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ABSTRACT: One of the major bottlenecks to the develop-
ment of alternatives to existing Li ion battery technology, such
as Li metal or multivalent ion (Mg, Ca, Zn, or Al) batteries,
has to do with the layer of inorganic and organic compounds
that forms at the interface between the metallic anode and
electrolyte via solvent and salt decomposition (the solid−
electrolyte interphase or SEI). In Li metal batteries the growth
of dendrites causes continual formation of new SEI, while in
multivalent ion batteries the SEI does not allow for the
diffusion of the ions. Finding appropriate electrolytes for such
systems and gaining an understanding of SEI formation is therefore critical to the development of secondary Li metal and
multivalent ion cells. In this work, we use ab initio molecular dynamics simulations to investigate the initial stages of
decomposition of organic electrolytes based on ethylene carbonate (EC) and formation of the SEI on Li, Ca, and Al metal
surfaces. We first find that pure EC only decomposes to CO and C2H4O2

2− species on each type of surface. However, when a salt
molecule is introduced to form an electrolyte, a second EC decomposition route resulting in the formation of CO3

2− and C2H4

begins to occur; furthermore, a variety of different inorganic compounds, depending on the chemical composition of the salt,
form on the surfaces. Finally, we find that EC breaks down more quickly on Li and Ca surfaces than on Al and show that this is
because the rate of charge transfer is much faster owing to their lower electronegativity and ionization energies. The molecular
level understanding of decomposition and SEI formation generated by this computational modeling can lead to the design of
new electrolytes for beyond-Li ion batteries.
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1. INTRODUCTION

Energy storage is one of the most important issues of the
modern era, as it is key to the widespread implementation of
renewable sources such as solar and wind; because these
sources are intermittent, secondary (rechargeable) batteries are
needed to provide electricity when sunlight or wind is not
present.1 To this end, large arrays of inexpensive electro-
chemical cells are required for the grid-based storage required
to store this energy.2,3 Currently, Li ion batteries using
graphitic anodes dominate the secondary battery market,4 but
concerns with cost, safety, and terminal energy density have
inspired scientists to look elsewhere for solutions to this
problem.5−8 For example, one route is to replace graphite with
Li metal as the anode, which improves the theoretical capacity
nearly 10-fold;9,10 however, the growth of dendrites when
plating Li metal presents a challenge (although recent work has
made significant progress in overcoming this).11 Multivalent
ion batteries (MVIBs, or those using ions such as Mg2+, Ca2+,
Zn2+, or Al3+) are also gaining increasing attention due to the
fact that they use earth-abundant (i.e., inexpensive) elements
and are able to provide multiple electrons per atom.12−20

However, one of the major challenges in the adoption of these
alternative technologies is the discovery of compatible

electrolytes with metallic anodes, the use of which would
greatly increase the capabilities of such systems.21−23

The decomposition of the electrolyte (typically LiPF6 salt in
a solvent of ethylene carbonate [EC] and propylene carbonate
[PC] in current Li ion battery technologies24) at the interface
with the anode, occurring when the electrochemical window of
the electrolyte is outside of the electrode redox potential,25

forms a passivating layer of inorganic (close to the anode) and
organic (far from the anode) compounds called the solid-
electrolyte interphase (SEI).26−29 The SEI is electrically
insulating but allows for the diffusion of Li ions and provides
a multitude of beneficial properties, such as preventing
additional electrolyte decomposition, imparting stability to
the anode, and preventing solvent intercalation (however, we
note that it also increases in the interfacial resistance).30−32

However, in batteries such as Li−air or Li−S, which use Li
metal as an anode, the continual change in the surface
morphology driven by dendrite formation means that SEI
formation does not stop.10,33 In multivalent ion batteries such
as those using Ca, one major problem is that the SEI forms but
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does not allow for the diffusion of ions or efficient plating and
stripping of the metal anode.12,34,35 Recently, Ponrouch et al.
showed that electrolytes consisting of an EC/PC solvent and a
Ca(ClO4)2 salt allows for the plating of Ca but produces
ionically insulating compounds such as CaF2.

36 Wang et al.
then found that Ca(BH4)2 in tetrahydrofuran (THF) forms a
layer of CaH2 which allows for Ca stripping and plating, but
with too low of an efficiency for practical use.37 In Al ion
batteries, ionic liquids are often used as the electrolyte solvent
since nonaqueous organic solvents suffer from several similar
problems as in Ca ion batteries, including low solubilities of Al
salts, low Al plating and stripping efficiencies, and formation of
ionically insulating species such as AlF3;

38−43 however, ionic
liquids suffer from their own drawbacks, including prohibitive
costs and high viscosities.14,44

As this shows, studying the interactions between different
electrolytes and anodes is critical to improving these
alternatives to current Li ion battery technology. By under-
standing how electrolytes decompose and form different
inorganic and organic SEI components, it can be possible to
consider new electrolytes that can avoid certain ionically
insulating compounds.45,46 In this work, we investigate the
initial phases of ethylene carbonate (EC)-based electrolyte
decomposition and SEI formation on Li (monovalent), Ca
(divalent), and Al (trivalent) anodes using ab initio molecular
dynamics calculations. By considering this series of metal
surfaces we are able to determine chemical trends and study a
variety of different interfaces; the reactions will differ owing to
the fact that these calculations are performed on different pure
metal surfaces without an applied external potential.
Because we are studying electrolyte decomposition on pure

metal surfaces, we first find that, while EC decomposition
occurs quickly on Li and Ca metal, it happens much more
slowly on an Al surface. Moreover, there are two routes
through which EC can decompose; we find that only one
occurs in pure EC, while both routes occur only when a salt
molecule is present. Finally, we find a variety of different
inorganic compounds on each surface depending on the salt
present in the electrolyte.

2. METHODS

These ab initio molecular dynamics47 calculations were performed
using density functional theory48,49 as implemented in the Vienna ab
initio Simulation Package (VASP)50−52 using projector augmented
wave (PAW) potentials53 and the PBE exchange-correlation func-
tional.54 All calculations utilized a 500 eV plane wave cutoff. A 3 × 2
× 6 repetition of a Li, Ca, or Al unit cell was used to construct a 6-
layer [001]-terminated metal surface. We first inserted 30 molecules
of ethylene carbonate above this surface, the initial configuration of
which was created using the PACKMOL software55 and quenched
using density functional forces. We then replaced one molecule of
ethylene carbonate with a molecule of LiPF6, Ca(PF6)2, or AlCl3, as
well as one system where two molecules of ethylene carbonate were
replaced with two molecules of AlCl3. A 10 ps ab initio molecular
dynamics (AIMD) trajectory was performed for each at both 350 and
450 K using a Nose ́ thermostat with a time step of 1 fs (using a
tritium mass for hydrogen atoms); only the Γ k-point was used in
these calculations. Postprocessing was performed using an in-house
Python script that determines how many ethylene carbonate rings are
broken as a function of simulation time. It does this by using the
distance formula(s) to monitor bond lengths between C and O atoms,
while also accounting for periodic boundary conditions. The script
also determines when these EC molecules decomposed, what
products are formed, and the position and angle (with respect to
the a, b, and c crystallographic axes) at which the EC rings broke. To

compute the Bader charges we performed a self-consistent calculation
on the atomic configuration every 100 fs; the Bader charges were then
computed using postprocessing tools developed by Henkelman et
al.56−59

3. RESULTS

To understand how EC-based electrolytes decompose, we
investigated pure EC and an EC/LiPF6 electrolyte on Li metal,
an EC/Ca(PF6)2 electrolyte on Ca metal, and pure EC and
two different EC/AlCl3 electrolytes on Al metal; each
simulation was performed at 350 and 450 K for a total of 12
simulations. We considered pure EC and EC/Ca(ClO4)2
electrolyte on Ca metal in a previous work.20 Previous studies
have identified two different two-electron decomposition
routes EC can undergo, as summarized in Figure 1.60−67 The

first is a fast two-electron reduction which cleaves both CE−OE

bonds (Figure 1a) to produce ethylene gas (C2H4) and a
carbonate ion (CO3

2−), as shown in Figure 1b. Alternatively,
the two CC−OE can break in sequence, first producing an o-
EC− intermediate (Figure 1c), and then producing CO gas and
a C2H4O2

2− ion (Figure 1d); however, the C2H4O2
2− ion is

highly reactive, and likely goes on to produce other
compounds such as CO, C2H4, CO3

2−, or ethylene
dicarbonate.32,63,68,69 C2H4 and CO gas have both been
detected experimentally in Li ion batteries as the result of EC
decomposition.70−72

3.1. Lithium, Pure EC. We first investigated the
decomposition of 30 EC molecules on an (001) Li metal
surface at 350 and 450 K. Although this system has been
studied in the past, both computationally and experimentally,
we did this to validate our AIMD method and compare our
results with previous observations.60,61,64−66,73−76 In the case
of pure EC, we did not find any molecules break to form CO3

2−

within 10 ps at either temperature, consistent with previous
quantum chemical studies of EC reduction, although there are
many other potential products.60,63,73 All rings that decom-
posed produced CO and C2H4O2

2−, with the first one breaking
at approximately 50 fs at both temperatures; the number of EC
rings broken as a function of simulation time is shown in
Figure 2a for 350 and 450 K. Interestingly, this is slightly
different than EC reduction on Si anodes, where CO3

2− ions
form even in the absence of a LiPF6 salt.77−79 The EC ring

Figure 1. (a) Ethylene carbonate (EC) molecule decomposing via a
two-electron route to produce (b) C2H4 and CO3

2− or in two one-
electron steps to produce an (c) o-EC− configuration followed by (d)
CO and C2H4O2

2−.
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opening then proceeds quickly, with 6 rings breaking after 1.5
ps at both temperatures. Following this, the rate of ring
breaking slows, with one EC ring decomposing every 1−2 ps
(with the rate being slightly faster at 450 K, as expected) and
eventually saturates at 10 at 350 K and 11 at 450 K.
We next determined the position in the unit cell where each

EC ring broke relative to the Li metal surface (Figure 2b for
350 K). There are two Li surfaces owing to the periodic
boundary conditions used in DFT calculations (Figure 2c),
resulting in the two observed regions of EC ring breaking. As
expected, we found the EC molecules next to the surface are
the ones which decompose; interestingly, however, some EC
rings broke nearly 4 Å away from the Li surface. At 350 K, we
found that the CO molecules intercalated approximately 4 to 5
Å into the Li metal while the C2H4O2

2− molecules remained on
top of the surface in a layer that is 3 to 4 Å thick. The EC rings
broke at very similar positions at 450 K (Supplemental Figure
S1), but some CO molecules intercalated further than at 350
K; the C2H4O2

2− species again formed a thin layer on top of the
metal. Finally, we investigated how each EC molecule was
oriented relative to the Li surface when it broke. We quantified
this by defining an angle between the EC molecule and the x, y,
and z directions of the unit cell; a schematic showing this
definition is shown in Supplemental Figure S2a. As shown in
Supplemental Figure S2b, there is no correlation between the
orientation of the EC molecule relative to any direction and
when it breaks at both 350 and 450 K.
3.2. Lithium, EC/LiPF6. We next replaced one of the EC

molecules with a LiPF6 molecule and ran a 10 ps AIMD
trajectory at 350 and 450 K. The first notable difference
between this system and pure EC is that we found a much
faster rate of ring breaking; in this electrolyte, 8 EC rings had

broken at both temperatures by 2 ps (Figure 3a). Similar to the
pure EC case, the number of rings broken saturated at 10 for

350 K and 12 for 450 K. Furthermore, we found that 1
molecule of CO3

2− was produced during the 350 K simulation,
while 4 molecules of CO3

2− were produced at 450 K. This is
significantly more than in the other systems under study in this
manuscript, as well as more than in previous studies of this
system.61,64−66,74 This difference in the products of the
decomposition of pure EC and EC/LiPF6 is likely due to the
lowering of the EC concentration by introducing the LiPF6
salt. Previous work on EC reduction in Li-based systems has
indeed demonstrated that lower concentrations of EC
preferentially form CO3

2−.60,73 This is also consistent with
our previous studies on Ca metal surfaces showing that an
isolated EC molecule decomposes to form a carbonate ion,
while having two or more molecules on the surface (i.e., more
packed) results only in C2H4O2

2−.20

Similar to the pure EC case, we found that the position at
which the rings break extends a small distance away from the
metal surface, with no specific favored position for the
production of CO or CO3

2− (Figure 3b and c for 350 and
450 K, respectively). Furthermore, the orientation of the
molecule again has no determination on when it breaks. While
it is likely that the C2H4O2

2− would further decompose or react
to form other organic components, as it is a highly reactive
species as described previously,32,63,68,69 we find that the
CO3

2− species react with Li to form Li2CO3. Furthermore, the
PF6

− anion begins to decompose after about 1 to 2 ps, after
which the F atoms go on to form LiF. Both Li2CO3 and LiF are
known to be major inorganic components of the SEI.24 Finally,
the Li+ ion from the salt eventually becomes coordinated by 4
EC molecules to form the first solvation shell, consistent with
previous experimental and computational studies.80−83 Repre-
sentative snapshots of the AIMD simulations with these
species indicated are shown in Supplemental Figure S4a and b
for the systems at 350 and 450 K, respectively.

Figure 2. (a) Number of EC rings broken as a function of AIMD
simulation time at 350 and 450 K in a system of 30 EC molecules on
an Li metal surface. (b) Position at which EC rings break in the
simulation cell at 350 K summed over the 10 ps trajectory. (c) EC
decomposition on a Li metal surface after a 10 ps AIMD trajectory at
350 K.

Figure 3. (a) Number of EC rings broken as a function of AIMD
simulation time at 350 and 450 K in a system of 29 EC molecules and
one LiPF6 molecule on a Li metal surface. (b) Position at which EC
rings break in the simulation cell at 350 K summed over the 10 ps
trajectory. (c) Position at which EC rings break in the simulation cell
at 450 K summed over the 10 ps trajectory.
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3.3. Calcium, EC/Ca(PF6)2. We next investigated the
decomposition of EC and a Ca(PF6)2 salt on an (001) Ca
surface, a salt which was recently reported to be synthesized
and used in a Ca ion battery with a tin anode.37,84 At both 350
and 450 K, we found that only CO and C2H4O2

2− molecules
were produced by the breakdown of EC in this electrolyte, in
contrast to the EC/LiPF6 case described in the previous
section. Furthermore, the decomposition of EC proceeds much
faster than in the case of a Li metal surface, with 6 to 7 EC
rings broken within 1 ps at 350 and 450 K (Figure 4a). The

ring breaking saturates after this, however, with only 2
additional EC rings breaking within 10 ps at 350 K (for a
total of 9), and 4 additional EC rings breaking within 10 ps at
450 K (for a total of 11). The EC rings near the Ca surface are
again the ones that break, with one of the layers extending
nearly 4 Å (Figure 4b at 350 K). This is similar at 450 K
(Supplemental Figure S5). Furthermore, the size of the first
solvation shell increases compared to the Li case, with 5 EC
coordinating the Ca2+ ion, similar to what was found in the
case of Ca(ClO4)2 in our previous work.

20 This is in agreement
with the solvation structure predicted for Mg2+ cations in pure
EC;85 however, the solvation of Ca in EC has not been
significantly studied, but this larger shell likely impacts the Ca
ion mobility through the electrolyte. As in the Li metal case,
there is no dependence on the orientation of the EC molecules
on the surface and when they decompose (Supplemental
Figure S6).
As in the Li case and our previous study of Ca systems,20

CO molecules intercalated into the metal surface; however,
they only intercalated to a maximum of 2.5 Å into the surface,
much less than in the Li system. The C2H4O2

2− species
remained on the surface in a layer approximately 4 Å thick. We
constructed this system to have one PF6

− ion near the Ca
surface and one in the middle of the unit cell. Interestingly, the
PF6

− ion near the surface decomposed while the ion in the
middle of the electrolyte remained completely intact after 10
ps. At 350 K, the PF6

− ion began to quickly decompose at
approximately 2.1 ps, with 3 F atoms released by 2.3 ps. After
this, however, the new PF3 remained relatively stable, only
completely decomposing at 3.6 ps. Similarly, 3 F atoms were

released from the PF6
− ion near the Ca surface at 450 K over

the course of 1.6 to 1.9 ps, slightly faster than at 350 K.
However, the PF3 species produced remained intact for much
longer than at 350 K, only fully decomposing at 6.3 ps. At both
350 and 450 K the F atoms bonded to Ca atoms at the surface,
forming a CaF2 network; this is in agreement with compounds
found on the tin anode in a Ca ion battery using an EC:PC/
Ca(PF6)2 electrolyte.37 Representative snapshots at 10 ps at
both 350 and 450 K are shown in Supplemental Figure S7a
and b, respectively.

3.4. Aluminum, Pure EC. Finally, we investigated the
breakdown of pure EC and an EC/AlCl3 electrolyte on an
(001) Al surface. In the case of pure EC, no CO3

2− ions were
produced in either of the simulations at 350 or 450 K, similar
to the case of Li and our previous work on bulk Ca.20 The rate
of EC ring breaking is much slower on the Al metal surface
than either Li or Ca, with only 4 EC rings breaking by 1 ps for
both 350 and 450 K (Figure 5a). This rate slows even further,

and the number of EC rings broken by 10 ps saturates at only 6
at both temperatures. The thickness of the layer of C2H4O2

2−

on the Al surface is therefore smaller than that of pure EC on
Li or Ca (only about 2 Å, Figure 5b for 350 K and
Supplemental Figure S8 for 450 K). Interestingly, unlike the Li
or Ca case, no CO molecules intercalate into the Al metal,
instead sitting on the surface with the C2H4O2

2− ions; this
results in much less amorphization of the Al metal surface,
likely due to the increased strength of the metallic bonding in
Al compared to Ca and Li. Finally, like the Li and Ca case, the
orientation of the molecule relative to the Al surface has no
bearing on its decomposition.

3.5. Aluminum, EC/AlCl3. As with pure EC on Al, when
one of the EC molecules is replaced by a molecule of AlCl3 the
rate of EC ring breaking is still much slower than the Li or Ca
case; after 1 ps only 2 and 4 EC molecules decompose at 350
and 450 K, respectively (Figure 6a). However, we do now find
that one EC ring at each temperature breaks to form CO3

2−

and C2H4. At both 350 and 450 K, the EC ring initially breaks
relatively far from the surface (approximately 4 to 5 Å away,
Figure 6b for 350, Supplemental Figure S9 for 450 K). The
CO3

2− species then moves to sit next to the surface but neither
intercalates nor binds with any of the Al atoms. Additionally, as

Figure 4. (a) Number of EC rings broken as a function of AIMD
simulation time at 350 and 450 K in a system of 29 EC molecules and
one Ca(PF6)2 molecule on a Ca metal surface. (b) Position at which
EC rings break in the simulation cell at 350 K summed over the 10 ps
trajectory.

Figure 5. (a) Number of EC rings broken as a function of AIMD
simulation time at 350 and 450 K in a system of 30 EC molecules on
an Al metal surface. (b) Position at which EC rings break in the
simulation cell at 350 K summed over the 10 ps trajectory.
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with pure EC, the CO molecules do not intercalate into the
metal surface but instead sit on top with the C2H4O2

2− species.
Finally, the AlCl3 salt does not break down at either 350 or 450
K.
We next replaced two EC molecules with two AlCl3 salt

molecules and ran a 10 ps trajectory at 350 and 450 K. At 350
K we find that 4 EC rings break to form CO and C2H4O2

2−

within 0.5 ps, with one more ring breaking at 1 ps; no
additional rings decompose up to 10 ps (black line, Figure 7a).

The CO and C2H4O2
2− molecules again sit on the Al metal

surface and form a thin layer (this can be seen schematically in
Figure 7b). As before, neither of the AlCl3 salt molecules
decompose. However, at 450 K we find significantly different
behavior. First, the rate of ring breaking is much faster than any
of the other Al surface simulations, with 8 EC rings breaking
within 1 ps, and saturating at 10 broken rings (red line, Figure
7a); however, the EC rings broke only to form CO and
C2H4O2

2−. This significantly increases the thickness of the SEI
layer compared to the other Al metal surface simulations, as

seen by where in the simulation cell the EC molecules broke
(Supplemental Figure S10). Furthermore, one Cl ion transfers
from one of the AlCl3 molecules to the other, resulting in
formation of an AlCl4

− species (Supplemental Figure S11); this
molecule is well-known to form in Al batteries utilizing AlCl3
salt.86 However, no other inorganic or organic compounds
were formed.
To determine the origin of the differences in the rate of

electrolyte breakdown on the multivalent surfaces, we next
investigated the charge transfer on Ca and Al metal. To do this,
we computed the Bader charge density every 100 fs for the first
2 ps of the Ca and Al AIMD simulations. These results are
summarized in Figure 8, where we have plotted the number of

charge transferred from the metal to the electrolyte from the
top layer of the surface, normalized to the number of atoms
making up the surface; this was done at both 350 K (black
circles) and 450 K (red triangles). In the case of Ca (Figure
8a), we find that the charge transferred from the surface
steadily increases until 2 electrons are transferred per atom.
This saturation occurs slightly sooner at 450 K (900 fs) than at
350 K (1200 fs) and is expected given the divalent nature of
the Ca atoms. Interestingly, however, only one electron per Al
atom is transferred over the same simulation time period. This
is the same whether there are zero AlCl3 (Figure 8b), one
AlCl3 (Figure 8c), or two AlCl3 (Figure 8d). The only
deviation occurs in the two AlCl3 system at 450 K, where 1.5
electrons are transferred from every Al atom; this increase in
the charge transfer is responsible for the observed faster EC
breaking rate described previously. The difference between the
Ca and Al case is likely due to differences in the ionization
energy and electronegativity of these two species (all numbers
obtained from ref 87). The ionization energy for the first two
electrons of Ca are 6.11 and 11.9 eV; although the first
ionization energy of Al is similar at 5.98 eV, the second (18.8

Figure 6. (a) Number of EC rings broken as a function of AIMD
simulation time at 350 and 450 K in a system of 29 EC molecules and
one AlCl3 molecule on an Al metal surface. (b) Position at which EC
rings break in the simulation cell at 350 K summed over the 10 ps
trajectory.

Figure 7. (a) Number of EC rings broken as a function of AIMD
simulation time at 350 and 450 K in a system of 28 EC molecules and
two AlCl3 molecules on an Al metal surface. (b) Position at which EC
rings break in the simulation cell at 350 K summed over the 10 ps
trajectory.

Figure 8. Charge transferred from the top layer of the metal surface to
the electrolyte (normalized to the number of atoms) in a system
consisting of (a) Ca metal and a 29 EC/1 Ca(PF6)2 molecule
electrolyte, (b) Al metal and a 30 EC molecule electrolyte, (c) Al
metal and a 29 EC/1 AlCl3 molecule electrolyte, and (d) Al metal and
a 28 EC/2 AlCl3 molecule electrolyte at 350 and 450 K (black circles
and red triangles, respectively).
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eV) and third (28.4 eV) are higher. Moreover, the electro-
negativity of Ca (1.00) is lower than Al (1.61). Thus, it is
significantly easier for Ca to transfer charge to the electrolyte
than Al. A similar case can be made for Li, which has a first
ionization energy of 5.39 eV and an electronegativity close to
Ca (0.98); indeed, a Bader charge analysis has been performed
previously for EC on Li metal and found charge transfer to act
similarly.61 This therefore gives rise to the observed differences
in electrolyte breakdown rate in these systems.
Finally, we note several differences between simulations with

and without salt molecules; to make this comparison easier, we
have replotted the data showing the number of EC rings
broken as a function of simulation time with and without a salt
molecule at a given temperature (Supplemental Figures S12,
S13, and S14). We have also included our data from a previous
study to draw comparisons between those Ca-based systems as
well.20 On the Li metal surface, we find that the rate of EC ring
breaking is slightly faster in the system with no salt than the
one with an LiPF6 molecule up to 2 ps at both 350 and 450 K
(Supplemental Figure S12a and b, respectively). After this, the
EC rings break faster in the simulation containing a salt than
without until saturation at 10−12 EC rings broken. On the Ca
metal surface, we find that the presence of a Ca(ClO4)2 salt
results in the slowest rate of EC ring breaking at both 350 and
450 K (Supplemental Figure S13a and b). The simulations
containing no salt and a Ca(PF6)2 molecule exhibit a similar
rate at both temperatures. At 350 K, however, after 2 ps the
pure EC rate increases compared to either of those containing
a salt molecule. Furthermore, at 450 K, the decomposition
rates are similar after 3 ps for all three systems. Finally, the salt
concentration seems to make no difference on the Al metal
surface at 350 K (Supplemental Figure S14a). However, at 450
K, decomposition rate in the simulation containing 2 AlCl3 salt
molecules far outpaces the other two simulations, in which the
EC rings break at a similar rate (Supplemental Figure S14b); as
described previously, this is due to the increased charge
transfer into this system from the Al metal surface (Figure 8d).
Increasing the AlCl3 concentration likely increases the
probability of AlCl4

− formation (which occurred here in the
system at 450 K), in turn facilitating additional charge transfer
from the Al surface. In every other case discussed here (i.e.,
besides the Al system with 2 AlCl3 salt molecules at 450 K),
the addition of a salt slightly slows the initial stages of EC ring
breaking rate; however, the number of broken EC rings in
simulations on the same metal surface and at the same
temperature eventually saturate at close to the same value after
10 ps. These differences yield some insight into how salt
concentration can affect the initial stages of SEI formation; the
addition of a salt molecule appears to slightly slow the
electrolyte decomposition rate, at least at the very initial stages.
Indeed, the concentration of the salt, in addition to its
chemical makeup, can play an important role in determining
the properties and formation of the SEI and the ionic transport
properties of the electrolyte;24,37,88−93 this provides another
parameter to tune in the design of electrolytes21 and deserves
further study, especially in emerging multivalent ion technol-
ogy.

4. CONCLUSION

In this work, we performed a comparative study of the initial
stages of pure EC and EC-based electrolytes on Li, Ca, and Al
metal anodes. We found that while EC decomposition is fast
on Li and Ca metal surfaces, it is slower on Al metal. By

computing the Bader charges, we showed that this is because
the amount of charge transferred is larger and occurs faster in
Ca than Al. Furthermore, we found that the EC rings break
only along the route that produces CO and C2H4O2

2−

molecules; EC only forms CO3
2− and C2H4 when a salt

molecule is present. Finally, we found that the inorganic
compounds that form depend on the salt in the electrolyte.
Using AIMD calculations, we have shown that the products
formed here on short time scales closely match those observed
experimentally. Besides being able to study the effect of
electrolyte composition on the SEI, this molecular level
understanding of decomposition and SEI formation can be
extended to computationally investigate new electrolytes and
predict the composition of the SEI before synthesis. We hope
that these results inspire the investigation of tailored
electrolytes for beyond-Li ion batteries.
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