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Abstract
This study addresses the reactivity of multiple solvents and lithium bis(fluorosulfonyl)imide 

(LiFSI) at the interface with sulfurized polyacrylonitrile (SPAN) in multiple stages of lithiation via 

ab initio molecular dynamics simulations. Both ether 1,3-dioxolane (DOL) and dimethyl 

carbonate (DMC) proved stable on the lithiated SPAN surface regardless of the lithium content, 

meaning that neither of these species likely contributes to growing a solid electrolyte interphase 

(SEI) coating to protect the SPAN composite. Conversely, cyclic carbonates ethylene carbonate 

(EC) and fluoroethylene carbonate (FEC) show to be very active. The EC reduction occurs only 

on a highly lithiated surface with a 3.0 Li/S molar ratio, the equivalent of the SPAN composite in 

an over-discharge regime with voltages close to 0.0 V vs. Li/Li+.  The FEC reduction starts with 

a 2.0 Li/S molar ratio and above, suggesting that FEC could act as a useful additive in 

electrolyte formulations with EC. Both EC and FEC follow multiple reduction mechanisms to 

produce complex reduction products and LiF in the FEC case. We provide a mechanistic 

description for each detected decomposition path. The LiFSI salt also proves reactive against 

the lithiated SPAN surface. The FSI- defluorination is the dominant reduction path. However, the 

SO2NSO2F- and SO2NSO2
2- species proved stable against S-N cleavage. This behavior makes 

the LiFSI salt a potential candidate for SPAN-based Li-S batteries because it produces LiF 

without releasing SO2. 

Introduction
The lithium-sulfur (Li-S) electrochemical system is an attractive low-cost alternative for long-

range electric vehicles because it delivers high theoretical energy density (2600 Wh/kg) and 

enjoys widespread availability of raw materials.1-3 The task before the commercialization of this 

energy storage system relies on enhancing the sulfur’s low electronic conductivity, stabilizing 

the highly reactive lithium metal anode, and improving the battery’s rapid capacity fading. 

However, this enterprise proves challenging due to the interconnected nature of the battery; any 
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modification/improvement on either electrode or the electrolyte directly affects the other 

components of the battery.4 

Recent studies show that the sulfurized polyacrylonitrile (SPAN) composite improves sulfur’s 

cathode electrochemical performance.5-10 The graphitized carbonaceous structure provides 

extended electronic pathways and hinders lithium polysulfides’ dissolution (LiPSs). The covalent 

interactions between the graphitized backbone and the sulfur chains hanging around it induce a 

solid-solid lithiation mechanism that avoids the formation of soluble long-chain lithium 

polysulfides. However, it is noticed that regardless of these electrochemical advantages, the 

SPAN-based battery’s performance still depends largely on the electrolyte formulation. The 

SPAN composite shows stable cycling with carbonate-based electrolytes but not with ether-

based electrolytes, while the lithium metal anode behaves otherwise.8, 11 

The above observation shows that the interfacial electrode/electrolyte’s behavior determines 

much of the electrodes’ performance. Understanding the decomposition mechanism of the 

electrolyte molecules on the electrode surface and the correct tuning of its self-limiting nature is 

crucial to take advantage of this inevitable process to direct it towards the engineering of a 

passivation coating – so-called solid electrolyte interphase (SEI) – able to protect the electrode 

against polysulfides dissolution, limit the uncontrolled electrolyte decomposition, and extend the 

battery lifespan. Recently, the research interest focuses on testing electrolyte formulations to 

grow SEI coatings on both electrodes simultaneously. A bilateral SEI layer offers higher 

Coulombic efficiency and prevents polysulfide dissolution and dendrite growth.11, 12 So far, the 

electrolyte formulations based on carbonate/ether solvent mixtures have proven more effective 

in this enterprise. For example, scanning electron microscopy (SEM) imaging performed on 

lithium metal anodes and SPAN-based cathodes shows the growth of smooth and robust 

passivation layers on both electrodes if using a 1 M lithium bis(trifluoromethane sulfonyl) imide 

(LiTFSI) salt dissolved in a solvent mixture made of ethylene carbonate (EC),  dimethyl 

carbonate (DMC), and 1,3-dioxolane (DOL), as the electrolyte.11 Moreover, this battery system’s 

electrochemical testing indicates enhanced battery performance, even with low electrolyte/sulfur 

ratios, crucial for practical applications.

This study evaluates the reactivity of multiple solvents and a lithium salt against lithiated SPAN 

surfaces via ab initio molecular dynamics (AIMD) simulations. The formation of a protective 

coating on cathode electrodes is viable in SPAN-based Li-S batteries at low voltages close to 

the end of discharge during the first discharge,13, 14 which correlates with the irreversible 

capacity loss between the first two cycles for this type of electrochemical system.8 The solvents 
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of choice in this work are DOL, DMC, EC, and fluoroethylene carbonate (FEC), and the lithium 

salt is lithium bis(fluorosulfonyl)imide (LiFSI).  The ether DOL solvent is the preferred choice in 

conventional Li-S batteries because of its stability against the lithium metal anode and its ability 

to solubilize LiPSs to increase the cathode’s wettability.8, 11, 15, 16 However, experiments show 

that this solubilization ability threatens the SPAN composite’s cycling stability.8 Understanding 

its interaction with the lithiated SPAN composite is critical to elucidate its practical use for 

growing useful bilateral SEI layers. Carbonate-based electrolytes show improved performance 

with SPAN-based Li-S batteries.6, 8 The linear carbonate ester DMC has proven useful to lower 

the electrolyte’s viscosity. Among linear carbonates, the DMC-based electrolytes produce the 

highest discharge capacity after repeated cycling.17 The cyclic carbonate ester solvent EC is of 

traditional use in Li-ion batteries; hence its implementation with SPAN-based batteries 

represents a shortcut to this technology’s faster commercialization. The fluorinated FEC solvent 

reportedly produces a robust and elastic LiF-rich SEI layer on lithium metal anodes, LixSiy 

allows, and S/C composites. 12, 18-21  Alongside EC, the FEC solvent is a low-cost coating-

forming carbonate solvent that enjoys widespread use in conventional Li-ion batteries.14, 21-23 LiF 

components strengthen the SEI layer with fast Li+ transport properties that improve safety and 

provide a longer cycle life.21, 24 Besides, the FEC possesses a low/high melting/flash point and a 

low solubility of LiPSs.18 Finally, the LiFSI salt calls researchers’ attention due to its high 

solubility in many organic solvents and its ability to form LiF-rich SEI layers.25 Moreover, 

compared to the LiTFSI  salt, commonly used in rechargeable Li-ion batteries, the LiFSI salt 

offers lower solubility of LiPSs and inhibits electrolytic corrosion.4, 26

Computational Methods
We explore the SPAN/electrolyte interface behavior via AIMD simulations performed with the 

Vienna ab initio simulation package (VASP – version 5.44). 27-29 The time step is one fs, the 

Nose thermostat controls the temperature at 330 K,30, 31 and the integration of the equations of 

motion is performed with the Verlet algorithm. The cutoff for the plane-wave basis set dealing 

with valence electrons is 400 eV. Furthermore, the projector wave potential (PAW) method 

treats the core-electron dynamics.32 The Perdew-Burke-Ernzerhof gradient approximation (PBE-

GGA) addresses the exchange-correlation functional,33 and the Monkhorst-Pack grid method 

set to 1x1x1 integrates the Brillouin zone.34 The convergence criterion for the self-consistent 

electronic loop is 10-4 eV, while the ionic relaxation break condition is 10-3 eV. The 

approximation for partial occupancies is used with the Gaussian smearing method adjusted to 

0.05 eV. We apply the van der Waals correction using the DFT-D3 method to ensure an 
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adequate description of dispersion forces.35-38 Each AIMD run lasts 10 picoseconds (ps) for the 

bulk electrolyte calculations and 20 ps for SPAN/electrolyte interface configurations. In some 

cases, we perform DFT geometry optimizations on selected configurations.  For these 

calculations we use the same simulation parameters used in AIMD but with the ionic 

convergence criterion set to 0.02 eV/Å and the ionic positions are updated with the conjugate 

gradient algorithm.

To identify radical species we perform a spin-polarized single-point energy calculation to 

calculate the projected density of states (pDOS) with the software package local orbital suite 

toward electronic-structure reconstruction (LOBSTER).39, 40 We use the Bunge’s description for 

the local basis functions needed for the projection calculations with the 1s orbital for hydrogen, 

2s for lithium, 2s and 2p for carbon, nitrogen, and oxygen, and the 3s and 2p for sulfur. The 

absolute charge spilling is lower than 1.75% in all cases. Finally, the calculation of electronic 

charges is carried out with the grid-based Bader method developed by Henkelman and 

coworkers.41 

Bulk Liquid Calculations

Pure Solvents
Table 1 outlines the solvents used in this work. We first pack the solvent molecules to the listed 

bulk density in a cubic simulation cell of length 12.5 Å along each coordinate and run a ten ps 

AIMD simulation to let the solvent molecules reorient in space before settling into an 

equilibrated configuration at 330K. This calculation creates a baseline to check for changes in 

the molecules’ electrolyte charge distribution between the bulk electrolyte and regions close to 

the SPAN surface. A packing procedure randomly places the solvent molecules in the empty 

space, and is followed by a geometry optimization using the universal force field with the 

steepest descent algorithm as implemented in the Materials Studio software (version 8) to 

eliminate possible too-near atom-atom interactions. Before packing, we optimize the individual 

solvent molecules within a 12.5 Å x 12.5 Å x 12.5 Å cubic unit cell.  We do not study mixtures of 

solvents in this work, even though a typical electrolyte formulation is a mixture of multiple 

solvents and additives.11 Earlier calculations of the reactivity of mixtures of solvents on a lithium 

metal anode proved that the use of solvent mixtures does not affect each species’ overall 

stability relative to the pure formulation.16
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Table 1: Solvent Formulations used in this work

Electrolyte 
Formulation

Density 
[g/cm3]

# Packed 
Molecules

Pure Solvents

DOL 1.06 17

EC 1.32 18

FEC 1.41 16

DMC 1.07 14

Figure 1 depicts the solvent molecules with their respective atomic labeling and charge 

distribution averaged in the liquid phase. For the DOL molecules, the largest partial charges are 

on the oxygen O2 atoms and the C1 carbon. As a pure solvent, this molecule’s average charge 

is 0.0002 |e| with -1.017 |e| and 0.832 |e| cumulated on the O2 and C1 atoms. For the EC 

solvent, the largest partial charges are on the O1 (-1.13 |e|) and C1 atoms (2.05 |e|), whereas 

the total averaged cumulated charge is -5x10-6 |e|. The large charge difference between the O1 

and C1  atoms agrees with the large dipole moment reported for this molecule.22 Meanwhile, the 

electronic charge on the O1 and C1 atoms in the FEC molecule are -1.11 |e| and 2.03 |e|, 

respectively, similar to the EC molecule but with a significant charge concentration on the F 

atom (-0.62 |e|). However, this electron accumulation on the F atom does not change the 

molecule’s total electronic charge as it remains neutral. Earlier reports indicate that this 

“electron-withdrawing” effect on the F atom leads to a lower freezing point, lower viscosity, and 

higher oxidative stability, as well as improved wettability toward the electrode and separator,21 

key for practical applications that require low electrolyte/electrode ratios.11 

For the DMC molecule, the charge difference between the O1 and C1 atoms is 3.18 |e|, proper of 

carbonate ester solvents. This set of calculations with DMC shows that this molecule settles 

only in its trans-trans conformation with C2v symmetry.42 Later calculations with the LiFSI salt 

shows that the trans-cis conformation with Cs symmetry also exists if the molecule engages in a 

solvated structure with the Li+ ion. However, we found out that this symmetry change does not 

influence the molecule’s reductive stability against lithiated SPAN structures. 
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Figure 1: Solvent molecules and average electron charge distribution in liquid phase: (a) and (a’) DOL solvent, (b) 
and (b’) EC, (c) and (c’) FEC, (d) and (d’) DMC.  Oxygen atoms are the red spheres, carbon atoms the gray ones, 
fluorine is in green, and hydrogen white.

LiFSI/Solvent Mixtures 
LiFSI is a salt candidate compatible with SPAN-based Li-S batteries that can grow high-quality 

LiF coatings on cathode and anode surfaces.4, 12 Ionic liquid (IL) formulations with FSI- anions 

possess low viscosity and outstanding chemical stability. Besides, the FSI- inhibits the current 

collector electrolytic corrosion and suppresses the formation of Li0 dendrites.26 Here, we work 

with two formulations, a 1 M LiFSI in pure DMC and a 1 M LiFSI in pure FEC. For these AIMD 

simulations, the packing procedure is applied as with the pure solvent formulations, but for the 

cell size, we increase the z-coordinate to 17.5 Å while leaving the other two coordinates 

unchanged at 12.5 Å. This cell size increment provides room to facilitate a solvation shell 

formation around the Li+ ion while keeping the computational cost manageable. We found that 

the adsorption/decomposition mechanisms of the LiFSI salt are independent of the solvent of 

choice. Similarly, LiFSI does not affect the solvents’ dynamics with the lithiated SPAN surface. 

Earlier works with lithium metal reported similar behavior.16 Hence, calculations of LiFSI 

decomposition with other solvent species were not included in this work.

Figure 2 shows the solvation shells formed for both formulations throughout the simulations. 

From (a) to (c), for the 1 M LiFSI/DMC formulation, we find that the FSI- anion not only interacts 

with the Li+ ion via two or one sulfonyl oxygen atoms (bidentate and monodentate 

configurations) but also exists as a separated anion without direct interaction with the Li+ ions. 

The FSI-‘s ability to adapt to these multiple configurations in the solvation shell comes from its 

low N-S bond rotation barrier,43, 44 which reportedly inhibits salt crystallization within a broad 

concentration span.45 Meanwhile, the DMC molecules complete the tetrahedrally coordinated 

Page 6 of 29Journal of Materials Chemistry A



7

solvation shells, and most of them coordinate with the Li+ ion via the carbonyl oxygen (O1), with 

only one of them doing it via the ester oxygen atom (O2). Moreover, Figure 2 (c) shows one 

DMC molecule settled in its trans-cis conformation with Cs symmetry.42 We find this symmetry 

conformation only in simulations with the LiFSI salt and attribute this behavior to steric effects 

with the neighbor DMC molecules building up the solvation shell around the Li+ ion. 

Figure 2 (d) to (g) shows the solvation shells formed for the 1 M LiFSI/FEC formulation. The FSI- 

anion engages in similar interactions with the Li+ ion as with the formulation with the DMC 

solvent, whereas the FEC molecules complete the tetrahedral solvation shell coordinating with 

the Li+ ion via the carbonyl oxygen (O1) exclusively. 

Figure 2: Solvation shells formed in 1M LiFSI/DMC: (a), (b), and (c). Solvation shells formed in 1M LiFSI/FEC: (d), (f), 
and (g). Background solvent molecules are not shown for easier visualization purposes. Sulfur atoms are the yellow 
spheres, nitrogen atoms are the blue spheres, and lithium is purple. Color spheres for carbon, oxygen, fluorine, and 
hydrogen are the same as in Figure 1.
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Lithiated SPAN Surfaces
To model the interaction between the SPAN composite and the electrolyte, we use the SPAN 

structures built in our earlier publication on the lithiation mechanism, 46 where we reported the 

detailed procedure to assemble our models. This was a multistep procedure involving a high 

degree of randomness such that the resultant structures can be considered statistically 

representative of the SPAN structure. Thus, we estimate that our structures’ surface landscapes 

do not have a strong influence on the simulation results beyond the impact that the lithium 

content induces. Note that here we are investigating interfacial reactions, therefore is the 

structure and chemistry of the exposed surface what matters most. These structures possess a 

carbon skeleton with a high graphitization degree, turbostratic ordering, and a 42 wt. % sulfur 

loading. Moreover, the C/N and C/H molar ratios are 4.21 and 7.37; very close to experimental 

data reported for SPAN composites synthesized from PAN and PAN/PMMA pyrolyzation 

processes.6, 47-49 

We do not explicitly model the voltage discharge as we neither apply any electric bias nor let the 

number of electrons change to achieve the desired electron chemical potential at the 

electrode/electrolyte interface.50, 51 However, our simulations still provide valuable insights into 

the electrode/electrolyte interface’s reaction mechanisms as the increment in the lithium content 

in the electrode composite correlates to the discharge stage.20  The SPAN composite produces 

a single and slightly sloped discharge voltage starting approximately at 2.0 V vs. Li/Li+.8, 9 In its 

charged state, the composite possesses no Li+ ions. Once the discharge progresses, a 1.0 Li/S 

molar ratio is equivalent to a discharge voltage of 1.45 V vs. Li/Li+.46 Moreover, if the Li/S ratio 

equals 2.0, the discharge voltage is 1.0 V vs. Li/Li+, and further increase to a 2.5 Li/S molar ratio 

represents a 0.55 V discharge voltage. Finally, the discharge ends at 0 V vs. Li/Li+ when the 

Li/S molar ratio in the SPAN composite reaches a value of 3.0. 

Figure 3 (a) shows a side view of the SPAN composite before lithiation, replicated along the x-

coordinate. Periodic boundary conditions apply to each coordinate, but the graphitized skeleton 

orients along the y-z plane despite the defects and wrinkles present in the structure, allowing us 

to add a 15 Å gap along the x-coordinate to make room for the electrolyte molecules.16 This 

slab-like arrangement maximizes the contact area between the composite and the electrolyte 

solution. The electrolyte molecules occupy the in-between vacuum space following the same 

packing procedure we employ for the liquid bulk calculations. Figure 3 (b), (c), (d), and (e) 

represent the lithiated SPAN composite with Li/S molar ratios equal to 1.0, 2.0, 2.5, and 3.0, 

respectively.
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Figure 3: Side view SPAN models with varying Li/S molar ratios: (a) 0.0, (b) 1.0, (c) 2.0, (d) 2.5, and (e) 3.0. Color 
code for atoms as in Figure 2.

Electrolyte/SPAN Interface

Ether DOL Solvent
We packed between 14 to 18 DOL molecules in the in-between slab space as the Li/S molar 

ratio increases from 0.0 to 3.0 and created two initial configurations for each case to account for 

a broader statistical sampling. Figure S1 shows two simulation frames selected close to the end 

of the simulation, with the DOL molecules interacting with the SPAN composite before lithiation 

and with a 3.0 Li/S molar ratio. Notice from the figures that we slightly increased the vacuum 

space along the x-coordinate with the increase in lithium content to account for the volume 

expansion due to lithiation; in this way, the number of solvent molecules in the simulation 

remains almost constant regardless of the stage of discharge.

Figure 4 (a) shows a DOL molecule interacting with the surface interact via electrostatic O2 – Li+ 

ion interactions (see Figure 1 for atomic labels). The average distance for the O2 – Li+ 

interactions is 2.11 Å. None of the molecule’s bond distances change more than 0.03 Å 

compared to the gas phase configuration, and the molecule’s electronic charge does not 

change more than -0.04 |e| compared to that in the bulk liquid. Figure 4 (b) depicts the time 

evolution for the O2 – Li+ interactions for this molecule and shows us that these electrostatic 

interactions do not lead to a significant electron exchange with the surface. This is in agreement 

with the calculated reduction potential of 1.27 V 52  suggesting high stability for DOL complexes 

with Li+.
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Figure 4: DOL adsorption on lithiated SPAN (Li/S molar ratio = 3.0): (a) Geometry configuration for a DOL molecule 
interacting with the lithiated SPAN surface at 14 ps of simulation, (b) O2 – Li+ ion coordination interactions and Bader 
electronic charge for the same DOL molecule throughout the simulation. Color code for atoms as in Figure 2.

Figure 5 shows the number of DOL molecules per unit area interacting with the SPAN surface 

via O2 – Li+ interactions. All simulations require at least six ps before stabilizing. Afterward, the 

increment in the Li/S molar ratio from 1.0 to 2.0 increases the number of molecules interacting 

with the surface from 0.020 to 0.039 DOL molecules per unit area (Å2). However, any further 

increase in lithium loading does not induce significant changes, as the average number of 

molecules adsorbed per unit area averages at 0.042 and 0.039 for the surfaces with 2.5 and 3.0 

Li/S molar ratios.

Figure 5: Number of DOL molecules per unit area adsorbed on the structure surface with increasing Li/S molar ratios.

Figure S2 plots the SPAN’s net electronic charge throughout the simulation for each of the 

studied Li/S molar ratios. For a solvent reduction to occur, at least one electron must transfer 

into the molecule. However, neither simulation reaches a solvent/SPAN electron exchange 
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higher than 0.7 |e|; hence no DOL reduction occurs. A visual inspection of the DOL molecules at 

the end of the simulations confirms this affirmation. Neither the molecules that are interacting 

with the surface via O2 – Li+ interactions, nor the ones embedded in the liquid far from the 

surface show sign of a significant geometry deformation that could lead to a bond-breaking 

event. 

Overall, the DOL interacts with the lithiated SPAN surface O2 – Li+ coordination, but this process 

does not lead to adsorption/decomposition processes; hence the  DOL solvent most likely does 

not contribute to growing SEI coating on the SPAN composite. This affirmation agrees with 

scanning electron microscopy (SEM imaging performed on SPAN-based Li-S batteries cycled 

with ether-based electrolyte formulations with DOL; the cathode’s surface does not show 

evidence of an SEI layer on the cathode surface after repeated cycling.11 Electrochemical 

testing of a SPAN-based Li-S battery with a 1 M LiTFSI DOL/1,2-dimethoxyethane (DME) 

electrolyte provides further prove into this subject.8 The battery shows not only rapid capacity 

fading but also a two-step discharge profile after the second cycle, meaning the electrode starts 

following a solid-liquid-solid reduction mechanism forming long-chain LiPSs that potentially 

diffuse into the bulk electrolyte,53 likely linked to the ether solvent’s inability to grow an SEI 

coating protecting the cathode.

Pure Carbonic Ester Solvents

Linear carbonate DMC
DMC is a linear symmetric carbonate of general use as co-solvent with fluorinated 

carbonates,17, 21 acting as a viscosity reducer that produces Li-S batteries with excellent rate 

performance and long lifespan.54 Figure 6 (a) plots the net electron exchange between the DMC 

solvent and the lithiated SPAN composite with a 3.0 Li/S molar ratio. For the two initial 

configurations we created (v1 and v2), the electron exchange remains lower than 0.75 |e| 

throughout the simulation, with no noticeable step increments that might hint at a solvent 

reduction process about to take place. The average electron transfer to each DMC molecule is -

0.04 |e| with a slightly higher transfer to those DMC molecules closer to the surface. We did not 

evaluate the interfacial DMC/SPAN interaction with DMC molecules for SPAN composites with 

lower Li/S molar ratios because the solvent is already stable with a 3.0 Li/S molar ratio, and the 

electrolyte reduction reportedly occurs in later stages of discharge only.14

The interaction between the DMC molecules and the lithiated surface is via O1 – Li+ ion 

coordination. A visual inspection of Figure S3 shows that the O1 – Li+ interaction dominates, with 
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only a few DMC molecules interacting with the surface via O2 – Li+ coordination. Figure 6 (b) 

depicts the number of DMC molecules per unit area interacting with a lithiated SPAN surface 

with a 3.0 Li/S molar ratio. As with the simulation with the DOL solvent, the simulation stabilizes 

within the first six ps. After that, the simulation averages at 0.028 DMC molecules per unit area 

interacting with the lithiated surface. We plotted the results for the v2 configuration only, but the 

v1 configuration has a low average of 0.034 DMC molecules per unit area (Å2). A visual 

inspection of the geometry by the end of the simulation shows that DMC molecules’ areal 

density interacting with the surface does not increase further due to steric effects between 

surrounding DMC molecules. This simulation set shows that the DMC solvent does not reduce 

against the lithiated SPAN surface even though the 3.0 Li/S molar ratio; hence the DMC solvent 

does not play a significant role in growing a passivation SEI coating on the SPAN composite but 

merely act as a viscosity reducer when used along with other cyclic carbonate solvents.54 

Figure 6: (a) Time evolution of the SPAN surface electronic charge at 3.0 Li/S molar ratio: first (v1) and second (v2) 
configurations. (b) Number of DMC molecules per unit area (Å2) adsorbed on lithiated SPAN (3.0 Li/S molar ratio): 
second configuration (v2).

Cyclic carbonate EC 
The discharge voltage window of SPAN-based Li-S battery systems typically spans between 3 - 

1 V vs. Li/Li+, where most electrolytes are electrochemically stable.14 Hence, to promote the SEI 

growth on SPAN composites, one must either induce a high potential to promote electrolyte 

oxidation reactions or perform the battery discharge following an over-discharge regime to 

voltages lower than 1 V vs. Li/Li+.14  Experiments show that SPAN-based Li/S batteries have 

improved performance and extended capacity retention only if over-discharged to 0 V vs. 
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Li/Li+.13, 55 Conversely, the battery does not produce any extra reversible capacity but fails if 

over-charged above 3.8 V vs. Li/Li+.

Figure S4 (a) and (b) show the partial radial distribution function (PRFD) profiles averaged for 

the last two ps for the S-O, S-F, C-O, and C-F interactions for the EC molecules with the SPAN 

composite before lithiation. Notice that each AIMD simulation (configurations v1 and v2) runs for 

no less than 23 ps. The analysis of these interactions helps us discard possible adsorption 

mechanisms before discharge that could lead to spontaneous solvent oxidation at a high 

voltage. Compared to DMC, EC has been reported as a coating-forming solvent more active to 

grow SEI coatings.11, 16, 56 From the PRDF profiles; we observe no solvent interaction with the 

surface. The EC’s carbonyl oxygen atom (O1) does not coordinate with neither sulfur nor carbon 

atoms from the SPAN composite. The time evolution for the composite/solvent electron 

exchange in Figure S5 confirms our observation; the total electron exchange is less than 0.35 

|e| in all simulations, meaning no solvent decomposition on the surface. The SEI growth via EC 

decomposition does not likely happen before the discharge starts. 

We also study the interfacial interaction between EC and lithiated SPAN with Li/S molar ratios 

equivalent to discharge voltages from 1.0 to 0.0 V vs. Li/Li+. Figure S6 shows the time evolution 

for the EC/SPAN electron exchange for SPAN surfaces with Li/S molar ratios: 2.0, 2.5, and 3.0. 

The electron exchange becomes significant only for the SPAN surfaces with a 3.0 Li/S molar 

ratio.  This behavior suggests that the EC reduction most likely happens in an over-discharge 

regime close to the end of the discharge, which might explain why the SEI coatings grown on 

cathode surfaces are typically extremely thin;57 because typical battery operating potentials 

rarely reach voltages low enough for the electrolyte reduction reactions on the SPAN surface to 

become significant. 

Figure 7 shows two EC molecules dissociated on the lithiated SPAN surface (3.0 Li/S molar 

ratio) following a dissociation mechanism similar to the one reported for EC on graphitic anodes, 

lithium metal surfaces, and lithiated silicon anodes.20 The molecule’s adsorption starts with O1- 

Li+ ion interactions followed by O2 – Li+ interactions. The molecule receives a two |el transfer 

from the surface that triggers the C1-O2 bond cleavage that leads to the formation of the 

O(C2H4)OCO2-  species that remains adsorbed on the surface via multiple O – Li+ ion 

coordination interactions. Earlier works point at the C1-O2 bond as the weakest in EC-Li+ 

complexes.58 The C1-O2 bond reportedly breaks irreversibly upon adsorption on lithium metal 

anodes.16, 59 
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EC(ads) + 2e- → O(C2H4)OCO2-
(ads) Eq. 1

Figure 7: EC ring-opening decomposition on lithiated SPAN (3.0 Li/S molar ratio). The snapshot highlights reduction 
products and the Li+ ions engaged in O – Li+ ion coordination interactions. The SPAN surface is displayed as 
semitransparent, and the other EC molecules are shown in thin line representations for better visualization. Color 
code for atoms as in Figure 2. 

Figure 8 shows the decomposition path for other three EC molecules on the lithiated SPAN 

surface (3.0 Li/S molar ratio). The molecules labeled as 4.ec and 11.ec adsorb on the SPAN 

surface via O1 – Li+ coordination. For the molecule 4.ec, Figure S7 shows that the O1 – Li+ 

distance oscillates around 1.94 Å. After approximately nine ps, the molecule reorients in space 

to further engage in O2 – Li+ ion interactions at 1.78 and 1.83 Å approximately. This adsorption 

mechanism triggers a simultaneous two |e| transfer into the molecule that prompts the 

sequential cleavage of both C1-O2 bonds within a two ps period. The reduction products are an 

OCH2CH2O2- species that remains adsorbed via multiple O – Li+ ion coordination interactions 

and a CO species that diffuses away into the bulk liquid. Eq. 2 summarizes this process: 

EC + 2e- → OCH2CH2O2-
(ads) + CO(Liq)  Eq. 2

Eight ps later, the CO becomes a radical after close interactions with an H atom from a 

surrounding EC molecule. The CO molecule breaks, and the C radical destabilizes the neighbor 

molecule (10.ec), promoting its decomposition in the liquid phase. The decomposition starts with 

an H abstraction and concludes with an HCCH molecule, an OCH2
1- radical, and a CO2 

molecule. The HCCH molecule remains in the liquid phase, and the OCH2
1- radical adsorbs on 

the surface via O – Li+ ion coordination. The CO2 molecule bonds form a C-C bond with the 

OCH2
1- radical forming the O2CCOH2

2-
(ads) species that remains adsorbed via O - Li+ 

interactions. We interpret the formation of these complex reduction products as the onset stages 

of a series of radical polymerization and cross-linking of polymer chains that could yield a robust 

and elastic coating able to withstand volume changes during lithiation/delithiation processes.
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Parallel to this process, the O- radical released after the C-O scission removes one H atom from 

the 11.ec molecule. This OH- species coordinates with two Li+ ions, and the rest of the 11.ec 

molecule suffers an O2-C3 cleavage. The O2COCHCH2
-
(ads) species remains adsorbed on the 

surface via multiple O – Li+ ion coordination interactions.  

This reaction series set shows that the EC solvent is very active in the growth of an SEI coating 

on SPAN composites if the discharge regime goes to low voltages close to 0.0 V vs. Li/Li+, 

which means that the SEI coating mostly forms when the SPAN volume is maximum due to the 

high lithium content, potentially bringing long-term mechanical stability.21 

The CO species released in Eq. 2 triggers a cascade of reactions in other EC molecules, either 

in the liquid phase or adsorbed, leading to the early growth stages of a complex organic-based 

passivation coating on the SPAN surface. Notice that this process also leads to a series of S – 

Li+   bond-breaking events; hence the SEI growth from EC reduction products also implies a 

surface reconstruction process, which could imply irreversible loss of some Li+ ions. Because 

the SEI coating forms during the first cycle mostly, we believe this could explain the irreversible 

capacity loss between the first and second cycles.8 The pDOS analysis in Figure S8 performed 

for selected frames helped out to identify the radical species involved in this sequence of 

decomposition reactions. The highly reactive EC behavior is in agreement with previous 

analysis of SEI formation on carbon and  silicon surfaces. Interestingly, DMC and EC behave 

differently on the lithiated SPAN surface in spite of their reported similar reduction potentials,60 

showing the important role of the surface/electrolyte interaction.
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Figure 8: Events during EC reductive decomposition at the surface and in the liquid phase. Color code for atoms as in 
Figure 2.

Cyclic Carbonate FEC
The FEC solvent is an additive frequently used in EC-based formulations because it easily 

defluorinates in reduction reactions.18 This defluorination process facilitates radical 

polymerization and cross-linking of polymer chains yielding an elastic coating capable of 

withstanding the stresses cause due to volume changes during lithiation/delithiation processes 

as it occurs in LixSiy electrodes. Higher cross-linking correlates with denser and thinner SEI 

coatings, as reported for SEI coatings grown on silicon anodes.61 This property potentially 

contributes to better SEI coatings on sulfur-based electrodes as the lithiation of elemental sulfur 

leads to an 82 % volume expansion.62 

Figure S9 plots the electron exchange between the FEC solvent and the lithiated SPAN 

composite with Li/S molar ratios equal to 2.0 and above. The electron exchange becomes 

significant from a 2.0 Li/S molar ratio. For the EC solvent, Figure S6 shows that the electron 

exchange is relevant only after the SPAN composite reaches a 3.0 Li/S molar ratio. Compared 

to EC, earlier FEC decomposition is reported on silicon anodes,21 which makes the FEC a 
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useful additive in EC-based formulations as it might help prevent uncontrolled EC 

decomposition. Moreover, MP2 calculations predict the FEC:Li+ reduction potential to be 0.22 V 

higher than EC:Li+, suggesting that the FEC accepts an electron at higher voltages than EC.20 

Figure 9 (a) outlines the decomposition steps for an FEC molecule on lithiated SPAN with a 2.0 

Li/S molar ratio. Like the EC molecule, the FEC molecule approaches the surface via O1 – Li+ 

coordination followed by O2 – Li+ interactions. However, this time carbonyl carbon (C1) 

coordinates with a sulfur atom triggering a two |e| transfer into the molecule that promotes the 

C1-O2 bond cleavage. The adsorbed OCFHCH2O2-
 species experiences a fluorine abstraction 

reaction to form a LiF on the surface. Figure 9 (b) shows the same reduction products for an 

FEC molecule reduced on a lithiated SPAN composite with a 2.5 Li/S molar ratio. Eq. 3 

summarizes this reduction process that proceeds within a few ps period. 

FEC(ads) + 2e- + Li+ → OCFHCH2O2-
(ads)  + Li+ → OCHCH2O-

(ads) + LiF Eq. 3 

Figure 9: (a) FEC decomposition on lithiated SPAN with a (a) 2.0 Li/S molar ratio and  (b) 2.5 Li/S molar ratio. Atomic 
coloring as in Figure 2.

Figure 10 shows the reduction species for three FEC neighbor molecules on a lithiated SPAN 

composite with a 3.0 Li/S molar ratio. The 2.fec molecule follows the same reduction 

mechanism outlined in Eq. 3 except for the F abstraction reaction. We believe the reduced 

OCFHCH2O2-
(ads)  species eventually undergoes the fluorine abstraction process, but the specific 

species orientation limits the Li-F interaction, and the time simulation window was too short for it 

to occur. On the other side, the 12.fec molecule approaches the surface via F – Li+ ion 

coordination that triggers a one |e| transfer into the molecule. The C-F bond breaks forming LiF 

and OCFHCH2O2-. This reactive  OCFHCH2O2- species interacts with a neighbor FEC molecule 

(10.fec) to form a C2-C1 bond. This bonding interaction transfers one |e| into the neighbor FEC 

molecule (10.fec); hence the total electron transfer equals two |e|. We believe a further 

defluorination could occur for this complex structure, but the simulation time window was too 

short to allow observation. We note that FEC defluorination effectively leads to oligomerization 
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and cross-linking processes that contribute to elastic SEI coatings, as reported for LixSiy 

electrodes.18 This reduction mechanism resembles the one proposed by Etacheri et al.;63 the 

defluorination produces LiF and ends up polymerizing into poly(VC).64 

Figure 10: FEC decomposition and oligomerization processes on a lithiated SPAN surface with a 3.0 Li/S molar ratio. 
Color code for atoms as in Figure 2.

Figure 11 outlines other decomposition paths for FEC molecules on the lithiated SPAN surface 

with a 3.0 Li/S molar ratio.  The 1.fec molecule interacts with the surface via O1 – Li+ interactions 

and a double C1-O2 scission take place after receiving one |e| from the surface. 

The CO species remains on the surface via O – Li+ and C – Li+ interactions, but it eventually 

breaks into O and C. The O coordinates with four Li+ ions, and the C diffuses away into the 

liquid phase. The OCH2CFO2- remains on the surface via O – Li+ interactions, but it eventually 

losses the F- anion to the liquid phase, and the OCH2CO- remains on the surface. The F- anion 

does not get involved in further reactions within the simulation time window, but it is expected 

that it eventually adsorbs on the surface to form LiF. 

The released C atom destabilizes the 2.fec molecule, and a series of bond-breaking events 

follow involving another neighbor FEC molecule (9.fec). This process ends up forming an 

O2COCH2C2F-
(ads) species adsorbed on the surface via multiple O – Li+ interactions exclusively, 

a cyclic CHCHCO3(ads) species, LiF, and H2.  The formation of multiple reduction products shows 

that the FEC solvent is very active in SEI coatings’ growth on SPAN composites. The FEC’s 

defluorination occurs on the surface and the liquid phase, and it not only promotes LiF formation 

but also triggers radical recombination/oligomerization, which is key to yielding elastic properties 

to the SEI coating. 
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Figure 11: FEC reductive decomposition in the liquid phase. Color code for atoms as in Figure 2. See text for detailed 
description of events.

Salt/Solvent Mixtures
Fluorinated anions in ionic liquid electrolytes improve the performance of Li-ion batteries. For 

example, the LiPF6 salt decomposes on silicon anodes to form a homogeneous LiF distribution, 

which is reportedly fundamental to growing a stable SEI,65 not only on silicon anodes but also 

on metal anodes for Li-ion and Li-O2 batteries.21 A thin LiF layer stops electron tunneling and 

provides plasticity by dislocation glide, a rare property among ceramics at room temperature.25, 
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66 On the other side, the LiFSI salt has surfaced as a viable alternative to the typical LiTFSI 

because it produces electrolyte formulations with low viscosity and high chemical stability, 

inhibits electrolytic corrosion, and can grow robust SEI interfaces to protect the electrolyte 

against further decomposition.26 

We address the LiFSI decomposition on lithiated SPAN with a 3.0 Li/S molar ratio. To do so, we 

fill the vacuum space in our model with a 1 M LIFSI electrolyte solution in pure DMC and pure 

FEC solvents. The limited space available in the simulation cell is such that we only add one 

LiFSI molecule to it and fill the remnant space with the solvent molecules, following the same 

packing procedure used before for pure solvents.  We test two configurations for each solvent, 

first with the FSI- anion in an initial bidentate configuration with the Li+ ion, and second with a 

separated FSI- anion, with the Li+ ion fully solvated with solvent molecules. 

LiFSI/DMC
Figure 12 shows the time evolution for the FSI- anion in an initial bidentate configuration with the 

Li+ ion.  This Li+ ion is present in addition to the Li+ ions from the lithiated SPAN composite.  We 

acknowledge that this Li+ ion is subject to a desolvation process to become part of the lithiated 

surface. However, we do not expect this to happen because of the already high Li/S ratio in the 

lithiated structure and the limited time simulation window. Besides, the simulation does lack an 

external bias driving the desolvation process.67  The initial distance from the closest lithiated 

SPAN surface to the FSI- anion is close to five Å. Even though this considerable distance, the 

FSI- anion suffers a fluoride elimination within the first two ps of simulation, the F atom goes to 

the surface to bond to a Li+ ion forming a LiF pair, and the SO2NSO2F- radical remains in the 

liquid phase close to the surface engaged in a bidentate configuration with the solvated Li+ ion. 

The Bader charge analysis shows that the defluorination process involves a one |e| transfer into 

the FSI-. No DMC molecules decompose in the simulations. We believe that this reductive 

defluorination process is due to an electron tunneling current between the surface and the 

solvated  FSI- anion, which has been proposed too for liquid-phase reduction processes of 

carbonate solvent molecules.56, 68 Earlier computational and experimental works proposed this 

same defluorination mechanism for the FSI- anion in the liquid phase and on a Li(001) surface.26 

The LiF pair behaves stable within the simulation window; we observe transient Li2F and Li3F 

structures at some stages of the simulation, in agreement with earlier simulations of LiFSI-

based ionic liquids on metal lithium anodes,69  and reactive classical molecular dynamics 

simulations.70 The SO2NSO2F- radical does not undergo further decomposition reactions. Other 

works link the stability of the SO2NSO2F- radical to yield a inorganic SEI layer without SO2 
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elimination. This importance of arresting the SO2 release relies on limiting gaseous products 

that could compromise the SEI integrity.26 

Figure 12: 1 M LiFSI in DMC with a lithiated SPAN surface (3.0 Li/S molar ratio). The FSI- anion defluorinates in the 
liquid phase. Color code for atoms as in Figure 2.

Figure 13 shows the decomposition path for the FSI- anion separated from the solvated Li+ ion 

initially. The FSI- engages with the solvated Li+ within the first ps of simulation, and it loses a 

fluorine atom to the lithiated surface within the next ps to form LiF. The SO2NSO2F- radical does 

not undergo further defluorination, but it adsorbs on the surface via multiple O – Li+ ion 

coordination interactions. We attribute the ability of the SO2NSO2F- radical of engaging multiple 

– Li+ interactions to the low rotation barrier of the S-N bonds, calculated to be only 0.18 eV via 

DFT calculations.26

Figure 13: 1 M LiFSI in DMC with a lithiated SPAN surface (3.0 Li/S molar ratio). The defluorinated FSI- anion 
adsorbs on the surface via multiple O – Li+ ion coordination interactions. Color code for atoms as in Figure 2.
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LiFSI/FEC
The first configuration corresponds to the FSI- ion in an initially bidentate arrangement with the 

Li+ ion away from the surface.  Figure 14 shows a selected frame close to the end of the 

simulation highlighting the FSI- ion in the liquid phase and two FEC molecules that undergo a 

reduction process on the surface.  The FSI- separates from the solvated Li+ ion and does not 

suffer any defluorination.  The average distance from the surface is close to 6.2 Å, which seems 

large enough to hinder an electron tunneling-driven defluorination as it occurred with the DMC 

solvent. Conversely, two FEC molecules undergo a reductive decomposition on the lithiated 

SPAN surface. The first one is an FEC molecule initially solvating the Li+ ion. This molecule 

receives a four |e| transfer that triggers its defluorination and the simultaneous C2-O2 cleavage 

to produce  CO2
2-

(ads), a CH2CHO- species, and a F- atom that ends up bonding to a Li+ ion to 

form LiF. This four |e| reduction mechanism seems promoted by the solvated Li+ ion. Earlier 

calculations with1.2  M LiFSI formulations in DMC showed that solvent – Li+ ion coordination 

lowers the molecule’s LUMO level, increasing the molecule’s likelihood to be reduced the 

surface.71 The other FEC molecule suffers a simultaneous two |e| reduction mechanism as in 

Eq. 3 that triggers its defluorination and a C2-O2 bond cleavage to produce an OCHCH2O2-
(ads) 

species and LiF. 

Figure 14: 1M LiFSI in FEC with a lithiated SPAN surface (3.0 Li/S molar ratio). The FSI- anion locates away from the 
surfaces and does not defluorinate. Color code for atoms as in Figure 2.

Figure 15 shows a selected frame close to the end of the simulation for the second 

configuration. For this configuration, the FSI- does not solvate any Li+ and is initially located 

close to the surface. The FSI anion suffers a simultaneous two |e| transfer, and it loses both F 

atoms to the surface. This reduction process produces LiF and a SO2NSO2
2-

(ads) that remains on 

the surface via multiple O – Li+ ion coordination interactions.  Eq. 4 summarizes this reduction 

mechanism. The low rotation barrier for the S – N bonds results fundamental to let the   

SO2NSO2
2- orient the sulfonyl oxygen atoms towards the surface to engage in O – Li+ ion 
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coordination interactions. This simulation also shows the stability of the S – N bonds to resist 

cleavage after defluorination, hindering the release of SO2 into the liquid phase. 

LiFSI + 2e- → 2LiF + SO2NSO2
2-

(ads) Eq. 4    

Figure 15: 1M LiFSI in FEC with a lithiated SPAN surface (3.0 Li/S molar ratio). The FSI- anion close to the surface 
suffers a double defluorination process. Color code for atoms as in Figure 2.

Conclusions
This work contributes to elucidating the important problem of the SEI formation on the cathode, 

which is crucial for battery long term stability. We evaluate the interfacial reactivity of multiple 

solvent species and a LiFSI salt on SPAN surfaces in multiple stages of lithiation via AIMD 

simulations. The ether DOL solvent is stable in contact with the SPAN surface regardless of the 

lithium content, proving that this solvent does not likely contribute to growing an SEI coating to 

protect the SPAN composite against polysulfide dissolution in normal battery operation 

conditions. The linear carbonate DMC interacts with the lithiated SPAN surface via O1 – Li+ ion 

coordination interactions but does not reduce. This solvent species’ significant contribution to 

the battery performance is most likely acting as a viscosity reducer but not reducing the SPAN 

composite. The cyclic carbonate solvents EC and FEC prove to be very active as coating-

forming species to strengthen the SPAN composite stability during cycling. The EC reduction 
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occurs only on the lithiated SPAN surface with a 3.0 Li/S molar ratio. This behavior suggests 

that SEI formation from EC most likely occurs if the battery, following an over-discharge regime 

close to 0 V vs. Li/Li+ during the first cycle. The SEI growth on SPAN composites proceeds 

mostly during the first cycle. We observed the FEC reduction on lithiated SPAN surfaces from a 

2.0 Li/S molar ratio and above, suggesting that FEC reduction starts at higher voltages than EC. 

This behavior makes the FEC an attractive additive to use alongside EC as it might help prevent 

uncontrolled EC decomposition. The FEC defluorination proves to be a dominant reduction step 

for this solvent that contributes to LiF formation. 

Besides, the FEC undergoes multiple decomposition pathways that lead to oligomerization and 

cross-linking reactions. An SEI coating with a LiF phase and high cross-linking is potentially 

more stable against SPAN volume expansion behavior after discharge. The defluorination of the 

FSI- anion is the predominant reductive path. However, the SO2NSO2F- and SO2NSO2
2- species 

proved stable against S-N cleavage. This behavior makes the LiFSI salt a potential candidate 

for SPAN-based Li-S batteries because it produces LiF without releasing SO2. We observed that 

FSI- does not likely induce solvent decomposition, but the solvent molecules proved more likely 

to be reduced due to their coordination with the solvated Li+ ion. These findings contribute to a 

better understanding of the reactivity of multiple solvent species and LiFSI on lithiated SPAN 

surfaces and provide a mechanistic view of the possible decomposition pathways followed in 

the SEI’s early formation stages.
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