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ABSTRACT: Ab initio molecular dynamics simulations are
used to identify mechanisms of reduction of ethylene
carbonate on Si surfaces at various degrees of lithiation,
where the low-coordinated surface Si atoms are saturated with
O, OH, or H functional groups. The lowest Si content surfaces
are represented by quasi-amorphous LiSi, and LiSiy;
intermediate lithiation is given by LiSi crystalline facets, and
the highest Li content is studied through Li,;Si, surfaces. It is
found that ethylene carbonate (EC) reduction mechanisms

depend significantly on the degree of lithiation of the surface. On LiSi surfaces EC is reduced according to two different two-
electron mechanisms (one simultaneous and one sequential), which are independent of specific surface functionalization or
nature of exposed facets. On the less lithiated surfaces, the simultaneous two-electron reduction is found more frequently. In that
mechanism, the EC reduction is initiated by the formation of a C—Si bond that allows adsorption of the intact molecule to the
surface and is followed by electron transfer and ring-opening. Strongly lithiated Li,;Si, surfaces are found to be highly reactive.
Reduction of adsorbed EC molecules occurs via a four-electron mechanism yielding as reduction products CO?*~ and
O(C,H,)O*". Direct transfer of two electrons to EC molecules in liquid phase is also possible, resulting in the presence of

O(C,H,)OCO* anions in the liquid phase.

KEYWORDS: solid electrolyte interphase reaction, ab initio molecular dynamics, solvent reduction, Li-ion batteries

1. INTRODUCTION

Lithium-ion batteries play an important role providing portable
energy to popular electronic devices such as cell phones and
laptops. However, the performance of the battery regarding life
cycle stability and energy density is still insufficient to satisfy
the needs of high-end electronics or electric cars.' > In terms of
improving the energy density of the battery, silicon is one of the
most promising materials due to its large charge storage
capacity, reported to be about 10 times higher than that of
graphitic anodes.*”” Unfortunately, silicon undergoes signifi-
cant structural changes during lithium intercalation, which
causes mechanical damage and pulverization of the electrode
after a few hundred lithiation/delithiation cy'cles.4_7 A factor
believed to help improve the mechanical stability of the anode
is the formation of a passivating layer known as solid electrolyte
interphase (SEI).*” The SEI layer is formed on the silicon
surface due to reduction of organic solvent and electrolyte
components,10 and its thickness, structure, and chemical
composition have been found experimentally to depend on
the solvent, electrolyte, additives employed, and structure of the
electrode.*'"'> Given the importance of the SEI layer
stabilizing the anode and hindering further decomposition of
the electrolyte, efforts must be focused on the study of the
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various stages of the process. Of special interest is the reduction
of electrolyte species on lithiated silicon surfaces as a function
of the degree of lithiation, surface facet exposed, and surface
functionalization. Electrolyte components may be in direct
contact with the fresh lithiated anode during the first lithium
intercalation, and also after cracking of the SEI layer due to
expansion/contraction of silicon during lithiation/delithiation
cycles.”” A thorough understanding of the reduction of
electrolyte species on the anode surface will help elucidate
the factors playing a role in the formation of the SEI layer.

In this work, we investigate the reduction of ethylene
carbonate (EC) on lithiated surfaces with different composi-
tions of lithium using ab initio molecular dynamics (AIMD)
based simulations. The mechanism is described in detail for the
LiSi-100 and the LiSi-101 surfaces. Lithium monosilicide (LiSi)
is one of the first stable crystalline phases expected during
lithiation of silicon at high temperatures.'* Subsequently, the
effect of lower lithium content is analyzed by comparing the EC
reduction process on LiSi,-100, LiSi,-100, as well as with the
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Table 1. Calculated Lattice Constants, Fractional Coordinates, and Volume of the Unit Cell of Bulk LiSi”

lattice constants (A)

Li fractional coordinates

Si fractional coordinates

vol (A%) x
501.9163 0.0802

a c
9.3607 5.7281
“The space group is I4,/a.

0.8853

z x y z

0.0567 0.1103 0.9526 0.5955

Table 2. Lattice Constants and Crystallographic Information of the LiSi-100 and LiSi-101 Surfaces Used for the AIMD

Simulations®
lattice constants (A)
surface space group a b c
LiSi-100 P1 (triclinic) 9.36 1146 272
LiSi-101 P1 (triclinic) 21.95 9.36 24.0

no. Li/no. Si no. EC (liquid phase)
48/48 (8) 10 1
64/64 (8) 13 1

no. EC (gas phase)

“The number of Li and Si atoms in each system is also shown with the number of two-fold coordinated silicon atoms in parentheses. Additionally,
the number of EC molecules employed to model the liquid and gas phase in each system is shown.

Figure 1. LiSi unit cells and EC molecule utilized in the AIMD simulations. (left) LiSi-100 surface (middle) LiSi-101 surface. The distance H,
separating the slab from its periodic image in the z-direction, corresponds to 10 A in the 100-surface and 8 A in the 101. Silicon atoms are yellow;
lithium atoms are pink. The green atoms represent the functional groups (—H, —O, and —OH) capping the two-fold coordinated silicon atoms in
each surface. (right) Optimized ethylene carbonate molecule (C, symmetry). Calculated bond lengths and symmetry are in agreement with
previously reported values.*® Carbon atoms are grey, oxygen atoms are red, and hydrogen atoms are white.

higher lithiation limit, the strongly lithiated Li;Si, surface.
Voltages corresponding to these lithiation stages are >0.39 V vs
Li*/Li metal for LiSi,-100 and LiSi,-100, 0.39 V for LiSi, and
about 0.2 V for Li,;Si,.">"¢ Surface functionalization is explored
through addition of O, H, and OH atoms to low-saturated Si
atoms on the surface. The presence of other solvent or additive
molecules may affect the reduction because they may reduce at
different potentials, and consequently charged intermediate
products of one reduction may induce further reductions. For
example, some additives such as vinylene carbonate (VC) are
known to be reduced earlier than EC,'” but EC reduces before
the linear carbonates such as diethyl carbonate (DEC) or
dimethyl carbonate (DMC).'® Comparisons between propy-
lene carbonate (PC) and EC were also addressed in previous
work where we examined electron transfer to solvated Li ions."?
We note that when a solvated Li ion complex is close to the
negative electrode, the complex may receive an electron from
the surface and depending on the cell potential that electron
may reduce either the Li ion or the EC molecule. On Si anodes,
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at potentials higher than 039 V (vs Li/Li*), only solvent
molecules will be reduced. This is one of the cases we are
addressing in this work, on surfaces with very low Li
concentrations. At lower cell potentials, a surface electron
may reduce the solvated Li ion, triggering a desolvation process.
Consequently, some solvent molecules become free and able to
be reduced by the surface; this is another case we are addressing
in this work. Finally, also at low potentials where the Li ion may
be reduced, there is a significant amount of solvent molecules
that are not in the first solvation shell of the ion. Those
molecules have high mobilities and can get close to the surface
and become reduced by various mechanisms described in this
work. Thus, while in our earlier reports we focused on
reduction of solvated species, in this paper, we concentrate on
surface effects, specifically on the Si anode under various states
of lithiation. These results provide a first step to develop a
better understanding of the SEI layer formation, and they are
expected to help develop new strategies to mitigate silicon-
anode degradation in Li-ion batteries.
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2. COMPUTATIONAL AND SYSTEM DETAILS

2.1. Reduction of Ethylene Carbonate (EC) on Lithium
Monosilicide (LiSi). To study the reduction of EC on lithium
monosilicide surfaces, a bulk Lij¢Sijs system was optimized using
density functional theory (DFT). The structure of LiSi consists of
three-fold coordinated Si~ anions forming a series of eight-membered
rings linked together, and Li" cations within the cavities of the three-
dimensional network formed by the rings.***' The calculated lattice
constants (a and c), fractional coordinates of Li and Si atoms, and
volume of the unit cell are shown in Table 1. Comparisons with
experimental and other theoretical studies show good agreement of
our calculation with reported parameters.”'™>* Subsequently, the
optimized bulk was cleaved to generate five different low-index
surfaces corresponding to the (001), (100), (101), (110), and (111)
crystallographic planes. Surface energies were calculated through DFT
calculations using eq 1,** where o is the surface energy, A is the total
area of the surface in the slab model, Eg,, is the total energy of the slab
model for the surface, Ey,y is the energy of the bulk material, and n is
the number of formula units of the bulk in the slab model:

1
o= —[Ey, —nE
A [ slab bulk] (1)

Calculated surface energies correspond to 0.059, 0.039, 0.049, 0.054,
and 0.055 eV/A? for the (001), (100), (101), (110), and (111)
surfaces, respectively. The surface with the lowest energy is the (100)
followed by the (101); consequently, these two surfaces were chosen
to analyze the reduction of EC on lithium monosilicide. However, in
order to eliminate dangling bonds on the systems, two-fold
coordinated silicon atoms on the surfaces were terminated using one
—H, —O, or —OH functional group. These functionalized LiSi surfaces
were then optimized and the reduction of EC molecules was studied in
the six different resulting systems (LiSi-100-H, LiSi-100-O, LiSi-100-
OH, LiSi-101-H, LiSi-101-O, and LiSi-101-OH), using AIMD
simulations. Previous reports have shown the capabilities of AIMD
to model liquid EC decomgosition on different electrode materials
within accessible time scales.”>™>® Crystallographic information on the
unit cells modeling the LiSi-100 and the LiSi-101 surfaces, along with
the number of EC molecules employed to model the liquid and the gas
phases, are reported in Table 2. The systems are depicted in Figure 1,
together with an optimized EC molecule.

Optimizations were performed using the Vienna ab initio simulation
package VASP,”*3* with the Perdew—Burke—Ernzerhof functional
(GGA-PBE)** and the projector augmented wave (PAW) pseudopo-
tentials provided in the VASP databases describing electron—ion
interactions.>>*® The plane wave was expanded up to a cutoff energy
of 400 eV. The convergence criteria for ionic relaxation loop and for
electronic self-consistent iteration were set to 107 and 107" eV
respectively. A Gaussian smearing with a width of 0.05 eV was
employed, and a 4 X 4 X 1 k-points Monkhorst—Pack®” mesh
sampling was used in the surface Brillouin zone.

The AIMD simulations were carried out on the optimized LiSi
surfaces in contact with liquid-phase EC (density = 1.32 g/cm®) and
also gas-phase EC (density ~ 0.1 g/cm?®), using the NVT ensemble at
400 K and a time step of 1 fs. The Nose thermostat was used to
control the temperature oscillations during the simulation with a
Nose-mass parameter of 0.5, which gives a frequency of oscillation
corresponding to 176 time steps. A I'-point Brillouin zone sampling
was applied in this case with a planewave energy cutoff of 300 eV.
Increasing the cutoff energy to 400 eV yielded similar qualitative
results but decreased the number of EC molecules adsorbing on the
given surface. Given that the aim of this work is to study the EC-
adsorption mechanism, the cutoff energy chosen was that allowing a
slightly larger number of molecules reducing on each surface (300 eV)
but following the same mechanism as with the larger cutoff (400 eV).
In every case, EC molecules were placed randomly in the liquid phase
and a molecular dynamics minimization was performed using the
consistent valence force field (CVFF) as implemented in the
DISCOVER simulation software.”® CVFF is considered 40good for
modeling small organic crystals and gas phase structures.” For the

minimization, a smart algorithm was used combining steepest descent,
conjugate gradient, and Newton methods. The maximum force among
all the atoms in the system required for convergence was set to 0.001
keal mol™ A™!. Subsequently, the minimized system was allowed to
relax during the first 2 ps of AIMD simulation with an imposed charge
of +4lel to avoid reduction of the EC molecule. After this relaxation
time, all the systems were allowed to run for additional 8 ps. Two
different initial configurations were used for each of the surfaces
studied. Bader charge analysis was used to perform charge
calculations.*"** Within this method, the total electronic charge of
an atom is approximated by the charge enclosed within the Bader
volume defined by zero flux surfaces.

2.2. Reduction of Ethylene Carbonate (EC) on LiSi,-100 and
LiSi,-100 Surfaces. In order to evaluate the effect of lower lithium
content in the silicon surface, the EC reduction process was also
studied on LiSi,-100 and LiSi,-100 surfaces. The slabs were formed by
randomly removing lithium ions from the LiSi-100 surface and re-
optimizing the surface with lower lithium content using DFT. Two-
fold coordinated silicon atoms were then terminated using one
hydrogen atom with the purpose of eliminating dangling bonds. These
systems were subsequently employed to perform AIMD simulations
interacting with liquid EC at 400 K. Parameters employed for DFT
and AIMD simulations are the same reported in the previous section.

2.3. Reduction of Ethylene Carbonate (EC) on Li;3Si,-010
Surface. The high-lithiation limit was evaluated by studying the
reduction of EC on the Lij;Si, surface, which is a disordered alloy
found on cycled materials and made up of silicon dumbbells and
isolated silicon atoms as described by Chevrier et al.”* The 010
crystallographic plane was chosen to model the surface since it
represents one of the most stable planes for this stoichiometry.”® In
this case, no silicon atoms are on the topmost layers of the surface;
therefore elimination of dangling bonds was not necessary. The
optimized Li;3Si,-010 surface was then used to perform AIMD
simulations interacting with liquid EC at 400 K (Figure 2). The unit
cell consisted of a P1 triclinic cell with vectors 15.84 X 27.00 X 8.88.
Twelve EC molecules were used in this case to represent the EC liquid
phase (density = 1.32 g/cm?). Parameters employed for DFT and
AIMD simulations are the same reported in section 2.1.

Figure 2. Optimized Li;3Si,-010 slab in contact with liquid EC
employed for the AIMD simulations at 400 K. Silicon atoms are
yellow, lithium atoms are pink, carbon atoms are grey, oxygen atoms
are red, and hydrogen atoms are white.
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3. RESULTS

3.1. Reduction of Ethylene Carbonate (EC) on Lithium
Monosilicide (LiSi). 3.1.1. EC Reduction Mechanism. Charge
analyses allowed the determination of partial atomic charges on
the slab models and also on the EC molecules in gas and liquid
phase. These charges are reported in Tables 3 and 4. In general,

Table 3. Partial Charges Calculated for the Li and Si Atoms
on the LiSi Surfaces”

average charge lel

two-fold three-fold
coordinated coordinated Li functional group
surface Si atoms Si atoms ions (=H, =0, or —OH)
LiSi- -0.33 —-0.82 0.83 —-0.55
100-H
LiSi- 0.38 -0.75 0.83 —1.60
100-O
LiSi- —0.04 -0.79 0.82 —0.94
100-
OH
LiSi- -0.29 —0.83 0.82 —0.50
101-H
LiSi- 0.62 —0.81 0.83 —1.57
101-O
LiSi- —0.01 —0.82 0.83 —0.85
101-
OH

“Charges for the functional groups terminating the two-fold
coordinated silicon atoms are also reported.

Table 4. Partial Charges Calculated for the EC Molecule in
Gas and in Liquid Phase®

average charge lel

EC molecule 0O, 0O, C, C, H
gas-phase -1.10 —1.00 2.09 0.39 0.08
liquid-phase -1.13 -0.97 1.99 0.31 0.12

“See Figure 1 for nomenclature.

Li" ions have a positive charge corresponding to +0.82lel, three-
fold coordinated silicon atoms (the 4th coordination is to Li)
have a negative charge close to —0.8lel. Two-fold coordinated
silicon atoms (the 3rd coordination is to Li) have a less
negative charge that depends on the functional group to which
they are bonded, approximately —0.3lel for silicon atoms
bonded to hydrogen, between +0.4lel and +0.6lel for those
bonded to oxygen, and close to Olel for silicon atoms bonded to
hydroxyl groups. Hwang et al. showed the relationship between
Si—Si coordination and the charge state in bulk and amorphous
Li,Si, alloys.” They calculated a charge of —0.8lel for three-fold
coordinated silicon atoms forming rings in bulk phase LiSi, and
+0.84lel for the Li cations, in very good agreement with our
results. Additionally, a decrease in negative charge to
approximately —0.73lel is reported for silicon atoms on slabs
as the average coordination of the atoms decreases compared
with that in bulk phase. In these surfaces, the net charge of two-
fold coordinated silicon atoms is ultimately defined by the
functional group interacting with the surface silicon atoms.
Regarding the EC molecule, a significant charge distribution
is observed for the molecule in both gas and liquid phases; the
largest partial charges are found for the oxygen atoms and the
C, atom, corresponding to approximately —1.1lel and +2.0lel,
respectively. Large dipole moments have been previously

reported for the EC molecule.*® The nomenclature used for
the EC atoms is defined in Figure 1.

Specific reduction products obtained for all of the different
LiSi surfaces after 8 ps of AIMD simulations at 400 K are
reported in Table S. The path followed by all the EC molecules

Table S. Reduction Products Observed on LiSi Surfaces after
8 ps of AIMD Simulations at 400 K

surface run  EC ring-opened (0OC,H,0C0*) GC,H, + CO32_
LiSi-100-H 1 0 0
2 1 0
LiSi-100-O 1 0 0
2 1 0
LiSi-100-OH 1 0 0
2 0 0
LiSi-101-H 1 3 1
2 2 0
LiSi-101-O 1 3 0
2 1 0
LiSi-101-OH 1 2 0
2 4 0

“Runs 1 and 2 refer to two different initial configurations used in every
surface to account for randomness of the EC liquid phase. No
adsorption or reduction of the EC molecule was observed in any case
when the molecule was in gas phase.

reduced on LiSi surfaces was carefully analyzed to determine
their adsorption mechanism. Differences in reactivity between
the various LiSi surfaces are discussed in the following section.

The mechanism by which EC molecules adsorb on LiSi
surfaces seems to be independent of both the crystallographic
plane and the functional group terminating the two-
coordinated silicon atoms. In all the six different surfaces
employed (LiSi-100-H, LiSi-100-O, LiSi-100-OH, LiSi-101-H,
LiSi-101-O, and LiSi-101-OH), the process starts with
electrostatic interactions between the negatively charged O,
of the molecules (see Figure 1 and Table 4) and Li* ions, which
allows some of the molecules to get closer to the surface.
Usually, O,—Li" distances are around 2 A, and as a result, C,—
Si distances for these molecules oscillate between 3.5 and 4.5 A.
The C,—Si distance is very important because the transference
of charge responsible for the adsorption of the EC molecule
takes place between a silicon atom on the surface and the C,
atom of EC. As has been reported earlier, the LUMO of
solution phase EC localizes around the C; atom, and the
addition of electrons to the LUMO results in C;—O, or C;—0,
bond stretching.””

Figure 3 shows the fluctuation of C,—Si distances for 6 of the
13 EC molecules interacting with a LiSi-101-H surface. It is
concluded that 4 A can be considered the critical distance for
adsorption, since EC molecules with C;—Si interactions
oscillating around this value may adsorb on the surface.
However, adsorption will take place only if the C,; atom is able
to get closer to the Si-atom. The ability of the molecule to
come closer to the surface appears to be a result of the
interaction with other surrounding molecules, given that no
adsorption is observed in any case when the EC molecule is in
gas phase. Explicit treatment of solvent EC molecules, which
display large dipole moments, has been previously found to
facilitate the dissociation of molecules compared with gas-phase
reaction.”>">”*® Once the C,—Si distance is smaller than 3.5 A,
adsorption of the molecule takes place along with a significant
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Figure 3. Fluctuation of the C,—Si distance during 8 ps of AIMD
simulations for 6 of the 13 EC molecules modeling the liquid phase in
contact with a LiSi-101-H surface; 4 A can be considered the critical
distance for adsorption, since EC molecules with C;—Si interactions
oscillating around this value may adsorb on the surface. EC molecules
4 and S get adsorbed on the surface after about 4 ps of simulation.

transference of charge from the surface to the molecule. Figure
4 shows the adsorption mechanism for an EC molecule on the
LiSi-101-H surface and the charge displayed by the molecule at
each step.

C,-Si=4.075A
0,-li*=2.11A

C,-Si=2.747A
., O,lit=196A
/ A

C,-Si=1.948 A
) Op-lit=1.81A

m T c,si=1.936 &
yd _ 0,Li*t=1.874
<7 WA

Figure 4. Example of the adsorption mechanism followed by EC
molecules on LiSi surfaces. Panels a—d show an EC molecule
adsorbing on the LiSi-101-H surface. The adsorption starts with O,—
Li* interactions (panel a), once the molecule gets closer to the surface
(C,—Si < 3.5 A, panel b) adsorption of the molecule takes place (panel
c) and a C,—O, bond breaks (panel d). The net charge of the
molecule is —0.07lel, —0.64lel, —1.46lel, and —1.66lel in panels a, b, ¢,
and d respectively.

The net charge of EC molecules as a function of the C,—Si
distance was calculated for several molecules adsorbing on the
different LiSi surfaces. It was found that molecules inside the
liquid region (far from the surface) have net charges practically
equal to zero, whereas small negative charges are calculated for
molecules closer to the surface. For C,—Si distances slightly
below 4.5 A, the molecules display an average charge of —0.1lel,
this charge remains practically constant up to a C,—Si distance
of 3.5 A. For shorter distances, the negative charge monotoni-

cally increases as the C,—Si distance decreases, until adsorption
takes place (C,—Si ~ 1.9 A). Figure S shows the calculated

0.5
@ 1 2 3 4 5
o 0
3
°
2 05 o LiSi-101- H *
9 o LiSi-101-H
-1 -

2 o LiSi-100-H*
5 - o LiSi-101-0*
g 15 o LiSi-101-0
2 Lisi-101-0
S 2
] ° o LiSi-101-OH*
4

2.5

C,-Sidistance (A)

Figure S. Net charges of EC molecules on different LiSi surfaces as a
function of their distance to the surface (C,—Si distance). The
asterisks denote cases in which the molecule is adsorbed on two-fold
coordinated silicon atoms. Other cases refer to molecules adsorbing on
three-fold coordinated silicon. In both cases, the Si atom is also
coordinated to Li.

charge of EC molecules adsorbing on the LiSi-100 and LiSi-101
surfaces. From the figure it is evident that there are no
significant differences in the electrostatic interaction of LiSi
surfaces with the EC molecules and that the charge transferred
is mostly dependent on the C,—Si distance. Moreover, charge
transfer is not significantly influenced by the functional group
capping the silicon atoms or even by the nature of the silicon
atom where the molecule is being adsorbed (two- or three-fold
coordinated).

The charge analysis also reveals that the adsorption of
molecules takes place through a two-electron mechanism,
similar to the one reported for the dissociation of EC molecules
on graphitic anodes and on lithium metal surfaces.”>™>>%*
Most of the molecules adsorbed on the LiSi surfaces have net
negative charges close to —2lel and a broken C,—O, bond,
yielding the O(C,H,)OCO?" species (see Table S and Figure
4d). The C;—0, bond has been reported to be the weakest in
EC —Li" complexes found in liquid-phase EC,** and it was
observed to break irreversibly when EC molecules were
adsorbed on lithium—metal anodes.”” Reaction 2 describes
the reduction pathway followed by EC molecules adsorbing on
lithium monosilicide surfaces (same pathway shown in Figure
4).

EC(,) + 267 = O(C,H,)0CO* 4 @)

Interestingly, reaction 2 was not the only reduction mechanism
observed on LiSi surfaces. In one of the cases, an EC molecule
further decomposes into a C,H, + CO;>” pair (see Table ).
Contrary to the mechanism in reaction 2, EC reduction takes
place in the liquid phase. This latter case was further analyzed,
and charges were calculated for the different steps in the
decomposition process (Figure 6). Initially, a single electron is
transferred from the surface to a lithium-coordinated EC
molecule, causing a C,—O, bond to break. Subsequently, a
second electron is transferred to the EC™ anion, triggering the
breaking of a second C,—O, bond and generating the C,H, +
CO,*" pair. This second reduction mechanism, described by
reactions 3 and 4, was first introduced in an earlier analysis of
EC reduction,” and it has recently suggested to be favored
when electron tunneling rates from the electrode to the

dx.doi.org/10.1021/am404365r | ACS Appl. Mater. Interfaces 2013, 5, 13457—13465
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-0.20 |e|

-1.59 |e|

CO,>=-1.54 [e|
C,H,=-0.01 [e]

Figure 6. Decomposition of an EC molecule in the liquid phase, following reactions 3 and 4. Initially, a single electron is transferred from the surface
to the lithium-coordinated EC molecule (panel a), causing a C,—O, bond to break (panel b). Subsequently, a second electron is transferred to the
EC radical anion (panel c), triggering the breaking of a second C,—0, bond and generating the C,H, + CO,*" pair (panel d). The net charges of
the EC molecule or the CO;*"/C,H, products are shown at the bottom of each panel.

electrolyte are slow.”> However, this example illustrates that
this sequential two-electron transfer may also happen (although
much less frequently) when the molecule is in direct contact
with the electrode surface at low stages of lithiation. Reaction
products in reactions 2—4 have been commonly observed
during decomposition of EC molecules in solution phase and
also for simulations using explicit EC/electrode interfa-

25-27,38
cess 7,38,44

EC + 1le” = EC™ (3)

EC™ + le” — CO;"” + C,H, (4)

3.1.2. Relative Reactivity of LiSi-100 and LiSi-101 Surfaces.
Looking at the reduction products in Table 5, it is evident that
the LiSi-101 surface is more reactive than the (100) towards
EC reduction, with the 100-OH surface being the least reactive.
To understand the reason for reactivity differences among the
surfaces we refer to the EC adsorption mechanism. The first
step required for the adsorption of an EC molecule is the O,—
Li" interaction. The more EC molecules are interacting with the
surface the larger the number of Si—C; interactions around 4 A
(the critical distance for adsorption) and, therefore, the larger
the probability of molecules getting adsorbed. In the LiSi-101
case, the Li" jons are free enough to interact with the O, atoms
of EC molecules. The average nearest-neighbor (NN) distances
for Li* ions are 2.50, 2.27, and 2.39 A for the LiSi-101-H, LiSi-
101-O, and LiSi-101-OH surfaces, respectively. The negative
charge born by the oxygen and hydroxyl species plays a role
attracting Li* ions and causing smaller NN distances than in the
case of the surface with hydrogen terminations. However,
calculated NN distances are still large enough to allow easy
O,—Li" interactions (as it will be shown in Figure 8). In the
other hand, the average NN distances for Li* ions in the LiSi-
100 surfaces are much shorter. They correspond to 2.20, 2.05,
and 2.00 A for the LiSi-100-H, LiSi-100-O, and LiSi-100-OH
surfaces, respectively. In the LiSi-100-O and LiSi-100-OH cases,
the Li* ions are so close to the O® and OH™ species,
respectively, that the interaction between negatively charged O,
atoms and Li" ions becomes difficult. Consequently, not
enough EC molecules are able to come closer to the LiSi
surface, resulting in poorer reactivity of these systems.

This effect is more clearly observed in Figures 7 and 8, where
the fraction of EC molecules with Si—C; interactions below 4 A
is plotted against time. Figure 7 follows the trend expected
from the calculated NN distances of Li* ions, the LiSi-100-H
presents a higher number of Si—C; interactions than the LiSi-
100-O and the LiSi-100—OH surfaces. Averages calculated over

o
o

4B LiSi-100-H-run1 Average=0.12/fs
LiSi-100-H-run2 Average=0.17/fs
LiSi-100-0O-runl Average=0.06/fs
LiSi-100-O-run2 Average=0.11/fs
0.4 4R LiSi-100-OH-runl Average=0.02/fs
LiSi-100-OH-run2 Average=0.01/fs

, i

ﬁL' m Mﬁt

4000 6000 8000
Time (fs)

Fraction of EC-molecules with Si-C, < 4A

Figure 7. Fraction of EC molecules with Si—C, interactions below 4 A
for the different LiSi-100 surfaces studied as a function of time. Runs 1
and 2 refer to two different initial configurations used in every surface
to account for randomness of the EC liquid phase. Averages calculated
over the 8 ps of AIMD simulations are also shown.
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Figure 8. Fraction of EC molecules with Si—C, interactions below 4 A
for the different LiSi-101 surfaces studied, as a function of time. Runs 1
and 2 refer to two different initial configurations used in every surface
to account for randomness of the EC liquid phase. Averages calculated
over the 8 ps of AIMD simulations are also shown.

the 8 ps of AIMD simulation, for two different runs in every
surface, are 0.015, 0.085, and 0.145 Si—C, interactions per
silicon atom on the surface per femtosecond, for the LiSi-100-
OH, LiSi-100-O, and LiSi-100-H, respectively. These numbers
have a direct relation with the reactivity displayed by the
different surfaces (number of reduction products observed for
each case, Table S). Furthermore, Figure 8 does not show
significant differences in the number of Si—C, interactions on
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the different LiSi-101 surfaces. Calculated averages are 0.175,
0.145, and 0.175 Si—C, interactions per silicon atom on the
surface per femtosecond for the LiSi-101—OH, LiSi-101-O, and
LiSi-101-H, respectively. It is important to notice that these
averages are higher compared with the ones calculated for the
LiSi-100 surfaces. This explains the higher reactivity of the LiSi-
101 crystallographic plane and also the similar number of
reaction products observed on the three functionalized (101)
surfaces.

In summary, the reactivity of LiSi surfaces is mainly
determined by the ability of EC molecules to interact with
Li" ions on the surface. The specific crystallographic plane and
also different terminations (—H, —O, or —OH) affect Li* ion
NN distances on the surface, and if these are too short, Li*—EC
interactions are hindered. In the case of LiSi-101 surfaces, Li*
NN distances are all above 2.27 A; this distance seems to be
long enough to easily allow Li*—EC interactions since no
significant differences are observed in the reactivity of LiSi-101
surfaces towards EC reduction. However, in the case of LiSi-
100 surfaces, Li* NN distances are much shorter, all of them
below 2.20 A. These short distances result in poorer reactivity
towards EC reduction since not enough molecules are able to
approach the surface (as shown in Figure 7). This reactivity
trend driven by geometrical differences among LiSi surfaces
differs from the one found on graphitic anodes.** In that case,
the reactivity was determined by the electrochemical activity of
the functional groups terminating the graphitic surface.
Therefore, hydrogen terminations were found to be inactive
towards EC reduction, and highly oxidized sites were found to
be the most active.

3.2. Reduction of Ethylene Carbonate (EC) on Low-
Lithiated LiSi, and LiSi, Surfaces. Figure 9a,b shows the
optimized unit cells of LiSi,-100-H and LiSi,-100-H surfaces,
respectively. A larger deformation of the tetrahedral silicon
structure is found for the LiSi,-100-H case due to the lower
ionic stability of the silicon rings in this system. Additionally,

A B /. N -

Figure 9. Unit cell of (a) the LiSi)-100-H surface and (b) the LiSi,-
100-H surface. Silicon atoms are yellow, lithium atoms are pink, and
hydrogen atoms are white.

silicon atoms on the topmost layer of these surfaces undergo
larger reconstruction than in the LiSi system, resulting in a
smaller number of two-fold coordinated silicon atoms (four in
the LiSi,-100-H surface and two in the LiSi,-100-H). Average
calculated charges for Li* ions correspond to +0.83lel in both
surfaces, whereas calculated charges for silicon are directly
related to the content of lithium in the surface, corresponding
to —0.41lel in the LiSi,-100 surface and —0.21lel in the LiSi,-
100. Such relationship is expected from the ionic nature of
these crystals, in which the negative charge of silicon anions
results from a direct transference of electrons from lithium.
Hwang et al. calculated a negative charge of —0.3Slel for three-
fold coordinated silicon atoms forming rings in bulk phase
LiSi, 5 and +0.85lel for lithium ions,* similar to the charges
calculated in this work for the LiSi,-100 surface. Investigation of
the EC reduction in LiSi,-100-H and LiSi,-100-H surfaces will
allow identification of possible differences in the mechanism
given by variations in the electrostatic state of silicon at lower
lithiation stages.

Only one initial configuration was used in these systems to
perform the AIMD simulations; therefore randomness of the
liquid phase is not fully taken into account. In consequence,
comparisons with the reactivity of LiSi surfaces will not be
discussed but rather possible differences in the EC reduction
mechanism due to the lower lithiation stage. Adsorption of an
EC molecule was observed in the LiSi,-100-H surface after 4 ps
of simulation at 400 K, while in the LiSi,-100-H surface it was
observed after 16 ps (much longer time compared to those in
Figure 3, but better statistics are needed to confirm). The
reduction mechanism observed in both surfaces corresponds to
that depicted in Figure 4. Charges calculated at different C,—Si
distances during the adsorption are shown in Table 6. When

Table 6. Net Charge of EC Molecules Adsorbing on LiSi,-
100-H and on LiSi,-100-H Surfaces as a Function of the C,—
Si Distance

LiSi,-100-H LiSi,-100-H
C,—Si distance (A)  net charge lel  C,—Si distance (A) net charge lel
1.90 —-1.56 2.00 —-1.43
2.00 —-1.49 2.50 -0.92
2.86 —-0.57 2.95 -0.57
3.39 —0.17 3.23 -0.14
3.97 —0.09 3.72 —0.11

these data are plotted along with those in Figure 5, no
significant differences are observed among the electrostatic
interaction of EC molecules with LiSi, LiSi,, or LiSi, surfaces
(Figure S including the data for LiSi, and LiSi, surfaces can be
found as Supporting Information). In all of these cases, the
molecule is reduced through the most common two-electron
mechanism (reaction 2 described in section 3.1.1). Results
presented in this section suggest that EC reduction may be
possible from very early lithiation stages of the silicon anode,
that is, even before the first stable silicon alloy crystal (LiSi) is
formed.

3.3. Reduction of Ethylene Carbonate (EC) on a Highly
Lithiated Li;3Si,-010 Surface. Charge analysis performed on
the Li;3Si,-010 surface allowed the determination of partial
charges of the different atoms on the slab model (Figure 2). Li*
ions have a positive charge corresponding to +0.80lel, isolated
silicon atoms have a negative charge corresponding to —3.2lel,
and silicon atoms forming dumbbells have a charge
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Figure 10. Decomposition of an EC molecule on the Li;3Si,-010 surface, following reactions 2 and S. (a, b) Adsorption of the molecule takes place
due to transference of charge between a Si-atom on the surface and the C, of the EC molecule; (c) upon transference of two electrons to the
adsorbed molecule, one of its C,—O, bonds is broken; (d) after a few more picoseconds of simulation, two more electrons are transferred to the
adsorbed EC anion, resulting in the formation of CO>™(,4) and O(C,H,)O*". The net charges of the EC molecule or the CO*"/O(C,H,)0*"

products are shown at the bottom of each panel.

corresponding to —2.0lel. These values are in agreement with
those calculated by Chevrier et al, which found four total
electrons shared by silicon atoms forming dumbbells and a
charge of —4lel for isolated silicon atoms.”” The higher number
of valence electrons available in this system compared with
those in LiSi,, LiSi,, and LiSi may allow faster electron transfer
regimes.

After 8 ps of AIMD simulations, two of the EC molecules in
the liquid phase were found reduced through direct adsorption
on silicon atoms (Figure 10). The first step takes place through
the two-electron mechanism described by reaction 2, with
transference of charge between a Si-atom on the surface and the
C, atom in the EC molecule. However, upon adsorption of the
EC molecule on the surface (Figure 10b) and breaking of the
first C;—O, bond (Fig. 10c), two more electrons are transferred
to the adsorbed anion, triggering the breaking of a second C,—
O, bond and generating as reduction products COZ_(ads) and
O(C,H,)O* as described in reaction S and Figure 10d.

O(C,H,)OCO™ 4 + 2¢~ = O(C,H,)O’™ + CO*
()

Three other EC molecules were reduced in this system.
However, they were not adsorbed on the surface, and the
reduction took place through direct transference of electrons
from the Li;;Siy slab to nearby EC molecules in the liquid
phase. In contrast to the sequential transference of electrons
from the LiSi slab to EC molecules in the liquid phase
(reactions 2 and 3), in this case the surface releases two
electrons simultaneously, causing the breaking of a C,—0O,
bond of the molecule, instead of two C,—O, bonds. As a result,
some O(C,H,)OCO?" anions are found in the liquid phase of
EC in contact with the Li;;Si, surface.

No CO,*>/C,H, pairs were observed in this simulation, but
it is also possible for EC molecules in contact with Li;;Si,
surfaces to dissociate following this mechanism (reactions 2 and
3). Leung and coworkers found EC molecules dissociating into
CO;*"/C,H, pairs in a simulation of FEC and EC molecules in
contact with the Li,3Si, surface.”® Reduction products in
reaction S and O(C,H,)OCO?* anions in the liquid phase have
also been previously found by these researchers after reduction
of EC on graphitic anodes, as well as on Li,;Si, surfaces in the
presence of fluoroethylene carbonate.****

Comparison of results in this section with those in sections
3.1.1 and 3.2 shows a dependence of the EC reduction
mechanism on the lithiation state of the silicon anode. At early
lithiation stages (LiSi, LiSi, and LiSi), reduction of EC

molecules takes place through two different two-electron
mechanisms, described by reactions 2, and 3 and 4 respectively.
Reaction 2 corresponds to an adsorbed EC>” anion, and
reactions 3 and 4 describe two subsequent one-electron
transfers to the same EC molecule in liquid phase, generating
a CO;*"/C,H, pair. In the other hand, reduction of EC
molecules on strongly lithiated silicon anodes (Li;3Si,) takes
place through a four-electron mechanism described by reactions
2 and 5, generating an adsorbed CO*~ and the O(C,H,)0*"
fragment in liquid phase. Transference of two electrons to EC
molecules in liquid phase is also observed. However, as
explained above, the two electrons are transferred to the EC
molecule simultaneously, resulting in the breaking of a C,—0O,
bond of the EC*” anion. In some cases, EC may also be
reduced in the presence of the strongly lithiated surface
through reactions 3 and 4, generating a CO;*"/C,H, pair.
These results have important implications for the formation of
the SEI layer because different adsorbed species and charged
fragments in the liquid phase may participate in various
subsequent reactions with molecules or fragments present in
the solvent and electrolyte. This may result in SEI layers with
different composition and physical properties at different
lithiation stages of the anode.

4. CONCLUSIONS

The reduction of ethylene carbonate (EC) on lithiated silicon
surfaces was investigated using AIMD based simulations. At an
intermediate stage of lithiation, EC reduces on LiSi surfaces
following two different two-electron mechanisms, which are
independent of specific surface features (e.g, crystallographic
plane or functional group terminating silicon atoms on the
surface). In the most common reduction path, the molecule is
adsorbed on the surface, and two-electron transfer from the
surface to an adsorbed molecule results in the breaking of a
C,—0, bond, yielding the O(C,H,)OCO*" adsorbed species.
In the second (less common) reduction path, a sequential two-
electron transfer takes place in the liquid phase. First, a lithium-
coordinated EC molecule receives an electron from the surface;
subsequently, the EC™ anion with a broken C,—O, bond
receives another electron, which induces a second C,—0, bond
breaking and yields a C,H, + CO;*~ pair. When comparing
these mechanisms with the ones observed for molecules
reducing on lower-lithiated LiSi, and LiSi, surfaces, we found
that EC reduction follows the most common reduction path.
These results suggest that decomposition of EC may start at
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very early stages of lithiation (even before LiSi is observed,
voltages >0.39 V vs Li*/Li metal).

Strongly lithiated Li;Si, surfaces are found to be highly
reactive. Reduction of adsorbed EC molecules takes place
through a four-electron mechanism yielding as reduction
products CO>” and O(C,H,)O’". Direct transfer of two
electrons to EC molecules in liquid phase is also possible,
resulting in the presence of O(C,H,)OCO>” anions in the
liquid phase. Thus, reduction mechanisms of EC on lithiated
silicon anodes are clearly dependent on the lithiation stage of
the anode. The presence of various charged fragments (anions
and radical anion species), both adsorbed and in liquid phase, is
expected. These fragments may participate in subsequent
attacks to intact molecules in the electrolyte resulting in SEI
layers with physical, chemical, and transport properties
depending on the lithiation stage of the silicon anode.

Differences in reactivity among the six LiSi surfaces studied
(LiSi-100-H, LiSi-100-0, LiSi-100-OH, LiSi-101-H, LiSi-101-O,
and LiSi-101-OH) were also analyzed. Reactivity was found to
depend on the ability of EC molecules to interact with Li" ions
on the surfaces, which is determined by Li* NN distances. Short
distances result in poorer reactivity towards EC reduction since
not enough molecules are able to approach the surface. This
reactivity trend driven by geometrical differences among LiSi
surfaces differs from the one found on graphitic anodes where
reactivity is determined by the electrochemical activity of the
functional groups terminating the surface.
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