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ARTICLE INFO ABSTRACT

Dataset link: https://doi.org/10.35097/jyg9f6a Lithium metal batteries are promising for applications requiring high energy density storages, but their practical
dmdh8ab5s2 implementation is hindered by the high reactivity of metallic lithium with liquid electrolytes. Film-forming
Keywords: additives can contribute to stabilize the lithium/electrolyte interface by promoting a well-performing solid-
Solid electrolyte interphase electrolyte interphase (SEI). However, their specific influence on SEI formation mechanisms remains poorly
Vinylene carbonate understood, causing challenges in designing advantageous SEIs. In this work we reveal the role of the widely
Lithium metal battery used electrolyte additive vinylene carbonate (VC) in SEI formation on lithium metal. An ab initio informed
Kinetic Monte Carlo kinetic Monte Carlo approach is applied to bridge the gap between atomistic simulations and the timescale

of seconds, enabling the first mechanistic investigation of VC-driven SEI growth beyond elementary reaction
steps. We find that VC only significantly impacts SEI formation beyond the millisecond range with only a
minor impact on the previous formation of the inorganic passivation layer close to the anode surface. Yet,
it enables a chemically-driven polymerization process, passivating the surface without ongoing consumption
of lithium. The resulting polymeric layer prevents dissolution of SEI and intermediate species and stops
the continuous consumption of electrolyte species. Higher VC concentrations do not significantly alter the
protective mechanism but result in a higher proportion of remaining additive, allowing for repassivation during
operation. Overall, this study provides an in-depth molecular understanding of the influence of VC on SEI
formation, paving the way to model-assisted SEI design.

1. Introduction One strategy to achieve such stabilization is the use of interphase
forming electrolyte additives [5,7]. These can positively alter the prop-

Reliable, safe and high-energy density energy storage systems are a erties of the SEI, e.g. making it thinner, more electrically passivating
crucial technology in the transition towards a fossil-free and climate- and/or more mechanically stable against electrode volume changes [5,
friendly future. Today’s lithium-ion batteries already meet the require- 7]. A popular additive for both, lithium-ion batteries and LMB is
ments for a variety of different applications such as consumer elec- VC [7,8]. It is well-known to improve the cyclic efficiency of lithium-

tronics, power tools or electric vehicles [1]. However, there is still the
urgent demand for battery technologies with increased energy-densities
to allow for e.g. long-range electric vehicles or electric propulsion in
aviation [2,3]. In this context, lithium-metal electrodes are considered
very promising, because of their high theoretical capacity of 3860
mAh g1 [4]. However, their high reactivity also causes challenges
when it comes to application. It makes the lithium metal/electrolyte
interface difficult to control and may cause uncontrolled electrolyte
degradation including thermal runaway, ongoing loss of active material
and dendrite growth [5,6]. Hence, the stabilization of this interface is before any external potential is applied. It was shown to cause a better
crucial to enable safe and long-lasting lithium-metal batteries (LMB). passivation of the surfaces and decrease the overall height of the formed

metal-based batteries [9-11] and is reported to form a mechanically
stable polymeric surface film, which may also increase the internal
resistance of the LMB cells [8,9,11,12]. In recent years, advanced
cryo-transmission electron microscopy studies could reveal that VC in
carbonate-based electrolytes leads to a mosaic-like SEI on electrochem-
ically deposited lithium, consisting of inorganic species embedded in
organic SEI layers [9]. Furthermore, it could be shown that VC has
a substantial impact on the initial SEI formation on lithium metal
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SEI [13]. However, to gain a mechanistic understanding of the specific
influence of VC on SEI formation, theoretical studies are required.
To date, most contributions in this field apply first principles density
functional theory (DFT) and have focused on identifying possible degra-
dation and polymerization pathways [14-20]. Notably, Kuai et al. [20]
recently conducted an in-depth DFT investigation of VC decomposition
and polymerization in an EC-based electrolyte close to the lithium
metal surface. This study provides reaction activation barriers and
reaction energies along with possible degradation and polymerization
mechanisms and provides a good understanding of the molecular-level
interactions between VC, EC and Li* ions. However, due to the high
computational cost, first principles studies are inherently limited to
short timescales and small system sizes. As a result, they cannot capture
the full evolution of the SEI layer.

Kinetic Monte Carlo (kMC) models are a promising approach to
overcome these limitations [21]. The stochastic method models the
dynamic evolution of a system as a sequence of randomly selected rare
events, e.g. (electro-)chemical reactions or transport processes, while
neglecting fast processes such as atomic vibrations [22,23]. This allows
kMC models to significantly increase reachable length- and timescales
of the simulation, while maintaining a molecular resolution of the
results [24]. However, in contrast to DFT or other first principles
methods, KMC requires prior knowledge of the system to define rele-
vant rare events and the corresponding rate probabilities [23]. These
information are commonly derived from experiment or first principles
calculation techniques such as DFT [23,25]. In recent years, various
research groups have started to apply this simulation method to surface
phenomena in batteries. The corresponding research questions range
from the transport and intercalation of Lit-ions [26] over dendrite
formation in LMB [27] to SEI formation on graphite for lithium ion
batteries [28-32] or on hard carbon for sodium-ion cell [33] during
the first charging cycle. Lately, a 3-dimensional kMC framework has
been developed that enables simulating the initial SEI formation on
lithium metal surfaces [34,35]. So far, all of the above-mentioned
models have only been applied to very simple electrolyte systems and
did not consider the effect of additives. Since VC is well known to
form polymers [8,36,37], an extension of the existing kMC frameworks
by polymerization is required to study its effect on SEI formation.
There are examples from classical polymer-science in which kMC ap-
proaches were applied to study different polymer properties such as
chain length distribution or the order of copolymers [38-42]. In many
cases, the focus was on bulk-phase polymerization, which is why oft-
lattice approaches were chosen that do not save any configurational
information [38-40]. However, some works also focused on surface-
initiated polymerization and applied lattice-based kMC approaches [41,
42].

Building on these efforts, we present the first kMC model of SEI
formation that explicitly accounts for polymerization reactions. This
allows us to capture the formation of polymeric SEI components and
to assess the impact of the electrolyte additive VC on the SEI formation
on lithium metal beyond elementary reaction steps. The study provides
new insights into how VC plays its role as an SEI-forming additive, how
it causes a better cycling efficiency and what the major processes of the
polymer film formation are. Additionally, the study bridges the scales
from the ns range of DFT and molecular dynamics simulations to the
macroscopic scale of seconds.

2. Results and discussion
2.1. Electrolyte degradation reactions

This study focuses on the effect of the electrolyte additive VC on
the SEI formation in the simple baseline electrolyte ethylene carbonate
(EC) + 1.2M LiPFg4. Since all electrolyte species may in principle
contribute to SEI formation, we identified the major degradation path-
ways for each electrolyte component based on literature data and DFT
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calculations. The degradation reactions as well as the related kinetic
parameters for the electrolyte solvent EC and the conductive salt LiPFg
were identified in a previous publication [35] and are adopted for
this study (cf. SI Fig. 1 and SI Tab. 2). The current literature on the
degradation of VC on anode surfaces suggests multiple degradation
and polymerization mechanisms. The two major possibilities which are
frequently reported are the ring-opened polymerization of VC [14,18,
43] and the polymerization without ring-opening which leads to the
formation of poly(VC) [44-48]. Products of both reaction pathways
have been experimentally identified as components of VC-derived SEI
layers on graphite anodes [49]. In order to clarify, which mechanism
is kinetically preferred, Kuai and Balbuena [20] recently conducted an
extensive DFT study for both VC polymerization mechanisms as well as
for EC polymerization and cross-polymerization between both species.
Based on this study, we identified the poly(VC)-formation initiated by
a reduced VC-molecule and the cross-polymerization with an EC-based
initiating radical as energetically favorable reaction mechanisms. Both
mechanisms are summarized in Scheme 1. Details on this selection may
be found in the Section 4.

Besides the aforementioned initiation and propagation mechanisms,
termination reactions are an important step of each polymerization
process. Based on the radical species that are present in our system,
namely (Li*)VC~, (Lit)EC™, (Li*)poly(VC):, (Li*)poly(EC/VC); , we
defined the following five recombination processes to be added to
our reaction network: The recombination of two VC radicals (T1), the
recombination of a VC radical and an EC radical (T2), the recombi-
nation of two active chain ends (T3), the recombination of an active
chain end with an EC radical (T4), and the recombination of an active
chain end with a VC radical (T5). Additionally, the recombination of
two EC radicals is accounted for by the Lithium Ethylene Dicarbonate
(LiEDC) forming reaction (R3), which has been parameterized as part
of a previous study [23]. The chemical structures and corresponding
reactions which were used to parameterize these processes by DFT
calculations are summarized in Scheme 2. Details on the calculation
and kinetic parameters may be found in Section 4 and Table 3.

2.2. Primary SEI formation on the microsecond timescale

To analyze the effect of the VC additive on the primary SEI forma-
tion on lithium metal in a 1.2M LiPF¢/ EC electrolyte, 5 wt% of VC were
added to the electrolyte in the initial simulation box. A previous work
demonstrated that during the initial SEI formation on the nanosecond
to microsecond scale, the assumption of Li*-coordinated electrolyte
molecules (hereafter referred to as ‘lithiated’) aligns well with the local
conditions on the lithium metal surface [35]. Consequently, for the
subsequent calculations, we applied the parameter set for the lithiated
case (cf. Section 4). It should be further noted that in the following
analysis for simplicity, the term ‘polymer’ refers to all macromolecules
composed of at least two VC and/or EC monomers. Moreover, all sim-
ulated parameter sets may be found in SI Tab. 5 and are subsequently
referred to as cases.

The SEI formed 2 ps after the initial contact of lithium metal and the
liquid electrolyte phase is displayed in Fig. 1. Fig. 1 (a) and (b) show
the overall species distribution and SEI composition for the electrolyte
without (left) and with (right) VC, respectively. The primary SEI formed
in EC + 1.2M LiPFg within the first 2 ps is inorganic and consists
of two layers: A Li,CO3-layer closer to the lithium metal surface and
a LiF-layer above. In the VC-containing electrolyte, we observe the
additional formation of an organic/polymeric layer above the inorganic
SEL Interestingly, the formed inorganic layer barely differs from the
layer formed in the additive-free electrolyte. The only significant effect
is that the LiF peak in Fig. 1 (b) is slightly decreased for the VC-
containing electrolyte case. From this it can be concluded that VC
suppresses the salt degradation during the initial SEI formation to a
certain extent. Fig. 1 (c) further shows the height evolution of the SEI
for the electrolyte compositions with and without VC within the first
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Scheme 2. Considered termination reactions for the DFT-based energy calculation with optional Li*-coordination shown in blue.

2 ps. The overall trajectory of the SEI growth is very similar in both
cases with a steep increase of the SEI height within the first ns and
a continuous deceleration of the SEI growth afterwards, which can be
attributed to the increasing passivation of the lithium metal surface.
However, over time, we observe an increasing spread between the SEI
height evolution of both systems, with the VC-containing electrolyte
leading to a slightly thicker primary SEI than the VC-free electrolyte.
This can be attributed to the formation of the additional polymer layer.
2 ps after the contact of electrolyte with lithium, the average height of
the SEI results in 5.18 nm with VC and in 4.64 nm without VC in the

electrolyte. At first glance, this result is not as expected since it contra-
dicts the experimental findings by Weber et al. [13], who investigated
the SEI thickness evolution on lithium foil in 1M LiPFg in EC:EMC (1:1
v/v) with and without 5% VC and found a thicker SEI in the VC-free
electrolyte. The authors attribute this to the formation of decomposition
species that are only loosely associated with the electrode surface and
thus only provide limited surface passivation. However, it is important
to note that these experimental measurements were conducted on
significantly longer timescales, ranging from minutes to hours and are
hence not directly comparable to the presented simulation results on
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Fig. 1. SEI formation in carbonate-based electrolyte with (case 1, cf. SI) and without (case 2, cf. SI) 5 wt% VC after the first 2 ps. The results in (a) are based on a single kMC
run and the results in (b)-(d) display the average of three runs with the same parameter set. Deviations from the average are represented as shadings around the average in (b)
and (c). In (d), they are illustrated using error bars. (a) SEI composition and morphology without (left) and with (right) VC. (b) SEI species distribution over height without (left)
and with (right) VC. The dashed line represents the upmost layer in which metallic lithium is present after 2 ps. (c) Evolution of SEI height up to 2 ps for both cases. (d) Polymer

chain length distribution in SEI formed in VC-containing electrolyte after 2 ps.

the microsecond timescale. The observed discrepancies may arise from
slow processes such as the dissolution of electrolyte decomposition
products and secondary reactions of dissolved intermediates, which are
likely to contribute to the experimental observations but only occur
on longer timescales and are thus not yet captured by the simulation
model.

A more detailed analysis of the polymeric layer formed in the VC-
containing electrolyte is presented in Fig. 1 (d), which displays the
chain length distribution of the polymer species in the VC-containing
case. It reveals that the observed organic layer does not consist of
actual macromolecules. Instead, within the considered time frame, only
dimers have formed. The explanation of this observation is twofold.
First, the pristine lithium metal surface, which is present at the begin-
ning of the simulation, is very reactive. This favors many reduction
reactions and hence the formation of many VC radicals, which can
act as initiators for the subsequent polymer propagation. Yet, due to
the high reactivity, the local concentration of these radical species is
high, which leads to quick recombination and hence to the formation
of inactive dimers. Second, the energy barriers of the propagation
reactions P1-P6 in the lithiated parameter set range between 9.97 and
14.1 kcal mol! (cf. Table 3). This translates to average reaction times of
2 ps up to 2.2 ms, which is higher than the here investigated timescale.
We therefore expect that a significant number of propagation reactions
can only be observed on a considerably larger timescale.

Overall, VC only has a limited effect on the formation of the initial
inorganic SEI up to the lower ps-timescale. The slight suppression of salt
decomposition and the formation of an additional organic layer might
not be sufficient to justify the performance improvement of lithium
anodes which is observed experimentally. Furthermore, the observation
of an even thicker SEI formed from the VC-containing electrolyte
compared to the VC-free electrolyte and the exclusive formation of
dimers contradicts experimental findings. We therefore conclude that

key effects of the VC additive become apparent only on significantly
longer timescales. Therefore, in order to understand the actual work-
ing principles of the VC additive, an analysis at longer timescale is
conducted in the following.

2.3. SEI formation beyond the microsecond timescale

Simulation of SEI growth up to milliseconds or seconds with the
same approach as in Section 2.2, would cause prohibitively high com-
putational costs, and thus runtime. Therefore, in order to reach simu-
lations at much longer time scales and acceptable runtimes, the kMC
time steps may be increased by identifying quasi-steady state processes
that can be removed from the kMC simulations. In our subsequent sim-
ulations we take advantage of the fact that after the first microsecond,
the electrolyte species are homogeneously distributed above the densest
SEI layer (cf. SI Fig. 4 (c) and (d)). Hence, the further SEI formation
is not transport-limited and transport processes can be considered to
be quasi-stationary. As a consequence, for timescales exceeding 2 ps,
all electrolyte species (EC, LiPFy and VC) are considered implicitly,
i.e. through a residence probability derived from their respective bulk
concentrations (cf. Equation 6). Moreover, in contrast to our short-
term calculations, we further initialize our long-time calculations with a
reduced initial SEI consisting of a dense LiF-film of varying thicknesses,
to represent the primary passivation layer that has been formed upon
the first contact of lithium metal with the electrolyte. Details on the
assumptions for the long-time calculations may be found in Section 4
and in SI Sec. 1.5. Overall, this allows us to increase the simulation
time from the microsecond- up to the second-timescale and above.

Fig. 2 (a) shows the temporal evolution up to 1 s of the SEI com-
position and morphology in the VC-containing electrolyte EC + 1.2M
LiPF¢ + 5 wt% VC. Here, the thickness of the initial passivation layer
is set to 3.57 nm. This corresponds to the observed distance between
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Fig. 2. Temporal evolution of SEI growth on lithium metal in EC + 1.2M LiPFg + 5 wt% VC until 1 s after formation of an initial 3.57 nm thick, dense LiF-based SEI at 2 ps
(case 3, cf. SI). (a) Spatial morphology and composition of the formed SEI at different times. (b) Corresponding chain length distribution of the formed polymer species.

the upmost metallic lithium and the densest layer of the primary SEI
after 2 ps (cf. Fig. 1 b). For any electrochemical reaction to occur
after 2 ps, electrons need to bridge at least this distance. The first
box shows the configuration after a total time of 3 ps after the initial
contact between lithium and the electrolyte, since the initially placed
LiF-layer represents the primary SEI after 2 ps (cf. Section 2.2). On the
microsecond-scale we observe the formation of a comparatively dense
layer consisting of a mixture of LiEDC, Li,CO5 and different polymeric
species and the formation of small Li,CO3 clusters above the surface
inside the electrolyte phase. The polymer chain length distribution in
Fig. 2 (b) demonstrates that up to 3 ps no chain formation with more
than three units occurs. This finding is well in line with the previous ob-
servation made in the short-term kMC simulation (cf. Section 2.2). The
composition of the dense layer differs from the short-term simulations
as a consequence of the comparatively low local Li* ion concentration
in the bulk phase of the electrolyte. This leads to changed reaction
kinetics and the additional formation of the organic LiEDC.

Up to 1 ms, the dense organic layer has slowly grown. Moreover,
additional short chains with a chain length up to 3 have formed.
Overall, the vast majority of oligomer species still has a chain length of
2 or 3, and only few longer chains with a maximum chain length of 5 —
10 units are present. The picture changes when further increasing the
timescale to multiple ms. 10 ms after the first contact of lithium and
electrolyte, an increase in polymeric species can be clearly seen in Fig. 2
(a). Moreover, the corresponding chain length distribution in Fig. 2 (b)
indicates the formation of an increasing number of longer chains with
more than 10 units. This trend persists on larger timescales. At 0.1 s we
can observe that the polymer species have significantly grown towards
the electrolyte phase and thereby form a porous polymer layer on top

of the initial SEI with increased chain length. The developing polymer
layer consists of a mixture of poly(VC) species and poly(EC/VC) species.
In the latter, an EC radical species has acted as initiator. Overall, the
EC-radical based polymers constitute the majority of the polymeric
SEIL Interestingly, the previously formed Li,CO5 clusters close to the
surface are gradually encapsulated by the growing polymer phase.
This observation aligns well with cryo-TEM measurements reported in
literature, which show the formation of inorganic species embedded
within organic SEI layers [9].

1 s after the initial contact of lithium and electrolyte, the surface
is completely covered with a thick polymer layer consisting of both,
poly(VC) and poly(EC/VC) chains. In contrast, the Li,CO5- and LiEDC-
based SEI-layer has not further grown and remains unchanged in its
properties. We attribute this to passivating and protective properties of
the formed polymeric layer. It prevents continuous reductive decom-
position of electrolyte components and active material, while it itself
is formed through a purely chemical process. Moreover, we observe
that the number of shorter polymer chains with up to 10 units almost
remained constant, i.e. they were not reactive and only few chains
have grown into long polymer chains with several hundred up to more
than 1000 units. An explanation on this phenomenon is provided below
in the discussion on Figs. 4 and 5. We can further conclude that the
polymer growth is still ongoing and that, for times longer than 3 ps,
the chain propagation represents, by far, the most prevalent process,
accounting for over 99% of the occurrences (cf. SI Fig. 12 (a)). As the
growth has not yet stopped, we cannot conclude on the final thickness
of the VC-based SEI. However, the average height of the formed SEI
after 1 s can be observed to be quite large with 72.2 nm, which is in
the range of experimentally observed SEI thicknesses in VC-containing
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systems [13] or slightly above [9]. Uncertainties in this result may
occur due to the hard-to-determine long chain propagation kinetics.
While minor alterations in this rate do not affect the system dynamics
in a way that the observed SEI composition or morphology changes, it
influences the duration of layer formation (cf. SI Fig. 13). Hence, while
the observed trends are robust, the time-dependent thickness should be
interpreted with caution.

A deeper understanding of how VC impacts the SEI formation is
gained by comparing the long-time formation in the VC-containing and
in the VC-free electrolyte. Fig. 3 (a) shows the formed SEI after 1 s in
the VC-free electrolyte. It can be observed that the formed SEI mostly
consists of the organic LIEDC mixed with some clusters of Li,COs.
Overall, the layer is significantly thinner than the SEI that formed
within the first second in the VC-containing electrolyte (cf. Fig. 2). The
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major reason for this is the missing polymer layer. This observation
contradicts previous experimental literature, which reported that the
VC-containing electrolyte leads to a significantly thinner SEI than the
VC-free electrolyte [13].

A closer examination of electrolyte consumption and the number of
dissolved species provides a better understanding of these differences
between simulation and experiment and the effect of the VC additive.
First, Figs. 3 (b) and (c) show that a significantly higher amount of
the electrolyte solvent EC is consumed within the first second in the
VC-free compared to the VC-containing electrolyte. A similar but less
distinct trend is observed for LiPF¢. Moreover, the consumption of EC
is still ongoing in the VC-free electrolyte case, whereas it has stopped
after approximately 0.2 s in the VC-containing electrolyte. A similar
trend may be observed in Fig. 3 (d) and (e), which show the number
of dissolved electrolyte decomposition products over time. We here
define a dissolved species as a species that either leaves the kMC
box through its open upper boundary or that has moved more than
5 nm away from the highest SEI (cf. Section 4.2)). It should be noted
that this does not include the dissolution of previously deposited and
clustered SEI species, which is due to the short timescale below 1 s
not considered in our model. It might, though, play a significant role
at longer times [33] - this holds especially for the VC-free electrolyte.
Instead we only account for not yet deposited electrolyte decomposition
products that stay and diffuse in the electrolyte, rather than deposit
and cluster on the surface. An advanced approach for modeling SEI
solubility is currently under development. In both, the VC-free and
VC-containing electrolyte, dissolved Li;COs, LiF and (Li*)EC'~ can be
observed. However, a significantly higher amount of LiF and (Li*)EC"~
stays in solution in the VC-free electrolyte, while the overall number of
dissolved Li, CO5; molecules after 1 s is similar. The number of dissolved
molecules still increases in the VC-free electrolyte after 1 s, while it
remains constant after a few milliseconds in the VC-containing elec-
trolyte. The dissolved electrolyte decomposition products may undergo
further subsequent reactions and/or form solid clusters, which are
only loosely connected to the surface. Thus, they could form a porous
layer which is still part of the SEI but does not adequately passivate
the surface to prevent further reduction of the electrolyte. Similar
mechanisms have been previously proposed by other kMC studies for
graphite anodes [29,32] and hard carbon anodes for Na-ion batter-
ies [33]. SEI dissolution on lithium metal anodes has also been observed
experimentally for different electrolyte chemistries [50-52]. Although
the observed number of dissolved molecules does not quantitatively
explain the difference between simulation within the first second and
the experimental observations of Weber et al. [13], our simulation
results suggest the following qualitative explanation: The VC-free elec-
trolyte does not passivate the lithium metal surface in a way that
sufficiently suppresses ongoing electrolyte reduction and dissolution of
electrolyte decomposition products. This irreversibly consumes active
material and electrolyte components. In contrast, VC quickly passivates
the surface against ongoing electrolyte decomposition within the first
0.2 s after contact. Importantly, this primarily occurs through chemical
propagation rather than electrochemical reactions and hence consumes
significantly less active material, i.e. lithium. We further hypothesize
that the formed polymer chains constitute a comparatively stable SEI,
which does not dissolve to a significant extent.

Further insights into the effect of the additive VC are subsequently
provided by the analysis of the spatial chain length distribution and
height-depending porosity of the polymeric SEIL Thereby, the thickness
of the initial passivation layer is varied to study the effect of varying
degrees of initial passivation, which can e.g. be caused by different
native or artificial passivation layers on the lithium metal surface [53-
56]. Fig. 4 (a) depicts the height-dependent polymer chain length
distribution for a varying thickness of the initial LiF layer between
3.57 and 5.95 nm. Interestingly, we observe many short chains closer
to the electrode and a constant increase of the chain length towards
the electrolyte phase independent of the thickness of initial passivation.
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Thereby, the polymeric phase in close proximity to the lithium metal
consists exclusively of dimers. This effect is most distinct for thinner
initial passivation layers and diminishes the thicker the initial layer
gets. Fig. 4 (b) further shows that this dimeric part of the SEI is
completely dense without any porosity. Together with the initial LiF-
layer this leads to an overall dense passivation layer with a thickness
of approximately 6.55 nm for all investigated cases. Above this height,
the porosity of the SEI gradually increases with the distance to the
lithium electrode. From this, we conclude that a minimum passivation
of the lithium surface is required before longer polymer chains can
form and that the subsequent polymer layer is more porous. The reason
is that without sufficient passivation the rate of electron transport
through the SEI and subsequent reduction of electrolyte and additive
species to radicals is still higher than the propagation rate. Hence,
close to the surface the local concentration of radicals is high, which
favors recombination reactions and therefore the formation of dimers.
It should be noted that the thickness of this dense layer depends on the
electron transport through the formed SEI - a better passivating SEI
will lead to a thinner dense layer and vice versa.

The previous observation on spatial polymer chain length distribu-
tions is supported by the analysis of the spatial and temporal evolution
of radicals and reactive chain ends (summarized as radical species).
Fig. 5 (a) displays the number of free and blocked radicals and their
sum for an initial passivation layer with a thickness of 3.57 nm.
The term ‘blocked radicals’ describes radical species which are fully
embedded inside the polymer layer and hence have a low chance to
get in contact and react with fresh monomer species or other radical
species. In our simulation we interpret a radical species to be blocked,
if all neighboring sites are occupied by SEI species. In contrast ‘free
radicals’ refers to radical species which are still capable to further
propagate as electrolyte can reach the respective sites. Most radicals
are formed early within the first 0.2 s after the contact with the
electrolyte. Subsequently, the total amount of radical species remains
almost constant with only minor fluctuations. The reason for this is
twofold. First, the increasing surface passivation due to polymer growth
limits the number of electron transfer reactions and hence the ongoing
electrolyte degradation which would be required for the formation
of new radical species. Second, only very few termination reactions
occur that could decrease the overall amount of radical species. This
is because the number of free radicals steadily decreases over time
and slowly approaches zero, while the number of blocked radicals
increases and approaches the overall number of radical species. Free
radicals are thus converted into blocked ones, which can no longer
reach other radical species and can hence not undergo termination
reactions. The distribution of radicals over height after 1 s in Fig. 4
(b) further reveals that most radical species are located relatively close
to the electrode surface, where they were formed through reduction
reactions. Only few radical species can be found further away from
the electrode. This correlates well with our previous observation that
only few long polymer chains grow into the electrolyte phase (cf.
Fig. 4). The major reason for this is that most radicals or reactive
chain ends get encapsulated within the polymer phase and hence get
shielded from fresh monomer species and from further propagation
reactions. Similar effects have been previously reported in studies from
polymer-science focusing on surface-induced polymerization [41,42,
57-61]. They are usually known as confinement effects that shield
or hinder initiators [57-59] and reactive chain ends [41,42,58] from
propagation. Here, to the best of our knowledge, we observe this effect
for the first time in relation to SEI This confinement effect leads to
an increased number of termination reactions between confined radical
species within the polymer layer [57]. In our simulations, polymers and
thus reactive chain ends cannot move towards each other to recombine.
Yet, similarly as the terminated polymers, the hindered chain ends do
not participate in further propagation reactions. Thus, the simulation
indeed reproduces the shielding effect. Overall, the shielding effect
significantly slows down the SEI growth over time (cf. SI Fig. 12 (b))
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Table 1
Impact of VC concentration on SEI composition and proportion of consumed VC after
1 s. All values represent the average of three independent runs.

VC concentration/wt.% 2.5 5 7.5 10
Number of Li,CO;3 / - 6 28.67 27.67 20
Number of LiEDC / - 768.33 624.33 555 474.33
Volume fraction poly(VC) / % 5.1 10.52 11.09 16.39

Consumed VC after 2 ps / % 0.56 0.39 0.35 0.26

and hence acts as a major limiting factor of polymer propagation and
thus SEI growth.

Based on this analysis on extended timescales, we can conclude that
VC polymerization primarily occurs on timescales starting from mil-
liseconds. As discussed before, it does not affect the very early inorganic
SEI formation. However, with increasing surface passivation, the rate
of electron transport and subsequent reduction reactions declines, and
after approximately 6 ms, polymer propagation reactions become more
likely than reduction reactions (cf. SI Fig. 12a). From there on, the
further passivation of the surface is mostly chemically driven via prop-
agation instead of electrochemically driven via electrolyte reduction
reactions. The major advantage of this is that the chemical propagation
does neither consume further active material nor electrolyte species
and hence prevents ongoing capacity loss in the cell. Furthermore,
polymeric layers were reported to have beneficial properties such as
a higher flexibility, which might better accommodate the large volume
changes of the lithium metal anode in comparison with non-polymeric
SEIs [8,9].

2.4. Impact of electrolyte composition

After discussing the passivating role of the VC additive on SEI
formation in the previous Sections, we subsequently analyze if and how
the SEI formation is sensitive to the electrolyte composition and could
thus be optimized by tailoring the concentrations of the electrolyte.

First, we compare the SEI formation up to 1 s in our standard
electrolyte consisting of EC, 1.2M LiPFg and 5 wt% VC with the binary
electrolyte EC:EMC (3:7 by wt.) with 1.2M or 3M LiPFg and 5 wt%,
respectively. As discussed in SI Section 1.5, in this binary electrolyte
most EC and VC molecules are expected to be coordinated with at least
one Li* ion, even at the moderate salt concentration of 1.2M. Therefore,
in contrast to the standard electrolyte, the lithiated parameter set (cf.
Table 3) is applied for the corresponding calculations. Moreover, EMC
is assumed to not significantly contribute to SEI formation.

Fig. 6 illustrates how the chemical composition of the formed
SEI changes with the electrolyte composition. As discussed before,
in the single-solvent EC electrolyte with 1.2M LiPF¢ and 5 wt% VC,
we observe a dense layer of LiEDC with few Li,CO3, poly(VC) and
poly(EC/VC) species, followed by poly(EC/VC) mixed with fewer

poly(VC) and some Li,CO3. In contrast, in the mixed EC:EMC elec-
trolyte with 1.2M LiPF and 5 wt% VC, the formed SEI mostly consists
of poly(VC) with very few LiF embedded in the polymer phase close
to the surface. Notably, no EC-derived degradation products such as
LiEDC, Li,CO5 or poly(EC/VC) are observed above the initial passiva-
tion layer. This is primarily attributed to the increased ring-opening
barrier of lithiated EC species (cf. Table 3, 12), which is applied to
all EC molecules in the simulations. It should be noted, that in real
systems, a fraction of EC may temporarily remain uncoordinated with
Li*, potentially enabling alternative reaction pathways. An increase of
salt concentration from 1.2M to 3M LiPFg does not significantly alter
the chemical SEI composition but leads to a slightly higher amount of
the salt-derived product LiF, which is embedded in the polymer phase
close to the electrode surface.

Interestingly, the polymer properties and formation dynamics that
have been discussed for the standard electrolyte (cf. Section 2.3) are
very similar in both mixed electrolytes (cf. SI Fig. 7 - 10): Longer
polymer chains just start to form above the millisecond timescale,
shorter chains may be found closer to the lithium metal surface, and
only few longer chains grow into the electrolyte phase. Moreover,
the porosity of the polymeric layer increases with height, and the
majority of radical species is found near the anode surface. Across all
investigated electrolyte systems, a VC-based polymeric layer forms that
passivates the surface and suppresses further electrolyte degradation.
These results suggest that VC plays its role as film-forming additive
independent of the exact electrolyte composition.

Finally, we analyze the impact of varying VC content in the elec-
trolyte. The overall structure of the SEI i.e., a compact inner layer
consisting of dimers and Li, CO3, followed by an outer polymeric layer,
remains qualitatively unaffected by VC concentration. The correspond-
ing three-dimensional SEI composition and morphology can be found
in the Supplementary Information (cf. SI Fig. 11). However, a number
of quantitative differences in SEI composition and growth behavior are
observed: First, as displayed in Table 1 the number of EC-derived poly-
mers and oligomers including LiEDC decreases with VC concentration
and the volume fraction of poly(VC) within the total polymer phase
increases from 5.1% for a VC content of 2.5 wt% to 16.39% for a VC
content of 10 wt%. Moreover, the VC concentration impacts properties
such as the overall number of polymers, the average polymer chain
length and the average SEI thickness. These properties are presented as
a function of time and concentration in Fig. 7. For all concentrations,
the number of polymers increases steeply within the first milliseconds
and stays constant afterwards. Since new polymers are formed only
via an electrochemical reduction process (cf. I1 and I2), this clearly
shows the quick passivation of the electrode surface within the first
few 100 ms. Interestingly, with higher VC concentrations formation of
new polymers stops earlier, which indicates a faster surface passivation.
This also manifests in the final number of observed polymers after 1 s
which is decreasing with VC concentration.
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The average polymer chain length after 1 s of contact between
lithium and electrolyte shows the opposite trend and increases with VC
concentration. This observation can be attributed to the smaller overall
number of polymers present in the SEI as well as to the increased
propagation rate due to the higher availability of monomers. This
higher propagation rate also causes the higher SEI thickness after 1 s. It
can be additionally observed that both, the increase in average polymer
chain length and SEI thickness, slow down over time for all analyzed
concentrations, which is well in line with our previous analysis of the
decreasing number of free radical chain ends. Overall, these results
show that changing VC-concentration only slightly affects the forma-
tion of the initial layer. The faster surface passivation in case of high
VC concentration could be an advantage, since it suppresses unwanted
side reactions and reduces the consumption of electrolyte species and
active material. However, the resulting increase in SEI thickness may
also contribute to higher resistance, as previously reported for VC-based
SEI layers [8,9,11,12] and could thus lead to a worse cell performance.

Our simulation further allows to estimate the proportion of VC that
was consumed within the first second. Assuming a specific electrolyte
volume of roughly 8.6 pl cm? (cf. SI Section 1.6) between 0.27% (for
10 wt% VC) and 0.56% (for 2.5 wt% VC) of the initial VC molecules
has been consumed within the first second (cf. Table 1). Hence, only
a small fraction of the additive was consumed within the observed
timespan. Since we already observed a deceleration of polymer propa-
gation within this time, we expect that a significant proportion of the
additive remains in the electrolyte, which aligns well with previous
reports for graphite anodes [62,63]. The remaining additive will then
be slowly consumed during cell operation and can quickly repassivate
the surface if fresh lithium comes into contact with the electrolyte due
to e.g. SEI cracking or dendrite growth. Once all additive has been
depleted, this repair mechanism would cease to function, leading to a
deteriorating coulombic efficiency and to the end-of-life of the cell. We
therefore anticipate that the VC concentration could play a crucial role
during cycling, particularly towards the end of the cell’s life, although
other events such as plating and stripping may substantially alter the
scenario [64]. A higher VC concentration is expected to contribute to a
longer lifespan, as the additive is depleted more slowly. This hypothesis
aligns with experimental reports of extended cycle stability at increased
VC concentration [11,65], and may offer a mechanistic explanation
for these findings. However, elevated VC concentrations may also lead
to an increase in cell internal resistance [9,12,49,65], which could
adversely affect rate capability and overall cell performance. This trade-
off suggests the existence of an application-dependent optimal VC
concentration, which should be subject of future studies.

3. Conclusion

In this study we have presented an ab initio kMC-model with the
unique capability of simulating SEI formation on lithium metal up to
the macroscopic relevant timescale of seconds. This enabled us to study
the impact of VC on the SEI formation with a molecular resolution and
to elucidate how it plays its role in enhancing SEI performance and
battery lifetime.

The addition of VC has only minor impact on the formation of the
initial inorganic SEI within the first microsecond. We attribute this to
the initial high reactivity of the lithium metal surface which favors
electrochemical reactions and the formation of a high number of dimers
over the comparatively slow chemical polymerization process. Only at
time scales beyond 1 ms longer polymer chains form. Active chain ends
get blocked inside the polymer phase, which slows down the SEI growth
over time. These SEI formation dynamics were demonstrated to only
slightly be impacted by VC-concentration and electrolyte composition.
However, mixed electrolytes favor the formation of a polymer layer that
solely consists of poly(VC) chains with embedded LiF clusters, while
single-solvent EC with 1.2M LiPF¢ result in a mixture of poly(VC) and

10
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poly(EC/VC) chains with embedded Li,CO3; and a dense LiEDC-rich
layer close to the anode surface.

Based on our findings, we attribute the experimentally reported
positive impact of VC on SEI and cell performance to a combination
of the following factors: First, apart from the initial radical formation,
VC-polymerization is a purely chemical process. Therefore, the passi-
vation layer formation in a VC-containing electrolyte proceeds without
continuous consumption of solvent, conductive salt or active material.
The formed polymeric SEI further prevents ongoing dissolution of elec-
trolyte decomposition products which might further react and cluster in
the electrolyte and eventually result in a porous and poorly passivating
SEI. Moreover, the observed polymeric SEIs are expected to be more
flexible and hence better accommodating towards the drastic volume
changes of the lithium anode during operation [8,9,66]. Finally, since
only a small fraction of VC is initially consumed, the remaining additive
may quickly repair the SEI once new lithium surface becomes exposed
to the electrolyte during operation due to e.g. dendrite growth or SEI
cracks. In this regard, higher additive concentrations could extend cell
lifetime due to slower additive depletion. However, potential increases
in internal resistance at elevated concentrations may counteract perfor-
mance gains, indicating that an optimal balance must be identified in
future studies.

Overall, this ab initio informed kMC model provides unique insights
by bridging the gap between isolated ab initio reaction mechanisms
and their dynamic interplay and shows the resulting structures over ex-
tended timescales. The governing VC polymerization processes are sug-
gested to only start to occur above the millisecond timescale, whereas
atomistic simulation techniques are limited to the nanosecond-scale
and below. This highlights the importance of mesoscale models for
understanding the multiscale nature of SEI formation and its interplay
with macroscopic properties such as electrolyte composition. Quantita-
tive experimental validation remains challenging due to the molecular
resolution and relatively short timescales accessed in the simulations.
Nevertheless, the simulation results show qualitative agreement with
key experimental trends such as the formation of polymers in VC-
containing electrolytes and a layered SEI with more inorganic SEI
species close to the electrode and an increasing number of organic
species above. To further enhance the predictive power of the presented
approach, tailored experiments to specifically validate the predicted
SEI structure, e.g. in terms of polymer chain length distribution, would
be beneficial. The presented modeling framework can be applied to
further liquid electrolyte systems of interest and may hence contribute
to a model-assisted electrolyte and SEI design. In the long-term, this
knowledge may facilitate the development of rechargeable LMB with
improved safety and performance.

4. Methods section
4.1. Density functional theory calculations

DFT was used to calculate the reaction free energy AzG; and the
energy barriers AG;IE of the polymer termination reactions. These ki-
netic parameters were then provided as an input for the subsequent
kMC calculations. The molecular modeling was carried out with Gaus-
sianl6 [67] in accordance with the previous publication of Kuai and
Balbuena [20]. The B3PW91 level of theory with 6-311g(3df) basis
sets [68] was used to optimize all structures. Solvation effects were
evaluated based on the Solvation Model based on Density (SMD). The
catalytic effects of lithium metal were neglected, as direct contact
with the electrolyte phase is limited to the initial few nanoseconds
of the simulation. Grimme dispersion corrections were included in the
calculations. All free energy values were converted to the standard state
of 1M.
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Table 2
Summary of rate equations for all types of implemented rare events.
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4.2. Kinetic Monte Carlo model

For this study we used an extended version of the previously intro-
duced 3D-kMC model of Wagner-Henke et al. [34,35]. In the following
section we briefly summarize the main model equations with a focus
on the model extensions. Our kMC model is based on the Variable
Step Size Method [22,25] and a structured list approach according to
Schulze [69]. Details on the algorithm can be found in our previous
publication [35].

The higher efficiency of kMC approaches compared to atomistic
modeling techniques mainly comes from the focus on rare events and
the neglection of fast processes such as atomic vibrations [23]. The
rare events considered in our model are (electro-)chemical reactions,
transport and clustering processes. The respective rate equations of all
processes are summarized in Table 2. The description of all symbols
may be found in the list of symbols in Table 4. The rates of propagation
and termination reactions of polymerization are calculated in the same
way as the rates of chemical reactions. In contrast to the implemented
non-polymeric species, polymer species can occupy multiple voxels
with each subunit occupying one voxel. The same holds for dimers
such as LiEDC. Once a macromolecule covers more than one voxel, its
transport is neglected since it is considered to be slow compared to
the transport of smaller molecules in the electrolyte. Moreover, radical
polymer species are assumed to be only reactive at their active chain
end. Hence, further propagation and termination reactions can only
occur on the voxel, which was added last to the polymer and therefore
represents the active site. This approach is very similar to previous
kMC polymerization studies such as the work of Arraez et al. [41,42],
who applied lattice-based kMC models to investigate surface-initiated
polymerization processes. Further assumptions regarding the polymer-
ization processes are that terminated chains cannot be reactivated and
that propagation reactions are irreversible.

In the following, further details on the inputs of the rate equations
are provided.

The energy barriers for forward and backward reactions are calcu-
lated based on the activation energies AGf and reaction energies ARz G;
from DFT as follows:

E ;i forw = AG[i M

EA,i,back = AG? - ARGi (2)

Moreover, the electron transport from the lithium metal anode to
the site of reaction in the electrolyte is modeled using an electron
transport factor x(z):

(3)

Here, f represents the decay factor, z;; ,,, is the highest position
in the kMC box in which lithium metal is present and z is the height
variable of the kMC box. Once one layer of lithium metal is entirely
consumed, the electron transport factor x(z) is updated, since zj; .
decreases. In literature, exponential decay functions are very common

K(z) = exp (_ﬂ (z— ZLi,max)) , forz> ZLi,max
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to model electron tunneling [29,31,70]. However, electron tunneling
does not reach further than a few nanometers [71,72], and is hence not
sufficient to explain experimentally observed SEI thicknesses. There-
fore, a number of further electron transport mechanisms through SEI
such as electron conduction [73,74], neutral lithium diffusion [16,75]
or solvent diffusion through SEI pores is under discussion [71,76]. For
simplification, we assume the exponential decay function in Eq. (3) to
empirically account for all electron transport processes across the SEI.
We do not define a cutoff distance for the exponential decay in this
study.

In the transport rate equation I';, (cf. Table 2), I represents the
diffusion length which equals the size of the lattice sites AL in case
of face-directed diffusion, V/2 - AL in case of edge-directed diffusion
and \/§ - AL in case of corner-directed diffusion. Furthermore, the
electrostatic energy E, accounts for repulsive coulombic forces between
like-charged neighboring species as given in Eq. (4), which ensures
local electroneutrality.

Attracting forces are neglected for the sake of computational effi-
ciency and to prevent numerical artifacts which would be caused by
the missing long-range interactions of this approach. Hence, E, is set
to 0 if E, > 0. In addition, global electroneutrality throughout the entire
simulation box is further ensured by coupling each reduction process
with the oxidation of lithium metal and the corresponding release of
one Lit-ion. The kMC model does not explicitly account for the effects
of the electrical double layer.

Additionally, the second exponential term in the transport rate
equation accounts for an additional energy barrier E, due to adsorp-
tion effects of intermediate species on neighboring solid SEI species.
Thereby, the local energy barrier is calculated based on the number #;,
type j and binding energy J; of direct neighbors as shown in Eg. (5).
Eb = (5)

1

In c])rder to achieve a significant increase of the modeled timescales,
we introduce the following new assumptions: First, we introduce im-
plicit electrolyte species, which are assumed to be homogeneously
distributed over the empty voxels of the simulation box, for times
beyond 2 ps. This is justified as diffusion is significantly faster than re-
action at this timescale (SI Section 1.5). These species are not explicitly
placed on individual voxels in the simulation box, but can still take part
in (electro-)chemical reactions. They may be present on each empty
voxel with a probability p; which is based on their bulk concentration
¢ and the lattice site volume AL? as shown in Eq. (6).

PjZCj~AL3~NA 6)

If implicitly considered species are formed by a reaction, they are
not placed in the simulation box, since their concentration is considered
to be constant. For explicitly considered species j, p; is 1 for voxels
which are occupied by a molecule of species j, and 0 for voxels which
are empty or covered by another species. In addition, the lithium
oxidation process is implicitly considered by assuming that the solid
transport of lithium atoms in the lithium metal bulk phase is fast
enough to fill voids that arise by lithium oxidation. This assumption is
based on the self-diffusion coefficient of solid lithium which is reported
to be in the range of 4.82 to 7.78 x 101> m? s’ for a temperature of
298 K [77]. Furthermore, we assume that electrolyte decomposition
products that are located more than 5 nm away from the upmost
layer containing clustered SEI species or lithium metal are dissolved.
They are hence removed from the simulation box in order to reduce
the number of modeled transport steps of electrolyte decomposition
products within the bulk electrolyte phase and to further increase the
computational efficiency of the model. This is justified, since interac-
tions with the electrode or SEI surface are not expected beyond this
distance.
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Table 3
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Activation energies in kcal mol! for VC and EC degradation (I), VC polymerization, cross-polymerization
(P) and termination reactions (T) for the lithiated and non-lithiated case. All energies are derived from
quantum mechanic calculations. The optional Li*-coordination is shown in blue.

AG?/ keal mol

N° Reaction Lithiated  Non-lithiated
1§l (LiY)VC + e « (Lit)VC™ 0% 0%e
12 (LiY)EC + e «— (Li")EC” 12.05° ob
P1 (LiY)VC + (LiY)VC — (Li*)poly(VC)'z' 9.97¢ 0ce
P2 (Lif)poly(VO); + (LiIVC — (Li)poly(VC); 13.54¢ 13.63¢
P3  (Li"poly(VO), + (LIVC — (Li*)poly(VO); 144 144
P4 (Li")EC” + (Li")VC — (Li*)poly(EC/VC); 13.42¢ 14.31¢
P5  (Li*)poly(EC/VC); + (Li*)VC — (Li*)poly(EC/VC); 14.1¢ 6.09¢
P6  (Li*)poly(EC/VO):, + (LIIVC — (Li*)poly(EC/VC); 14¢ 144
T1  (LiY)VC™ + (Li)VC — (Li*)poly(VC), 0%e oo
T2 (LiY)VC” + (LiT)EC™ — (Li*)poly(EC/VC), 3.972 3.972
T3 (Li*)poly(EC/VC);"‘ + (Li*)poly(EC/VC)I' — (Li*)poly(EC/VC), 17.832 17.832
T4 (Li*)poly(EC/VC);\ + (Lif)EC™ — (Li*)poly(EC/VC), 16.59% o€
TS5 (LiY)poly(EC/VC): + (Li)VC™ — (Li*)poly(EC/VC), 16.78 0%e

a QOriginal DFT calculations.
b Adopted from Wagner-Henke et al. [35].
¢ Adopted from Kuai and Balbuena [20].

4 DFT calculations for different Li* coordinations were averaged and rounded.
¢ Manually set to 0 kcal mol! since the DFT calculations suggested negative values.

Table 4
List of Symbols.
Alphabetic
¢ Concentration / mol m3
D Diffusion coefficient / m? s
E,; Energy barrier/kcal mol!
F Faraday constant / C mol!
J; Binding energy to species j / kcal mol!
ko Frequency factor / s
! Diffusion length /m
n; Number of direct neighbors of type j / -
N, Avogadro constant / mol?!
p; Site coverage probability for species j / -
q Charge / A s
R Ideal gas constant / J mol! K
T Temperature / K
z Height coordinate / -
Greek
a Symmetry factor / -
B Electron decay factor / m*
r Transition rate / s!
AG} Activation energy of reaction i / kcal mol?!
AxG; Gibbs free energy of reaction i / kcal mol?
AL Distance between lattice sites / m
€ Vacuum permittivity / F m™!
€r Relative permittivity / -
n Potential difference / V
K Electron transport factor / -

Subscripts/Superscripts

dir Direction of reaction
i Process

J Species

n kMC site

nn Next neighbor

The long-time calculations are further initialized with a primary,
simplified SEI layer. This layer can be adjusted to represent the initial
passivation due to the SEI formed within the first microsecond and/or
further native or artificial passivation layers. It consists of dense LiF,
which was chosen, since it constitutes the topmost layer of the primary
inorganic SEI (cf. Fig. 1). The Li,CO5 layer below is hence not expected
to impact follow-up reactions at the SEl/electrolyte interface (cf. SI Fig.
6). The porosity of the primary passivation layer is set to zero, since the
short-term calculations indicated a very high density of the LiF-layer in
the primary SEI (cf. Fig. 1 (b)). Detailed information on the selection
of all parameters is provided in Section 1 of the SI.
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4.3. Identification of VC degradation reactions

Our selection of VC degradation and polymerization reactions is
based on the study by Kuai and Balbuena [20], in which they identified
Gibbs free energies and energy barriers for different VC polymerization,
EC polymerization and EC/VC cross-polymerization mechanisms. Based
on their results, we selected the suitable VC degradation reactions
for our study as follows: First, reasonable reaction mechanisms are
expected to have a negative Gibbs free energy 4,G; to ensure ther-
modynamic favorability. Second, the corresponding activation energy
AG:.IE should be sufficiently low to allow the reaction to proceed in an
accessible time. As illustrated exemplarily for a chemical reaction with
ko, = 108 s7! and p; = 1 in SI Fig. 3, the average reaction time
until a process occurs is still well below 1 s for an energy barrier of
15 kcal mol!, significantly increases when it approaches a barrier of
20 kcal mol! and hits a reaction time of 1000 s for about 21.8 kcal
moll. Since we do not reach simulation times of up to 1000 s in our
kMC simulations, we neglect all reactions with an energy barrier above
21.8 kcal mol!. Kuai and Balbuena [20] demonstrated that the ring-
opening mechanism of VC has to overcome a very high energy barrier
of at least 38.48 kcal mol'!. Similarly, both the self-polymerization of
EC and its reaction with VC-derived radicals have been reported to
exhibit high energy barriers of more than 50 kcal mol!, respectively.
This significantly exceeds our defined cutoff energy barrier of 21.8
kecal moll. Therefore, we did not consider these mechanisms for our
kMC investigations. In contrast, the calculated energy barriers for the
poly(VC) formation mechanism (cf. Scheme 1 (a)) were determined to
be well below 21.8 kcal mol! which makes this reaction mechanism
suitable to be studied with our kMC framework (cf. Table 3). The
same holds for the cross-polymerization mechanism (cf. Scheme 1 (b)),
which is induced by an EC-radical species attacking a VC monomer and
followed by subsequent VC polymerization without ring-opening.

Kuai and Balbuena [20] additionally showed that the energy barri-
ers of monomer reduction, initiation and polymerization significantly
depend on the lithiation of the monomer and polymer species. Since
this lithiation heavily depends on the bulk electrolyte composition (cf.
SI Fig. 5), we extracted two different parameter sets from their study
as input for our kMC simulation studies. The first one considers all
monomers to be coordinated with one Li* ion and the second accounts
for the case without Lit-coordination. As demonstrated in our previous
work [35], the assumption of lithiated electrolyte molecules aligns well
with the local conditions on the lithium metal surface during the initial
SEI formation on the nanosecond to microsecond scale. Therefore, the
lithiated parameter set is applied for all short-term calculations in this
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study. In case of the long-time calculations, we consider a homogeneous
bulk electrolyte phase. Hence the amount of lithiated and non-lithiated
electrolyte molecules can be estimated (cf. SI Fig. 5). Our calculation
shows that in a single-solvent EC electrolyte with 1.2M LiPFg and 5 wt%
VC a high number of non-lithiated electrolyte species exists. Since
these are more prone to react compared to their lithiated counterparts
(cf. Table 3), the non-lithiated parameter set is used for this case. In
contrast, most solvent and additive molecules are coordinated with at
least one Li* ion in case of a mixed EC:EMC (3:7 by wt.) electrolyte with
either 1.2M or 3M LiPFg and 5 wt% VC (cf. SI Fig. 5). Therefore, the
lithiated parameter set is applied for the corresponding calculations.

The summary of the extracted energy barriers can be found in
Table 3. Thereby, the energy barriers of the reaction steps I1, I2,
P1, P2, P4 and P5 have been directly calculated by DFT. Moreover,
all of these steps have negative Gibbs free energies and hence are
thermodynamically favorable. Due to computational limitations, the
energies for propagation of longer polymer chains (P3 and P6) are not
easily accessible by DFT. We therefore make the simplifying assumption
that the energy barriers of propagation steps, forming chains longer
than three monomers, are independent of the exact chain length and
configuration of the polymer species. Hence, the energy barriers of the
corresponding polymerization reactions P3 and P6 are set to the next
integer values of the respective second propagation steps (P2 and P5).
Since all barriers except of the non-lithiated case of P5 are close to 14
kcal mol!, we set this energy barrier for all long-chain propagation
steps. In order to assess the possible impact of this assumption we
performed a sensitivity analysis for this parameter (cf. SI Section 2.4).
This shows that neither the chemical composition or morphology nor
the growth dynamics are highly affected by the exact energy barrier
of the long-chain propagation. However, the parameter significantly
influences the duration of layer formation, which hence should be
interpreted with caution.

The kinetic parameters of the considered termination reactions (cf.
Scheme 2) could not be found in literature and were hence calculated
using DFT as part of this study. Due to computational limitations of
DFT, the termination of the active polymer chains is approximated
using the values for the corresponding dimers. Thereby, we assume
that the results are also representative for longer polymer chains and
that the type of initiator does not have a significant impact on the
termination kinetics. All energies were again calculated for a lithiated
and a non-lithiated case. The resulting parameters are summarized in
Table 3.
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