¥® ROYAL SOCIETY
PP OF CHEMISTRY

PCCP

PAPER

Comparative study of the reductive
decomposition reaction of ethylene carbonate
in lithium battery electrolyte: a ReaxFF
molecular dynamics study
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Electrolyte decomposition and subsequent solid electrolyte interphase (SEI) are considered to be the
primary cause of degradation of lithium batteries. We investigate the multiple factors that can affect the
reductive decomposition pathways of ethylene carbonate (EC) and SEl formation using reactive
molecular dynamics. Our simulations reveal the effects of lithium concentration, simulation temperature,
and the imposition of external electric field on the decomposition reaction and pathways, respectively.
The comparative results reveal the increasing lithium concentration has a strong influence on EC
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decomposition and its pathway at each temperature. Also, the increasing temperature and imposition of
an external electric field have been found to non-electrochemically and electrochemically modify the
decomposition pathways of EC. This study provides insights into not only the SEI chemistry in Li-ion
batteries but also that in lithium metal batteries, which can potentially contribute to the design and
optimisation of future novel battery materials and electrolyte solutions.
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1. Introduction

As the demand for energy continues to rise worldwide, the need
for high energy density storage systems is becoming increas-
ingly crucial. To address this need, rechargeable lithium bat-
teries (RLB) are being developed for more critical application
areas including medical equipment and heavy vehicles. In
conventional RLBs, the negative electrode is made of graphite,
and forms lithium-graphite intercalation compounds (Li-
GICs)." However, during the initial charging of RLBs, the
electrolyte experiences reductive decomposition at the surface
of the lithiated graphite anode with the presence of Li-ions and
form a passivated solid electrolyte interphase (SEI) film. As a
complex mechanism,” the film is comprised of organic and
inorganic decomposition intermediates and products of
electrolyte,>* and leads to the degradation of both the electrode
and the electrolyte, due to the irreversible loss of active lithium
and capacities of RLB. The SEI has significant impacts on the
performance of RLBs, particularly during cycling at deep dis-
charge and operating at high rates. As a result, it is important to
understand its formation mechanisms, in particular the
decomposition mechanisms and pathways of electrolyte, in
order to design RLBs with high performance and long-
lasting life.
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In the commercial LIB industry, current electrolytes are in
the form of liquid solutions of organic carbonates, commonly
including aromatic ethylene carbonate (EC), aliphatic ethyl
methyl carbonate (EMC), and other lithium salts. It is well
known that cyclic esters such as EC play an important role as
they have better dielectric properties (¢ = 90), relatively higher
viscosity and abilities to form a stable passivating layer over a
graphite electrode®® or active LME surface.”® Various experi-
mental techniques have been utilised in the studies of SEI
formation over the last decade both in situ and ex situ, includ-
ing scanning electron microscopy (SEM), X-ray photoelectron
spectroscopy (XPS), X-ray diffraction (XRD), infrared spectro-
scopy (IR), and transmission electron microscopy (TEM).”™
Although advances in these surface analysis tools and techni-
ques enable the analysis of parameters of composition and
morphology, it is still very challenging to capture and charac-
terize SEI and its initial stage of growth experimentally.

Quantum chemistry (QC) based methods such as density
functional theory (DFT) and ab initio molecular dynamics
(AIMD) simulations are able to predict the electrochemistry at
a high accuracy, albeit for a limited system size of hundreds of
atoms as they are computationally intensive. A number of
mechanisms have been proposed in DFT studies for the degra-
dation of EC molecules,'> ™ and in these studies, two reduction
steps of EC molecules are captured. Firstly, the EC molecule
undergoes a ring-opening reaction after transfer of an electron,
as the homolytic bond cleavage between an alkoxy oxygen atom
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and the adjacent ethylene carbon atoms is observed. From this
reduction step, lithium ethylene decarbonate (Li,EDC) or
lithium butylene decarbonate (Li,BDC) may be formed. More-
over, the second reduction step of the EC radical could lead to
the formation of ethylene gas (C,H,) and CO;> as a two-
electron mechanism. Furthermore, besides the DFT calcula-
tions of single molecules, AIMD simulations are used to model
the initial stages of SEI growth by incorporating periodic DFT
calculations.’®™® The reduction processes of one-electron and
two-electron have been identified in AIMD, in addition to the
formation of a diolate with carbon monoxide observed as a new
mechanism when ring opening of the reduced EC takes place
within the carbonate moiety itself. Leung and co-workers used
AIMD simulation to estimate the voltage dependence of the
surface charges and the free energy of electrolyte.'®**?! The
surface charge may be adjusted by changing the number of
deintercalated Li-ions from the graphite anode, and the dein-
tercalated potential of lithium and degradation potential of EC
are estimated. Furthermore, a hybrid Monte Carlo/molecular
dynamic method is proposed by Takenaka and co-workers to
study the formation mechanism of the solid electrolyte inter-
phase on the graphite anode in lithium and sodium ion
batteries,”>** by pre-defining a known set of chemical reaction,
hence the simulation can only reproduce the pre-defined reac-
tion pathways.

In contrast, classical MD methods can drastically extend the
system size as well as the timescale for the atomistic simula-
tions. ReaxFF, developed by van Duin and co-workers,” has
been constructed to bridge the gap between ab initio QC and
non-reactive empirical force fields. ReaxFF can describe
complex chemical reactions, featuring the ability of simulating
dissociation, transition, and formation of chemical bonds.
ReaxFF has previously been performed to study the formation
and dynamics of SEI in LIB chemistries under -certain
conditions.?*?® However, the detailed effects of lithium den-
sity, temperature and electric field are still unclear. It has been
found that cycling or aging with increasing temperature can
accelerate the formation of SEL.>?*° Besides, the kinetics of the
decomposition of electrolytes is highly dependent on the salt
concentration (or Li concentration) in the electrolytes, which
remains to be thoroughly investigated.

It should be noted that when it comes to interfacial SEI
studies, ReaxFF in combination with the adopted charge equili-
bration method (QEq) has a limitation. Essentially, QEq treats
the SEI as an electronic conductor rather than an electronic
insulator, as the charges of particles in this region are updated
in each MD step. This issue becomes significant as SEI grows
thick enough and the electron tunnelling through SEI becomes
unphysical. However, this limitation could be alleviated in the
initial stage of electrolyte decomposition and SEI formation
without an interface configuration. Therefore, ReaxFF could be
suitably utilised to simulate electrolyte solvent decomposition
reactions.

In this study, we aim to investigate the fundamental decom-
position mechanisms of EC molecules during the initial SEI
formation in a simplified system with several restrictive
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assumptions using the ReaxFF molecular dynamics method.
The effects of lithium concentration, temperature, and the
imposition of an external electric field on the decomposition
pathways are discussed. This comparative study enhances
understanding of not only the SEI chemistry in Li-ion batteries
but also that in lithium metal batteries, which can potentially
contribute to the design and improvement of novel battery
materials and electrolyte solutions.

2. Simulation details

The ReaxFF adopted in this study was developed to describe the
relationship of C/H/O/S/Li/F/N atoms by Bedrov et al.*’ It was
further parameterised by Islam et al.,*® trained for LIB materi-
als, to reproduce the QC calculations and describe bond dis-
sociation and Li-binding energies for electrolyte molecules. The
validity of ReaxFF for investigating the decomposition of elec-
trolyte and formation of SEI has been examined in previous
studies,®"*> and is proven to be the set of optimum parameters
for this research.

The simulation box has dimensions of 35 x 35 x 35 A® and
details of the studied reactive systems are provided in Table 1.
As a fundamental study, the adopted EC density in the simula-
tion setup deviates the typical density of liquid state EC. To
improve the chances of electrolyte decomposition reactions
within the accessible computational timescale, a higher than
practical lithium concentration is used, which contributes to a
higher Li: EC ratio and allows for the observation and analysis
of electrolyte decomposition mechanisms in ReaxFF MD
simulations.

Systems 1 to 3 are used to investigate the basic pathways of
EC reductive decomposition and mechanisms of SEI formation.
With different numbers of lithium atoms at different tempera-
tures, the effects of lithium density and temperature on the
decomposition pathway of EC are also investigated. One limita-
tion of the combined ReaxFF and QEq method is that it lacks an
explicit electronic degree of freedom, hence it does not simu-
late electron flow and dynamics. Even though Li ions (Li") could
be included in the initial model construction, QEq will recal-
culate the charge of Li" ions in the same way as Li atoms as

Table 1 Summary of the construction details of the studied systems

No. of molecules/atoms
ules/ Electric field

System EC Li Temperature ~ strength (V A™")
1 60 40 300 & 600 K —
2 60 60

3 60 80

4 300 K 0.01
5 0.05
6 0.1
7 0.12
8 60 40 0.14
9 0.16
10 0.18
11 0.2
12 0.3
13 0.5
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Fig. 1 Illustration of simulation system configurations: (a) system 1 with
60 EC and 40 Li atoms. (b) System 2 with 60 EC and 60 Li atoms. (c) System

3 with 60 EC and 80 Li atoms. Colour code: C: grey, H: white, O: red, Li:
purple.

soon as the MD simulation begins. Therefore, there is no
difference in the calculated charges between lithium particles
initially configured as either ions or atoms. To avoid ambiguity,
we adopted and described the particles as Li atoms. A snapshot
of these systems is presented in Fig. 1. The Li atoms are
introduced randomly at a distance of more than 5 A away from
the centroids of EC molecules.

Due to the high reactivity of lithium, ethylene carbonate can
be spontaneously decomposed with the presence of lithium
atoms in ReaxFF MD simulations, even under room tempera-
ture. For the purpose of equilibration, each system is relaxed at
1 K for 100 picoseconds. Based on the charge equilibration
method, the average charges of Li atoms in the studied system
in the equilibration state range from +0.55 to +0.6e. The ReaxFF
MD simulations are then carried out at both 300 K and 600 K to
study the reduction reaction and its dynamic evolution. The
higher temperature of 600 K is achieved by gradually increasing
from 300 K in 6 ps (60000 MD iterations and a rate of 0.005 K
per step), to accelerate the reaction by enhancing kinetics and
allow the observation of the electrolyte chemistry of interest
within the shorter timescale in MD simulation.*?

Systems 4-7 use duplications of the equilibrated system 1
after 100 ps 1 K relaxation as the starting point, and different
strengths of electric field are applied in the x-direction, ranging
from 0.01 to 0.5 V A™*. The adopted high-intensity electric field
is used to speed up the decomposition process within the short
timescale of the ReaxFF MD simulation. It is worth noting that
the electric field is applied in the form of an external force with
the magnitude of F = g in LAMMPS and is proportional to the
charge status allocated to each particle. Topologies of single
molecules are created using Avogadro,®**® and the initial
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configurations of every system are made using packing optimi-
zation for molecular dynamics simulations (PACKMOL).*®

We perform all ReaxFF MD simulations using the embedded
REAXC®” package in the open source large-scale atomic/mole-
cular massively parallel simulation (LAMMPS) program devel-
oped by Plimpton et al’®*?° and Thompson et al®® The
canonical ensemble (NVT) is used, with a constant number of
atoms N, volume V and temperature T for all ReaxFF MD
simulations, and the temperatures are maintained using the
default Nosé-Hoover thermostat. The temperature damping
constant has significant influence on the effectiveness of the
Nosé-Hoover thermostat; temperature can fluctuate wildly if it
is too small, while a longer temperature equilibration time can
be expected if it is too large. A good choice for ReaxFF MD
models is around 100 timesteps.

All our ReaxFF MD simulations are performed with a time
step of 0.1 fs with a damping constant of 10 fs. In order to
eliminate artificial effects of the structure, each simulation
system undergoes energy minimization steps via a conjugate
gradient algorithm. Periodic boundary conditions are enforced
in all directions. The bond order cut-off should be carefully
selected: too many bonds are included with the choice of low
cut-off value and would lead to errors by including unsuccessful
events producing every short-lived species. In contrast, frag-
mented molecules are identified if the cut-off value is too large.
For the bonding pairs only involving elements C, H, and O, the
bond order cut-off of 0.3 is adopted as in general this value
suitably compromises species identification accuracy, as
recommended in previous studies.*** A bond order cut-off
of 0.8 for Li-Li pair, 0.55 for Li-O pair, and 0.3 for Li-C and Li-
H pairs interatomic connectivity are adopted, to recognise the
molecules and therefore identify the species formed during
every step of MD simulations, with the aid of visualization of
trajectories.

Three replicas with different initial configurations are con-
structed for every scenario to simulate a total of 39 systems, and
the results are averaged for further analysis. All the parallel
ReaxFF MD simulations are carried out on ARCHER2, the UK
national supercomputing service. For post-processing of atomic
trajectories during MD simulations, the atomic positions and
velocities are generated at every 100 MD steps (0.1 ps), while
bond information is collected at every 100 MD steps (0.1 ps) for
recognising species in order to provide more details on the
mechanism of species and intermediates formation. Visualiza-
tion of the results is conducted using Visual Molecular
Dynamics (VMD)** software and the open visualization tool
Ovito.** Post-processing of MD results is accomplished using a
self-developed MATLAB code.

3. Results and discussions
3.1. Time evolution of potential energy

Potential energy profile is used as an indicator of the reliability
of the simulating model. In particular, the temporal variation
of systematic potential energy is expected to be relatively slight
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Fig. 2 Potential energy variation profile of simulation systems 1, 2 and 3 during (a) 300 K and (b) 600 K NVT MD simulations of ethylene carbonate
decomposition with the presence of lithium atoms. The solid lines are the averages of the three replicas, and the shaded area represents error bands of

the standard deviation of the three replicas.

and stable before the end of equilibration runs. The potential
energy profiles of the equilibration run for systems 1-3 are
stabilized from 40 ps, irrespective of the different lithium
density in the systems. Fig. 2 depicts the transient variation
in the potential energy of simulation systems 1, 2 and 3 during
(a) 300 K, and (b) 600 K NVT MD simulations of ethylene
carbonate decomposition. To visualise the difference in the
variations of potential energy in each system, the potential energy
profiles are shifted vertically to make sure the peaks of the curve
reach zero before they start to drop vigorously. The shaded area
represents error bands showing the uncertainty of MD simula-
tions as a standard deviation of the three replicas. Due to the fast
ramping of simulation temperature from 1 K to the desired value,
in all systems the potential energy initially abruptly rises to a local
maximum before entering decreasing trajectories when ethylene
carbonate undergoes decomposition.

The comparisons within Fig. 2(a) and (b) conclude that the
higher lithium density not only catalyses the decomposition of EC
molecules, but also leads to a more rapid increase and decrease of
the magnitudes of potential energy, unveiling the quicker absorp-
tion and release of heat energy during NVT MD simulations.
Furthermore, the widths of potential energy peak are shortened
when there are more lithium atoms in the systems. The result
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shows the promotion of the reductive decomposition of EC
molecules when more lithium atoms are involved.

Fig. 2(b) depicts more drastic variations of magnitudes of
the potential energy at 600 K in comparison with those of
systems 1-3 at 300 K, implying the promotion of heat releases
at the elevated temperature. It is worth noting that, although at
both temperatures the amount of absorption of energy (the
difference in the starting point to the peak value of the potential
energy) is approximately 600 kcal mol~" before decreasing, the
peaks in the systems for the 600 K cases are wider, due to the
increasing temperature during the first 60000 MD iterations
which alleviates the release of heat. For system 1, the potential
energy drops more vigorously at 600 K in the first 20 ps than at
300 K; however, the variation in the potential energy profile enters
a steady and slightly decreasing regime, implying the lithium in
system 1 is at a sufficiently saturated density at a high thermo-
dynamic temperature in a 150 ps NVT MD simulation.

3.2. EC decomposition reaction rate and pathways

3.2.1. Effect of lithium concentration on EC decomposi-
tion reaction. The time evolution of the number of dominant
species during 150 ps NVT MD simulations of EC decomposi-
tion at 300 K is depicted in Fig. 3. Overall, the trends in these

(b)
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Fig. 3 Time evolution of the number of species during 150 ps NVT MD simulations of EC decomposition at 300 K. (a) EC undecomposed, and (b) Li
atoms consumed. The shaded areas represent the standard deviation of three replica.
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temporal variations show similar trajectories. Furthermore, it
shows the increase in the lithium concentration has strong
influence on the decomposition of ethylene carbonate, where
the least lithium concentration systems have the lowest EC
decomposition number, while the highest lithium concen-
tration systems undergo a more vigorous EC decomposition
reaction. It is worth noting that the exact number of relevant
species is not of special interest in this study and is therefore
less meaningful. However, the overall pattern and trend of
curves are easily distinguishable, allowing for the observation
of distinct effects.

Fig. 3(a) and (b) show the number of EC remaining after
decomposition and lithium atom consumption. For all sys-
tems, the reactions start as soon as the simulations begin, with
a faster initial reaction rate. System 1 initially has a steady
decomposition reaction involved, then enters a relatively stable
regime with very slight variation of species numbers from 50 ps
of the MD simulation. In contrast, a similar trend of EC
decomposition and lithium consumption is observed during
the first 75 ps of MD simulations of system 2 and system 3,
before two curves enter different trends. After 75 ps, the EC
decomposition reaction with lithium atom can still be observed
in system 2, in a steady but slower reaction in comparison to
the beginning of the simulation. In contrast, EC in system 3 is
decomposed at a similar rate across the entire 150 ps NVT MD
simulation, as well as the consumption rate of lithium atoms.

Quantitatively, Fig. 3(a) and (b) show the effect of lithium
concentration on EC decomposition, in the way of the decom-
position mechanism. 16.67% (10 molecules), 35% (21 mole-
cules), and 51.67% (31 molecules) of EC molecules are involved
in the reductive decomposition reaction in systems 1, 2 and 3,
respectively. Furthermore, for the lithium atoms, there are 25%
(10 atoms), 51.67% (31 atoms), and 65% (52 atoms) consumed
by the end of the 150 ps NVT MD simulation of systems 1, 2 and
3, respectively. In system 1, the vast majority of decomposition
only involves one EC molecule and one lithium atom. The
addition of 20 lithium atoms from system 1 to system 2 and
from system 2 to system 3 both results in the additional lithium
consumption of approximately 20 atoms while the EC con-
sumption increases with the increment of 10, implying the
different decomposition reaction pathways in systems 2 and 3
in comparison with system 1.

Fig. 4 depicts the primary decomposition pathway of ethy-
lene carbonate when interacting with active lithium atoms.
From the ReaxFF MD simulation, the primary decomposition
pathway of the EC molecule is found to be initiated by the redox
interactions when EC is approached by active lithium atoms, at
the sites near either ethereal (pathway A) or carbonyl oxygen
(pathway B) atom. The lithium atom is oxidised, which trans-
fers electron to initiate an EC reduction reaction to form a
Li(EC) complex. This decomposition pathway agrees with var-
ious experimental and simulation studies.'®'>*3™*° Further-
more, this complex can interact with an additional lithium
atom to form Li,(EC) as shown as pathway C and then follows a
reversible pathway D to form Li(EC). Alternatively, Li(EC) can
undergo a ring-opening reaction through the cleavage of the
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bond between ethylene carbon and ethereal oxygen and then
forms an o-Li(EC) complex as shown in pathways E and F.

It is important to mention that, although the bond between
lithium and oxygen atoms is not necessarily formed in the
product of pathways A-F, it is connected in the post-processing
visualization step once the lithium atom approaches within
2.5 A of the ethereal or carbonyl oxygen, to signify the approach-
ing of lithium atoms on the decomposition of EC and the
subsequent ring-opening reactions to form o-Li(EC) radicals.

Fig. 5 presents the time evolution of the number of domi-
nant SEI species formed during 150 ps NVT MD simulations of
EC decomposition at 300 K. The transient variation of the
primary decomposition product Li(EC) is presented in
Fig. 5(a), showing a similar overall trend in comparison with
lithium consumption in Fig. 3(b). It is worth noting that,
although the number of Li(EC) in Fig. 5(a) includes the ring-
opening products of the o-Li(EC) complex, this ring-opening
complex and pathway E or F are not observed in system 1 at
300 K. However, unlike the higher initial lithium consumption
rate in systems 2 and 3, during the beginning of MD simula-
tions the formation of Li(EC) is at a similar rate for all systems,
represented by the overlap in curves before 75 ps. This is
because the ring-opened o-Li(EC) radical forms as the primary
decomposition product and can be treated as an ‘“‘intermedi-
ate” that then undergoes a secondary and further decomposi-
tion reaction. This could be explained by the notably lower
formation number of Li(EC) compared to its corresponding EC
and Li consumption in systems 2 and 3, and the larger height of
the shaded area.

Furthermore, the secondary and further decomposition
reaction in systems 2 and 3 of Li(EC) is reflected in Fig. 5(b).
In the less lithium concentrated system 1, the formation of
Li(EC) dominates the consumption of EC and Li-atoms, pre-
senting an “1-EC-to-1-Li” decomposition reaction mechanism,
and no further decomposition occurs. Without ring-opening
reaction and secondary decomposition occurrence, the total
number of SEI species formed in system 1 can match not only
the lithium consumption but also the total number of Li(EC)
formed, with one additional Li,(EC) observed.

Due to the single-electron transfer mechanism, the lithium
atom transfers electron to initiate EC reduction reaction, and
form Li(EC). This mechanism is most likely to occur when the
lithium density or concentration in the system is low. In
contrast, the profile of total species in systems 2 and 3 presents
a rapid initial increase, followed by similar trajectories to that
of the corresponding lithium consumption. Similarly, the total
number of EC decomposition products agrees with the corres-
ponding lithium consumption for systems 2 and 3. In these
systems with higher lithium concentrations, the reductive
decomposition pathways are different, as the formation of
products from the secondary decomposition mechanism con-
tributes to the majority of the total SEI product number rise.

3.2.2. Effect of temperature on EC decomposition reaction.
The ReaxFF MD simulations were then conducted at 600 K to
accelerate the chemical reaction and study the effect of tem-
perature on the EC decomposition reaction. Fig. 6 shows the
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Fig. 4 Snapshots of primary decomposition pathways and products of ethylene carbonate (EC) when interacting with active lithium atoms from the
ReaxFF MD simulation. Colour code: C: grey, H: white, O: red, Li: purple. O1 and O2 represent ethereal and carbonyl oxygen atoms respectively. The
lithium—-oxygen bond in pathways A, B, C, E and F is connected for better visual observation.

time evolution of EC consumption and the total number of
decomposition species during 150 ps of ReaxFF MD simula-
tions at 300 K (solid symbols on curves of lighter colours) and
600 K (hollow symbols on curves of darker colours), and the
different trend in temporal variation between low and high
temperature implies the different decomposition mechanism.
In contrast to the more consistent decrease across the 150 ps
MD simulation for the simulation at 300 K, the EC molecules
shown in Fig. 6(a) are rapidly consumed once the system
reaches 600 K and transfers into a steady diffusion regime at
20 ps with stable but slight changes in the number of
available EC.

22194 | Phys. Chem. Chem. Phys., 2024, 26, 22189-22207

Furthermore, the subtle increase in the number of available
EC molecules (decrease in consumption) is observed after
20 ps, due to the fact that a small number of EC molecules
are following the irreversible pathways A, B and C. As discussed
in the previous section, the overlapped curves of EC decom-
position and lithium consumption are observed during the first
75 ps of MD simulations of system 2 and system 3 at 300 K,
before the two curves follow different trends. However, at
elevated temperature the initial decomposition of EC in system
3 is at a higher rate than that in system 2, and this difference in
contrast with 300 K is caused by the effect of thermal
decomposition.
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Fig. 5 Time evolution of the number of SEI species formed during 150 ps NVT MD simulations of EC decomposition at 300 K. (a) Li(EC) formed, and (b)

total number of decomposition species. Shaded areas represent the standa

Interestingly, the number of available EC molecules for each
system at the end of 150 ps tends to converge to that of the
replicated system at different simulation temperatures. Due to
the fact that the number of available EC molecules serves as the
primary indicator of the number of EC involved in the primary
decomposition pathways, the observations can reveal the dif-
ferent EC decomposition mechanisms under different simula-
tion temperature, where most EC molecules are chemically and
electrochemically decomposed with the presence of lithium
and the decomposition rate is affected by the lithium concen-
tration at lower temperatures, while an additional non-
electrochemically thermal degradation can be observed at
higher temperatures.

Fig. 6(b) shows the time evolution of the number of total SEI
species formed during 150 ps NVT ReaxFF MD simulation at
300 K and 600 K. Similar to the EC number variation profiles,
the curves for 600 K also show an abrupt change once the
system reaches 600 K then transfers into a stable and slightly
increasing regime. Furthermore, the number of total decom-
position products are further increased by an increment of
approximately 20 for all systems due to the thermal
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decomposition and radical termination of the ring-opened o-
Li(EC) complex at a higher simulation temperature, on top of
the additional SEI species discovered at higher lithium concen-
tration discussed in the previous section.

The ring-opened o-Li(EC) complex is involved in the radical
termination reaction through secondary decomposition path-
ways, and decomposed into a combination of carbonates, gas,
and other SEI species in different phases, including Li,O,
Li,CO3, CO, and C,H,. These species are commonly attributed
to the electrolyte decomposition and the associated SEI for-
mation, and our ReaxFF simulations well reproduced previous
computational and experimental results,>>43:46:48:50°61 ¢ b1
and CO, are found to be the most abundant gas phase decom-
position products experimentally, and these have been con-
firmed through our computational studies. Fig. 7 summaries
the pathways leading to the formation of major and key species
discovered through ReaxFF MD simulation. The presented
pathways agree with experimental findings of the predominant
presence of gas phase C,H,, and other organic/inorganic spe-
cies. Although the bond between lithium and oxygen atoms is
not necessarily formed in Liy(EC), o-Li(EC) and products of
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Fig. 6 Time evolution of the number of species during 150 ps NVT MD simulations of EC decomposition at 300 K (solid symbols on curves of lighter
colours) and 600 K (hollow symbols on curves of darker colours). (a) EC undecomposed, and (b) total number of decomposition species. The shaded

areas represent the standard deviation of three replica.
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pathway I and P, the lithium-oxygen bonds are connected in
the post-processing visualization step once the lithium atom
approaches within 2.5 A of the ethereal or carbonyl oxygen.

In previous studies,'>'7*>%>7% the two-electron reduction
routes of ethylene carbonate have been identified, especially in
lithium concentrated systems. In the ReaxFF MD simulation,

22196 | Phys. Chem. Chem. Phys., 2024, 26, 22189-22207

this fast two-electron reduction results in the ring opening of
EC by the cleavage of the O;—Cg bond, which then sponta-
neously decomposes into carbonic acid CO;>~ and ethylene gas
C,H, in the presence of lithium atoms. The ReaxFF MD
simulation in this study captures these decomposition routes
as pathways L and M. After the decomposition, CO5;>~ is found
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to be negatively charged while C,H, is shown to be slightly
positively charged. Therefore, CO;>~ subsequently bonds to the
active lithium to form lithium carbonate Li,CO; (x = 0, 1, 2, 3),
represented by pathways N, O and P. Alternatively, the Li,(EC)
complex, as the primary decomposition product of EC, under-
goes Cc-O, bond breaking and forms Li,O and a C;H,0,
complex, which is subsequently decomposed in sequence and
liberates gas phase ethylene C,H, and carbon dioxide CO,. This
route is less favourable than the previous fast two-electron
reduction due to the fact that the number of C;H,0, complexes
is found to be significantly lower than Li(EC) and o-Li(EC).

Fig. 8 shows the time evolution of the number of key species
(left column) and its ratio towards the total number of SEI
species (right column) during 150 ps NVT MD simulations of
EC decomposition at 300 K and 600 K. According to the
temporal variation profiles, the decomposition mechanisms
and pathways exhibit a big difference from those at lower
temperature. In Fig. 8(a) and (b), unlike the results using the
lower temperature of 300 K, where the number of Li(EC)
increases during the first 75 ps then remains in system 1 or
continues to grow in systems 2 and 3, the number of such
molecules at 600 K increases vigorously and peaks during the
initial 10 ps with a lower count of them captured in the lithium-
diluted environment. After that, the decreasing trend is dis-
covered and the amount at the end of the 150 ps MD simulation
converges to similar values for systems of different concentra-
tions. This result not only shows that the different amounts of
Li(EC) formed at different lithium concentrations are all ther-
mally decomposed, but also concludes the effect of tempera-
ture on the decomposition mechanism of EC.

At lower temperature, the electrochemically formed Li(EC)
complex tends to be stabilized in a lithium-diluted environ-
ment but can undergo further and relatively slower secondary
decomposition reaction via chemical and electrochemical
mechanisms. However, in addition to the electrochemical
mechanism, at higher temperature the primary decomposed
product also undergoes nonelectrochemical thermal decompo-
sition, and the effect of lithium concentration is not significant
in the remaining amount in the system. The ratio of the Li(EC)
complex towards the total SEI species also agrees with the effect
of temperature, where the complex acts as the prominent SEI
component in 300 K, while the ratio in 600 K shows its
insignificance.

Further results also confirm the effect of temperature on the
decomposition mechanism. In Fig. 8(c)-(f), the temporal varia-
tions for the inorganic species Li,CO; (x = 0, 1, 2, 3) and Li,O
(x =1, 2, 3) and their ratios towards total SEI species are shown,
respectively. The formation of these two species is not observed
in the lithium-diluted environment of system 1 at 300 K, and
the effect of lithium concentration on EC decomposition is
revealed in the profiles of systems 2 and 3. The increasing
lithium concentration donates to the formation of lithium
carbonates and lithium oxide through pathways L, G and I,
although identical numbers of carbonate-species are discov-
ered in systems 2 and 3 while a higher lithium concentration
further stimulates the formation of lithium oxide. By this, it

This journal is © the Owner Societies 2024
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suggests the effect of lithium concentration is specifically more
significant on the routes C and G. The steady growth of lithium
oxide number correlates to the steady growth in the total SEI
species number and forms a noisy ratio curve in 300 K.

Furthermore, the simulation temperature influences the
formation of these two species, as they grow rapidly at the
beginning of the simulation and then enter a steady trend with
decayed formation rates. As mentioned previously, especially at
elevated temperature, carbonate-species form through fast two-
electron reduction pathways by the cleavage of the O,-Cg bond
and then spontaneously decompose into carbonic acid CO;>~
and ethylene gas C,H, in the presence of lithium atoms. In
contrast, lithium oxide is formed through Cc-O, bond breaking
which is less favourable than the previous fast two-electron
reduction because the number of C;H,0O, complexes is found to
be lower than Li(EC) and o-Li(EC). Furthermore, the result of
the ratio of lithium carbonates to total species suggests that the
elevated temperature has a significant impact on the decom-
position pathway of EC, as primary non-electromechanical
thermal decomposition products are observed. Nevertheless,
the effect of lithium concentration is less important, owing to
the fact that the increased lithium concentration only affects
electromechanically and causes the increase in the number of
carbonate-species formed but not affecting its ratio towards
total species.

The liberation of gas phase product carbon dioxide CO, and
ethylene C,H, is illustrated in Fig. 8(g) and (i) with their ratio
towards total SEI species shown in Fig. 8(h) and (j), respectively.
Similar to the difference in formation rates found in the
inorganic species Li,CO; (x = 0, 1, 2, 3) and Li,O (x = 1, 2, 3)
and their ratios towards total SEI species, the comparison of the
gas formation trend throughout the 150 ps ReaxFF MD simula-
tion also proves the EC molecules are decomposed in favour of
the mechanism of the faster two-electron reduction pathways
by the cleavage of the O,-Cg bond, which then spontaneously
decompose into carbonic acid CO;>~ and ethylene gas C,H, in
the presence of lithium atoms. After the EC decomposition into
Li,O and C;H40, complexes, the former inorganic product
follows a reversible reduction pathway I, and the latter
C3H,0, complex is further reduced following pathways J and
K to form gases CO, and C,H,. The formation of CO, is not
observed at 300 K electrochemically or chemically, and is found
to be gradually increasing during the 600 K simulation at a
slower rate than that of lithium oxide. From this observation, it
suggests the liberation of CO, is through a non-electrochemical
decomposition mechanism and is a thermally decomposed
product triggered at higher temperature. Furthermore, identi-
cal amounts of CO, and Li,O (x = 1, 2, 3) are found at the end of
the 150 ps MD simulation, suggesting all C;H,0, “intermedi-
ates” are thermally decomposed to carbon dioxide, leading to
the similar ratio towards total SEI species for all systems with
different lithium concentrations.

Moreover, the generation of C,H, is at the same rate of
inorganic species Li,CO; (x = 0, 1, 2, 3), in agreement with the
previous observation of the major/favourable secondary decom-
position routes that the primary decomposed product would
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Fig. 8 Time evolution of the number of key species (left column) and its ratio towards the total number of SEI species (right column) during 150 ps NVT
MD simulations of EC decomposition at 300 K (solid symbols on curves of lighter colours) and 600 K (hollow symbols on curves of darker colours). (a) and
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22198 | Phys. Chem. Chem. Phys., 2024, 26, 22189-22207

This journal is © the Owner Societies 2024



PCCP

follow at elevated temperature. Its rapid formation reproduces
the formation rate of carbonate-species during the initial 10 ps
before converting into steady growth regimes, implying path-
way M plays a dominant role in the initial process. This
observation is confirmed by the small quantity of CO, in the
initial 10 ps as C,H, forms through pathway K simultaneously
with CO, formed via pathway J. In contrast to the nearly
constant quantity of lithium carbonates found from three
systems at the later stage, the amount of C,H, continues to
grow steadily to the end at 600 K, and the corresponding ratios
toward the total SEI species not only converges below 0.4 but
also presents a big discrepancy hence a strong influence of
temperature on the C,H, formation, either in an electrochemi-
cal way or more profoundly in a nonelectrochemical way.
Overall, while at low temperature the primary decomposed
product, the Li(EC) complex, is found to be the prominent
SEI species, gas phase products and inorganic lithium carbo-
nates dominate in the formation towards the total SEI species
at high temperature.

A summary of the primary and secondary decomposition
pathways of EC for each system at 300 K and 600 K is shown
below in Tables 2 and 3, respectively. It is worth mentioning
that, although lithium ethylene dicarbonate (LEDC) is consid-
ered to be the primary SEI component and its formation is
observed in previous experimental and simulation
studies,*>**33°:6579 in the current ReaxFF MD simulation it
is only captured for a few flux during post-processing of bond-
order data of millions of MD steps in some of the replica
systems when o-Li(EC) is approached by LiCO;". It is neither
stable nor visually captured during visualization. Due to the
fact that o-Li(EC) rapidly undergoes spontaneous decomposi-
tion into carbonic acid CO;*> and ethylene gas C,H, while
LiCO; ™ can be easily reduced to Li,CO; in a reversible mecha-
nism, the co-existence of LiCO;~ adjacent to o-Li(EC) is unlikely
in the timescale of ReaxFF MD simulations.

Furthermore, it is believed that the formation and presence
of LEDC favours a low lithium concentration environment, as a
lithium concentrated environment promotes the decomposi-
tion of LEDC into inorganic salts. Nonetheless, the capture of
LEDC is not of particular interest in the current study. The

Paper

ultimate aim is to investigate the effect of lithium concen-
tration and temperature on the EC decomposition mechanism
and the followed pathways, and the findings and conclusions
on these effects remain.

3.3. Impact of external electric field on the EC decomposition
reaction

An illustration of a simulation system configuration containing
60 EC molecules and 40 Li atoms with an applied external
electric field with various strengths is shown in Fig. 9. With this
external electric field on the equilibrated system along the x-
direction, the impact of the external electric field on the EC
decomposition reaction is justified and scrutinized by the
variations of the remaining EC numbers and SEI species
formed compared with system 1 without the imposition of this
e-field. It is worth noting that through conducting several
simulation cases by varying the intensity of the electric field
from 0.01 to 0.5 V A™%, it was found that EC would not
decompose without the presence of lithium even at the highest
voltage used.

Fig. 10 describes the impact of the external electric field of
various strengths on EC decompositions. This field affects the
transport and reaction of species involved in the SEI formation,
and is revealed by the time evolution of undecomposed EC
molecules with representative curves shown in Fig. 10(a). In
general, the applied external electric field enhances the migra-
tion of particles, ions and radicals, and promotes the reduction
and decomposition of EC by altering the kinetics of the
electrochemical reaction, represented by the increase in the
EC consumption number at the end of the simulation.
The impact of e-field strength on the amount of undecomposed
EC molecules at the end of the 150 ps MD simulation below
0.1 V A™* is minimal, although the reversible decomposition is
enhanced by the e-field, observed by the fluctuation of
the curve.

With increasing the e-field strength to 0.1 V A~" and above,
the decomposition during the initial 25 ps becomes more
prominent, followed by further decomposition and SEI for-
mation. This finding is in agreement with the observation of
the number of types of SEI products and intermediates found at

I,

A¥,

Q
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P 2 A )
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& Atom
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A

Fig. 9 Simulation system configuration containing 60 EC molecules and 40 Li atoms with applied external electric field with various strengths. Colour

code: C: grey, H: white, O: red, Li: purple.
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the end of 150 MD simulation shown in Fig. 10(b). The linear
regime between the e-field strength and EC decomposition is
found, where a more non-linear relationship can be found for
the type of products and intermediates when the magnitude of
the electric field increases. Although a similar amount of EC
decomposition is captured between 0 and 0.1 V A™', their
increasing tendency to undergo electrochemical reactions leads
to the additional amount of SEI species and by-products
formed electrochemically.
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With the increased strength, the larger electric fields further
polarize the particles and alter the chemical reaction mechan-
isms by electrochemical activation, especially in the secondary
decomposition pathways. EC molecules are found to be more
prone to ring opening, which in turn almost spontaneously
decompose into secondary decomposition products. Further-
more, the increasing fragmentation of secondary decomposi-
tion products and their recombination is observed with

stronger e-field imposition.
—II -
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To reveal how the electric field influences the secondary
decomposition of ethylene carbonate molecules, the generation
of key SEI species and the corresponding pathways are scruti-
nized and compared. Fig. 11 shows the influence of an electric
field on the formation of key species. As shown in Fig. 11(a) and
(b), the imposition of the electric field starts to promote the
electrochemical formation of lithium oxide at the lowest elec-
tric field, and the superatomic Li;O, typically formed as an
intermediate species through pathways G and I, is the promi-
nent lithium oxide found at low e-field with a strength below
0.12 V A~ Beyond this electric field strength, Li,O molecules
are formed in favour through pathway G and become the
dominant species found in inorganic lithium oxides. Consider-
ing the higher formation energy and lower binding energy of
LizO than that of Li,O, the superatomic intermediate Li;O can
easily break into Li,O and Li through the reversible pathway I.

In contrast, the higher atomic binding force in Li,O con-
tributes to the higher stability as the Li-O bond is more difficult
to break. In this ReaxFF MD simulation, the charge transfer and
distribution are performed by the charge equilibration method
(QEQ), and the effective partial charge in Li,O is computed to be
Li,"?07%7, in agreement with the effective charge in a pre-
vious study.”® The imposition of an external electric field with
strengths below 0.1 V A" does not promote the generation of
lithium carbonates. However, the increasing generation of
lithium carbonates is captured in the simulation systems with
a higher magnitude of external e-field. As mentioned previously
EC molecules are electrochemically activated and more prone
to ring opening with a higher e-field strength imposed. There-
fore, the number of decomposed EC molecules further
increases, by ring-opening reaction and spontaneous decom-
position into lithium carbonates and ethylene gas. LiCO;™ is
found to be the most stable and dominant carbonate decom-
position product in the ring-opening reaction through pathway
N, and the amount of Li,CO; and Li;COj is found to be low, due
to the low Li-density.

The amount of carbon dioxide CO, and ethylene gas C,H,
for various e-field strengths is shown in Fig. 11(c) and (d). After
two lithium atoms bind to the O, atom and break the Cc-O,
bond, the lithium oxide and C;H,0, complex are formed
following pathways G and H, which is further decomposed into
two gas phase products. Similar to the findings for the effect of
an electric field on lithium carbonates, the generation of these
two gas phase products is inhibited in a low e-field environ-
ment, while the higher e-field strength boosts the formation of
CO, and C,H,. This can be explained by the fact that the energy
barrier of the ring-opening of the C3H,0, complex is substan-
tially higher than the reaction of pathway G, thus the release of
lithium oxide exists earlier than CO,. Furthermore, as the
liberation of C,H, can be tracked from pathways J and M, it
is found to be formed simultaneously with carbonate-species at
a lower e-field strength. The amount of C,H, generated through
pathway ] is identical to the findings in CO,. Similarly, the
number of C,H, is equal to that of lithium carbonates at
various e-field strengths. This result validates the decomposi-
tion pathway found through current ReaxFF simulations.
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4. Conclusion

In summary, the reductive decomposition reaction of ethylene
carbonate in lithium battery electrolyte and the subsequent SEI
species formation is studied using ReaxFF MD simulations. Our
simulations reveal the effect of lithium concentration, temperature,
and the imposition of an external electric field on the decomposi-
tion reaction and pathways, respectively. By using the potential
energy profile as the indicator of the reliability of simulation
models, the result indicates the higher lithium concentration not
only promotes the reductive decomposition of EC molecules, but
also leads to rapid absorption and release of heat energy. Further-
more, the time evolution of the number of key species is analysed.
The comparative results reveal the increasing lithium concentration
has a strong influence on EC decomposition and its pathway for
the same temperature, where the lowest lithium concentration
systems have the lowest EC decomposition number, while the
highest lithium concentration systems undergo more vigorous EC
decomposition reaction. Only primary decomposition of EC is
observed in the Li-diluted environment, and the primary decom-
position product is found to be further electrochemically reduced
in the Li-concentrated environment and contributes to the majority
of the total SEI product number rise.

By conducting the simulations at higher temperature, the
observed different trends in temporal variation between low
and high temperature imply different decomposition mechan-
isms. The results suggest that most EC molecules are electro-
chemically decomposed with the presence of lithium and the
decomposition rate is affected by the lithium concentration at
lower temperature, while an additional non-electrochemical
thermal degradation can be observed at higher temperature.
The temporal variation of key SEI species suggests carbonate-
species form through fast two-electron reduction pathways and
then spontaneously decompose into carbonic acid CO;*~ and
ethylene gas C,H,, and the ratio of lithium carbonates to the
total species suggests the elevated temperature has significant
impact on the decomposition pathway of EC.

Furthermore, the results from key SEI species analysis on
the imposition of an external electric field with various
strengths suggests strong electrochemical impact on the
decomposition mechanisms of EC. While the electric field
strength below 0.1 V A™" only exerts minimal impact on the
decomposition reactions, the stronger electric field polarizes
the particles and alters the mechanisms by promoting the
electrochemical formation of lithium oxides, lithium carbo-
nates, gas phase CO, and C,H,. In addition, the increasing
fragmentation of secondary decomposition products and their
recombination are observed with stronger e-field imposition.

The limitation of this ReaxFF MD study is that several
organic SEI species are absent due to the short timescale of
the ReaxFF MD simulation. Also, we acknowledge that our
simulation setups do not fully represent realistic electrolyte
conditions and battery operations due to the simplified simula-
tion configurations. However, the findings still provide insights
into the effects of key parameters on the EC decomposition
mechanism and the followed pathways. This study not only
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reveals the SEI chemistry in lithium batteries but also provides
clues to that in lithium metal batteries. In future research, the
electrolyte composition with the presence of novel lithium salts
will be studied to further our understanding of the SEI formation.
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Appendices

A. Pathways for the decomposition products of EC

PCCP

B. Decomposition reaction pathways of EC

Although the bond order relationships and visualisation are
used in post-processing as the sole indication for pathways
and species identification in current research, Chemical
Trajectory AnalYzer (ChemTraYzer, or CTY) script’’ is
used to aid and assist the analysis of reaction pathways
and decomposition mechanisms of ethylene carbonate.
Although the CTY script is originally designed for the study
of ReaxFF molecular dynamics of fuel in combustion chem-
istry that is in the gas phase, hence is not suitable in
accurately capturing all reaction activities during simula-
tions of current study, this limitation is still realised and
the data from CTY is solely used for discovering trends in
variations for a variety of simulation scenarios, and compare
with the adopted data.

The flux value presented in the following tables represents
the count of occurrence of corresponding decomposition reac-
tion that is discovered during the studied period of time. The
flux value of three replicas of each simulated concentration/
temperature is averaged and shown below. Tables 4 and 5
summarise decomposition reactions of ethylene carbonate
during NVT ReaxFF MD simulations of EC decomposition at
300 K and 600 K, respectively, while Table 6 includes a
summary of pathways for the investigation of selected e-field
strength.

Table 2 Summary of the primary decomposition pathways of ethylene carbonate during NVT ReaxFF MD simulations. Numbers are used to clarify the

occurrence of these pathways in different replicas

s1 S2 S3
Pathway Product 300 K 600 K 300 K 600 K 300 K 600 K
A Li(EC) 0 0 1 0 1 2
B Li(EC) 3 3 3 3 3 3
C Li,(EC) 3 3 3 3 3 3
D Li(EC) 3 3 3 3 3 3
E 0,-Li(EC) 0 0 0 2 0 1
F 0,-Li(EC) 2 3 3 3 3 3

Table 3 Summary of secondary decomposition pathways of ethylene carbonate during NVT ReaxFF MD simulations. Numbers are used to clarify the

occurrence of these pathways in different replicas

S1

Pathway Product 300 K 600 K

S2 S3

300 K 600 K 300 K 600 K
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Table 4 Summary of decomposition reactions of ethylene carbonate during NVT ReaxFF MD simulations of EC decomposition at 300 K. The table is
reduced by filtering out the flux value below 5 to eliminate recrossing reactions and rare events. Asterisk * represents reverse reaction for the same
reaction ID

Total flux@300 K

ID Decomposition reaction S1 S2 S3

R1 0—C10CCO1, [Li] — [LiJO[C]10CCO1 2674 2116 1276
R1* [Li]O[C]1O0CCO1 — O=C10CCO1, [Li] 2641 2038 1193
R2 0—C10CCO1, [Li][Li] — [Li], [Li]O[C]1OCCO1 — 34 82
R2* [Li], [Li]O[C]10CCO1 — O=C10CCO1, [Li][Li] — 31 72
R3 [CH,]COC(=0)[0] - 0—C10CCO1 31 68 78
R3* 0—C10CCO1 — [CH,]COC(=O0)[0] 22 56 43
R4 Li], [Li], [Li]OC(=O0)[O] — [Li]O[C](O[Li])O[Li] — 5 5
R5 Li], [LiJOC(=O0)O[Li] — [Li]O[C](O[Li])O[Li] — 150 271
R5* Li]O[CI(O[Li)O[Li] — [Li], [Li]OC(O0)O[Li] — 149 271
R6 Li], [LiJOC(=0)[0] — [LiJOC(=O0)O[Li] — 121 99
R6* Li oc( 0)O[Li] — [Li], [Li]OC(=O0)[0] — 120 95
R7 [Li], [Li]O[C]10CCO1 — [CH,]COC(=O0)[O], [Li][Li] — — 5
RS Li], [Li]O[C][10CCO1 — [C]10CCO1, [Li]O[Li] — 292 755
R8> CJiocco1, [Li]O[Li] — [Li], [LiJO[C]10CCO1 — — 743
R9 Li], [Li][O] — [Li]JO[Li] — — 6
R10 Li], [0]C(=0)[0] — [Li]JoC(=0)[0] — — 155
R10* LiJoC(=0)[0] — [Li], [0]C(=0)[0] — — 148
R11 LiJOC(=0)OC[CH,] - O=C10CCO1, [Li] 18 63 58
R11* 0—C10CCO1, [Li] - [LiJOC(=0)OC[CH,] 7 46 31
R12 LiJOC(=O0)OC[CH,] — [CH,]COC(=0)[O], [Li] 6 22 13
R12* CH,]COC(=0)[0], [Li] — [Li]JOC(=O0)OC[CH,] 6 13 9
R13 LiJOC(=O0)OJ[Li] — [Li], [Li], [O]C(=0)[O] — — 23
R13* Li], [Li], [0]C(=0)[0] — [LiJOC(=O0)O][Li] — — 18
R14 Li o[c]10cc01 [Li][Li] — [Li], [Li], [Li]O[C]1O0CCO1 — — 14
R14* [Li], [Li], [Li]O[C]10CCO1 — [Li]JO[C]10CCO1, [Li][Li] — — 9
R15 [Li]O[C]10CCO1 — C=C, [Li]JOC(=0)[O] — — 5
R16 [LiJO[C]10CCO1 — [CH,]COC(=0)[0], [Li] 24 41 57
R16* CH,]COC(=0)[0], [Li] — [Li]O[C]10CCO1 16 40 32
R17 LiJO[C]10CCO1 — [LiJOC(=0)OC[CH,] 15 88 73
R17* LiJOC(=O0)OC[CH,] — [Li]O[C]10CCO1 15 56 40
R18 LiJO[C]=O, [Li]O[Li] — [Li], [LI]OC( 0)O[Li] — — 9
R18* Li], [LiJOC(=O0)O[Li] — [Li]O[C]=O0, [Li]O[Li] — — 8
R19 LiJO[Li], [LiJO[Li] — [Li], [Li]O[Li], [Ll][O] — — 6

Table 5 Summary of decomposition reactions of ethylene carbonate during NVT ReaxFF MD simulations of EC decomposition at 600 K. The table is
reduced by filtering out the flux value below 5 to eliminate recrossing reactions and rare events. Asterisk * represents reverse reaction for the same
reaction ID. ltalicised reaction ID represents new reaction events not discovered in 300 K simulations

Total flux@600 K

ID Decomposition reaction S1 S2 S3

R1 0—=C10CCO1, [Li] — [LiJO[C]10CCO1 3377 2260 1567
R1* [Li]o[Cc]10CCO1 — O—C10CCO1, [Li] 3339 2239 1524
R2 0—C10CCO1, [Li][Li] - [Li], [Li]O[C]1O0CCO1 — — 16
R2* [Li], [Li]O[C]10CCO1 — O=C10CCO1, [Li][Li] — — 14
R3 [CH,]CcOC(=0)[0] -» 0O—C10CCO1 14 21 21
R3* 0—C10CCO1 — [CH,]COC(=0)[0] 17 25 18
R4 [Li], [Li], [Li]OC(=O0)[O] — [Li]O[C](O[Li])O[Li] 12 15 19
R4* [Li]O[C](O[Li])O[Li] — [Li], [Li], [LijJOC(=O0)[O] 17 10 14
R5 [Li], [LiJOC(=O0)O[Li] — [Li]O[C](O[Li])O[Li] 489 480 610
R5* [LiJO[C](O[Li])O[Li] — [Li], [Li]OC(=O0)O[Li] 499 489 624
R6 [Li], [LiJOC(=0)[0] — [Li]JOC(=O0)O[Li] 495 582 756
R6* [Li]OC(=O0)O[Li] — [Li], [Li]OC(=O0)[O] 499 573 743
RS [Li], [Li]O[C]1OCCO1 — [C]10CCO1, [Li]O[Li] 158 159 102
R8* [c]l10CCOo1, [Li]O[Li] — [Li], [Li]O[C]10CCO1 153 151 99
R11 [Li]JOC(=0)OC[CH,] — 0=C10CCO1, [Li] 5 20 28
R11* 0—C10CCO1, [Li] - [Li]JOC(=0)OC[CH,] 8 13 22
R12 [Li]OC(=O0)OC[CH,] — [CH,]COC(=0)[O], [Li] — 8 8
R12* [CH,]COC(=0)[0], [Li] — [LiJOC(=O0)OC[CH,] 8 10 —

R16 [Li]O[C]10CCO1 — [CH,]COC(=O0)[O], [Li] 9 10 12
R16* [CH,]COC(=0)[0], [Li] — [Li]O[C]10CCO1 5 11 14
R17 [LiJO[C]10CCO1 — [LiJOC(=O0)OC[CH,] 9 41 48
R17* [LiJOC(—O0)OC[CH,] — [Li]JO[C]10CCO1 12 26 14
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Table 5 (continued)
Total flux@600 K

ID Decomposition reaction S1 S2 S3
R18 [Li]O[C]=oO, [Li]O[Li] — [Li], [LiJOC(=O0)O[Li] 75 87 111
R18* [Li], [Ll]OC(_ )O[Li] — [Li]JO[C]=O, [Li]O[Li] 84 82 109
R20 0—C—O, [Li]O[Li] —» [ i], [Li]oC(=0)[0] 9 17 28
R20* [Li], [Li]OC(=0)[0] —» O—C=O0, [Li]O[Li] 7 13 23
R21 [CH,]CO[C]=0 — C—= C, 0—C=0 — 8 10
R22 [C]10CCO1 —» C—C, O—C=0 — — 7
R23 [C][10CCO1 — [CH,]CO[C]=0 7 17 43
R23* [CH,]CO[C]=0 — [C]10CCO1 5 11 39
R24 [Li], [Li]OC(=0)O[Li] - [Li], [Li], [Li]OC(=0)[0] 9 — 9
R24* [Li], [Li], [Li]OC(=O0)[0O] — [Li], [Li]OC(=O0)O[Li] 6 — 8
R25 [Li]OC(=0)OC[CH,] — C—C, [LiJOC(=0)[O] 7 14 23
R26 [Li]OC(=O0)O[Li] - O—C—O0, [Li]O[Li] 12 18 32
R26* 0—=C=0, [Li]O[Li] - [Li]JOC(=O0)OJ[Li] 9 13 23
R27 [Li]O[C]=0, [Li]O[Li] — [Li]O[C](O[Li])O[Li] 17 13 20
R27* [Li]O[C](O[Li])O[Li] — [Li]O[C]=0, [Li]O[Li] 7 16 18
R28 [Li]O[C]=0 —» 0—C=O0, O[Li — — 9
R28* 0—C=0, [Li] - [Li]O[C]=0 — — 7
R29 [Li], [Li], [Li]OC(=0)[O] — [Li], [Li]JOC(=O0)O][Li] — 7 —

Table 6 Summary of decomposition reactions of ethylene carbonate during NVT ReaxFF MD simulations of EC decomposition with imposition of
electric field with selected strength at 300 K. The table is reduced by filtering out the flux value below 5 to eliminate recrossing reactions and rare events.
Asterisk * represents reverse reaction for the same reaction ID. Italicised reaction ID represents new reaction events not discovered in 300 K simulations
without e-field imposition

Total flux S1@300 K

1D Decomposition reaction E=0.1 E=0.2 E=0.3
R1 0=—C10CCO1, [Li] — [LiJO[C]10CCO1 10877 6285 5051
R1* [Li]O[C]1OCCO1 — O=C10CCO1, [Li] 10815 6251 5048
R2 0—C10CCO1, [Li][Li] — [Li], [Li]O[C]10CCO1 13 8 8
R2* [Li], [Li]O[C]10CCO1 — O=—C10CCO1, [Li][Li] 18 6 9
R3 [CH,]COC(=0)[0] - 0=C10CCO1 1993 358 261
R3* 0—C10CCO1 — [CH,]COC(=O0)[O] 1965 356 271
R4 Li], [Li], [Li]JOC(=0)[O] — [Li]O[C](O[Li])O[Li] — — 8
R4* Li]O[C](O[Li])O[Li] — [Li], [Li], [Li]OC(=0)[O] — — 8
R5 Li], [Li]OC(=0)O[Li] — [Li]O[C](O[Li])O[Li] — — 511
R5* Li]O[C](O[Li])O[Li] — [Li], [Li]OC(=O0)O[Li] — — 519
R6 Li], [LijJOC(=O0)[0] — [Li]JOC(=O0)OJ[Li] — 1805 3593
R6* Li]JOC(=O0)O[Li] — [Li], [Li]OC(=0)[O] — 1797 3590
RS Li], [Li]O[C][10CCO1 — [C]J10CCO1, [Li]O[Li] 1252 2176 1379
R8* CJioccot, [LiJO[Li] — [Li], [Li]O[C]10CCO1 1246 2170 1371
R9 Li], [Li][O] — [Li]O[Li] — 61 40
R9* Li]O[Li] — [Li], [Li][O] — 63 41
R10 Li], [0]C(=0)[0] — [LiJOC(=0)[O] — — 19
R10* LiJoC(=0)[0] — [Li], [0]c(=0)[0] — — 16
R11 Li]JOC(=0)OC[CH,] - O=C10CCO1, [Li] 107 42 46
R11* 0—C10CCO1, [Li] - [LiJOC(=0)OC[CH,] 100 40 49
R12 Li]OC(:O]OC[CHZ] — [CH,]COC(=0)[0], [Li] 26 6 16
R12* CH,]COC(=0)[0], [Li] — [LiJOC(=0)OC[CH,] 20 9 16
R15 Li]O[C]10CCO1 — C=C, [Li]JOC(=O0)[O] — 7 9
R15* C—C, [Li]JOC(=0)[0] — [Li]O[C]1OCCO1 8 — 7
R16 Li]JO[C]10CCO1 — [CH,]COC(=0)[O], [Li] 109 45 26
R16* CH,]COC(=0)[0], [Li] — [Li]O[C]1O0CCO1 89 22 36
R17 LiJO[C]10CCO1 — [LiJOC(=0)OC[CH,] 249 177 162
R17* Li]JOC(=0)OC[CH,] — [Li]O[C]10CCO1 237 174 161
R19 LiJO[Li], [Li]JO[Li] - [Li], [Li]o[Li], [Li][O] — 57 27
R19* LiJO[Li], [Li]JO[Li] — [Li], [Li]JO[Li], [Li][O] — 56 27
R20 0—C—0, [Li]O[Li] — [Li], [Li]OC(=0)[O] — 36 67
R20* [Li], [Li]OC(=O0)[0] —» O=C=o0, [Li]O[Li] — 35 65
R21 [CH,]CO[C]=0 — C=C, 0=C=0 21 — —
R21* C=C, 0—C—0 — [CH,]CO[C]=0 17 — —
R22 [C]10CCO1 —» C=C, O—C—0 67 14 —
R22* C=C, 0=C=0 - [C]10CCO1 71 8 —
R23 [C]l10CCO1 — [CH,]CO[C]=0 2002 601 32
22204 Phys. Chem. Chem. Phys., 2024, 26, 22189-22207 This journal is © the Owner Societies 2024
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Table 6 (continued)
Total flux S1@300 K

ID Decomposition reaction E=01 E=0.2 E=0.3
R23* [CH,]CO[C=0 — [C]10CCO1 1999 603 30
R25 [LiJOC(=0)OC[CH,] — C—C, [Li]oC(=0)[O] 12 9 10
R25* C=C, [Li]JoC(=0)[0] — [Li]JOC(=0)OC[CH,)] 7 7 6
R26 [LiJOC(=0)O[Li] - 0—C=O, [Li]O[Li] — 33 60
R26* 0—C—o0, [LiJO[Li] — [Li]JOC(—O0)O[Li] — 32 58
R27 LiJO[C]=O, [Li]O[Li] — [Li]O[C](O[Li])O[Li] — — 15
R27% Li]O[C](O[Li])O[Li] — [Li]JO[C]==0, [Li]O[Li] — — 7
R28 Li]Jo[C[=0 —» 0=C=o0, [Li] — — 95
R28* 0—C=o0, [Li] - [Li]o[C]=0 — — 90
R30 0=C10CCO1 — C=C, [0]C(=0)[0] — — 8
R30* C=C, [0]C(=0)[0] - 0=C10CCO1 — 5 5
R31 Li]O[Li], [0] — [Li][O], [Li][O] — — 132
R31* Li][0], [Li][0] — [Li]O[Li], [O] — 5 120
R32 Li]JOC(=0)[0], [Li]O[Li] — [Li]JOC(=O0)OJ[Li], [Li][O] — — 7
R32* Li]JOC(=O0)OJ[Li], [Li][O] — [LiJOC(=O0)[O], [Li]O[Li] — — 5
R33 Li]O[Li], [0]C(=0)[0] — [Li]JOC(=0)[0], [Li][O] — — 7
R33* LiJOC(=0)[0], [Li][0] — [Li]O[Li], [O]C(=0)[O] — — 6
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