5. Taking the F atom as a reference for the coordination, the ideal LiF crystal structure has six Li
atoms for each F atom (for a periodic crystal the same could be said taking the Li atom as a
reference and is surrounded by six F atoms). Figure 5 shows the evolution of the number of F
atoms that reaches a specific Li coordination number along the simulation time. For Figure 5b
and d the predominant coordination number is x = 5, i.e. the main component of the SEl is the
LisF component. The LisF components interconnect among themselves and with other clusters
with lower coordination. For the system with DME as solvent (Figure 5a) the coordination 5 is also
predominant but there is an important presence of LigF clusters, while the system having DOL
and FEC mixed as solvent (Figure 5¢c) shows a high tendency of the F atoms to reach the six
coordination number, but also the LiF nuclei become more compact and someLi;F are observed.
Thus, a more compact and well-defined SEI appears, in contrast with the most amorphous one
obtained from the previous cases. In general, the progressive increment in the coordination
number can be understood by examining the behavior of some of the lines in Figure 5. For
example, the low coordination Li,F complexes (x = 1, 2, and 3) appear only in the early simulation
times and the decrease in the fourth coordination is related with the increment in the fifth and sixth
coordination in some cases. To complement Figure 5, Figure S3 summarizes the information of
the pair radial distribution function (PRDF) for the Li-F pair in all four systems, where the average

Li-F distance agrees with experimental reports.®'-92
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Figure 5. LixF coordination evolution for LiPF¢ in solvents evaluated: (a) DME, (b) DOL, (c) mix of DOL and
FEC, and (d) EC. Color code: light blue for coordination x=1, orange coordination x=2, black coordination
x=3, yellow for coordination x=4, red for coordination x=5, green for coordination x=6, and dark blue for

coordination x=7 or higher.

3.1.4. F charge evolution
As the Li-slab atoms become oxidized, F atoms reach different charges according to their
coordination number, and this feature brings specific electronic characteristics to the nucleating
SEIl. The charge evolution for the F atoms was followed up according to their coordination number
reached during the simulation time. The information per F atom is shown in Figure 6. It is found
that the higher the coordination number, the more negative the charge of the F atoms is. It makes
sense since the ideal SEl should be stable among its constituents and oxidized Li atoms
surrounding the F atoms have significant positive charge. Figure 6a and b show a smooth time
dependent behavior compared with Figure 6¢ and d, where some charge evolution tendencies
are more erratic. This agrees with the fact that a and b are the most stable systems. On the other
hand, the high reactivity of molecules such as EC and FEC could bring additional charged
fragments as a result of their reduction, so these phenomena affect the stability of the surrounding

species and their charge evolution.

12
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Figure 6. F atom charge evolution for LixF from LiPFg in different solvents evaluated: (a) DME, (b) DOL, (c)
mix of DOL and FEC, and (d) EC. Color code: light blue for coordination x=1, orange coordination x=2,
black coordination x=3, yellow for coordination x=4, red for coordination x=5, green for coordination x=6,

and dark blue for coordination x=7 or more

3.1.5 LiF charge evolution

After looking at each SEI component individually, the analysis concentrates on the whole LiF and
its characteristics. Figure 7 shows the average charge evolution for F and Li atoms that were
tracked before in the coordination analysis, and the average charge of the whole LiF system
during the simulation. For each one of the four cases, it can be seen how the SEI remains with a
slightly negative charge, which could indicate the tendency for further growth. In these conditions,
the SEI is mainly formed by LiF as F is the main component in LiPFg salt and the P atoms do not
take a significant role in the products. The formed extended LiF network is amorphous but it
reaches the theoretical LiF crystal coordination (i.e. the nucleating LiF hexa-coordinated crystal
does not meet the angle specifications but is compact enough to reach the expected coordination
for both F and Li atoms). The charge equilibration method is believed to bring reasonable
approximations about electron exchange among the species®-%* while solving the problem of
assigning partial charges to atoms under constraints of charge neutrality into the systems,’”
however, to obtain more detailed information about charge transfer effects, more accurate

methods are recommended.44 95-9
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20

3.1.6 Formation of other inorganic and organic compounds

Due to decomposition of DME, FEC, and EC molecules, additional species result that may interact
and form new components. Figure 8 summarizes the initial formation of lithium oxide fragments
(LixO, x=1, 2, 3, 4) clusters owing to the reaction of Li with the oxygen atoms from the decomposed
solvent molecules from reduction of DME, EC or FEC in each system. The stepped form of Figure
9c also matches with the times at which EC molecules decompose generating free O atoms. For
both cases there is formation of carbon dioxide (CO,) and ethylene (or ethene, C,H,), but in
DOL+FEC system there is an important amount of vinyl fluoride (C,H3F). Previous work had
shown the possibility of formation of VC-like fragments as one of the routes of FEC
decomposition.®” Figure S4 summarizes the pair radial distribution function for Li-O and Li-C pairs

showing relatively weak interaction between these atomic species.
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3.2 Systems 5 to 8: Electrolyte based on LiTF solutions

In general terms, the behavior of systems with LiPFs is comparable with those having LiTF as a
salt. But is important to track the main differences. The first general difference can be observed
when comparing Figure S5 with Figure 1. Figure S5 shows a more complex atomic charge
distribution and SEI structure due to the interaction of new species that decompose from the LiTF
salt (i.e. there are relatively high amounts of C, S and O that participate actively in the formation

of the SEI). Comparatively, the amount of LiF is much lower.

3.2.1. Li-slab expansion

Li-slab expansion (Figure S6) shows the same general trend in all 5 to 8 systems (see Table 1 for
detailed composition). Nevertheless, some differences compared to the LiPFg results are related
with the rate at which the Li-slab expands and the behavior of the lower blocks. For all systems
in Figure S6, block number seven expands toward the top region of the systems, as demonstrated
in the reduction of density, while blocks eight and nine (the bottom section of the slab,
representing the “bulk” behavior) remain almost unaltered keeping the bulk structure (see Figure
1a for numbering of the blocks). This expansion takes place in a relatively short time, especially
for the mixture of DOL and FEC solvents and for the EC solvent-based system. On the other
hand, comparing Figure S6 with Figure 2 for the LiPF4 cases, block seven tends to have slightly
higher density, indicating that the top layers tend to expand not only toward the top but also slightly
to the bottom region. The behavior for the total density is comparable between Figures S1 and
S7, where in the top blocks the total density (including Li and all the other components) remains

high due to the accumulation of non-reacted solvent molecules and the formation of the SEI.

3.2.2. Li charge evolution

Although Figure S8 seems to be noisy, it brings really important information when compared with
Figure 4 for LiPF¢ systems. First point to highlight is that in LiTF systems all the top ten Li-slab
layers oxidize from the beginning of the simulations. It is indicative of how reactive these systems
are. As discussed later, some components seem to have preferential locations, causing the main
reactions to be located in other regions than the one initially occupied only by the electrolyte. This
can be observed in Figure S9, which shows the configuration reached after the Li-slab expansion
during 20 ns of simulation time for systems 5 to 8 with LiTF as salt. The general behavior is the
same as discussed for LiPFg, with the different porous Li regions being identified. Presence of
light color atoms in the bottom of the slabs corresponds to O atoms forming lithium oxide clusters
in that region, where the Li atoms keep the slab structure and the O atoms can reach their

preferential coordination located in the interstitial spaces.
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3.2.3. SEl formation in systems with LiTF

Even though the main component of the SEI in systems with LiTF salt is LiF, there is also relevant
presence of some other components derived from salt decomposition. For LiF formation, Figures
S10a to d show a predominant coordination of six Li atoms per F atom and an increasing amount
of F atoms coordinated with seven or more atoms, illustrating how the SEI becomes more
compact. For cases where solvent is (a) DME, (b) DOL, and (c) DOL and FEC mixture in Figure
S10 the F coordination with one Li atom only lasts for short time (as can be seen also in the
charge evolution in Figure S12), and for the case of DOL, even the coordination two disappears
in a relatively short simulation time. Figure S11 shows the PRDF for the Li-F pair system. This
graph shows almost similar behavior as Figure S3. The shape of the DOL-based curve may
suggest the formation of a more compact SEI. On the other hand, the F atom charge evolution
for LixF from LiTF in the various solvents evaluated shows a smooth evolution, as shown in Figure
S12. In general, the charge evolution behavior is similar in presence of both LiPFg and LiTF, both

in the functional form and in the range of atomic charges.

3.2.4. SEI charge evolution

As stated before, in all systems with LiTF we have other species forming the SEI instead of only
LiF as with LiPFg. In these cases, the components evolving from salt as well as some electrolyte
molecules decomposition bring special characteristics to the SEI layer. Starting with the main SEI
component, Figure S13 summarizes the average atomic charge for F and Li species and for the
LixF compounds of the SEI. All four cases are comparable with the ones derived from LiPFg in
Figure 7. The average atomic charge for LixF-SEI species remains with a similar negative charge
as in the former cases. This indicates again the possibility for further interaction with surrounding

species which allows for SEI growth.

Analyzing the interactions among other species brings new insights regarding the role of the
nature of the salt present in the system for defining the SEI formation pathways or properties.
Here we look at other components based on Li-S, Li-C, S-C, and Li-O pairs. Figure S14
summarizes the PRDFs for these pairs. For some specific systems the interaction between these
pairs of species is stronger than in others, with considerably closer bonding distances. Figure 10
depicts the coordination evolution for S atoms (i.e. the formation of ¥,S species, where ¥ may
be mainly -Li or some -C based component). The main S-based component present is Li,S, and
the coordination evolution graph shows a great preference for the coordination x=6, 7, and 8.
This suggests 6, 7, 8 Li atoms surrounding one S atom, which could be precursor of a Li,S

structure formation. The charge evolution per S atom summarized in Figure S15 demonstrates
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that -S components with coordination x=6, 7, and 8 are the most stable compared with other
coordinations, as these have smoother tendencies and keep the behavior previously noted in the
LixF compounds (the larger the coordination number the more negative the atomic charge of the
S atom). Following the same analysis for the LixF-SEI formation, Figure 11 depicts the ¥-S-SEI
charge evolution, showing almost neutral charge with low negative value for cases with DME,
DOL and FEC, and EC, and an interesting behavior for DOL where most of the simulation time

the W-S-SEI charge switches from positive to negative.

w
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Figure 10. ¥,S coordination evolution for LiTF in different solvents evaluated: (a) DME, (b) DOL, (c) mix of
DOL and FEC, and (d) EC. Color code: light blue for coordination x=4, orange coordination x=5, black
coordination x=6, yellow for coordination x=7, red for coordination x=8, and green for coordination x=9 or

more. Here ¥ is mostly Li.
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Figure 11. ¥, S-SEI charge evolution for SEI from LiTF in different solvents evaluated: (a) DME, (b) DOL,
(c) mix of DOL and FEC, and (d) EC. Color code: red for average S charge, green for average ¥ -species

charge, and blue for average SEI charge evolution. Here ¥ is mostly Li.

Other important species are the C atoms that are incorporated into the SEls both from salt and solvent
decomposition. Tracking C behavior is important after detecting other species that can react with C atoms
(e.g. Li, O, and also H or other C atoms). Following the evolution of free C atoms we found that its behavior
is not uniform among the various electrolytes. Figure 12 shows the coordination evolution for the C atoms
that are free in each system. High coordination numbers (i.e. x=4 and 5) are relatively frequent, suggesting
that C species act similarly in different electrolytes. In contrast, analyzing Figure S16 and the charge
evolution for C atoms reacting in each one of the systems, its behavior seems to highly depend on its
surrounding environment and the nature of its interacting species, especially if following the charge

evolution for lower coordination (i.e. x=3 and 4).

Similar patterns are detected for the W-C-SEI formed as shown in Figure 13, especially for DOL and EC,
where for the first case the charge evolution shows an erratic behavior at the early simulation times, while
for the second one a smooth evolution changes in the last part of the simulation due to a sudden loss of
electrons in the C atoms. Even though, the general observation is that the C species brings a considerable
negative structure to the whole SEI, and as stated before in this discussion, this can lead the SEI to grow

more if there are plenty of surrounding species to interact and react with.
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Finally, lithium oxide is another important component present in the LiTF-based SEls. For these
systems where there are more species available to form different compounds, there is no major
presence of organic compounds, and neither CO, nor C,H, are formed. Figure S17 shows the
formation of species for (a) DME and (b) EC. In the first case methoxide groups (CH30) and LixO
are formed, and for the second case there is formation of CO, and LixO. LixO (x=1, 2, 3, and 4)
is formed in an important amount and as stated in Figure S9, its preferential formation site is the
bulk structure of the lithium slab (i.e. the bottom layers that keep the bulk structure and density).
The formation of LixO (x=1, 2, 3, and 4) clusters along time is found in Figure 14. Li,O and Li;O
are the predominant compounds. Analyzing their distribution in the slab, there is no
interconnection between clusters that allows further formation of complex compounds such as

peroxide.
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Figure 14. Formation of lithium oxide clusters with different oxygen coordination for systems containing the
following solvents (a) DME, (b) DOL, (c) mix of DOL and FEC, and (d) EC. Color code: yellow for LiO, red
for Li,O, green for Li30, and blue for Li,O.

3.2.5. SEl structure
Specific SEI properties and morphology are crucial for the desired battery performance. In this work, we

were able to follow the formation of the SEI structure in eight different systems and compare them. Figure
15 andFigure 16 depict the SEI structure for systems with LiPFg and LiTF, respectively, and the Li-slab
configuration after 20 ns. In these figures, all other components (i.e. unreacted electrolyte molecules and
other organic gas compounds as CO, or C,H,) are shown as wireframe structures for a better visualization
of the SEI. In Figure 15b and d the dispersed O atoms are product of electrolyte decomposition, as
discussed earlier, and at the top of Figure 15¢ some unreacted FEC molecules are observed. The front
view in Figure 15, compared with the orthogonal view in Figure S18 for the same systems brings an insight
on the SEI distribution in the simulation cell. For both pure DOL and DOL mixed with FEC the SEI appears
to be agglomerated at specific positions of the cell, while for both the DME and EC systems the SEI seems
to be more distributed in the XY-plane, forming an amorphous layer. On the other hand, comparing Figure
16 and Figure S19 one can observe the preferential formation site for the different SEI components. For (a)
DME, (c) DOL and FEC, and (d) EC it is clear how the free O atoms fill almost all the space in the dense
phase, but not in (b) pure DOL system. However, in DOL, lithium oxide clusters form in lower locations
compared with other components, so it keeps the tendency although at a different rate of formation/diffusion
to the bottom of the cell. Although in LiTF systems there are more species available to form the SEI, the
structure appears more amorphous than in the previous cases, being formed as compact nuclei but not as

a layer. Figure S20 and Figure S21 show the atomic charge distribution for Li-slab atoms and SEI

22



Page 23 of 36

Journal of Materials Chemistry A

compounds. Even though the SEI atomic charge ranges for both LiPFg and LiTF are similar, their distribution

is considerably different, which implies distinctive performance for each case.

c. DOL+FEC

Figure 15. Front view for the SEI formed from LiPF in liquid electrolyte (a) DME, (b) DOL, (c) DOL mixed
with FEC, and (d) EC. Wireframe structures correspond to unreacted electrolyte molecules and other
organic compounds for better visualization. Color code: light blue for F, red for O, purple for Li, white for H,
gray for C, and green for P.
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c. DOL+FEC

Figure 16. Front view for the SEI formed from LITF in liquid electrolyte (a) DME, (b) DOL, (c) DOL mixed
with FEC, and (d) EC. Wireframe structures correspond to un-reacted electrolyte molecules and other
organic compounds for better visualization. Color code: light blue for F, red for O, purple for Li, white for H,

gray for C, and yellow for S.

3.3 SEl fragments and clusters
In this section we analyze the formation of LixF clusters using quantum chemistry calculations

on the basis of the observations from MD simulations.

3.3.1 SEl fragments
Following the sequential addition of Li atoms/ions to a fluorine anion in cluster DFT calculations,

the highest coordination number reached is 4 (Lis-F). Extra lithium atoms or ions added to the
system will no longer be bonded to the fragment since it becomes thermodynamically unfavorable.
When an initial guess of a larger fragment (Lin+4-F) is optimized in cluster DFT calculations using
Gaussian16, the optimization algorithm breaks the extra bonds postulated and falls back to
reactant state. This is also observed in MD where some of the small individual Li-F fragments are
not able to achieve maximum coordination of 6. However, coordination of 6 can be observed in
MD among large clusters once the nucleation process begins. Table 2 shows the reaction

energies of fragment formation.
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Table 2: Calculated Li,-F (x =2, 3, 4) fragment formation reaction enthalpies and free energies

Reaction AH, .« AG,.ax Normalized Normalized
(kJ/mol) (kJ/mol) AH,.x AG,cax
(kd/mol) per  (kJ/mol) per
Li Li
1 LiF + Li — LiyF -74.667 -49.942 -37.334 -24.971
2 LioF+Li — LisF -85.229 -58.848 -28.410 -19.616
3* LisF + Li — LisF -94.437 -62.671 -23.609 -15.668
4 LiF"- + Li — Li,F'- -102.384 -72.821 -51.192 -36.411
5 Li,F'- + Li — Li;F'- -58.299 -30.574 -19.433 -10.191
6 LisF' + Li — LisF'- -74.365 -43.266 -18.591 -10.817

The optimized geometry of each fragment and their electrostatic potential are included in the
Figures S22 and S23. One thing to note is that for reaction #3, the resulting fragment (neutral
LisF) has an unusual elongated bond between the fourth Li and F. However, its counterpart LisF-
" displays no such characteristics. It might seem like LisF fragment is at its reactant stage, and
the bond between the 4% Li and F is not formed. However, based on frequency calculations, this
configuration is confirmed to be at ground state, and its energy is also far lower than the sum of
separate reactants. Furthermore, the calculated atomic polar tensors % (APT) charges show that
the fourth lithium has a slightly negative charge, which might only be a result of redistributing the
electron density of the entire fragment. The electrostatic potential surface also shows two
electron-rich sites between the 4t lithium and the fluorine atom, further proving the existence of
a 4" Li-F interaction. Combining all these evidences, we can validate this Li4F configuration. The
need of the addition of the negative charge in reactions 4-6 also follow the behavior observed in

the MD simulations discussed above.

3.3.2 SEl clusters
The initial LiF nucleation process is simulated by joining two fragments together with mutual bonds

to a pre-existing Li atom. Table 3 shows the energies of forming a two-fragment cluster. The
optimized geometry of each cluster and their electrostatic potential are included in the Figures
S24 to S26. It should be noted that only LisF and LisF clusters with different charges are

considered in the formation of clusters. Based on observations from MD simulations, we made
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the general assumption that LiF and Li,F fragments are more likely to receive additional Li rather
than forming a cluster. High electron density near the shared Li atom is a common characteristic
for all LiF clusters. All reaction energies of clustering are favorable except for reaction 6. The
endergonic nature of this reaction can again be explained by its doublet state. When attempting
to combine two relatively large fragments (LisF and LisF-), the unpaired electron leads to relative

high energy.

Table 3: Energies of forming two-fragment clusters

Reaction AH,(kJ/mol) AG,(kJ/mol)
1 LisF + LisF— LisF <LisF -142.767 -81.855
2 LisF + LisF—LisFeLisF -135.256 -73.622
3 Li,F + LisF— LisF <LisF -148.527 -79.130
4 LisF-+ LisF— (LisF <LisF) -95.707 -50.906
5-a Li4F-+ LigF— (LisF <LisF) -239.099 -178.19
5-b LisF-+ LisF— (LisF <LisF) -219.207 -158.785
6 Li,F-+ LisF— (LigF <LisF) -178.791 -118.793
7 LisF-+ LisF— (LisF <LisF)* -254.364 -204.398
8 LisF-+ LiyF-— (LisF <LisF)* -212.085 -163.088
9 LisF-+ LisF-— (LisF <LisF)* -223.325 -167.945

In order to check if the basis set superposition correction energy (BSSE) was significant in this
type of simulations, we have run several simulations with a larger basis set (aug-cc-pvtz). Due
to very small differences (less than 5 kd/mol) found for all these simulations, we concluded that

BSSE correction energy is not significant enough to impact our original results.
3.4 How are these findings related to previous computational and experimental studies

Our results enrich a growing computational literature on the SEI topic, including reviews on
modeling SEI formation and growth,®® interfacial phenomena’®, and multiscale modeling of
energy materials,'0' first principles understanding of ion electrodeposition,'%? charge transfer
through the SEI,'% effects of electric field on battery transport and reactivity,5* 19414 among

others. However, our analysis of the nucleation and growth of the SEI components provides new
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additional insights into a less understood topic that is the nucleation and growth of native SEls on

Li metal.

On the experimental side, numerous technological advances have allowed in recent years the
experimental investigation of the initial stages of SEI growth. Among them, cryogenic scanning
transmission electron microscopy (cryo-STEM) along with X-ray photoelectron spectroscopy
(XPS) and secondary ion mass spectrometry (SIMS) are especially useful to identify nanoscopic
SEI components.'S Interestingly, recent work that employed a combination of these techniques
reported similar SEI structures as those shown in our study.''® In particular, similarly to our
findings, the authors identified a combination of Li,O and LiF structures as the main SEI
components from a LiPFg based electrolyte in a mixture of carbonate solvents. The partial
oxidation of the Li surface layers was also characterized by cryo-STEM. "7 The formation of LiF
nanostructures discussed from our simulations was also followed by ex-situ XPS analysis.""®
Other work explored the importance of the formation of polymeric species due to the presence of
additives such as fluoroethylene carbonate (FEC) "9, that is also in agreement with our findings
of precursors for polymerization in similar solutions. Our results comparing different salts supports
recent analyses based on tuning the anion chemistry 120 for obtaining specific SEI components.
Our work also contributes to clarifying the role of the solvent on stabilizing SEI structure, that is
another current topic of investigation as demonstrated in experimental studies.’?' The main
advantage that we would like to highlight is that the theoretical/computational tool allows the
detailed analysis of the reactivity and the evolution of initial nucleation and growth that definitely

complements and clarifies the results of modern surface science techniques.

4. Conclusions
The formation of a “native” spontaneously formed SEI due to the interactions of a Li metal surface
with a liquid electrolyte is studied using classical molecular dynamics simulations and a reactive
force field. Two salts are used in 2M solutions of various solvents and mixtures of solvents. The
analysis of Li-slab expansion shows that the Li porous phase starts forming almost
instantaneously from the beginning of the simulation, due to oxidation of the surface Li atoms in
contact with the electrolyte and proceeds during the complete computational experiment lasting
20 nanoseconds. At the end of the simulation, not all the Li metal phase is consumed; the bottom
layers remain intact with an average density close to that of Li metal, 0.53 g/cc. Simultaneously
with Li oxidation, electrolyte reduction takes place. First, reduction reactions produce atoms and
fragments that are separated from their respective molecules (usually as anions or radical anions)

and interact with the partially oxidized Li atoms, forming nuclei for the various SEl components:
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LiF, Li oxides, organic molecules (some of them precursors for polymerization), and nuclei for
compounds derived from S and C. The chemistry and characteristics of the SEI phase depend
on the original electrolyte (salt/solvent). Details are obtained from post-processing of the data
from the dynamic trajectories. It is found that the rate of formation of the LisF, LixO, and LixS
nuclei that are precursors for crystalline LiF, Li-oxides and Li,S phases depends strongly on the
composition of the electrolyte. Very interesting differences are observed regarding the rate of
formation of the individual products as a function of salt type, and solvent composition. Although
for both salts the main product is LiF, the nucleation of LiF is different due to the characteristic
reactive environment in each case. For LiPFg solutions, besides LiF, some organic products are
detected from solvent decomposition. However, the organic phase has a slower kinetics of
nucleation and growth and only fragments and very initial agglomeration is detected in this
timeframe. For the LiTF phase, besides the dominant LiF, fast diffusion of O and S atoms (usually
negatively charged) takes place. As a result, both atoms pair with Li ions and start forming their

respective oxide and sulfide products.

Partially oxidized Li ions moving from the metal phase toward the electrolyte phase are observed
to move via a knock-off mechanism, 122 but the exchange of atoms does not affect the formation
of different regions, specially the dense phase that keeps the slab structure. Instead of a layer,
the SEl is formed as an amorphous bulk structure close to the top region of the simulation cell. In
between the SEI and the Li metal there is a continuously reacting porous phase. However, the
distribution of reacting nuclei depends strongly on the nature and composition of the electrolyte.
This uneven distribution of the SEI compounds could lead to preferentially uneven lithium
deposition upon battery charge. However, understanding the early processes discussed here is
crucial to elucidate more complex phenomena occurring during battery cycling. Future work will
address many other aspects that will help understanding the subsequent stages of simultaneous

SEI growth and Li deposition, and also additional events occurring during Li stripping.
Supporting Information

The following information is available and cited/described in the text. For LiPFg-based systems:
Total density evolution (S1), charges Li phase (S2), RDFs (S3, S4); For LiTF-based systems:
Initial and final configurations (S5), Li density evolution (S6), Total density evolution (S7), Charge
evolution Li layers (S8), Charges in Li atoms (S9), LixF evolution (S10), RDFs (S11, S14),
Charges F (S12, S13), Charges S (S15), Charges C (S16), Organic species evolution (S17), SEI
structure (S18, S19), Charge distribution SEI (S20, S21), optimized negatively charged LixF
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fragments (S22, S23, S24), Optimized neutral LixF clusters (S25), Clustering LixF (S26),
Electrostatic potentials LixF (S27 and S28).
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