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1. Model parameters

Supplementary Table 1 List of further model parameters

Parameter Description Value Unit Source
B Symmetry factor 0.5 [-] Chosen
ko Frequency factor 1013 [ Chosen according
to literature?!
D Diffusion coefficient 2.27-10710 m? Chosen according
s to literature23
AL Distance of surface sites 3.443-10710 m Literature value?
cPr Double layer capacitance 0.2 F Chosen according
m? to literature*
T Temperature 298.15 K In accordance with
DFT calculations
Pel Electron probability at |1 % Chosen
maximum electron transport
distance
ZLi max Maximum height of lithium | 10.33-107° m Chosen
layers
Zol max Maximum electron transport | 2-107° m Literature value®
distance
R Ideal gas constant 8.314 ] -
mol K
F Faraday constant 9.648 - 10* C -
mol
kg Boltzmann factor 1.38-107%8 I -
K
N, Avogadro constant 6.022 - 1023 1 -
mol
Ebond Binding energy lithium metal 436.8 kJ/mol *
N, Number of sites in x-direction | 15 [] Chosen
n, Number of sites in y-direction | 15 [] Chosen
n, Number of sites in z-direction | 75 [] Chosen
€Rr Relative permittivity of EC 90.36 [-] Literature value®

* The binding energy is chosen in such a way that the oxidation probability of a lithium atom
embedded in a smooth surface is 5% compared to a lithium metal atom without lithium

neighbors.



2. kMC algorithm

Variable Step Size combined with structured lists following”:

1.

o

Precalculation of all possible processes and transition rates and set up of structured
lists: event list Lk, address list Am, rate list Ry, counter list C,

Calculation of process probabilities I, = R, - C,, and overall rate Tiptq1 = Xn I

Drawing first random number ¢; € (0, 1] and calculation of time step At; = — ln(rlp;fl)

Drawing of second random number (, € (0, Io:a] @nd selection of process n and site
k

Perform chosen event

Local update of structured lists for all sites included in the performed process and the
related next-neighbouring sites

If total simulated time txyc < teng 90 back to 2

3. Derivation of electron factor o

Probability of electrons is 1 in and directly on lithium metal surface. This leads to
z=1,forz < zjjmax + AL

There is no electron transport above the maximum electron transport distance z; gy
Therefore holds: z = 0, for z = zp; max + AL + Zey max

The electron probability at the maximum electron transport distance z,; gy IS Per- AN
exponential decay in the form of a(z) = exp(—f - Az) of the electron probability is
assumed between the lithium metal surface and the maximum electron transport
distance. Substituting pe; and z,; mqy into this equation gives: p; = exp(—p - Zeymax )-

Rearrangement leads to

ﬁ=;n(ﬂ. Substituting this into the exponential decay equation Yyields
elmax

o(z) = exp(M - Az).

Zelmax



4. Implemented reaction network
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Supplementary Figure 1 Reaction network considered in the multiscale kMC model. It consists of lithium metal
oxidation, solvent degradation and salt degradation. Full equations of reactions R1 — R8 are given in Table 1 of the
main manuscript.

5. Comparison of KMC and literature-based MD results

kMC/continuum MD with ReaxFF
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Supplementary Figure 2 Comparison of SEI structure in EC + LiPFs from kMC-continuum for a ring-opening
energy of 12.05 kcal/mol (left) and ReaxFF MD (right) after 20 ns. The dimensions of both boxes are 2.07 nm x
2.07 nm x 4.96 nm, each. The kMC result is taken as a representative sample from the large-scale simulations of
5.165 nm x 5.165 nm x 25.823 nm. The MD simulations were provided by Ospina-Acevedo et al.8.



6. Further simulation results
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Supplementary Figure 3 SEI formation on a non-uniform lithium metal surface with an implemented step in the initial
lithium metal crystal structure. Left: Initial kMC-box with step in the crystal structure in 2D. Center: Initial kMC-box
with step in the crystal structure rotated in 3D. Right: Final kMC-box showing the SEI structure after 1us of simulated
time. Source data are provided as a Source Data file.

In order to evaluate the effect of smaller inhomogeneities of the lithium metal surface
morphology on the initial SEI formation, we introduced a monolayer step in the initial lithium
metal crystal structure and ran the simulation with the same parameters which were used for
the results in Figure 3 and Figure 4. The comparison between the final configuration after 1us
with the monolayer step in Supplementary Figure 3 and without the monolayer step in Figure 3
demonstrates that there is — apart from stochastic variations — no significant difference in the
formed SEI. In both cases, a Li.COs-layer forms below the initial surface with a denser and
thinner LiF-layer above. Moreover, the overall thickness of the initial SEI remains the same.
From this we conclude, that there is no major impact of small surface inhomogeneities on the
investigated scale on the formed SEI within the first microsecond after the initial contact
between the liquid electrolyte and the lithium metal anode.
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Supplementary Figure 4 Resulting species distribution in kMC boxes for a variation of the conductive salt
concentrations after 1us. Source data are provided as a Source Data file.

30 wt% EC 60 wt% EC 100 wt% EC

o Li
Li*

PF,
® EC
® LEC
(CH,0CO,Li),
Lico;
Li,CO,
PF,

PF,

PF,

LiF

Height/ nm
e o o o

5 W 5
Width/nm 0 ©

Depth / nm

Supplementary Figure 5 Resulting species distribution in KMC boxes for a variation of the EC weight fractions after
1ps. Source data are provided as a Source Data file.



7. Effect of the electrical double layer on the SEI formation in our
model:

The electrical double layer (EDL) has multiple effects on the formation of the SEI on lithium
metal. First of all, it influences the ion distribution in the liquid electrolyte and hence the local
concentration of salt and Li*-ions as well as charged intermediate species. Thereby, it impacts
the availability of these species for reduction reactions. At the same time, the EDL is affected
by the formed SEI, and therefore it is constantly changing during SEI formation®. Once stable
SEI layers have formed, we expect double layers to form at the interface between electrode
and SEl, as itis an ion conducting layer, and between SEI and liquid electrolyte -which has a
different ion concentration as the SEI. Such a model with two double layers was able to
reproduce experiments in Li-ion batteries including the two time semicircles in impedance
spectra®. In addition, typical times for EDL charge/discharge in batteries are in the order of
milliseconds to seconds!?, which is far beyond the here considered time scale.

Still, in our model the effect of the EDL is considered in various ways. First of all, since the
lithium metal atoms from the anode are oxidized during the simulation, there are many
positively charged Li+-ions available close to the surface. Further, we account for local
electroneutrality by considering the charge of the direct environment in the rate calculation of
the transport of charged species (Equation 6). Third, the double layer capacity is included in
our continuum model according to Equation 14. These implemented phenomena result in the
accumulation of positive charges close to the lithium metal surface within the first 100 ns as
can be seen in Supplementary Figure 3. This vanishes after the first inorganic SEI has formed
after the first 1us. Hence, on larger time scales a more elaborate consideration of the EDL
including the effect of the SEI might be required. Since this is out of the scope of the present
study, this method development is of high interest for future investigations.
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Supplementary Figure 6 Charge accumulation during SEI formation as function of height and time, showing the
build-up of a double layer at the Li surface, which is subsequently consumed by SEI formation. Source data are
provided as a Source Data file.



Supplementary Table 2 Summary of number of initially present EC molecules (ng¢ in;;) and salt molecules (nqq¢ init)
in the electron transport zone, number of overall consumed EC molecules (ng¢ totq;) and salt molecules (gt totar)
and the respective ratio of initially present and overall consumed molecules for all conducted simulations.

Simulation NECinit | DECtotal | JECINIC | Ngapinit | Nsalgtotal | isaltinit
NEC total Nsalt total
1M LiPFs 505 4354 0.116 38 329 0.116
2M LiPFs 431 2933 0.147 78 353 0.221
3M LiPFs 420 2128 0.197 121 396 0.306
4M LiPFs 352 1825 0.193 167 436 0.383
30 wt-% EC | 147 1973 0.075 48 335 0.143
60 wt% EC 264 2639 0.1 51 324 0.157
100 wt% EC | 534 4044 0.132 39 330 0.118

8. Details on DFT results

Supplementary Table 3 Electronic energetics of structures in Table 1, computed at B3PW91/6-311G(3df) level of
theory with solvation model based on density (SMD) implemented. C, M represents the charge and multiplicity of
the corresponding species, Pot. E. describes the potential energy, H, S and G stand for the enthalpy, entropy and
free energy, respectively. The G1M column stands for the free energy value converted from 1 atm to 1 M at standard
condition. All energy values are in kcal/mol. The atomic cartesian coordinates of all structures are provided in the
Source Data file.

Structure C,M Pot. E. H S G G1M
Li 0,2 -7.48424 | -7.48188 33.175 -7.49764 | -7.49462
Li* 1,1 -7.42082 | -7.41846 31.798 -7.43357 | -7.43055
EC 0,1 -342.389 | -342.309 69.277 -342.342 | -342.339
[EC-Li]* 1,1 -349.838 | -349.755 75.223 -349.791 | -349.788
[EC-Li]* + e 0,2 -349.894 | -349.811 80.678 -349.849 | -349.846
[EC-LIi]° 0,2 -349.911 | -349.829 80.333 -349.867 | -349.864
TS-R2 0,2 -349.888 -349.81 80.947 -349.848 | -349.845
LIEC 0,2 -349.948 -349.87 88.085 -349.912 | -349.909
CoH4 0,1 -78.5769 -78.522 52.297 -78.5468 | -78.5438
TS-R3 0,3 -699.911 | -699.753 | 132.139 | -699.816 | -699.812
LIEDC 0,1 -621.421 | -621.313 | 112.859 | -621.366 | -621.363
[LIECT -11 -350.026 | -349.952 75.253 -349.987 | -349.984
TS-R4 -11 -350.121 | -350.044 92.141 -350.088 | -350.085
LiCOs -1,1 -271.502 | -271.482 63.81 -271.513 -271.51
Li2COs 0,1 -279.02 -278.995 74.181 -279.03 -279.027
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