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Decomposition of Fluoroethylene Carbonate Additive and Glue 

Effect of Lithium Fluoride Products for Solid Electrolyte 

Interphase: An Ab-Initio Study  

Yukihiro Okuno,*ab  Keisuke Ushirogataab , Keitaro Sodeyamabc and  Yoshitaka Tateyama*bd 

Additives in the electrolyte solution of lithium-ion batteries (LIBs) have a large impact on the performance of the solid 
electrolyte interphase (SEI) that forms on the anode and is a key to the stability and durability of LIBs. We theoretically 
investigated effects of fluoroethylene carbonate (FEC), a representative additive, that has recently attracted considerable 
attention for the enhancement of cycling stability of silicon electrodes and the improvement of reversibility of sodium-ion 
batteries. First, we intensively examined the reductive decompositions by ring-opening, hydrogen fluoride (HF) elimination 
to form vinylene carbonate (VC) additive and intermolecular chemical reactions of FEC in ethylene carbonate (EC) 
electrolyte, by using density functional theory (DFT) based molecular dynamics and the blue-moon ensemble technique for 
the free energy profile. The results show that the most plausible product of the FEC reductive decomposition is lithium 
fluoride (LiF), and that the reactivity of FEC to anion radicals is found inert compared to the VC additive. We also 
investigated the effects of the generated LiF on the SEI by using two model systems; (1) LiF molecules distributed in a 
model aggregate of organic SEI film components (SFCs) and (2) a LiF aggregate interfaced with SFC aggregate. DFT 
calculations of the former system show that F atoms form strong bindings with the Li atoms of multiple organic SFC 
molecules and play as a joint connecting them.  In the latter interface system, the LiF aggregate adsorbs the organic SFCs 
through the F-Li bindings. These results suggest that LiF moieties play a glue role for the organic SFC within the SEI film. 
We also examined the interface structure between a LiF aggregate and a lithiated silicon anode, and found that they are 
strongly bound. This strong binding is likely to be related to the effectiveness of FEC additive in the electrolyte for the 
silicon anode. 

1 Introduction 
Because of their high-energy density characteristics, lithium-
ion batteries (LIBs) have drawn considerable attention for use 
in large power sources like those used in electric vehicles and 
energy storage systems1.,2.. To make such uses practical, a 
higher degree of safety, a longer cycle life as well as higher 
voltage and capacity are crucial targets. An important key in 
LIB stability and durability is the solid electrolyte interphase 
(SEI) that is formed at the interface between the negative 
electrode and the electrolyte1.-40.. It is generally accepted that 
molecules in the electrolyte solution reductively decompose to 
form various SEI film components (SFCs), which include organic 
oligomers such as dilithium ethylene dicarbonate (Li2EDC) and 
inorganic moieties such as Li2CO3, and LiF, at the first 

charging5.. 
 
Figure 1.  Molecular structures of (a) ethylene carbonate (EC), (b) 
vinylene carbonate (VC), and (c) fluoroethylene carbonate (FEC) 
with the atomic labels used throughout this paper, along with 
structures of (d) oE-EC- is a anion radical generated by one-electron 
reductive decomposition of EC, (e) dF-FEC, a neutral radical 
produced by FEC decomposition after F- ion release, and (f) 
dilithium ethylene dicarbonate (Li2EDC), a candidate SFC generated 
from EC electrolytes.  On FEC molecules, we refer CC-OH and  CC-OF 

(CH-OH and  CF-OF) bonds as ‘shoulder’ (waist) bonds of  FEC in the 
text.  
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The SFCs precipitate on the electrode surface to form a SEI film 
with a thickness of several tens of nanometers6..  

The electrolyte additives are often used to improve the SEI 
quality14.. In fact, the use of small amounts of additives in the 
electrolyte has been found to drastically improve the stable 
cycle efficiency, capacity retention, and thermal stability of the 
anode10.-14.. Fluoroethylene carbonate (FEC) (Fig. 1 (c)) is one 
of the commonly used additives41.-51..Recently, FEC has 
attracted attention because it efficiently enhances the cycling 
behaviors of silicon electrodes41.-46., and improves the reversibility 
of sodium-ion batteries48.. Experimental studies of the SEI structure 
formed in the presence of FEC have reported discrepant results 
with regard to, for example, the existence of polycarbonate 
components42.-44.,46. and the thickness of the SEI film. In addition, 
the mechanism by which FEC exerts its effect is still under debate. 
One of the famous mechanisms proposed for the FEC effect is the 
elimination of hydrogen fluoride (HF) from the FEC molecule to 
form vinylene carbonate (VC) derivatives14.,49., although this 
mechanism has not been well established. Therefore, the nature of 
SEI formed by FEC decomposition, the chemical reactions involved, 
and the resultant reaction intermediates remain to be elucidated. 

Theoretical and computational studies are powerful means 

for examining behavior and reaction of molecules near 

electrode surfaces on the atomic scale. The reaction 

mechanisms of typical solvents such as ethylene carbonate 

(EC) and typical additives like VC were extensively studied a 

decade ago by means of cluster boundary condition (CBC) 

density functional theory (DFT)32.-34.. Recently, more 

sophisticated DFT-based molecular dynamics (DFT-MD) 

methods have been employed to study their reaction 

mechanisms near the electrode, even though these methods 

are computationally demanding35.-40.. Concerning the FEC 

additive, there are DFT-MD studies that examined the one- 

and two-electron reductive decomposition reactions of FEC on 

silicon and lithiated silicon anode52.-54.. Their results suggest a 

plausible FEC- decomposition path by comparing with the free 

energies of reaction intermediates estimated by means of CBC-

DFT methods52.,53.. The common aspects of these studies 

indicate that a F- ion is produced by a reduction process with a 

small52.,54. or moderate53. energy barrier and that the F- ion 

forms LiF moieties in the SEI, which is consistent with some 

experimental observations in the presence of FEC42.-47.. 

Although those studies provided many aspects, they mainly 

discussed the observation of spontaneous processes of one 

FEC molecule by means of a DFT-MD method or a static 

calculation of the free energies of reaction intermediates by 

CBC-DFT method.  A complete understanding of the reaction 

mechanisms, however, requires information about the kinetics 

of various processes of decomposition and binding reactions, 

including the solvation dynamics and temperature effect. 

Furthermore, the relationship between the products of FEC 

decomposition (e.g., LiF) and their effects on the LIB 

performance is unclear. Conventionally, it is thought that 

inorganic SFCs such as LiF suppress Li ion transport inside and 

are regarded to be harmful compared to organic SFCs.   If the 

main role of FEC in LIB is the production of LiF, an inorganic 

SFC, then the mechanism by which LiF improves LIB 

performance is a crucial subject to be examined.  

In this study, we examined the reductive decomposition of 

FEC additive and the effect of LiF, a probable product of that 

decomposition, on SEI formation. First, we investigated 

possible one- and two-electron reductive decomposition 

pathways by means of a DFT-MD method, and blue-moon 

ensemble technique to evaluate thermodynamically 

spontaneous behaviors as well as activation free energies. On 

the basis of the results, we propose the most plausible 

reaction pathway and products. We also examined the 

possibility of HF elimination from FEC to form VC, which was 

suggested by previous researches14.,49., and compared the 

reactivity of neutral FEC and VC to the corresponding radical 

molecules, as we studied in our previous studies39.,40.. Second, 

we investigated the role of LiF in the organic SFC by means of 

DFT-MD calculations, using two model systems; (1) LiF 

molecules distributed in an organic SFCs aggregate and (2) a 

LiF aggregate interfaced with organic SFC aggregates. We also 

compared the properties of the interface between LiF 

aggregate and two model electrodes, pristine graphite and 

lithiated silicon, because FEC has shown to be to effectively 

enhance the cycling behaviors of silicon electrodes41.-46.. Then, 

the interface states are discussed in terms of the possible 

origins of the improvement of LIB performance in the presence 

of FEC, such as a decrease in irreversible capacity loss42. . 
 

2 Calculations 
2.1  DFT Molecular Dynamics  

To investigate the reductive decomposition of FEC, we carried 

out DFT-MD calculations using supercells consisting of 31 EC 

molecules and one FEC molecule (FEC/EC system) with or 

without one Li atom. A cubic box with a dimension of 15.24 Å 

was used as the supercell to reproduce an EC density of 1.32 

g/cm3.29,30 To model a mixture of LiF in an aggregate of Li2EDC, 

the most representative EC-derived SFC, we used 17.95 Å cubic 

supercell where 40 Li2EDC molecules were involved. The size of 

the supercell for the Li2EDC condensed phase was determined 

on the basis of the reported density of Li2EDC, 1.86 g/cm3, 

which was obtained with classical MD calculations under 

ambient conditions24.-26.. For adsorption of a LiF aggregate on a 

Li2EDC aggregate in an EC electrolyte, we used a supercell 

consisting of LiF amorphous structure aggregate (Li64F64), 16 

Li2EDC molecules, and an electrolyte composed of 72 EC 

molecules. The initial structures of all the components were 

taken from equilibrium trajectories of classical MD or DFT-MD 

simulations. In addition, we included two model anodes, H-

capped graphite and lithiated silicon. The H-capped graphite 

anode consisted of four graphite sheets where each sheet has 

5 × 6 hexagonal rings, and was modeled as C288H46Li12. Note 

that we selected the H-capped graphite because we focus on 

the reductive environment in the charging process where H-

capping is more probable than the other oxidized ones such as 

OH-capping. The lithiated silicon anode was modeled as a 

crystalline LiSi alloy composed of Li64Si64. The periodic 

boundary condition was adopted to deal with the liquid state 

at constant density. Typical supercells we used in the DFT-MD 

calculations are shown in Figure 2. 

Page 2 of 12Physical Chemistry Chemical Physics



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3  

Please do not adjust margins 

Please do not adjust margins 

We carried out DFT-MD simulations in the framework of Car-

Parrinello dynamics55., by using CPMD code56.. A fictitious 

electronic mass of 600 a.u. and a time step of 5 a.u. (0.12 fs) 

were chosen. The system temperature was controlled with a 

Nosé thermostat57.,58. at a target temperature of 353 K. After 

equilibration statistical averages were computed from 

trajectories of at least 5 ps in length. The electronic wave 

function was quenched to the Born-Oppenheimer surface 

about every 1 ps in order to maintain adiabaticity. The free 

energy profiles of the decomposition process were evaluated 

by means of blue-moon ensemble technique59.. We checked 

the sampling convergence at every point of mechanical 

constraint in the blue-moon ensemble. We used the PBE60.,61. 

exchange correlation functional. Stefan Goedecker’s norm-

conserving pseudopotential62.-64 for C, H, O, Li ,F and Si were 

used. 

2.2  CBC-DFT Analysis.  

We used CBC-DFT methods as implemented in Gaussian 0966. 

to estimate the electron affinities of EC, VC, and FEC molecules. 

To complement the DFT-MD results, we also used CBC-DFT 

method to explore the reductive decomposition pathways of 

FEC molecules. The exchange and correlation functionals used 

were B3LYP65 and PBE60.,61. with the 6-311++G(d,p) basis set 

and the geometries were fully optimized. In the analyses, the 

solvent effect was dealt with by means of the polarizable 

continuum model (PCM) method with parameters for an EC 

bulk solution (dielectric constant ε = 89.78). 

 
Figure  2  Supercell structures of (a) 31 EC molecules and one FEC 
additive (FEC/EC system), (b) 40 Li2EDC molecule aggregate with 

10 LiF molecules, (c)  16 Li2EDC molecules aggregate on LiF 
amorphous aggregate (Li64F64) with 72 EC molecules. The sizes of 

the supercells are cubic boxes of 15.24 and 17.95 Å for (a) and (b), 

respectively, and  rectangular  box  of 16.43 × 50.75 × 16.43 Å for 
(c).  

 

 

 

 

 

3 Reductive decomposition of FEC 
3.1  Li

+ 
solvation structure 

We first examined the solvation shell structure of the Li+ ion in 

the FEC/EC system before reduction. As in the case of the 

VC/EC system39., the most stable structure was the tetrahedral 

coordination of 4 EC solvents via the oxygen atoms in their 

carbonate groups, labeled as Li-4EC. We also found that the 

coordination with three EC and one FEC molecules (labeled as 

Li-3EC1FEC) has higher average energy of the equilibrium 

trajectory than the Li-4EC solvation by 5.9 kcal/mol. 

Furthermore, in the DFT-MD simulation of the Li-3EC1FEC 

system, we observed exchange from FEC to EC in the first 

solvation shell, resulting in the Li-4EC structure in the end. The 

snapshots of DFT-MD trajectories on Li-4EC and Li-3EC1FEC 

solvation structures  are shown in Supporting Information. 

In the FEC case, coordination to the Li+ ion via the F moiety 

may also be possible. However, the DFT-MD simulations 

starting from this solvation structure showed spontaneous 

separation between FEC and the Li+ ion, indicating that the 

fluorine atom of the neutral FEC molecule is not reactive to the 

Li+ ion. Consequently, there was no preference for 

coordination of the FEC additive to the Li+ ion in the EC 

solvent28.. To examine the reduction tendency, we evaluated 

the electron affinities (EA) of FEC and EC molecules 

coordinating and uncoordinating to a Li+ ion by means of CBC-

DFT calculations at the PCM-B3LYP and PCM-PBE /aug-cc-pVTZ 

levels (Table 1). For comparison, we examined the VC cases as 

well. Comparing between the two functionsl, B3LYP and PBE, 

we confirmed that the functional dependence is really small. 

As discussed in our previous study39, the EA difference 

between EC and VC, 0.28-0.29 eV, is consistent with the 

energy difference of the reductive peak positions in cyclic 

voltammetry17 for EC and VC molecules (0.3 eV). Therefore, EA 

is a good measure for the reduction tendency.  

 

Table 1. Calculated electron affinity (in eV) of EC, VC and FEC 

molecules, and those coordinating to a Li+ ion in the EC 

solution (labelled as EC/VC/FEC with Li+). We used CBC-DFT 

calculations at the PCM-B3LYP and PCM-PBE /aug-cc-pVTZ 

levels. TheΔ SCF method, which takes the total energy 

difference between the intact neutral molecule and 

monoanion molecule, was used for the evalulation of the 

electron affinity.  

  

 PCM-B3LYP PCM-PBE 

EC 1.40 1.40 

EC with Li+ 1.76 1.75 

VC 1.69 1.68 

VC with Li+ 2.04 2.00 

FEC 1.74 1.74 

FEC with Li+ 2.10 2.06 

 

 

 

 

a b

c

a b

c
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In Table.1, we found that the EA of FEC (1.74 eV) is almost the 

same as that of EC coordinating to Li+ ion (1.75-1.76 eV). Based 

on the stability of solvation structure described above, this 

indicates that the FEC additive will not always be reduced prior 

to reduction of the EC solvent, and that some EC anion radicals 

may coexist with the reduced FEC at the initial stage of the 

electrolyte reduction, as in the case of the VC additive which 

also has no preference  of coordination to the Li+ ion in the EC 

solvent39..  The EA difference between FEC and EC with Li+ is ca. 

0.01-0.02 eV, smaller than that in the VC additive case (0.07 

eV). Thus, the amount of EC anion radicals is expected to be 

lower in the FEC addtive case than VC, because FEC is likely to 

be reduced to the same extent of EC coordinating to Li+ ion at 

the initial stage. 

 

3.2  One-electron reductive decomposition of FEC 

Next we investigated possible one-electron reductive 

decomposition of the FEC additive in the EC solvent. During 

the DFT-MD simulations, we checked whether the excess 

electron was localized on the FEC molecule. We then carried 

out constrained MD calculations in the framework of the blue-

moon ensemble technique for the decomposition reaction 

barriers. We first evaluated the one-electron (1e) reductive 

decomposition of FEC via breaking of one of the “shoulder” 

bond of the molecule, that is, the CC-OH or CC-OF bond (Fig.1 

(c)). The constraint, ξ1, was set to the bond length of CC-OH or 

CC-OF. For the CC-OF bond, we examined the cases of FEC 

molecule with and without coordination to the Li+ ion. For the 

coordinating FEC molecule, we considered the case where the 

O1 atom coordinates to the Li+ ion and the case in which the OF 

oxygen coordinates.  

 

 

Figure 3 Free energy profiles, ΔA, for one-electron reductive 

decomposition of FEC- along the mechanical constraint ξ1 of 

the CC-OH (pink) and CC-OF bonds (blue, green and brown). 

For the CC-OF bond, we considered three cases; one in which 

the FEC- anion does not coordinate to a Li+ ion (blue), and two 

in which FEC- coordinates to a Li+ ion, either through the 

oxygen O1 (Li-O1: green) or OF (Li-OF: brown), respectively. 

 

 

Fig. 3 shows the resultant free energy profiles with respect to

ξ1. We took the free energies associated with the distances of 

1.43Å (equilibrium bond distance of CC-OH in the FEC- anion) 

and 1.51 Å (equilibrium bond distance of CC-OF in the FEC- 

anion) as the zero reference for the CC-OH and CC-OF bond-

breaking, respectively. In Fig. 3, we can find the free energy 

profiles of CC-OH and CC-OF bond-breaking in the absence of a 

Li+ ion increased monotonically with increase of the constraint. 

Therefore, it seems unfavorable to break the “shoulder” bonds 

of FEC, CC-OH/CC-OF, by one-electron reduction. However, the 

free energy associated with CC-OF bond cleavage was very low 

(ca. 2.5 kcal/mol) at a bond length of 2.5 Å in the absence of a 

Li+ ion (Fig. 3, blue).  The presence of a Li+ ion coordinated by 

the OF oxygen of FEC stabilized the free energy profile for CC-

OF bond cleavage and generated the LiF molecule in the end 

with the CF-F bond cleavage. After the F- ion release, the 

structure of FEC becomes dF-FEC, as shown in Fig.1 (e), a 

neutral radical with cleavage of CC-OF bond. The activation free 

energy associated with LiF generation was estimated to be 

very small (ca. 1.8 kcal/mol).  Thus, the FEC- anion tends to 

form a LiF molecule when the Li+ ion was close to the F atom. 

In contrast, when FEC- coordinated to a Li+ ion via O1, the free 

energy needed for CC-OF bond cleavage increased to 

7.7kcal/mol at a bond length of 2.3Å.  

 

 

Figure 4 (a) Free energy profiles, ΔA, for one-electron 

reductive decomposition of neutral FEC and the FEC- anion 

along the mechanical constraint ξ2 of their CF-F bonds.  (b) 

Free energy profile for decomposition of the dF-FEC neutral 

radical into CO2 and CH2COH along the mechanical constraint 

ξ3  of CE-O2 bond distance in dF-FEC. 
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The tendency of FEC- anion to form LiF when the Li+ ion is in an 

appropriate location was observed by DFT-MD calculations 

performed with the initial condition that the Li+ ion was 

located near the F atom of the FEC- anion. The results of three 

independent DFT-MD runs with these initial conditions showed 

spontaneous generation of LiF within 0.1ps. LiF generation 

from FEC- proceeded with almost no activation barrier. These 

results are consistent with experimental results indicating that 

the amount of LiF moieties increases in the presence of added 

FEC41.,45.. With the same initial configurations, we also carried 

out the DFT-MD calculations with neutral FEC and observed 

spontaneous separation of FEC from the Li+ ion. Therefore, the 

reactivity of the F atom toward the Li+ ion was due to the 

reduction of FEC molecule. 

Considering this pathway of LiF generation, we investigated 

cleavage of the CF-F bond of FEC by 1e reduction reaction. We 

evaluated the free energy profile for cleavage of the CF-F bond 

of FEC- and compared it with the profile of neutral FEC (Fig. 4 

(a)). In Fig. 4 (a), we set the CF-F bond distance as the  

mechanical constraint ξ2 for both neutral and anion cases. 

The zero-energy reference values were set to the free energies 

associated with the CF-F bond lengths of 1.45 Å (the 

equilibrium CF-F bond length of neutral FEC) and 1.51 Å (the 

equilibrium CF-F bond length of the FEC- anion) for the neutral 

FEC and the FEC- anion cases, respectively. In the case of 

neutral FEC, it was observed that the FEC quickly decomposed 

to CO2 and C2OFH3 moiety with elongation of CF-F bond. As 

expected, this pathway requires a substantial activation free 

energy. For the FEC- anion case, Fig. 4 (a) shows that the free 

energy associated with the CF-F bond breaking was a small 

value of about 3kcal/mol, estimated at the CF-F bond distance 

2.2 Å. A F- ion was released by CF-F bond cleavage, producing 

a dF-FEC neutral radical (Fig.1 (e)).  

As the F- ion was released from the FEC- anion, the CC-OF bond 

was broken concertedly due to the driving force to form the 

double bond on an oxygen atom (O3 of Fig.1 (e)), as in the case 

of CC-OF bond cleavage with LiF molecule generation. 

Therefore, the CF-F and CC-OF bonds cooperate with each other 

regarding their bond breakings. The small activation free 

energy for CF-F bond cleavage and connection of this bond to 

the CC-OF bond can be explained by analysis of molecular 

orbitals (see Supporting Information (ESI) for details). The 

HOMO-2 orbital of the FEC- anion undergoing CC-OF bond 

breaking has some characteristics of σ* type orbital of CF-F. 

This orbital induces the CF-F bond cleavage, resulting in 

formation of the CF=OF double-bond. 

To investigate further decomposition of the dF-FEC neutral 

radical, we calculated the free energy profile of its 

decomposition into CO2 and CH2COH neutral radical as shown 

in Fig. 4 (b).  We set the CE-O2 bond distance as the mechanical 

constraint ξ3  in dF-FEC (Fig.1(e)). The activation energy was 

estimated to be about 7.7 kcal/mol, and the reaction free 

energy was lower than -20 kcal/mol. This activation energy, 

which is not negligible, shows that the radical dF-FEC does not 

decompose immediately and remains in the electrolyte for a 

while. If dF-FEC does not react with the species in the 

electrolyte or if it is not further reduced, it will decompose and 

generate CO2 gas. Therefore, if the 1e reduction of FEC 

predominates in the electrolyte, CO2 gas will be detected.  
On the “waist” bonds of FEC, we also analyzed the free 

energy profile for cleavage of CH-OH and CF-OF bonds in the 
FEC- anion. When we set the mechanical constraint as only the 
CH-OH or only the CF-OF bond, we observed strong hysteresis of 
the free energy profile. This indicates that a single CH-OH or CF-
OF bond was not an appropriate reaction coordinate. For 
example, when we set the CF-OF bond length as mechanical 
constraint and elongated the CF-OF bond, the CH-OH bond 
promptly broke.  For that reason, we set the sum of the bond 
distances of CH-OH and CF-OF as the mechanical constraint. 
Alongξ4 (=CH-OH+CF-OF) elongated, we observed CH-OH bond 
cleavage predominantly. Fig. 5 indicates that cleavage of the 
CH-OH bond in the FEC- anion was highly exothermic, and the 
activation free energy was 8.7 kcal/mol. In fact, the average 
energies of the equilibrium DFT-MD trajectories were 
consistent with this free energy profile: the products of 
cleavage of the CH-OH and CF-OF bonds of the FEC- anion were 
29.5 and 16.6 kcal/mol lower in average energy, respectively, 
than the ring-closing FEC- anion. Therefore, those cleavages 
are thermodynamically favorable. On the other hand, the 
activation free energy was higher than that of LiF generation 
with CC-OF bond breaking.  Furthermore, we observed that, in 
four of the five DFT-MD runts starting from different initial 
states, electron transfer from FEC-  to an EC molecule occurred 
within 5 ps during the dynamics at the transient state whereξ

4=3.1 Å. In fact, CBC-DFT calculations showed that electron 
transfer from FEC- to EC was energetically favorable (details 
are provided in ESI). Thus, the electron transfer to EC can be 
expected to occur prior to reductive CH-OH bond cleavage, and 
the “waist” bond cleavage of the FEC- anion cannot be the 
predominant process in practice. 

In summary, one-electron reductive decomposition of FEC 
mainly takes place through cleavage of the “shoulder” bond, 
CC-OF, leading to LiF generation. 

 

 
Figure 5  Free energy profile, ΔA, for cleavage of the “waist” 
bonds of the FEC- anion. The mechanical constraint, ξ4 , was set 
as the sum of the lengths of the ‘waist ‘ bonds CH-OH and CF-OF 
bonds.  
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Figure 6 Snapshot of the equilibrium product state for two-
electron reductive decomposition of FEC.  
 

3.3 Two-electron reductive decomposition of FEC 

We next examined the 2e reductive decomposition of FEC. 
Recent DFT-MD studies of FEC in a system with a Si anode 
treated multi-electron reduction by using a highly lithiated 
electrode surface54..  
These multiple electron reductions seem to predominate 
during the initial stage of SEI formation, where the electron 
transfer from the electrode to the electrolyte is smooth 
enough. We added an excess electron to three randomly 
chosen configurations in the trajectory of the 1e reduced FEC 
coordinating to a Li+ ion via its carbonyl oxygen (O1) and then 
carried out DFT-MD sampling.As shown in Fig.6, we observed 
the FEC2- decomposed into F- + CO + C2H3O2

- in the two cases 
and the other one shows the decomposition into F-+C3H3O3

- 
within 0.2 ps. All the reactions started with cleavage of the CC-
OF bond.  The production of F- and CO from an FEC molecule is 
consistent to the DFT-MD results reported by Leung et. al52.. 
Therefore, the F- ion is also released from FEC by 2e reduction, 
and likely reacts with Li+ ion that exists in the electrolyte 
abundantly. If 2e-reduction of FEC predominates in the 
electrolyte, CO gas will be detected as a result of the 
decomposition of FEC.  

 

3.4 HF elimination of FEC  

Here, we examined elimination of HF from the FEC molecule. 
As described in the introduction, it has been proposed that the 
predominant mechanism of FEC reaction in the electrolyte is 
the HF elimination to form VC14,49.. Because cleavage of the C-F 
bond in neutral FEC is difficult, as shown in Fig.4, HF 
elimination from neutral FEC is implausible. Therefore, we 
calculated the free energy profile for the HF elimination from 
FEC- anion, using the distance between H and F atoms as the 
mechanical constraint, ξ5, and setting the zero reference free 
energy as the free energy associated with the distance of 2.3 Å, 
which is the average value of that of FEC- anion. As the 
mechanical constraint decreased from the 2.3 to 1.1 Å (Fig. 7), 
the F atom dissociated from the FEC- anion first, and 
approached the H atom. Then, H atom was detached from the 
FEC- and bonded to the F atom. In concert with the 
dissociation of the F atom, the CC-OF bond was cleaved, and 
the FEC- anion was transformed to a ring-opened structure. 
This is just a concerted reaction between CF-F and CC-OF bond 
as seen in the case of the CF-F bond cleavage in FEC-. Finally, 
the H-F distance decreased to that of a HF molecule (ca. 1.0 Å), 
and the reminder of the FEC- anion after HF elimination further 
decomposed to CO and C2H2O2

-. 

Figure 7 Free energy profile, ΔA, for the elimination of HF 

from the FEC- anion along the mechanical constraint ξ5 of the 
H-F distance as indicated.  
 
These species correspond to the products of VC decomposition 
by one-electron reduction (CO and dCO-VC- in our previous 
study39.). Therefore, the HF elimination of FEC- does not lead to 
the formation of VC molecule. On the free energy profile 
depicted in Fig. 7, there are two peaks along the mechanical 
constraint ξ5, the H-F distance; the peak around 1.9 Å 
corresponds to dissociation of the F atom from the FEC- anion, 
and the H atom detachment occurred around the 1.3 Å peak. 
The activation free energy associated with HF elimination was 
estimated as 5.1 kcal/mol. The average energy for 

decomposition of FEC- into HF + CO + dCO-VC- is about -3.0 
kcal/mol; that is, the reaction is exothermic. Therefore, HF 
elimination from FEC- may occur in EC solvent, but our 
calculations indicate that the formation of VC from FEC via 
release of HF and subsequent VC polymerization to form 
polycarbonates as previously suggested14.,49. is not feasible in 
the liquid electrolyte in the absence of surface. Note that 
Martinez et al.54. observed a reaction path in which reduced 
FEC releases F- ion, which bonds to hydrogen originally 
adsorbed on a Si anode surface. The resultant product is a 
ring-opened (via the CC-O2 bond) VC2- anion on the lithiated Si 
anode, according to their DFT-MD simulations. However, this 
reaction is based on a three-electron reduction, in contrast to 
our 1e reduction treatment. Besides, the ring-opened VC with 
the CC-O2 bond cleavage is unstable and likely to further 
decompose to CO and rather inert dCO-VC as we have shown 
previously39.. Therefore, it is uncertain whether a polymerized 
structure for SFC is obtained as the final product in this process. 

In consequence, the present results indicate that VC 
formation from FEC via HF elimination is not plausible due to 
the ring cleavage of FEC during the reaction. 
 

3.5 Reactivity of FEC and its decomposition products 

We have shown that the decomposition of one- and two-

electron reductive decomposition reactions of FEC in detail 

and the essence of the FEC additive is easy release of F- ion in 

the reduced states and the generation of LiF with almost no 

activation energy as long as a Li+ ion exists around the F atom. 

Here, we investigated the reactivity of neutral FEC and the dF-

FEC neutral radical (Fig. 1(e)), which is the resultant moiety 

after the release of F- ion from FEC-, toward the oE-EC- anion 

radical (Fig. 1(d)) as a representative example. We chose CF, CH, 
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and CC carbon atoms as the sites in the FEC molecule that are 

attacked by the anion radical, and we determined the reactive 

site of dF-FEC by investigating its spin-localized site (CC). For 

the reaction of neutral FEC on atoms CF and CH, we estimated 

the reaction barrier by carrying out blue-moon ensemble 

calculations with two types of mechanical constraints; 

distances from CE
・

 of oE-EC-  to CF and CH in FEC, respectively. 

We also estimated the free energy profile of the reaction 

between oE-EC- and intact VC for comparison. The reaction 

processes we investigated are summarized in Scheme1. The 

calculated free energy profiles are shown in Fig. 8.  

The reaction free energies are about 17.5 and 9.0 kcal/mol for 

the attack oE-EC- anion radical at the CH and CF atoms of FEC, 

respectively. In particular, reduction on the fluoroethylene 

side (between CE
・ and CF) was highly exothermic. On the other 

hand, the activation free energies were 22 and 26 kcal/mol for 

the CE
・-CH and CE

・-CF processes, respectively. 

VC +

FEC-F +

FEC-H +

VC +

FEC-F +

FEC-H +

 
 
Scheme 1  Reaction between VC and oE-EC-, and between FEC 
(CH and CF) and oE-EC-. 
 

 
Figure 8   Free energy profiles, ΔA, of the binding reactions 
between neutral FEC and the oE-EC- anion radical along the 
mechanical constraint, ξ6, of the distance between the target 

atom in FEC and the CE
・ in oE-EC-.  As denoted in Scheme 1, 

the labels FEC-H and FEC-F indicate that the attacked atoms in 
FEC are CH (CE

・-CH)  and CF  (CE
・–CF), respectively. The profile 

of the reaction between oE-EC-  and VC is also depicted for 
comparison.  

 

Compared with the VC case, FEC needs notably larger 

activation energy to proceed the binding reaction with oE-EC-. 

This reactivity difference between FEC and VC is likely to be 

main chemical difference between these two additives in LIB. 

Although the binding reaction between CC (carbonyl carbon) 

atom in FEC and CE
・

 in oE-EC- occurred when the reaction sites 

were close together, the average energy of the trajectory of 

the product state was higher than that of the reaction state by 

about 10.6 kcal/mol. Therefore, the oE-EC- attack on the CC 

atom of FEC was an endothermic reaction, and we conclude 

that this reaction does not proceed in EC solvent. 

To investigate the reactivity of the dF-FEC neutral radical 

toward the neutral EC and FEC molecules, we located the CC 

atom of dF-FEC close to a CE atom of EC or CF atom of FEC 

molecule, respectively, and carried out several DFT-MD runs. 

We found that spontaneous separations of the reactants occur 

in all the calculations. We also estimated the free energy 

profile of the binding reaction between the reactive Cc of dF-

FEC and CF in intact FEC by using the blue-moon ensemble 

method, and found that the activation free energy was about 

40kcal/mol and the reaction free energy was 20kcal/mol, 

corresponding to endothermic reaction. The details are shown 

in Supporting Information (ESI). Therefore, we conclude that 

the dF-FEC neutral radical is inert to the intact EC and FEC 

molecules in the solvent. This fact suggests that the 

contribution of dF-FEC to the decrease of initial irreversible 

capacity is smaller than that of the intact VC additive39.. If the 

dF-FEC radical reacts with another dF-FEC before 

decomposition, they will react without activation energy and 

form the oligomer products, which can be related to the 

observed polymerized-materials in the presence of FEC. 

Because these oligomer products do not have a C=C double 

bond, they do not seem to undergo further polymerization the 

way that the reaction products of VCs do40.. Furthermore, 

owing to the absence of Li+ ions, which act as “glue” in organic 

SEIs40., under the environment with the neutral dF-FEC 

molecules and their oligomers, organic SFC aggregates formed 

from the dF-FEC oligomers are expected to be fragile. This 

probable fragility can be related to the increase of the 

irreversible loss of capacity at high FEC concentrations50.; this 

loss of capacity is supposed to be caused by the SEI film 

breakdown during Li+ ion insertion, because the dF-FEC 

oligomer is probably generated predominantly at high FEC 

concentrations. In contrast, if decomposition of dF-FEC 

predominates, the polymerized organic SFCs will not be 

generated from FEC alone.  

In summary, the reactivity of a neutral FEC molecule with an 

EC anion radical is low compared to neutral VC, and it is likely 

to be main difference between FEC and VC. 

 

4  Effects of LiF in SEI 

4.1 LiF molecules in Li2EDC aggregate  

The results described so far indicate that LiF formation plays a 
major role in the effects of the FEC additive to the EC solvent. 
Here we examine the effect of the LiF component on the SEI 
film associated with the EC solvent molecules. We first carried 
out DFT-MD calculations to prepare equilibrium trajectories of 
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aggregate structures of Li2EDC molecules, and constructed the 
following two models; (1) LiF molecules distributed in a Li2EDC 
aggregate and (2) a LiF aggregate interfaced with a Li2EDC 
aggregate. For the former model, we added 5, 10 and 20 LiF 
molecules in the several snapshots of the equilibrium 
trajectory of amorphous Li2EDC as the initial structure, and 
carried out DFT-MD sampling. By comparing multiple 
samplings, we determined the equilibrium trajectory for each 
case. 

Figure 9 shows a representative snapshot in the equilibrium 
trajectory (Fig.9a) and a plot of coordination numbers (CNs) 
with respect to the distance from the F atom to Li atom in the 
10 LiF case as an example (Fig.9b). In Fig.9b we also show the 
CNs from each Li atom to O2 and O1 of Li2EDC, respectively, 
with (without)  LiF. All the F atoms in the LiF molecules were 
coordinated by only Li+ ions no matter how many LiF 
molecules were added. The average nearest-neighbor CNs 
from F to Li were estimated to be 3.3, 3.3, and 3.5 for the 
cases in which 5, 10, and 20 LiF molecules were added, 
respectively. Each F atom was connected to more than two Li+ 
ions originating from Li2EDC in addition to the intramolecular Li 
of LiF. These coordinating Li+ ions were equivalently connected 
to the F atom with an average length of 1.86 Å, which is larger 
than the intramolecular bond distance of a LiF molecule (1.56 
Å). 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9  (a) Snapshot of the equilibrium structure around the F 
atom in a Li2EDC aggregate containing LiF. Blue, pink, red, cyan, 
white spheres denote F, Li, O, C, and H atoms, respectively.  (b) Red 
line denotes the Coordination numbers (CNs) from each F atom to 
the Li+ ions in the system with 10 LiF molecules in 40 Li2EDC. Blue 
(Pink) solid and dashed lines denote CNs from each Li atom to O2 
and O1 of Li2EDC, respectively, with (without) 10 LiF in 40 Li2EDC 
molecules.  

These results indicate that each F atom works as a joint of 
multiple connections with the Li2EDC molecules. In the 
absence of LiF, the Li2EDC aggregates form a component 
network via Li-O1 and Li-O2 binding40.. In contrast, the addition 
of LiF molecules to the Li2EDC aggregate caused decrease of Li-
O2 bonding and preferential formation of Li-F bonding (See Fig. 
9(b)), suggesting that Li-F bonding is stronger than Li-O2 
bonding. Therefore, the mixture of LiF molecules can be 
expected to change the network in the SFC aggregates and 
possibly increase the mechanical strength of the SEI film. 
Recently, Xu et al51. found that the addition of FEC decreases 
the number of cracks in a Si nanoparticles electrode after 
charge-discharge cycles, and concluded that a stable SEI made 
from FEC limits the formation of the cracks. Their observation 
seems consistent with our results indicating that LiF in a Li2EDC 
aggregate, which is a probable organic component of the SEI 
films that form in EC electrolytes, stabilizes the SFC aggregate 
by means of strong F-Li bondings. Our results also suggest that 
the presence of LiF in the SEI film may suppress Li-ion 
transport, because the F moieties can act as Li-ion traps. In fact, 
a decrease in ionic conductivity in the presence of fluorine 
compounds derived from LiPF6 has been reported22.,23.. 
Therefore, there will be a LiF concentration in the SEI film that 
is optimum for better performance. 

Regarding the LiF effect on the electric properties, we 
compared the band gaps of the systems with 5, 10, and 20 LiF 
molecules in the amorphous Li2EDC (40 molecules). We 
randomly chose seven configurations from the equilibrium 
trajectory of each system. The average band gaps were 4.0, 4.1 
and 4.0, respectively. LiF had no observable effect on the band 
gap in these systems, because the partial density of state 
(DOS) of Li (F) are located above (below) the conduction 
(valence) band bottom (top). Therefore, the insulating 
properties of the aggregates are not affected by the mixture of 
LiF molecules in the SEI film. The details of the partial DOSs are 
provided in Supporting Information.  
 
4.2 Interface structure between LiF and  Li2EDC aggregates 
To investigate the influence of the interface structure between 
LiF and the organic SFC aggregates, we constructed an 
interface between LiF and Li2EDC aggregates in the EC solvent 
and estimated the adsorption energy of the Li2EDC aggregate 
to the LiF aggregate. Experimental evidence suggests that the 
inorganic components like LiF and Li2CO3 are present in the SEI 
film19.-21. and that they form interface structures together with 
the organic components of the SEI. By using the DFT-MD 
method, we constructed the equilibrium structure of the 
interface between the LiF and Li2EDC aggregates; a snapshot of 
the equilibrium interface structure and a plot of CNs from 
interfacial Li atoms in the Li2EDC layer to F atoms in LiF (blue 
line), O atoms of Li2EDC (red line), and Li atoms in LiF (gray 
line) are shown in Fig. 10 a and b, respectively. The Li+ ions of 
Li2EDC aggregate form bonding to the F atoms of LiF aggregate 
near the interface and to the O atoms of EDC molecules. This 
equilibrium structure suggests strong adhesion via -F-Li-O- 
bridging bond between the LiF and Li2EDC aggregates. Then, 
we calculated the adhesion energy of the Li2EDC aggregate to 
the LiF aggregate in the EC electrolyte. We compared the 
average total energies of the DFT-MD trajectories where the 
Li2EDC aggregate adhered to the LiF aggregate and dissolved 
into the EC electrolyte.  
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Figure 10   (a): Snapshot of equilibrium structure of the 
interface between the LiF and Li2EDC layers.  Blue, pink, red, 
cyan, white spheres denote F, Li, O, C, and H atoms, 
respectively. The F-Li-O bridge structure between EDC and LiF 
can be seen. (b) The coordination number (CN) of the 
interfacial Li+ ion in Li2EDC to F atoms (blue),  Li atoms in the 
LiF layer (gray), and O atoms in the Li2EDC layer (red).  
 
 

 
 
Figure 11 Schematic picture of SEI formation by adsorption of 
organic SFC aggregates to the LiF components, rather than 
directly to the electrode.  
 
The estimated adsorption energy was -5.2 kcal/mol (per Li2EDC 
molecule), indicating that the Li2EDC aggregate preferred to 
adhere to the LiF aggregate. This result is in contrast to the 
results for a graphite edge H-capped surface, where the Li2EDC 
aggregate shows no tendency to adhere. This adhesion of 
Li2EDC can be associated with the stability of the organic SFC 
molecules around the electrodes. 

The high electron affinity of FEC facilitates generation of LiF 
molecules preferentially via the FEC reductive decomposition, 
and LiF aggregates are expected to appear on the anode 
surface. Organic SFC molecules like Li2EDC will adhere to the 
surface of LiF aggregates by F-Li bonding, as suggested above, 
and will form the stable organic part of SEI film on the anode 
where the Li+ ions can easily penetrate. In fact, recent X-ray 
photoelectron spectroscopy (XPS) measurements21. clearly 
indicate that LiF and Li2CO3 are plentiful on a graphite 
electrode surface. However, it is also reported that distinction 
between graphite and C-C/C-H bonds is reported to be subtle 
in the XPS images, and imaging indicates that there are many 
microscopic pores for the organic components between the 

inorganic species. In Fig. 11, we show a schematic picture of 
our view of adsorption of organic SFC to the electrode with 
help of LiF aggregate. The preferential adsorption of organic 
SFC aggregates to LiF surface rather than the electrode surface 
can be expected to contribute to development of a stable 
passivating SEI film. In addition, the stabilization of the SEI film 
may be related to the decrease of capacity fading due to FEC in 
the case of a silicon anode. The rapid volume change of silicon 
anode during charge-discharge process likely induces 
desorption of organic SFC aggregate from its surface. 
Therefore, stability of SEI film is effective for the decrease of 
capacity fade.  
 
4.3 Interface structure between LiF aggregate and lithiated 

silicon anode 
Then, we investigated the structure of the interface between a 
LiF aggregate and a silicon anode (a LiSi/LiF/EC system), and 
compared the interface structure with that for a graphite edge 
H-capped surface (a graphite/LiF/EC system). We modeled the 
lithiated silicon anode with a Li64Si64 alloy and calculated the 
equilibrium structure of LiF aggregate adsorption to the silicon 
anode in EC electrolyte modeled with 64 EC molecules. We 
show the representative equilibrium structures of the lithiated 
silicon anode and H-capped graphite anode with the LiF 
aggregate in an EC electrolyte in Fig.12. We can see the 
formation of bonds between the Li in the lithiated silicon and 
the F in the LiF aggregate in Fig.12a. The average F-Li bond 
length was about 1.78 Å. These bonds suggest that the LiF 
aggregate stably adsorbed to the lithiated silicon anode, and 
the adsorbed LiF aggregate probably acts as a glue for organic 
SFC molecules, as mentioned above. Comparison between 
snapshots of the initial and equilibrium states of the LiSi/LiF/EC 
system (see Figure S12 in Supporting Information) clearly 
indicates formation of bonding between the LiF aggregate and 
the lithiated silicon anode. In contrast, on the H-capped 
graphite anode, no bonds formed between the anode and the 
LiF aggregate, as expected (Fig12.b). 
In fact, the average energy of the adhesion state of LiF 
aggregate to the H-capped graphite anode was 18.7 kcal/mol 
higher than that of the state in which the LiF aggregate was 
dissolved in the EC electrolyte. This result indicates that Si 
anode can form a stable LiF layer on the surface by means of 
strong Li-F bondings, different from the H-capped graphite 
anode. Therefore, FEC is more effective as a stable glue for 
organic SFCs on the Si anode. This further enables quicker 
completion of the SEI film formation and thus inhibition of 
further reduction of the electrolyte. This suggests that the 
thickness of the organic SFC aggregate can be thinner in the 
presence of LiF and thus FEC, which was actually observed in 
experiments11.,45.. Detailed results of the DFT-MD run for the 
LiSi/LiF/EC system are given in Supporting Information. 
Here we comment on the LiF produced by decomposition of 
PF6

- anion. It is well known that LiF is also generated by the 
reductive decomposition of PF6

- anion. As the recent study by 
Takenaka et al28. pointed out, it is difficult for PF6

- anion to get 
closer to the negatively charged electrode and the amount of 
LiF generated in the presence of PF6

- is small compared to the 
amount generated in the presence of FEC addition. Thus, the 
ability of FEC to diffuse close to the electrode surface may be 
related to the effectiveness of LiF in the SEI film.  
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Figure 12 Snapshots of the equilibrium structures of a LiF 
aggregate interfaced with (a) a lithiated silicon anode, and (b) 
a H-capped graphite anode, respectively.  Blue, pink, purple, 
cyan, white spheres denote F, Li, Si, C, and H atoms, 
respectively. 
 
 

Finally, we emphasize the difference between the effects of 
the VC and FEC additives on SEI film formation. VC is 
characterized by its reactivity to anion radicals in its neutral 
state as our previous studies demonstrated, and the effects of 
added VC, such as the decrease in irreversible capacity, are 
attributed to its reaction process. In contrast, the main role of 
FEC is the generation of LiF, which may contribute to the 
adhesion or aggregation properties of SFCs. Thus, the present 
results demonstrate that the effects of additives can differ 
even if their structures and chemical formulas are similar. Note 
that the role of the additive also depends on the nature of the 
electrode surface. 
 

5 Conclusions 
By using DFT-MD sampling and the blue-moon ensemble technique 
to investigate free energy changes, we investigated various 
pathways for reductive decomposition of FEC and elucidated the 
most plausible reductive process. Via cleavage of the CC-OF 
“shoulder” bond, FEC generated LiF with almost no activation 
barrier, whereas the cleavage of the “waist” bonds, CH-HH and CF-HF, 
of FEC resulted in a large gain in reaction energy, but the activation 
energy of the reaction was higher than that for CC-OF bond cleavage. 
Furthermore, electron transfer to the EC solvent frequently 
occurred before the bond was broken. Therefore, the cleavage of 
the CH-HH and CF-HF bonds by one electron reduction does not 
predominate in the EC solvent. On the basis of the present 
calculations, we confirmed that FEC in the EC electrolyte exerts its 
effects mainly via the generation of LiF, as the previous 
computational studies have suggested52.. The C3H3O3 neutral radical 
produced by the LiF release is inert to neutral molecules, EC and 
FEC, and decomposes to generate CO2 gas if it does not react with 
other radical molecules. Furthermore, the reaction of a neutral FEC 
molecule with an EC anion radical requires a larger activation 
energy than in the VC additive case, and this difference leads to a 
substantial difference between FEC and VC. 

To evaluate the effects of the LiF released from FEC, we 
investigated the LiF state in an organic SFC (Li2EDC) aggregate, and 
the adhesion properties of an amorphous LiF aggregate to the 
organic SFCs as well as to a model Si anode. LiF molecules in the 
Li2EDC aggregates show that the Li-F bond was elongated and the F 
atom was coordinated by approximately three Li atoms in the 
Li2EDC aggregates. The F atoms connected the Li atoms in the 
Li2EDC aggregate by strong Li-F bonding. Therefore, the LiF in Li2EDC 
aggregates can be expected to efficiently stabilize the SEI. We also 
investigated the effect of the interface between LiF and Li2EDC 
aggregates. The Li atom in the Li2EDC aggregate bonded strongly to 
the F atom in the LiF aggregate. This bonding between Li and F 
around the interface suggests strong adhesion between the LiF and 
the organic components in the SEI. In fact, the estimated energy of 
adhesion of the Li2EDC aggregate to the LiF aggregate shows the 
stability of the adsorbed state of Li2EDC to the LiF layer in the EC 
electrolyte. This adhesion may also explain the stability of the SEI 
film formed from FEC, and LiF is likely to act as a glue to organic SFC 
like Li2EDC in LIBs. Finally, we examined the interface structure of 
the LiF aggregate to a lithiated silicon anode and compared the 
structures with that of the interface between LiF and a pristine H-
capped graphite anode. The formation of a bond between Li in the 
anode and F in the LiF aggregate was observed in the case of the 
lithiated silicon anode, whereas no bonding was observed in the 
graphite case. This result suggests that FEC is more effective for use 
with Si anode than that with graphite anode.   
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