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Abstract

The formation of a solid electrolyte interphase (SEI) at the electrode/electrolyte interface substantially
affects the stability and lifetime of lithium-ion batteries (LIBs). One of the methods to improve the lifetime
of LIBs is by the inclusion of additive molecules to stabilize the SEI. To understand the effect of additive
molecules on the initial stage of SEI formation, we compare the decomposition and oligomerization
reactions of a fluoroethylene carbonate (FEC) additive on a range of oxygen functionalized graphitic anode
to those of an ethylene carbonate (EC) organic electrolyte. A series of density functional theory (DFT)
calculations augmented by ab-initio molecular dynamics (AIMD) simulations reveal that EC decomposition
on an oxygen functionalized graphitic (1120) edge facet through an Sy2 mechanism is spontaneous, even
in an uncharged cell. Decomposition of EC through an Sx2 reaction pathway results in alkoxide species
regeneration which is responsible for continual oligomerization along the graphitic surface. In contrast,
FEC prefers to decompose through an Sx1 pathway, which does not promote alkoxide regeneration. The
ability of FEC as an additive to suppress alkoxide regeneration results in a smaller and thinner SEI layer
that is more flexible towards lithium intercalation during the charging/discharging process. In addition, the
presence of different oxygen functional groups at the surface of graphite dictates the oligomerization
products and LiF formation in the SEIL
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1. Introduction

One of the main challenges in controlling the efficacy of lithium-ion batteries (LIBs) is the loss of
cyclable lithium ions that results in capacity fade over extended use. Capacity fading observed in LIBs
stems from the formation of a solid electrolyte interphase (SEI) at the electrode/electrolyte interface.! SEI
formation in LIBs is due to various side reactions between electrolyte species and the electrode surface that
result in electrolyte decomposition. The accumulation of decomposed electrolyte on electrode surfaces
blocks the lithium intercalation pathway and reduces the electrode’s availability to cycle lithium,* thus
decreasing both the power and energy density of LIBs.>¢ In order to improve the lifetime of LIBs, a
thorough understanding of electrode-electrolyte chemistry at the SEI is required to design better LIBs
components. Although there have been significant studies on both electrodes and electrolyte materials

separately,’ 4

comprehensive knowledge of SEI formation remains elusive. The complexity of the interplay
between the chemistries of many different components of the electrode and electrolyte at the interface

makes the characterization of SEI difficult.'?

Typically, LIB electrolytes are composed of organic electrolytes such as ethylene carbonate (EC),
dimethyl carbonate (DMC), and diethyl carbonate (DEC) that are mixed with a tiny amount of salt (the
most common salt being LiPFs). However, LiPF¢ tends to undergo side reactions with organic electrolytes
that result in its decomposition at the electrode/electrolyte interfaces.®!®!” At the initial stage of cycling,
the SEI at the anode surface is mainly composed of loosely held organic polymer compounds before
transforming into a more compact structure of inorganic salts such as Li,O, Li>COs and LiF."® At the
electrolyte end, the SEI is capped by various carbonate based decomposition products such as Li,COs,

(CH,0CO;Li)2, and ROCO,Li.4719-2!

It has been known that even small changes in the composition of either electrolytes or electrodes
may alter the structure of an SEI and thus, its properties, significantly. For example, addition of small weight
fractions of additives components such as fluoroethylene carbonate (FEC)?? and vinylene carbonate (VC)*

have been found to improve the stability of an SEI and are capable of extending both the performance and



life cycle of LIBs.**2® In comparison to organic electrolytes, the reduction potential of these additives are
higher, which leads to easier reduction and decomposition on the surface of the anode.?’*° Oligomerization
of additives results in the formation of polymeric species that modifies SEI composition, and changes both

the structure and the mechanism by which it forms and grows.>!

Decomposition of additives through oligomerization reactions involves nucleophilic alkoxides
species.’?* One of the most common alkoxide formation pathways involves the decarboxylation of a
terminal carbonate group to form ethoxides.’® Oligomerization reactions are then initiated through
nucleophilic attack by ethoxide at either the carbonyl carbon (Cc) site via Sy1 mechanism or one of the
ethylene carbons (Ck) of cyclic carbonate through Sx2 mechanism. The difference in the nucleophilic attack
sites of cyclic carbonate results in different decomposition products, thus affecting SEI composition. Attack
on the Cc site (Sl mechanism) yields polyethylene carbonate (PEC) and ethylene carbonate radical
(ECe)/polyfluoroethylene carbonate (PFEC) as major decomposition products for EC and FEC,
respectively. Meanwhile, attack on the Ck site via Sy2 mechanism yields polyethylene oxide (PEO) for EC
and polyfluoroethylene oxide (PFEO) for FEC.* Previous work included a reaction network analysis of EC
and FEC decomposition in vacuum and confirmed that PEC and PEO are the most thermodynamically
favorable products of EC decomposition via Sx1 and Sn2 mechanisms, respectively.*® In addition to
oligomer species, decomposition through Sx2 mechanism also releases gaseous CO» which may then
undergo further reaction with another EC molecule to form an inorganic Li,CO; species.’’ >’ The
oligomerization products obtained through Sn1 and Sn2 reaction pathways for both EC and FEC are

summarized in Figure 1.
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Figure 1: Oligomerization products of EC and FEC through Sx1 and Sx2 decomposition pathways.



In vacuum, both Sx1 and Sn2 oligomerization pathways have been found to be exothermic.*® Coupled with
CO, generation, oligomerization through an Sn2 pathway results in alkoxide regeneration, which is
responsible for continual polymerization reactions along the electrode surface, as is observed in

experiment.**

In addition to the polarity of the electrolyte species, SEI formation is also found to be highly
sensitive to the surface structure of electrodes.*® One of the most commonly used anode materials in LIBs
is carbon based graphite, which may be functionalized by various oxygen functional groups such as
hydroxyl (-C-OH), ketonic (-C=0), carboxyl (-C(-OH)=0), and carbonyl (-C(-H)=0) groups.*' Surface
functionalization helps to prevent graphite exfoliation, thereby bringing further stabilization to the anode.**
In battery studies, the effects of surface functionalization are often overlooked as the anode surface are
quickly covered by the SEI after the initial cycling period.** However, surface functionalization plays an
important role at the initial stage of SEI formation, as it lowers the HOMO-LUMO bandgap between
graphitic anode and isolated solvent molecules,** thus increasing the reduction potential compared to
Li*/Li, which promotes faster electrolyte decomposition.** Despite its significance in promoting electrolyte
decomposition during initial cycling, the role of surface oxygenation in affecting the rate of formation and
composition of SEI are yet to be known. Insights into the effect brought by different oxygenated surface
functionalization groups on electrolyte decomposition, and thus, initial SEI formation are essential to guide

modifications of LIB components to ultimately design batteries with longer lifetimes.

To better understand the initial SEI formation at the interface, decoupling of the effects brought by
modifications to the electrolyte versus the electrode are imperative. The purpose of this study is to gain
atomistic level insight into the effect brought by both oxygen functionalization of a virgin graphitic anode
and FEC addition on initial SEI formation at the electrolyte/anode interface. To this end, we employ a series
of first-principles density functional theory (DFT) calculations to study the reaction thermodynamics,
charge distribution, and surface species evolution associated with decomposition of isolated EC and FEC
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molecules on five different graphitic surfaces: pristine, phenolic, ketonic, carboxyl, and carbonyl. The
structural similarity between EC and FEC allows for direct comparison of decomposition reactions between

the two molecules, which will highlight the effect of additives on the initial SEI formation.

The remainder of this paper is arranged as follows: First, we describe our atomistic models along
with the methodology and computational details we used in our simulations. Then, we present our results
of decomposition reaction thermodynamics and energy barriers, followed by analysis of charge transfer
between functionalized graphitic anode and electrolyte molecules during decomposition reactions. We

conclude by discussing the implications of our findings on the design of LIBs.

2. Computational Methods
2.1 Model System

The (1120) plane of graphitic armchair edge was used throughout our calculations rather than other
edge terminations as out of all armchair and zigzag terminations, the (1120) armchair edge plane has the
lowest surface energy and therefore is the most stable low-index edge terminated surface.***® Although the
(0001) of the basal plane of graphite shows substantially lower surface energy than (1120) armchair edge,
the superior stability of basal planes results in very unfavorable water decomposition thermodynamics. In
contrast, water decomposition on the (1120) edge facet that results in oxygen functionalization of the
graphitic surface is found to be spontaneous.*** The high reactivity of oxidized graphitic edge sites
suggests that edge terminations are more favorable sites for electron transfer than the basal plane and are
consistent with their known electrochemical activities.”® In battery studies, differences in chemical
reactivity between different graphite terminations are often ignored as the anode surface are quickly covered
by SEI after the initial cycling period. However, in the initial cycling period, the type of surface terminations

plays a vital role in determining both the rate of SEI formation and its composition.*

Four layers of graphite with (1120) edge facets were fit into a simulation cell of 12.70 x 13.54 x

14.90 A3 subject to periodic boundary conditions, which were employed throughout all calculations. A



vacuum gap of at least 10 A in the z-direction was incorporated to avoid spurious interactions between
adjacent slabs. Five different functionalized graphitic surfaces were considered in our study: pristine
graphite, hydroxyl (-C-OH), ketonic (-C=0), carboxyl (-C(-OH)=0), and carbonyl (-C(-H)=0).
Incorporation of oxygen functionals on the surface of (1120) edge graphite surface was done through
splitting of water molecules into different oxygen functionals that were adsorbed on the graphite surface as
shown in Figure 2a)-d) to represent the hydroxyl-, ketonic-, carboxyl-, and carbonyl-terminated graphite
surfaces, respectively. In order to obtain full surface coverage for our setup that consisted of 48 surface
carbon atoms, different numbers of water molecules were required for different oxygen functionalization:
24, 16, 32 and 24 for phenolic, ketonic, carboxyl, and carbonyl, respectively. Figure 2e¢) shows the
adsorption of polyfluoroethylene carbonate (PFEC) on the surface of the ketonic (1120) edge graphite as a
representative of the simulation box used throughout this study. The model system was comprised of four
graphitic layers, with water molecule was split into -H, -O, -H on the surface of pristine graphite to depict
ketonic functionalization. 16 water molecules were required to decompose on the surface to obtain full

surface coverage of ketonic functionalization.

a)

14.90 A




Figure 2: Oxygen functionalized edge (1120) graphite surfaces : a) hydroxyl-, b) ketonic-, c)
carboxyl-, and d) carbonyl-terminated graphite surfaces, Figure 2e) shows the simulation cell used
to model adsorption of polyfluoroethylene carbonate (PFEC) on ketonic edge (1120) graphite surface.

Li, C, O, H, and F are depicted in green, brown, red, white, and purple, respectively.

To represent an uncycled virgin graphitic anode at the beginning of its first charging cycle, a
graphitic anode was modeled without Li" ions. In addition, a neutral cell without application of an external
field was utilized. We chose this setup for two reasons: 1) we were interested in the initial SEI formation at
the very initial charging state before Li" ions intercalation on the anode takes place; and 2) application of
an external field would have resulted in the distribution of excess electrons throughout the whole simulation
cell rather than to be contained solely on the anode. The incorrect distribution of excess electrons has been
argued in the literature to affect both the electronic and molecular distribution on the graphitic anode

incorrectly.>!

We also did not consider the presence of inorganic electrolytes such as LiPFs in this study.
Although LiPF¢ has been known for its ability to attack and change the composition of an SEI, this study
focused on the events that take place before the existence of an SEI at the interface. Additionally, it has
been shown that LiPFs molecules are located at the bulk end of electrolyte and are not able to penetrate to
the electrode end of the SEI.>' Seeing that our study is focused on the reactions that take place at the surface
of the electrode, it was justified that the presence of LiPFs would not have affected the surface reactions

significantly.

2.2 Calculations Details

All calculations were performed using the Vienna Ab initio Simulation Package (VASP)*** within

the projector augmented-wave (PAW) approach.>* The generalized gradient approximation Perdew-Burke-
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Ernzerhof (GGA-PBE) functional®® was used in combination with DFT-D3 Grimme’s empirical dispersion
model to account for long-range dispersion interactions.*® Ionic cores of all atoms were described using the
PAW potentials of H, C, O, F, and Li_sv that were chosen from the VASP PBE-PAW library. A plane-
wave basis set cut-off energy was set to 500 eV. Atomic relaxation of graphite slabs was accomplished by
fixing all but the two uppermost layers of carbon atoms to bulk positions, which were required to prevent
C-C bond formations.*” Optimization convergence criteria for the two uppermost graphite layers were set
to be 1x10” eV for electronic self-consistent iterations, and structures were adjusted until all the forces
acting on ions were less than 0.02 eV/A. The 3 x 3 x 1 mesh of k-points in the Monkhorst—Pack scheme”’

was chosen for the Brillouin zone sampling, and Gaussian smearing of 0.1 eV was applied.

Adsorption configurations of EC and FEC and its decomposition products in accordance with the
schematic given in Figure 1 on different functionalized graphitic slabs were probed separately through ab
initio molecular dynamics (AIMD) simulations. The AIMD simulations were done at ['-point with a time
step of 8t = 1 fs for at least 10 ps until all the forces converged. The Nose-Hoover thermostat®> was
employed to maintain the average temperature at 300 K. The adsorption configurations for both reactant
and product species on graphitic surface of different oxygen functionals that were obtained from AIMD
simulations were further optimized using density functional theory (DFT) to calculate the reaction
thermodynamics associated with EC and FEC surface decomposition. Saddle points along the reaction path
was searched for using the climbing image nudged elastic band (CI-NEB) method® to estimate the
activation barriers associated with the decomposition of electrolyte molecules on graphitic surfaces.
Electronic charge distribution and transfer between adsorbed molecule and graphitic surface was calculated
according to the following equation: Paifference = Protal — Pslab — Pelectrolytes>. Which was visualized by using
Visualization for Electronic and Structural Analysis (VESTA) software as an electron density difference

map (EDDM).%!



3. Results and Discussion

The adsorption of ethoxide-Li-EC/FEC on the graphitic anode surface was found to be
spontaneous, with three distinctive adsorption configurations subject to anode surface functionalization.
Molecular dynamics (MD) simulations revealed that the adsorption of ethoxide-Li-EC/FEC on pristine
graphite occurs through the ethoxide oxygen (Og) site, whereas the adsorption of ethoxide-Li-EC/FEC
occurs through Li for all of the oxygen functionalized surfaces considered. Li was found to form two bonds
with the hydroxyl and ketonic surfaces, which brings Li coordination to four. However, for the hydroxyl
functionalized surface, one surface hydrogen atom is found to be released by the hydroxyl surface and binds
to the oxygen of the ethoxide constituent of the ethoxide-Li-EC/FEC complex. Adsorption of the ethoxide-
Li-EC/FEC complexes on both carboxyl and carbonyl surfaces occur through formation of a bond between
Li and a surface oxygen. Changing the electrolyte from EC to FEC did not affect the adsorption
configurations of the complexes. The adsorption configurations of ethoxide-Li-EC/FEC complexes on

pristine, hydroxyl, ketonic, carboxyl, and carbonyl surfaces are summarized in Figure 3.

£t o et

Figure 3: Ethoxide-Li-FEC complexes adsorption configurations on graphitic surfaces: a) pristine

a)

graphite, and b) hydroxyl-, ¢) ketonic-, d) carboxyl-, and e) carbonyl-terminated graphite.
Adsorption configurations of ethoxide-Li-EC and ethoxide-Li-FEC complexes were found to be very
similar and changing the electrolyte from EC to FEC did not affect the adsorption configuration of
the complex on a particular graphitic surface. For both EC and FEC, one hydrogen atom is observed
to be released by the hydroxyl surface, which then binds to the complexes through formation of an
O-H bond with the ethoxide constituent of the complexes. Li, C, O, H, and F are depicted in green,

brown, red, white, and purple, respectively.



The reaction energies and barrier heights of EC and FEC decomposition reactions via Sx1 and Sx2
mechanisms on the graphitic anode of different surface oxygen functionalization obtained from static DFT

and CI-NEB calculations are tabulated in Table 1.

EC FEC

Surface Sn1 (eV) Sn2 (eV) Sn1 (eV) Sn2 (eV)
Termination reaction barrier reaction barrier reaction barrier reaction barrier

energies heights energies heights energies  heights  energies  heights

pristine graphite -0.36 3.36 -4.56  barrierless -0.61 2.36 0.21 2.56
hydroxyl -0.22 1.33 -3.28  barrierless  -0.65 0.13 -0.59 1.01
ketonic -2.61 0.86 -2.68  barrierless  -0.51 0.11 -0.27 0.51
carboxyl 1.43 1.78 -1.42  barrierless 1.35 1.37 0.26 0.20
carbonyl 7.30 7.48 -7.98 barrierless 4.43 6.79 -0.45 2.61

Table 1: Sx1 and Sn2 reaction energies and barrier heights for ethoxide-Li-EC/FEC decomposition
on graphitic (1120) edge anode of different surface oxygen functionalization as obtained from static

DFT and CI-NEB calculations, respectively.

A previous computational study from our group showed through reaction network analysis that PEC and
PEO are the most thermodynamically favorable products of EC decomposition via Sx1 and Sn2 reaction
pathways, respectively.*® As can be seen from Table 1, the Sn2 oligomerization pathway is exothermic for
all surfaces examined, while the Sx1 pathway is only exothermic for pristine graphite, hydroxyl, and ketonic
surfaces. The most exothermic Sn2 decomposition for EC is on the carbonyl surface, which in combination
with the highly endothermic Sn1 reaction energies, implies that EC decomposition on the carbonyl surface
would result in high PEO content. Although EC decomposition via an Sx1 reaction pathway are also
exothermic on both pristine graphite and hydroxyl surfaces, PEO would still be the major decomposition
product on these surfaces as the reaction energies of Sx2 mechanism are more exothermic than those of Sy1

—provided that the reactions are limited by equilibrium thermodynamics. It can be concluded that in general,
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EC oligomerization on the oxygen functionalized graphitic (1120) edge surface favors an Sx2 pathway
except in the case of a ketonic surface. The small difference in the reaction energies between the two

reaction pathways on the ketonic surface would result in a more equal mixture of PEC and PEO.

In contrast to EC, the nature of the FEC decomposition pathway mechanism was found to be
dependent on the type of oxygen functionalization on graphitic surface. FEC decomposition via Syl
mechanism is preferred on pristine graphite, while decomposition on a carbonyl surface prefers the Sn2
reaction pathway. A carboxyl-terminated surface is less likely to promote FEC decomposition as both Sx1
and Sn2 reactions are endothermic. For FEC decomposition on a hydroxyl surface, the small difference in
the reaction energies between Sx1 and Sn2 reaction pathways implies that both pathways are equally likely.
The surface dependency observed for the FEC decomposition pathway thus suggests a more equally
distributed mixture of oligomerization species instead of one major oligomerization product, as in the case

for EC decomposition.

To get an insight into the competition between EC and FEC decomposition on a particular graphitic
surface, we calculated the barrier heights for decomposition of both EC and FEC on all graphitic surfaces
through CI-NEB. Table 1 shows that EC decomposition via Sy2 mechanism is thermodynamically
barrierless for all graphitic surfaces. For the Sxy1 decomposition pathway, FEC is found to have a lower
reaction barrier than EC. Given the high ratio of EC:FEC molecules in the electrolyte, the oligomerization
reaction at the electrolyte/graphitic anode interface during the initial SEI formation can be described as
follows: First, EC would decompose spontaneously at the electrolyte/anode interface via Sx2 mechanism.
EC decomposition into polyethylene oxide (PEO) regenerates the ethoxide species which may attack
another carbonate-based electrolyte and continue the oligomerization process along the surface of the
graphitic anode. Eventually, ethoxide will react with FEC molecule. Nucleophilic attack of ethoxide on the
FEC molecule results in aldehyde formation rather than ethoxide reformation,*® thus the presence of FEC

molecules in the electrolyte terminates oligomer growth along the interface. The ability of FEC to suppress
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alkoxide regeneration reduces the size of oligomers in the SEI, which based on experimental studies, is

responsible for the formation of a thinner and more flexible SEI layer.6263

Adsorption configurations of oligomerization products PEC and PEO on graphitic surfaces are
found to be similar to those of the ethoxide-Li-EC reactant complex shown in Figure 3. Both PEC and PEO
prefer linear configurations on pristine, hydroxyl, and ketonic surfaces but prefer to adapt cyclic
configurations on carboxyl and carbonyl surfaces. Figure 4 shows PEO configurations on different graphitic

surfaces, which are analogous to the surface adsorption configurations of PEC.

a) b) c) d) e)

Figure 4: PEO adsorption configurations on graphitic surfaces: a) pristine graphite, b) hydroxyl, c)
ketonic, d) carboxyl, and e) carbonyl as main oligomerization product of EC molecule. PEC
adsorption configurations are similar to those of PEO shown here. Li, C, O, and H are depicted in

green, brown, red, and white, respectively.

In the case of FEC decomposition and oligomerization, it has been widely acknowledged that the
decomposition of FEC results in the F-abstraction by graphitic surfaces, which in the presence of Li ion
promotes LiF deposition at the surface.?*%% Many different reaction mechanisms have been proposed in
the literature regarding LiF generation including: 1) alkoxide attack on FEC that yields VC and LiF,*"¢7 2)
multistep reaction involving one-electron ring-opening reduction of FEC followed by radical
oligomerization of fluoropolymer which releases LiF,#%*%® and 3) concerted decarboxylation and
defluorination of FEC molecule that along with LiF also produces vinoxyl radical species.** However, there

1s still no consensus on the LiF formation reaction mechanism.

12



To clarify the mechanism of LiF formation, we ran AIMD simulations for the FEC decomposition
process through both Syl and Sx2 pathways on graphitic surfaces of different surface oxygen
functionalizations. Our AIMD simulations show that FEC decomposition through Sx1 mechanism results
in the formation of EC radical (ECe) through F-abstraction by pristine graphite, hydroxyl, and carboxyl
surfaces. ECe prefers to adopt a linear configuration on surfaces that induce a more exothermic reaction
(pristine graphite and hydroxyl), and to adopt bidentate configuration on the less reactive carboxyl surface.
In contrast, FEC decomposition is not accompanied by F-abstraction on either ketonic or carbonyl surfaces,
and PFEC oligomer remains as the main FEC decomposition product on these two surfaces. The absence
of F-abstraction on both ketonic and carbonyl surfaces may stem from the lack of -OH group on the ketonic
and carbonyl surfaces that serve as a source of proton to facilitate F-abstraction. Thus, in the presence of
electropositive ions at the interface, such as H" or Li ion, F-abstraction may still occur. In comparison to
the ketonic surface, F-abstraction by the carbonyl surface is more thermodynamically unfavorable (c.f-

Table 1).

In the case of the formation of ECe on the pristine graphite surface, the F-abstraction causes electron
transfer from the highly electronegative F atom to the graphite surface. The transferred electron density
accumulates on the carbon atom next to F adsorption site. Adsorption of ECe then occurs on this
neighboring site through formation of a Li-C bond, with graphite surface acting as an electron donor. The
Li facilitated adsorption implies that the pristine graphite surface now behaves similarly to the oxygen
functionalized surfaces. ECe adsorption on the pristine graphite surface in the presence of a surface F is in
contrast to all other adsorption on pristine graphite cases, where the pristine graphite serves as an electron
acceptor and adsorption occurs through the ethylene oxygen (Og). Adsorption configurations and electronic
distribution difference between ethoxide-Li-FEC and EC- radical on the pristine graphite surface are shown

in Figure 5.
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Figure 5: Adsorption configuration of a) ethoxide-Li-FEC and b) ECe on pristine graphite (1120)
surfaces; charge density difference distributions for c) ethoxide-Li-FEC and d) ECe. Unit of charge
density difference is e/Bohr. Yellow represents the electron accumulation area, while cyan is electron

depletion area. Li, C, O, H, and F are depicted in green, brown, red, white, and purple, respectively.

Meanwhile, for FEC decomposition through an Sy2 mechanism, we find that the coupling between
decarboxylation and defluorination of the FEC molecule only happens on the hydroxyl surface. The F-

abstraction by the hydroxyl surface leads to the formation of a vinoxyl radical. For all other surfaces
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considered in this study, FEC decarboxylation is not followed by spontaneous F-abstraction. In this case,
the main product of the concerted FEC decomposition and decarboxylation is a PFEO oligomer rather than
a vinoxyl radical.* PFEO and vinoxyl radical are observed to prefer cyclic configurations on all surfaces
but the ketonic surface. Although spontaneous F-abstraction was not observed on any surface except the
hydroxyl surface for FEC Sx2 decomposition, F-transfer may be induced through application of an external

potential that would lower the LUMO of FEC to below the Fermi energy of the anode.*

Based on AIMD simulations, we conclude that the formation of LiF at the early stage of SEI in
LIBs is subject to the ability of the anode surface to facilitate F-abstraction from FEC molecules. Pristine
graphite, hydroxyl, and carbonyl surfaces are able to abstract the F atom from FEC, but ketonic and carbonyl
surfaces do not. F-abstraction promotes the formation of radical species, of which is dictated by the type
oxygen functional group present. F-abstraction by pristine graphite and carboxyl surfaces results in the
formation of ECe, while hydroxyl surface may also produce vinoxyl radical in addition to ECe. A recent
literature on lithium metal batteries also supports our finding of the relation between LiF formation and
surface F-abstraction mechanism.” This finding also consolidates the differences in LiF formation reaction
mechanisms along with various oligomerization species detected in experiments: ECe, PFEC oligomer,
vinoxyl radical, and PFEO. The chemical structure of ECe, PFEC oligomer, vinoxyl radical, and PFEO as
products of FEC decomposition and oligomerization as obtained from our AIMD simulations are shown in

Figure 6.

a)

Figure 6: FEC decomposition products as observed in AIMD simulations: a) ECe radical, b) PFEC

oligomer, c¢) vinoxyl radical, and d) PFEO oligomer. In both a) and c), the F atom abstracted by the
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surface is not shown. For clarity, graphitic surfaces are simplified. Li, C, O, H, and F are depicted in

green, brown, red, white, and purple, respectively.

4. Conclusions

We have investigated the effect of both FEC addition and oxygen functionalization on graphitic
surfaces on the initial formation of an SEI at the uncharged virgin graphitic anode. AIMD simulations show
that the alkoxide attack on the Cc site of the EC molecule through Sy1 reaction generates PEC, while attacks
on the Cg site of the EC through Sx2 pathway yield PEO and CO,. Oligomerization of FEC through Sx1
results in a mixture of ECe and PFEC, while decomposition through Sy2 yields formation of vinoxyl radical
on the hydroxyl surface and PFEO on all other surfaces. A series of DFT calculations show that the Sx1
reaction pathway favors FEC decomposition due to the greater reaction energies exothermicity and lower
barriers for FEC decomposition than for EC on all graphitic surfaces. In contrast, EC oligomerization
through Sx2 reaction pathway into PEO is barrierless on all surfaces considered. The preference of FEC to
undergo oligomerization through an Snx1 pathway explains the ability of FEC to suppress regeneration of
alkoxide, which is responsible for continual oligomerization along the surface of graphitic anode. This
implies that the addition of FEC into the electrolyte mixture of LIBs results in a thinner, more flexible, and

more superior SEL

Variation of oxygen functionalization on graphitic surfaces affect the adsorption configurations of
both reactant and products on the surfaces: through O on pristine graphite, through formation of two Li-O
bonds between the Li atom of EC/FEC complex and surface oxygen atoms on hydroxyl and ketonic
surfaces, and in a monodentate fashion through one Li-O bond with surface oxygen on the carboxyl and
carbonyl surfaces. FEC decomposition on pristine graphite and carboxyl leads to the formation of F-
abstraction promotes the formation of ECe. In addition to ECe, the formation of vinoxyl radical is also

observed on the hydroxyl surface. The ability of graphite surfaces to abstract F from FEC molecules
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correlates directly to the formation of LiF. The relations between LiF formation, oligomerization products,

F-abstraction mechanism, and surface oxygen functional groups on graphitic anode consolidates the

differences in oligomerization products detected by experiments.
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