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Abstract

Ionic liquids (ILs) are promising materials for application in a new generation of Li-batteries. They
can be used as electrolyte, interlayer, or incorporated into other materials. ILs have ability to form
a stable Solid Electrochemical Interface (SEI) which plays an important role, preventing Li-based
electrode from oxidation and electrolyte from extensive decomposition. Experimentally, it is
hardly possible to elicit fine details of the SEI structure. To remedy this situation, we have
performed a comprehensive computational study (DFT-MD) to determine the composition and
structure of the SEI compact layer formed between Li anode and [Pyri4][TFSI] IL. We found that
the [TFSI] anions quickly reacted with Li and decomposed, unlike the [Pyri4] cations which
remained stable. The obtained SEI compact layer structure is non-homogeneous and consists of
the atomized S, N, O, F, and C anions oxidized by Li atoms.

TOC GRAPHIC ABSTRACT
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Today state-of-the-art Li-ion batteries have practically achieved their energy density limit, thus
new strategies are needed for the dramatic improvements in performance and safety required for
commercial applications.!”” Electrochemical systems based on solid electrolytes possess many
advantages over liquid electrolyte-based devices (e.g. no electrolyte leakage, increased safety,
higher energy density and stability, smaller size, faster charging, increased cycle life, greater
flexibility with regard to battery placement and vehicle design) and have potential to overcome the
disadvantages of the liquid electrolyte battery technology. These systems could be even more
efficient and provide the highest energy densities if used in combination with Li-metal anode.
Unfortunately, Li-metal is highly reactive and typically decomposes the solid electrolyte if in
contact and the products formed
generally have a significantly lower ion-
conductivity than that of the solid
electrolyte. This results in growth of a
resistive layer during charge/discharge
cyclings which leads to degradation of
the interfacial properties and
deterioration of battery performance.
Ionic liquids (ILs) have attracted
attention of researchers as suitable
candidates for battery applications since
the late 1990’s.3-1° They exhibit a number
of advantages such as negligible
volatility, relatively high decomposition
temperatures, suitable ionic conductivity
(up to ~10* S/cm), and wide :
electrochemical windows.!'"'* ILs can be - SEI Pﬂl'?lfs layer
used as electrolyte, interlayer, or 3 /
incorporated into other materials. They
are also known their ability to form a
stable Solid Electrolyte Interface (SEI)
on lithium and graphite anodes.!>!'® This
SEI is observed on the lithium surface
and plays an important role in Li-ion
batteries, preventing the Li-based
electrode from comprehensive oxidation

Figure 1. Schematic representation of the interface
and the electrolyte from extensive between a lithium anode (Li-metal) and ionic liquid

decomposition. The SEI structure and (IL).

composition varies and depends on the electrolyte and electrode materials. Generally, SEI is
considered as consisting of two layers, compact (inorganic solid phase) and porous (organic-
containing phase).!”?> The compact layer forms close to the electrode surface and is assumed to
be ~10 A thick."” The porous layer grows ontop of the compact layer and has a higher Li-ion
diffusion coefficient than that of the compact layer, but lower electronic conductivity.'® It will stop
growing when electrolyte can no longer receive electrons from the electrode and, therefore, it
cannot be further reduced. In Li-ion batteries with conventional liquid electrolyte, the electrolyte
degradation occurs during both charge-discharge cyclings and storage. The interfacial resistance
of fresh lithium with traditional liquid electrolyte, is relatively small. However, it increases
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continuously during storage and becomes 10 times higher after 10 days of storage.?® The interfacial
resistance continues increasing but slower during further storage. This means that the SEI formed
on the lithium surface is unstable even without any electrochemical reactions and it takes long time
to form a relatively stable SEI. In contrast, a thick passivation SEI forms immediately on the
lithium surface, when the 4[Pyri4][TFSI] IL is used as electrolyte, and this SEI is relatively stable
over repeated cycles.??

However, only limited information is available about the SEI composition and structure,
providing very little guidance for choosing ILs that would lead to the best SEI performance.
Experimentally, it has not yet been possible to elicit fine details of the SEI structure. To remedy
this situation, we have performed a computational study to determine the composition, structure,
and properties of the SEI formed between the lithium anode and specific ILs (Figure 1).

Among ILs, N-butyl-N-methylpyrrolidinium (Pyri4*) with bis(trifluoromethanesulfonyl)imide
(TFSI) doped with [Li][TFSI] salt is considered as a good candidate for battery applications.>*2¢
Earlier, this system was studied by Yildirim and Haskins et al.?’?® using a maximum of 40 ps of
DFT based Molecular Dynamics (DFT-MD, also called Ab Initio MD) to determine decomposition
reactions and products at the Li/IL interface. Their simulations revealed spontaneous [TFSI]
decomposition, while no decomposition was noted for [Pyri4]. However, the authors of this work
did not pursue a fully equilibrated atomistic structure of the Li/IL interface.

In our article, we focus on the structural aspects of the SEI, in particular, on the compact layer
of the SEI which may cause rate limitations in Li-ion batteries.?’ We anticipate that determining
the structure and resulting materials properties may provide the information useful for optimizing
the SEI. This is the first study reporting a detailed atomistic description of the SEI structure formed
at the interface of Li with an IL. The SEI structure was obtained from the DFT-MD simulations of
the Li/[Pyr14][TFSI] system. During this system equilibration, we found that the [Pyri4] cations
remained stable and moved away from the Li surface, while the [TFSI] anions strongly interacted
with it and quickly decomposed. This differs dramatically from the [TFSI] anions, which quickly
reacted with Li and decomposed. Similar results were obtained in ref. 27. This observation is
consistent with experimental results which indicate that the main contribution to the SEI-film
formed on the Li-anode, when [Pyr14][TFSI] IL doped with [Li][TFSI] is used as electrolyte, comes
from the decomposition of the [TFSI] anion.** The corresponding Pyri4 cations are possibly
embedded in the reduction products of [TFSI] anions, such as LiF, Li20O, Li2S, NSO, etc., in the
SEI porous layer and balanced by (SO2CF3)~ or unreacted [TFSI] anions.?*!

Taking into account the weak interaction of the [Pyri4] cations with the Li surface, we
exchanged them with Li atoms to make a smaller model suitable for long DFT-MD simulations.
Two systems, a smaller with 83 Li and 2 [TFSI] and larger with 164 Li and 4 [TFSI], were built
and studied. The smaller system made it practical to run a much longer simulation, 723 ps vs. 164
ps for the larger system. Note that the Li-metal part in our simulations should rather be considered
as amorphous Li than crystalline. The calculated Li—Li pair radial distribution function (RDF)
(Figure S1 in Supporting Information) has a first peak at ~2.8 A which is a typical value for the
Li—Li distance in amorphous Li,***} which is shorter than that in the crystalline Li-metal structure
(3.02 A).3

Reactive DFT-MD on the smaller 83Li/2[TFSI] system. First, we will analyze the evolution of
the smaller 83Li/2[TFSI] system and formation of the SEI during the 723 ps NVT DFT-MD at 400
K (Figure S2 in Supporting Information). Both [TFSI] were completely atomized and oxidized by
the Li surface after 450 ps of the DFT-MD simulation.

4

ACS Paragon Plus Environment

Page 4 of 17



Page 50of 17

oNOYTULT D WN =

The Journal of Physical Chemistry Letters

Initially, one of the N-S bonds in the [TFSI] broke forming two fragments, SO>—CF3 and
N-SO>—CF;3 (Figure 2). The fragment without the N atom quickly decomposed (during less than
10 ps), first, breaking three C—F bonds, then two S—O bonds, and finally the C-S bonds. The
fragment with the N atom needed much longer time (about 450 ps) to completely decompose to
full anion atomization. The step sequence of this decomposition was similar to that for the
fragment without N, except for the S—N bond dissociation at the end.

Decomposition of the N—SO,—CF; fragment

@
@ @
e® %o
Decomposmon of the SO,—CF; fragment

@s ®N ®0 OF @c (j‘@-»ﬁ-»j-;ooo

Figure 2. The [TFSI] decomposition sequence in the 83Li/2[TFSI] system. The SO2—CF3
fragment quickly decomposed (during less than 10 ps), while the complete decomposition of the
N-SO,—CF; fragment required about 450 ps.

To understand the SEI structure, we calculated relative element concentration distributions
along the z-direction for the final frame of our DFT-MD simulation on the 83Li/2[TFSI] periodic
system (Figure 3a). It is clearly seen that the SEI compact layer is non-homogeneous. The N and
C atoms are closest to the Li surface, while the F atoms are spread through the remaining part of
the compact layer with a trend for the relative concentration of these atoms to be higher closer to
the edge of the compact layer. As for the S atoms, they occupy positions both in the middle and
close to the edge of the compact layer.
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Figure 3. Relative element concentration distributions along the z-direction in the (a) smaller
83Li/2[TFSI] and (b) larger periodic 164Li/4[TFSI] systems.
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Figure 4. Pair RDFs (g(r), blue, left axis) and integrated number of bonds (N, orange, right
axis) for the smaller 83Li/2[TFSI] (right) and larger 164L1/4[TFSI] (left) systems.
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To better describe the SEI, we calculated and analyzed RDFs, g(r), for all Li-X (X=N, S, O,
and C) pairs and the integrating g(r) to find the average coordination number (N) of each type of
bonds (Figure 4). Then we examined the actual structure to determine atomic environments around
the F, O, N, S and C anions. We used the last frame of our simulation to show examples of these
environments (Figure 5).

The F atoms in the SEI form bonds only with Li atoms. The F-Li RDF has a first peak at ~1.8
A (Figure 4a), corresponding to F-Li bonds. The typical coordination number for the F atoms is 4
or 3 (Figure 5a, b). The length of the F-Li bonds varies from 1.7 to 2.0 A. No other F-X bonds are
observed at the end of our simulation (Figure S3 in Supporting Information). This LinF formation
is consistently found as a main SEI components in conventional Li-ion batteries and plays an
important role in the morphological and compositional picture of the SEL?

Next, we consider bonds and atomic environments around O atoms. Similar to the F atoms, the
O atoms in the SEI are bonded only with Li atoms. The O—Li RDF with the first peak at ~1.8 A
corresponding to the O—Li bonds is shown in Figure 4c. The O atoms in the SEI are mostly
coordinated with five or six Li atoms (Figure 5¢) and sometimes with four Li atoms (Figure 5d).
The typical O-Li bond length is 1.9-2.0 A.

There are two N atoms in our smaller SEI compact layer structure. The N-Li RDF with a peak
at ~2.0 A is shown in Figure 4e, and atomic environments in which N atoms are directly bonded
to Li atoms can be viewed in Figure 5e, f. The first N atom forms four N—Li bonds. The length of
these bonds varies from 1.69 to 2.01 A. The second N atom is coordinated with three Li atoms.
The corresponding bond lengths are 1.78, 1.80, and 1.81 A. From the N-Li RDF, we can say that
the N atoms may have up to six Li neighbors within 2.2 A.

The S—Li RDF has a first peak at ~2.3 A (Figure 4g), a normal S—Li bond length. The number
of Li neighbors for the S atoms varies from 1 to 3: two S atoms have three Li neighbors (Figure
5g, h), and two remaining S atoms are coordinated with two and one Li atoms, respectively (Figure
5i, j). The length of the S—Li bonds lies in the range of 2.20 to 2.35 A. One of the S atoms,
coordinated with three Li atoms, has an additional bond of 1.89 A with a C atom (Figure 5g). The
S—Li RDF shows that the S atoms may have up to 5 Li neighbors within 2.5 A.

All S-F, S-O, and S-N, distances are over 3 A (Figure S3 in Supporting Information) and,
therefore, the above bonds are not observed in our simulation.

As for the C atoms, the corresponding C-Li RDF has a peak at ~2.1 A (Figure 4i) and all of
them are coordinated with two Li atoms (Figure 5k-n). As it was mentioned above, one of them
has the additional bond with the S atom (Figure 5n). The C-Li distances varies from 1.9 to 2.1 A.
The C-Li RDF shows that the C atoms may have up to 7 Li neighbors within 2.5 A.

DFT-MD on the larger system and comparison to the smaller. In addition to the smaller
Li/TFSI system of 113 atoms, we carried out DFT-MD simulations on the larger system with 224
atoms for 164 ps. We calculated a relative element concentration distribution for the Li atoms at
12, 22, 32, 42 and 52 ps (Figure S4 in Supporting Information). Analyzing this distribution, we
find that after 12, 22, and 32 ps DFT-MD, additional 2, 18 and 24 Li, respectively, from the Li-
metal part moved to the SEI and reacted with the SEI anions. However, after 42 and 52 ps, 8 and
9 Li atoms, respectively, moved back from the SEI to the Li metal part. This indicates that the
system is fully equilibrated as for Li and can be used for further calculations of the system
properties, for instance, diffusion constants.

Comparing the concentrations along the z-direction for the final frames of the DFT-MD
simulations on the smaller and larger systems (Figure 3a, b), we see that both systems consist of a
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@L ®s @n @rF ®° @c
Figure 5. Examples of the anion environments in the SEI: (a, b) 4- and 3-coordinated F atoms
coordinated with 4 and 3 Li atoms, (¢, d) O atoms coordinated with 6 and 4 Li atoms, (e, f) N
atoms coordinated with 4 and 3 Li atoms, (g) S atom coordinated with 3 Li and 1 C atoms, (h, 1,
and j) S atoms coordinated with 3, 2 and 1 Li atoms, respectively, (k, 1, m) C atoms coordinated
with 2 Li atoms, and (n) C atom coordinated with 2 Li and 1 S atoms.
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Li metal region coupled an SEI compact layer. The Li atoms are evenly distributed through the
whole systems while the O atoms are evenly distributed over the full SEI compact layer.

In the smaller system, the F atoms are generally in the SEI compact layer core with a trend for
the relative concentration of these atoms to be higher closer to the edge. In the larger system, this
trend is more pronounced and the F concentration is clearly higher closer to the edges of the

9 compact layer than in the core. (Figure 3).

10 The environments around F and O atoms in both systems are very similar. The related RDFs
(Figures 4a, b and c, d) are almost identical. In both systems, the typical coordination number of
oxygen varies from 4 to 6, but mostly 6, while that of fluorine is 3 or 4.

oNOYTULT D WN =

52 Figure 6. The environments of the S (a-h) and N (i-1) atoms in the SEI of the larger Li/TFSI
system.
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In the larger system, the S atoms are mostly in the SEI compact layer core (six of the eight S
atoms) with two S atoms closer to the edge, while half of the four S atoms are in the core and half
closer to the edge in the smaller system (Figure 3).

The S-Li RDFs are very similar for both systems (Figure 4g, h). Five of the eight S atoms in
the larger system are coordinated with only one Li atom (Figure 6a-e) at 2.18 to 2.30 A, and one
of them has an additional bond with a C atom with a length of 1.92 A (Figure 6e). Three remaining
S atoms are coordinated with two or three Li atoms at 2.26 to 2.33 A (Figure 6f-h).

Unlike the smaller Li/TFSI system, where the N atoms occupy positions at the edge of the SEI
compact layer, all four N atoms in the larger Li/TFSI system are in the SEI compact layer core
(Figure 3). The N-Li RDFs for the smaller and larger systems are very similar, both have the first
peak at 2.0 A (Figures 4e, f). One of the N atoms is bonded with a C atom forming a C—N cyano
group with an interatomic distance of 1.17 A (Figure 61). We do not find a C—N group in the smaller
Li/TFSI system. The other N atoms are coordinated with 3 or 4 Li atoms at distances of 1.83 to
233 A (Figure 6j-1). The 2.33 A is related to the 3-coordinated N atom. The N-Li distances for
the 4-coordinated N atoms are shorter and vary from 1.83 to 2.04 A. Similar 3- and 4-coordinations
are observed in the smaller system.

The main difference between the SEI in the larger and smaller Li/TFSI systems was found for
the C atom environments. In addition to the C-N group, two C2 molecules are observed only in
the larger system. The corresponding peak at 1.3 A is detected in the C—C RDF (Figure 7a). In
both C2 molecules, one of the C atoms has two Li neighbors, while the other one is bonded only

70

Figure 7. (a) The C—C RDF for the larger 164Li/4[TFSI] system; (b) one C2 molecule and (c,
d) two Li atoms at the edge of the SEI compact layer ; (e) one C2 molecule, (f) one Li atom and
C-N in the SEI core.
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with one Li atom (Figure 7b, e). Most of the related C—Li distances are close to each other, from
2.04 to 2.08 A. Only one of the distances is slightly shorter, 1.96 A.

Two of the three remaining C atoms form bonds only with one Li atom with the corresponding
length of 2.00 and 2.07 A, and the last C atom has 3 Li neighbors at 1.81, 1.94 and 2.06 A. Inthe
smaller system, the C atoms are bound only to one or two Li atoms. The C—Li RDFs are very
similar for the smaller and larger systems and have the first peak at ~2.1 A (Figure 44, j).

The C atoms are evenly distributed through the SEI compact layer, unlike the smaller system,
where all C atoms were found at the compact layer edge (Figure 3). One of the C2 molecules and
two C atoms are at the edge (Figure 7b-d), while the other C2 molecule along with C—N and one
C atom occupy positions in the SEI compact layer core (Figure 7e, f). We consider this retention
of C2 bonds for the larger system is because the simulation time is only 164 ps. For the smaller
system it required 450 ps to fully atomize the system.

The vibrational spectrum of the Li/TFSI systems. For further description of the systems, we
calculated the vibrational density of states, DoS(v), for all atoms together and for each sort of
atoms in the smaller (Figure 8a) and larger (Figure 8b, c) Li/TFSI systems at 400 K and 1 atm.
The power spectrum was determined using the 2PT methodology.>>*° In this methodology, the
DoS(v) is computed from the Fourier transform of the velocity autocorrelation function. The broad
peaks from 0 to 1000 cm™! indicate interatomic modes of particles, which can be described as
hindered translational modes. The higher frequency modes (>1000 cm) correspond to
intramolecular vibrations. The inset of Figure 8a provides a closer view and shows that there is no
additional peak at larger frequencies (> 1000 cm) for the smaller system (83Li/2[TFSI]).
However, for the larger system (164Li/4[TFSI]), there is clearly a peak around 1800-1900 cm™!
(see the inset of Figure 8b). This peak is associated with formation of C2 which is agreement with
experimental data.*’ In Figure 8c, we further analyze the nature of the second peak by computing
the DoS(v) for C-N interactions. To do this, we first calculate the DoS(v) for a group containing
all of C and N atoms and then subtract from it the DoS(v) for C and the DoS(v) for N atoms. The
results show that comparing to the total DoS(v), there is a negligible formation of C-N and N2 and

1.2 a3
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F [ F o —
1 L g { 028 P
N £ 1 N C-N
= o = | C ) =
§ 08 s [5 | 5 E o2
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Figure 8. (a) Vibrational density of state functions, DoS(v), for the smaller 83Li/2[TFSI] system
at 400 K and 1 atm during the 673 to 723 ps time interval. The broad first peak shows the
translation mode of each species in the system. There is not any peak for larger vibrational
frequency. (b, ¢) DoS(v) for the larger 164Li/4[TFSI] system at 400 K and 1 atm during the 144
to 164 ps time interval (b) for each sort atom separately and (c) for all atoms together and for C,
N, and C-N. The broad first peak in (b) shows the hindered translation intermolecular modes for
each species. The negligible peaks of C-N and N around 1800-1900 cm™ in (c) show that the
second peak is mainly associated with the C-C intramolecular interaction.
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therefore the second peak is predominately due to Cz formation in the larger system. We think that
these modes would disappear, if the DFT-MD for the larger system would be extended over 450
ps.

In conclusion, we predicted the atomistic structure of the SEI for Li and [Pyri14][TFSI] ionic
liquid at 400 K, using DFT-MD. Two systems were studied: 83Li/2[TFSI] (113 atoms) and
164L1/4[TFSI] (224 atoms), for simulation times of 723 ps and 164 ps, respectively. The thickness
of the obtained SEI compact layer in both systems is ~10 A, which is in good agreement with the
earlier made estimation.!”

In the smaller system, the TFSI anions were completely decomposed during the first 450 ps of
the 723 ps DFT-MD, with all E, S, O, N, and C anions atomized and oxidized by Li atoms. Here
all C atoms occupy positions at the edges of the SEI compact layer. The distribution of the elements
in the SEI compact layer is non-homogeneous. Some of them, such as Li and O, are almost evenly
spread through the SEI compact layer, while the others, such as C and N, occupy positions at the
edge of the SEI compact layer close to the Li-metal.

The main difference between the SEIs in the larger and smaller Li/TFSI systems was found for
the C atom environments. Two C2 molecules and one C—N group were observed only in the larger
system. We think that this difference might be attributed to the insufficient simulation time of 164
ps for the larger system and would disappear at the simulation time over 450 ps.

To design the SEI with improved characteristics, it is required to determine the structure-
property relationships. However, direct probes of the SEI structure and properties using
experimental techniques are hardly possible, because of the thinness of the SEI and presence of
other components of the system. Thus, the SEI structure-property relationships still remains largely
unknown. The results on the SEI structure in the Li/IL system, reported in our paper, gives an
opportunity to start identifying these relationships at the atomistic level.

Full DFT-MD on such systems for over 700 ps is an enormously long calculation, far too
expensive for routine studies. The important lesson is that with sufficient Li available and sufficient
time, the TFSI was fully decomposed with only Li in the first coordination even for C. Such
calculations are far too expensive for full simulation of the charging and discharging of a battery
where we need a realistic concentration of Li in the ionic liquid with examination of electric field
driven diffusion. For such studies we need to develop a Reactive force field, such as ReaxFE.*!
Our DFT-MD calculations now set the stage for detailed training of the reactive FF needed for MD
simulations on larger Li/IL models closer to realistic systems. We have now initiated these
developments.

Computational methods and model building. To determine the dynamics of formation and
properties of the SEI at equilibrium density, we performed DFT-MD simulations using the Vienna
Ab Initio Simulation Package (VASP)**** which implements the projector augmented wave (PAW)
method for DFT. For all DFT-MD simulations, we use the Perdew-Burke-Ernzerhof generalized
gradient approximation (GGA-PBE)* with the D3 (Becke-Johnson) empirical corrections*®*’ for
long-range pairwise van der Waals attractive forces (approximating the London dispersion). This
PBE-D3 level of DFT has been validated for several molecular systems, including DFT-MD
simulations of metal-organics and Li-ion battery interfaces in particular.?”-28:48-50

The energy cutoff for the plane-wave basis expansion was chosen at 500 eV, which was verified
to provide converged forces by a test calculation at 600 eV. For the bulk Brillouin zone integration,
a ['-centered k-point mesh was used in all DFT-MD simulations within the supercell. A conjugate
gradient algorithm was employed to relax the ion positions to obtain initial optimized structures.
The initial velocities of the DFT-MD were chosen from the Maxwell-Boltzmann distribution with
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a temperature of 20 K. The temperature during DFT-MD was maintained using a Nose-Hoover
thermostat. We increased the temperature from 20 to 400 K within 1 ps, and then kept the
temperature constant at 400 K in all our DFT-MD simulations. According to experimental results,’*
the higher the temperature, the faster SEI formation in Li/[Pyri4][TFSI]/Li cells. The DFT-MD
computation is extremely resource-demanding and the increased temperature, 400 K, is selected
in order to accelerate the chemical reactions leading to the SEI formation, which enabled to
decrease the time of our simulations.

The temperature fluctuations were within the interval of 350-450 K, with an RMS deviation of
~50 K. The integration time step was 1 fs.

The VASP code outputs the time evolution of the total energy of electrons and ions without
kinetic energy of ions E(t), kinetic energy of ions EX(t), virial contribution to the pressure from
the forces on electrons and ions p*(t), and the kinetic pressure contribution of ions piki“(t)
estimated from the ideal gas correction. At the equilibrium state of the simulated systems, its
thermodynamic properties are obtained by averaging over the time with corresponding estimate of
the statistical RMS errors.

In order to determine the equilibrium SEI structure for the Li/IL interface, we started with a
system containing five layers of the Li(100) surface, each with 16 Li atoms, and four units of
[Pyr14][TFSI] in a cell box with a = b = 13.7595 and ¢ = 22.0000 A (Figure S5a in Supporting
Information). Using DFT-MD, we optimized this system, heated it to 400 K, and equilibrated at
400 K for ~30 ps using the NVT ensemble. During this equilibration, the [Pyri4] cations remained
stable and moved away from the Li surface, whereas the [TFSI] anions reacted with the Li surface
and decomposed. Since the [Pyri4] cations did not participate in the SEI formation, we exchanged
them with Li atoms. The vacuum, formed after the extraction of the [Pyri4] from the system, was
removed so that the final Li/4[TFSI] system used consisted of 84 Li atoms and 4 [TFSI] anions,
totaling 144 atoms, with a cell box of a=b=12.3465 and c = 11.5127 A. As the reactions of [TFSI]
with Li proceeded, the density increased due to formation of new bonds leading to a significantly
decrease in the total pressure. To keep the equilibrium state with pressure of ~0 GPa, the ¢
parameter of the cell dimensions was continuously readjusted as the calculations proceeded.

After 150 ps DFT-MD simulation on the 84Li/4[TFSI] system at 400 K, we found that two
[TESI] anions were completely decomposed and the corresponding F, O, N, and S atoms were
oxidized with Li atoms, while the two remaining [TFSI] were only partially decomposed with such
fragments as N—S—C and N-S that did not react further. We assumed that probably 80 Li atoms
might be insufficient to complete decomposition reactions of 4 [Li][TFSI]. So, 5 additional layers
of Li (80 atoms) were added (Figure S5b in Supporting Information) and the DFT-MD method
was continued for another 164 ps to obtain a fully reacted [Li][TFSI] next to the Li electrode. This
included 8 C, 24 F, 4 N, 16 O, 8 S, and 164 Li atoms, totaling 224 atoms with a Li:TFSI ratio of
41:1, with a cell box of a = b =11.5542 and ¢ = 22.4420 A.

We also built a second Li/TFSI system with 81 Li atoms and 2 [Li][TFSI] molecules, 113 atoms
totally (Figure S5c in Supporting Information), leading to a similar Li:TFSI ratio of circa 41:1.
After readjustment and optimization of this system, the cell box dimensions, corresponding to
approximately 0 GPa pressure, were a = b = 10.080 and ¢ = 14.200 A.

We used the 2PT methodology>* to calculate the vibrational density of the states, DoS(v), for
all atoms. The 2PT methodology obtains accurate entropy and free energy information from short
(~20 ps) dynamics, allowing for analysis during reactions and phase transitions. The 2PT approach
uses the Fourier transform of the velocity autocorrelation function to obtain the power spectrum
DoS(v) which is corrected for diffusional contributions and then used to calculate the
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thermodynamic properties by applying quantum statistics. We use 2PT to predict thermodynamic
properties across interfaces.

Supporting Information

Evolution of the interface structure during the simulations; pair radial distribution functions
(RDFs); relative Li concentration along the z-direction; the initial system models.
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