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a b s t r a c t

Electrolyte ionic diffusivity significantly affects the power density and useable energy density of a lithium
ion battery. During usage, electrolyte can decompose, leading to reduced ionic diffusivity. Understanding
the degradation mechanism and its effect on ionic diffusivity is important for both battery design
optimization to provide superior performance with a long cycle life and for better battery management
during usage to extend the battery life. In this research, the ionic diffusivity of key electrolytes and their
degradation, including DMC-LiPF6, EMC-LiPF6 and DEC-LiPF6, are quantitatively predicted with classical
and ReaxFF molecular dynamics simulations. The electrolyte solvent structures and reaction pathways
are characterized. The effect of temperature, salt concentration and degree of thermal degradation on
electrolyte ionic diffusivity are identified. A list of gas-phase, solvent-phase and solid-phase degradation
products are categorized. DMC-LiPF6 shows the highest thermal stability, while DEC-LiPF6 shows the
lowest thermal stability because of a large amount of eCH3CH2 group in the molecule. PF�6 tends to
decompose first. The decomposed product of PF5 can further lead to CeO bond breaking in solvent
molecules, causing them to decompose into products composed of smaller molecules. Simulations show
that the diffusion coefficients of cations and anions decrease with thermal degradation. The mechanism
is found to be related to the clustering of Liþ, R-O- and (ReOCO2)

-, which impedes ion diffusion in the
electrolyte. This paper provides a quantitative understanding of electrolyte thermal degradation,
revealing the underlying mechanisms and effects on electrolyte properties at the atomistic level by a
systematic comparative study for the first time. The approach will provide valuable guidance to the
development of lithium ion batteries.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Lithium ion battery (LIB) is widely used in a wide range of fields,
from smart phones, laptops, electric vehicles to satellites [1,2].
Various attempts have been made to increase the rate performance
and energy density, which will generate more heat inside a battery.
Even with external cooling, the battery will operate at higher in-
ternal temperatures. Overcharging or thermal runaway can further
increase the local temperature. In addition, some types of LIBs need
to work in extreme heat environments. Combining with the diffi-
culty of thermal management, the temperature inside a LIB can
increase easily during usage. The electrolytes in current LIBs are
al Engineering, University of
mostly organic solvents dissolved with lithium hexa-
fluorophosphate (LiPF6) salt. The widely used organic solvents
include Dimethyl Carbonate (DMC), Ethyl Methyl Carbonate (EMC),
Diethyl Carbonate (DEC), Ethylene Carbonate (EC), Propylene Car-
bonate (PC), which have relatively high electrochemical stability
but poor thermal stability, especially with LiPF6 salt [3]. They can
easily undergo thermal degradation at an elevated temperature
(above 60�Ce70 �C) [4e8]. Some thermal degradation products of
the LiPF6 salt can act as catalyst to accelerate the degradation of
organic solvent, forming chain reactions and causing more elec-
trolyte degradation [9,10]. Thermal degradation has a significant
negative impact on the properties of electrolyte, especially on ionic
diffusivity. Understanding the thermal degradationmechanism and
its effect can help design better LIBs, develop strategies to maintain
the battery performance, and provide guidance for advanced bat-
tery management system.

Thermal degradation of electrolyte has started to emerge as an
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important research topic. Lamb et al. [11] used experimental
methods to investigate the thermal degradation products of elec-
trolytes, especially gas-phase products. The electrolyte solutions
investigated included DMC, EMC, DEC and EC solvent with LiPF6
salt. It was found that EC and DEC mainly contribute to the gas
product during thermal degradation while DMC is relatively stable,
and LiPF6 can affect the thermal degradation rate of EMC. They also
found that the gas products are highly combustible. Ravdel et al. [3]
experimentally investigated the thermal decomposition of LiPF6 in
solid and solution states (with dialkyl carbonate solvent). Con-
ductivity is directly related to diffusivity and is easier to measure.
The conductivity of thermally degraded electrolytes including
DMC-LiPF6 and EC/DMC/DEC-LiPF6 was measured. It was shown
that the thermal degradation of dialkyl carbonate-LiPF6 electrolyte
can generate PF5, CO2, ethers and alkyl fluorides, among other
products. The conductivity of EC/DMC/DEC-LiPF6 electrolyte was
found to decrease linearly during the heating period, while the
conductivity of DMC-LiPF6 electrolyte decreased at an increasing
rate during heating. Despite these studies, the detailed thermal
degradation process and mechanism, as well as the mechanism of
thermally degraded electrolyte on ionic diffusivity, remained un-
clear. It is difficult to experimentally capture the complex thermal
degradation process and the intrinsic mechanism. Molecular sim-
ulations can provide important insights.

Molecular dynamics (MD) simulations have been used recently
to reveal the characteristics of electrolytes. Ravikumar et al. [12]
investigated the effect of LiPF6 salt concentration on ionic diffu-
sivity and the corresponding conductivity by Einstein's relation,
showing a maximum conductivity at the salt concentration of 1M.
Kumar et al. [13] investigated the behavior of LiPF6 in EC solvent,
using both MD and ab initio density functional theory (DFT) cal-
culations. Their work focused on the solvent structure with Liþ and
PF6� ions, and showed that the intermolecular and intramolecular
potentials can produce essential features of the electrolyte. Their
work highlighted that using MD simulations with proper force
fields, ion dynamics and thermodynamics in the electrolyte can be
well captured. Ong et al. [14] investigated the solvation and diffu-
sion of Liþ ion in EC, EMC and EC/EMC with ab initio MD simula-
tions, showing that Liþ ion can be solvated by carbonyl, oxygen
atoms of the solvent, or PF6� ions. The diffusion coefficient of Liþ ion
in EMC was shown to be larger than that in EC, and the diffusion
coefficient of PF6� ion was higher than that of Liþ ion. These works
on regular, non-degraded electrolytes suggested MD simulation as
a powerful tool to investigate ion diffusion in different types of
electrolytes with different solvent structures.

For the study of thermal degradation of electrolytes, reactive
force field (ReaxFF) MD simulations are highly useful [15]. ReaxFF is
able to describe bond breaking, bond formation and chemical
reactivity, and the force field parameters are obtained from an
extensive training set of geometrical and energetic data from
quantum mechanics calculations [16]. Cao et al. [17] used ReaxFF
MD simulations to investigate the thermal decomposition of HFO-
1234yf with O2 in a wide range of temperatures. Chenoweth et al.
[18] investigated the thermal decomposition of poly(-
dimethylsiloxane) polymer, and demonstrated ReaxFF as a power-
ful computational tool for studying the chemical stability of
polymers. Diao et al. [19] investigated the thermal decomposition
of epoxy resin, and concluded that ReaxFF can provide useful in-
sights into the complicated bulk thermal decomposition of organic
materials under extreme conditions at the atomistic level. How-
ever, there are few researches focusing on the thermal degradation
simulation of LIB electrolytes.

In this research, the mechanism of electrolyte degradation and
its effect were investigated using molecular dynamics simulations.
The ionic diffusivity of three types of electrolytes, including DMC-
LiPF6, EMC-LiPF6 and DEC-LiPF6 without degradation, was calcu-
lated and analyzed first with classical MD simulations. Then ReaxFF
MD simulations were performed to simulate and analyze the
degradation process of each electrolyte under different salt con-
centrations. The degradation products were categorized. Finally,
the ionic diffusivity of each electrolyte with different degree of
degradation was calculated for different temperatures and initial
salt concentrations. The effect of degraded electrolyte products on
ionic diffusivity was studied based on solvent structural analysis.
These studies provided a quantitative understanding of thermal
degradation in electrolytes, and revealed the underlying mecha-
nisms and effects on electrolyte structures and ionic diffusivity at
the atomistic level.

2. Simulation set-up and methods

2.1. Classical MD simulation for undegraded electrolyte

The ionic diffusion coefficient can be calculated by the following
equation:

Di ¼ lim
t/∞

MSDi

6t

 
i ¼ cation; anion

!
(1)

where t denotes time (s), Dcation and Danion denote the diffusion
coefficient of cations and anions in the electrolyte (m2/s), which are
calculated by the mean square displacement (MSD) of cations and
anions. In the classical MD simulation, the Class II force field was
used to calculate the interaction among atoms and ions. Specif-
ically, the CFF91 force field was chosen in this research. For the 12-6
LJ pair interaction, a cutoff distance of 12 Å was used. The parti-
cle�particle�particle�mesh (PPPM) method was employed to
compute the long-range Coulombic interaction.

The electrolyte diffusivity without thermal degradation was
investigated first, in order to provide a basic understanding of ion
dynamics inside undecomposed electrolytes. Three types of elec-
trolytes, DMC-LiPF6, EMC-LiPF6 and DEC-LiPF6, were considered.
The solvent molecules all have linear structures, as shown in
Fig. 1(a). The Forcite module in Materials Studio software was
employed to conduct classical MD simulations. The COMPASS force
field was used to calculate the LJ parameters and partial charges.
The partial charges of atoms in solvent and salt molecules are
shown in Fig. 1(a). The PCFF force field and parameters (based on
the CFF91 force field) were employed in the MD simulation.

For the simulation model, 150 solvent molecules (either DMC,
EMC or DEC) were put inside a simulation box with periodic
boundaries. The number of LiPF6 salt molecule was set to be 15 or
21 in different models to make the molar ratio of salt molecule to
solvent molecule (denoted by r(LiPF6)) to be 0.10 or 0.14, respec-
tively. Molecules and ions were placed at random positions initially.
In this paper r(LiPF6) is used to represent the initial electrolyte salt
concentration. The simulation models for DMC-LiPF6, EMC-LiPF6
and DEC-LiPF6 electrolytes with r(LiPF6) 0.10 are shown in Fig. 1(b).
The detailed simulation set-up information is given in Table 1. The
initial density of each simulation was set to be 1.1 g/cm3. Three
temperatures, 333 K, 303 K and 283 K, were selected in this
research to cover the typical temperature range of actual LIB usage.
In MD simulations, the time step was set to be 1.0 fs, the NPT
ensemblewas firstly employed to conduct the simulation for 500 ps
to relax the system from its initial configuration. The pressure for
the NPT relaxation was set to be 1 atm. The resulting density after



Fig. 1. (a) Structures of electrolyte molecule and calculated charge of each atom in the molecule. (b) Configuration of the simulation system for each type of electrolyte with an
initial salt concentration of r(LiPF6)¼ 0.1. (b1) DMC-LiPF6 electrolyte, (b2) EMC-LiPF6 electrolyte, (b3) DEC-LiPF6 electrolyte.

Table 1
Detailed set-up information for ionic diffusivity simulation in electrolyte without thermal degradation.

Simulation group
No.

Electrolyte
type

Number of solvent
molecules

Number of salt
molecules

Molar ratio
(r(LiPF6))

Simulation temperature
(K)

Density after NPT relaxation (g/
cm3)

1 DMC-LiPF6 150 15 0.10 333 1.185
2 303 1.217
3 283 1.233
4 21 0.14 333 1.224
5 303 1.257
6 283 1.278
7 EMC-LiPF6 150 15 0.10 333 1.106
8 303 1.133
9 283 1.150
10 21 0.14 333 1.123
11 303 1.256
12 283 1.277
13 DEC-LiPF6 150 15 0.10 333 1.034
14 303 1.063
15 283 1.079
16 21 0.14 333 1.065
17 303 1.095
18 283 1.113
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NPT relaxation is presented in Table 1. Then, the NPT ensemble was
removed, and the NVT ensemble was used to conduct the simula-
tion for 1000 ps. The characteristics of ion motion was distilled
from the NVT simulation to investigate the ion dynamics in the
electrolyte under different temperatures and salt concentrations.
We tested simulations starting with different initial positions of
molecules and ions. We found that the 500 ps relaxation step was
sufficient for the system to reach its preferred configuration,
making the system characteristics such as calculated diffusion co-
efficient independent of the initial positions of molecules and ions.
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2.2. ReaxFF MD simulation for electrolyte thermal degradation
process

With ReaxFF, the energy function is given in the following form
[15].

Esystem ¼ Ebond þ Eover þ Eunder þ Eval þ Epen þ Econj þ Etors
þ EvdW þ Ecoulomb

(2)

where Esystem represents the total energy of the simulation system,
Ebond represents the bond energy, Eover and Eunder denote the over-
coordinated and under-coordinated energy respectively, Eval, Epen,
Econj, Etors, EvdW and ECoulomb represent the valence angle term,
penalty energy, conjugation effects to molecular energy, torsion
energy, non-bonded van der Waals interaction and Coulomb
interaction, respectively [15].

The ReaxFF module in LAMMPS (Large Scale Atomic/Molecular
Massively Parallel Simulator) software was employed in this
research to simulate the thermal degradation of electrolytes. The
ReaxFF force field parameters for C/H/O/F/P/Li were obtained from
the references of van Duin et al. [15], Han et al. [20], Islam et al. [21],
Bedrov et al. [22] and Abolfath et al. [23]. For the simulation model,
150 solvent molecules (either DMC, EMC or DEC) were put inside a
simulation box with periodic boundaries. The number of LiPF6 salt
molecule was set to be 15 or 21 in different models to make the
molar ratio of salt molecule to solvent molecule to be 0.10 or 0.14,
respectively. The density of the simulation system was selected to
be the value after NPT relaxation (at 333 K) in Table 1. The detailed
set-up information for the ReaxFF simulation is given in Table 2. The
simulation time was set to be 20 ps with a time step of 0.1 fs. Sig-
nificant thermal degradation of LIB electrolyte at room temperature
(20�Ce35 �C) or at modest elevated temperature (60�Ce85 �C) can
take a long time to occur, from 24 h to several months [3,5]. The
practical ReaxFFMD simulation time is much shorter. Therefore, we
applied a strategy of accelerated simulation by increasing the
temperature, which has been widely used by many scholars when
conducting ReaxFFMD simulations [16,17,19,24,25]. Our ReaxFFMD
simulations were performed at 400 K, 600 K, 800 K and 1000 K for
the DMC-LiPF6 electrolyte, at 400 K, 600 K, 700 K and 800 K for the
EMC-LiPF6 electrolyte, and at 400 K, 600 K and 700 K for the DEC-
LiPF6 electrolyte. We performed all simulations for the same
duration of 20 ps, therefore, the results at a higher simulation
temperature correspond to a longer actual time. The exact mapping
of temperature to actual time needs experiments, but in this
research we focus on the ranking of electrolyte degradation so that
time mapping is not necessary.
2.3. MD simulation for the degraded electrolyte ionic diffusivity

After ReaxFF MD simulations of electrolyte degradation, clas-
sical MD simulations were again performed to investigate the ionic
diffusivity of electrolytes after different degrees of thermal degra-
dation. Materials Studio was again employed to conduct the clas-
sical MD simulations. The COMPASS and PCFF force field were
implemented to account for interaction between atoms and ions.
Table 2
Detailed ReaxFF set-up information for simulation of electrolyte thermal degradation.

Simulation group No. Electrolyte type Number of solvent molecules Number

1 DMC-LiPF6 150 15
212

3 EMC-LiPF6 150 15
214

5 DEC-LiPF6 150 15
216
The COMPASS force field was mainly used to calculate the LJ pa-
rameters and partial charges, while the PCFF force field was used to
conduct the classical MD simulation for the ion diffusion.

Same as section 2.1, a cutoff distance of 12 Åwas used for the 12-
6 LJ pair interaction and the PPPM method was employed to
compute the long-range Coulombic interaction.

The ReaxFF MD simulations generated various products in the
solvent phase as well as in the gas and solid phase. We transferred
all the molecules and their corresponding amount in the solvent
phase to the classical MD simulations to investigate the resulting
ionic diffusivity of electrolytes after thermal degradation. Each
systemwas firstly relaxedwith NPT for 500 ps. The pressurewas set
to be constant as 1 atm, while the temperature was set to be 283 K,
303 K and 333 K, respectively. Then each simulationwas conducted
with NVT for 1000 ps at the same constant temperature as the
preceding NPT relaxation simulation. The MSD of cations and an-
ions was distilled from the NVT simulation. The time step for the
classical MD simulation was 1 fs.
3. Results and discussions

3.1. Results of the ionic diffusivity in undegraded electrolyte

We first performed classical MD simulations to investigate the
ionic diffusivity of undegraded electrolyte using the method in
section 2.1. The average MSD of cations (Liþ) and anions (PF6�) in
each electrolyte was distilled. The result for a salt concentration of
r(LiPF6)¼ 0.10 at temperature 333 K is shown in Fig. 2(a). It can be
seen that the MSD of Liþ and PF�6 increases almost linearly with
time, suggesting that the diffusion of these ions is relatively uni-
form. The averageMSD curve of each type of electrolyte at different
temperatures was distilled. Each curve was fitted by a straight line
using linear regression. The slope of the line was used to calculate
the diffusion coefficient by Eq. (1). The results are shown in
Fig. 2(b). It can be seen that the diffusion coefficient increases with
temperature. At the same temperature, the ions in the EMC-LiPF6
electrolyte have the highest diffusion coefficient, followed by the
DEC-LiPF6 electrolyte. The ions in the DMC-LiPF6 electrolyte have
the lowest diffusion coefficient. These suggest that EMC has the
highest ability to diffuse Liþ and PF�6 , while DMC has the least
ability. By calculating the ratio of diffusion coefficient between PF�6
and Liþ ions at the three simulation temperatures and then taking
average of the three ratios, we find that by average the diffusion
coefficient of PF�6 is about 22.34%, 8.01% and 9.82% higher than that
of Liþ in the DMC-LiPF6, EMC-LiPF6, and DEC-LiPF6 electrolytes,
respectively. This suggest that PF�6 diffuses faster than Liþ in the
three types of electrolytes in the temperature window studied,
although PF�6 ions are larger and heavier than Liþ ions. The largest
relative difference occurs in the DMC-LiPF6 electrolyte. To under-
stand why Liþ diffuses slower than PF�6 , we calculated the radial
distribution function (defined in section 3.3), which quantified the
pair correlation between the ions and solution molecules. We
found that Liþ ions are easily absorbed by solvent molecules and
form bulk clusters, which causes them to diffuse slower than PF�6
ions.
of salt molecules Molar ratio (r(LiPF6)) Density after NPT relaxation (g/cm3)

0.10
0.14

1.185
1.224

0.10
0.14

1.106
1.123

0.10
0.14

1.034
1.065



Fig. 2. (a) Average MSD curves of Liþ and PF�6 ions in three types of electrolytes (Temperature: 333 K). (b) Diffusion coefficient of Liþ and PF�6 ions in three types of electrolytes. The
salt concentration is r(LiPF6)¼ 0.10.
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Fig. 3(a) shows the results for a salt concentration of
r(LiPF6)¼ 0.14. In comparison to the results in Fig. 2(a) at the same
temperature, we can observe that the slopes of MSD curves are
smaller, suggesting slower diffusion at this higher salt concentra-
tion. Fig. 3(b) shows that the diffusion coefficient increases with
temperature, and PF�6 diffuses faster than Liþ. By average, the
diffusion coefficient of PF�6 is about 19.07%, 5.60% and 12.86% larger
than that of Liþ in the DMC-LiPF6, EMC-LiPF6 and DEC-LiPF6 elec-
trolytes, respectively. Note that when the temperature is lower than
298 K, Liþ ions in the DEC-LiPF6 electrolyte has a lower diffusion
coefficient than in the EMC-LiPF6 electrolyte. However, when the
temperature is higher than 298 K, the diffusion coefficient of Liþ

ions in the DEC-LiPF6 electrolyte increases significantly with
Fig. 3. (a) Average MSD curves of Liþ and PF�6 ions in three types of electrolytes. (Temperatur
salt concentration is r(LiPF6)¼ 0.14.
temperature, and surpasses the diffusion coefficient in the EMC-
LiPF6 electrolyte. This indicates that the diffusion of Liþ in DEC-LiPF6
is more sensitive to temperature than that in EMC-LiPF6 at a salt
concentration of r(LiPF6)¼ 0.14.

It should be noted that we have performed benchmark simu-
lations and compared them with experimental results and other
MD simulations in the literature, to validate the accuracy of MD
simulations in quantifying ion diffusion in electrolytes. The EC-
LiPF6 electrolytewas taken as a benchmark due to the availability of
simulations and experiments for Liþ and PF6� diffusion in the EC
solvent [12,13,26,27]. The set-up of the benchmark MD simulation
is shown in Fig. 4(a), where 150 EC molecules and 15 LiPF6 mole-
cules were put inside the simulation box with periodic boundaries.
e: 333 K). (b) Diffusion coefficient of Liþ and PF�6 ions in three types of electrolytes. The



Fig. 4. Results for benchmark EC-LiPF6 electrolyte at a salt concentration of r(LiPF6)¼ 0.10. (a) A snapshot of the benchmark classical MD simulation set-up. (b) Average MSD of Liþ

and PF�6 ions in the EC-LiPF6 electrolyte at 333K and 303 K. (c) Comparison with results and data from the literature [12,13,26,27].
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This gives a salt molar concentration of 1.04M. The initial density of
the simulation system was set to be 1.32 g/cm3. The same proced-
ure as in section 2.1 was used, i.e. first relaxing the system by NPT
for 500 ps under 1 atm pressure, followed by NVT for 1000 ps with
a time step of 1.0 fs. The simulations were performed for two
temperatures of 333 K and 303 K. Fig. 4(b) shows the MSD curves.
The slope for PF6� is 24.8% and 17.6% larger than that for Liþ at 333 K
and 303 K, respectively. The diffusion coefficients were calculated
based the MSD curves and compared with the values in the liter-
ature [12,13,26,27], as shown in Fig. 4(c). The obtained values are
within those reported by other researchers. The comparison con-
firms that the classical MD simulation employed in this research is
appropriate to quantify ion diffusion in electrolytes.
3.2. Results of thermal degradation simulation

In this section, the ReaxFF-MD simulation results for the
Fig. 5. Number of degraded molecules in three electrolytes under various ReaxFF simulation
r(LiPF6)¼ 0.10.
thermal degradation of electrolytes are analyzed and discussed. We
started with a salt concentration of r(LiPF6)¼ 0.10. Fig. 5 shows the
number of degraded solvent and salt molecules at different tem-
peratures. The number of degraded solvent molecules is obtained
by counting the number of solvent molecules that change to other
type of products. The number of degraded salt molecules is ob-
tained by counting the number of PF�6 ions in the LiPF6 salt mole-
cules that change to other type of products. It can be observed that
the number of degraded solvent and salt molecules increases with
the ReaxFF simulation temperature (RST). In the DMC-LiPF6 elec-
trolyte, the degradation of solvent molecule is slow at the begin-
ning, with a rate of 0.0075/K, but increases rapidly when the RST is
above 800 K, to a rate of 0.06/K. By contrast, the salt degradation
rate is relatively uniform with increasing RST. For the EMC-LiPF6
and DEC-LiPF6 electrolytes, the solvent and salt degradation rate is
higher than that of the DMC-LiPF6 electrolyte. The degradation rate
increases rapidly when the RST is higher than 600 K, reaching 0.08/
temperatures (RST). (a) Solvent molecule, (b) LiPF6 salt molecule. Salt concentration at
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K and 0.12/K for EMC and DEC solvent molecules, respectively. The
degradation rate is 0.025/K and 0.06/K for the LiPF6 salt molecules
in the EMC-LiPF6 and DEC-LiPF6 electrolytes, respectively. These
results show that the DMC-LiPF6 electrolyte has the highest sta-
bility against thermal degradation, with both solvent and salt
having the lowest degradation rate. The EMC-LiPF6 electrolyte has a
lower stability, while the DEC-LiPF6 electrolyte has the lowest
stability. This trend is consistent with experimental observations
[11].

Fig. 6 shows the type and amount of degraded products in each
electrolyte. Fig. 6(a) shows the gas-phase products. Fig. 6(b) shows
the solvent-phase products without fluorine element. Fig. 6(c)
shows the solvent-phase products having fluorine element plus the
solid-phase product of LiF.

As shown in Fig. 6(a1), the gas-phase degradation products in
the DMC-LiPF6 electrolyte are CO2 and CH3F, which increase with
RST. Notably, when the temperature increases from 800 K to
1000 K, the number of CO2 and CH3F molecules increases rapidly.
For the solvent-phase products without fluorine element in
Fig. 6(b1), both (CH3OCO2)- and CH3O� anions appear when the RST
is 600 K. The amount of (CH3OCO2)- anions increases slightly when
the RST increases from 600 K to 800 K. However, when the RST is
1000 K, the (CH3OCO2)- anions become completely decomposed. By
contrast, the amount of CH3O� anions continues increasing with
RST, with a large increase when the RST changes from 800 K to
1000 K. For the solvent-phase product having fluorine element in
Fig. 6(c1), the PF5 molecule, which is decomposed from PF�6 ,
dominates the fluorine-containing degradation products. A small
amount of (CH3OFCO2CH3)- anions are initially generated but
disappear due to thermal decomposition when the RST is higher
than 800 K. The CH3OCFO molecule is generated when the RST is
1000 K. These results show that (CH3OCO2)- and (CH3OFCO2CH3)-

are not stable, which can be easily generated but become
Fig. 6. Type and amount of degraded products from ReaxFF MD simulations at a salt concen
(a3-c3) DEC-LiPF6 electrolyte.
decomposed later along with the continuing thermal degradation
process. CH3O� anions and PF5 molecules are relatively stable,
which do not appear to react with other molecules or ions.

More types of gas-phase products are generated during the
thermal degradation of EMC-LiPF6 electrolyte, especially when the
RST is higher than 400 K. Fig. 6(a2) shows that initially only
CH3CH2F molecules are generated. Further thermal degradation
leads to the production of CO2 and CH3F molecules. Then H2, C2H4,
C2H6 and CH2F2 molecules are generated when the RST is 800 K.
The amount of CO2 and CH3F molecules increases with RST, while
the amount of CH3CH2F molecules almost remains constant. Also,
the amount of CH3CH2F molecules is smaller than that of CO2 and
CH3F molecules.

As for the gas-phase products of DEC-LiPF6 electrolyte, Fig. 6(a3)
shows that CH3F molecules are not generated during the entire
thermal degradation process. CH3CH2F and C2H4 molecules are
generated in a large amount, which increases significantly with
RST. Besides, CO2 molecules are generated, but the amount is
relatively stable in comparison to CH3CH2F and C2H4 products.
When the RST is higher than 400 K, a small amount of H2 molecules
are also generated.

The solvent-phase products of EMC-LiPF6 and DEC-LiPF6 show
more types than DMC-LiPF6, as can be seen in Fig. 6(b2, b3) and (c2,
c3). In the EMC-LiPF6 electrolyte, the amount of generated
(CH3OCO2)- ions initially decreases and then increases when the
RST changes from 400 K to 800 K. This indicates that the generation
and decomposition of (CH3OCO2)- anions can occur simultaneously
during the thermal degradation process. The generation rate of
(CH3OCO2)- anions finally surpasses the decomposition rate. The
(CH3CH2OCO2)- anions are initially generated and then completely
decomposed when the RST increases from 600 K to 800 K, sug-
gesting that (CH3CH2OCO2)- anions have less thermal stability than
(CH3OCO2)- anions. CH3O� and CH3CH2O� anions are generated
tration of r(LiPF6)¼ 0.10. (a1-c1) DMC-LiPF6 electrolyte, (a2-c2) EMC-LiPF6 electrolyte,
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when the RST is 600 K. The amount of CH3O� ions increases
significantly with RST, while the amount of CH3CH2O� ions remain
constant. Moreover, when the RST is 800 K, a large amount of
CH3CHO molecules are generated, together with a small amount of
CH2O molecules.

For the DEC-LiPF6 electrolyte, (CH3CH2OCO2)- anions are
generated when the RST is 400 K. The amount increases signifi-
cantly with RST, as can be seen in Fig. 6(b3). When the RST is 700 K,
CH2O molecules are generated in a small amount. In addition, new
degradation products emerge, including CH3CH2OH, CH3CH2OCHO,
and CH3CH2OCOOH (CH3CH2OCHO2). The number of these mole-
cules generally increase with RST, except the decomposition of
CH3CH2OCHO and CH3CH2OCOOH molecules when the RST is
600 K. Fig. 6(b3) shows that DMC molecules can be generated by
secondary reactions of the DEC degradation products. For solvent-
phase products having fluorine element, the proportion of PF5
molecules is the largest for EMC-LiPF6 and DEC-LiPF6 electrolytes,
as can be seen in Fig. 6(c2) and (c3). A small amount of CH3OC-
O2CH2F and CH3CH2OCO2CH2CH2Fmolecules are initially generated
but then disappear during the thermal degradation process. This
can be attributed to the long length of thesemolecules, whichmake
them less thermally stable. During thermal degradation, the solid-
phase product LiF is generated in EMC-LiPF6 and DEC-LiPF6 elec-
trolytes when the RST is higher than 600 K. By contrast, no LiF is
observed in the DMC-LiPF6 electrolyte.

Comparing the solvent-phase product generation characteris-
tics in DMC-LiPF6, EMC-LiPF6 and DEC-LiPF6 electrolytes, we can
observe an overall trend that the degradation products tend to have
smaller molecules when the RST increases. This is because larger
molecules tend to have lower thermal stability, and can easily
decompose with increasing temperature.

To understand the effect of salt concentration, we performed
degradation simulations with another initial salt concentration of
Fig. 7. Number of degraded molecules in three electrolytes under various ReaxFF simulati
degraded (c1) solvent molecule and (c2) salt molecule. Salt concentration at r(LiPF6)¼ 0.14
r(LiPF6)¼ 0.14. Fig. 7 shows the number of degraded solvent and
salt molecules under different RSTs. The total number of the
degraded molecules increase with RST. For DMC-LiPF6, the solvent
degradation rate is relatively low at 0.0125/K when the RST in-
creases from 400 K to 800 K. However, the rate increases rapidly to
0.095/K when the RST increases from 800 K to 1000 K. By contrast,
the salt degradation rate is relatively stable in Fig. 7(b), which is
approximately 0.0275/K within 600 Ke1000 K. For EMC-LiPF6 and
DEC-LiPF6 electrolytes, the solvent and salt degradation rates are
relatively stable, giving 0.076/K and 0.083/K (RST 400 Ke700 K) for
EMC-LiPF6 and DEC-LiPF6 electrolytes, respectively. The salt
degradation rates are 0.026/K for both EMC-LiPF6 and DEC-LiPF6
within RST 400 Ke700 K. At the same RST, DEC-LiPF6 has the largest
amount of solvent and salt molecules degraded. With a higher salt
concentration, the DMC-LiPF6 electrolyte still has the highest
thermal stability against thermal degradation, followed by EMC-
LiPF6. The DEC-LiPF6 electrolyte still has the lowest thermal
stability.

Comparing to a lower salt concentration, the thermal degrada-
tion of electrolyte at a higher initial salt concentration is more se-
vere, as can be seen in Fig. 7(c). This trend of increasing initial salt
concentration accelerating the electrolyte thermal degradation is
consistent with experimental observations [11]. The degraded
solvent molecules shows about 6% point increase at the higher salt
concentration.

Fig. 8 shows the type and amount of degradation products with
an initial salt concentration of r(LiPF6)¼ 0.14. Comparing to Fig. 6,
we can observe that more gas-phase products are generated at a
higher salt concentration. In the DMC-LiPF6 electrolyte, the amount
of CH3F molecules initially increases slowly, and then increases
rapidly when the RST increases from 800 K to 1000 K. The amount
of CO2 molecules initially decreases slightly, and then increases
rapidly with continuing thermal degradation. When the RST is
on temperatures (RST) (a) solvent molecule, (b) LiPF6 salt molecule, (c) percentage of
.
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1000 K, CO2 molecules are slightly more than CH3F molecules. A
new gas-phase product, CH4, is generated. However, its amount is
far less than CO2 and CH3F. For the EMC-LiPF6 electrolyte, CH3CH2F
molecules emerge when the RST is 400 K. The amount increases
with RST. When the RST is 600 K, CH3F, CO2 and C2H4 molecules are
generated. Their amounts increase rapidly with RST. H2 and CH4
molecules are also generated, but their amounts are much smaller.
For the DEC-LiPF6 electrolyte, the amount of CH3CH2F, C2H4, H2 and
CO2 molecules increase with RST. CH3CH2F and C2H4 molecules are
much more than CO2 and H2, as can be seen in Fig. 8(a3). When the
RST is 700 K, small amount of C2H6 molecules are generated, which
have not been observed at the lower salt concentration in Fig. 6(a3).

Fig. 8(b1) shows the solvent-base products without fluorine
element in the DMC-LiPF6 electrolyte. The amount of CH3O� anions
initially increases slowly and then rapidly with RST. This is the
dominating degradation product, similar as Fig. 6(b1). By contrast,
the amount of (CH3OCO2)- initially increases but then completely
disappears as the RST increases, suggesting that it has a high
decomposition rate. A small amount of CH2O and CH3OCHO mol-
ecules emerge when the RST is 1000 K, which are new solvent-
phase products not observed at the lower salt concentration. For
the EMC-LiPF6 electrolyte, (CH3OCO2)- ions emerges when the RST
is 400 K and increase with RST. When the RST is 600 K, CH3O�

anions, (CH3OCO2)- anions, CH3OCOOH molecules and CH2O mol-
ecules emerge. The amount of CH2O increases significantly when
the RST increases from 600 K to 800 K, while the amount of CH3O�,
(CH3OCO2)- and CH3OCOOH increase slightly. Moreover, when the
RST is 800 K, similar amount of DMC and CH3CH2OCOOHmolecules
emerge, as can be seen in Fig. 8(b2). For the DEC-LiPF6 electrolyte in
Fig. 8(b3), the amount of (CH3CH2OCO2)- and CH3CH2OH increase
with RST. CH3CH2O� increases and then decreases with RST. When
the RST is 700 K, CH3CHO, CH3CH2OCHO2 and CH3CH2OCHO mol-
ecules are generated. For the solvent-phase products having fluo-
rine element, PF5 is the dominating product among all three types
of electrolytes, and it increases with RST. The other products having
fluorine element include CH3OCO2CH2F, CH3CH2OCO2CH2F, and
CH3CH2OCO2CH2CH2F. Thesemolecules are unstable, and can easily
Fig. 8. Type and amount of degraded products from ReaxFF MD simulations at a salt concen
(a3-c3) DEC-LiPF6 electrolyte.
decompose during the thermal degradation process. Their amount
is also much smaller than PF5. The solid-phase product is LiF, whose
amount is small in comparison to other degradation products.

From the above discussions, it can be seen that for the thermal
degradation products of the electrolyte with different initial salt
concentrations, the gas phase products of all the three types of
electrolytes contain CO2, H2, CH4, C2H4, C2H6 and CH3CH2F. These
products have all been confirmed by experiments [3,11,28,29]. The
solid phase product of LiF also matches experimental observations,
which is a commonly existing product generated by the degrada-
tion of LiPF6 [3,11,29]. It should be noted that in an actual LIB, a very
small amount of water can be generated by the side reactions from
cathode degradation [30]. Water can further react with the elec-
trolyte (especially LiPF6) and generate additional products such as
OPF3 [31]. In this research, we focus on the thermal degradation
process of the electrolyte itself and therefore ignores the possible
existence of trace amount of water.

In order to understand the intrinsic thermal degradation
mechanism of electrolytes, we studied the reaction paths.
Combining the results for the three types of electrolytes and two
salt conditions, we summarize the process in Fig. 9. The detailed
reaction formulas are presented in Table 3. We have found 4, 4, and
3 reaction paths for generating the main products in DMC-LiPF6,
EMC-LiPF6 and DEC-LiPF6 electrolytes, respectively. The PF6� ion
tends to decompose first, forming PF5 and ($F) ion. The PF5 Lewis
acid will promote electrolyte degradation. The CeO bond is easy to
decomposewith the existence of PF5molecule [11].With increasing
temperature, more PF5 molecules are generated, as shown in
Figs. 5(b) and Fig. 7(b). They cause more solvent molecules to
degrade. The detailed process of PF5 molecules attacking the CeO
bond is shown in Appendix A.

The DMC molecule can decompose to (CH3OCO2)- anion and
(CH3)þ ion because of CeO bond breaking. As can be seen in
Fig. 9(a1), the (CH3)þ ion reacts with the ($F) ion decomposed from
PF�6 , forming CH3F. Besides, the DMC molecule can decompose to
CO2, CH3O� and (CH3)þ due to CeO bond breaking, especially when
the RST is high, as can be seen in Fig. 9(a2) and (a4). Under some
tration of r(LiPF6)¼ 0.14. (a1-c1) DMC-LiPF6 electrolyte, (a2-c2) EMC-LiPF6 electrolyte,



Fig. 9. Mechanisms of electrolyte degradation and main product generation by ReaxFF
MD simulation at 600 K. (a) DMC-LiPF6 electrolyte, (b) EMC-LiPF6 electrolyte, (c) DEC-
LiPF6 electrolyte.

Table 3
Thermal degradation reaction of DMC-LiPF6, EMC-LiPF6 and DEC-LiPF6 electrolytes
for main product generation based on ReaxFF MD simulations.

Electrolyte
type

Path
No.

Process reactions

e e PF6 / PF5 þ ($F); Liþ þ ($F) / LiF

DMC-LiPF6 I CH3OCO2CH3 / (CH3OCO2)- þ (CH3)þ;
(CH3)þ þ ($F) / CH3F

II CH3OCO2CH3 / CO2 þ CH3O� þ (CH3)þ;
(CH3)þ þ ($F) / CH3F

III CH3OCO2CH3 þ ($F) / CH3OFCO2CH3

IV CH3OCO2CH3 / CO2 þ CH3O� þ (CH3)þ;
CH3OCO2CH3 / (CH3OCO2)- þ (CH3)þ;
CH3O� / CH2O þ ($H)
(CH3)þ þ ($H) / CH4

(CH3)þ þ ($F) / CH3F
EMC-LiPF6 V CH3CH2OCO2CH3 / CO2 þCH3CH2O� þ (CH3)þ;

(CH3)þ þ ($F) / CH3F
VI CH3CH2OCO2CH3 / CO2 þCH3O� þ (CH3CH2)þ;

(CH3CH2) þþ ($F) / CH3CH2F
VII CH3CH2OCO2CH3 / (CH3OCO2)- þ (CH3CH2)þ;

(CH3CH2)þ þ ($F) / CH3CH2F
VIII CH3CH2OCO2CH3 / (CH3CH2OCO2)- þ (CH3)þ;

(CH3)þ þ ($F) / CH3F
DEC-LiPF6 IX 2CH3CH2OCO2CH2CH3 /

2(CH3CH2OCO2)- þ 2(CH3CH2)þ;
2(CH3CH2)þ / 2(H)þ þ 2C2H4

X CH3CH2OCO2CH2CH3 /

CO2 þ CH3CH2O� þ (CH3CH2)þ;
CH3CH2O� þ (H)þ / CH3CH2OH
(CH3CH2)þ þ ($F) / CH3CH2F

XI CH3CH2OCO2CH2CH3 / (CH3CH2OCO2)- þ (CH3CH2)þ;
(CH3CH2)þ þ ($F) / CH3CH2F
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circumstance, the CeH bond inside the CH3O� ion can be broken,
forming CH2O molecule and ($H) ion. The ($H) ion can react with
(CH3)þ ion, forming CH4 as shown in Fig. 9(a4). Moreover, the ($F)
ion can also react with the DMC molecule directly. The ($F) ion can
adhere to the carbon atom in the middle of the DMC molecule,
forming (CH3OFCO2CH3)- anion, as can be seen in Fig. 9(a3).

For the EMC molecule, the CeO bond can also be broken easily.
Part of the product has a larger structure than the product of DMC-
LiPF6 electrolyte, such as the CH3CH2O� anion, (CH3CH2OCO2)-

anion and (CH3CH2)þ ion. The EMC molecule decomposes from
CeO bond breaking and forms CO2, CH3CH2O� (or CH3O�) anion
and (CH3)þ (or (CH3CH2)þ) ion. As can be seen in Fig. 9(b1) and (b2),
the (CH3)þ or (CH3CH2)þ ion reacts with the ($F) ion decomposed
from PF�6 , forming CH3F or CH3CH2F. In addition, the EMC molecule
can also decompose to (CH3OCO2)- anion (or (CH3CH2OCO2)- anion)
and (CH3CH2)þ ion (or (CH3)þ ion), especially when the RST is
relatively low, as can be seen in Fig. 9(b3) and (b4).

For the DEC molecule, small solvent-phase molecules and ions,
such as CH3O� anion, (CH3OCO2)- anion, (CH3)þ ion etc., do not
emerge during the thermal degradation process within RST
400 Ke700 K. Although DEC molecule has less thermal stability
than DMC and EMC molecules, the degraded products, especially
the intermediate products, has a larger molecular structure than
that within the DMC-LiPF6, EMC-LiPF6 electrolyte, as can be seen in
Fig. 9(c). This phenomenon occurs because two groups of eCH3CH2
exist in a DEC molecule, while there is only one eCH3CH2 group in
the EMC molecule and no such group in the DMC molecule. The
existence of the eCH3CH2 group provides a higher electron density
on the oxygen than theeCH3 group, thus making the DECmolecule
to have less thermal stability than the EMC molecule, and making
the EMC molecule to have less thermal stability than the DMC
molecule [11,32e36]. Besides, the CeH bond in the intermediate
products, such as (CH3CH2)þ ion, can also be broken. Then the (H)þ

ion can be formed, which can react with itself to form H2, or react
with CH3CH2O� to form CH3CH2OH. The (CH3CH2)þ ion after CeH
bond breaking can form C2H4, as can be seen in Fig. 9(c1) and (c2).

3.3. Results of ionic diffusivity inside degraded electrolyte

After the analysis of the electrolyte thermal degradation pro-
cess, classical MD simulations were subsequently performed to
calculate the ionic diffusivity in the electrolyte after different de-
grees of thermal degradation. As introduced in section 3.2, the
degraded electrolyte products can be divided into three categories,
which are gas-phase products (mainly includes CO2, H2, CH4, C2H4,
C2H6, CH3F and CH3CH2F), solvent-phase products (mainly includes
R-O-, (ReOCO2)-, ReOCHO, ReOCOOH, CH3CH2OH, PF5,
ReOCO2CH2F, ReOCO2CH2CH2F etc., where R denotes the group of
eCH3 or eCH3CH2), and the solid-phase product (which is LiF).
Since the gas-phase and solid-phase degradation products precip-
itate out of the electrolyte, we include the undegraded solvent
molecules, Liþ, PF6�, and solvent-phase products in the simulation
system. The number of these particles are calculated based on
Figs. 5e8.

Fig. 10 shows theMSD of cations and anions at 333 K. The degree
of electrolyte thermal degradation is quantified by the percentage
of degraded salt molecules, which is calculated by the ratio be-
tween the number of degraded salt molecules and the number of
initial salt molecules.

The MSD curves increase linearly with time. The slope of the
curves is lower when the electrolyte is more degraded, suggesting
slower diffusion. In order to understand the phenomena in detail,
we analyzed the solvent structure of the electrolytes after degra-
dation. The solvent structure in this research is represented by the
pair correlation between selected particles inside the solvent,
which is quantified by the radial distribution function (RDF). RDF
can be calculated by

ga�bðrÞ ¼
nðrÞ

4pr2dr
(3)

where a and b denote different types of particles, r is the radial
distance to the center of reference particle a, and n(r) denotes the
number of b particles whose centers are within the spherical shell
of distance r and rþd to the center of reference particle a, where d is
the shell thickness. 4pr2d denotes the volume of the spherical shell,
and r denotes the number density of b particle, which is calculated
by the number of b particles over the simulation cell volume. RDF is
a powerful tool in quantifying the pair correlation of selected par-
ticles, which can help understand the molecular configurations in
electrolytes [12].

The pair correlations of Liþ-Oc and Liþ-Od, noted as gLi-Oc (r) and
gLi-Od (r), are investigated first. Here Oc denotes the electronegative
carbonyl oxygen in the solvent molecules, while Od denotes the



Fig. 10. Average MSD of cations and anions in three types of electrolytes with different degrees of degradation (r(LiPF6)¼ 0.10, Simulation temperature: 333 K) (a) DMC-LiPF6
electrolyte, (b) EMC-LiPF6 electrolyte, (c) DEC-LiPF6 electrolyte.
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electronegative oxygen (including electronegative carbonyl oxygen,
Oc) in the degradation product molecules. The pair correlation gLi-
Oc (r) can quantify the molecular configuration between Liþ and
undegraded solvent molecules, while the pair correlation can
quantify the molecular configuration between Liþ and the main
products (R-O- and (ReOCO2)- anions) degraded from the solvent
molecules. Fig. 11 shows the curves of gLi-Oc (r) and gLi-Od (r). The
positions of Oc and Od are presented in Fig. 11(d1) and (d2).

The RDF curve is relatively smooth for the pair correlation of Liþ-
Oc, which shows two peaks. The first peak occurs at the same po-
sition (2.48 Å from Liþ) for different types of electrolytes and at
different degrees of degradation. However, the magnitude of the
first peak decreases with increasing degree of degradation. The
position of the second peak is affected by the degree of degradation
as well, as shown in Fig. 11(a1-c1). The position decreases with
more degradation. The magnitude of the second peak also de-
creases slightly with increasing degradation. The RDF curve shows
rich features for the pair correlation of Liþ - Od. Multiple peaks can
be identified, as shown in Fig. 11(a2-c2). The degraded products of
R-O- and (ReOCO2)- anions have smaller molecular size than the
undegraded solvent molecules. Therefore, these anions are able to
surround Liþ ions more closely in a layer-by-layer fashion. The
position of the first peak is almost the same for different electro-
lytes and degrees of degradation (2.41Å from Liþ). The first peak
magnitude of gLi-Od (r) is significantly larger than that of gLi-Oc (r).
The gLi-Od (r) peaks almost all increase with the degree of degra-
dation. These indicate that Liþ ions can easily adhere to the
degradation products of R-O- and (ReOCO2)- anions to form clus-
ters of complicated shapes, making it difficult for Liþ ions to adhere
to undegraded solvent molecules. The electronegativity of Od
atoms in the anions is larger than the Oc atoms in the undegraded
solvent molecules, as shown in Fig. 11(d1) and (d2). Therefore,
these anions and Liþ ions form dense clusters, which impedes the
diffusion of Liþ and anions including R-O- and (ReOCO2)-. With
higher electrolyte degradation, more degradation products of R-O-

and (ReOCO2)- are generated, as showing in Fig. 6. This makes the
cluster larger, which further impedes the diffusion of cations and
anions in the degraded electrolyte.

The pair correlation of Liþ-Liþ in the three types of electrolytes
with different degrees of degradation is also compared and
analyzed. Fig. 12 shows the RDF curves of gLi-Li (r), which are more
complicated than the gLi-Oc (r) curves. When the RDF distance is
smaller than 6 Å, the peak magnitude increases with the degree of
degradation. However, when the RDF distance is larger than 6 Å, the
peak magnitude decreases with the degree of degradation. This
indicates that with more degradation, the dense cluster composed
of Liþ and anions (including R-O- and (ReOCO2)-) can absorb more
Liþ, which can make it more difficult to diffuse in the electrolyte.

Fig. 13 shows the diffusion coefficient of cations and anions in
each type of electrolyte, which was calculated based on the MSD
curve. The diffusion coefficients all decrease with increasing elec-
trolyte degradation, at an accelerating rate. For each degradation
state, the diffusion coefficient increases with temperature. The
anions diffuse faster than cations in all electrolytes, and the largest
difference occurs in the DMC-LiPF6 electrolyte. Within 0.0%e66.7%
electrolyte degradation, the average diffusion coefficient of anions
is 9.22%, 24.65% and 34.79% larger than that of cations at 333 K,
303 K and 283 K, respectively in the DMC-LiPF6 electrolyte. Within
0.0%e73.3% electrolyte degradation, the average diffusion coeffi-
cient of anions is 6.14%, 7.00% and 9.87% larger than that of the
cations in the EMC-LiPF6 electrolyte at the three temperatures. The
average diffusion coefficient of anions is 0.61%, 10.57% and 14.46%
larger than that of cations in the DEC-LiPF6 electrolyte at the three
temperatures.

It can also be seen from Fig. 13 that the diffusion coefficient
decreases with degree of degradation. The reduction of ionic
diffusivity is relatively slow within 0.0%e30.0% degradation.
However, with more than 30.0% degradation, especially when the
degree of degradation increases from 40.0% to around 70.0%, the
diffusion capability of electrolyte is significantly impacted. This
indicates that ion diffusion ability is relatively stable at the begin-
ning of electrolyte thermal degradation, but the ionic diffusivity
quickly drops as the electrolyte degradation proceeds.

Fig. 14 shows MSD curves of cations and anions of three types of
electrolytes with different degrees of degradation with an initial
salt concentration of r(LiPF6)¼ 0.14. The slope decreases with
increasing thermal degradation, suggesting slower diffusion.

The RDF is again used to investigate the solvent structure of the
degraded electrolyte. Fig. 15 shows the pair correlation of Liþ-Oc
and Liþ-Od. The position of the first peak is the same as that with
r(LiPF6)¼ 0.10. The magnitude of the gLi-Oc (r) first peak deceases
significantly with increasing degradation in the DMC-LiPF6 and
EMC-LiPF6 electrolytes, but only decreases slightly in the DEC-LiPF6
electrolyte. The magnitude of the second peak does not change as
much. The magnitude of the gLi-Od (r) first peak increases with
degradation, especially for the DMC-LiPF6 and EMC-LiPF6 electro-
lytes. The gLi-Od (r) curve shows more peaks with r(LiPF6)¼ 0.14
than with r(LiPF6)¼ 0.10. This is because with a higher initial salt



Fig. 11. (a1-c1) RDF curves of Liþ-Oc (gLi-Oc(r), Oc denotes the electronegative carbonyl oxygen in the solvent molecules, as presented in Fig. 11(d1)), for three types of electrolytes
with different degree of thermal degradation. Simulation temperature: 333 K, r(LiPF6)¼ 0.10. (a1) DMC-LiPF6 electrolyte, (b1) EMC-LiPF6 electrolyte, (c1) DEC-LiPF6 electrolyte. (a2-
c2) RDF curves of Liþ-Od (gLi-Od(r), Od denotes the electronegative oxygen (including electronegative carbonyl oxygen, Oc) in the degradation product molecules, as presented in
Fig. 11(d2)), for three types of electrolytes with different degree of thermal degradation. Simulation temperature: 333 K, r(LiPF6)¼ 0.10. (a2) DMC-LiPF6 electrolyte, (b2) EMC-LiPF6
electrolyte, (c2) DEC-LiPF6 electrolyte.

Fig. 12. RDF curves of Liþ-Liþ ion (gLi-Li (r)) for three types of electrolytes with different degree of thermal degradation. Simulation temperature: 333 K, r(LiPF6)¼ 0.10. (a) DMC-LiPF6
electrolyte, (b) EMC-LiPF6 electrolyte, (c) DEC-LiPF6 electrolyte.
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concentration, more R-O- and (ReOCO2)- anions are generated for
the same degree of electrolyte degradation, leading to bulk clusters
of cations and anions with more complicated structures. Then the
RDF curve shows more peaks.

Fig. 16 shows the pair correlation of Liþ-Liþ. The position of the
first peak decreases slightly with degradation, while the magnitude
increases significantly as a result of large initial salt concentration.
Overall, the RDF curves show similar characteristics between
r(LiPF6)¼ 0.14 and 0.10. Liþ can easily adhere to R-O- and (ReOCO2)-

anions and form bulk clusters, whose size increases with degra-
dation. These clusters can further absorb more Liþ ions, reducing
the diffusion ability of cations and anions in the electrolyte.
Fig. 17 shows the diffusion coefficient of cations and anions.

With r(LiPF6)¼ 0.14, the diffusion coefficient also decreases with
electrolyte degradation at an accelerating rate. Anions have higher
diffusion coefficients than cations. At 333 K, the largest difference
occurs in the EMC-LiPF6 electrolyte. Within 0%e66.5% degradation,
the average diffusion coefficient of anions is 10.60%, 6.73% and
6.97% higher than that of the cations in EMC-LiPF6, DMC-LiPF6 and
DEC-LiPF6 electrolytes, respectively. However, when the tempera-
ture is 303 K and 283 K, the largest difference between anion and
cation diffusion occurs in the DMC-LiPF6 electrolyte. Within 0%e



Fig. 13. Diffusion coefficient of cations and anions for three types of electrolytes with different degree of thermal degradation. r(LiPF6)¼ 0.10. (a) DMC-LiPF6 electrolyte, (b) EMC-
LiPF6 electrolyte (c) DEC-LiPF6 electrolyte.

Fig. 14. Average MSD of cations and anions in three types of electrolytes with different degree of degradation (r(LiPF6)¼ 0.14, Simulation temperature: 333 K) (a) DMC-LiPF6
electrolyte, (b) EMC-LiPF6 electrolyte, (c) DEC-LiPF6 electrolyte.

Fig. 15. (a1-c1) RDF curves of Liþ-Oc for three types of electrolytes with different degree of thermal degradation. Simulation temperature: 333K, r(LiPF6)¼ 0.14. (a1) DMC-LiPF6
electrolyte, (b1) EMC-LiPF6 electrolyte, (c1) DEC-LiPF6 electrolyte. (a2-c2) RDF curves of Liþ-Od in the degradation product molecules for three types of electrolytes with different
degree of thermal degradation. Simulation temperature: 333 K, r(LiPF6)¼ 0.14. (a2) DMC-LiPF6 electrolyte, (b2) EMC-LiPF6 electrolyte, (c2) DEC-LiPF6 electrolyte.
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66.5% degradation, the average diffusion coefficient of anions is
16.68%, 7.75% and 5.90% higher than that of the cations in DMC-
LiPF6, EMC-LiPF6 and DEC-LiPF6 electrolytes, respectively at 303 K,
and is 41.67%, 4.52% and 24.29% higher than that of the cations in
the three electrolytes at 283 K. Fig. 17 also shows that the diffusion
coefficient decreases with degradation. Notably, the diffusion co-
efficient of cations and anions in the DEC-LiPF6 electrolyte de-
creases slightly between 0% and 25% degradation, but becomes



Fig. 16. RDF curves of Liþ-Liþ ion (gLi-Li (r)) for three types of electrolytes with different degree of thermal degradation. Simulation temperature: 333 K, r(LiPF6)¼ 0.14. (a) DMC-LiPF6
electrolyte, (b) EMC-LiPF6 electrolyte, (c) DEC-LiPF6 electrolyte.

Fig. 17. Diffusion coefficient of cations and anions for three types of electrolytes with different degree of thermal degradation. r(LiPF6)¼ 0.14. (a) DMC-LiPF6 electrolyte, (b) EMC-
LiPF6 electrolyte (c) DEC-LiPF6 electrolyte.
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much faster from 25% to 65% degradation.
4. Conclusions

In this research, the thermal degradation process of major LIB
electrolytes and its effect on electrolyte ionic diffusivity were
investigated. Three types of electrolytes were chosen for study,
including DMC-LiPF6, EMC-LiPF6 and DEC-LiPF6 electrolytes. Classic
MD simulations were first used to quantify the diffusivity of elec-
trolytes without thermal degradation under various temperatures
and salt concentrations. ReaxFF MD simulations were then
employed to provide an atomistic understanding of the thermal
degradation process. The ionic diffusivity of degraded electrolytes
was further evaluated with classic MD simulations for different
temperatures, initial salt concentrations and degrees of thermal
degradation. The solvent structures and reaction pathways were
identified. Major conclusions are summarized below.

With a salt concentration of r(LiPF6)¼ 0.10, the EMC-LiPF6
electrolyte has the highest ionic diffusivity, followed by DEC-LiPF6.
The DMC-LiPF6 electrolyte has the lowest ionic diffusivity. With a
salt concentration of r(LiPF6)¼ 0.14, the DEC-LiPF6 electrolyte has
the highest ionic diffusivity, followed by EMC-LiPF6. This indicates
that the ionic diffusivity of DEC-LiPF6 electrolyte is more sensitive
to salt concentration. The DMC-LiPF6 electrolyte still has the lowest
ionic diffusivity at r(LiPF6)¼ 0.14. In all cases, the anion has a higher
diffusion coefficient than the cation. The results of benchmark MD
simulations are consistent with the data from the literature,
showing that classical MD simulations are reliable for diffusivity
study.

With thermal degradation, the DMC-LiPF6 electrolyte has the
highest thermal stability, followed by EMC-LiPF6 and DEC-LiPF6.
The eCH3CH2 group makes the solvent molecules less stable. The
degradation of PF�6 results in PF5, which can further attack the CeO
bond in solvent molecules. The thermal degradation products can
be classified into gas-phase products including CO2, H2, CH4, C2H4,
C2H6, ReF (R denotes the group of eCH3 or eCH3CH2), solvent-
phase products with or without fluorine element including R-O-,
(ReOCO2)-, ReOCHO, ReOCOOH, CH3CH2OH, PF5, ReOCO2CH2F,
ReOCO2CH2CH2F etc., and solid-phase product including LiF.
Generally, the thermal degradation products of DMC-LiPF6 elec-
trolyte have smaller molecular structures, while the degradation
products of DEC-LiPF6 tend to have larger molecular structures. The
large intermediate degradation products tend to decompose
further to products of smaller structures.

The diffusion coefficient of cations and anions in the degraded
electrolyte decreases with the degree of thermal degradation at an
accelerating rate. This effect is closely related to the degradation
products of R-O- and (ReOCO2)- anions, which attract Liþ cations
stronger than the undegraded solvent molecules, forming bulk
clusters. As a result, the diffusion of Liþ is reduced. The Od atoms in
degraded products have a larger electronegativity than the Oc
atoms in undegraded solvent molecules. With increasing degra-
dation, more R-O- and (ReOCO2)- anions are generated, promoting
the formation of larger bulk clusters that absorb Liþ, which cause
the decrease of ionic diffusivity.

While this work focuses on the thermal degradation of the
electrolyte itself, we would like to note that the ionic diffusion
characteristics of electrolyte inside a LIB may also be affected by the
electrode during usage. For instance, electrode side reaction and
dissolution, electrical field on the electrode surface, and SEI layer
can affect the local transport behavior. These are all interesting
topics. The approach in this paper may be extended to address
these topics in future studies.
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Appendix A. Detailed simulation for the attacking effect of
PF5 molecule on the CeO bond in electrolyte molecules

In order to simulate the effect of PF5 molecule attacking the CeO
bond in electrolyte molecules, ReaxFF is employed and the
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simulation is conducted with LAMMPS. The DEC molecule is used
due to its large eCH3CH2 group, so that the bond breaking process
can be observed more clearly. Three groups of simulations are
introduced, where the first group contains 150 DEC molecules, the
second group contains 150 DEC and 40 PF5 molecules, and the third
group contains 150 DEC and 80 PF5 molecules. The molecular set-
ups are shown in Fig. A1.
Fig. A1. The molecular set-ups of three simulation groups. (a): group 1: 150 DEC molecules. (b) Group 2: 150 DEC and 40 PF5 molecules. (c) Group 3: 150 DEC and 80 PF5 molecules.
For each group, the periodic boundary condition is applied. NPT
is firstly employed to relax the system for 500 ps based on the
COMPASS force field. The time step is set to be 1 fs. The temperature
and pressure are set to be 333 K and 1 atm, respectively. Then the
Fig. A2. (a): Number of degraded DEC molecules in different groups after simulation. (b1)
thermal degradation products with fluorine element.
ReaxFF is employed. The simulation temperature is set to be 600 K
for 30 ps in the NVT ensemble with a time step of 0.1 fs. The ReaxFF
parameters are the same as those in section 3.

After simulation, the degree of electrolyte degradation and the
thermal degradation products are analyzed and shown in Fig. A2. It
can be seen from Fig. A2 (a) that when there is no PF5 molecule
(group 1), there are only three DEC molecules degraded. When the
amount of PF5 molecules in the system increases, the number of
degraded DEC molecule increases at an accelerated rate. This trend
shows that PF5 can increase the thermal degradation of DEC mol-
ecules.
: Electrolyte thermal degradation products without fluorine element. (b2): Electrolyte



Table A1 (continued )

Path
No.

Process reactions Note

III CH3CH2OCO2CH2CH3 /

(CH3CH2)þ þ (CH3CH2OCO2)-;
PF5 / ($F) þ (PF4)þ;
(CH3CH2)þ þ ($F) / CH3CH2F

Group 2, Group 3

IV CH3CH2OCO2CH2CH3 /

(CH3CH2)þ þ (CH3CH2OCO2)-;
PF5 / ($F) þ (PF4)þ;
(CH3CH2)þ þ ($F) / CH3CH2F
(CH3CH2OCO2)- þ (PF4)þ / CH3CH2OCO-O-PF4

Group 3
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When there is no PF5 molecule inside the system, the degra-
dation product consists mostly C2H4 and a smaller amount of
(CH3CH2OCO2)-, CH3CH2OCHO, CH3CHO, CH3CH2OCOOH and (H)þ,
as shown in Fig. A2 (b1). With 40 PF5 molecules (group 2), the
product of C2H4 increases. Notably, the amount of (CH3CH2OCO2)-

ions increases significantly, making it another major product. In
addition, a small amount of PF5 molecules degrade, forming (PF4)þ

ions. They react with DEC molecules to form CH3CH2F molecules,
which can be seen in Fig. A2 (b2). With 80 PF5 molecules, the
amount of major products, C2H4 and (CH3CH2OCO2)-, keeps
increasing. The minor products of CH3CHO and CH3CH2OCOOH do
not show up in group 3. As for the products containing fluorine
element, the amount of (PF4)þ ions and CH3CH2F molecules in-
creases significantly. A new type of product, CH3CH2OC-O-PF4,
emerges in Fig. A2 (b2).

The detailed reaction paths of the DEC solvent during thermal
degradation with and without PF5 molecules are shown in Fig. A3
and in Table A1. For group 1 (no PF5), the DEC molecular degrada-
tion path can be divided into two paths. In path I, the CeO bond in
DEC molecules breaks, forming (CH3CH2)þ and (CH3CH2OCO2)-

ions. The (CH3CH2)þ ions can further degrade to (H)þ ions and C2H4

molecules. In path II, the DEC molecules decompose into
(CH3CH2OCO)þ and (CH3CH2O)- ions from the CeO bond, and
combine with (H)þ ion to form CH3CH2OCOOH and CH3CH2OH
molecules. With PF5 molecules added, the CeO bond breaking
becomes more significant due to the existence of PF5. The PF5
molecule itself can partly be further decomposed into (PF4)þ and
($F) ions. These two ions can combine with the DEC molecular
degradation intermediate products, and formmore stable products
such as CH3CH2F, as path III shows. The (PF4)þ ions can further
combine with the (CH3CH2OCO2)- ions to form CH3CH2OCO-O-PF4,
as shown in path IV. These demonstrate that the existence of PF5
can promote the CeO bond breaking in the DEC molecules. This
acceleration effect increases with the amount of PF5 molecules.

Fig. A3. Mechanisms of DEC molecular degradation and main product generation by
ReaxFF MD simulation at 600 K. Shown are reaction paths without PF5: (a) Path I, (b)
Path II, and reaction paths with PF5: (c) Path III, (d) Path IV.
Table A1
Thermal degradation reaction of DEC solvent (I, II without PF5 molecules, and III, IV
with PF5 molecules) for main product generation based on ReaxFF MD simulations.

Path
No.

Process reactions Note

I CH3CH2OCO2CH2CH3 /

(CH3CH2)þ þ (CH3CH2OCO2)-;
(CH3CH2)þ / ($H) þ C2H4

(CH3CH2OCO2)- þ ($H) / CH3CH2OCOOH

Group 1, Group 2,
Group 3

II CH3CH2OCO2CH2CH3 /

(CH3CH2O)- þ (CH3CH2OCO)þ;
(CH3CH2O)- þ (H)þ / CH3CH2OH
(CH3CH2OCO)þ þ ($H) / CH3CH2OCHO

Group 1, Group 2
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