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ABSTRACT: Electrolytes, consisting of salts, solvents, and additives, must form a MD + E> DFT + Electrolyte
data analyses reduction and

stable solid electrolyte interphase (SEI) to ensure the performance and durability ~ EDL statistics
of lithium(Li)-ion batteries. However, the electric double layer (EDL) structure
near charged surfaces is still unsolved, despite its importance in dictating the
species being reduced for SEI formation near a negative electrode. In this work, a
newly developed model was used to illustrate the effect of EDL on SEI formation
in two essential electrolytes, the carbonate-based electrolyte for Li-ion batteries
and the ether-based electrolyte for batteries with Li-metal anodes. Both electrolytes
have fluoroethylene carbonate (FEC) as a common additive to form the beneficial
F-containing SEI component (e.g, LiF). However, the role of FEC drastically
differs in these electrolytes. FEC is an effective SEI modifier for the carbonate-based electrolyte by being the only F-containing
species entering the EDL and being reduced, as the anion (PF4~) will not enter the EDL. For the ether-based electrolyte, both the
anion (TFSI”) and FEC can enter the EDL and be reduced. The competition of the two species within the EDL due to the surface
charge and temperature leads to a unique temperature effect observed in prior experiments: the FEC additive is more effective in
modulating SEI components at a low temperature (—40 °C) than at room temperature (20 °C) in the ether-based electrolyte. These
collective quantitative agreements with experiments emphasize the importance of incorporating the effect of the EDL in
multicomponent electrolyte reduction reactions in simulations/experiments to predict/control the formation of the SEI layer.
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1. INTRODUCTION controlling the formation and growth of the nanometer-thick
SEI films by electrolyte design remains critically challeng-
ing.M_19 It is even more challenging on Li-metal electrodes,
where the electrolyte reduction reactions and Li deposition are
intertwined.”” The reduction products of the electrolytes form
the SEI layer, whose composition, heterogeneity, and thickness
largely determine the Li-plating and stripping processes and
thus the cycling performance.

Modeling of electrolyte reduction has provided tremendous
atomistic insights into SEI formation processes, especially in
light of the lack of direct experimental observations.'* Density
functional theory (DFT) calculations of electrolyte species
(salt, solvent, and additive) in the gas phase or with an implicit
solvation model have revealed both the thermodynamics and
kinetics of reduction processes,”' " which have confirmed
some of the reaction mechanisms deduced from experimental
data.”®* Ab initio molecular dynamics (AIMD) simulations
based on DFT became feasible for relatively large systems with

The increasing global energy demand’ and the pressing need
to reduce fossil fuel consumption® require further clean
technology development including the improvement of energy
density beyond that of lithium (Li)-ion batteries. The
development of higher-energy-density electrode materials for
Li-ion batteries is closely coupled with the design of
electrolytes,” as the design of electrolytes requires optimizing
bulk transport properties as well as the interface/interphase
with the electrodes. A typical liquid electrolyte is a liquid
mixture of salts, solvents, and additives.* ® These components
jointly determine the electrolyte bulk properties and the
electrode—electrolyte interface,” where a solid electrolyte
interphase (SEI) layer is formed by electrolyte reduction on
the negative electrode (oxidation on the positive electrode).
Constructing a robust and eflicient SEI layer with electron
resistance, fast ion transport, structural uniformity, and
mechanical conformality on deforming electrodes is critical
for avoiding dendrite growth and dead Li and for improving
Coulombic efficiency.””"" The SEI layer is a multifunctional
nanocomposite—an inorganic inner layer (such as Li,CO,,
LiF, and Li,O) near the electrode/SEI interface and an organic
outer layer (such as lithium butylene dicarbonate and lithium
ethylene dicarbonate) near the SEI/electrolyte interface.'*"?
Despite tremendous experimental and modeling efforts,
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the advancement of supercomputers.’’ A series of reaction
events were tracked within several picoseconds at the
electrode/electrolyte interfaces using AIMD simulations.”' ™
Nevertheless, the high costs of DFT-based calculations still
limit the simulation size and time scale, so the electrolyte is
often simplified to ion pairs in several solvent molecules and
the long-range diffusion in the electrolyte is ignored. To
address this issue, classical MD techniques with conventional
or polarizable force fields have been developed to simulate the
bulk electrolytes or the hybrid electrode/electrolyte systems,
through which electrolyte structures and solvation environ-
ments have been extensively investigated.”*™>® However, these
MD simulations did not provide the details of electrolyte
reduction reactions. Recently, two multiscale modeling
methods were developed. Presampled reduction reaction
pathways of solvent molecules coordinated with or without
ions served as input for both the kinetic Monte Carlo (KMC)
method and/or MD simulations to track chemical reactions
and SEI formation in a longer time scale.”* ™" In these
simulations, the electric potential on the electrode was used to
determine the reduction reactions, but their impact on the
electrolyte structure was not included.

It is well known that ions in the electrolyte will redistribute
near charged surfaces, forming the so-called electrical double
layer (EDL) structure, which is different from the bulk
electrolyte and varies as a function of the potential on the
electrode. Furthermore, the electric potential on the electrode
can reorient the polarizable solvent molecules, such as ethylene
carbonate (EC).*” Since the SEI layer is mainly formed by
electrolyte reduction reactions,*** they should be sensitive to
the electrolyte structures within the EDL that are subject to an
external electric field. However, the impact of the EDL on SEI
formation has been rarely considered in the literature.*~** As
mentioned before, previous simulations mainly reported
reduction reactions of simple solvent or Li*-coordinated
solvent species without consideration of the EDL structures
under the electric field for investigation of those reduction
reactions.”>**729*752 Therefore, it is critical to gain atomistic
insights into the reduction reactions of the electrolyte species
in the EDL to help predict and control the formation of the
SEI layer as well as the Li-plating morphology.*

In this work, instead of taking DFT results as input to MD
or KMC models, we feed MD-predicted EDL structures into
DEFT calculations. Specifically, MD simulations, which can deal
with thousands to millions of atoms, are first used to capture
the dynamics and statistics of the EDL structures of a realistic
multicomponent electrolyte. Then, DFT calculations are used
to compute the reduction potentials of the electrolyte species
found in the EDL. Finally, the DFT-calculated reduction
potentials of the Li*-coordinated clusters and free electrolyte
species (without coordination to any Li* ions) and their
occurrence probabilities are ranked to show the sequence of
reduction reactions while the potential on the electrode is
lowered. The statistical representation of the reduced electro-
lyte species can be directly correlated with the SEI components
observed in experiments.

We have applied this new interactive MD-DFT-data model
to two types of essential multicomponent electrolytes, the
carbonate-based electrolyte and the ether-based electrolyte,
motivated by their applications for graphite and Li-metal
electrodes, respectively. The carbonate-based electrolyte for
typical Li-ion batteries consists of a 1 M concentration lithium
hexafluorophosphate (LiPF;) salt dissolved in the mixed
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ethylene carbonate (EC) and ethyl methyl carbonate (EMC)
solvent.” However, it fails to be compatible with Li-metal
anodes due to severe side reactions and the formation of a
heterogeneous and unstable SEI layer, which results in
whisker-shaped Li dendrite growth and short cycle life.”’
Ether-based electrolytes, such as the mixed 1,3-dioxolane
(DOL) and 1,2-dimethoxyethane (DME) solvent together
with the lithium bis(trifluoromethanesulfonyl)imide (LiTFSI)
salt, show improved compatibility with the Li-metal
anode®* ™’ owing to the better reductive stability of the
ether solvent.’*~°° In these electrolytes, fluoroethylene
carbonate (FEC) is a common additive. The role of additives
in SEI formation remains a mystery. However, the first
question that needs to be addressed is whether the additive can
enter the EDL and participate in the SEI formation process.

Recognizing the complexity of the SEI composition,
structure, and properties, we will first focus on the F-containing
component, as many recent studies have correlated LiF-rich
SEI with improved cyclability for Li-metal electrodes.’’ ™%’
First, LiF is thermodynamically stable on a Li-metal surface,
while Li,CO; can be further reduced to Li,0.% According to
DFT calculations, LiF can block electron tunneling more
effectively than Li,CO;.*” Crystalline LiF is not a good Li-ion
conductor,”’ but it can increase Li-ion conductivity when
combined with Li,CO; by forming a space charge layer.”'
Experimentally, the ex situ-formed LiF SEI layer showed higher
overpotential for Li-plating, but the regenerated LiF-containing
SEI from the liquid electrolyte plays a more critical role in
protecting the Li-surface.”® Therefore, it is reasonable to
conclude that LiF-rich SEI formed from liquid electrolyte
reduction reactions can be thermodynamically stable, mechan-
ically repairing, electronically insulating, and ionically con-
ductive. Compared to Li,O and Li,CO;, which are inevitable
on the Li-metal surface when it is exposed to air, LiF can only
form due to electrolyte decomposition. Therefore, we
especially focus on the three components that can contribute
to LiF formation, namely, PF4~ and TFESI™ anions as well as the
FEC additive. Their involvement in the EDL and SEI
formation will be compared in these two electrolyte systems.
To focus on the role of EDL, we did not track the dynamics of
SEI formation. The initial formation of SEI can gain many
insights from modeling;47 however, the accumulation of the
nanometer-thick SEI is beyond the current modeling
capability.*” Since many intermediate species may eventually
reduce to the thermodynamic stable phases on Li-metal, we
consider that the species within the EDL that can be reduced
above Li-metal reduction potential will be eventually converted
to the stable SEI component, such as LiF.

The rest of the paper is organized as follows. First, we give a
description of computational details of the interactive MD-
DFT-data model, including MD simulations of bulk electro-
lytes, MD simulations of the EDL with interface models, DFT
calculations of reduction potentials as well as data statistics for
electrolyte reduction in the EDL. Then, we discuss the EDL
structures and reduction reactions for the carbonate-based
electrolyte, 1.0 M LiPF;@EC:EMC, as well as how FEC tunes
the reduction of the EDL and SEI formation. After that, we
discuss the EDL structures and reduction reactions for the
ether-based electrolyte 0.9 M LiTFSI@DOL:DME. Finally, we
discuss how FEC tunes the electrolyte reduction within the
EDL and SEI formation for the ether-based electrolytes at both
room and low temperatures and provide new insight into the
temperature-dependent FEC additive effect.
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Figure 1. Scheme of the MD-DFT-data interactive model proposed in this work to investigate the effect of the EDL on electrolyte reduction and

SEI formation.

2. METHODOLOGY

The scheme of our interactive MD-DFT-data model is shown
in Figure 1. Five main steps of the modeling are: (1) MD
simulations of bulk electrolytes to calibrate the force field
setting; (2) MD simulations of the EDL structure with
interface models; (3) statistical analysis of Li*-coordinated
solvation clusters and free species in the EDL; (4) DFT-
calculated reduction potentials and pathways for the
representative structures in EDL; and (S) combining the
EDL statistics and DFT results to obtain the statistics of the
reduced species, average reduction voltage, SEI components,
and SEI formation mechanism.

2.1. MD Simulations of Bulk Electrolytes. All MD
simulations were carried out through the Forcite module as
implemented in Materials Studio (MS) 2020.”> The
COMPASS TII force field”? was used along with optimized
atom types and charges (see the Supporting Information (SI)
and Figure S1 for details). A charging scaling of 0.7 is used for
the cation (Li*) and anions since (1) it shows a good balance
between cation—anion and cation—solvent interactions when
compared to DFT-calculated binding energies (Figure S2) and
(2) it gives accurate estimations of the electrolyte densities and
Li* ion conductivities (Figures S3—S6) when compared to
previous theoretical and experimental values.****°"7* The
atomistic model for the carbonate-based electrolyte was
constructed to be ~1.0 M LiPF, salt dissolved in the mixed
solvent composed of 30 vol % EC and 70 vol % EMC. The
atomistic model for the ether-based electrolyte was constructed
to be ~0.9 M LiTFSI salt dissolved in the mixed solvent
composed of 80 vol % DOL and 20 vol % DME. Both
electrolytes have FEC as an additive with a volume increase of
less than 10% (see Li* concentrations for different electrolytes
in Figures $3—S6).

2.2. MD Simulations of the EDL Structure. An interface
model, as shown in Figure 1 (as an inset), was used to obtain
the EDL structures. The interface model consists of two
graphene electrodes, an electrolyte that contains the same
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number of electrolyte species as those for bulk simulations, and
a vacuum layer. The x- and y-dimensions of the periodic
simulation cells are 25.6 A X 27.1 A. The electrolyte thickness
between the two graphene electrodes thickness is ~100.0 A,
obtained through equilibration simulations, which is large
enough to ensure bulk electrolyte behavior in the middle
region.”> The graphene electrodes were fixed for the
subsequent simulations. They are negatively (left) and
positively (right) charged and termed as anode and cathode,
respectively. The vacuum layer is more than 3 times thicker
than the electrolyte layer to eliminate the artificial image effects
from the periodic cells. Both previous simulations’® and our
tests showed that the vacuum space is large enough to produce
the correct number and charge density profiles and thus to well
describe the EDL structures. The SEI layer is not included in
the interfacial model to simulate the initial steps of SEI
formation,”” although its structure and chemistry will play a
role in the growth of thicker SEI layers.”””®

We applied a surface charge density of 6 = +0.6 e/nm’
which is determined as the surface charge (0.5—0.7 e/nm?) at
the electrochemical equilibrium condition for Li*/Li® in EC
based on DFT and density functional tight binding (DFTB)
methods.** Additional surface charge densities (0.0, +0.4,
+0.8, and +1.2 e/nm*) were also used to evaluate the effects of
charge densities on the EDL to mimic the charging processes
under different overpotentials. The surface charge is evenly
distributed in all of the atoms of the graphene electrodes,
which is a typical constant charge method, capturing a locally
flat electrode surface in a one-dimensional EDL model.””””*~*’

2.3. EDL Statistical Analysis. For each simulation (more
details in the SI), the interfacial system was equilibrated for 2.0
ns under the NVT ensemble under uncharged conditions and
then for 4.0 ns under each charge density condition followed
by a production run for another 4.0 ns, whose trajectory was
taken for statistical analyses. In this work, the EDL is defined as
the region within 10.0 A from the surface of the negatively
charged graphene electrode.*” A species was considered to be
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located within the EDL if any of the atoms of the species was
in the EDL (a distribution near the negatively charged surface
is shown as an inset in Figure 1). Since the Li* coordination
can increase the reduction voltage of a solvent species
dramatically,”* we analyzed the statistics of the electrolyte in
the EDL in terms of (a) solvents/anions coordinated with Li*
in the first solvation shell and (b) free solvent/anions species
(not coordinated to any Li*).

2.4. DFT Calculations of the Reduction Voltages. Each
Li*-coordinated cluster (typically containing three to five
solvent molecules and/or anions/additives) and free species
(anion, solvent, or additive molecule) within the EDL was
considered as an independent electron-capturing center that
can be reduced. These local molecular structures are taken as
input for DFT calculations to reoptimize the molecular
geometry, followed by calculations of the reduction potential
with an implicit solvation model. All DFT calculations were
conducted using the Gaussian 09 code.** The double hybrid
functional M06-2X" and the basis set 6-31+G(d,p) along with
the D3 dispersion correction®® were used. The SMD®’
solvation model was used to account for the solvation
environment. The dielectric constants were set to € = 20.5
for the carbonate-based electrolytes®>®® and & = 7.2 for the
ether-based electrolytes.”” The reduction potential with respect
to (wrt) Li*/Li® was calculated using the equation E(vs. Li/
Li*) = —AG/F — 1.4, where AG is the Gibbs free energy
change for the one-electron reduction reaction and F is the
Faraday constant. The Gibbs free energy change was calculated
as the difference between the Gibbs free energies of the
reaction products and those of the reactants.

2.5. Statistical Representations of the SEI-Forming
Species and Averaged Reduction Voltage. In the current
model, the probability for reduction reactions due to electron
tunneling as a function of the distance to the electrode
surface” was not yet considered for simplicity. We first
consider which species in the EDL can be reduced. For the
EDL structure, we have used molecule-based counting. For the
onset of electrolyte reduction reactions, we used one-electron
reduction-center-based counting. This means that each Li'-
coordinated cluster was counted as one and the number of
each Li*-coordinated cluster type, N, sums to the total number
of Li* ions, Ny; = YN, A cutoff of 2.8 A was used** to
determine whether a Li" ion is coordinating with the O, F, and
N atoms in the anion, solvent, or additive molecules. Each free
species was counted as one, and the number of each species
type, Nj, sums to the total number of free species, Ny = YN,
Thus, the SEI formation probability for each Li*-coordinated
cluster, i, is P, = N,/(Ny; + Nj), while the SEI formation
probability for each free species, j, is calculated as P; = N,/ (Ny;
+ Np).

Furthermore, we can define an average reduction potential
for the multicomponent electrolyte as E,,. = Y.,P.E; + ZjP}-E}-,
where E; and E; are the corresponding reduction potentials of
the Li*-coordinated cluster and free species, respectively. This
simplification can serve as an input for continuum-level
electrochemical simulations, such as the phase-field model, to
quantitatively predict the SEI growth and Li-plating—stripping
morphology.

Another statistical information we can obtain is the SEI
components. We consider each reducible species (with a
positive reduction potential with respect to Li*/Li’) will
eventually be converted to SEI after a series of reduction
reactions. Therefore, an atom-based counting of the F, C, and
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O species can be obtained to compare with atomic
concentrations in the SEI layer reported in experiments.’’

3. RESULTS AND DISCUSSION

3.1. Statistics of the Solvent, FEC Additive, and Anion
in the Solvation Shell of the Bulk Electrolytes. Before
assessing the interfacial solvation structures in the EDL, the Li*
ion solvation behaviors were first analyzed in the bulk
electrolytes. Four electrolyte systems were investigated in this
study, namely, the carbonate-based electrolyte (ie, ~1.0 M
LiPFq salt in the mixed EC and EMC solvent) and ether-based
electrolyte (i, ~0.9 M LiTFSI salt in the mixed DOL and
DME solvent) as well as the two electrolytes with FEC as an
additive (see Figures S3—S6 for details).

Based on the average coordination numbers (CN) of each
species in the Li* ion solvation shell, it can be seen that EC
molecules contribute the most to the first solvation shell of Li*
ions (average 2.26 out of 4.37 coordination number, CN),
followed by EMC molecules (average 1.76 out of 4.37 CN) in
the LiPF,@EC:EMC electrolyte (Figure S3). This reveals the
coordination preference of cyclic over linear carbonate
molecules to Li" ions, which is consistent with previous
experimental measurements’' and theoretical findings.”” In
addition, the LiPF salt is found to be mostly dissolved in the
mixed EC and EMC solvent considering the small contribution
of the PF¢~ anions to the Li* solvation shell (Figure S3).

In the LiTFSI@DOL:DME electrolyte (Figure SS), DME
molecules (average 1.65 out of 3.37 CN) contribute the most
to the first solvation shell of Li* ions, followed by almost equal
contributions by TFSI™ and DOL, corroborating previous ab
initio molecular dynamics study.”’ The cation—anion coordi-
nation in the ether electrolyte becomes more significant than
that in the carbonate-based electrolyte due to the smaller
dielectric constant and less solvating ability of ether-based
solvents, which is favorable for the appearance of contact ion
pairs and thus the formation of anion-induced SEI
components.6

Although FEC has been used as an additive to promote the
LiF component in SEI,64’93 FEC participates in the Li*-ion
solvation structure differently in the carbonate-based and
ether-based electrolytes based on the solvation structure
analyses. In the LiPF;@EC:EMC electrolyte, the solvation
shells with the highest probabilities include Li*-2EC-2EMC,
Li*-3EC-EMC, Li*-3EC-2EMC, and others (Figure S3e). After
FEC is added to form the LiPF4@EC:EMC:FEC electrolyte,
part of the solvation shell is replaced by FEC, but the top two
solvation structures remain the same (Li*-2EC-2EMC and Li*-
3EC-EMC) (Figure S4e). In contrast, the top two solvation
shells (Li*-TFSI"-2DME and Li*-2DME-DOL) with the
highest probabilities in LITFSI@DOL:DME (Figure SSe) are
replaced by Li*-2DME-FEC and Li*-TESI"-DME-DOL-FEC
after FEC is added (Figure S6e). The difference is caused by
the relative binding energies to a Li" ion, which ranks as Li*-
TFSI™ > Li*-PF,~ > Li*-EC > Li*-FEC ~ Li*-EMC > Li*-DME
~ Li*-DOL (Figure S2). Therefore, FEC penetrates more into
the DME-dominated solvation shells in the ether-based
electrolytes than the EC-dominated solvation shells in the
carbonate-based electrolytes.

3.2. EDL Structure and SEI Formation of the
Carbonate-Based Electrolytes. 3.2.1. Statistics of the
EDL Structures in the LiPF;@EC:EMC Electrolyte with and
without FEC. The characteristics of the EDL are clearly seen
from the fluctuation of the electrolyte charge densities (Figure
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Figure 3. Probability distributions of the solvation structures in the first solvation shell of Li* ions within the EDL (10.0 A from the negatively
charged graphene electrode) under different graphene electrode charge densities: (¢ = 0.0, 0.4, £0.6, +0.8, and +1.2 ¢/nm?) for the (a) LiPF,@
EC:EMC and (b) LiPF;@EC:EMC:FEC electrolytes. Those solvation shell structures with the highest probabilities that accumulate up to 90% are
shown with their reduction potentials (indicated by color coding), while the rest is labeled with “Other” (in gray).

S7) for the carbonated-based electrolytes under different
surface charge densities of the graphene electrode. The
electrolyte charge densities start converging to zero as the
distance gets beyond 10.0 A, indicating the thickness of the
EDL.

The numbers of the electrolyte species in the EDL for the
carbonate-based electrolytes are summarized in Figure 2a,b
(following molecule-based counting). Within the EDL near the
negatively charged surfaces, not only do the number of Li* ions
increase with the charge density on the electrode, but also the
numbers of solvent (EC and EMC), additive (FEC), and anion
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(PF¢") species vary with the surface charge, highlighting the
importance of considering the reduction reactions of the
electrolyte species within the EDL. In general, the number of
free solvents decreases and that of Li*-coordinated solvents
increases with more negative electron density on the electrode
surface. The nonmonotonic change of EC in the EDL is mainly
due to the first solvation shell change on charged surfaces.
Figures S8 and S9 further showed the spatial distribution of
each species within the EDL. The Li* ion density peak
becomes more prominent with more negative charges on the
surface, and the peak position also gets closer to the surface.
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Two layers of Li* ions are within the 10.0 A thick EDL. The
first-layer Li* ions are at a distance of ~2.0 A and the second-
layer Li* ions are at ~8.0 A from the negatively charged surface
(Figure S8). Figure S9 shows that the coordination numbers of
different species around the first-layer Li* ions vary with the
surface charge density, while the coordination environments of
the second-layer Li* ions remain constant. It is important to
notice that when the graphene electrode is not charged, the
total Li* coordination number to O/F is ~4.4, with the largest
contribution from EC, close to that obtained for the bulk
electrolytes (Figures S3 and S4). When the graphene electrode
is negatively charged, the total coordination number of the
first-layer Li* ions decreases as they lose part of the solvation
shell when getting closer to the negatively charged surface. The
loss mainly comes from the loss of EC in the first solvation
shell and thus, EMC starts dominating the Li* solvation shell.
This is because EMC is less polar than EC, whose oxygen
atoms are repelled away from the negatively charged surface.

3.2.2. Reduction of the LiPF;@EC:EMC Electrolyte in the
EDL with and without FEC. As we discussed above, the EDL
presents complicated local structures that can dramatically
change the reduction voltage and the composition and
morphology of the SEI layer. With increasing surface electron
densities on the electrode, more than half of the electrolytes in
the EDL are coordinated with Li*-ions (e.g, Figure 2a). These
Li*-coordinated species are represented as Li-ion solvation
clusters (in Figure 3) for DFT reduction potential calculations.
The percentage of each Li*-coordinated cluster within the EDL
is represented as the area in Figure 3. All of the computed Li*-
coordinated clusters accumulate to 90% of N;;. The reduction
potential for each cluster is color-coded in Figure 3. With
increasing negative charge density on the electrode, the Li*-
coordinated clusters become smaller (also shown in Figure
S9), and these smaller clusters tend to have higher reduction
voltages. One would expect that at a lower voltage
(corresponding to a more negatively charged surface), the
EDL layer will favor more reduction reactions.

With increasing electron densities on the electrode, fewer
free species appear in the EDL. The free species in the
carbonate-based electrolyte, EC, EMC, and FEC, can be
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reduced above zero voltage, but free PF4~ will not be reduced
according to the computed reduction voltage (Figure S10).
The well-studied EC has a cyclic shape and will be referred to
as c-EC in the following discussions.”® It is energetically
favorable for c-EC to open its ring upon reduction by breaking
the bond that connects ethereal oxygen (Op) and ethereal
carbon (Cg),”” and to form the ring-opened EC anion (o-
EC™).”° EMC has a reduction potential that is close to that of
EC, as the DFT-calculated reduction potentials are 0.86 and
0.70 V vs. Li*/Li® for c-EC and EMC, respectively (Figure
S10), consistent with literature results.”**° Free FEC has a
slightly higher reduction potential (1.10 V wvs. Li*/Li%)
compared to c-EC and EMC.

As both Li'-coordinated clusters and free species can be
reduced and contribute to SEI formation in LiPF;@EC:EMC,
their probability (defined as P; and P; in the methods section)
was plotted against their reduction potentials in Figure 4a. It is
seen that free EC and EMC molecules make the most
contributions to their abundance in the EDL. On the other
hand, the Li*-coordinated clusters will be reduced prior to free
EC and EMC molecules since they have generally higher
reduction potentials.”* This means as the electric potential is
lowered in SEI formation cycles (i, from higher to lower
values),” the Li*-coordinated clusters will be reduced first and
form the initial SEI layer. The contribution of the reduction of
Li*-coordinated clusters increases with a more negatively
charged graphene electrode that attracts more Li* ions.

We have further calculated average reduction potentials
based on the probabilities and the reduction voltage shown in
Figure 4 for both the LiPF;@EC:EMC and LiPF,@
EC:EMC:FEC electrolytes (Figure S11). The average
reduction potentials increase as the graphene electrode charge
density increases, being consistent with the general trend that
more Li*-coordinated clusters appear in the EDL with a more
negatively charged graphene electrode. The average reduction
potentials can be used as inputs for phase-field simulations to
quantitatively 6predict the SEI growth and Li-plating—stripping
morphology,”*™"* which is out of the scope of this work.

3.2.3. F-Containing SEI Species in LiPF;@EC:EMC with and
without FEC. The two F-containing species are PF¢~ and FEC
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in the carbonate-based electrolytes. Free PF,~ has a negative
reduction potential (—0.65 V vs. Li*/Li’, Figure S10), which
means it cannot be reduced, not to mention that it is mostly
expelled from the negatively charged electrode (Figures 2 and
S8). Although the reduction potential becomes positive by
forming one LiF molecule when PF¢~ is coordinated with a Li*
ion (eg, single LiPF, has a reduction potential of 1.08 V vs.
Li*/Li’, Figure S10), it barely contributes to reduction
reactions considering its very small occurrence probability
(orange bars in Figure 4a). Therefore, there will be no or little
F-containing SEI component from reduction reactions of the
LiPE,@EC:EMC electrolyte in the EDL. This also suggests
that the experimentally identified F-containing SEI compo-
nents can only come from the thermal decomposition of
LiPF” or chemical reactions triggered by the trace amount of
water, 100101

When FEC molecules are added to form the LiPF,@
EC:EMC:FEC electrolyte, they appear in the EDL (Figure 2b)
as both free FEC and Li"-coordinated FEC by replacing EC. It
is interesting to note that as the electrode surface becomes
more negatively charged, the amount of Li*-coordinated FEC
is less sensitive to the surface charge compared to EC and
EMC. As a result, its contribution to the SEI layer formation
becomes significant, as FEC shows up in many solvation shells
of the Li* ions in the EDL (Figures 3b and S9). FEC-
containing Li*-coordinated clusters also start making signifi-
cant contributions with a more negatively charged graphene
electrode (Figure 4b). Li*-coordinated clusters that contain
FEC have generally larger reduction potentials than their
counterparts without FEC additive and free species (Figures 3
and S10), which means they will be reduced prior to other
species.

Figure 5 shows the number of F atoms in the EDL that will
be reduced (assuming its fate is LiF within the SEI upon
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g 15 A —A— LiPFs@EC:EMC:FEC
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g 10 / \
ge | « X
8 \\\\ﬁ‘““*“—ﬁ
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Figure 5. MD-calculated number of F atoms in the EDL in the
LiPF;@EC:EMC (blue line and dots) and LiPF;@EC:EMC:FEC
(orange line and dots) electrolytes as functions of the surface charge
densities of the graphene electrode. Note that free PF,~ has a negative
reduction potential and thus its F atoms are not subject to the
reduction reaction and are not counted here.

reduction reactions) for both electrolytes with and without the
FEC additive. The nonmonotonic increase of F is mainly due
to the number of Li* and PF¢~ ion pairs showing a
nonmonotonic change with the surface charge, as more
negative charges will attract Li* but repel PF6™ in the EDL.
Overall, the LiPF;@EC:EMC:FEC electrolyte shows an
increased number of F atoms in the EDL than LiPF,@
EC:EMC without any additive. Therefore, FEC will greatly
promote the LiF component in the SEI, which will then
enhance the battery performance.®*
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3.3. Ether-Based Electrolytes: Temperature Effects of
the FEC Additive on Modifying the SEI Formation.
3.3.1. EDL Structures of the Ether-Based Electrolyte (LiTFSI@
DOL:DME) at Room Temperature. The electrolyte charge
density and number density profiles for the ether-based
electrolytes (LITFSI@DOL:DME and LiTFSI@DOL:DME:-
FEC) also show clear EDL characteristics with two layers of
Li* ions within the EDL (Figures S12 and S13). Figure 2c—f
shows the number of different species in the EDL as a function
of the surface charge density of the graphene electrode at room
temperature (20 °C) and a low temperature (—40 °C). Among
the free species, DOL molecules dominate due to their
abundance in the electrolyte (the volume ratio of DOL to
DME is set to 8:2 for consistency with prior experiments,®'
corresponding to a molar ratio of 6:1; see Figure SS).
However, the Li*-ion-coordinated DME has a much higher
percentage than the free DME in the EDL, as they are more
preferred in the Li*-ion solvation shell, especially in the bulk
electrolyte and when the surface charge is lower (¢ = 0.0 or
+0.4 e/ nmz). Figure S14 further calibrates that the Li* ion
solvation shell change with the surface charge density of the
graphene electrode and the DME/DOL coordination number
ratio decreases with more negative electron density on the
graphene electrode as the negative charge on the surface repels
DME more than DOL. Different from the PF,~ anion, the
TESI™ anion shows up in the EDL due to the strong ion
pairing between Li" and TFSI™ and the less polar ether-based
solvents. However, the number of TFSI™ in the EDL will
decrease with more negative charges on the electrode surface
due to repulsion. These EDL structures are the results of
balancing all of the interatomic interactions and electrostatic
interactions with the charged electrode surface.

3.3.2. Reduction Reactions and the FEC Additive Effect for
LiTFSI@DOL:DME at Room Temperature (20 °C). Following
the same computational procedure of evaluating the reduction
potentials of all of the species in the EDL in the ether-based
electrolyte reveals several important differences from the
carbonate-based electrolyte shown in Section 3.2. First, free
DME and DOL molecules, which make the most contributions
to the EDL structures, do not reduce on the Li-metal electrode
(with a negative reduction potential, —1.01 V for DME and
—0.43 V for DOL vs. Li*/Li’, see Figure $10). This means less
SEI will be formed in the DME-DOL mixed electrolytes.
Therefore, the Li*-coordinated clusters in the EDL of the
LiTSI@DOL:DME electrolyte will dominate the SEI for-
mation. Figure S15a,b shows the percentage of each
dominating Li*-coordinated cluster and Figure 6a,b shows
the probability (P;) distributions of all of the reducible Li*-
coordinated clusters against their reduction potentials for the
ether electrolytes (with or without the FEC additive) at room
temperature (20 °C). All F-containing free species (TFSI™ and
FEC) and almost all Li*-coordinated clusters (the exception is
Li*-3DME) have positive reduction potentials, indicating they
can be reduced once they show up in the EDL.

When FEC is added to form the LITFSI@DOL:DME:FEC
electrolyte, FEC replaces part of the solvation shell of Li* ions
(Figures 2 and S14). Both free FEC molecules and Li*-
coordinated clusters that contain FEC molecules make
significant contributions to reduction reactions in the EDL
(Figure 6b). In the meantime, the contributions by TFSI™ and
Li*-coordinated clusters that contain TFSI™ become much less
compared to the base electrolyte without the FEC additive
(LiTFSI@DOL:DME). As a result, there is no obvious gain in
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Figure 7. (a) Increases in the number of F atoms (upper panels), C atoms (middle panels), and O atoms (lower panels) in the EDL after adding
the FEC additive obtained from MD simulations conducted at a low temperature (—40 °C, blue solid lines) and room temperature (20 °C, red
dashed lines). Note that each TFSI™ has six F atoms, while each FEC has only one F atom. (b) Number of FEC molecules in the EDL for the
LiTFSI@DOL:DME electrolyte with the FEC additive at a low temperature (—40 °C) and room temperature (20 °C). (c) Number of Li* in the
EDL for the LITFSI@DOL:DME electrolyte at a low temperature (—40 °C) and room temperature (20 °C). (d) Number of TFSI™ ions in the
EDL for the LITFSI@DOL:DME electrolyte at a low temperature (—40 °C) and room temperature (20 °C). It is seen that both the number of Li*
ions and TFSI™ in the EDL at room temperature (20 °C) are larger than those at a low temperature (—40 °C). (e) Accumulated charges as
functions of distance from the negatively charged graphene electrode at different surface charge densities of the graphene electrode. It is seen that
the accumulated charge converges more quickly to zero at room temperature (20 °C), suggesting that the negative charge in the negatively charged
graphene electrode is screened by the EDL more efficiently at room temperature (20 °C) than that at a low temperature (—40 °C).

the number of F in the EDL (and thus LiF formed as an SEI number of C and O atoms in the EDL remains almost
component) by introducing the FEC additive at room unchanged after adding FEC at 20 °C, indicating that
temperature (20 °C) (Figure 7a).°’ In the meantime, the inorganic Li,O and Li,CO; and many other possible organic
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components in the SEI will vary little as well. As a result, the
battery cycling performance is expected to change little, as has
been observed in our previous experimental work.’'

3.3.3. FEC Becomes More Effective in Promoting LiF
Formation at a Low Temperature (—40 °C) for LiTFSI@
DOL:DME. Interestingly, the experimental study showed that
(a) the LiTFSI@DOL:FECDME electrolyte showed worse
cycling performance at low temperatures (<—20 °C)
compared to room temperature and (b) the FEC additive
becomes more effective in generating inorganic SEI and
improving performance at low temperatures (<—20 °C).°" To
understand this phenomenon, we have also conducted
interfacial simulations at a low temperature of —40 °C to
investigate the temperature effect on how the FEC additive
tunes the formation of the SEI layer. Figure 6¢,d shows the
probability distribution of species against their reduction
potentials for the LITFSI@DOL:DME electrolyte with or
without the FEC additive at —40 °C under different surface
charge densities of graphene electrodes. In the base electrolyte,
the number of TESI™ becomes much less near the negatively
charged graphene electrode at —40 °C (Figure 6¢) compared
to that at 20 °C (Figure 6a), in agreement with the poorer SEI
performance at —40°C. In the electrolyte with the FEC
additive, FEC still appears in the EDL (Figure 7b) despite the
lack of TESI” in the EDL, leading to enhanced SEI
performance. Therefore, the contribution of TFSI™ in the
EDL in the base electrolyte without the FEC additive
determines how effectively FEC can tune the formation of
LiF in the SEI layer.

Considering TFSI™ is repulsive with the negatively charged
graphene electrode, it can exist near the negatively charged
graphene electrode only because the negative charge of the
latter one is screened by the EDL. To be more specific, the
negative charge of the electrode is mostly screened by the Li*
ions in the EDL, considering that both solvent and additive
molecules are neutral. As shown in Figure 7c, the numbers of
Li* ions in the EDL at a low temperature (—40 °C) are
constantly smaller than those in the EDL at room temperature
(20 °C) at all surface charge densities of the graphene
electrode due to less desolvation of Li" ions from the bulk
electrolyte that dictates the interfacial processes at low
temperatures.loz_106 With fewer Li* ions in the EDL, less
TFSI™ comes to the EDL (Figure 7d) since the negative charge
of the electrode is screened less efficiently (Figure 7e). As a
result, there is only a smaller number of F in the EDL in the
base electrolyte at a low temperature (—40 °C), and FEC
becomes more effective in increasing the number of F in the
EDL (Figure 7a). In this context, the FEC additive becomes
more effective in promoting reduction reactions that can
eventually lead to LiF formation and enhance the SEI quality at
a low temperature (—40 °C). Note that the changes of C and
O atoms in the EDL are both little at a low temperature (—40
°C) as well (Figure 7a), further suggesting the significant role
of F in regulating the quality of the SEI layer and the
underlying role of EDL in determining SEI components.®”

4. CONCLUSIONS

In summary, we have developed an interactive MD-DFT-data
model to investigate the reduction reactions of multi-
component electrolytes within the EDL. First, MD simulations
based on a fine-tuned force field are conducted to capture the
structures and statistics in the EDL. Then, DFT calculations
are carried out to compute the reduction products and
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corresponding reduction potentials of the representative
species in the EDL. We have applied this new model to both
the carbonate-based electrolytes (LiPF;@EC:EMC) and the
ether-based electrolytes (LiTFSI@DOL:DME), which are
essential toward graphite and Li-metal electrodes, respectively.
Our model demonstrates that the SEI formed in ether-based
electrolytes is mainly from the Li-ion-coordinated solvents and
anions, while the SEI formed in the carbonate-based electrolyte
comes from both cation-coordinated and free solvents but not
anions. FEC is considered an additive for both electrolyte
systems. We found that FEC can enter the EDL region in the
LiPF;@EC:EMC electrolyte. In addition, free FEC and FEC-
containing Li*-coordinated clusters prefer to be reduced prior
to EC and EMC, which thus benefits the formation of LiF and
thus the SEI quality. For the ether-based electrolyte, LITESI@
DOL:DME, at room temperature (20 °C), the FEC additive
replaces the existing TFSI™ in the EDL, and it does not lead to
an obvious change of the F amount in the EDL. Thus, the LiF
formation and SEI quality will be expected to change slightly.
However, at a low temperature of —40 °C, only a very small
amount of TESI™ can be found in the EDL in the pristine
electrolyte without FEC due to fewer Li* ions in the EDL that
can screen the negative charge of the graphene electrode. Thus,
when FEC is added, the amount of F in the EDL is
significantly increased, which will possibly lead to more LiF
formation in the SEI This has clearly explained our previous
experimental finding that FEC becomes more effective in
promoting LiF formation at low temperatures. These collective
agreements with experiments emphasized the importance of
incorporating the EDL structure in SEI design, as just
considering the bulk electrolyte compositions is insufficient.

The current model simplified the SEI formation process,
which can be expanded within the simulation framework
shown in Figure 1. For example, reorganization energies can
also be computed in the DFT step and the data analysis will
include reduction reaction kinetics to derive the SEI species.
Furthermore, the DFT model can be replaced by AIMD
simulations to determine the decomposition reaction inter-
mediates. It is also possible to couple the AIMD simulations
with the interface model to determine the distribution of the
reaction intermediates in the EDL and the subsequent
reduction reactions. Overall, this framework emphasizes that
including the EDL on charged electrode surfaces is critically
important in predicting the reduction reactions of the
multicomponent electrolytes to accelerate the design of
electrolytes with an optimized SEI layer.
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