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Abstract: Asymmetric lithium salts, such as lithium (difluoromethanesulfonyl)(trifluoromethanesulfonyl)
imide (LiDFTFSI), have been demonstrated to surpass traditional symmetric lithium salts with im-
proved Li+ conductivity and the capacity to generate a stable solid electrolyte interphase (SEI) while
maintaining compatibility with an aluminum (Al0) current collector. However, the intrinsic reductive
mechanism through which LiDFTFSI influences battery performance remains unclear and under
debate. Herein, detailed SEI reactions of LiDFTFSI–based electrolytes were investigated by combining
density functional theory and molecular dynamics, aiming to clarify the formation process and atomic
structure of the SEI. Our results show that asymmetric DFTFSI− weakens the interaction between
carbonate solvents and Li+, and substantially alters the solvation structure, exhibiting a well-balanced
coordination capacity compared to bis(trifluoromethanesulfonyl)imide (TFSI−). Nanosecond hybrid
molecular dynamics simulation further reveals that preferential decomposition of LiDFTFSI produces
sufficient LiF and Li2O to facilitate a robust SEI. Moreover, abundant F− generated from LiDFTFSI
decomposition accumulates on the Al surface and subsequently combines with Al3+ from the current
collector to form AlF3, potentially inhibiting corrosion of the current collector. Overall, these findings
elucidate how LiDFTFSI regulates the solvation sheath and SEI structure, advancing the development
of high-performance electrolytes compatible with current collectors.

Keywords: lithium metal battery; electrolyte solvation structure; battery interphase; LiDFTFSI;
hybrid molecular dynamics

1. Introduction

As the demand for sustainable energy storage grows, developing and innovating high-
energy-density batteries has become one of the most important research areas in the field
of energy storage and a driving force behind the development of new energy sources [1–4].
Lithium-ion batteries (LIBs), which currently have the largest market share, consist of
electrodes (an anode and a cathode), an electrolyte, separator, and current collectors, each
crucial for battery performance. Recent advances in electrode materials have improved
battery capacity and lifespan due to atomic-based simulations of electronic structures.
Kothalawala et al.’s work on LiNiO2 cathodes exemplifies these advancements [5,6]. Recent
multiscale simulations have also enhanced our understanding of battery electrolytes by
clarifying reduction product aggregation near electrodes and affecting SEI morphology [7].
These techniques provide insights into electrolyte structures, solvation environments, and
interfacial reactions in lithium-based batteries [8], and reveal the complex interplay in
lithium–sulfur batteries [9]. These advancements underscore the importance of multiscale
simulations in improving battery performance and design.
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Lithium metal batteries (LMBs), which serve as the most promising next-generation
energy storage devices due to their ultra-high battery capacity and compatibility with exist-
ing battery manufacturing equipment, have currently been drawing significant research
interests all around the world. LMBs possess a specific capacity of 3860 mAh g−1 and a low
electrochemical potential of −3.04 V (vs. a standard hydrogen electrode, SHE), showing
advantages in terms of energy density compared to those of LIBs [10–15]. However, LMBs
face significant challenges, such as the uncontrollable growth of lithium dendrites and
the formation of an unstable solid electrolyte interphase (SEI) during charge–discharge
cycles. These issues can be attributed to the high reactivity of lithium metal and inevitable
side reactions between the electrolyte and the anode [16–20], which compromise the cy-
cle life and performance of LMBs and, more critically, pose serious safety issues during
use [21]. To address these concerns, significant efforts have been devoted to designing
advanced lithium anode structures [22–24], constructing artificial SEIs [25,26], and opti-
mizing electrolytes [27,28]. Among various strategies, electrolyte engineering is one of the
most effective and feasible approaches for regulating the homogenous and stable formation
of an SEI. Electrolyte engineering mainly includes (1) adjusting the electrolyte formula
based on the existing components, such as by using high-concentration electrolytes or
additives, and (2) molecular design based on existing electrolyte components. Increasing
salt concentrations facilitates the sacrificial reduction of anions and limits coordination of
the solvent with lithium ions (Li+), thus enabling inorganic-dominated SEI growth [29,30].
LiF is crucial for forming highly stable SEIs, prompting the introduction of various fluorine-
containing components to increase its content. For example, 1,4-dimethoxybutane [31]
promotes both ionic conductivity and enriched LiF formation in the SEI, thus inhibiting Li
dendrite growth by facilitating uniform Li deposition [32]. Furthermore, additives (fluo-
roethylene carbonate [33,34], LiNO3 [35,36], and saccharin sodium [37]) enhance the stable
formation of SEIs by accelerating decomposition and reducing side reactions between other
electrolyte components and the electrode, thereby improving battery performance. The SEI
predominantly forms on the electrode surface due to electrochemical reactions occurring
during the initial charging cycles. While the SEI primarily forms on the electrode, it can also
extend to the current collector, especially under high voltages or elevated temperatures,
due to the electrolyte permeating throughout the cell, and typically the SEI is thinner and
less uniform than on the electrode surface [38].

Various electrolytes exist, but lithium salts in LMBs are notably limited. Lithium
hexafluorophosphate (LiPF6) is widely used commercially owing to its good performance
and affordable price. LiPF6 features a suitable Li+ transportation property, along with an
effective passivation effect on the Al0 current collector by generating AlF3. The band-gap
of aluminum fluoride (AlF3) is approximately 14 eV, as indicated in a study [39]. This
high band-gap value is similar to that of LiF, making AlF3 an insulator. However, the
chemical and thermodynamic stability of LiPF6, especially toward Li0, is insufficient. PF6

−

rapidly decomposes at elevated temperatures and is hydrolytically sensitive, limiting
its use in advanced batteries [40]. Alternatives to LiPF6, like LiBOB and LiDFOB, offer
better thermal stability and can passivate Al foil, yet their low conductivity and solubil-
ity fail to satisfy battery system requirements [41]. Lithium salts like LiTFSI, with high
charge delocalization, improve conductivity and SEI uniformity but severely corrode the
Al0 current collector. Recently, Zhang et al. developed a novel asymmetric lithium salt,
lithium (difluoromethanesulfonyl)(trifluoromethanesulfonyl)imide (LiDFTFSI), aiming
to counteract the shuttling effect of polysulfide intermediates in lithium–sulfur batteries
through anion modification [42]. Altering the –CF3 group to the weaker acidic –CF2H
group enhances Li+ conductivity by limiting anionic mobility through hydrogen bonding
and promotes stable SEI formation via enhanced anion reduction. More importantly, this
straightforward modification of disrupting functional group symmetry substantially im-
proves compatibility with the Al0 current collector. Qiao et al. proposed that the formation
of sufficient AlF3 from an LiDFTFSI–based electrolyte can passivate Al foil even at 4.2 V (vs
Li/Li+), which explains its greater compatibility with the Al0 current collector compared to
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LiTFSI [43]. Nevertheless, the underlying reductive reactions of DFTFSI−, SEI formation,
and collector passivation mechanisms remain unclear. Elucidating elementary reaction
mechanisms helps to establish design criteria from a chemical perspective, enabling rational
electrolyte design.

In this work, we employed multiscale simulations to investigate the physical and
chemical properties of electrolytes and underlying reaction mechanisms, which provided
insights into SEI formation and its structural evolution. Specifically, the unique solvation
structure of DFTFSI− and Li+ was studied and compared with that of carbonate solvents in
an electrolyte. To study electrolyte reduction and the SEI formation mechanism, the hybrid
ab initio and reactive force field molecular dynamics (HAIR) method was employed to
improve computing efficiency while retaining accuracy. Quantum mechanical (QM) calcu-
lations are accurate and transferable but expensive. Force-field-based calculations, such as
ReaxFF, are much faster but less accurate, though sufficient for mass transfer. Combining
QM and ReaxFF accelerates simulations by 10 to 100 times with minimal loss of accuracy.
This reduces months-long calculations to days, making them more feasible. Importantly,
our simulations have shown that deep reactions within the battery interphase are crucial
for performance regulation and can only be captured by longer simulations, beyond the
scope of short AIMD simulations [44]. To compare the electrolyte decomposition products
with the experimental results, an X-ray photoelectron spectroscopy (XPS) simulation of
the SEI structure was performed. Additionally, we explored the passivation mechanism
of DFTFSI− on the Al0 current collector using accurate density functional theory (DFT)
calculations to elucidate the thermodynamic reductions of DFTFSI− and TFSI− on the Al
electrode. This study not only bridges the knowledge gap regarding LiDFTFSI behavior at
the atomic level but also offers new perspectives for designing innovative lithium salts to
advance the commercialization of LMBs.

2. Computational Details
2.1. Classical Molecular Dynamics (cMD) Simulations

cMD simulations were carried out using GROMACS (version 2020.3) [45] to simulate
bulk electrolytes. The workflow was as follows: First, model optimization was performed,
followed by a 2 ns canonical (NVT) simulation at 300 K. Subsequently, a 2 ns isothermal–
isobaric (NPT) simulation was conducted at 300 K and 1.0 bar pressure using a Nosé–
Hoover thermostat. After reaching equilibrium, a final 2 ns NVT simulation was carried
out. Additionally, a custom code was utilized to extract and statistically analyze the
coordination, with a cutoff radius of 2.7 Å used to determine the coordination of Li+ with
anions or solvent molecules.

Based on the experimental electrolyte formula (1 M LiDFTFSI in a mixture of ethylene car-
bonate (EC) and ethyl methyl carbonate (EMC)), a simulation box with a size of 4 × 4 × 4 nm3

was built, consisting of 40 Li+, 40 DFTFSI−, 160 EC, and 240 EMC. To compare, the 1 M LiTFSI
EC/EMC electrolyte, a simulation was built with a box size of 4 × 4 × 4 nm3, consisting of
40 Li+, 40 TFSI–, 160 EC, and 240 EMC.

2.2. AIMD and RMD Simulations

The AIMD simulation was carried out using VASP (version 5.4.4) with the Projected
Augmented Wave (PAW) method [46] and a plane-wave basis set. The method was den-
sity functional theory (DFT) with generalized gradient approximations (GGA) of the
Perdew–Burke–Ernzerhof (PBE) functional [47]. The energy cutoff for the plane-wave basis
expansion was set at 400 eV, and the convergence threshold energy for the self-consistent
calculation and geometry relaxation was less than 1 × 10−5 eV. These MD simulations
used only the gamma point of the Brillouin zone with no consideration of symmetry. A
dispersion correction, the DFT-D3 method with Becke–Johnson damping [48], was included
in the calculations. The RMD simulation was carried out using LAMMPS (version 12,
December 2018). The time step for the RMD simulation was set to 0.25 fs, and the NVT
ensemble simulation was conducted at 300 K.
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The workflow was as follows: First, a 50 ps AIMD simulation explored initial chemical
reactions in the electrolyte system. This was followed by a HAIR simulation alternating
between 0.5 ps AIMD and 10-fold-accelerated RMD simulations. As electrochemical
reactions decreased and mass transport dominated, a 100-fold acceleration was used to
study deeper reactions, extending the simulation beyond 2.5 ns. To reach equilibrium,
high-precision AIMD was used to obtain reliable SEIs and products, providing accurate
data for XPS simulations. A diagram of the workflow is shown in Figure S1.

To investigate electrolyte decomposition, the box size was set to 10.5 × 10.5 × 26.5 Å3,
consisting of one LiDFTFSI, four EC, and six EMC. Six layers (3 × 3) of Li (100) were set at
the bottom of the box to simulate a Li anode. During the simulation, the bottom two layers
were fixed to represent the bulk anode. To relax this electrolyte/anode interface, geometry
optimization was carried out, as shown in Figure S2.

3. Results and Discussion
3.1. Electrolyte Solvation Structure Analysis

cMD simulations were carried out to investigate the specified solvation structure of the
LiDFTFSI-EC/EMC electrolyte caused by the asymmetric structure. The solvation structure
of an electrolyte is determined by its molecular structure, which can be distinguished
into three categories [32,49]: (1) solvents surrounding Li+ (SSL), (2) Li+–anion single pairs
(LASPs), and (3) Li+–anion clusters (LACs). A strong Li+–solvent interaction should be
avoided as it inhibits desolvation and triggers solvent cointercalation during Li+ reduction
while charging [50]. Comparisons of solvation structures between LiDFTFSI and LiTFSI
are as shown in Figure 1a and Figure S3a. Based on Li+ coordination with oxygen, the
proportions of SSL, LASP, and LAC in the LiDFTFSI system are 35%, 27.5%, and 37.5%,
respectively, while in the LiTFSI system, these are 47.5%, 27.5%, and 25%, respectively.
Thus, the proportion of SSL in the LiDFTFSI system is much lower than that in the LiTFSI
system. The significant increase in the proportion of LAC solvation structures suggests a
shift in the solvation structure from SSL to LASP and LAC.

In the LiDFTFSI system, a greater number of anions penetrate the solvation sheath and
contribute to the first solvation sheath of Li+. To understand such an effect, DFT calculations
were used to obtain the electrostatic potential (ESP) energy surface of TFSI− and DFTFSI–,
which showed that the (–CF2H) substituent of DFTFSI− differs significantly from the (–CF3)
substituent of TFSI−, resulting in –CF2H having a less negative charge, while the O on
the S connected to –CF2H has a greater electron density, indicating that O has a stronger
electrostatic interaction with Li+ during coordination (Figure S3b). Meanwhile, DFTFSI−

facilitates hydrogen bonds with solvent molecules, in turn enhancing ionic conductivity.
A considerable amount of DFTFSI− enters the first solvation sheath, displacing solvent
molecules and enriching the solvation structure with DFTFSI−. Table S1 provides additional
statistics on Li+ coordination. Compared to the LiTFSI system, the LiDFTFSI system exhibits
a higher average anion coordination number and a lower average solvent coordination
number. This anion-rich solvation structure can facilitate preferential salt decomposition,
resulting in the formation of an inorganic-rich SEI interface.

The radial distribution function (RDF) and coordination numbers (CNs) provide
further insights into the detailed structural features of anions and solvent molecules within
the solvation sheath in both systems (Figure 1b,c). As shown in Figure 1b, in the LiDFTFSI
system, the RDF peaks of Li+–O of DFTFSI−, EC, and EMC are located at 0.208, 0.216,
and 0.212 nm, respectively, indicating that DFTFSI− penetrates into the first solvation
sheath. The corresponding CN values are 1.05, 1.73, and 2.51, respectively. The CN of
Li+-O(DFTFSI−) (1.05) is significantly greater than that of Li+–O(TFSI–) (0.88), while the CN
of Li+–O(EC) (1.73) decreases in the LiDFTFSI system, indicating that DFTFSI− weakens
the interaction between EC and Li+. Additionally, the binding energy between DFTFSI−

and Li+ is −1.34 eV (Figure 1d), further showing that DFTFSI− strongly coordinates with
Li+ and enters the solvation sheath, thereby modifying the solvation structure, consistent
with a previous report [51].
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3.2. The Underlying Mechanism of Electrolyte Reduction and SEI Formation

Hybrid molecular dynamics simulations were carried out to investigate the decompo-
sition and initial SEI formation of the LiDFTFSI-EC/EMC electrolyte. Electrolyte reduction
is crucial for SEI formation at the lithium metal anode. According to reports, during the de-
composition process, with the cleavage of the S–N bond, the symmetric lithium salt LiTFSI
decomposes into two groups and produces LiF, which facilitates the formation of a thin
and dense SEI. A 2.86 ns HAIR simulation using the model shown in Figure S2b reveals the
detailed SEI reaction of the LiDFTFSI electrolyte. As shown in Figure 2, DFTFSI− basically
decomposed within 7 ps in the AIMD simulation. The detailed reactions are as follows:
The N–S bond on the –CF2H side breaks at 0.19 ps, followed by the rapid cleavage of the
C–F bonds on –CF2H at 1.21 ps due to the formation of LiF, reduced by Li0. The S–O bond
breaks at 1.51 ps, along with Li2O formation (Figure 2a). Only in the extended simulation
can the dehydrogenation reaction be observed (72.60 ps). Our calculations show that the
formation of LiH is inevitable but much slower than LiF in the case of DFTFSI−, which is
consistent with previous experimental results.

On the other hand, the –CF3 group detached from the salt at 3.20 ps through C–S bond
cleavage, similar to a previous report [44]. Further reduction of DFTFSI−, followed by S–O,
N–S, and C–F cleavages, contributed to the inorganic components of the SEI (Figure 2b).
Breaking of the N–S bond occurred at 5.26 ps, and all F atoms were released from DFTFSI−

at 6.88 ps (Figure 2b). The results show that the –CF3 group decomposes later than –CF2H,
indicating that the introduction of the asymmetric substitution of H atoms further enhances
the reactivity of –CF2H. This detailed mechanism demonstrated that asymmetric DFTFSI−

can rapidly react with Li0 and generate products, including LiF, Li2O, and Li3N, which can
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potentially improve ionic conductivity, regulate the mechanical properties of the SEI, and
inhibit dendrite formation [11]. The decomposition mechanism of DFTFSI− revealed by the
AIMD simulation supports the experimental hypothesis, as illustrated in Figures 2c and S4.
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1 M LiDFTFSI-EC/EMC system. (a) Decompositions of the side of the –CF2H group. (b) Decomposi-
tions of the side of the –CF3 group. (c) DFTFSI− reaction pathway obtained from simulations. The
color codes are the same as those in Figure 1a.

The solvent decomposition mechanism is crucial. AIMD simulations indicate that
EC is reduced during charging, contributing to SEI formation. EC starts to decompose
within 50 ps, and three different initial pathways can be distinguished based on the reactive
trajectories. At 2.51 ps, in a Li+-rich environment, EC undergoes a one-electron reduc-
tion, breaking its C–O bond and transforming from a ring to a chain structure, forming
OC2H4OCO−. Subsequently, OC2H4OCO− follows two pathways: It accepts another elec-
tron to form OC2H4O2

−, releasing one CO at 4.00 ps (Figure 3a), and releases CO2 while
forming the free radical anion •C2H4O−, consistent with previous DFT calculations [52].
At 61.21 ps, •C2H4O− is further reduced by Li0 and forms Li2O along with one electron
transfer (Figure 3b). In addition to one-electron reduction, two-electron reduction was also
observed in the simulation. EC underwent a two-electron reduction to form CO3

2− and
C2H4, as previously observed in an experiment. Further reductions occurred at 50.60 and
56.50 ps, resulting in the formation of Li2O from CO3

2− (Figure 3c).
The decomposition of EMC is slower than EC and generally falls into two categories.

As shown in Figure 3d, the C–O bond breaks with Li2O at 50.6 ps, and then the C–O bond
breaks, leading to the formation of CO and CH3O− at 55.69 ps. The other reaction path
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involves the initial detachment of the –OCH3 group from the carbon chain via a one-electron
reduction, followed by the breaking of the C–O bond in the remaining –OCOCH2CH3
species, yielding CO and C2H5O− (Figure 3e). EMC decomposition did not occur in the
first 50 ps of the AIMD simulation but began in the early stages of the HAIR simulation,
revealing a similar reaction mechanism.
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After the initial decomposition, deeper reactions continue, forming the main products
of the SEI. The products and primitive SEI formed after 2.86 ns of the HAIR simulation are
shown in Figures S5 and S6. The inner SEI layer, close to the anode surface, predominantly
contains inorganic compounds like Li2O, LiF, etc. [53,54]. These inorganic compounds
improve mechanical properties, inhibit lithium dendrite growth, decrease electrolyte con-
sumption, and promote a uniform and stable SEI, thereby potentially enhancing battery
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cycle performance. Instead, the outer SEI layer, close to the electrolyte, consists mainly of
carbon–oxygen organic compounds from solvent decomposition, consistent with previous
experiments [42,43]. To further analyze the products and atomic structure of the SEI, the
XPS spectra of C 1 s, O 1 s, and F 1 s were simulated, as shown in Figure 4. C atoms exhibit
a complex chemical environment characterized by various bond types, including C–O, C–C,
C–H, and C=O bonds (Figure 4a), primarily arising from the decomposition of solvents
into RC–O (e.g., CH3OLi and C2H5OLi). In Figure 4b, O atoms are either bonded to C,
forming C–O and C=O bonds, which confirm the presence of carbon–oxygen groups and
correlate with the C 1 s XPS spectrum, or exist as Li2O. The schematic diagram of DFTFSI−

and solvent decomposition shows that F atoms bond with Li+ to form LiF (Figure 4c). The
theoretical XPS predictions agree well with the experimental results, demonstrating the
reliability of the simulations.
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3.3. DFTFSI− Passivated Al

In lithium batteries, Al is the cathode current collector due to its stability at high
potentials, but electrolyte salts can reach and contact Al through electrolyte pervasion. In
addition to regulating the anode interphase, LiDFTFSI, as the reactive active component,
can remarkably suppress dissolution of the Al0 current collector at high potentials (>4.2 V
vs Li/Li+) in comparison with LiTFSI. The Al0 current collector maintains good stability
within the battery because Al foil naturally forms a protective Al2O3 layer [59]. However,
when the voltage exceeds the threshold, Al2O3 can be destroyed in the organic solution,
exposing fresh Al0. This leads to progressive corrosion of the Al0 current collector, which
impacts performance and longevity. Oxidative corrosion of Al is a challenge in developing
new electrolyte salts [60]. The asymmetric structure of LiDFTFSI and the high reactivity
of the –CF2H group rapidly dissociate to form AlF3, which then protects the anode. This
protective layer helps in passivating the Al0 current collector, which is crucial for the
battery’s stability and longevity [61].

To test such a hypothesis, we examined the defluorination process on the –CF2H group
on the Al metal surface, as shown in Figure 5. DFT calculations show that the Gibbs free
energy change (∆G) for this process is −1.64 eV, compared to −0.94 eV for LiTFSI. The
results indicate that LiDFTFSI defluorinates more readily on the Al electrode, facilitating
the subsequent formation of AlF3, validating our hypothesis well. Therefore, the protective
mechanism of LiDFTFSI on Al foil can be described as follows: LiDFTFSI diffuses and
adsorbs onto the Al foil and decomposes, and the resulting F ions react with Al3+ to form an
AlF3 passivation layer. This layer prevents further exposure of the Al metal and suppresses
interfacial side reactions.
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4. Conclusions

To summarize, we conducted atomic simulations to investigate how an asymmetric
sulfonyl imide salt (LiDFTFSI) influences the microscopic solvation structure and underly-
ing interfacial reaction mechanisms in LMBs. According to cMD simulations, presence of
the asymmetric functional group (–CF2H) increased the proportion of the LAC solvation
structure in the LiDFTFSI-EC/EMC system compared to the LiTFSI–based electrolyte,
while substantially decreasing the portion of the SSL solvation structure. cMD simulations
also suggest that DFTFSI− has a greater coordination capacity with Li+, thereby triggering
salt-prone interfacial reactions. A HAIR simulation was employed to investigate the initial
interface reactions and the detailed SEI generation process of the LiDFTFSI–based elec-
trolyte. A homogeneous and stable SEI layer relying on the substantial production of Li2O
and LiF was formed as a result of the preferred decomposition of LiDFTFSI. The reliability
of the HAIR and XPS simulations was confirmed by comparing theoretical XPS simulations
of the SEI with actual XPS spectra.

Furthermore, LiDFTFSI tends to defluorinate on the Al surface, facilitating the forma-
tion of a passivation layer that suppresses corrosion of the Al0 current collector, providing
a clear explanation of the perplexing experimental observation. This study clearly clarifies
the solvation structure and interface chemistry of electrolytes, providing new insights into
the design of new electrolytes to enhance the performance of LMBs.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/batteries10060180/s1: Figure S1: The workflow diagram for simulating
interfacial reactions; Figure S2: Atomic molecular geometries for anions and solvents and the initial
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model for the 1 M LiDFTFSI-EC/EMC system; Figure S3: Examples of three solvation structures of
the LiTFSI-EC/EMC electrolyte and the ESP energy diagrams of DFTFSI− and TFSI−; Figure S4: The
experimentally speculated reduction mechanism for LiDFTFSI; Figure S5: The molecular geometries
of the final products in the SEI obtained from the 2.8 ns HAIR simulation; Figure S6: Composition
and structure of the SEI in the 1 M LiDFTFSI-EC/EMC system for the simulations; Table S1: Li+

coordination in the LiDFTFSI–based and LiTFSI–based electrolytes. Refs. [43,47,62–64].
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