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The DFT-MD-Data Modeling Methods

In this approach, molecular dynamics (MD) simulations were used to simulate the EDL
structures based on the force field that calibrated with density functional theory (DFT)
calculations. Then the data/statistical analysis were preformed to capture representative EDL
building blocks and generate the input structures for DFT calculations. Finally, the DFT computed
reduction votlages are combined with the data analysis results to give the sequence and

probabability of different reduced species that contribute to SEI formation.!

MD simulations of the EDL. All classical molecular dynamics simulations were carried
out using the Forcite module in the BIOVIA Materials Studio (MS) 2020 software.? The
COMPASS III force field® was employed with a charge scale of 0.7 for Li* and FSI- to account for
the polarizable effects. The calibration the force field vs. DFT calculations on the different
interactions were provided in our recent publications.!* The interfacial models for LCE, HCE, and
LHCE were constructed following the approach described in our recent publication.! More
specifically, the interfacial model consists of two graphene electrodes, the electrolyte, and a
vacuum layer. The x- and y-dimensions of the simulation cells are 34.1 A x 344 A. The
equilibrated electrolyte thickness is ~100.0 A to ensure bulk electrolyte behavior in its center

region.” The two graphene electrodes are negatively (left) and positively (right) charged and
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termed as anode and cathode, respectively. The length of the simulation box along the direction
perpendicular to the electrode plane is around three times the electrolyte layer thickness to
eliminate the artificial image effects from the periodic cells.!® The number of LiFSI salt, DME
solvent, and TFEO diluent in the interfacial systems for LCE(1-9), HCE(1-1.4), HCE(1-1.2), and
LHCE(1-1.2-2) are given in Table S1. A constant charge method was used to apply extra charges
to the graphene electrodes with several surface charge densities considered (6=0.0, +0.4, £0.6,
+0.8, and +1.2 e/nm?). Note that 6=+0.6 e/nm? is about the surface charge at the electrochemical
equilibrium condition for Li*/Li%.7 After the equilibrated distance between the two graphene
electrodes was determined under uncharged conditions (6=0.0 e/nm?) with a 0.2 ns simulation and
an ensemble of constant number, volume, and temperature (NVT), the graphene electrodes were
fixed for subsequent simulations. The interfacial systems were equilibrated for 2.0 ns under
uncharged conditions and then for 8.0 ns under each charge density condition. Lastly, additional
8.0 ns simulations under each charge density condition were conducted and used for data analyses.
The timestep was set to 2.0 fs with fixed bonds connected to hydrogen, and the temperature was

set to 298 K for all simulations.

Data and Statistical analyses of the EDL. In this work, the EDL is defined as the region
within 10.0 A from the surface of the negatively charged graphene electrode.® Species were
considered to be located within the EDL if any of the atoms of the species were in the EDL. 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").
Following our recent publication,' we used the one-electron reduction-center based counting for

the onset of electrolyte reduction reactions. This means, each Li*-coordinated cluster was counted



as one and the number of each Li*-coordinated clusters type, N i, sums to the total number of Li*

ions, i . A cutoff of 2.8 A was used to define the first solvation shell of Li* ion. Each

free specie was counted as one and the number of each specie type, N J, sums to the total number

Nf=ZNj

of free species, J . Thus, the SEI formation probability for each Li*-coordinated cluster,

i, 1s Pi=N/(Ny+ Ng ), while the SEI formation probability for each free specie, j, is calculated

as P =Ni/(Ny+ Np),

DFT calculations. Density functional theory (DFT) calculations were conducted using the
M06-2X'° functional, the 6-31+G(d,p) basis set, and the D3 dispersion correction'' as implemented
in the Gaussian 09 code (version D.01)2 following our previous work.! The SMD solvation
model'?* was used to account for the solvation environment, and the dieclectric constants were set

to &=7.2.% The reduction potential w.rt. Li*/Li® was calculated using the equation
LN
E (vs Li/Li ) == AG/F - 1'4, where AG is the Gibbs free energy change and F is the Faraday

constant.

In previous DFT-MD-data calculation protocol, only reduction voltages were computed.!
In this new anyalsis, Marcus theory'>!® was used to calculate the kinetics of reduction reactions.

Specifically, it is assumed that all reduction reactions occur heterogeneously, with electrons

: + : .
transferred from the electrode.!” The energy barrier AG * for a reduction reaction is

AGT =%[1 +—? (4)



0
where AG™ is the Gibbs free energy and A is the reorganization energy, which can be decomposed

into the inner-shell reorganization energy Ain and a bulk outer-shell reorganization energy Aout (

A=A+ A out), The four-point method of Nelsen'® is used to approximate the inner-shell electron

reorganization energy, while Marcus’s expression is used for the outer-shell term!”-1%:
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where A€ is the transferred electron (that is e for each one-electron reduction reaction), 0 is the
vacuum permittivity (8.85 x 1072 F/m), 7" is the radius of the reacting molecule and its first

solvation shell (all assumed to be 5.0 A for simplicity)'?, D is the molecule-electrode distance (set

to 5.0 A for calculating louf), € is the optical dielectric constant (~2.0)!° and €s is the static
dielectric constant (taken to be 20.5)?%2!. The calculation results of all the reactions are listed in

Figure 7, Figure S16 and Table S2.

Table S1. List of the number of species (LiFSI, DME, and TFEO) in the interfacial systems of
LCE(1-9), HCE (1-1.4), HCE(1-1.2), and LHCE(1-1.2-2).

System LCE(1-9) | HCE(1-1.4) | HCE(1-1.2) | LHCE(1-1.2-2)
LiFSI 72 330 360 120
DME 648 462 432 144
TFEO / / / 240

Table S2. List of the Gibbs free energy change (AGO), inner-shell reorganization energy (Ain),

outer-shell reorganization energy (Aout), and total reorganization energy (1) for all the reduction
reactions shown in Figure 7 and Figure S16.

Reduction reaction source AG° (eV) Ain (eV) Aout (eV) A (eV)
Figure 7a -2.244 2.605 0.324 2.929
Figure 7b -4.106 3.328 0.324 3.652
Figure 7c -0.389 2.764 0.324 3.089
Figure 7d -2.034 2.632 0.324 2.956




Figure 7e -1.607 3.219 0.324 3.543
Figure 7f -3.248 3.168 0.324 3.492
Figure S16a -0.148 3.178 0.324 3.502
Figure S16¢ -2.189 3.718 0.324 4.042
Figure S16¢ -3.79 1.449 0.324 1.773

(a) LCE (1-9); 0 = 0.8 e/nm?

(©) HCE (1-1.2); 0 = +0.8 e/nm?
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Figure S1. Final frames of the MD trajectories for (a) LCE(1-9), (b) HCE (1-1.4), and (c) HCE(1-
1.2) under the graphene surface charge density of 6=+0.8 e/nm?.
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Figure S2. Initial configurations for (a) LHCE-1(1-1.2-2) and (b) LHCE-2(1-1.2-2). (c) Time-
averaged potential, kinetic, and total energy differences between LHCE-1 and LHCE-2 under
different surface charge densities of the graphene electrode during the last 8.0 NVT simulations.



It is seen that the total energy differences fluctuate between small positive and negative values
depending on the surface charge density of the graphene electrode, suggesting both scenarios
would occur in real interfacial systems.

o =0.0 e/nm? o =+0.4 e/nm?

Figure S3. Simulated structures of LHCE-1 (1-1.2-2) under surace charge densities of 6=0.0
e/nm?, £0.4 e/nm?, £0.8 e/nm?, and +£1.2 e¢/nm?. The simulated structure that corresponds to
6=+0.6 e/nm? is shown in the main text.

o0 = 0.0 e/nm? o = +0.4 e/nm?
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Figure S4. Simulated structures of LHCE-2 (1-1.2-2) under surace charge densities of 6=0.0
e/nm?, £0.4 e/nm?, £0.8 e/nm?, and +£1.2 e¢/nm?. The simulated structure that corresponds to
6=+0.6 e/nm? is shown in the main text.



Near negatively charged electrode Near positively charged electrode

« 60 vt | 0
L + ég_ 40 —— 0= 0.6e/nm? 40
I ey 20 —— 0=+ 0.8e/nm? 20
— o0=#+12e/nm?
0 A - o e/nm 0 YN
0 5 10 15 20 20 15 10 5 0
+ 60 60
Q20 20
0 e 0
0 5 10 15 20 20 15 10 5 0
6 6
x4 4
e}
O(DME) &, ) g Q
01 0
0 5 10 15 20 20 15 10 5 0
Distance (A) Distance (A)

Figure S5. Normalized number density profiles of Li*, FSI- and DME for the LCE(1-9) electrolyte
under different charge densities for the graphene electrode. N and O atoms are used for

representing FSI- and DME, respectively.
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Figure S6. Normalized number density profiles of Li*, FSI, and DME for the HCE(1-1.4)
electrolyte under different charge densities for the graphene electrode. N and O atoms are used for

representing FSI- and DME, respectively.
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Figure S7. Normalized number density profiles of Li*, FSI, and DME for the HCE(1-1.2)
electrolyte under different charge densities for the graphene electrode. N and O atoms are used for
representing FSI- and DME, respectively.
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Figure S8. Normalized number density profiles of Li*, FSI, DME, and TFEO for the LHCE-1(1-
1.2-2) electrolyte under different charge densities for the graphene electrode. N and O atoms are
used for representing FSI-and DME, respectively. The center C atom (Cc) is used for representing

TFEO.
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Figure S9. Normalized number density profiles of Li*, FSI, DME, and TFEO for the LHCE-2(1-
1.2-2) electrolyte under different charge densities for the graphene electrode. N and O atoms are
used for representing FSI- and DME, respectively. The center C atom (Cc) is used for representing

TFEO.
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Figure S10. Charge density profiles near the negatively charged graphene electrode under

different surface charge densities for (a) LCE(1-9), (b) HCE(1-1.4), (c) HCE(1-1.2), (d) LHCE-
1(1-1.2-2), and (e¢) LHCE-2(1-1.2-2).
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Figure S11. Snapshots of the interfacial structures of directly adsorbed electrolye species for
HCE(1-1.4) and LHCE-2 (1-1.2-2) systems under graphene electrode surface charge densities of
6=+0.6 e/nm? and 6=%0.8 e¢/nm>. The DME molecules are represented with green stick models but
the oxygen atoms in DME are highlighted with red for clarity.
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Figure S12. Simulations of pure TFEO system sandwiched by two charged graphene electrodes.
(a) Initial configuration (left: side view; right: top view). (b) The TFEO system after 8.0 ns NVT
simulation under 6=+0.6 e/nm? (left: side view; right: top view). It is seen that TFEO forms layered
structures with hydrogen pointing toward the negatively charged graphene electrode and fluorine
pointing toward the positively charged graphene electrode. (c) Charge density distributions as
functions of distance from the negatively charged graphene electrode for the last 4.0 ns NVT
simulations under different surface charge densities of the graphene electrode. The system contains
240 TFEO molecules, and the distance between the graphene electrodes is fixed to be 75.4 A.
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Figure S13. (a) Averaged coordination numbers of Li* to FSI-, DME, and TFEO in the bulk phases
of LCE(1-9), HCE(1-1.4), HCE(1-1.2), and LHCE(1-1.2-2). (b) Probability distributions of the
solvation structures of the first solvation shell of Li" ions in the bulk phase of LCE(1-9), HCE(1-
1.4), HCE(1-1.2), and LHCE(1-1.2-2) electrolytes. For example, “FSI-2DME” refers to that Li* is
coordinated with one FSI- and two DME molecules. Only ten solvation shell structures with the
highest probabilities are shown for each electrolyte. Statistics are obtained based on the data
reported in our recent publication.*
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Figure S14. Coordination numbers between the second-layer Li* ions in the EDL (5.0-10.0 A
from the negatively charged graphene electrode) and other species (FSI-, DME, and TFEO)
under different surface charge densities of graphene electrode.
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Figure S15. Scheamtic of the four-point method of Nelsen'® for calculating Gibbs free energy
change (AG®) and reaction barrier (AG"). Here the reduction of LiFSI is shown as an example:
LiFSI + e — LiFSI. See methods section in SI for more calculation details.
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Figure S16. Reduction reaction calculation for (a) FSI- and (b) LiFSI with broken S-O bond. (¢)
Calculation of the 2"-electron reduction for LiFSI. Both reduction voltages (with respect to
Li/Li") and reduction reaction barriers are shown.
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Figure S17. Number of species (Li*, FSI-, DME, and TFEO) in the EDL for the (a) LCE(1-9), (b)
HCE(1-1.4), (c) HCE(1-1.2), (d) LHCE-1(1-1.2-2), and (¢) LHCE-2(1-1.2-2) electrolyte systems.
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Figure S18. 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: (o = 0.0, 0.4, £0.6, 0.8 and +1.2 e/nm?) for the (a)
LCE(1-9), (b) HCE(1-1.4), (c) HCE(1-1.2), (d) LHCE-1(1-1.2-2) and (e) LHCE-2(1-1.2-2)
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).
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Figure S19. Probabilities in logscale of DFT-calculated reduction potentials for (a) LCE(1-9), (b)
HCE(1-1.4), (c¢) HCE(1-1.2), (d) LHCE-1(1-1.2-2) and (e) LHCE-2(1-1.2-2) electrolytes under
different surface charge densities of the graphene electrode. Contributions from different clusters
and species are color-encoded, including Li*-coordinated clusters with or without FSI- as well as
free FSI". Free DME has a negative reduction potential of -1.01 V vs Li/Li*,! and is not shown in
this figure.
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