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ABSTRACT

Lithium-ion batteries (LIB) are the best option among batteries for portable
electronic, power tools, and electric vehicles due to their higher energy storage, higher
power, and lighter weight than other battery technologies such as Ni-based or lead acid.
However, Li-ion batteries still face challenges such as safety, life, performance, and cost.
One way to contribute to the solutions of these challenges and, consequently, improve
the performance of Li-ion cells is to develop and design more stable passivation films at
the electrode-electrolyte interface. Therefore, having a better understanding of the
molecular processes that lead to the nucleation, growth, structure and morphology, as
well as the electron and ion transport properties of the solid electrolyte interphase (SEI)
is highly important for the development of new or improved lithium-ion batteries. In this
work, computational methods, which allow studying phenomena not easily observable
with experimental techniques, are used to study the electron transfer characteristics and
the lithium ion diffusivity of the materials found in the SEI film formed in LIB with
silicon anodes.

First, ab initio computational methods are used to study the electron transfer
through selected finite models of SEI films formed at the anode-electrolyte interface. A
combined ab initio density functional theory (DFT) and Green’s functions approach, as
implemented in the Generalized Electron Nano-Interface Program (GENIP), is used to
calculate the current-voltage characteristics of selected SEI configurations. The models

studied consist of a LixSiy cluster, a SEI product (LiF, Li,O or Li,COs), and an



electrolyte component, ethylene carbonate (EC). Various parameters are considered in
the investigation including: various lithiated states for the anode; several thicknesses and
configurations for the SEI layer; and the presence of surface oxides (SiO, and Li,Si,Os).
The trend of conductance is found to be Li,O > SiO, > LiF > Li,CO; > Li,Si,Os, at the
same applied voltage and anode configuration.

Then, lithium-ion diffusion is studied in the main components of the SEI layer
using classical molecular dynamics (MD) simulations in order to provide insights and to
calculate the diffusion coefficients of Li-ions at temperatures in the range of 250 K to
400 K. The compounds studied are lithium fluoride (LiF), lithium oxide (Li»O) and
lithium carbonate (Li,COgs). A slight increase in the diffusivity as the temperature
increases is found and since diffusion is noticeable at high temperatures, Li-ion diffusion
in the range of 1300 to 1800 K is also studied and the diffusion mechanisms involved in
each SEI compound are analyzed. The mechanisms of Li-ion diffusion observed include
vacancy assisted and knock-off diffusion in LiF, direct exchange in Li,O, and vacancy
and knock-off in Li,CO3. Moreover, the effect that an applied an electric field has in the
diffusion of Li-ions at room temperature is also evaluated.

The long-term goal is to eventually have more control over interface parameters
such as composition, structure, porosity and thickness, and thus accurately design SEI

films and therefore better Li-ion batteries. This work is a step towards this ultimate goal.
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1. INTRODUCTION"

Lithium-ion batteries (LIB) are the most popular rechargeable batteries and are
nowadays been widely used in portable electronic devices and electric vehicles due to
their relative high energy density, good cycle life and good power performance.
Nevertheless, Li-ion batteries still face these main challenges: safety, life, performance
and cost.”® Current research includes developing and designing new electrode structures
and materials, for both the anode and the cathode, as well as investigating the electrolyte
and its interface with the electrodes.” *

In the following sections, lithium-ion battery basics, general LIB components
and challenges are summarized. The electron transport and molecular dynamics

theoretical background used in this study will be reviewed as well.

1.1. Lithium lon Batteries

Li-ion batteries (LIB) are the most used type of rechargeable batteries in
consumer electronics, and they are gaining popularity in electric vehicles (EVs) as well
as in military and aerospace applications. Advantages include lighter weights, no
memory effects, hundreds of charge/discharge cycles, relative low self-discharge, and

high energy density.”” Even though they were developed in the 1970s, several issues

“Part of this chapter is reprinted with permission from:

Electron Transport and Electrolyte Reduction in the Solid-Electrolyte Interphase of Rechargeable Lithium
lon Batteries with Silicon Anodes by L. Benitez and J. M. Seminario, 2016. J. Phys. Chem. C, 120, 17978-
17988, Copyright 2016 by American Chemical Society.

lon Diffusivity through the Solid Electrolyte Interphase in Lithium-lon Batteries by L. Benitez and J. M.
Seminario, 2017. J. Electrochem. Soc., 164, Copyright 2017 by The Electrochemical Society.
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remain: lithium-ion batteries require a protection/management circuit, they degrade even
if not in use, they are expensive to manufacture, they are very sensitive to high
temperatures, and they have a slight probability to burst into flames.* ® 8% Even with
these issues, lithium ion batteries are still a promising alternative energy source, instead
of fossil fuels, to be used in vehicles. When used in EVs, LIB’s provide clean energy
storage capable of significantly contributing, in the long term, to the reduction of
greenhouse gas emissions.'* Moreover, the energy efficiency of LIB’s in EVs can be as
high as 90%, as compared to the internal combustion engine that has efficiency close to
40%.11-12

Lithium ion batteries are made of one or more cells. Each cell has three
functional components: a positive electrode, a negative electrode and an electrolyte.
Typically, the positive electrode is a metal oxide: a layered oxide (lithium cobalt oxide,
LiCo0O,), a polyanion (lithium iron phosphate, "LFP", LiFePO,), or a spinel (lithium
manganese oxide, "LMO", LiMn,0).* ** The negative electrode is generally made from
carbon (graphite).* The electrolyte is commonly an organic solvent mixed with Li-based
salts. Typical electrolytes are ethylene carbonate (EC), propylene carbonates (PC), and
diethyl carbonate (DEC). Typical Li-based salts are lithium hexa-fluorophosphate
(LiPFs), lithium perchlorate (LiClO,), and lithium tetra-fluoroborate (LiBF4).**™ Novel
materials for each component are being investigated and developed in order to improve
and resolve the main disadvantages. Materials in current research include LiNiOg,

Li,MnOs, LiMnPO,, LiVPO4F, S, Se and Te for the cathode; Si, Ge, Sn, LisTisO4, for



the anode; and polymers and solid materials such as polyethylene oxide (PEO),
poly(methyl methacrylate), (PMMA), and Lil/Al,Os for the electrolyte.™ * 8 1°

In this study, the anode material is silicon since it has been shown to be a
promising material;*’ it has the largest capacity to store Li, 4212 mAhg™, which is
excellent when compared to graphite, which has a capacity of 372 mAhg™. The large
capacity of Si takes place with a stoichiometry corresponding to Li,»Sis™® On the other
hand, Si is an abundant material and thus less expensive than graphite.”® However, due
to Si large capacity, a large volume expansion of ~300% at full lithiation is expected,
causing mechanical stresses that produce cracks in the anode and lead to a loss of
electrical contact and capacity fading, increased impedance, and thermal runaway; or in
other words, to a general overall cell/battery failure,***

During charging of a LIB, shown in Figure 1.1(b), lithium ions move from the
positive electrode (cathode) to the negative electrode (anode) passing through the Li-ion
conductive electrolyte, while electrons flow via the outer circuit also from the positive to
the negative electrode driven by an external charging source; similarly, during discharge,
shown in Figure 1.1(d), the reverse process occurs: the Li ions return to the positive

electrode and the electrons move from the negative to the positive electrode depositing

their energy in an external load.



i
wz

(c) (d)
Q=0 +e
Li=Li + e
Figure 1.1. Schematic diagram of the lithium ion battery showing (a) a fully discharged
state, (b) the charging mechanism, (c) a fully charged state, and (d) the discharging
mechanism.

1.2. Solid Electrolyte Interphase
Just as in graphite anodes, a solid electrolyte interphase (SEI) is formed on the

surface of silicon electrodes during the first charging cycles.”* During the first cycles, the

4



electrolyte reduces at its interface with the anode and forms a passivating layer that
consists of inorganic and organic products.** This SEI film consists of a dense layer
found near the electrode followed by a porous layer near the electrolyte.”** The denser
(or inner) layer is composed of inorganic products such as LiF, Li,O and Li,COg, and the
porous (or outer) layer is composed of organic products such as (CH,OCO,Li),,
ROCO,Li and ROLi where R is an organic group such as CH;, CH3, CH,CH,, CH,CHj,
CH,CH,CHj3 depending on the electrolyte solvent * ** 22** Composition and structure of
SEI in Si anodes is similar to that of graphite anodes. Figure 1.2 shows a proposed

|35

model for the inner layer by Peled et. al™ where the main components of the SEI are

LiF, Li,O and LiCO3 33

&
-

Figure 1.2. SEI model structure and composition.
5



In carbon anodes, the SEI formation protects the electrode against further solvent
decomposition by blocking the electron leakage from the anode to the electrolyte,®®
which takes place during the charge of the battery. However in Si anodes, the huge
volume expansion of the anode creates cracks in the SEI layer and generates new

surfaces which are again exposed to the electrolyte,” as illustrated in Figure 1.3.

SEI

e u Lt Li*
»
Charge Charge Discharge Charge Many cycles
. > . o —_— —>

Figure 1.3. Schematic of SEI formation on silicon surfaces.

In both carbon and silicon anodes, the SEI film still allows the transport of Li*
from the electrolyte to the negative electrode; lithium ions can move through the SEI by
the exchange of ions between the electrolyte, the SEI compounds, and the lithium
intercalated in the electrodes.*® However, some Li* ions become trapped in the SEI thus
leading to the irreversible capacity loss (ICL) in the initial cycles (during SEI formation)
and capacity fading in subsequent cycles (during SEI evolution and growth).®
Accordingly, battery capacity, stability, and performance are highly dependent on the

quality and characteristics of the SEI, ** 3946

yet it is the “least understood component in
lithium ion batteries”.*” This is due, in part, to the fact that the experimental analysis is
very challenging. The SEI film thickness is very small (few A to tens or hundreds of

nanometers) and it is formed on the electrode surface thus making it almost impossible
6



to define the boundaries of the SEI, and to precisely detach it from the active material
surface.*®* Moreover, most of the SEI components are highly reactive when exposed to
contaminants, air or humidity.** For these reasons, ex situ characterization of the SEI
becomes very difficult whereas in situ experiments require specially designed tools and

measurement set ups.> *°

Given the difficulties of experimental techniques,
computational simulations increasingly become a valuable tool to study properties of the
SEI.

Many studies try to understand parameters such as composition, morphology and

thickness, as well as to clarify formation and growth mechanisms of SEI films,® 2 >1°°

Its structure and composition have been investigated using, both in situ and ex situ** **

3738 experimental techniques such as X-ray photoelectron spectroscopy (XPS),?* infrared
spectroscopy (IR), nuclear magnetic resonance (NMR) spectroscopy,® Raman

spectroscopy,™ X-ray diffraction (XRD), transmission electron microscopy (TEM),?* 3

% scanning electron microscopy (SEM), and time-of-flight secondary ion mass
spectroscopy (TOF-SIMS)®*®% from these studies the most generally recognized
inorganic compounds in literature are LiF, Li,O and Li,COs.

Other research has focused on studying ionic conduction,®® tunneling barriers,®
and interfacial capacitances,®*® but minimal efforts have been put toward studying
electron transport and predicting electron leakage current in the individual solid-
electrolyte interphase components. In Section 2 and Section 3 the investigation of the

electron transfer through individual SEI compounds is presented and the results

examined.



Other studies, both experimental and theoretical, have concentrated on Li-ion
transport within the electrolyte and in the electrodes.®®®” Some other investigations focus
on the boundary between the liquid electrolyte and the electrode, and even the SEI as a

WhOle,24' 36, 61, 88-93

yet little attention has been put towards explaining transport
mechanisms and predicting diffusion coefficients in the individual interphase
components. In Section 4, the investigation of Li-ion diffusion in the three main

components of the SEI is presented and the findings are discussed.

1.3. Motivation

Events where Li-ion batteries explode or run the risk of igniting have been
reported in the past, thus causing companies to recall them and lose millions of
dollars.®*® One way to improve the safety of Li-ion cells is to develop and design more
stable SEI films.?® *° For that, having a more complete understanding of the nucleation,
growth, as well as the electron and ion transport properties of the SEI formed in the
anode-electrolyte interface is highly important in order to, ultimately, have more control

over characteristics of the films, such as composition, structure and thickness.

1.4. Electron Transport

Electron transport in a nanoscopic junction is ballistic.'®*%! That is, the transport
of electrons is not affected by the scattering in the material. This occurs when the mean
free path of the electron is much longer than the length of the channel through which the
electron travels. The electron transfer in this regime can be obtained by using the

Landauer formalism.’® However, when a molecule, cluster, or in general a group of



atoms are in the junction, the Green’s Functions (GF) procedure needs to be combined

with a quantum molecular structure theory such the density functional theory (DFT).***

109

The general configuration for electron transport comprises of a molecule and the
probes of the measuring device (green atoms) as shown in Figure 1.4. The actual
calculations are done on the extended molecule which consists on the molecule and a
finite number of atoms from the bulk, or more precisely nanocontacts (hereupon called
contacts).

Within the DFT-GF method, the quantum-mechanical calculations on the
extended molecule and the density of states (DOS) of each contact bulk material are
needed. Then the Generalized Electron Nano-Interface Program (GENIP), which
combines the results of the DFT calculations with the GF formalism, is used to calculate

the current-voltage characteristics of the systems.



Nano-contacts

Extended molecule

Figure 1.4. Metal-Molecule-Metal junction. Color code: Li: purple; Si: gray; O: red; H:
yellow; C: brown; Au: green.

In the following sections, first the DFT basics are reviewed and then details of

GENIP procedure are presented.

1.4.1. Density Functional Theory Basics

Density functional theory is a computational quantum mechanical method used
to find the solution to the Schrodinger equation (SE) of a many-body system. It allows
describing the electronic structure of the systems using the electron density.

The many-body, time-independent, non-relativistic Schrédinger equation, given

in Equation (1.1), describes the wavefunction of a system as a function space:

ﬁT(?l ,?2,?3,. cey ?N,El ,Ez,ﬁ3,. cey EM) = E\P(f\l ,f\z,f3,. vy ?N,El ,Ez,ﬁg,,. . aEM) (11)
10



where t; and ﬁA are the position vectors of the i" electron and the A™ nucleus; and N and
M are the total number of electrons and nuclei, respectively; W and E are the
wavefunction and energy of the system, respectively; and H is the Hamiltonian operator

which depends on the system being described. The Hamiltonian, H, takes the form of

~ ~elec ~nucl ~ee ~nn ~ne

H=T +T +V +V +V (1.2)

~clec =~nucl

where T and T are the kinetic energy of the electrons and the nuclei given by

Equations (1.3) and (1.4) respectively;

Aelec

=NV (13)

Anucl

ZA— 1 vA (14)

V¥, V™ and V™ correspond to the electron-electron repulsion, the nuclear-nuclear

110-111

repulsion and the electron-nuclear coulomb attraction expressed in Equations (1.5)

to (1.7) respectively;

Aee_i N N 1
V = Imeg =1 j>i_|fi'fj| (1.5)
o _ ZpZp

- 4n€02A 12B>A|R RB| (16)
~ne 2

- 47[(0 12A 1|r RA| (17)

me is the mass of the electron; ma and Z, are the mass and the atomic number of the
nucleus A; and ¢ is the electric permittivity. Here the spin of the electrons is omitted in
order to simplify the notation. Solutions to simple systems, such as the particle in a box

or the hydrogen atom, can be found analytically in closed form; however, most of the

11



systems of interest have multiple electrons interacting with multiple nuclei and a closed
form or analytical solution is impossible to find. Thus, approximations are the only
option left. First, the Born-Oppenheimer approximation allows treating the motion of the
electrons and the nuclei separately. Since nuclei are much heavier than electrons, and

electrons react faster to changes in their surroundings, the nuclei can be fixed (nuclei

velocity equal to zero) and thus the term ™ can be neglected, U™ becomes a

111

constant*'L, and therefore, with T°°= T, Equation (1.2) becomes
A=T+V*+0% (1.8)
Moreover, V"™ can be expressed as
V= 3N V@) (1.9)
with
VE) = TN e (1.10)

Tameg AT LR,
where v(1;) is the external potential of interest, which in materials simulations is the
interaction of the electrons with the atomic nuclei.

It is worth noting that the wavefunction, ¥, cannot be directly observed; the
quantity of physical interest that can be actually be measured is the probability of finding
a set of N electrons, in any order, at a particular position 1,r,,r3,...,rx. This probability is
defined as W¥". A closely related quantity is the electron density, p(f). It can be
obtained from the expectation value of the density operator given in Equation (1.11)
where YN | 8(r-T1,) is the density operator p, § is the Dirac delta function, and with

[P =P¥",
12



p(® = (Y| XL, 3G - 1) |¥) (1.12)
p(®) = [IP{12.13,....08) [ 2dT,. ..diy
+ [W(1).105,...,0) | 2dr, dr5. . .diy
+ [P 1005, .., o) |2dT AT, dry. . At (1.12)
and since electrons are indistinguishable, exchanging electron coordinates has no effect
on the probability density |\|?, then, all integrals are equivalent, such that

SR N SECENEN

[I¥ (@505, .00 2dE. iy = [P LTS,. .., 0) [ 2dE drs. . .diy (1.13)
[I¥(E 10, ) 2dE drs...diy = [P (T .o 0) |2dE ddry. . diy (1.14)
and so on; thus
p(®) =N [|¥(T.,12.53,....00) |2dT,. ..dTy (1.15)
Moreover, the total electronic energy, E, for a given W is the expectation value of
the Hamiltonian, H, that is
E = (¥|0|¥) (1.16)
with Equation (1.8) into Equation (1.16),
E=(¥|T+ V" +9V"|¥) (1.17)
E = (P|T+V" [¥)+{¥| V™| P) (1.18)
and with the second term of Equation (1.18), the interaction of the external potential
with the quantum mechanical system, being equivalent to the interaction of the external
potential with the classical charge distribution,*****? that is,
(P|V¥) = [v©p@)dr (1.19)

Equation (1.18) becomes
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E= [v(Dp@dt + (¥|T + V™|¥) (1.20)

Density functional theory relies in two theorems proved by Hohenberg and Kohn
(HK),"* and the derivation of a set of equations by Kohn and Sham (KS) in the
1960°s.>11® The first HK theorem states that v(¢) is a functional of p(f) and that implies
that the energy E is a functional of p(r) and therefore,

E = E[p] (1.21)
and, since T and V*° are also functionals of p(1), it can be defined that

Flp] = (¥|T + V| ¥) (1.22)
where F[p] is a universal functional, that is, it does not depend on the system analyzed, it
is the same for all systems; thus Equation (1.20) results in

E[p®]=[ v®p@dr + F[p()] (1.23)

Consequently, the solution of the SE depends on finding electron density, which
is a function of only 3 spatial variables as compared to directly solving the SE which is a
function of 3N variables (where N is the number of electrons in the system).

The second HK theorem states that the electron density that minimizes this
energy functional is the exact electron density corresponding to the full solution of the
SE and establishes a variational principle. That is,

Elp(®] = E,[p, ()] (1.24)
where p, (), is the true ground state electron density, and Ej is the ground state energy,
which is the lowest energy eigenvalue of the time-independent Schrédinger equation.
Both ground state electron density and energy could be found by varying a trial electron

density, p, until the total energy is minimized,
14



Eo[p,(1)] = min, E[p(1)] (1.25)
or

Eo = miny{ Flp@+ [ v®p(@)dr } (1.26)

In this case there is no need to involve the wavefunction ¥, but some issues still

remain, such as the degeneracy of the ground state and the v-representability of the
electron density."*"™® Furthermore, a generalization of this HK theorem which does not
require the v-representability of the density was found by Levy and Lieb.*?° Starting
from the variational principle, Equation (1.27), and then using a two-step minimization,
Equation (1.28),

Ey = ming(¥|H|¥) (1.27)

E( = min, min\p_,p(‘P|FI|LP) (1.28)
then substituting the Hamiltonian H from Equation (1.8) to yield

Ey = miny{miny_, {(¥|T + Vee|¥)+ (¥|V"e|¥)}} (1.29)
and finally separating the terms to obtain

Ey = miny{ming_,{(¥|T + V°¢|¥)} + miny_, {(¥|V"¢|¥)}}  (1.30)

The outer minimization searches over all the p’s that integrate to N, and the inner

minimization is restricted to all the antisymmetric wavefunctions ¥ that lead to p(7).
Then comparing with Equation (1.26) it follows that

Jv@®p@®dr = ming_,{(¥|V"¢|¥)} (1.31)
and also the Levy-Lieb constrained-search functional is obtained as

Flp] = ming_,{{¥|T + Ve¢|¥)} (1.32)
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In this case, W is the wavefunction that yields p and minimizes the expectation
value of T + Ve only. This result is important since the v(r) term is not needed in the
constraint search thus making this F[p] truly universal. ™

Furthermore, Kohn and Sham’s work established the basis for the functionals
employed by current DFT methods where the energy is partitioned in several terms and
thus find F[p]. For the interpretation of the KS procedure, a system with the Hamiltonian

0,=T+9V,"+2V" (1.33)
is considered.’® *2! In Equation (1.33), T and V*° are the kinetic and potential energies
of the system respectively; A is a parameter that varies from 0 to 1; and v, is the
nuclear-clectron energy of such system. Such A-scaled V™ system is also chosen to
always yield the density of the real system, p(r), for any A between 0 and 1. When A = 0,
H, = H, is the Hamiltonian corresponding to the non-interactive system with an effective
potential, v, (t) = v.(r) = v¢(r). This effective potential, when applied to the non-
interactive system, yields the same density as the true system. When A =1, H,=H,=H is
the Hamiltonian of the real system under an external potential v, (r) = v__(r).

Thus the energy of the A-scaled system is given by

B, = [v;(®p@dr + (¥, |T +1V"|w,) (1.34)

Deriving and integrating Equation (1.34) with respect to A from 0 to 1; and since
the energy for A = 1, E4, corresponds to the energy of the real system, E; and with the
energy for A = 0, Eo, being equal to the energy, Es, of an imaginary system with no

electron-electron interactions Es, Equation (1.34) becomes
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1 1 - - 1 ~ce
Jy Badh = [ [ dva@p@didh+ [ (W ]V, )dA (1.35)

thus,

E-Es= [ Ve @p@df - [vi@p@di + [ ¥,V )dn (1.36)

When there is no electron-electron interactions, A = 0, the total energy Es is

simply the sum of the potential energy with the nuclei and the kinetic energy of the
electrons, i.e.,

E, = [vi@p@dr + T, (1.37)

Then inserting Equation (1.37) into (1.36), and since Vo = Vs and Vi = Ve, the vs

cancel each other, therefore yielding

E=T,+ [ Veu(®p@®dr + fol(\}'k|vee|l{fk)dx (1.38)
where the calculation of the last term is really the holy grail of DFT. An analytical
solution does not exist, and therefore several approximations have been provided. One of

the most common ones starts with the Kohn-Sham procedure,™ in which the last term of

Equation (1.38) is split into

S |1, ) = Vegass[p] + Exclp] (1.39)

where Vjass[p] is the classical Coulomb energy given by

1 (1) p(tp)dr dr:
Vclass[p] = Efw (1-40)

[f1 -7
and Exc[p] is the exchange-correlation energy. Note that Exc does not correspond to Ex
+ Ec from the standard Hartee-Fock definitions; Exc from Equation (1.39) contains a
portion of the kinetic energy of the real system. Finally the total energy of the system

can be expressed as
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E[p] = Ty[p] + J Vexx@pDdr + Veiass[p] + Exclp] (1.41)

Once Exc is approximated, the KS equations can be solved self-consistently.

Kohn and Sham’s work demonstrated that the right electron density can be found from
solving the one-electron set of Schrodinger equations (KS equations)

{T, + V}0,(®) = 50,1 (1.42)

where T, is not the true kinetic energy but that of the system with non-interacting

electrons and is given by

Aelec

= '—Zlf AGIAAG)) (1.43)
Also, @;(r) are the single-electron wavefunctions, or KS orbitals, and they yield the real

system density by

pO)=2L | D I (1.44)
Moreover,
vs = vext + vclass + VXC (1.45)
(7 _ 3V elass[p(®)] p(ry)dr,
Vclass(a_ 5p(@) - f |r Tzl (146)
3Exc[p(®]
V=" (L47)

P=pgy

To solve the KS equations, V. (1) is required, and to find V,,¢s(1), p(r) needs
to be defined. Moreover, to obtain p(r), ®;(r) needs to be found from solving the KS
equations. This leads to an iterative method described below:

1. Define an initial p, ().

2. Solve KS equations and find @;(1).
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3. Calculate the new p, (r) from Equation (1.44).

4. Compare p, (1) with p, (1).

5. Continue the process until pj+ 1= pj, that is until pj+ 1= po,

Returning to the Exc term, its functional is not known so only approximations are
used. Commonly used types are the local density approximation (LDA), the generalized
gradient approximation (GGA) as well as hybrid functionals which incorporate Hartree-
Fock and other ab initio or sometimes empirical functionals. Some examples of GGA
functionals include Becke’s 1988 functional,"®® Lee, Yang and Parr (LYP),**® and
Perdew and the first principles Wang’s 1991 (PW91)."**'?> Some hybrid methods
include Becke’s 1993 functional®®® with LYP (B3LYP) and Becke’s ‘93 with PW91
(B3PWO1).

10 \which is a

There are other methods to solve SE, such as Hartree-Fock (HF)
computationally cheap method but only includes some electron correlation (same spin).
Other methods, such as configuration interaction (CI), coupled cluster (CC) and Maller-
Plesset perturbation theory (MP2, MP3, etc.) do account for the electron correlation but

are computationally more costly than HF. Here is where DFT provides a better

approximation at the cost of HF calculations.

1.4.2. Generalized Electron Nano-Interface Program (GENIP)

The current through a molecule (or device) can be calculated using Landauer

100, 102, 127

equation as derived in previous works and given by

2e rEf+
== fEf: :ZT(E)(fl - f,)dE (1.48)
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where e is the charge of the electron, h is the Planck constant, T(E) is the transmission
function, E is the energy, E; is the Fermi level of the molecular junction, py is the
chemical potential of the contacts, and fy is the Fermi distribution for contact k. The

Fermi distribution f; is given by
fi(E-p)= IE_uk (1.49)

1+¢kBT

where kg is the Boltzmann’s constant and T is the temperature. The transmission
function T(E), obtained using GF*® is given by
T(E) = Trace(I'; GRT,Gi}) (1.50)
with
re=i(z - i) (1.51)
where T’y is the coupling of contact k (k = 1,2) to the molecule and represents the
electron escape rate from the contacts to the molecule; G® is the retarded Green function
and G” is its conjugate transport (G*") also called advanced Green function; and 3 is the
contacts’ self-energy which accounts for the interaction between the contact and the
molecule.
The goal is then to find the Green function (G) in order to calculate the current-
voltage characteristics of the system using Equations (1.48) to (1.51).
The ab initio calculations solve the Schrédinger equation
Hys WV = eSY¥ (1.52)
to obtain the overlap matrix (S), the eigenvalues (¢) and the KS Hamiltonian (Hgs). Then

the Hks is transformed as follows
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HKS S-1—>HT (153)
in order to solve the more general Schrédinger equation
H;¥ = E¥ (1.54)

The transformed Hamiltonian, Hr, is then partitioned into sections such that

Hl T 0
Ho= (< Hy < (1.55)
0 Ty H2

where Hy is the Hamiltonian of contact k, and T is the interaction between contact k and
the molecule.

The definition of the Green function'®? is given by

-1
/gl T 0\ G G Gy I 0 0
I-1J[ E - Hy -HZ|(GM1 Gu GM2>=<0 I o) (1.56)
\0 " L I\Gy G G 0 0 1
2 g

From the second column, the below equations are obtained and solved for Giu

and Gy
-1
gl GlM - T]GM =0 (157)
T T _
1]Gyy + (E - Hy)Gy - 5Gon =0 (1.58)
g, Gow - 1,Gy = 0 (1.59)
yielding
GlM = gIT]GM (160)
GlM = gIT]GM (161)
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Thus substituting Equations (1.60) and (1.61) into (1.58) the Green function is

obtained
Gy=[E-Hy-3 -5 (1.62)
where
= T T (1.63)
The complex Green function gk, provides information from the bulk contacts to

the DFT-GF formalism.’* It is obtained from ab initio DFT calculations on a periodic

system of the bulk material. It is defined as

/DOSjs 0 0 0 \
0  DOSp 0 0
7 0 0 DOSdy 0 | (69
0 0 0 DOSd,, /

where the diagonal are matrices proportional to the density of states (DOS) of the bulk
material. The diagonal matrices are constructed in a way that their size is equal to the
number of basis functions (s-type, p-type, d-type) used to model the electronic structure

of the contact atoms.

1.5. Molecular Dynamics Basics

Molecular dynamics (MD) is a computational instrument to simulate a group of
particles (in silico) using models to mimic the dynamical behavior of the particles
(atoms, molecules, clusters, etc.) over a period of time by numerically solving the
classical equations of motion (Newton’s equations of motion). In general, for a MD

simulation three groups of information need to be specified: the algorithm to solve the
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integral equations of motion, the initial conditions and structure of the system and the
interaction between the particles. Afterwards, properties of interest can be measured over
some period of time by selecting an appropriate statistical ensemble.

To solve Newton’s equations of motion a numerical algorithm is typically used
given that analytical solutions are impossible to find due to the complexity of systems.
The goal is to obtain the particle positions r(t + At) in terms of their positions t;(t).
Several methods include leapfrog, Verlet, velocity-Verlet and Beeman. The most
commonly used method is the Verlet algorithm.*?®

The initial conditions consist on specifying the boundary conditions (periodic or
non-periodic) as well as the initial positions and velocities of the particles.

The interaction between particles is described by force fields, which consist on a
specific interatomic potential class together with its set of parameters. These parameters
are usually found by experimental methods and/or, more recently, by quantum
mechanical calculations. Force fields are used to calculate the potential energy of the

system, given by

Epot = Ebonded + Enon-bonded (165)
where

Ebonded = Ebond + Eangle + Edihedral (166)
and

En()n—bonded = Eelectrostatic T Evan der Waals (1.67)

The terms Epong and Eangie are usually modeled by harmonic potentials, and the

Edinegrar term varies depending on the implementation. The Egjectrostatic term is usually
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computed with Coulumb’s law and the Evan der waatis term with a Lennard-Jones (LJ)
potential.

Interactions in ionic solids can be simplified by treating the ions as point charges.
Therefore there is an attraction force between the particles of opposite charge as well as
a repulsive force between particles with same charge.'®

The attractive energy can be represented by a coulombic pairwise interaction
given by

4q;9;

ECoul = E

rij < e (1.68)
where @; and g are the charges of the atoms, € is the dielectric constant, rj; is the distance
between the particles i and j, and r. is the cutoff distance. Moreover, long range
coulombic interactions can be evaluated by several techniques, for example the Ewald
summation technique.

The repulsive energy can be modeled by the Lennard-Jones potential or by the
Buckingham potential. Furthermore, both LJ and Buckingham potentials contain a short-
range repulsive term and a long-range attractive term. The attractive term is regularly

known as the C6 term. The standard 6-12 LJ potential and its 6-9 variation are

respectively given by

Eqia1y=4¢ l(i)lz - (i>6l lij <Tr¢ (1.69)

T'U' T'l]

Egory=¢ [2 (i)g -3 (1)61 rij <rc (1.70)

24



where ¢ is the depth of the potential well, o is the distance at which the potential is zero,
o = 204 1y, is the distance at the minimum energy, r;; is the distance between the
atoms, and r¢ is the cutoff distance.

The Buckingham potential is given by

Epue = AeT0/7 - = < T (1.71)

rij
where A and C are constants, and p is an ionic pair dependent parameter.

In order to keep quantities like temperature and pressure constant to simulate
experiment environments, an ensemble can be used. An ensemble consists on a set of
variables to be kept fixed. Among these variables are: the number of particles (N), the
volume (V), the energy (E), the chemical potential (u), the pressure (P) and/or the
temperature (T). The most common include the microcanonical ensemble (NVE, where
N, V and E are fixed), the canonical ensemble (or NVT, with N,V and T fixed), and the
grand canonical ensemble (or VT, with w,V and T fixed)."*

Molecular dynamics can be used to examine the structure and dynamics at
atomic scale. Properties that can be measured include structural conformations (radial
distribution  function), transport characteristics (viscosity, diffusivity, thermal
conductivity, etc.) as well as other static and non-equilibrium reactions (thermal
expansion coefficient, plastic deformation, etc.).™®' Diffusion coefficients (D) are
calculated from the mean square displacement (MSD), since D is proportional to the

MSD® as shown by

D= H([f® - (1)) (L.72)
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where r is the position of the particle at each time step, t is the time, to is the initial time,

r(t) - 7(tp) is the distance traveled by the particle over the time interval (t - to), and

(|r(® - f(t0)|2) is the MSD. The diffusion coefficient can be found from the slope of the
MSD vs time.

The general procedure for MD is show in Figure 1.5. First, the initial
configuration of the system is specified as well as the force fields to be used. Then the
instantaneous forces acting on the particles are found using the potential energy, which
can be represented as the sum of individual energy contributions between pairs of atoms.
Next, the equations of motion given in Equation (1.73) are solved,

d*F(0)

Fi(r,1,13,...,1,) = m; 5

i=1,2,3,...n (1.73)
where n is the number of particles, 1;(t) = (xi(D,y, (1), (1)) is the position vector of the

i particle, F; is the total force acting on i particle at time t, and m; is the mass of the

particle.
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Define initial conditions:
Positions T;(ty)
Velocities v;(t,)
Interatomic Potentials (FF)

v

Calculate Energies using FF

v

Calculate forces:

Fl == ViE(Fl,Fz,F3, ""Fl'l) . ) .
F, = ma;(t) Write final atomic
\_ 1 1 configuration &

i finish

Calculate physical
property of interest
(select MD ensemble)

v

Solve Newton’s equations of
motion:

ri(t + At) = 1;(t) + V(DA

vi(t + At) = vi(t) + a;(t)At

Figure 1.5. General procedure for molecular dynamics simulation.
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2. ELECTRON TRANSFER THROUGH SEI LAYERS FORMED ON Sl

ANODES OF LI-ION BATTERIES"

2.1. Synopsis

A solid electrolyte interphase (SEI) film is formed at the surface of Li ion
batteries during the first charging cycles. This film results from the electron transfer that
occurs from the electrolyte to the anode, from electron leakage that occurs from the
anode to the electrolyte, and from the further reduction and oxidation of the electrolyte.
This film grows from a few nanometers to a few hundred nanometers and consists of
both inorganic and organic products. In this paper, a combined density functional theory
and Green’s function approach (DFT-GF) is used to study the electron transfer through
model systems consisting of electrode, SEI layer and electrolyte. In this preliminary
analysis, four degrees of lithiation are modeled for the electrode, the SEI film consists of
LiF or Li,O, and the electrolyte is ethylene carbonate. Results showed a significant
reduction of the electron transport when the SEI film is present and a very small finite

current was still found at 1 nm thicknesses.

2.2. Introduction
In this section a novel approach to evaluate electron transfer through composite

interfacial films is utilized. The reported atomistic simulations focus on the electron

“Reprinted with permission from:
Electron Transfer Through SEI layers Formed on Si Anodes of Li-ion Batteries by L. Benitez, D.
Cristancho, J. M. Seminario, J. M. Martinez de la Hoz, P. B. Balbuena, 2014. Electrochim. Acta, 140, 250-
257, Copyright 2014 by Elsevier.
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transfer events during SEI growth. First, the model composite films are introduced and
then the electron currents through such systems are evaluated.

The results of this study provide insights in two important issues: 1) how the SEI
initially forms on Si anodes; and 2) how the SEI may grow based on the electron

conductivity measured in the SEI compounds (LiF and Li,0).

2.3. Methodology

Figure 2.1 illustrates the general system investigated. The model investigated
consists of a small cluster of the LiSiy electrode, a finite model of the SEI layer, and a
molecule of the electrolyte. This electrolyte layer may contain solvents, salts and/or
additives. Then an external voltage is applied to the two gold nanoelectrodes thus
recreating the leakage current that would occur during the charge of the battery. The SEI
components studied in this paper are LiF and Li,O, and the electrolyte is ethylene

carbonate (EC). The studied systems are discussed in next section.
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Figure 2.1. The studied model represents a portion of the interface formed by the
electrolyte/SEI/LixSiy electrode. A voltage is applied through the gold nano-contacts,
which are coupled to both ends of the composite interface. The red arrow indicates the
direction of electron leakage flow during the nucleation and growth of the SEI film.

First, geometry optimizations are performed in each component of the LixSiy-
SEI-EC models attached to gold nanoelectrodes. Silicon clusters (Si,2) are optimized
using B3PW91/6-31G(d) level of theory,™*? and B3PW91/3-21G is used to optimize LiSi
and Liy, clusters. Molecular geometries for the SEI molecules, LiF and Li,O, are
obtained from the Inorganic Crystal Structure Database (ICSD) (http://icsd.fiz-
karlsruhe.de/icsd/)**® and are positioned between the model anode and one molecule of
the electrolyte (EC). Gold atoms representing the nanocontacts for the I-V measurement
apparatus are located at each side of the LixSiy,-SEI-EC system. In nano-scale systems
the effects of the measuring device must be accounted for, therefore the addition of the

gold atoms as well as the bulk gold density of states (DOS) information is very
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important. Once the model is assembled, single point (SP) self-consistent field (SCF)
calculations are performed to get the Hamiltonian matrix needed to compute the current
as explained in Section 1.4.2 of this document. All the DFT calculations are performed
using the program Gaussian 09.** Then the IV curves are obtained using the help of the

program GENIP."* This method has been used previously to obtain I-V characteristics

6 137

of polypeptides in alpha-helix conformation,** nanosensors for fissile materials,

® oligoglycines™ and molecular biosensors,**

cobalt phthalocyanine complexes,*®
among others. The density of states for the gold nano-contacts is obtained using the
program CRYSTAL,* which uses ab initio DFT calculations on a periodic system of
bulk gold. Then the leakage currents are found using the Landauer equation,***** as

described in in Section 1.4.2.

2.4. Results and Discussion

The SEI layers are represented by a cluster composed of Li,O or LiF. Three
lithiated cases for the anode are investigated: Si,z, SiyiLiig, and Li,. The electrolyte is
represented by a molecule of ethylene carbonate (EC). Calculations are done for various
thicknesses and configurations of the SEI layer. Then gold atoms are attached at both
ends of the EC-SEI-Li,Siy system and an external voltage is applied to it in order to
calculate the leakage current using the DFT-GF approach implemented in the GENIP
program. Optimized anode structures are located in an interfacial arrangement together
with a model of the SEI layer represented by either Li,O, (Li2O),, and (Li,O)3 or by LiF,
(LiF), and (LiF); respectively. Two separate configurations are analyzed: 1) SEI

molecules (Li,O and LiF) connected through chemical bonds, and 2) SEI molecules
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separated at VVan der Waals distances in order to simulate initial nucleation stages. These
configurations are based on AIMD observations®* that show that LiF fragments, instead
of LiF crystals, are found at the initial stages of LiF formation in the SEI. The current-
voltage (I-V) characteristics in all cases are calculated for applied voltages in the range
of -5V to 5V, but as indicated in Figure 2.1 the electron leakage of interest results from
the positive voltages.

Figures 2.2, 2.3 and 2.4 present the 1-V curves resulting from adding LiO units
between the Li,Siy electrode and the electrolyte. Each figure shows the EC-(Li;O)x-
Li,Siy systems with (Li»O), (Li»O), and (Li>O)s in red, green and blue respectively. In
addition, the EC-LixSiy systems (without Li,O) are shown in black. First, the nature of
the electrode can be analyzed by noting the difference in current magnitude in the
various compositions of Li,Siy anode; the maximum currents, observed at around 5V,
are ~1.5 pA in the Si electrode (Figures 2.2), ~12 pA in the LiSi electrode (Figure 2.3),
and ~15 pA in the Li electrode (Figure 2.4). Secondly, by comparing the two SEI
bonding configurations represented in each figure, it can be observed in all three
electrode cases that the bonded SEI arrangements yield higher currents which indicate
higher electron transfer than the non-bonded cases. Finally, in all three Li,Siy electrode
cases, the current is greatly reduced by adding the SEI components as compared with the
systems without any SEI film (see black curves and insets), thus indicating that the
presence of the SEI film creates a clear resistance to electron transfer. This result agrees
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with the generally accepted idea that the SEI layer blocks electron transfer.”™ Moreover
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increasing the width of the SEI layer reduces the electron transfer even more in all

modeled electrodes.
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Figure 2.2. Current-voltage curves obtained for electron transport through Li,O (red),
(Li20); (green), and (Li20)3 (blue) in two different configurations between the EC
molecule and the model Si electrode. (a) Units attached via chemical bonds. (b) Units
separated by Van der Waals distances. The inset includes the current-voltage result
(black) for the system EC/Si electrode. Note the change of scale of the inset.
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Figure 2.3. Current-voltage curves obtained for electron transport through Li,O (red),
(Li20); (green), and (Li20)3 (blue) in two different configurations between the EC
molecule and the model LiSi electrode. (a) Units attached via chemical bonds. (b) Units
separated by Van der Waals distances. The inset includes the current-voltage result
(black) for the system EC/LiSi electrode. Note the change of scale of the inset.
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Figure 2.4. Current-voltage curves obtained for electron transport through Li,O (red),
(Li,O), (green), and (Li,0O)3 (blue) in two different configurations between the EC
molecule and the model Li electrode. (a) Units attached via chemical bonds. (b) Units
separated by Van der Waals distances. The inset includes the current-voltage result
(black) for the system EC/L.i electrode. Note the change of scale of the inset.

Similarly, Figures 2.5, 2.6 and 2.7 present the I-V curves resulting from adding

LiF units between the Li,Siy electrode and the electrolyte. Again, each figure shows the
35



EC-(LiF)x-LixSiy systems with (LiF), (LiF), and (LiF)s; in red, green and blue
respectively. In addition, the EC-Li,Siy systems (without LiF) are shown in black. Also,
the effects of the nature of the electrode can be noted by comparing the maximum
currents in each Li,Siy anode case. At ~5 V, in the Si electrode, the maximum current is
~0.45 pA whereas in LiSi and Li electrodes the maximum currents are 2 pA and 3 pA,
respectively. These values are much smaller than the ones found in Li,O cases thus
indicating that at this voltage, Li,O has a much less resistance to electron transfer
compared to LiF. Comparing the SEI bonding configurations in each figure, it can be
observed that in all bonded cases the currents are more than twice of the currents in the
non-bonded configurations. Lastly, in all three model Li,Siy electrode cases, the current
is greatly reduced by adding the LiF components as compared with the systems without
any SEI film (see black curves and insets); current reductions more than one order of
magnitude are observed at about 5V in all cases. Moreover increasing the width of the

SEI layer also reduces the electron transfer in all modeled electrodes.
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Figure 2.5. Current-voltage curves obtained for electron transport through LiF (red),
(LiF)2 (green), and (LiF)3 (blue) in two different configurations between the EC
molecule and the model Si electrode. (a) LiF units attached via chemical bonds forming
a linear chain. (b) LiF units separated by Van der Waals distances. The inset includes the
current-voltage result (black) for the system EC/Si electrode. Note the change of scale of
the inset.
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Figure 2.6. Current-voltage curves obtained for electron transport through LiF (red),
(LiF)2 (green), and (LiF)3 (blue) in two different configurations between the EC
molecule and the model LiSi electrode. (a) LiF units attached via chemical bonds
forming a linear chain. (b) LiF units separated by Van der Waals distances. The inset
includes the current-voltage result (black) for the system EC/LiSi electrode. Note the
change of scale of the inset.
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Figure 2.7. Current-voltage curves obtained for electron transport through LiF (red),
(LiF), (green), and (LiF)3 (blue) in two different configurations between the EC
molecule and the model Li electrode. (a) Units attached via chemical bonds forming a
linear chain. (b) Units separated by Van der Waals distances. The inset includes the
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current-voltage result (black) for the system EC/L.i electrode.

In order to analyze how the SEI thickness affects the transfer of electrons the

electron current through the systems as a function of SEI thickness is calculated. The
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current at 2 V versus SEI thickness for Li,O and LIF systems is shown in Figure 2.8.
The results are fitted to a function given by f (x) = p1.exp (-x/p2) +ps+ PsX, where X is the
thickness of the SEI in A and p, is found ~0. The current decreases rapidly as the SEI
film thickness increases due to the addition of molecules. In both Li,O and LiF cases, the
current approaches zero at ~3 A in the Si electrode (pz = ~0). In the lithiated cases, both
in LiSi and in Li, the current approaches to zero at ~8 A in Li,O and ~10 A with in LiF.
This result implies that a lower electron transfer may continue even when the SEI film

thickness becomes large (20-100 nm).
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Figure 2.8. Calculated current at 2V as a function of the SEI layer thickness (Li,O and
LiF). The calculated points are well correlated with an exponential function. The colors
of the curves correspond to those used in the schemes on top describing each system.
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2.5. Conclusions

A novel first-principles computational approach was used to characterize the
electron transfer through two model composite interfacial systems: EC-(LiF)y-LixSiy and
EC-(Li,O)x-LixSiy. Three degrees of lithiation for the electrode were studied: Si, LiSi,
and Li. Based on structures obtained from AIMD simulations,” model SEI layers made
of LiF fragments are arranged in various thicknesses and configurations, and by analogy,
Li,O model films are also built. It was found that at high voltages of ~5, Li,O films
allow a higher electron transfer than LiF films. It was also found that separating the
fragments at Van der Waals distances results in lower currents, thus implying lower
electron transfer rates. Moreover, increasing the thickness of the SEI layer reduces the
electron transfer as well; yet, a finite small current is still found even at large film

thicknesses.
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3. ELECTRON TRANSPORT AND ELECTROLYTE REDUCTION IN THE
SOLID-ELECTROLYTE INTERPHASE OF RECHARGEABLE

LITHIUM ION BATTERIES WITH SILICON ANODES"

3.1. Synopsis

Understanding the molecular processes that lead to the formation, structure, and
transport properties of the solid electrolyte interphase (SEI) found in lithium ion
batteries with silicon anodes is of paramount importance for the development of lithium-
ion batteries (LIB) capable of performing under the extreme exigencies of our present
energy needs that are solved presently with nonrenewable energies. A combined density
functional theory (DFT) and Green’s function approach (DFT-GF) is used to study the
electron transport characteristics in selected finite models of materials formed at the SEI
located between the silicon surface of the anode of Li-ion batteries and the electrolyte
solvent. The SEI products examined are lithium carbonate (LiCO3) silicon oxide (SiO,)
and lithium disilicate (Li,Si,Os). Results show that the leakage of electrons from the Si
anode to the solvent is greatly reduced (up to 4 orders of magnitude) with the addition
and growth of the SEI components as compared with the solvent-anode sample where no
SEI is present. Moreover, it is found that at a charging voltage of 2 V, the electron

leakage current decays exponentially with the length, decaying up to three orders of

“Reprinted with permission from:

Electron Transport and Electrolyte Reduction in the Solid-Electrolyte Interphase of Rechargeable Lithium
lon Batteries with Silicon Anodes by L. Benitez and J. M. Seminario, 2016. J. Phys. Chem. C, 120, 17978-
17988, Copyright 2016 by American Chemical Society.
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magnitude at about 30 A in Li,COs, two orders of magnitude at about 16 A in SiO, and
up to three orders of magnitude at about 47 A in Li,Si,Os. Additionally, the HOMO-
LUMO gap shortens as the SEI layer thickness increases. An estimate of the change in
current associated with energy changes using the Heisenberg uncertainty principle yields
currents in the range of 10 A. Electron transport results provide particular details on the
SEI layer formation and growth. A 100% Si cluster yields the largest resistance to
electron transport, when compared to the lithiated electrodes modeled by Li;3Sis and
LiSi clusters. It is also found that Li,COs is electrically more insulating than LiF and
Li,O. A high electron transfer at the initial stages of SEI formation and then significantly

lower transfer yielding a progressively smaller growth of the SEI was found as well.

3.2. Introduction
While some studies have concentrated on describing and calculating ionic

% jon diffusion,*®® or tunneling barriers,*® minimal efforts have been put

conduction,’
toward studying electron transport and predicting electron leakage current in the
individual interphase components. Moreover, experiments in single molecules or in
fragments of a crystal are understandably difficult and are not easily reproducible. For
that reason, alternative methods are needed to compare and validate theoretical and
experimental results. In this section, first the DFT-GF approach is used to characterize
the electron transfer through Li,COg3, Si,O and Li,Si,Os. Moreover, a simple and direct
method to calculate electron currents from readily available electrolyte decomposition

energies found in the literature is used. Since multiple investigations have focused on

understanding reactions at the electrolyte/electrode interface, including oxidation and
43



reduction of the electrolyte, there is a substantial amount of information on reduction
energies.®® >3 11157 Most these decomposition processes can be summarized into one
electron (1e) and two electron (2e) mechanisms.'*?*>* 157158 |n 3 recent study, Ma et al.
studied the decomposition mechanisms of ethylene carbonate (EC) and fluoroethylene
carbonate (FEC) on Si clusters at ultralow degrees of lithiation (LiSi;s and Li,Siss) using

133 On an earlier investigation, Vollmer et al.** used DFT to

density functional theory.
calculate reduction potentials for EC, propylene carbonate (PC), and vinylethylene
carbonate (VEC). Preliminary results of electron transport in LiF and Li,O using the
DFT-GF approach showed a significant reduction of the electron transport when the SEI
is present and a very small finite current was still calculated at 1 nm thickness.*

The results of this study provide insights in two issues: 1) how the SEI initially

forms and how it evolves, and 2) how it becomes stable under certain conditions.

3.3. Methodology

As shown in Figure 3.1, the systems investigated are composed of the electrolyte
solution, the interphase, and the Li.Siy anode. In order to calculate the rate of electrons
traveling from the SixLiy clusters to the electrolyte molecule passing through the
interphase, an external voltage is applied to the electrolyte-interphase-Li,Siy, complex
using an external power supply connected to the complex through two nanoelectrodes.
The samples investigated include a molecule of the electrolyte (ethylene carbonate), a
finite model of SEI or oxide layer (Li,CO3 SiO, or Li,Si,Os), and a small cluster of the

P127, 136, 159-160

Li,Siy anode. The program GENI is then used to calculate the electron rates
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through the complex. Four lithiated cases for the anode are investigated: Li, Li;3Si4, LiSi

and Si.
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Figure 3.1. Lithium-ion battery diagram showing the sample of the EC-interphase-LiSi
complex (red square) where the electron leakage rates during charge are calculated.

The first systems modeled are the configurations without any SEI component
between the electrolyte and the Li,Siy anode as shown in Figure 3.2. The electrolyte

considered in this investigation is ethylene carbonate (EC), the SEI product examined is
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lithium carbonate (Li,COs3), and the oxides assessed are silicon oxide (SiO2) and lithium

disilicate (Li2Si,Os).

(©) (d)

Figure 3.2. Models without SEI layer (electrolyte-Li,Siy) for four Li,Siy stoichiometries
(@) Li, (b) Li13Sig, (c) LiSi and (d) Si attached to nano-gold electrodes in order to
calculate electron transfer rates. For all other cases with SEI layer, pieces of the SEI
containing from 1 to 3 units shown in Figure 3.3 are positioned between the EC and the
Li,Siy anode. The nanoelectrodes constitute the source and drain of electrons for the
calculations. Discrete part (inside black square) and the extended nano-contacts (outside
black square) are solved together using the GENIP, DFT-Green’s functions approach. Li
(purple), Si (gray), O (red), H (yellow), C (brown) and Au (green).
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The chemical structures for all molecules studied are illustrated in Figure 3.3.
Calculations are done for various thicknesses of the SEI layer. The increase of the
thickness is represented by the addition of SEI molecules between the electrolyte (EC)
and the anode cluster (LixSiy). Up to 3 molecules or units of the SEI are added in each
case. Each molecule in all the models is separated at van der Waals distances to simulate

initial nucleation stages.>?

eIt i

(a) (b) (c) (d)

Figure 3.3. Chemical units (structures) of SEI products and oxides analyzed using DFT
(@) EC, (b) Li,COs3, (c) SiO,, and (d) Li,Si,Os. EC is the acceptor of leaking electrons
from the anode and all the others represent SEI layers containing from 1 to 3 units. Li

(purple), Si (gray), O (red), H (yellow), C (brown).

Within the DFT-GF method, the quantum-mechanical calculations on the
extended molecule and the density of states (DOS) of each nano-contact bulk material
are needed. Then GENIP (Generalized Electron Nano-Interface Program), which
combines the results of the DFT calculations with the GF formalism, is used to calculate
the current-voltage characteristics (quantum ammeter) of all systems. This method has
been previously used to calculate the 1-V characteristics of cobalt phthalocyanine
complexes,™ oligoglycines,™ molecular biosensors,*° etc. Details for GENIP can be
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found in previous works.*?" 1% First geometry optimizations are performed in each
component of the EC-SEI-LixSiy models attached to gold nanoelectrodes. The electrolyte
molecule, EC, is optimized using B3PW91 hybrid exchange-correlation functional and
the 6-311++G(d,p) basis set; preliminary LixSiy clusters are optimized using smaller
basis sets. The crystal structure and lattice parameters for the solid electrolyte interphase
product Li,CO3; as well as for each oxide SiO, and Li,SiOs are obtained from the
Inorganic Crystal Structure Database (ICSD).'** Each studied model is assembled
together using van der Waals separations’® between each component (EC, interphase
and anode), and then single point (SP) calculations using B3PW91 and LANL2DZ basis
set are performed using the program Gaussian 09.'3* The DOS for the gold nano-
contacts is obtained from ab initio DFT calculations on a periodic system of the bulk
contact material (gold) with the program CRYSTAL.**

A direct ab initio procedure to calculate current-voltage characteristics in
molecular junctions was developed earlier by Seminario’s group and used for several
applications.'®®*®® Other procedures also used by them are based on a Green’s functions
approach and the Landauer formalism.'*® In the direct approach, the I-V profiles are
obtained by combining equilibrium electronic structure calculations together with the
uncertainty principle. Using the energy-time uncertainty relation AEAt > h/2, where the
time it takes an electron to transfer from one molecule to another or in general from one
phase to another is At = (h/2)(1/AE). Since I = AQ/At, it follows that I < 2AQAE/h; AE
can be associated with the electrolyte reduction energy, and At with the duration of the

electron transfer (h = reduced Planck’s constant = h/2mx). Thus, the currents estimated by
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this procedure are upper limits to the exact values needed for the decomposition of the
electrolyte solvent. They are calculated from the atomic charges (AQ) transferred by an
external electric field from an external source used to charge the battery. If AQ is set to
1le or 2e for the 1-e and 2-e electrolyte reduction mechanisms, respectively, an estimated
value for the anode leakage current that is needed to decompose the electrolyte can be
obtained. It can then be compared with the actual current leakage due to the tunneling of

electrons from the anode to the electrolyte during initial charging of the battery.

3.4. Results and Discussion

The electron transport calculations using DFT-GF are performed in each system
as described previously. The current voltage (I-V) characteristics are calculated for
applied voltages in the range of -5 V to 5 V; however, only the electron flow resulting
from positive voltages is of interest. Figure 3.4 shows the I-V characteristics for the
models with Li,COj3 as the SEI component; they include, EC-(LiCOj3)x-LixSiy systems
with (LioCO3), (Li,COs3), and (Li,COs)s in red, green and blue respectively. In addition,
the EC- Li,Siy systems (without Li,COj3) are shown in black. It can be observed in all
Li,Siy cases, that the current is greatly reduced with the addition of the SEI components
as compared with the systems without SEI components (see black curves and insets).
Current reductions up to three orders of magnitude are observed at about 5 V. Moreover,
increasing the thickness of the SEI layer in LiSi and Si electrodes yields a reduction of
the electron transfer. Also, a difference in current magnitude is observed in the various
compositions of Li,Siy electrode; the maximum currents, observed at around 5V, are

approximately 0.39, 0.20, 0.28 and 0.17 pA for Li, Li13Sis, LiSi, and Si, respectively.
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Figure 3.4. Current-voltage characteristics for electron transport through Li,COj3 for all
LixSiy clusters. (a) LiF electrode, (b) Li13Sis electrode, (c) LiSi electrode, (d) Si
electrode. Inset shows results (black) of EC- Li,Siy systems without the SEI layer.

Similar calculations are done for the oxides; Figure 3.5 shows the I-V
characteristics for the models with SiO,, including the I-V curves for the EC-(SiOy)«-
Li,Siy systems with (SiO,), (SiO2), and (SiOy)s in red, green, and blue, respectively. In

addition, the EC- Li,Siy systems (without SiOy) are shown in black.
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Figure 3.5. Current-voltage curves for electron transport through SiO, for all LixSiy
clusters. (a) LiF electrode, (b) Li13Si4 electrode, (c) LiSi electrode, (d) Si electrode. Inset
shows results (black) of EC- Li,Siy systems without the SEI layer.

All the results for Li,Si,Os are in Figure 3.6. Similarly, for both SiO, and
Li,Si»Os, in all LixSiy cases, the current is greatly reduced with the addition of the SEI
components as compared with the systems without SEI components (black curves and
insets). Current reductions up to two and three orders of magnitude are observed at about

5V in SiO; and Li,Si,Os, respectively. Moreover, increasing the thickness of the SEI
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layer also results, in most cases in a reduction of the electron transfer. The reason for the
few cases when the current increases as the SEI increases in length is explained by the
behavior of the HOMO-LUMO gap (HLG), which decreases as the length of the

molecule increases. A decrease on the HLG (results discussed below) implies an
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Figure 3.6. Current-voltage curves for electron transport through Li,Si,Os for all Li,Siy
clusters. (a) LiF electrode, (b) Li;3Si4 electrode, (c) LiSi electrode, (d) Si electrode. Inset
shows results (black) of EC- Li,Siy systems without the SEI layer.

52



In addition, a difference in current magnitude is observed in the various
compositions of Li,Siy electrode. For systems where the SEI is SiO,, the maximum
currents, observed at around 5 V, are approximately 3.00, 2.33, 1.40, and 0.39 pA for the
Li, Liy3Si4, LiSi, and Si electrodes, respectively. For Li,Si;Os systems, the maximum
currents are approximately 0.18, 0.18, 0.07, and 0.06 pA for the Li, Lij3Si4, LiSi and Si
electrodes, respectively.

In all cases, Li,COs, SiO, and LiySi,Os, is observed that the Si electrode
configuration has the most resistance to electron transfer. Similar results were reported
previously for LiF and Li,O compounds: their presence greatly reduced the electron
transfer; and higher resistance was observed in the Si electrode configuration as well.*

Table 2.1 summarizes the maximum current estimated for each system. Given
similar configurations of increasing number of molecules between electrolyte (EC) and
electrode (Li\Siy), the trend of conductance (dI/dV) is found to be SiO, > Li,CO3 >
Li,Si»Os. These results indicate that at high voltages, there is a much higher resistance to
electron transfer in Li,Si,Os systems. Moreover, results suggest that much lower currents

are observed in compounds that are generally longer. As compared to LiF and Li,0O,

Li,CO3 appears to be more electrically insulating.
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Table 3.1. Maximum Currents (nA) for Each SEI Cluster and Electrode Stoichiometry.®

Electrode
SEI Molecule Li Li15Sia LiSi Si
No SEI 25.00 100.80 19.10 5.84
Li,COs 0.39 0.20 0.28 0.17
SiO, 3.00 2.33 1.40 0.39
Li,Si,0s 0.18 0.18 0.07 0.06

2 All currents in pA

The current at 2 V versus SEI thickness for Li,CO3; systems is shown in Figure
3.7(a). The current decreases rapidly as the SEI layer thickness increases by addition of
molecules, thus implying higher electron transport at initial SEI formation stages and
then significantly slower steady growth. The current starts approaching zero at ~12 A,
with values in the range of 0.04 to 0.22 pA, and decays up to three orders of magnitude
at about 30 A. The current (at 2 V) versus thickness results for SiO, and Li,Si,Os are
shown in Figure 3.7(b) and Figure 3.7(c), respectively. In all cases there is a significant
decrease in the current as the thickness of increases. The current approaches zero at ~16
A in SiO,, with values in the range of 0.03 to 0.5 pA. In Li,Si,Os, the current approaches
zero at ~20 A, with values in the range of 1.4x10™ to 0.14 pA, and decays up to three
orders of magnitude at about 47 A Again, similar results were reported for LiF and
Li,O, where the current decays to almost zero at approximately 10 A and 8 A,

respectively.
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Figure 3.7. Current at 2 V versus layer thickness for (a) Li,COs3, (b) SiO,, and (c)

Li,Si;Os.

In addition, HOMO-LUMO energies and HOMO-LUMO gaps (HLG) are
calculated for all SEI products; for completeness, LiF and Li,O results whose I-V
characteristics have been previously studied and reported are included as well.** All
HOMO-LUMO energies are presented in Figure 3.8. It can be observed in all cases, that

the HOMO and LUMO energies generally decrease as the electrode lithiation decreases.
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In LiF and Li,O cases, increasing the SEI layers increases both HOMO and
LUMO energies. In Li,CO3 most HOMO and LUMO energies increase as the layers
increase and in some electrode cases, Li and Li;3Si4, the change is very small. In SiO;
case, the HOMO and LUMO energies decrease as the SEI layer increases. Finally in
Li,Si,Os case, for the Li and Liy3Si4 electrodes, the HOMO and LUMO energies remain
almost the same as the SEI layer increases; for the LiSi case, the energies decrease as the
layers increase; and for the Si electrode the energies increase as the SEI increases.

HOMO-LUMO Gap (HLG) vs SEI thickness results for all LiSiy electrode cases
are presented in Figure 3.9. It can be observed, in all systems, that increasing the SEI
layer reduces the HOMO-LUMO gap. For example, for Li,CO3 systems, the HLGs are
0.29, 0.24, and 0.17 eV for a SEI layer with 1, 2, and 3 units, respectively. This result is
in accordance to the well-known effect of the size dependency of the band gap due to

quantum confinement.*® 13 70172 HOMO-LUMO gap results are tabulated in Table 3.2.

57



T T T T
: —m— LiF :
_ —o—Li,0 ]
S 0.3 - ’\ A —A—Li,CO; ]
2 e * \ —e—si0, 1
5 02 2o'% 4 % LiSi;0:7]
Ij:j C = ]
01 Wy .

0.0 | | | |

0 10 20 30 40 50
Thickness (A)
@

0.4 T T T T
: —m— LiF :
- —@— Li,O -
03 [ A g
< . —A—1i,CO, -
> L 2>z ]
s P& —e—sio, ]
502 e 4= Li,81,0
(@] n —%— LI,ol ]
E E l.\\.\’ A 2212Ys E
“o1l .\* .
. . \*\* ]

0.0 | | | |

0 10 20 30 40 50

Thickness (A)

()

Energy (eV)
o o o
= N w

o
o

Energy (eV)
o o o o
= N w N

o
o

T
—Hm— LiF

R —eo—Li,0 ]
Lo —A—Li,CO,
r A 2~v3 ]
- _\x ~. —e—si0, 1
- \‘\ \ —*— Li,Si,0.]
C n e A ]
L | * 1
: X
| | | |
0 10 20 30 40 50
Thickness (A)
(b)
I I I I
C —m— LiF ]
s —0—Li,0 ]
r ®e —A—Li,CO; A
- \ -
C LN —9—Si0, 1
- \\ —#— Li,Si,0.]
C o a4 ]
L ™) ]
- *\* .
L D
| | | |
0 10 20 30 40 50

Thickness (A)

(d)

Figure 3.9. HOMO-LUMO gap energies vs SEI thickness for all systems. (a) Li
electrode, (b) Liy3Si, electrode, (c) LiSi electrode, (d) Si electrode.

Table 3.2. HOMO-LUMO Gap Energies (eV) for All Systems.”

Electrode

SEI Molecule Li Liq3Siy LiSi Si

No SEI 0.37 0.76 0.41 0.36
(LiF), 0.19 0.21 0.18 0.20
(LiF), 0.14 0.16 0.14 0.15
(LiF)3 0.12 0.12 0.11 0.12
(Li,0), 0.23 0.29 0.25 0.29
(Li,0), 0.20 0.24 0.20 0.28
(Li,0)3 0.18 0.20 0.17 0.24

58



Table 3.2. Continued.

Electrode

SEI Molecule Li Li5Siy4 LiSi Si

(Li,CO3), 0.29 0.27 0.29 0.22
(Li,COs), 0.24 0.23 0.24 0.14
(Li,COs)s 0.17 0.15 0.18 0.10
(SiOy); 0.30 0.33 0.26 0.21
(SiOy); 0.25 0.22 0.20 0.17
(SiOy)3 0.19 0.16 0.16 0.14
((Li3Si,0s), 0.11 0.11 3.64 0.11
(Li,Si,0s), 0.07 0.07 0.19 0.49
(Li,Si,05)3 0.05 0.05 0.05 0.06

® All gap energies in eV

The distances from the oxygen atom labeled O; of the EC molecule to the closest
atom, either Siy or Liy, in the LixSiy cluster (Figure 3.2 and Figure 3.10) are shown in

Table 3.3. The distances are directly measured in the assembled models using

visualization software.

Figure 3.10. Distance from EC molecule to Li,Siy cluster example. Distance is measured
from the rightmost oxygen atom (labeled O;) of the EC molecule to the closest atom
(Liyp) in the Liy3Si4 cluster to calculate the leakage current from the anode to the solvent
through the SEI by applying an external voltage V using two external nanotips (green).

Li (purple), Si (gray), O (red), H (yellow), C (brown).
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Table 3.3. Distances (A) from the O; (Figure 3.2) Atom in the EC Molecule to the
Closest (Li; or Si;) Atom in the Li,Siy.°

Electrode

SEI Molecule Li Li15Sia LiSi Si

No SEI 1.81 1.93 1.95 1.82
(LiF), 8.09 8.19 8.20 8.47
(LiF), 12.91 13.03 12.98 13.31
(LiF); 17.74 17.88 17.79 18.16
(Li»0O), 6.33 7.24 6.48 6.66
(Li,0), 9.34 10.28 9.47 9.70
(Li»O); 12.37 13.31 12.48 12.74
(Li,COs), 13.39 14.70 13.87 13.75
(Li,COs), 21.75 23.03 22.19 22.07
(Li,CO3); 30.07  31.40 30.51 30.42
(SiOy), 7.48 8.57 7.68 7.82
(SiOy); 11.65 12.76 11.81 12.02
(Si0Oy)3 15.84 16.95 15.99 16.22

((Li,Si,0Os), 19.84 21.49 19.36 20.76

(Li,Si,0s), 34.43 36.09 33.92 35.36

(Li,Si;0s)3 49.03 50.69 49.26 49.95
° All distances in A

Several electrolyte reduction mechanisms and reduction energies (AE) are found
in the literature, but they can be summarized into 1-electron and 2-electron
mechanisms.®*?**** Ma et al. studied the decomposition mechanisms of ethylene
carbonate (EC) on Si clusters using density functional theory.’*® Table 4 shows the
reaction energy and energy barriers (AEj;) for the reactions reported by Ma and

Balbuena.'®® State 1 (Figure 3.11) corresponds to the initial geometry, and 2 to 7
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correspond to the intermediate and transition state geometries. Detailed explanation on

each geometry can be found on Ma et. al work.**®
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Figure 3.11. 1- and 2-electron reactions with the ethylene carbonate on a silicon
cluster.® (a) 1, EC---Li(Si1sHs)" ion complex of EC on a Li(SiisHse) cluster; 2, EC---
Li(Si1sH16) neutral complex of EC on a Li(SiisHi6) cluster; 3, EC---Li(SiisHi6)” ion
complex of EC on Li(SiisHsg) cluster; 4, transition state for the EC molecule dissociation
on the Li(Si;sH16) surface; 5, resulting intermediate geometry of the dissociation of EC
on the Li(Si;sH16) surface; 6, transition state for the EC molecule dissociation on
Li(SiisHig) surface; 7, resulting intermediate geometry for the dissociation of EC on the
Li(SiisHi6) surface. (b) Energy diagram evolution for the 1- and 2-electron
mechanisms.

Figure 3.11 shows the energy diagram for the 1- and 2-electron reduction
mechanisms corresponding to the data shown in Table 4. Using At = (1/2)(1/AE), At;; can
be found as well as the total time changes (Ats; and At7;) which are found by addition of
Atyq, Atgp, and Atsy for Atsy, and Atzy, Atgs, and Atzg for At7;. Table 3.4 summarizes the
energy changes presented in Figure 3.11 and the calculated time changes. According to

the uncertainty principle, each time change corresponds to the minimum duration of the
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corresponding reaction.'” For the 1e mechanism, Ats; = 0.58 fs is obtained, and for the
2e mechanism, At;; = 0.4 fs; these results are in a time scale reasonable for electron
transfer in a single molecule.*”® Then using I < 2AQAE/h, Ats, and Atys, the current (1)
for each 1- and 2-electron mechanisms is calculated; the results are also shown in Table
3.4. Moreover, the electron affinity of ethylene carbonate in solution was reported to be
9.65 kcal/mol,® resulting in a current of 2x10™ A, which is comparable to the results
found in Table 3.4. The EC-Si system, shown in Figure 3.2(d), can be compared to the
system studied by Ma and Balbuena.’®® The maximum current found for the EC-Si
system is 5.8x10° A, which is two orders of magnitude smaller than the current
calculated using I < 2AQAE/h (Table 3.4). This is in accordance to the fact that the
currents calculated using the equality of this direct approach represent upper limits to

their exact values.

Table 3.4. Energies, Times of Reaction, and Estimated Currents for the 1-e and 2-e
Mechanisms. Total currents (lita) COrresponds to the maximum electron transfer rate
that can be sustained by the reaction; also Atsy = Aty + Atsp + Atsz and Atyg = Atgy + Ates

+ Atze.
Transfer AE;j At lotal
i—j (kcal/mol)° (s) (A)
1+e 52 -124.5 6.1x10™"
24 24.8 3.1x107%
45 -36.0 2.1x10%®
1+e 55 5.8x107% 2.8x10™
1+2e -3 -179.7 4.2x10"
36 27.2 2.8x107°
67 -95.1 8.0x10"
1+2e —7 4.0x10° 8.0x10™

¢ Energies taken from.™”
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3.5. Conclusions

The electron transport on various SEI products and oxides is investigated in four
lithiation stages of the anode using a DFT-GF approach to understand early stages of
SEI nucleation and growth. Results indicated that, in all Li,Siy cases, the current is
significantly reduced with the addition of the SEI components as compared with the
systems where no SEI element is present. Moreover, increasing the thickness of the SEI
layer also resulted in a reduction of the electron transfer. Results indicated that at high
voltages of ~5 V, Li,Si»Os presents a much higher resistance to electron transfer than
Li,CO3; and SiO,. Results also showed that the current decreases exponentially as the
SEI layer thickness increases, thus implying higher electron transport at initial SEI
formation stages and then significantly slower steady growth. Findings in this work
complemented previous studies by expanding the electron transport analysis to the main
component of the inner layer of the SEI and surface oxides, which when combined with
studies of ion transport would provide key information for the development of thin
layers of coating to protect the electrodes. HOMO-LUMO gaps for all systems were
calculated. It was observed, in all systems, that increasing the SEI layer reduces the
HOMO-LUMO gap. In addition, estimations based on the uncertainty principle were
used to calculate the current (I) produced by an energy change (AE) of electrolyte
reduction; these currents are in the range of 10 A, two orders of magnitude larger than
currents found using the DFT-GF approach in a similar system. This at least confirms
correctly that the electronic current calculations from the GENIP program are below the

upper quota dictated by the uncertainty principle. On the other hand, it could not be
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found in the literature any experimental indication of a measurement of the leakage
current by electrons. The impedance measurements that have been done so far are due to
the Li-ions traveling from the cathode to the anode or vice versa. This is very different to
the leakage current due to the electrons that leak during charging from the anode to the
solvent in which they react. An experiment to measure this effect would need to have a
fully accessible battery in which the leakage electrons can be detected perhaps by the
reaction products produced in the solvent. Nevertheless, as indicated in the Methodology
(Section 3.3), the procedure GENIP yielded consistent results, and indirectly, it can be
said that the methods involved in the procedure always were consistent with very precise

related experiments.
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4. 10N DIFFUSIVITY THROUGH THE SOLID ELECTROLYTE INTERPHASE

IN LITHIUM-ION BATTERIES”

4.1. Synopsis

Understanding the transport properties of the solid electrolyte interphase (SEI) is
a critical piece in the development of lithium ion batteries (LIB) with better
performance. The lithium ion diffusivity in the main components of the SEI found in
LIB with silicon anodes is studied. Classical molecular dynamics (MD) simulations are
performed on lithium fluoride (LiF), lithium oxide (Li,O) and lithium carbonate
(Li,COs3) in order to provide insights and to calculate the diffusion coefficients of Li-ions
at temperatures in the range of 250 K to 400 K, which is within the LIB operating
temperature range. A slight increase in the diffusivity as the temperature increases is
found. Simulation results show that Li-ion diffusion coefficients at 300 K are 3.93x10™
m?/s, 4.01x10™*® m?s, and 4.90x10""" m%s for LiF, Li,O and Li,COs respectively;
previously published computational results by other authors report diffusion coefficients
in the range of 10% to 10™® m%s. Moreover, the activation energies obtained are 0.04
eV, 0.22 eV and 0.12 eV for LiF, LiO and Li,COs, respectively; activation energies
previously obtained by others experimentally and theoretically are within 0.15 to 0.8 eV.

Since diffusion is more easily noticeable at high temperatures, Li-ion diffusion over

“Reprinted with permission from:
lon Diffusivity through the Solid Electrolyte Interphase in Lithium-lon Batteries by L. Benitez and J. M.
Seminario, 2017. J. Electrochem. Soc., 164, E1-E12, Copyright 2017 by The Electrochemical Society.
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temperatures in the range of 1300 K to 1800 K is also studied and the diffusion
mechanisms involved in each SEI compound are analyzed. The mechanisms of Li-ion
diffusion observed include both vacancy assisted and knock-off diffusion in LiF, direct
exchange in Li,O, and vacancy and knock-off in Li,CO3. Moreover, the effect of applied
electric field in the diffusion of Li-ions at room temperature is also evaluated. It is found
that as the electric field is increased, Li-ion diffusion exponentially increases, and
coefficients that are at least five orders of magnitude greater than those where no field is
applied are obtained. Results in this work are in good agreement with available
experimental data and other computational results. This investigation of transport
properties in individual SEI compounds provides essential knowledge, such as diffusion
coefficients and diffusion mechanisms in a wide temperature range and under applied
electric field, useful for the improvement of Li-ion batteries and for others using
technologies beyond the Li-ion. Better understanding of SEI properties helps in
accurately designing SEI films that could improve Li-ion battery performance.
Furthermore, the evaluated force fields can be used to study further Li-ion transport in
complex structures containing two or more SEI materials using classical molecular

dynamics simulations.

4.2. Introduction
As mentioned in Section 1.2, there are an increasing number of studies, both

experimental and theoretical, on Li-ion transport within the electrolyte and in the

66-87, 91 88-90, 93

electrodes; the boundary between the liquid electrolyte and the electrode;
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and even the SEI as a whole.?* ** ®- %2 |n this section, transport mechanisms are studied
and diffusion coefficients are predicted in the individual interphase components.

It has been found that lithium ion diffusion in the SEI is thought to occur through
grain boundaries, through porous regions, or through interstitials and vacancies.® **% 1%
17> Each SEI component may exhibit one or more of these ion transport mechanisms.
Below, ion diffusion studies and diffusion mechanism investigations found in the
literature for the three main components of the inorganic SEI layer are summarized.

One of the most often-reported to be found in the SEI is LiF; this inorganic
compound has been observed in both carbon and silicon based anodes. One study
reported that its cation diffusivity is much lower than in other SEI inorganic compounds,

and suggested that diffusion in LiF cause rate limitations in Li-ion batteries; ™

they used
periodic density functional theory (DFT) calculations to determine dominant diffusion
carriers and diffusion pathways, as well as used the nudge elastic band (NEB) method to
calculate energy barriers of diffusion; they found that vacancies were ‘“energetically
more favorable” than interstitials, and reported energy barriers of 0.73 and 1.09 eV for
neutral vacancies and neutral Schottky vacancies, respectively; moreover the associated
diffusion coefficients they found were in the range of 10%° to 10° m?s. Similar results
for the energy barrier were found in other DFT studies where the lithium dynamics were
investigated.®* 1® Also, earlier experimental investigations using NMR obtained energy
barriers in the range of 0.65 to 0.73 eV.*’ Two recent studies, one using molecular

7

dynamics, ’* and the other applying phase-field model together with Fick’s law,

reported diffusion coefficients of Li in LiF at room temperatures (298 K to 318 K) in the
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range of 3.7x10™® m?/s. Moreover, diffusion in LiF has been more extensively studied at
high temperatures since this compound is an important component of the molten salt
mixtures used as primary coolant and fuel in nuclear fission reactors. Investigations
using molecular dynamics and experimental techniques obtained diffusion coefficients in
high temperature range (700 K to 1400 K), and in temperatures close to the melting
point of LiF, and reported values in the range from 0.25 to 1.86 eV for the diffusion
energy barrier.}’8184

Only a couple of theoretical studies reported diffusion barriers in Li,O at low
temperature.®® *'® Chen et al.** used DFT to investigate the electronic structure and the
vacancy-assisted Li diffusion using NEB method; they showed that Li,O electronic
structure had insulating character and obtained a diffusion barrier of 0.15 eV.
Additionally, Guan et. al.?* and Tasaki et. al.,*® in addition to studying LiF, also studied
diffusion in Li,O and found transport coefficients in the range of 1.7x10™® m?s. Lithium
diffusion in Li,O has been widely studied at high temperatures due to its superionic (fast
ion mobility) behavior at elevated temperatures.” *%1%" Most of these works focused on
developing and evaluating force field parameters for molecular dynamics simulations,

which were then used to analyze structure, physical properties, and diffusion.®*%

a|196

Experimentally, diffusion of Li* in Li,O was studied by Oishi et. using mass

spectrometry and the °Li radioisotope as a tracer. In a recent study,*®’

non-equilibrium
molecular dynamics (NEMD) were used to obtain diffusion coefficients of Li at
temperatures from ~870 K to ~1600 K. In NEMD, a fictitious electric field is applied in

order to increase the occurrence of diffusion-related hopping events and thus accurately
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calculate coefficients. They found that diffusion below 1200 K is dominated by
synchronous nearest-neighbor hoping also called ring diffusion,”* where two or more
adjacent atoms move at the same time; at higher temperatures, interstitial-assisted
diffusion mechanism governs. They also report, energy diffusion barriers of 0.26 and
1.11 eV for high temperatures and for superionic regime, respectively.

Lithium carbonate (Li,CO3) has been shown to be the main component of the
dense inner SEI layer and it is claimed to be responsible for stabilizing SEI films.'”
Recent studies have mainly focused on finding the dominant diffusion carriers
(interstitials and/or vacancies), their diffusion pathways and diffusion mechanisms, as

well as the associated diffusion barriers. Shi and co-workers!™#*"

in two separate works
determined the dominant diffusion carriers, among interstitials, vacancies and Frenkel
pairs, over a voltage range from 0 to 4.4V; they found that below 0.98 V interstitial Li*

175

ions are the main carriers,”” that above ~4 V vacancies dominate diffusion, and that

between 0.98 and ~4 V interstitials and vacancies have the same influence.*’

Moreover,
using the climbing image NEB (CI-NEB) method they observed that interstitial Li*
moves via knock off mechanism and vacancy-assisted Li* diffusion is via direct
hopping, and calculated energy barriers in the range of 0.31 for interstitials and 0.24 eV
for vacancies. In addition, they report diffusion coefficient values in the range of 10™
m?/s over the voltage range they studied. Other investigations of Li-ion diffusion in bulk

monoclinic Li,CO3 used DFT to find migration barriers and reported values of 0.23 to

0.49 eV.%* 1% while there are studies focused on investigating the structure and
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thermodynamics of Li,CO3,% 19943

to the best of my knowledge, there are no reports on
diffusion of Li-ion at high temperatures.

While the previously mentioned studies calculate diffusion coefficients only at
room temperature, or only at very high temperatures (near melting), this work provides
coefficients over a wider temperature range from 250 K to 1800 K, which includes LI1B
extreme charging temperatures (-20 to 45 °C).?** Since SEI components are highly
sensitive to temperature,”® characterization under different temperatures is critical.
Moreover, the effect of an applied electric field on the diffusion coefficient and on the
diffusion mechanisms is investigated.

This study provides insight on lithium ion transport through individual SEI
compounds: 1) At both low and high temperatures; and 2) At room temperature under an
applied external electric field. This fundamental knowledge is useful in multi-scale
computational methods developed to simulate SEI nucleation, growth and evolution.?*
149,205 The |ong-term goal is to eventually have more control over interface parameters
such as composition, structure, porosity and thickness, and thus accurately design SEI
films and therefore better Li-ion batteries. This work is a step towards this ultimate goal.

In this paper, the main components of the inorganic SEI layer are studied: lithium
fluoride (LiF), lithium oxide (Li,O) and lithium carbonate (Li,COs).2**! First, the force
fields needed for accurate molecular dynamics are evaluated. MD has the advantage that
no previous knowledge of diffusion pathways is required and it can consider many-
particle effects. Moreover, MD simulations allow studying phenomena that is not easily

accessible with experimental techniques. Diffusion coefficients at several temperatures
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are calculated in order to provide fundamental understanding on the transport properties
of the solid electrolyte interphase found in lithium ion batteries. Furthermore, the room
temperature diffusivity of Li-ions as function of an applied electric field is obtained.

In Section 4.3, details of the computational methods used are given. In Section
4.4, the results and discussions are presented. The results from the defect free SEI
structures are first discussed; findings on diffusion of Li-ions over low and high
temperatures are then examined; and finally, the details of the diffusion coefficients
obtained after applying an electric field are reported. In Section 4.5, the findings and

conclusions are briefly summarized.

4.3. Methodology
The SEI products in this study consist of lithium fluoride (LiF), lithium oxide
(Li,O) and lithium carbonate (Li,CO3). Their structures and crystal lattice parameters are

obtained from the Inorganic Crystal Structure Database (ICSD).'*®

A 5x5x5 supercell is
used for LiF, a 4x4x4 supercell for Li,O and a 3x3x4 supercell for L,CO3; simulation
box sizes are 20x20x20 A for LiF, 22x22x22 A for Li,0, and 24x21x25 A for Li,COs.
Figure 4.1. shows the SEI structures studied.

In addition, all studied SEI structures are set up with three-dimensional periodic
boundary conditions. Both lithium fluoride and lithium oxide are modeled by the

standard 6-12 Lennard-Jones (LJ) potential energy, which for a pair of atomsiand j at a

distance r is given by
- 12 o 6
E6-12 L= 4e [(?) - (?) ] r<re (41)
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where ¢ is the depth of the LJ potential well, ¢ is the distance at which the potential is

zero and o = 20 .. is the distance at the minimum (equilibrium) energy.

(a) (b) (©)

Figure 4.1. SEI structures studied. (a) LiF: 5x5x5 supercell, 20x20x20 A box size, 500
Li atoms and 500 F atoms. (b) Li,O: 4x4x4 supercell, 22x22x22 A box size, 512 Li
atoms and 256 O atoms. (c) Li,CO3: 3x3x4 supercell, 24x21x25 A box size, 288 Li
atoms and 144 C atoms and 432 O atoms. Li (purple), F (cyan), O (red), C (brown).

In addition, a Coulombic pairwise interaction is also used given by

q;9;
ECOul = r <rc (42)

€r
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where @; and g; are the charges of the pair of atoms i and j, and € is the dielectric
constant. In considering the charges, it is taken into account that fluorine presents the

possibility of forming a o-hole, 2%

a noncovalent interaction between a covalently-
bonded halogen and a negative site; however, the fraction of covalent bonding in LiF is
very little ~0.1 due to the large differences in electronegativities of the two atoms, which
actually yield a strong ionic bond.

For both potentials, LJ and Coulombic, there is an r. cutoff distance after which
the energy is not calculated; the cutoff distance (r¢) in all calculations is 10 A. In order to
compensate for the abrupt change in energy at the cut-off distance, long range
Coulombic interactions in LiF and Li,O are evaluated by the Ewald summation
technique outside this cut-off distance.?® Lithium carbonate uses the standard 6-12 LJ

and coulombic interaction potentials given by (4.1) and (4.2) respectively, together with

bond, angle and improper dihedral interactions given by

Epond = kp(r-19)” (4.3)
Eangte = ko(0-0g)’ (4.4)
Eimproper = kx(X'Xo)z (45)

where ky, Kg and k, are force constants, r is the distance between the atoms and rq is the
equilibrium bond distance; 0 is the angle between atoms and 6y is the equilibrium angle;
x is the improper dihedral angle and Yy is the equilibrium value of the improper dihedral
angle. The 6-12 LJ potential parameters and ionic charges used for LiF are tabulated in

Table 4.1.%° %% ¢ and & are mixed using Lorentz-Berthelot rules.”*° The parameters and
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charges used to describe Li,O and Li,COs are presented in Table 4.1.2*#2 ¢ and o are
mixed using geometric combination rules.”*? Bond, angle and improper interaction

parameters utilized are tabulated in Table 4.2.

Table 4.1. 6-12 Lennard-Jones Parameters and Atom Charges for LiF, Li,O and
LizCOs_lgS’ 210-212

SEI Atom € c q
Product (kJ/mol)  (A) (e)
LiF Li 0.24125 1.715 0.78
F 0.02707 3.954 -0.78
] Li 0.1046 2.183 0.75
leO
O 0.25104 3.118 -1.5
Li 0.1046 2.183 1.0

Li,CO3 C 0.43932 3.431 0.9853
) 0.25104 3.118  -0.9951

Table 4.2. Bond, Angle and Improper Dihedral Interaction Parameters for Li,COs.

Bond C-O Angle O-C-O Improper O-C-O-O
kp (kJ/mol-A%) 1y ke (kd/mol-rad®) 6y  k, (kJ/mol-rad®)  xo
3222 1.3 460.2 120 1050 180

All  molecular dynamics simulations are done using Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS),*** and all visualizations of
the structures are performed using the graphics software, Visual Molecular Dynamics
(VMD).2* In this investigation, the defect-free samples are first studied, and then the

point defects are added in each SEI sample and the diffusion is evaluated. First an

74



energy minimization of each SEI product is performed in order to find a stable structure;
then the samples are equilibrated at 5 K for 1 ns to allow the relaxation of the structure;
next, a simple MD simulated annealing is followed with the following steps: first, a
gradual temperature ramp up to 800 K is performed at a rate of 0.795 K/ps;
subsequently, the sample is cooled down to 250 K at a rate of 0.55 K/ps, and finally it is
stabilized at 250 K for 1 ns. Annealing is done in order to find a structure closer to a
global energy minimum; thus, optimizing the structure of the samples. Then temperature
equilibrations lasting 1 ns each are done in 25 K increments from 250 K to 400 K, in 50
K increments from 400 K to 600 K, and finally in 100 K increments from 600 K to 1800
K. Increase rates are 1 K/ps for all the aforementioned temperature ranges. All
simulations are done at zero pressure since experimental diffusion studies, especially
SEI studies must be carried out in vacuum. The NPT ensemble is used for all MD
simulations and then some features are compared with those under the NVT ensemble.
The time step used for LiF and Li,O is 1 fs, a typical value for MD simulations, and for
Li,CO3, a 0.1 fs time step is used since values smaller than 1 fs are used in samples
modeled with bonded interactions.®" #°

First, the quality of the force fields is evaluated by checking the crystal structure
and bond distances of each structure after the energy minimization, and after equilibrium
at 300 K. In addition, snapshots of the structures are taken during each temperature
equilibration every 2 ps, and the coordinates are saved. Then, the radial distribution
functions (RDF’s) for all the atom pairs in each compound are calculated with VMD at

each temperature using the saved atom coordinates from the 500 snapshots taken.
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Afterwards, the diffusion of Li* at various temperatures is evaluated. First, defects are
created in each compound (LiF, Li,O, and Li,CO3) in order to allow Li* ion diffusion.
For that, one Li-ion and one F-ion are removed in LiF sample; two Li-ions and one O-
ion are removed in Li,O sample; and for Li,COs, one Li-ion is added as interstitial.
Again, energy minimization, equilibration at 5 K, thermalization, and equilibration at
250 K are done. Then temperature equilibrations are done from 250 K to 600 K and at
high temperatures in the range of 700 K to 1800 K; temperature increments and the rates
for the temperature ramps are the same as above. LiF and Li,O are compared with
available experimental and MD results. Once the structure is equilibrated, the mean
square displacement (MSD) of the Li* ion is recorded at each temperature using the
appropriate “compute” command in LAMMPS. Diffusion coefficients (D) are calculated
from the mean square displacement (MSD), since D is proportional to the MSD®® as

shown by

1 1= N 2
D = ~([f(® - 1(to)| ) (4.6)
where r is the position of the particle at each time step, t is the time, to is the initial time,

r(t) - 7(ty) is the distance traveled by the particle over the time interval (t - t), and

(|r(® - F(t0)|2) is the MSD. The diffusion coefficient is found from the slope of the MSD
Vs time.

Lastly, an electric field is applied in the range of 0.1 VV/A to 0.85 V/A to each of
the studied structures and the diffusion coefficients are calculated. In different
simulation runs for each SEI product and for each field applied, energy minimization,

equilibration at 5 K for 100 ps, thermalization up to 800 K at a rate of 7.95 K/ps, cool
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down to 300 K at a rate of 7.95 K/ps, and finally equilibration at 300 K for 100 ps are
done. The electric field is applied to the sample at the 300 K equilibration and the MSD
of the Li-ions is recorded during a 100 ps timeframe and snapshots of the structures are
taken every 0.1 ps. As the electric field is increased from zero, only results in the linear
regime of the MSD can be directly compared to results with no field applied. **" The

field is increased up to 0.85 V/A where non-linear effects are clearly observed.

4.4. Results and Discussion

First the total energy obtained at each stage of the simulations performed for
pristine and impure samples is analyzed. Figure 4.2 to Figure 4.4 show total energy and
the temperature versus time for each case studied. For the case of LiF, shown in Figure
4.2(a-b), it can be observed that the energy of the pristine crystal structure (blue curve)
starts at about -76 Gcal/mol, then increases to -70 Gcal/mol as the temperature is
increased to 800 K (~2 ns), then it goes down to -74 Gcal/mol when the temperature
decreases to 250 K (~3 ns). Afterwards, the energy increases in a stepwise manner to an
average energy of -67.5 Gcal/mol at a temperature of 1200K (~20 ns). At this
temperature (1200 K) the energy significantly jumps to -63.8 Gcal/mol. This suggests a
change of phase in the structure, namely indicating the melting of LiF. There is a
significant volume increase that produces a corresponding energy increase. After that,
the energy continues increasing to -58.4 Gcal/mol as the temperature goes to 1800K
(~28 ns). Energy variations around average values are approximately 0.1 Gcal/mol at
low temperatures and 0.7 Gcal/mol at high temperatures. The energy profile does not

change when the vacancy defects (black curve) are introduced to the structure. In both
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LiF cases, pure and impure crystal structures, the major contributions to the energy come
mainly from the short range and long range coulombic interactions. In comparison with
simulations performed under the NVT ensemble, the energy of the pristine crystal
structure (red curve) starts at about -71 Gcal/mol, then increases to -66 Gcal/mol as the
temperature is increased to 800 K (~2 ns), then it goes down to -70 Gcal/mol when the
temperature decreases to 250 K (~3 ns). After that, the energy increases in a stepwise
manner to an average energy of -61 Gcal/mol as the temperature increases to 1800K
(~20 ns). In the NVT case, the volume is not able to change and thus the jump in energy
at 1200 K is not observed. Energy variations are similar to the NPT case. Again, the
energy profile does not change significantly when the vacancy defects (green curve) are

introduced to the sample.

-56 : : : : 2000 - : . : .
— Crystal (NVT) — Crystal (NVT)
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Q ©1000 ¢
> 68 “é
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w -72¢ -
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(a) (b)

Figure 4.2. (a) Energy versus time curves and (b) Temperature versus time curves under
NPT and NVT ensembles for LiF structures (vacancy defect ratio of 2/1000).
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For the Li,O defect-free structure (blue curve) shown in Figure 4.3(a-b), a large
variation in the energy is observed at the beginning of the simulation which stabilizes
when the sample is cooled down to 250 K (~3 ns). At 250 K the average energy value
corresponds to -114 Gcal/mol. Then the energy increases in a stepwise style as the
temperature of the sample is increased all the way up to 1800 K (~28 ns). Energy
variations around average values are approximately 0.1 Gcal/mol and 1 Gcal/mol at low
and high temperatures, respectively. Again, the energy profile does not change when the
vacancy defects (black curve) are introduced in the Li,O crystal. In both cases, pure
crystal and impure structure, the major energy contributions to the total energy come

from the short range and long range coulombic interactions.
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Figure 4.3. (a) Energy versus time curves and (b) Temperature versus time curves under
NPT and NVT ensembles for Li,O structures (vacancy defect ratio of 3/798).
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In the NVT case, for the pristine crystal structure (red curve), the large variation
in the energy at the beginning of the simulation run is not observed; the energy of the
defect-free structure starts at -111 Gcal/mol, then it increases to -108 Gcal/mol as the
temperature is increased to 800 K (~2 ns); it then goes down to -111 Gcal/mol when the
temperature decreases to 250 K (~3 ns). Then the energy increases in a stepwise style as
the temperature is increased all the way up to 1800 K (~28 ns). Energy variations around
average values are approximately the same in both NVT and NPT cases. Moreover, the
energy profile does not change when the vacancy defects (green curve) are introduced in
the Li,O structure.

In the case of Li,COs, in order to find the best the volume for this structure, a test
simulation was performed under the NPT ensemble first. In this test run, the structure
was first minimized, then heated to 800 K (0.795 K/ps), subsequently cooled down to
250 K (0.55 K/ps), then slowly heated back up to 1800 K (~0.060 K/ps). Then,
production runs under the NPT and NVT ensembles were restarted using the last saved
state from the NPT test run. The calculations were restarted using the simulation box
size and shape, boundary settings, atom positions and velocities, as well as atom
attributes and force field styles and coefficients. Therefore, for the case of Li,COs,
shown in Figure 4.4(a-b), the energy of the defect-free structure (blue curve) starts
around the average value of -62 Gcal/mol and slowly goes down to an average value of -
74 Gcal/mol as the temperature goes up to 1800 K. When the interstitial Li* is
introduced to the structure (black curve), no changes are observed in the energy profile.

The energy variations in the Li,CO3 case are approximately 11 and 17 Gcal/mol at low
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and high temperatures, respectively. In both cases, the pristine crystal and impure
structure, the major energy contribution to the total energy comes from very strong short
range coulombic interactions. Comparing with the NVT ensemble, the energy of the
pristine crystal structure (red curve) first starts at an average value of -73 Gcal/mol, then
goes slightly up to -69 Gcal/mol and then slowly goes down to -71 Gcal/mol as the
temperature increases to 1800 K. Energy variations are approximately the same in both
NVT and NPT cases. Again no changes are observed in the energy profile when the
interstitial defect (green curve) is introduced to the structure. Comparing the energy
profiles of the different SEI components studied, it can be observed that the lowest
energies are obtained in the Li,O case which yields energies in the range from -115 to -
100 Gcal/mol (excluding initial energy variations). Then LiF case yields energies from -

76 to -58 Gcal/mol. Finally, Li,COgs, produces energies in the range of -50 to -85

Gcal/mol.
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Figure 4.4. (a) Energy versus time curves and (b) Temperature versus time curves under
NPT and NVT ensembles for Li,COj3 structures (interstitial defect ratio of 1/864).
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The defect free structures are then studied to evaluate the force fields. First, it is
verified that the crystal structure and bond distances of each SEI compound are
maintained after the energy minimization and equilibrium at 300 K. Figure 4.5 shows the
structures obtained after equilibration at 300 K for LiF, Li,O, and Li,COs. It can be
observed, in all cases, that the crystal structure was not changed significantly. For LiF,
the crystal order is well maintained both after minimization and equilibration at 300 K.
For Li,O case, there is minor disorder after the energy minimization; however, the

crystal order and structure are reestablished after thermalization up to 800 K and then,

equilibration at 300 K.

S wl ~

(a) (b) (©)
Figure 4.5. Structure after 300 K equilibrium for (a) LiF, (b) Li»O and (c) Li,COs. Li
(purple), F (cyan), O (red), C (brown).

For Li,COsg, the crystal structure is conserved during minimization; nonetheless, in the

equilibration at 300 K, slight crystal distortion is seen. Table 4.3 presents a comparison
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of all bond distances obtained in this work and the data available in the 1CSD.** For all
compounds, bond distances remain quite similar after minimization; at 300 K
equilibrium, even though there is more variation than that of the minimization, the bond

distances are still within +0.2 A.

Table 4.3. Comparison of Calculated and Experimental Bond Distances
Bond distance (A)

SEI After

Product Bond Bergﬁrggﬁ Mi Aﬂer . Equilibration
et al. Inimization at 300 K

LiF  Li-F 2.01 2.00 2.20

Lo Lo 2.00 1.93 1.95

Li-Li 231 2.32 2.26

c-01 1.30 1.29 1.30

C-02 1.30 1.29 1.30

. c-03 1.27 1.30 1.31

LCOs i1 197 1.96 1.95

Li-02 193 1.94 1.94

Li-03  1.89 1.89 1.96

RDF curves for temperatures ranging from 250 K to 1800 K are analyzed and
only selected representative RDF curves are presented in Figure 4.6. For LiF, the RDF
curves from 250 K to 800 K are similar. Characteristic peaks representing the crystalline
structure are observed, and the intensity of the peaks decreases and their widths broadens
as the temperature increases. At 1000 K, the RDF is significantly different from those at
lower temperatures, peaks can still be observed yet they are shifted and broader,

indicating that some disorder in the structure is starting to appear. At 1200 K, the
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characteristic peaks disappear and g(r) approximates to 1 at long range, indicating that
the simulated structure becomes liquid at this temperature; this suggests that the result
for melting temperature of 1200 K is very close to the experimental melting point of LiF
(1122 K).?'® At temperatures greater than 1200 K, all RDF curves are equal to the 1200
K curve.

Li,O RDF curves from 250 K to 600 K are alike; their peaks decrease and
broaden as temperature increases. From 800 K to 1400 K peaks continue to decrease and
widen until individual peaks combine. At 1800 K, a considerable difference is observed,
peaks start vanishing and g(r) begins approaching a value of 1 at long range; however,
the simulated structure does not become liquid at this temperature, implying that a value
greater than 1800 K for the melting temperature is obtained, which is higher than the
experimental result of 1700 K.2*’

For Li,CO3; compound, the RDF curves in the temperature range from 250 K to
1100 K are almost the same. A small decrease in the first peak intensity is observed as
the temperature increases above 1200 K, this suggests that melting is starting to occur
around this temperature; this melting temperature obtained is higher than the
experimental value of 996 K.?**%° At 1800 K the RDF curves are clearly different than

the curves at lower temperatures.
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Figure 4.6. Selected radial distribution functions of LiF, Li,O and Li,COj3at various
temperatures. For LiF at 300 K, 1000 K and 1200 K: (a) Li-Li, (b) F-F, and (c) Li-F. For
Li,O at 300 K, 1400 K and 1800 K: (d) Li-Li, (e) O-0, and (f) Li-O. For Li,CO3 at
300K, 1200 K and 1800 K: (g) Li-Li, (h) C-C, (i) O-O, (j) Li-C, (k) Li-O, and (I) C-O.
Snapshots used to calculate RDF’s are taken every 2 ps during 1000 ps temperature

equilibrations using NPT ensemble.
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After vacancies and interstitial are introduced in each SEI product, the lithium
ion diffusion coefficients for each case are obtained from the slope of the MSD curves.
Coefficient values for each temperature below 400 K are tabulated in Table 4.4. At 300
K, for Li* diffusion in LiF it is D = 3.93x10™® m?/s which is in the range of values (10
m?/s and 10*® m?%/s) that have been reported for diffusion of Li in LiF found using phase-
field, molecular dynamics and NEB methods.?* ** ¥ Similarly, the Li-ion diffusion in
Li,O is D = 4.01x10™® m?/s at 300 K, which is also within the range (10%° m%s and 10°
m?/s) of published theoretical values of diffusivity of Li in Li,O obtained also by phase-
field method and molecular dynamics.** *® For Li,CO3 at 300 K, D = 3.3x10™*® m?%s,
which is one order of magnitude smaller than the reported values (10™*° and 102 m?/s) of
diffusion of Li in Li,CO; found by NEB and molecular dynamics studies.'’™® %
Moreover, all of the results at 300 K are within the range of values (10™*® and 10™* m?/s)

of diffusion of Li in amorphous silicon that have been experimentally found.®® 220221

Table 4.4. Diffusion Coefficients for Li-ion in LiF, Li,O and Li,COs.

Temperature Diffusion Coefficient (D) (m*/s)

(K) LiF Li,O Li,CO;

250 6.83x10"  1.71x10"®  1.00x10?®
275 1.12x10®  1.74x10%®  7.11x1076
300 3.93x10°  4.01x10"® 3.30x10%
325 1.22x10"°  530x10%® 9.14x10%°
350 7.10x10%°  6.92x10"® 6.73x10
375 4.64x10Y  1.10x10%°  1.08x10"°
400 1.07x10"°  3.63x10"® 1.68x107
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At low temperatures, mainly the atom vibrations due to the increased temperature
are observed and no diffusion hopping events during the simulation time are seen. On
the contrary, at high temperatures, Li-ion diffusion can be clearly observed. Sample
snapshots of Li-ion diffusion are presented in Figure 4.7. Diffusion mechanisms
observed in the simulations include both vacancy assisted and knock-off diffusion in
LiF. This agrees with previous theoretical results that found vacancy diffusion more
favorable than interstitial diffusion.™™® The diffusion mechanism observed in Li,O is
direct exchange, where two neighboring ions move simultaneously. A similar

mechanism, ring diffusion, was found in a recent study.**’

(b)
Figure 4.7. Li-ion diffusion in (a-b) LiF, (c-d) Li,O and (e-f) Li,CO3at high
temperatures. Initial (a,c,e) and final (b,d,f) position of Li-ions. Li (purple, blue, yellow),
F (cyan), O (red), C (brown).
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Figure 4.7. Continued.
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Vacancy and knock-off diffusion mechanisms are observed in Li,COgs; in
contrast, a previous theoretical study found that interstitial Li* ions are the main
carriers,*” but also that this interstitial Li* moves via knock off mechanism. In LiF case,
shown in Figure 4.7(a), a Li-ion (blue) displaces a Li-ion (yellow) that is able to move to
a neighbor vacant site. In Li,O, presented in Figure 4.7(b), direct exchange, where two
neighboring ions (blue and yellow) move simultaneously, is observed. Figure 4.7(c)
shows the knock-off mechanism observed in Li,COs3, where a Li interstitial ion (blue)
removes a Li-ion (yellow) from its original site.

The temperature dependence of diffusion coefficients follows the Arrhenius
equation??? given by

D = Dye /KT (4.7)
where Dy is a pre-exponential factor for the diffusion coefficient, E, is the diffusion
activation energy, T is the temperature and R is the ideal gas constant. The activation
energy E, can be found from the negative slope of the Arrhenius plot, and the intercept
of the line can be used to determine the temperature-independent pre-factor Dy. Figure
4.8 shows the In(D) as function of 1/T obtained from the diffusion coefficient results.
First, at temperatures from 250 K to 650 K, the diffusion coefficients are very low; a
dependency on temperature is not observed. As mentioned before, only atom vibrations
are observed in the simulations.

Second, at high temperatures, it can be observed in all cases, LiF, Li,O and
Li,COg, that the diffusion coefficients increase as the temperature increases. Moreover,
the LiF and Li,O results are comparable to the experimental values and other MD
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results.}’® 189 19319 £y rthermore, the diffusion coefficients of Li* at high temperatures
ranged from 700 K to 1800 K are higher than the low temperature results by at least five
orders of magnitude; this is expected since the movement of atoms is usually higher in

liquid phase than in solid phase.
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Figure 4.8. The In(D) versus 1/T for (a) LiF, (b)Li,O, and (c) Li,COs. (d) Diffusion
coefficient versus applied electric field for all SEI products. Results from molecular
dynamics (solid circles) and experimental studies (solid lines) previously reported by
others are shown for comparison in (a) LiF,*"® *¥( b) Li,0,**> * and (c) Li,CO;'*
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The diffusion pre-exponential factor (Do) and activation energy E, obtained from
the linear fit of the Arrhenius plot for all SE products studied are summarized in Table
4.5. Results at low temperature show that the activation energy in LiF is the smallest of
the three samples studied, followed by Li,O then Li,COs. The results for the LiF and
Li,CO3 activation energy, E, = 0.04 eV and E, = 0.12 eV, are below the values obtained
experimentally and by other MD studies.®* 1™ 176177198 O the contrary, the Li,O energy
result, E, = 0.22 eV, is within the already reported values. ** 1® At high temperatures,
LiF still has activation energy, E, = 0.32 eV, lower than Li,O, E; = 2.3 eV, even above

1300 K where Li,O presents superionic conductivity.

Table 4.5. Diffusion Pre-factor (Do) and Diffusion Activation Energy (E;) for LiF, Li,O
and Li,CO3 at Low Temperatures and High Temperatures.

Temperature SEI D E
Rgnge Product Reference (mz(/)s) (e\;)
LiE This work 1.8x10"° 0.04
Other®* 176177 0.65-0.80
Low LiO This work 5.4x10™ 0.22
Temperature 2 Other®* 176 0.15-0.34
250 K - 400 K Thgg éﬁ'%fm 7.6x10™ 0.12
Li,CO3 Other 198' ’ 0.23-0.80
LiE This work 3.5x107 0.32
High Other'’® % 1.6x10°  0.25-1.86
Temperature Li.O This work 3.1x10? 2.30
1300 K - 1800 K 2 Exp.'® 4.1x10 2.5
Li,CO; This work 7.3x10° 1.34
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In addition, the LiF and Li,O results for the diffusion pre-factor (Do) are within
one order of magnitude of the published values, and the results for the activation energy
are close to values obtained by other studies.*”® *%

For Li,COg case, in the temperature range of 1300 K to 1800 K the activation
energy is E, = 1.34 eV. Moreover, the slope changes at approximately 650 K and 1000 K
which corresponds to a phase transformation and melting of Li,CO3.2%%"° To the best of
my knowledge, no studies have reported on diffusion of Li* in Li,COsz at high
temperatures. In summary, our results at high temperatures are closer to those from
previous works. However, in the case of low temperatures, the discrepancies can be due
to the fact that less diffusion events occur and it becomes more difficult to calculate the
actual diffusion coefficients since the error in the calculation increases as the
temperature decreases.

An electric field is then applied to the sample and the diffusion coefficients are
calculated at 300 K. As the electric field is increased, Li-ion diffusion exponentially
increases as observed in Figure 4.8(d). Li-ion diffusion is clearly observed in the
simulations at 0.4 V/A in Li,CO3 and at 0.7 /A in both LiF and Li,O. Coefficients at
these fields are at least five orders of magnitude greater than those where no field is
applied (Table 4.4). Shi et al.'’* reported coefficients close to 10™* m%s for Li,COs at a
voltage range from 0 to 4.4V. For the same voltage range, which corresponds to electric
fields from 0 to 0.18 /A, the diffusion coefficient values are found to be between 107

and 10" m?/s.
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Diffusion events observed in the simulations consist of Li* ions moving mainly
via knock-off diffusion in LiF, where multiple Li" ions knock-off their nearest neighbors
in a cascade manner in the direction of the electric field. In the LiF case, shown in Figure
4.9(a), first a Li* ion (green) starts a chain movement of Li* ions (purple, orange and
yellow) as indicated by the top set of arrows; then in a subsequent simulation step,
another Li" ion (red) starts a second chain of displacements as indicated by the bottom
set of arrows. Li* ions move in Li,O from one lattice site to an empty one in sequence,
as well as multiple Li* ions move simultaneously in the direction of the applied field.
Shown in Figure 4.9(b), first a Li* ion (top orange and bottom yellow) moves to a vacant
site, consequently the other Li* ions move, both individually and in pairs, in the direction
of the electric field. No studies were found in the literature that study LiF and Li,O
diffusion mechanisms under an applied electric field. In Li,COs3, the diffusion
mechanism observed is a combined vacancy-interstitial diffusion, shown in Figure
4.9(c). First a Li* ion (yellow) moves slightly from its lattice position thus allowing
another Li* ion (blue) to easily take its place and further displace it to an interstitial
position; then in a subsequent step another Li* ion (green) moves to a vacant site, and the
Li-ion in the interstitial position (yellow) moves accordingly as indicated in the arrows.

al.'™* who found that above

The observed mechanism in Li,CO; fully agrees with Shi et
~4 V, vacancy diffusion dominates Li-ion diffusion but diffusion through interstitials is
also energetically favorable; vacancy and interstitial formation energies are ~0.6 eV and
1 eV, respectively. Notice that 4 V corresponds to an electric field of ~0.17 V/A in this

Li,COs box as its length in the field direction is 24 A.
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Figure 4.9. Snapshots of initial (a,c,e) and final (b,d,f) positions of Li* ions to show
diffusion displacement in (a-b) LiF, (c-d) Li,O and (e-f) Li,CO3 when an electric field is
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Figure 4.9. Continued.

The total energy and temperature profiles are analyzed for each of the SEI
samples at different applied electric fields. In the case of LiF, shown in Figure 4.10(a-b),
the energy slightly increases as the electric field is increased to 0.6 /A, then at 0.7 V/A,
0.8 V/A and 0.85 V/A a significant increase in the energy occurs, which goes from -73
Gcal/mol to -68 Gcal/mol. An increase in the temperature of the sample is also observed
when 0.7 V/A, 0.8 V/A and 0.85 V/A electric fields are applied to the sample. In the
case of the Li,O, shown in Figure 4.10(c-d), a large variation in the energy at the
beginning of the simulation is also observed, as explained previously. Then at 300K,
when the electric field is applied the energy remains at -113 Gcal/mol up to 0.7 V/A,
then at 0.8 V/A and 0.85 the energy jumps to -110 Gcal/mol. An increase in the
temperature of the sample is also observed when 0.8 V/A and 0.85 V/A are applied to

the sample.
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Figure 4.10. Energy versus time curves (left) and Temperature versus time curves
(right) for samples with applied electric fields in the range from 0 /A to 0.85 V/A. (a-b)
LiF with a vacancy defect ratio of 2/1000, (c-d) Li,O with a vacancy defect ratio of
3/798, and (e-f) Li,COzwith interstitial defect ratio of 1/864.
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In the case of Li,COs, shown in Figure 4.10(e-f), the energy of the samples
remain at -60 Gcal/mol up to 0.2 V/A, then from 0.4 V/A to 0.85 V/A the energy
decreases to and stays at -80 Gcal/mol. The temperature of the sample stays at 300 K up
to 0.4 V/A then from 0.5 V/A to 0.85 V/A, it slowly increases from 300 K to 500K.
When comparing the results of the SEI products analyzed, it can be observed that in the
LiF and Li,O cases the energy of the sample increases as the electric field applied is
increased. However, in the Li,COg3 case, the contrary occurs with the energy of the
sample decreasing when an electric field is applied. This may be due to the defect types
created in the sample. In the LiF and Li,O cases vacancies are introduced whereas in the
Li,CO3; sample an interstitial Li atom with a positive charge is introduced.

Selected representative RDF curves for the different atom pairs of Li,COj3 at
various applied electric fields are presented in Figure 4.11. These distribution plots are
taken during a 100 ps temperature equilibration at 300 K in different simulation runs for
each applied field. Each atom pair distribution plot includes curves for 0, 0.4, and 0.85
V/A in black, red and blue respectively. In all atom pair cases, RDF curves for 0.1 and
0.2 V/A are equal to the 0 V/A curve. Characteristic peaks representing the crystalline
structure are observed, and the intensity of the peaks and their widths do not change as
the field is increased. At 0.4 V/A, the RDF curves are clearly different from those at
lower electric fields. In the case of Li-Li, O-O and Li-O, the peaks can still be observed
yet they are broader and their intensity is decreased. In the rest of the atom pairs, C-C,

Li-C, and C-O, the changes are more significant.
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Figure 4.11. Selected radial distribution functions of Li,CO3 at various applied electric
fields. (a) Li-Li, (b) C-C, (c) O-0O, (d) Li-C, (e) Li-O, and f) C-O. Snapshots used to
calculate RDF’s are taken every 0.1 ps during a 100 ps temperature equilibration at 300
K using NPT ensemble.

In C-C distribution plot the characteristic peaks at 3.5, 4.3 and 5 A combine and
make a broad peak at 4.3 A, similarly the peak at 7.6 A combines with smaller peaks at
6.9 and 8.6 A and form a very broad peak at 7.9 A. In Li-C, the intensity of the first peak
at 2.3 A increases and the intensity of the second peak at 2.8 A decreases; the rest of the
peaks combine and make broad peaks. In the C-O distribution plot the characteristic
peak at 1.29 A remains very similar, only a small decrease in intensity is observed;
individual peaks at 3 A, 3.75 A and 4.4 A combine a form a broad peak at 3.83;

similarly, the rest of the peaks in the distribution plot combine and form broader peaks.
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As the electric field is increased from 0.4 to 0.85 V/A, no significant changes occur;
only a very small decrease in the first peak intensity is observed in Li-Li, Li-C and Li-O

distribution plots.

4.5. Conclusions

Classical molecular dynamics simulations were used to obtain the diffusion
coefficients of Li-ion in the three main components of the solid electrolyte interphase
found in Li-ion batteries. Suitable force fields were successfully evaluated by comparing
the resulting bond distances of each SEI structure at 300 K. In all SEI compounds the
resulting bond distances were within £0.2 A of experimental results. Then the radial
distribution functions of atom pairs in each structure were calculated in a wide range of
temperatures from 250 K to 1800 K. Melting temperatures obtained for both LiF and
Li,CO3; were very close to the experimental results; the result for Li,O was higher than
the experimental value. The mean square displacements of Li-ions in LiF, Li,O and
Li,CO3; were obtained and the diffusion coefficients over the operating temperature
range of 250 K to 400 K for LIB were found. Since most of the experimental diffusion
measurements are done at high temperature, diffusion coefficients at temperatures
ranging from 600 K to 1800 K were also found. Simulation results showed that Li-ion
diffusion coefficients at 300 K are 3.93x10™*® m?/s, 4.01x10™® m%s, and 4.90X10*" m%s
for LiF, Li,O and Li,COg, respectively. These results are comparable with available
experimental data and other computational results. In addition, the diffusion coefficients
were fitted to the Arrhenius equation, and the activation energies (E,) and pre-

exponential factors (Dg) were obtained. Activation energies found at low temperatures
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are close to those previously obtained by others experimentally and theoretically. At
high temperatures the pre-factor values and activation energies obtained were 3.5x107
m?/s and 0.32 eV for LiF, 3.1x102 m%s and 2.3 eV for Li,0, and 7.3x10°® m?/s and 1.34
eV for Li,COj3. These results are very close to the available literature results. Moreover,
the diffusion mechanisms observed were vacancy assisted and knock-off diffusion in
LiF, direct exchange in Li,O, and vacancy and knock-off in Li,CO3. These findings
generally agree with previous theoretical results. The effect of an applied electric field in
the diffusion coefficients and the diffusion mechanisms was also analyzed. Diffusion
coefficients increased exponentially with the increase of the electric field, and diffusion
of Li-ions observed under the applied electric field occurred via knock-off in LiF, and
via vacancies in Li,O and in Li,CO3. Whereas no studies were found of Li-ion diffusion
in LiF or Li,O under an applied electric field, the diffusion coefficient and mechanism
obtained in Li,CO3; case fully agrees with previous theoretical findings. Previously
mentioned studies calculate diffusion coefficients only at room temperature, or only at
very high temperatures, this work provides coefficients over a wider temperature range
from 250 K to 1800 K. Furthermore, the evaluated force field parameters can be used in
this range of temperatures to further study lithium ion transport in structures combining

two or more SEI products using classical molecular dynamics simulations.
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5. SUMMARY

This study investigated the electron transport and ion diffusivity through the solid
electrolyte interphase compounds found in lithium-ion batteries (LIB) with silicon
anodes. Key findings are summarized below.

In Section 2, the electron transfer through two model interfacial SEI components
are characterized: EC-(LiF)y-LixSiy and EC-(Li,O)x-LixSiy. Three degrees of lithiation
for the electrode are studied: Si, LiSi, and Li. Results indicate that, in all Li,Siy cases,
the current is significantly reduced with the addition of the SEI components as compared
with the samples where no SEI element is present. It is also found that at high voltages
of ~5, Li,O films allow a higher electron transfer than LiF films. Moreover, it is found
that separating the fragments at Van der Waals distances results in lower currents, thus
implying lower electron transfer rates. Moreover, increasing the thickness of the SEI
layer reduces the electron transfer exponentially; yet, a finite small current is still found
even at large film thicknesses.

In Section 3, the electron transport on Li,COs, Si,O and Li,Si,Os is investigated
in four lithiation stages of the Si anode using the DFT-GF approach presented in Section
1 to understand early stages of SEI nucleation and growth. Similar results to those in
Section 2 are found: significant reduction of the current with the addition of any SEI
component in comparison to samples where no SEI is present; further reduction of the
electron transfer as the SEI layer thickness is increased; at high voltages of ~5 V,

Li,Si,Os presents a much higher resistance to electron transfer than Li,CO3; and SiOy;
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exponential decrease of the current as the SEI layer thickness increases. Moreover,
HOMO-LUMO gaps for all SEI products and oxides are calculated. It was observed, in
all samples, that increasing the SEI layer reduces the HOMO-LUMO gap.

In Section 4, classical molecular dynamics simulations are used to obtain the
diffusion coefficients of Li-ion in the three main components of the solid electrolyte
interphase found in Li-ion batteries. The mean square displacements of Li-ions in LiF,
Li,O and Li,CO3; are obtained and the diffusion coefficients over the operating
temperature range of 250 K to 400 K for LIB are found. Since most of the experimental
diffusion measurements are done at high temperature, diffusion coefficients at
temperatures ranging from 600 K to 1800 K are also found. Simulation results show that
Li-ion diffusion coefficients at 300 K are 3.93x10™® m?/s, 4.01x10™ m?/s, and 4.90X10°
" 'm?s for LiF, Li,O and Li,COs, respectively. At high temperatures the pre-factor
values and activation energies obtained were 3.5x10" m?/s and 0.32 eV for LiF, 3.1x107
m?/s and 2.3 eV for Li,O, and 7.3x10° m%s and 1.34 eV for Li,COs. Moreover, the
diffusion mechanisms observed were vacancy assisted and knock-off diffusion in LiF,
direct exchange in Li,0, and vacancy and knock-off in Li,COs3. The effect of an applied
electric field in the diffusion coefficients and the diffusion mechanisms is also analyzed.
Diffusion coefficients increased exponentially with the increase of the electric field, and
diffusion of Li-ions observed under the applied electric field occurred via knock-off in
LiF, and via vacancies in Li,O and in Li,COa3.

The following recommendations on future studies are suggested to further

increase the understanding of the SEI in lithium-ion batteries and/or expand and
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accelerate their improvement. First, the DFT-GF approach utilized in Section 2 and
Section 3 to find the electron transport characteristics is a very practical and versatile
tool. Within the lithium-ion batteries area, it can be used to study schemes where the
anode is changed i.e. to sulfur (S); or to study models where, instead of EC as the
electrolyte, PC or DEC are used. Furthermore, the force field parameters presented in
Section 4 can be used in classical molecular dynamics simulations to further study
lithium ion transport in structures combining two or more SEI products in a wide
temperature range from 250 K to 1800 K. Moreover, similar diffusion studies can be
done in models arising from solid-state batteries, where the electrolyte is replaced with a

solid material.
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