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a b s t r a c t

Although the lithium metal battery has been considered to be one of the most promising candidates to
facilitate high-density energy storage, the practical applications of lithium metal anodes are significantly
hindered by its high reactivity. Electrolytes based on 1,3-dioxolane (DOL) have been demonstrated to be
one of the most effective electrolytes that can suppress side reactions, but the underlying mechanism is
still far from clear. In this work, we carried out multi-scale simulations that combine density functional
theory (DFT) and reactive force field (ReaxFF) to investigate the initial reactions of 1.0 M LiPF6 salt in DOL
with Li metal anode. Our simulation results reveal that PF6� anions can either fully decompose via
reduction reaction when they directly in contact with Li anode or convert to PF5 when they stay in bulk.
While the decomposition products (F� and Px

�) contribute to the formation of the inorganic part of the
solid electrolyte interphase (SEI), the latter PF5 can serve as an initiator of the polymerization of DOL.
Such polymerization of the electrolyte provides an unexpected protective effect that resembles the
polymer electrolyte but is formed in situ. The most kinetically favorable polymerization pathway is then
distinguished from hybrid functional DFT calculations, which confirms that PF5 plays an important role in
activating the DOL ring for further polymerization. The insights revealed from this work should be of
help to expedite the rational design of electrolytes that provide protective SEI to stabilize Li anode.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Nowadays, energy utilization has gradually shifted from tradi-
tional fossil energy sources to low carbon and renewable energy to
achieve the goal of sustainable development. Hence, there is an
urgent need for new large-scale battery technologies with high
capacity, high-energy density, and reliable efficiency [1e3].
Although the capacity of lithium-ion batteries (LIBs) taking carbon
materials as the anode is approaching its theoretical capacity
(372mA h/g), the energy density provided by carbon-host is still far
from meeting the requirement of the increasingly high demand of
chargeable portable devices, electric vehicles, and large-scale grid
energy storage [4,5]. Lithium metal anode has the highest theo-
retical capacity (3860 mA h/g) and the most negative
ddard), tcheng@suda.edu.cn
electrochemical potential, 3.04 V, when referring to a standard
hydrogen electrode (SHE) [6,7]. As a result, lithium metal batteries
(LMBs) taking lithium metal anode are one of the most promising
candidates for new generations of high energy density storage
devices.

The high activity of lithium metal leading to unexpected side
reactions poses significant impedance in the development of LMBs.
Meanwhile, the uncontrolled growth of lithium dendrite will cause
extreme side reactions with organic liquid electrolyte (LE) and lead
to safety problems. Lithium dendrite, on the one hand, punctures
the diaphragm and spreads to the positive electrode, resulting in
electrical contact and short circuit within the battery, and causes
fire and explosion. On the other hand, lithium dendrite has high
reactivity and absorbs electrolyte and active lithium, resulting in
constant thickening of the solid electrolyte interphase (SEI),
resulting in lower Coulomb efficiency and a shorter life cycle
[7e13]. Simultaneously, electrochemical losses due to uneven
stripping of lithium metal during discharge would further lead to
the formation of dead lithium, thereby reducing the available active
lithium, and thus, reducing the performance of Coulomb. To solve
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the above issues, researchers have used a number of techniques to
improve the efficiency of metal lithium batteries, such as the use of
alloy anode [14], electrolyte structure optimization [14e16], solid
electrolyte development [17], artificial SEI film [18e20], 3D lithium
deposition framework [21,22], etc. However, it is still challenging to
realize the commercial operation of metal lithium batteries.

Optimization and production of electrolyte systems are impor-
tant among these techniques to improve the efficiency of lithium
metal anode. For example, electrolyte regulation is currently one of
the most powerful and convenient ways of promoting long-term
cycling efficiency and inhibiting dendrite formation. Changes in
the composition, additives, and concentrations of the electrolyte
can influence the action of lithium deposition and the decompo-
sition of the organic species and then influence the composition
and structure of the SEI [23e25]. In order to increase the perfor-
mance of the Coulomb efficiency, the understanding of the SEI
process between the electrolyte and the lithium metal anode is
therefore crucial to solving problems such as lithium metal
dendrite and the corrosion of the lithium metal anode. Unfortu-
nately, many key problems cannot be fundamentally solved
because the related reaction mechanism of lithium metal anode is
not completely clear, such as the interaction with electrolyte,
lithium deposition, and so on.

A significant amount of experimental results show that the
electrolyte, such as DOL, likely polymerizes during SEI formation.
Effective control of the polymerization reaction can substantially
improve the stability of SEI. For example, in the research of Zhao
et al., ultra-stable SEI was achieved by in-situ producing polymer
electrolytes with the help of salt [26]. However, the understanding
of the mechanism of surface polymerization is still far from clear.
Phenomenonmodels have been proposed but of limited help due to
lack of details [27]. Our work has combined multiple multiscale
simulation methods to investigate the possible reaction paths in
detail, which provides a theoretical basis for further improvement
of SEI stability.

Employing the atomic-scale simulation method, it can predict
material properties, simulate the reaction process, and become one
of the effective tools for screening materials and revealing reaction
mechanisms. In this work, we apply a multiscale simulation
method to simulate the degradation process of 1.0 Mol/L LiPF6 salt
in 1,3-dioxolane (DOL) electrolyte on a lithiummetal electrode. As a
kind of low molecular weight polyether, DOL has the satisfactory
ability to form stable interphase when in contact with lithium
metal anode, which can make the anode have a high level of
reversibility [26,28]. Moreover, LiPF6 salts, as the most commonly
used electrolyte salts, are also widely used in lithium metal batte-
ries. The combination of this electrolyte is very representative, and
the electrolyte has achieved satisfactory performance in practical
application. Hence, it is of great significance to investigate the
mechanism of the reaction of electrolyte with lithium metal elec-
trode to form SEI film. We hope that this research work can deepen
the understanding of the SEI formation mechanism and contribute
to the design of a new electrolyte.

2. Computational details

In previous work, we used the QM-MD and ReaxFF-MD hybrid
scheme to study the reaction process of electrolyte at lithiummetal
anode surface and obtained accurate results consistent with the
experiment [29,30]. In the quantum mechanics (QM) molecular
dynamics (MD) simulation, we employed 1 LiPF6 and 13 DOL to
simulate the LiPF6-DOL electrolyte, which represents a 1 M con-
centration of Li-salts in the electrolyte. The Li anode was simulated
by employing a 3 � 3 � 6 Li (100) surface with 54 Li atoms, where
the bottom 2 Li atom layers were fixed during the simulation. The
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vacuum between the anode and its periodic image is set according
to the experimental density of the electrolyte (a density of 1.06 g/
cm3). Then, the components of the electrolyte were randomly
inserted into the vacuum, forming the electrolyte/anode half-cell
with two explicit electrolyte/anode interfaces. The final simula-
tion periodic cell was 10.47 � 10.47 � 26.73 Å. We then carried out
QM optimization followed by MD equilibration and 3 ps MD NVT
simulation to investigate the initial reaction. Significant initial
chemical reactions were observed in 3 ps of QM molecular dy-
namics (QM-MD) simulations. To further investigate the interaction
between DOL and PF5 molecule (PF6� decomposition product), we
constructed a model containing 9 DOL molecules and 3 PF5 mole-
cules using a cell parameter of a ¼ b ¼ c ¼ 11.4 Å. Then, we carried
out QM optimization followed by MD equilibration and 5 ps NVT
simulation.

All the QM-MD calculations were carried out using the VASP
software (version 5.4.4) [31,32]. We used the Perdew, Burke, and
Ernzerhof (PBE) [33] flavor of density functional theory (DFT) with
the post-stage DFT-D3 method to correct for London dispersion
(van der Waals attraction) with Becke-Johnson damping [34]. The
projector augmented wave (PAW) method was used to account for
core-valence interactions [35,36]. The kinetic energy cutoff for
plane wave expansions was set to 400 eV, and reciprocal space was
sampled by the G-centered Monkhorst-Pack scheme with a grid of
1 � 1 � 1. A conjugate gradient algorithm with an energy criterion
of 1 � 10�5 eV was used for atomic convergence, and the forces
were guaranteed to be smaller than 0.01 eV/Å. The time step was
set 1 fs.

The ReaxFF simulations used the Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS 2018) software. The time
step was set to 0.25 fs. We started with the ReaxFF parameters
developed by Islam et al., which we are using training data from
accurate QM calculations combined with the Monte Carlo simu-
lated annealing (MC) force field optimization method. The ReaxFF
reactive force field uses bond order-dependence to describe bond
breaking. The parameters were optimized by fitting QM but
including some experimental results. ReaxFF bond orders (BOij) are
calculated instantaneously. They contain sigma, pi, and double-pi
bonds, as in Eq. (1).
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During the force field optimization procedure, the error objec-
tive function was expressed as deviations between QM and ReaxFF
energies and forces as in Eq. (2). Here xi xxandxi,QM and xi,ReaxFF are
the corresponding values for QM and ReaxFF results, si is the
weight parameter adjusted based on the accuracy in the training
data.

Error¼
Xn

i¼1

�
xi;QM � xi;ReaxFF

si

�2
(2)

Since finding the global minimum error function is essential to
guarantee the accuracy of ReaxFF results, we use Monte Carlo
Simulated Annealing (MC) to optimize ReaxFF force field parame-
ters [37,38].

For studying the mechanism of DOL molecular polymerization,
molecular geometries of all models were optimized without con-
straints by density functional theory (DFT) calculations using the
B3LYP functional [39] with a 6e31G(d) basis set for all atoms. To
take the dispersion interactions into account, we consider the DFT-
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D3 dispersion correction [34]. The vibrational frequencies were
computed at the same level to identify all of the stationary points as
transition states (one imaginary frequency) or as minima (zero
imaginary frequencies) and evaluate its zero-point vibrational en-
ergy (ZPVE) and thermal corrections at 298 K. All transition states
that these structures indeed connect two relevant minima were
confirmed by intrinsic reaction coordinates (IRC) calculation
[40,41]. In terms of considering solvent effects, the single-point
energy calculations were performed at the level of B3LYP with
the 6-311þG(d,p) basis set for all atoms. Besides, solvent effects
were considered using the continuum solvent model SMD [42] for
1,3-dioxolane (DOL, the dielectric constant is 7.13), which was used
as the solvent in this experimental study. The Gibbs free energy for
each species is taken as the sum of the thermal correction to free
energies in the gas phase and the single-point energy in solution.
All calculations were performed with the Gaussian 16 suite of
programs (Revision A.03) [43].
3. Results and discussion

3.1. QM-MD result of LiPF6-DOL system

Generally, the SEI film mainly contains two parts of the inor-
ganic and organic layer during the charge-discharge cycle of
lithium metal battery, which separates electrolyte and electrode to
prevent further reaction [44,45]. In order to explore the initial
mechanism for degradative reduction of electrolytes on lithium
metal anode system, we analyze MD trajectories during QM-MD
simulations. In the electrolyte of LiPF6eDOL, as shown in Fig. 1,
we observed the following reactions in QM-MD simulation: At the
beginning, the main process is the lithium diffusion process within
the 55 fs. PF6� react with Li atom to produce PF5$ and LiF until 57 fs.
Then PF5$ continues to decomposewith Li atoms to produce LiF and
PF4 at 63 fs. At 75 fs PF4$ continue to remove F- ions to form product
PF3$ and LiF. We observe that PF3$ can still react with Li to generate
PF2$ and LiF at 86 fs. The PF2$ dissociates an F- to form PF$ and LiF at
88 fs. Last, PF$ is completely decomposed into LiF and P$ radical at
253 fs. The LiF as one of the SEI components also has some unique
properties [46,47]: high mechanical strength [48], low solubility
Fig. 1. The reactive snapshots of the decomposition of PF6� and DOL and LiF interaction after
red; carbon, gray; fluorine, green; hydrogen, white.
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[49], and low lithium-ion diffusion barrier [50]. It suggests that LiF
may promote a more uniform lithium-ion distribution and inhibit
disordered lithium dendrite generation [51]. Complete decompo-
sition of PF6� consumes 6 Li atoms, very efficiently in promoting the
formation of protective SEI. The overall reaction is as follows:

LiPF6 þ8Li0/Li3P þ 6LiF (3)

Interestingly, we found some structures in the QM-MD trajec-
tory, which may be the initial stage of DOL polymerization in situ.
The O atoms of DOL molecules can bind to the Liþ of the LiF to form
LieO bonds. Moreover, the H atoms of DOL molecules can also
combine with the F� of the LiF to form FeH. These sites can make
DOL directly and stably connected to the inorganic LiF layer. Once
the DOL molecules on the LiF layer react with the initiator, a good
SEI of the inner inorganic LiF and the outer organic polymer can be
formed, which can better protect the lithiummetal anode. At 361 fs,
we observed DOL molecules linked to the LiF through the FeH
bond. Then another DOL molecule with a LiF structure connected
by LieO bonds was found at 565 fs. Overall, when the PF6�

decomposition is generated LiF, these structures appear many
times in the simulation of 3 ps. Due to the limitation of QM-MD
simulation time length, we did not directly observe the polymeri-
zation of DOL molecules.

3.2. ReaxFF MD result of LiPF6-DOL system

Nevertheless, limited by computational cost and time scale, we
cannot simulate the SEI formation process in lithium metal batte-
ries by QM-MD. Hence, we use the ReaxFF reactive force field
approach to extend the simulation time scale and wish to observe
more important information about the generation of SEI processes.
For this reason, the ReaxFF reactive force field simulations were
conducted for 95 ps.

At first, the degradation reaction initiates by breaking the PeF
bond of PF6�, forming PF4 and LiF at around 5.0 ps is given in
Fig. 2. And these results are consistent with that of QMMD simu-
lation. When about 60 ps, it was observed that the CeO bond of the
DOL molecule broke, and the bond length changed from 1.449 Å to
1.745 Å, resulting in OCH2OCH2CH2 formation. Then about 90 ps,
3 ps QM-MD simulation of the LiPF6-DOL system. Color code: lithium, purple; oxygen,



Fig. 2. Snapshots of LiPF6 and DOL decomposition obtained from the ReaxFF reactive force field simulations for the LiPF6-DOL system. Color code as in Fig. 1.
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the OeC bond of OCH2OCH2CH2 were connected to form DOL
molecules. Last, the stable products are LiF salts, PF4∙ (PF6�

decomposition product), and DOL molecules during the 95 ps
simulation.
3.3. QM-MD result of PF5-DOL system

In our work, we suspect that PF6� also serves a crucial role in
promoting the polymerization of DOL. In our simulation, we
noticed that PF6� decomposed into F- while leaving PF5 with a
radical character in the electrolyte. To investigate the effect of the
PF5 radical, we simulated with 3 PF5 radicals into the 9 DOL solvent,
and the simulation time scale was 5 ps.

In Fig. 3, we observed that DOLmolecules were linked to the PF5
by generating PeO bonds after 351 fs. The stable PF5 structure is
triangular bipyramids, andwhen the DOLmolecules are close to the
PF5 to form a PeO bond, the PF5 structure becomes octahedral.
Then, the rest of the DOL molecules moved closer to the DOL-PF5
system. Although no DOL ring opening and polymerization
occurred in 5 ps, the initial reaction state of DOL polymerization has
gradually become clear.
Fig. 3. The structure of DOL-PF5 obtained from 3 p

4

3.4. DOL with PF5 polymerization mechanisms

In order to study the reaction of DOL molecular polymerization,
we propose the following reaction mechanism: PF6� reacts with Li
atoms to remove one F� ion to form LiF and PF5, in which the
product PF5 can be used as an initiator for polymerization. Next, the
lone pair of electrons of O atoms in DOL molecules combine with P
atoms of the PF5 to form DOL-PF5. The CeO bond of the DOL
molecule in the DOL-PF5 system is activated, and the other DOL
molecules attack the C atom, and then the ring-opening reaction
occurs to form a DOL-L-PF5. The CeO bonds of the unopened part of
the DOLmolecule in the DOL-L-PF5 system continue to be activated,
and the C atoms can combine with other DOL molecules to form
2DOL-L-PF5. The 2DOL-L-PF5 system continues to undergo ring-
opening reactions to generate DOL-L2-PF5. Finally, DOL molecular
ring-opening reactions occur continuously in this way, resulting in
the formation of polymers.

There are four possible reaction mechanisms for DOL poly-
merization are shown in Scheme 1. Based on the above reaction
path, we calculated the free energy of the polymerization reaction
listed in Fig. 4 and Table 1. The free energy of the interaction be-
tween DOL and PF5 as initiator is �25.91 kcal/mol (�1.124 eV),
s QM-MD simulation of the PF5-DOL system.



Scheme 1. Four possible reaction mechanisms for DOL polymerization.
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Fig. 4. Gibbs energy profile calculated for the DOL polymerization. The calculated relative free energies are given in kcal/mol.
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which indicates that PF5 and DOL can form stable product DOL-
PF5. Next, the other DOL molecule has two reaction pathways: one
is bound to the C atom between the two O atoms of the DOL
molecule, the other is the interactionwith C atoms in themiddle of
the O atom and C atom in the DOL molecule. Other DOL combines
with DOL-PF5 to generate 2DOL-PF5-A and 2DOL-PF5-B, respec-
tively, and their energy is very close. In pathway I, through the
transition state TS1-A, a ring-opening reaction occurs to generate
Table 1
Calculated Gibbs free energy of the polymerized DOL reaction at the level of B3LYP
with the 6-311 þ G(d,p) basis set.

DOL Polymerization Reaction DG

eV Kcal/mol

Pathway I DOL þ PF5 / DOL-PF5 �1.12 �25.91
DOL þ DOL-PF5 / 2DOL-PF5-A 0.19 4.44
2DOL-PF5-A / TS1-A 0.57 13.16
TS1-A / DOL-L-PF5-A �0.88 �20.23
DOL þ DOL-L-PF5-A/ 2DOL-L-PF5-A 0.24 5.59
2DOL-L-PF5-A / TS2-A 0.92 21.19
TS2-A / DOL-L2-PF5-A �1.36 �31.39

Pathway II DOL þ PF5 / DOL-PF5 �1.12 �25.91
DOL þ DOL-PF5 / 2DOL-PF5-B 0.08 1.92
2DOL-PF5-B / TS1-B 3.49 80.48
TS1-B / DOL-L-PF5-B �3.86 �89.07
DOL þ DOL-L-PF5-B/ 2DOL-L-PF5-B 0.19 4.40
2DOL-L-PF5-B / TS2-B 2.37 54.59
TS2-B / DOL-L2-PF5-B �2.93 �67.51

Pathway III DOL þ PF5 / DOL-PF5 �1.12 �25.91
DOL þ DOL-PF5 / 2DOL-PF5-A-1 0.19 4.44
2DOL-PF5-A-1 / TS1-A-1 0.57 13.16
TS1-A-1 / DOL-L-PF5-A-1 �0.88 �20.23
DOL þ DOL-L-PF5-A-1/ 2DOL-L-PF5-A-1 0.31 7.17
2DOL-L-PF5-A-1 / TS2-A-1 2.41 55.48
TS2-A-1 / DOL-L2-PF5-A-1 �3.00 �69.15

Pathway IV DOL þ PF5 / DOL-PF5 �1.12 �25.91
DOL þ DOL-PF5 / 2DOL-PF5-B-1 0.08 1.92
2DOL-PF5-B-1 / TS1-B-1 3.49 80.48
TS1-B-1 / DOL-L-PF5-B-1 �3.86 �89.07
DOL þ DOL-L-PF5-B-1/ 2DOL-L-PF5-B-1 �0.02 �0.45
2DOL-L-PF5-B-1 / TS2-B-1 0.50 11.60
TS2-B-1 / DOL-L2-PF5-B-1 �0.45 �10.49
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DOL-L-PF5-A. The energy barrier for this reaction pathway is
13.14 kcal/mol (TS1-A a relative to reactant 2DOL-PF5-A). More-
over, in the other pathway II, the OeC bond of intermediate 2DOL-
PF5-B broke via transition state TS1-B (80.48 kcal/mol) to form
DOL-L-PF5-B. By comparing two pathways, it is found that TS1-A is
much lower than TS1-B by 67.34 kcal/mol, suggesting that
pathway I giving the DOL-L-PF5-A is more favorable than the latter
one generating the DOL-L-PF5-B.

Then we find that there are two reaction pathways from in-
termediate DOL-L-PF5-A. In the same way, as mentioned above,
DOL continues to combine with DOL-L-PF5-A, the reaction
pathway can be divided into pathway I and pathway III. The same
trends have been obtained for the second DOL ring-opening re-
action process. The energy of reactant 2DOL-L-PF5-A is close to
that of 2DOL-L-PF5-A-1, and the energy of product DOL-L2-PF5-A
and DOL-L2-PF5-A-1 is very close after the ring-opening reaction.
The difference is that the energy difference of the transition state
is obvious. For the second DOL ring-opening reaction, the energy
of the rate-determining transition state TS2-A is 21.19 kcal/mol in
pathway I, while the highest energy of the transition state TS2-A-1
is 55.48 kcal/mol in pathway III. Furthermore, a transition state
with the lowest barrier appears in pathway IV, and the transition
TS2-B-1 energy is 11.60 kcal/mol. However, pathway II and
pathway IV do not have advantages for DOL polymerization re-
actions in general, as they all need to go through the initial high
energy transition states TS1-B. Finally, we find that the most
reasonable path of DOL polymerization is Pathway I. Meanwhile,
the existing experiment supports our major predictions. For
example, accumulated experimental results suggest that PF5 is
likely to initiate the polymerization, which strongly supports our
prediction [27].

In experimental conditions, more reaction possibilities may
exist due to the unavoidable presence of water and oxygen.
We will continue to focus on more possible reactions with
consideration of impurities in our further work. Meanwhile,
we are expecting experiments, such as Desorption Electrospray
Ionization Mass Spectrometry (DESI), to validate our
predictions.
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4. Conclusions

In summary, we employed amultiscale simulation to investigate
the reaction mechanism of SEI formation on the Li metal battery in
LiPF6 þ DOL electrolyte. Based on the simulation results, the major
conclusions are as follows:

The presence of LiPF6 salts in the electrolyte not only provides F�

ions for the formation of inorganic layers but also provides an
initiator, the partial decomposition product of PF5, to induce the in
situ polymerization of DOL in forming a polymer-like organic layer.
The strong interaction of PF5 with O in DOL, because of p-d p back
donation, weakens the CeO bond in DOL, which induces the ring-
opening reaction. The produced radical, then, propagates by
reacting with other DOL to facilitate further polymerization. Finally,
an SEI with the inner layer consists of a hard and dense inorganic
layer, and an outer layer consists of a soft and continuous organic
layer is formed, which exhibits ideal balance to facilitate superior
performance.

Furthermore, we disguised the most kinetically favorable reac-
tion pathway from all four possible DOL polymerization pathways.
The hybrid function calculation shows that The DOL molecular
ring-opening polymerization is thermodynamically favorable with
the assist of PF5. The maximum energy barrier in the reaction
pathway is 21.19 kcal/mol, which is surmountable at room tem-
perature. These calculation results are in good agreement with the
experimental results [26,27].

Overall, the above insights are of help to clarify the relationship
between the molecular structure of electrolytes and the formation
of SEI components. The understanding of the reaction mechanism
of SEI formation, in turn, paves the way for the rational design of
electrolytes to enhance the performance of LMBs.
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