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ABSTRACT

Rechargeable Li-ion batteries (LIB) are the most popular devices for energy
storage but still a lot of research needs to be done to improve their cycling and storage
capacity. LIB feature energies densities in the range of 100-265 Wh/kg which is very low
if compared with gasoline in which the range is in the order of 12,000 Wh/kg. Therefore,
Li-metal has been proposed as an anode material because the energy density of the battery
could increase up to 2,600 Wh/kg for a Li-Sulfur battery and to 3,458 Wh/kg for a Li-air
(O) battery. With the addition of Li-metal as an anode material a new set of batteries
called lithium metal batteries (LMB) can be developed with the potential to increase the
cell-level energy of the LIBs. Therefore, focus is needed on the lithiation process of Li-
metal anodes where it is known the mechanical, electrochemical, and electric phenomena
such as cracking, SEI formation and ionic-clustering, respectively, that occur during the
charge/discharge cycles.

Performing molecular dynamics simulations of an electrolyte comprising trimethyl
phosphate (TMP) solvent and a lithium bis(fluorosulfonyl)imide (LiFSI) salt, the effects
of salt concentration on solvation and ion-transport are explored. Three LiFSI-TMP
electrolyte salt concentrations of 0.7, 1.43 and 3.82 molar are simulated. A statistical
analysis was performed to study ion-pairing, clustering, diffusivity, conductivity, and
coordination of Li-ions, providing insights into relations between molecular structures and
transport properties. Molecular structure of ionic components changes as concentration
increases, from a predominant solvent separated ion pair (SSIP) and contact ion pair (CIP)

to aggregate (AGG) salt and ionic cluster formation. The formation of ionic clusters



suggests that the diffusion mechanism of Li-ions changes from a hopping/exchange to a
vehicular mechanism as concentration increases; this is validated by a decrease of ionic
conductivity. lonicity was also calculated to reveal how the ionic motion changes from
an uncorrelated to a correlated one as the salt concentration increases.

Identifying the mechanism of SEI formation at electronic and atomic levels is
especially important to understand how the SEI formation affects the overall battery
performance such as the decrease of active material, decrease of cell potential, and
interfacial stability. Ab initio molecular dynamics simulations were performed for Li+-
conducting electrolytes based on trimethyl phosphates (TMP) and lithium
bis(fluorosulfonyl)imide (Li*FSI") salt in contact with a Li-metal electrode. We focused
on the transient-state behavior at the electrolyte, interfacial electrolyte—Li-metal electrode,
and lithium reference electrode—electrolyte—Li-metal electrode to study dynamics and
activation energy barriers of the Li* ion, electrochemical and thermal stability of the
interface electrode—electrolyte, and potential behavior of the Li-metal electrode,
respectively.

An interfacial study is performed using ab initio molecular dynamics simulations
to elucidate the solid electrolyte interphase (SEI) evolution formed between an electrolyte
based on trimethyl phosphates (TMP) and lithium bis(fluorosulfonyl)imide(Li*FSI") salt
in contact with a Li-metal electrode. Going beyond the initial SEI composition generated
due to the degradation of one counter-ion adding a second and third counter-ions ana
analysis of how the initial SEI evolution is performed. The results indicate a different

product formation due to the LiFSI salt dissociation as the SEI is formed. The products



formed due to the dissociation of the 1st LiFSI salt when in direct contact with the Li-
metal anode are Li>O, LiS, LisN and LiF. These four Li-binary products compose the
formed SEI. Then, a 2" LiFSI is located at the electrolyte/SEI/Li-metal. The products
formed due to the dissociation of the 2" LiFSI when in contact with the SEI are Li,S,
Li2O, LiF, LisNSO2. Finally, a 3" LiFSI is located at the electrolyte/SEI/Li-metal. The
products formed due to the dissociation of the 3 LiFSI when in contact with the SEI are
Li>SO2NSO; and LiF.

Computational techniques such as molecular dynamics (MD) simulations can
simulate a large number of atoms, in the order of 10° interacting through their forcefields.
A nanobattery MD model is an accurate, yet simple model to study electrochemical
phenomena occurring in in any rechargeable battery. A regression machine learning
algorithm is proposed to overpass paramount timescale limitations of any atomistic MD
model. The primary limitation of the nanobattery model is the extremely short charging
time compared to the longer charging time in a real battery. Using data from several
macro-scale commercial Li-ion batteries, and a nanobattery MD model, we constructed a
scaling regression algorithm to scale the values obtained from the nanobattery MD model
to a macro-scale Li-ion battery. The goal is to demonstrate that three transport properties:
1) the time, tvi, a Li-ion spend to travel from cathode to anode; 2) the superficial density
frequency of arrival Li-ions, ALi (s*A®); and 3) the frequency, fLi, of Li ions arrival to
the anode, can be incorporated in one model that could predict the macro-scale variables

having as an input the nano-scale variables.
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1. CHAPTER I INTRODUCTION

Rechargeable lithium-ion batteries (LIB) are the most popular devices for energy
storage. Nevertheless, several efforts are being done to improve their cycling and storage
capacity. Li-metal has been proposed as an anode material because of its large theoretical
capacity of ~4200 mAh/g. Therefore, focus is needed on the lithiation process of Li-metal
anodes where it is known the mechanical, electrochemical, and electric phenomena such
as cracking, SEI formation and ionic-clustering respectively, that occurs during the
charge/discharge cycles.

1.1. Lithium metal batteries

The rechargeable battery is a cycling device. At each cycle, the battery receives
electrical energy and converts it into chemical energy, which is stored for a while and then
delivers it again as electrical energy when needed. This cycle repeats until one or a few of

its components degrade, being unable to continue the cycling at acceptable performances.

*Part of this chapter is reprinted with permission from:

Li-Metal Anode in Dilute Electrolyte LiFSI/TMP: Electrochemical Stability Using Ab Initio
Molecular Dynamics by Diego E. Galvez-Aranda and J. M. Seminario, 2020. J. Phys. Chem. C,
124, 21919-21934, Copyright 2020 by American Chemical Society. lon Pairing, Clustering and
Transport in a LiFSI-TMP Electrolyte as Functions of Salt Concentration using Molecular
Dynamics Simulations by Diego E. Galvez-Aranda and J. M. Seminario, 2021. J. Electrochem.
Soc., 168, Copyright 2021 by The Electrochemical Society.



Concerted oxidation of Li and reduction of Li* reactions take place at the cathode
and anode, respectively, during charge and at the anode and cathode, respectively, during
discharge take care of the conversion of electrical to chemical and chemical to electrical
during charge and discharge, respectively.

These reactions occur only when the battery is externally connected during the
charge to a power source or during the discharge to a load. Since 1920, the rechargeable
battery has been used to supply the required energy to operate the entire electrical system
of cars. Also, since 1991, the rechargeable battery has been used as the main power source
for portable electronic devices such as: mobile-phones, laptops, cameras, and tablets.
Since its invention in 1859,! the rechargeable battery has continuously improved its
capacity, durability, and efficiency. During the mid-1960s, Li-metal was thought as an
excellent candidate for anodes due to its high specific energy per weight and to its
theoretical specific capacity of 3860 mAh/g in comparison with other materials such as
zinc with a theoretical capacity of 820 mAh/g.

1.2. Electrolytes

Current commercial electrolytes used in rechargeable Li+-ion batteries (LIBs) are
mainly made of hexafluorophosphate (LiPF6) salt dissolved in carbonate liquids (CLS).
Linear carbonates such as ethyl methyl carbonate (EMC), diethyl carbonate (DEC), or
dimethyl carbonate (DMC) are used as solvents keeping the electrolyte viscosity low and
the electrolyte conductivity high. Unfortunately, these LiPF6/CL electrolytes are highly

volatile and flammable,?, especially in abused conditions such as overcharging and



overheating. Therefore, it is necessary to develop novel electrolytes accomplishing all of
the safety issues as well as electrochemical stability with electrodes.

Currently used electrolytes could be replaced by solid-state electrolytes (SSES),
especially when Li-metal electrodes are used.®The main issue when Li-metal electrodes
are used is the formation of Li dendrites,* which simply grow through the liquid electrolyte
until contacting the opposite electrode, causing a short circuit.>® Several studies showed
that SSE suppresses or reduces the growth of Li dendrites.” However, most of the SSEs
form a solid-electrolyte interphase (SEI) that consumes the ionic charge carriers (Li* ions);
thus, they are not electrochemically stable in contact with Li-metal.®

Most SSEs have lower conductivities at room temperature than liquid electrolytes
do. lonic liquid (IL) electrolytes are another potential solution to replace the current-
commercial electrolytes due to their nonvolatility and nonflammability.® ILs based on
trimethylpropylammonium (TMPA* ) coupled with bis-(trifluoromethylsulfonyl)imide
([TFSI]") feature an electrochemical window wide enough to allow the electrochemical
deposition of Li without any additives.'® Lithium bis-(fluorosulfonyl)imide (LiFSI) has
been studied as a conducting salt and its ionic liquids (ILs) as nonflammable solvents for
Li*-ion batteries.!!

Pure ionic liquid electrolytes based on the FSI™ anion, without any additives other
than a lithium salt, are compatible with Li-metal electrodes.*?*3 Despite all of the work
done in the potential use of IL as electrolyte, it is unlikely that an electrolyte can be made
of pure IL. In pure IL, the high viscosity and the high ion concentration make the overall

electrical conductivity relatively low.}* Also, pure ILs are economically unfeasible. On



the other hand, dilute ILs have been proposed as a possible electrolyte solution since they
can overcome the practical limitations of pure ILs.>*7
1.3. Solid Electrolyte Interphase

Battery performance strongly depends on the SEI film, which can profoundly
modify several observables such as Coulombic efficiency, rate capability, cycling life, and
safety; 819 therefore, it is extremely important to study the composition of the SEI film.

Experimental work such as in situ and in operando experiments requires
modifications of the operating conditions of the battery to perform multiple measurements
in the same device at the same time; therefore, experimental conditions are different from
operating conditions of the battery, for this reason, the use of computational tools is
necessary to elucidate the structural, dynamical, and reactive behavior of LiFSI/TMP
electrolytes in contact with a Li-metal electrode. Therefore, identifying the mechanism of
SEI formation at electronic and atomic levels is very important to understand how the SEI
formation affects the overall battery performance such as the decrease of active material,
decrease of cell potential, and interfacial stability.
1.4. Classical molecular dynamics

All MD simulations of the battery are performed with the LAMMPS? program to
calculate global properties and predict behavior of the anode and electrolyte solution of a
nanobattery. The interactions between particles are described by force fields. A force field
defines an interatomic potential given a set of parameters. These parameters are usually

found by experimental methods and/or, more recently, by quantum mechanical

calculations.



Nonbonded interactions in the solvent between pair of atoms i and j from
counterion, ions and solvent, are defined with a Lennard-Jones (LJ) potential in

conjunction with a Coulombic (electrostatic) potential,

12 6
ij ij Ly

where rjj is the distance between any intermolecular pair of atoms i and j, € and o are the

(1.1)

well-depth and zero-energy length, respectively, of the LJ potential. Mixing rules for the
LJ interactions can be used to obtain parameters to define interaction between different
atoms types.

Other potentials such as MEAM and Born-Mayer describe in a precise way the
interactions of the all atoms involved. There is no need to apply the mixing rules with

these potentials because all the parameters were chosen to describe experimental data



2. CHAPTER Il ION PAIRING, CLUSTERING AND TRANSPORT IN A LIFSI-TMP
ELECTROLYTE

2.1. Synopsis

Battery capacity is highly related to ion-pairing mechanisms in electrolytes, since
a cluster formation can lead to dead Li formation, reducing the number of charge carriers
and leading to capacity fading. We use molecular dynamics simulations to model an
electrolyte comprising trimethyl phosphate (TMP) solvent and a lithium
bis(fluorosulfonyl)imide (LiFSI) salt, exploring effects of salt concentration on solvation
and ion-transport. We simulate the LiFSI-TMP electrolyte for salt concentrations of 0.7,
1.43 and 3.82 molar. A statistical analysis was performed to study ion-pairing, clustering,
diffusivity, conductivity, and coordination of Li-ions, providing insights into relations
between molecular structures and transport properties. Molecular structure of ionic
components changes as concentration increases, from a predominant solvent separated ion
pair (SSIP) and contact ion pair (CIP) to aggregate salt (AGG) and ionic cluster formation.
Given the formation of the ionic cluster, the diffusion mechanism followed by Li-ions
changes from a hopping/exchange to a vehicular mechanism as concentration increases;

this is reflected in a decrease of ionic conductivities.

*Reprinted with permission from:

lon Pairing, Clustering and Transport in a LiFSI-TMP Electrolyte as Functions of Salt Concentration using
Molecular Dynamics Simulations by D. E. Galvez-Aranda, J. M. Seminario, 2021. Journal of The
Electrochemical Society, 2021, vol. 168, no 4, p. 040511.



lonicity was also calculated to reveal how the ionic motion changes from an

uncorrelated to a correlated one as the salt concentration increases.

2.2. Introduction

Considerable efforts have been made in the last years to develop advance electrode
materials for high-energy and high-power density batteries.?*?* The lithium-ion battery
(LIB) is the most popular rechargeable battery due to its higher energy density and cycling
life than those from other technologies.?*?® The applications of LIB go from portable
electronic devices to electric vehicles.?” In a LIB, the electrolyte allows the transport of
the charge carriers, Li*, from cathode to anode and vice versa.

The electrolyte is also an electrical insulator that avoids short-circuiting the
electrodes, keeping them electronically isolated. Internal short circuits can occur when
ions plating the anode growth as dendrites.* 2 Therefore, the electrolyte plays an
important role in the LIB overall performance. Safety issues regarding flammability of
LIB have been under studies in the last years.?%-*°

The source of explosion hazards lie on the flammable components of the
electrolyte,®! such as carbonate electrolytes, which are the most common ones used in LIB.
Typically, the electrolyte of a LIB is a solution of lithium salt such as lithium
hexafluorophosphate, LiPFe in organic carbonates such as ethylene carbonate and
dimethyl carbonate. However, these organic carbonate-based electrolytes are flammable,
especially in a battery operated under extreme conditions. Overcharging, overheating, and

short circuiting are examples of extreme conditions. Even in normal operating conditions,



the electrolyte increases heat dissipation due to exothermic reactions occurring during
battery charge and discharge cycles.®?3 A better choice of electrolyte material could
improve the safety of LIBs. Trimethyl phosphate (TMP) is one of the organic phosphorus-
based compounds that are being tested as possible diluent for electrolytes because its good
flame-retarding properties.3*%> However, the addition of flame retardant to the electrolyte
degrades the electrochemical performance of the battery.36-%

Electrolytes for LIBs contain lithium salt dissolved in a mixture of solvent at a
determined salt concentration. The most common electrolyte concentration used in all
batteries is 1 mol ! since the maxima of ionic conductivities frequently occurs near 1 mol
I"1.2° Formation of several types of ion-pairings may occur at close-circuit states (charge
or discharge) as well as at open circuit state. Based on the compounds present in an
electrolyte, cations (C), anions (A) and solvent, three types of ion-pairing can be
described: solvent separated ion-pair (SSIP), contact ion-pair (CIP) and ion-aggregate
(AGG). AGG may be found as triple ions (C-A-C), ion pair dimers (C-A)2 or even ionic
clusters.*® As the salt concentration increases, significant ion-pairing and ion-aggregates
occurs, leading to the formation of new structures affecting several electrolyte properties
such as transport, thermal, mechanical, electrochemical, and interfacial .

Super-concentrated electrolytes can be considered as a transition regime between
the conventional “1 M” electrolyte and neat ionic liquids or molten salts. Polymer based
electrolytes were the first showing promising results as a super-concentrated electrolyte
in terms of the ionic conductivity.***> The use of high concentrated electrolytes can

address the thermal and electrochemical stability at the electrode/electrolyte interfaces.*



For example, a dilute TMPs electrolyte cannot passivate carbonaceous electrodes, which
are the most common electrodes used in commercial batteries. 3 44

However, the interfacial stability can be improved using a high concentrated
electrolyte. Shi et al., proved that a 5 M LiFSI-TMP electrolyte enhance the cycling life
of the battery and also effectively suppress the dendrite growth in Li-metal anodes.*® Even
though most of the previous work were focused in enhancing cycling stability analyzing
interfacial stability, ion transport properties are equally important in the overall
performance of the battery. The battery capacity is highly related to the ion pairing
mechanism in the electrolyte,*® because cluster formation can lead to dead Li formation,
reducing the number of charge carriers.

TMP was tested as a solvent replacement for carbonate solvents in LIBs given its
good flame-retarding ability and low cost of organic phosphorus-based compounds.®*3°
Also, LiFSI was tested in solvents such as dimethyl carbonate and ethylene carbonate
showing the ability to mitigate dendrite formation exclusively at salt concentrations
greater than 4 M, due to the high density of the created SEI layer able to prevent corrosion
of the Li-metal electrode, thus, providing an excellent stability; simultaneously, the SEI
features high ionic conductivities, 10 to 10® S cm™!, leading to very stable voltage
profiles during cycling of Li-electrodes.*®

Experimental*® 47 and computational®®° research have been focused on the
stability of LiFSI-TMP electrolytes in contact with Li metal anode; however, transport
properties and ionic coupling from the electrolyte are equally important to develop better

batteries in terms of cyclability and charge rate. Also, high concentration electrolytes have



gained attention because they present a higher reductive/oxidative stability and ionic
density, in comparison withthe regular ~1 M concentration liquid electrolytes.® 5t
However, high concentrated electrolytes present a low ionic conductivity, usually in the
order of 1077 to 10! mS cm 1553

In order to overcome these drawbacks such as the low ionic conductivity, several
strategies have been proposed, such as the use of localized high concentrated electrolytes
to improve the ionic conductivity by adding a diluent to reduce the overall concentration
of the salt in the solution.*® 52 However, to improve an electrolyte material, the
understanding of ionic materials in dilute and high concentrated electrolytes should be
advanced. Atomistic theoretical computational tools can help us to overcome the limited

capability to characterize ionic interactions in experiments, given the difficulty to

decouple individual motion and correlations of cations, anions, and solvent molecules.

2.3. Methodology

Ab initio molecular dynamics (AIMD) simulations are performed with the
Quantum Espresso program,®* using the Born—Oppenheimer approximation with the
Perdew—Burke—Ernzerhof (PBE) functional®>*® and within the projector augmented-wave
approach (PAW)®" to solve the electronic Schrodinger equation. A planewave basis set
with an energy cutoff of 50 Ry (wavelength, A = 0.4 A) is used. AIMD simulations are
performed under an NVT ensemble at 297 K with a tolerance of £20 K to rescale velocities
with a time step (t) of 1 fs. Charge transfer is studied using the Bader charge analysis,*®
60 which allocates the electronic charge of an atom from the total charge enclosed within

surfaces of minimum charge density, i.e., within zero flux surfaces. (Bader volume).
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Typically, in molecular systems, the charge density reaches a minimum between atoms

and this is a natural place to define the border between atoms.

CMD simulations are performed using the Large-Scale Atomic/ Molecular
Massively Parallel Simulator (LAMMPS) program.?® A velocity-Verlet integrator with a
time step (1) of 1 fs is used to calculate the trajectories of the particles in the motion
equations. NPT ensembles are performed with Nosé-Hoover barostating every 500t (0.5
ps). NVT ensembles are performed with a Nosé-Hoover thermostating every 1000z (1 ps).
Three dilute electrolyte boxes are built of initial molarities of 1 M, 2 M and 4 M. 1 M
LiFSI solvated in TMP, the simulation box contains 27 LiFSI with 243 TMPs randomly
distributed. The box size is 31.59 x 31.59 x 52.122 A3, corresponding to a density of 1.086
g cm—3 of pure TMP, which changed to 1.240 g cm—3 when the salt is added (Figs. 2.1)
2 M LiFSI solvated in TMP, the simulation box contains 27 LiFSI with 122 TMPs
randomly distributed. The box size is 31.59 x 31.59 x 27.123 A3, corresponding to a
density of 0.928 g cm™ of pure TMP, which changed to 1.238 g cm™ when the salt is
added. 4 M LiFSI solvated in TMP, the simulation box contains 27 LiFSI with 54 TMPs
randomly distributed. The box size is 31.59 x 31.59 x 12.123 A3, corresponding to a
density of 0.519 g cm™ of pure TMP, which changed to 1.212 g cm™ when the salt is

added.
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Figure 2.1 CMD simulation box for the LiFSI-TMP electrolyte corresponding to 1 M salt
concentration (LiFSI27TMPa43). Location of Li* and counter ions (gray shaded areas), Li
(violet), N (blue), C (green), P (orange), H (white), F (cyan), S (yellow) and O (red). LiFSI
= F2LiINO4S; and TMP = (CH30)3PO.

2.4. Results and Discussion

Effect of concentration on electrolyte density.— We describe density behavior on
1M, 2 M and 4 M LIiFSI salt solvated in TMP from the CMD simulations and calculate
the new salt concentration considering the simulated volume of each box. The simulation
boxes were first equilibrated at 5 K in the NPT ensemble for 500 ps, then heated up to 300
K for other 500 ps and finally equilibrated at 300 K for 500 ps. Figure 4 shows the
temperature and density for the three salt concentrations during the 1.5 ns under the NPT
ensemble. In all three cases the density has changed after the final equilibration at 300 K
due to the presence of the LiFSI salt. Since all the three cases were initialized from a totally
unequilibrated structure created by considering the density of pure TMP (1.197 g cm—3),
a change of the density was expected. The densities by the end of the equilibration at 300

K are 1.00 g cm ™ for 1 M, 1.07 g cm > for 2 M and 1.25 g cm ™ for 4 M. Therefore, the
12



computed salt concentrations changed to 0.70 M, 1.43 M and 3.82 M. The density of the
whole electrolyte increases as the molarity increases. Table 2.1 shows the density at the
different time frames of the CMD simulation in the NPT ensemble. From now on, we use
the computed final salt concentrations to report our results.

Table 2.1 Simulation box density during the CMD simulation from 5 K to 300 K at the
specific times: 0, 0.5, 1 and 1.5 ns.

Box density (g cm-3)

Computed
Initial salt
0 ps 0.5ns 1ns 1.5ns salt
concentration
concentration

1M 0.85 1.13 1.00 1.00 0.70
2M 0.86 1.17 1.06 1.07 1.43
4M 0.88 1.18 1.24 1.25 3.82

Effect of concentration in cumulative values of ions.— For a pair of atoms i—j, the

time-averaged normalized radial distribution functions (RDF) is defined as:

gij = ) (2.1)

3 pamr2dr
where, p is the bulk number density, n(r) is the number of j-atoms located in a differential
volume 4nr?dr at a radial distance r from the center of i-atom. The magnitude of gi j(r) is
a function of binning size for r. The coordination number is the cumulative value of the

respective neighbor atoms at a given shell radius rs:

CN = frz g(r)dr (2.2)
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At 0.70 M, Li* is preferentially coordinated with Otmp and Okes), yielding the
plateau observed at about 3 A, and indicating the atoms belonging to the first solvation
shell (Fig. 2.2a). To get the CN, we calculate the cumulative value at rmin from Table 2.2.
For Orsi and OTwp, the rmin values are 3.15 and 3.17 A, respectively, getting a CNLi.o-tmp
equal to 3 and a CNjo-rsi equal to 1. Therefore, the most recurrent geometry observed at
0.70 M is the Li* around three Otmp and one Ors) (Fig. 2.2b).

Table 2.2 RDF first peak radial position of maxima (rmax) and first minima (rmin) after its
first peak of all atomic pairs and salt concentrations of the TMP-LiFSI electrolyte.

0.70 M 143 M 3.82 M
lon pair Mmaxl A MmifA | madA Fmin/ A Mmax/ A Fmin/ A
Li*-F 3.87 4.97 3.95 4.82 3.87 5.07
Li*-S 3.22 3.97 3.22 4.02 3.27 3.87
Li*-Orwmp 1.72 3.17 1.67 3.05 1.72 2.95
Li*—N 412 6.85 4.17 5.52 4.35 6.67
Li*—Orsi 1.82 3.15 1.82 3.25 1.82 3.35
Li*-H 3.97 6.65 3.92 6.55 3.95 6.65
Li*-C 4.62 6.35 4.62 6.35 4.62 6.35
Li*—P 3.27 5.25 3.27 5.15 3.28 4.75
Li*—Li* 6.17 9.95 6.22 9.55 5.82 7.55
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Figure 2.2 Cumulative numbers (n) of all the electrolyte constituents around Li+ ions at
(@ 0.70 M, (c) 1.43 M and (e) 3.82 M. Most recurrent conformation of electrolyte
constituents around Li+ ions at (b) 0.70 M, (d) 1.43 M and (f) 3.82 M. Li (violet), N (blue),
C (green), P (orange), H (white), F (cyan), S (yellow) and O (red)

Similarly, to the 0.70 M case at 1.43 M, Li" is preferentially coordinated with Otmp
and Okrs; given the plateau observed at about 3 A, indicating the atoms belonging to the
first solvation shell (Fig. 2.2c). For OFSI and Otwmp, the rmin Values from Table 2.2 are 3.05
and 3.25 respectively, getting a CNLio-tmpequal to 2 and a CNLi,o-rsiequal to 2. Therefore,
the most recurrent geometry observed at 1.43 M is the Li* around 2 Orme and 2 Oks (Fig.
2.2d). At 3.82 M, Li" is still preferentially coordinated with Orme and Okrs) given the
plateau observed at about 3 A, indicating the atoms belonging to the first solvation shell
(Fig. 2.2e). For Orsi and Otmp, the rmin values from Table 2.2 are 2.95 and 3.35,
respectively, getting a CNyio-tmp equal to 1 and a CNyi o-rsiequal to 3. Therefore, the most
recurrent geometry observed at 3.82 M is the Li* around one Orwvp and three Ors (Fig.
2.2f). From the cumulative value analysis, we can establish that the first solvation shell of
Li* is mostly composed by 4 O atoms in a tetrahedral conformation, regardless of
electrolyte salt concentration. Li* coordinates preferentially with four oxygen atoms in a
tetrahedral conformation. This is similar to the coordination of Li in Li2O; however,
considering the ratio reation/Tanion OF Li* and O ions (0.74 A%t and 1.4 A ®? respectively)
yields a ratio of 0.52, which is larger than 0.414 and corresponds to an octahedral site;
therefore, a relatively large covalent component is expected in the formation of the SEI.

From the cumulative value analysis, we observe that the tetrahedral configuration

does not change regardless of electrolyte salt concentration (Fig. 2.2). The most common
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Li-coordination in the 0.70 M is the one with three O from three TMPs and one O from
an FSI™; in the 1.43 M, two O from two TMPs and two O from two FSI~; and in the 3.82
M, one O from one TMP and three O from three FSI".

Effect of salt concentration on transport properties.— We calculate the diffusivity
(D) to analyze the pace at which a particle or molecule is transported in the electrolyte.
The D can be computed from the mean square displacement (MSD) of the particles. In a
long period of time, the MSD is given by:

MSD = ([r(¢) — r(0)]?) (2.3)

and varies linearly with time t, and it can be related to the D (in a three-dimensional space)
using Einstein’s relation:

D= lim(MSD/6t) (2.4)

and varies linearly with time t, and it can be related to the D (in a three-dimensional space)
where r(t) denotes the position of a particle at time t. ( ) indicates ensemble average. We
compute the diffusion coefficients of the electrolyte components (Dtmp, Dii and Drs).) at
0.70 M, 1.84 M and 3.82 M salt concentrations (Table 2.3).

Table 2.3 Diffusion (cm? s™!) coefficients of the electrolyte components: TMP, FSI and
Li,at 0.70 M, 1.43 M and 3.82 M salt concentrations.

0.7M 1.43 M 3.82M
Solvent 1.43E-05 6.93E-06 1.35E-07
Li 2.32E-06 2.14E-06 2.75E-08
FSI 3.66E-06 2.15E-06 8.08E-08
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Figure 2.3 shows the ratios of diffusion coefficients (Dri/Dtmp, Dii/Drsi- and
Drsi-/Dtmpe) and are compared with other similar electrolytes. Dii/prsi- is greater than the
unity for the 0.70 and 1.43 M, but less than one for the 3.82 M (Fig. 2.3a). This indicates
that the Li-ions diffuse more than the counter ion for the 0.70 and 1.43 M electrolytes, but
the counter-ion diffuses more than the Li for the 3.82 M electrolyte. From the ion-pairing
analysis, at 0.70 and 1.43 M, most of the ionic pairs founded are SSIP and CIP, however
at 3.82 M, most of the ionic pairs are AGG, indicating that the Li are in contact with more
than one counter ion in their inner shell, causing a change on the Li diffusion mechanism.
Given the formation of AGGs, both ions diffuse together at higher concentrations.

Drsi-/Dtwp are always less than one no matter the salt concentration (Fig. 2.3b).
However, a trend is observed, as the salt concentration increases the Drsi-/Dtmp also
increases, indicating that at high salt concentration the diffusion of the counter-ions with
respect to the solvent is increasing. We can explain the change on the diffusion rate due
to the formation of AGG, in which several counter ions are in a close proximity and
without enough TMP to solvate them. Strong coulombic interactions between the ions
could affect the diffusivity of the FSI—, causing the increase in the Drsi-/Dtmp ratio.
Similarly, to the counter-ion, the DLi/Dtmp are always less than one independently of the
salt concentration (Fig. 2.3c). Due to the presence of CIP for the 0.70 M and 1.43 M
electrolytes, and AGG for the 3.42 M electrolyte, the Li-ions diffusivity is limited by the

counter-ion diffusivity.
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Figure 2.3 Diffusion coefficients ratios within the electrolyte components: (a) DLi/Dcounter-
ion, () Dcounter-ion/Dsolvent and (¢) Dvi/Dsoivent from several similar electrolytes and the 0.70
M, 1.43 M and 3.82 M LiFSI-TMP electrolytes calculated in the present work.

In general, a change on the diffusion mechanism of the Li-ions occurs as the salt
concentration on the electrolyte increases. For low salt concentrated electrolytes, the
diffusion of Li-ions mostly follows a hopping/exchange mechanism, wherein Li ions
diffuse from one coordinating site (on either solvent or the anions) to another vacant site
through ligand exchange in the labile Li-ion coordination chains. As the salt concentration
increases a vehicular mechanism premising translational motion of the AGG formed by
Li-ions and FSI™ counterion is observed.

Conductivity analysis.— In the previous section a diffusion analysis of the ions

was developed to understand their mobility through the solvent. However, effects

involving charge transfer cannot be explained only from a diffusion analysis. The rate at
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which the electrolyte conducts the charges is an important quantity to consider in the
development and test of new electrolyte materials because it influences in the charge-
discharge rates performance of the full battery. Ionic conductivity (i) quantifies how
good is the charge transfer rate: ions conduction. The ionic conductivity is not suitable to
compare electrolytes containing different salt concentration, since the ionic conductivity
depends on all the effective ion species in the electrolyte. Instead, we first calculate the
molar conductivity (A) which is the property of an electrolyte solution that quantifies the
efficiency of a given electrolyte in conducting electricity in a solution. Then, we can
calculate the ionic conductivity (i) from the molar conductivity (L) given:

0, = cA (2.5)
where c is the salt concentration in moles per liter. In Fig. 11, we are showing the molar
(Fig. 11a) and ionic (Fig. 11b) conductivity vs salt concentration, calculated for the LiFSI-
TMP in the present work, and compared with several other similar electrolytes. We are
using the 2.5 formula to convert from ionic to molar conductivity for the cases in which
only one of the conductivities is reported. The molar conductivity (A) can be obtained
from the collective mean square displacement of the ions in the solution using Einstein’s

relation; oo-

6nkgT t—oo dt
where Na is Avogadro’s number, e is an electron charge, n is the total number of ions
(cations and anions), ks is Boltzmann constant, and z; is the charge on ion i. Ar; is the
displacement of ion i. The Einstein relation contains cross terms that account for the

correlation of the anions and cations in the electrolyte.
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Figure 2.4 (a) Molar conductivity and (b) lonic conductivity from several electrolytes and
the 1 M, 2 M and 4 M LiFSI/TMP electrolytes calculated in the present work.

The computed molar conductivities are 7.66, 3.74 and 0.22 S cm? mol™' for the

0.70 M, 1.43 M and 3.82 M salt concentration, respectively. The molar conductivity,
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similar to diffusivity of ions, also decreases as the salt concentration increases. In Fig. 2.4a
we are also plotting several other molar conductivities for similar electrolyte systems. Our
molar conductivity calculation follows the general trend observed in Fig. 2.4a, the molar
conductivity decreases as the concentration increases. The interplay between the number
of available charge carriers and their ability to carry the charge defines the concentration
for optimal performance.

The computed ionic conductivities are 5.36, 5.34 and 1.29 mS cm™! for the 0.70
M, 1.43 M and 3.82 M salt concentration, respectively (Fig. 2.4b). The 5.36 and 5.34 mS
cm™! conductivities, corresponding to the 0.7 M and 1.43 M, could indicate that the
maximum conductivity value of a LiFSI-TMP electrolyte is achieved in a concentration
between 0.7 M and 1.43 M. An experimental value of 0.9 mS cm™! have been reported for
a 5 M LiFSI in pure TMP electrolyte,*® which is consistent with the simulation results
presented. However, we have to clarify that making a comparison between experimental
results and simulations is difficult since the ion diffusion coefficients are hard to measure
experimentally. However, we can establish two reason that could explain a discrepancy
between experimental and computational results: ionic conductivity from simulation could
overpredict the correlated ion movement, and the use of a polarizable force field might
improve the calculation of the ionicity behavior.%3-6°

Clustering of Li-ions and FSI— anions.— Analysis of the ion pairing and its
classification as SSIP, CIP or AGG are limited by the radial space. The analysis of ionic
clusters is necessary to have a bigger analysis to understand the diffusivity of Li-ions. In

the ion pairing analysis, all the data is based on the neighbors around Li-ions, however,
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we do not have much information of how these Li-ions interact between them or with the
FSI counter-ions. For the purpose of this study, we define an ionic cluster as a group of
ions in a distance less than 2.5 A between cation- cation, cation-anion and anion-anion.
The threshold distance of 2.5 A is established from the RDF analysis showed in previous
section of this work. For every time step there are a set of clusters connected through
different topologies. A cluster topology indicates how the ions are connected. For
example, a cluster containing 3 FSI-and 3 Li can show an open chain structure or a closed
ring structure: Li-FSI-LiFSI-Li-FSI, or a branched structure such as Li-2FSI-Li-FSI-Li.
The formation of neutral charged clusters, when the number of Li ions and counter ions
are the same in the cluster, may offset gains in conductivity expected with increased salt
concentration. The extent of this effect will be influenced by the characteristic lifetime of
individual clusters.
2.5. Conclusions

We study the LiFSI-TMP electrolyte for 0.70 M, 1.43 M, and 3.82 M salt
concentrations performing CMD simulations, which can capture the static and dynamic
properties of the electrolyte solution. As the salt concentration increases, diffusivity of
both ions, Li* and FSI-, decreases. CNs were estimated by analyzing the cumulative
distributions obtained from the integration of the RDFs, indicating that Li* is most likely
coordinated to four molecules regardless of salt concentration; however, the salt
concentration determines the ratio between solvent and counter-ions in the first shell of
Li*. In the 0.70 M dilute electrolyte, we find a mixture of SSIP and CIP; at 1.43 M, some

AGGs appear and there are not more SSIP leaving the CIP as the most dominant ion pair;
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at 3.82 M, AGGs becomes the most dominant ion pair by less than 5% with respect to the
CIP.

An analysis of most radial distribution functions involving the ion and counterion
suggests that the number of free TMP molecules in the solution is depleted as the salt
concentration increases, allowing the formation of salt-solvent complexes affecting the
electrolyte overall conductivity. Ideally speaking, the solvent should be able to minimize
the ion pairing. However, as the salt concentration increases, the formation or ion-pairs
such as CIP or AGGs, and even large clusters, is inevitable, directly affecting the ion
diffusion mechanism and the ionic conductivity of the electrolyte. Results indicate that as
the salt concentration increases a drop in the transport properties such as diffusivity and
conductivity is observed.

From the ion-pair analysis we identified AGGs and CIP as the most recurrent ion-
pairing. However, these ion pairs are part of one single ionic cluster. The ionic clusters
present different topologies, we identified three: chainlike, ringlike, and branchlike. In all
of them the Li-ions are bridged by the FSI counter-ions. At 0.70 M, no ionic clusters are
observed, only CIP or SSIP. As the salt increases up to 1.43 M, some small chainlike and
ringlike ionic clusters are formed, usually composed by 2 or 3 ionic pairs. The formation
of ionic clustering is more critical as the salt concentration increases forming one single
ionic cluster at 3.82 M.

Since at low concentration such as 0.7 M, the Li-ions are SSIP or CIP, the Li-ion
hopping diffusion mechanism, travelling from shells composed of solvent molecules or

anions, is the dominant diffusion mechanism. As the concentration increases and due to
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the formation of chainlike, ringlike, and branchlike ionic clusters and AGGs, a diffusion
mechanism ruled by anion-solvent exchange or diffusion of a whole positively charge
cluster is observed instead of the hopping diffusion mechanism, decreasing the ionic

diffusion and molar conductivities.
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3. CHAPTER Ill LI-METAL ANODE IN DILUTE ELECTROLYTE LIFSI/TMP:
ELECTROCHEMICAL STABILITY

3.1. Synopsis

Identifying the mechanism of SEI formation at electronic and atomic levels is
especially important to understand how the SEI formation affects the overall battery
performance such as the decrease of active material, decrease of cell potential, and
interfacial stability. Ab initio molecular dynamics simulations were performed for Li+-
conducting electrolytes based on trimethyl phosphates (TMP) and lithium
bis(fluorosulfonyl)imide (Li*FSI") salt in contact with a Li-metal electrode. We focused
on the transient-state behavior at the electrolyte, interfacial electrolyte—Li-metal electrode,
and lithium reference electrode—electrolyte—Li-metal electrode to study dynamics and
activation energy barriers of the Li* ion, electrochemical and thermal stability of the
interface electrode—electrolyte, and potential behavior of the Li-metal electrode,
respectively.
3.2. Introduction

Current commercial rechargeable Li*-ion batteries (LIBs) are mainly made of

hexafluorophosphate (LiPFe) salt dissolved in carbonate liquids (CLS).

*Reprinted with permission from:
Li-Metal Anode in Dilute Electrolyte LiFSI/TMP: Electrochemical Stability Using Ab Initio Molecular

Dynamics by D. E. Galvez-Aranda, J. M. Seminario, 2020. The Journal of Physical Chemistry C, 2020, vol.
124, no 40, p. 21919-21934.
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Linear carbonates such as ethyl methyl carbonate (EMC) or diethyl carbonate
(DEC) are used as solvents keeping the electrolyte viscosity low and the electrolyte
conductivity high.

Unfortunately, these LiPFs/CL electrolytes are highly volatile and flammable,%®
especially in abused conditions such as overcharging and overheating. Therefore, it is
necessary to develop novel electrolytes accomplishing all of the safety issues as well as
electrochemical stability with electrodes. Organic phosphorus-based compounds are being
tested, looking for new dilute electrolytes (DEs) due to their good flame-retarding ability
and low cost.®* Trimethyl phosphate (TMP) is being investigated as a sole solvent to
replace carbonate solvents in LIBs.3*%> %7 The main safety issue regarding the electrolytes
used in commercial batteries is that they may catch fire when the battery is operated under
abused conditions such as overcharging, overheating, and short-circuiting.? %

Unfortunately, commercial electrolytes present flashpoints around room
temperature. Therefore, this commercial electrolyte can ignite given a thermal runaway
that may occur by an external and/or internal stimulus such as overcharging the battery
beyond the maximum allowed voltage, excessive currents during rapid charging, and
deformation of the battery cell causing short circuits.®®

One of the potential solutions to mitigate the fire hazard in electrolytes is adding
nonflammable compounds or flame-retardant additives such as TMP. However, the
addition of new compounds in the electrolyte affects the electrochemical performance of
the battery. For example, TMP electrolytes cannot passivate carbonaceous electrodes,

which are the most common electrodes used in commercial batteries.** The use of more
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TMP additives can decrease the flammability of the cell but simultaneously degrades the
charge—discharge cycle ability, especially when carbon electrodes are used.** The
concentration salt/solvent can modify the overall performance of the electrolyte,
decreasing TMP decomposition at the interface of the electrolyte/electrode. In a DE
solution, a Li* ion is coordinated, on average, with three or four solvent molecules.*® A
DE is dominated by solvent-separated ion pairs and free solvent molecules. As the
concentration of salt increased, we have a concentrated electrolyte, typically when the
molarity exceeds 3 M. In a concentrated electrolyte, the Li* ion is coordinated, in average,
with one or two solvent molecules.*®

Another key aspect in the potential use of TMP-based electrolytes is the
electrochemical stability in contact with the electrodes. Battery performance strongly
depends on the solid electrolyte interface (SEI) film, which can profoundly modify several
observables such as Coulombic efficiency, rate capability, cycling life, and safety;81°
therefore, it is extremely important to study the composition of the SEI film. Experimental
work such as in situ and in operando experiments requires modifications of the operating
conditions of the battery to perform multiple measurements in the same device at the same
time; therefore, experimental conditions are different from operating conditions of the
battery, for this reason, the use of computational tools is necessary to elucidate the
structural, dynamical, and reactive behavior of LiFSI/TMP electrolytes in contact with a
Li-metal electrode. Therefore, identifying the mechanism of SEI formation at electronic

and atomic levels is very important to understand how the SEI formation affects the overall

30



battery performance such as the decrease of active material, decrease of cell potential, and
interfacial stability.

In this work, we perform first-principles calculations to provide insights on the
thermodynamics, kinetics, and electrochemical stability when a dilute 1 M LiFSI/TMP
electrolyte is in contact with a Li-metal electrode. Degradation in Li-ion batteries due to
loss of an active electrode material has measurable effects on the open-circuit potential,
which requires an additional electrode or reference electrode. Ideally, a reference electrode
should be (1) electrochemically reversible, i.e., its potential is governed by the Nernst
equation and does not change in time, and (2) nonpolarizable, i.e., its potential must remain
constant when a current passes through the electrode and keeps its initial value after such
current stops.’® Experimentally, the use of reference electrodes in Li-ion batteries has been
challenging due to safety considerations associated with the risk of short circuits, no matter
if a two-electrode or a three-electrode cell configuration is used for the electrochemical
testing.”* Short circuits can occur from a variety of sources, including manufacture
impurities, dissolution, and deposition of electrode materials, causing separator damage
or solder splatter at electrode connection.”? Also, no electrode can be completely stable
since once they are part of the battery circuit, they are in contact with the other
components, i.e., electrolyte or current collectors, and some degradation is expected. In
lithium-ion batteries, lithium metal is usually the reference electrode of choice due to its
stability.” In the present work, a lithium reference electrode (LRE) is used to calculate the
open-circuit potential energy (OCPE) characteristics of the Li-metal electrodes throughout

the SEI formation. The actual calculation by atomistic quantum mechanical first principles
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methods of the potential difference between the cathode and anode plays a significant role
in the design and selection of battery materials to improve their performance. In these
calculations, we focus on the creation and effects on the SEI due to such potentials.

3.3. Methodology

In the present work, we perform ab initio molecular dynamics (AIMD) simulations
of a phosphate-based electrolyte composed of 1 M LiFSI in TMP. We study the 1 M
LiIFSI/TMP electrolyte in three systems: (1) electrolyte system: to study transport
mechanism, diffusion, and activation energy barriers of the Li* ions, (2) interfacial
electrolyte—Li-metal electrode system: to study electrochemical and thermal stability and
composition of the formed SEI, and (3) lithium reference electrode—electrolyte—Li-metal
electrode system: to study the potential behavior of the Li-metal electrode.

In the electrolyte system, one dilute electrolyte box (10.53 x 10.53 x 17.374 A3)
was used containing one LiFSI and nine TMP, corresponding to a 1 M salt solution in
TMP (Figure 3.1a).

In the interfacial electrolyte—Li-metal electrode, three Li-metal/dilute electrolyte
boxes of 10.53 x 10.53 x 28.01 A3 contain a slab of dilute electrolyte made of one LiFSI
and nine TMP, corresponding to 1 M electrolyte in contact with a Li-metal surface. To
represent the randomness of the system, three initial configurations are tested positioning
the ion pair at distinct distances from the lithium anode: contact ion pair (Model 1),
separated ion pair (Model I1), and solvated ion pair (Model I11). In the contact ion pair, the
LiFSI is initially in contact with the Li-metal electrode. In the separated ion pair, the FSI™

and the Li" are in contact with the Li-metal but in different faces. In the solvated ion pair,
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the Li* and FSI™ are separated and solvated at the center of the electrolyte, avoiding direct
contact with the Li-metal electrode (Figure 3.1b). In all cases, the plane of the Li-metal
facing the solvent is (100).

For the lithium reference electrode—electrolyte—Li-metal electrode system, three
LRE/DE/Li-metal boxes of 10.53 x 10.53 x 40.0 A3 are built adding a lithium reference
electrode (LRE). The box periodicity is broken along the longitudinal axis by adding a
vacuum region next to the LRE, avoiding in this way, contact between the Li-metal and
the LRE. We use a two-electrode cell configuration, where the counter electrode also acts
as the reference electrode and the working electrode is the Li-metal electrode. The
reference electrode is always a pristine crystal preserving its original potential since it does
not participate in the dynamics of the cell, only single-points calculations, avoiding a
possible decrease in the potential due to interfacial reactions between the LRE and the

electrolyte (Figure 3.1c).
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| Solvated ion pair | Separated ion pairl Contact ion pair |

I Solvated ion pair | Separated ion pair ” Contact ion pair |

Figure 3.1 Initial simulation cells of (a) electrolyte; (b) interfacial electrolyte—Li-metal
electrode, Model I: contact ion-pair salt in contact with Li-metal, Model Il: separated ion-
pair salt in contact with Li-metal, Model IlI: solvated ion-pair salt at the center of the
electrolyte avoiding contact with the Li-metal; and (c) LRE—electrolyte—Li-metal
electrode system. LRE (gray), Li-metal (violet), N (blue), C (green), P (orange), H (white),
F (cyan), S (yellow), and O (red).
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Li-metal and LiFSI/TMP electrolyte are optimized separately using
Born—Oppenheimer approximation with density functional theory (DFT) within the
projector-augmented wave approach (PAW) to solve the electronic Schrédinger equation
with the Perdew—Burke—Ernzerhof (PBE) functional. After the geometry optimization, an
equilibration using AIMD of each cell is performed under the NPT ensemble, allowing
volume relaxation of the structures at 1 atm and 297 K with a tolerance of +20 K for 10
ps, setting a plane-wave energy cutoff of 50 Ry (wavelength, A= 0.4 A). After equilibrated
separately, each cell component, the Li-metal/LiFSI-TMP interfacial system, is
assembled. Due to periodic boundary conditions (PBCs), the simulation cell features a
sandwich-like structure along the longitudinal direction. Then, a geometry optimization is
performed. After the optimization, an equilibration of the interfacial system is performed
for 20 ps under the NVT ensemble at 297 K with a tolerance of +20 K to rescale velocities
with a time step of =1 fs.

We perform single-point calculations for the LRE—electrolyte—Li-metal electrode
system, with threshold values for energy and force of 107 eV and 107!' N, respectively.
The structures are taken every 0.5 ps from the AIMD interfacial electrolyte—Li metal
electrode system simulations, adding an LRE next to the electrolyte and a vacuum region
next to the Li-metal anode. All of the AIMD and SCF calculations described before are
performed using the Quantum Espresso program.>*

Using the atomic scale modeling techniques previously described, we can provide

detailed information of the Li* migration pathways and their activation barriers. We also
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systematically investigate the interface LiFSI-TMP/Li-metal to carry out a detailed
survey of the reaction pathways, the extent of decomposition, charge distribution,
structure, and composition of the decomposed fragments that form the SEI. We are also
performing a study of the open-circuit potential energy (OCPE) of the Li-metal electrode
to distinguish its contribution to the overall battery performance using a lithium reference
electrode (LRE).
3.4. Results and Discussion

Electrolyte System. We observe one Li* coordinating with four molecules in the
dilute electrolyte 1 M LiFSI/TMP at 300 K. The four molecules surrounding the Li* are
four TMP molecules or three TMP molecules and one FSI™. The remaining TMP exist in
a free state, i.e., they do not react or form a new compound. Bader charge analysis yields
a charge of 0.89 for Li* ion; thus, —0.89 for FSI™ (counterion) and ~0 for each of the nine
TMP. FSI™ and Li* can form ion-pair contacts; however, this does not occur frequently
due to the large number of TMP surrounding the ions at 1 M concentration. Without the
formation of contact ion pairs, Li* can freely move over the TMP because the Coulombic
interactions between ions are screened by the presence of TMP, avoiding direct interaction
between the ion and the counterion. The most stable state occurs when the Li* ion is
surrounded by three TMP and the FSI™. The most unstable state is when the Li* ion is
surrounded by less than four molecules (3 TMP, 2 TMP + FSI” or 1 TMP + FSI")
coordinating with the oxygen atoms from those surrounding molecules. During the
transition from the most stable to the most unstable state, the most frequently observed

geometry is the Li* ion surrounded by four or less molecules (4TMP, 3 TMP + FSI~, 2
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TMP + FSI” or 1 TMP + FSI") but coordinated with methyl groups instead of oxygens
from those molecules. The amount of energy that Li+ ion needs to get out from the 3 TMP
+ FSI™ cage and get into the four TMP cages or the three TMP cages oscillates from 3 to

4 eV (Figure 3.2).
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Figure 3.2 Solvation structures are identified, left: TMP2/TMP3/TMP2 + FSI™, center:
TMP3 + FSI™ and right: TMP3/TMP4/TMP2 + FSI. Li (violet), N (blue), C (green), P
(orange), H (white), F (cyan), S (yellow), and O (red).

Interfacial Electrolyte—Li-Metal Electrode System. LiFSI reduction mechanism
and formation of an SEI layer are depicted in Figure 3.3. When the FSI™ counterion is in
direct contact with the Li-metal, the salt reacts instantly, regardless of whether the ion pair
is separated, Li* and FSI~ (Model Il), or in contact, LiFSI (Model I). In both cases, the salt
does not last the 15 ps of simulation time and has been completely dissociated in contact
with Li-metal forming several Li binary compounds, such as Li2O, Li,S, LizN, and LiF.
The reaction sequence begins with the defluorination of the salt at 0.1 ps, where the
dissociated F~ reacts immediately with the Li-metal forming lithium fluoride. The
defluorination also occurs when the salt is solvated with TMP molecules avoiding direct
contact with the Li-metal (Model I11). When the salt is solvated with TMP molecules, F~

remains as an anion in the electrolyte liquid phase, not forming new compounds during
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the 15 ps of the simulation. After defluorination of the counterion in Models I and 11, an
SO, group breaks and lays on the surface of the Li-metal electrode. The S from the SO-
group goes into deeper layers of the Li-metal electrode, breaking the original S—O bonds
and forming new bonds with the Li from the metal. The decomposition of the SO group
into Li2S and Li2O occurs in a time lapse of 1-2 ps. The FNSO2?~ fragment, formed when
SO, breaks, defluorinates after 0.2 ps of being formed. The remaining NSO?™ anion moves
then to the surface where it gains two additional electrons and is reduced into its elemental
constituents by the metal electrode forming Li binary compounds such as LizN, Li>S, and
Li2O. Li>S and Li2O formation occur in the next 5—7 ps. LizN is the last composed formed,
occurring at 9.50 and 12.70 ps for Models | and I, respectively. The reaction pathway in
Models I and Il is very similar, except for slight differences in time frames. The time frame
reaction differences cannot be attributed exclusively to the initial separated or in contact
state of the ion pair but also to the initial orientation of the LiFSI. A detailed list of the
reaction sequence time frame is given in Table 3.1.

Table 3.1 Reaction Time Sequence of the FSI™ Decomposition in Contact with Li-Metal
Electrode When Starting as a Contact lon Pair (tc) and as a Separated lon Pair (ts)

original bond formed bond tc (ps) ts (ps)
S1-F Lis—F 0.05 0.07
S1-01 Lis—O 1.08 0.40
S1-02 Lis—O 1.09 0.80
S1-N Lis—S 0.87 0.30
S2—-F Lis—F 1.06 0.50
S2-03 Lis—O 4.50 8.50
S2—-04 Lis—O 8.20 8.90
S2-N Lis—S 9.50 12.70
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Figure 3.3 LiFSI reduction mechanism in a 1 M LiFSI/TMP solution: (a) Model I, (b)
Model I1, and (c) Model IlI. Li (violet), N (blue), C (green), P (orange), H (white), F
(cyan), S (yellow), and O (red).

Bader charges are calculated on the FSI— counterion on every time step of the
AIMD to gain additional insights into the reaction sequence. The Bader charge analysis is
conducted in the four systems: electrolyte system in which there is no presence of Li-metal
electrode, and Models I, 1l, and III, from the interfacial electrolyte—Li-metal electrode
system in which there is a Li metal electrode next to the electrolyte. Figure 3.4 shows the
net charge of the FSI™ counterion over the simulation time. Every time the charge of the
FSI™ counterion abruptly changes is because a chemical reaction has taken place.

Lithium Reference Electrode—Electrolyte—Li Metal Electrode System. We study
how the OCPE of the Li-metal electrode changes in the three interfacial models. The
OCPE calculation is performed from the local potential profile. Figure 3.5a shows the
local potential profile average along the z axis, which results from integrating the local
potential throughout the xy planes at 0 and 15 ps. The xy planes are the planes parallel to

the interface. Atomic positions are taken every 0.5 ps from the three models of the
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interfacial systems. A pure pristine Li-metal, LRE, is added next to the electrolyte
completing the cell structure: LRE/electrolyte/Li-metal. Then, the local potential profile
is calculated from this full cell. The OCPE is calculated as the difference between the

average local potential profile along the Li-metal region and the LRE region.
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Figure 3.4 Bader charges of ion-pair LiFSI in Model I: undissociated ion pair in contact
with the Li-metal electrode, Model II: dissociated ion pair in contact with the Li-metal
electrode, Model I11: dissociated ion pair avoiding contact with the Li-metal electrode, and
electrolyte bulk: there is no Li-metal electrode, only the electrolyte.

For Model I, at 0 ps, the LRE region goes from 0 to 10 A along the longitudinal
axis, corresponding to the location of the LRE. Similarly, the Li-metal region goes from
26 to 37 A along the longitudinal axis. As the simulation progresses, the LRE and Limetal
regions are constantly changing. For Model I, at 15 ps, when the SEI is completely formed,
the Li-metal region goes from 24 to 37 A. The increase in the Li-metal region is due to the
SEI formation. We repeat the OCPE calculation every 0.5 ps from 0 to 15 ps for the three

models studied in the interfacial systems. When there is no SEI formed, the Li-metal
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region goes from the minimum z-coordinate of a Li-metal atom to the maximum z-
coordinate of a Li-metal atom. During the decomposition of the FSI—, the Li-metal region
goes from the minimum z-coordinate of any Li-atom bonded to FSI- that is attached to
the Li-metal to the maximum z-coordinate of a Limetal atom. We consider an atom bonded
to Li based on a threshold distance for the atom pair: 2.3 A for Li—O, 2.0 A for Li—F, 2.0
A for Li—N, and 2.5 A for Li—S. Figure 3.5b shows the OCPE behavior over time for the
three models. When no SElI is formed, as observed in Model 111, the average OCPE of the
Li-metal electrode over time is +0.36 eV vs LRE. The average OCPE of the Li-metal
electrode changes when an SEI is formed. Due to the formation of an SEI, the average
OCPE of the Li-metal electrode over time is —0.07 and —0.21 eV vs LRE for Models I and
I1, respectively. The formation of the SEI decreases the average OCPE of the initial Li-
metal electrode by ~0.42 eV vs LRE. The difference between Models | and 11 is perhaps

due to the different SEI formation.
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Figure 3.5 (a) Potential energy profile along the longitudinal axis at 0 and 15 ps when an
SEl is formed. (b) Li-metal electrode vs LRE potential during the SEI formation for the
three interfacial models.
3.5. Conclusions
We performed AIMD simulations and DFT calculations on three scenarios.

Electrolyte: both, AIMD and DFT, predict that Li* ions are tetrahedrally coordinated to

the solvent and salt molecules. However, Li* ions can also be found coordinated with three
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or less molecules, but this is a transition state and only occurs while the Li* ion is traveling
from one cage to another in the electrolyte. The inner shell of a solvated Li* ion is
composed of four TMP molecules. O atoms that are not bonded to a methyl group from
the TMP are the corners of a tetrahedron with the Li* ion located at the center. The
counterion, FSI~, can enter the inner shell of Li* ions solvated by TMP molecules changing
the configuration of the inner shell to three TMP and one FSI™. O atoms that are not bonded
to a methyl group from the TMP and one O bonded to S from the FSI™ are the corners of
a tetrahedron with the Li* ion located at the center. The characteristic features of the pair
distribution function calculated in the AIMD simulations were also observed in the
electronic structure calculations. The activation barrier that Li+ ions need to overcome to
move freely along the electrolyte is 4 eV, in which the most stable structure is the Li*
tetrahedrally coordinated with three TMP and one FSI~, and the least stable structure is
the Li* coordinated with four or less TMP.

We identified the decomposition pathway of LiFSI salt and the species present in
the formed SEI between the electrolyte and the Li-metal electrode in the interfacial
electrolyte—Li-metal electrode. Our data suggests that the following steps occur in the
breakdown of the salt LiFSI: The counterion FSI™ rapidly loses one F ion to the lithium
surface, resulting in the formation of LiF~ species. The remaining FSO2NSO;?2
decomposed into SO, %2 and NFSO, 2. The SO, 2 deposited onto the Li surface. The SO,
reacts with the Li-metal electrode forming LiO and LizS. The remaining NFSO; 2
defluorinate losing its F ion to the lithium surface, resulting in the formation of LiF. The

NSO, ! deposited over the lithium surface decomposes in the following picoseconds
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forming binary compounds LisN, Li.S, and Li20. In contrast, when the salt is solvated by
the TMP molecules avoiding a direct contact with the Li-metal electrode, only one
defluorination occurs decomposing the FSI~ into FSO2NSO, 2 and a F~. The two ions
remain stable as they are solvated by the TMP molecules. Therefore, salt fragmentation
will necessarily take place when the counterion is in contact with the Li-metal electrode.
We expect to get the same results independently of plane orientation. The reaction
sequence could change, but the final composition of the SEI will be the same. This is
supported in part by the fact that Models | and Il reached the same SEI composition
regardless of the initial position of the salt; however, the plane orientation could change
the reaction pathway, making the reactions to occur in a different order, as observed in the
cases of Models I and I1.

Finally, in the lithium reference electrode—electrolyte— Li-metal electrode, the
formation of the SEI as a result of side reactions occurring at the interface electrolyte/L.i-
metal electrode causes a drop in the OCPE of the Li-metal electrode by ~0.42 eV. The
drop in the OCPE can have a measurable effect on the open-circuit potential of a battery
using Li-metal as anode and a 1 M TMP/LIFSI electrolyte. The nominal opencircuit
potential in a Li-ion battery, 3.6 eV, would decrease up to 3.18 eV only due to the
formation of the SEI, before any charge/ discharge cycles. However, to calculate the
overall battery potential before the start of the charge/discharge cycles, it is necessary to
calculate also the OCPE of the cathode and how it behaves in contact with the 1 M

TMP/LIFSI electrolyte.
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4. CHAPTER IV LI-METAL ANODE IN DILUTE ELECTROLYTE LIFSI/TMP: SEI
EVOLUTION DURING CYCLING USING AB INITIO MOLECULAR DYNAMICS
4.1. Synopsis
An interfacial study is performed using ab initio molecular dynamics simulations
to elucidate the solid electrolyte interphase (SEI) evolution formed between an electrolyte
based on trimethyl phosphates (TMP) and lithium bis(fluorosulfonyl)imide(Li*FSI") salt
in contact with a Li-metal electrode. Going beyond the initial SEI composition generated
due to the degradation of one counter-ion adding a second and third counter-ions ana
analysis of how the initial SEI evolution is performed. The results indicate a different
product formation due to the LiFSI salt dissociation as the SEI is formed. The products
formed due to the dissociation of the 1st LiFSI salt when in direct contact with the Li-
metal anode are Li>O, Li>S, LisN and LiF. These four Li-binary products compose the
formed SEI. Then, a 2" LiFSI is located at the electrolyte/SEI/Li-metal. The products
formed due to the dissociation of the 2" LiFSI when in contact with the SEI are Li.S,
Li2O, LiF, LisNSO2. Finally, a 3" LiFSI is located at the electrolyte/SEI/Li-metal. The
products formed due to the dissociation of the 3 LiFSI when in contact with the SEI are
Li>SO2NSO: and LiF. From the products composition due to the three LiFSI dissociations,
we notice that the SEI prevents complete dissociation of the LiFSI as more counter-ions

arrive to the interface.

*Reprinted with permission from:
Ab Initio Molecular Dynamics of Li-Metal Anode in a Phosphate-Based Electrolyte: Solid Electrolyte
Interphase Evolution by D. E. Galvez-Aranda, J. M. Seminario, 2021. J. Electrochem. Soc. 168 090528
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We also study the electrochemical window stability to identify the energy barriers
the electron must overcome to be transferred from the anode to the counter-ion to initiate
the LiFSI dissociation. We calculate the effect of the SEI formation in the anode potential,
showing that the anode potential decreases from -0.39 V vs Li/Li* when there is not SEI,
to 0.9 V vs Li/Li* when there is a SEI formed due to the dissociation of the three counter-
ions. Finally, a simple scaling method is presented to scale our nano-scale results into a
macro real battery. By performing this scaling method, we identify the number of counter-
ions that need to be consumed to obtain a stable SEI in a CR2032 coin battery and also a
linear extrapolation is performed to scale the SEI thickness as the counterions dissociates.
4.2. Introduction

Li metal batteries (LMBs) are being extensively study as an appealing new
generation of energy storage devices because its high theoretical capacity, 3860 mAh g-1,
and low redox potential, -3.04 V vs standard hydrogen electrode.”*"® However, there are
still several issues in the overall performance of Li-metal as anode material, such as poor
electrochemical stability,”” low cycling Coulombic efficiency’® and Li dendrites growth.*
79

The Li-metal interfacial stability with electrolytes affects the overall battery
cycling performance.®%82 Degradation of Li ion batteries occur due to the loss of active
material, from the electrode or the electrolyte, consumed partly forming the solid
electrolyte interface (SEI).283% A SEI formation is desirable but only if it reaches an
electrochemical stability after few cycles, without consuming to much active material and

protecting both the electrolyte and the electrode. Similarly, in LMB, a poor cycle
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performance is observed due to the irreversible formation of products consuming the
active electrode material.*> 8 The SEI formed due to the reaction occurring at the interface
has measurable effects in the open-circuit potential.®® Appropriate electrolyte solutions
with high safety and interfacial compatibility with both electrodes, cathode and anode, are
required to achieve batteries with higher electrochemical stability over cycling. Two
strategies have been proposed to improve the electrochemical performance in LMB
focused in the development of an stable Li metal/electrolyte interface over cycling:®" 1)
The addition of an artificial SEI at the Li-metal/electrolyte interface®” and 2) The addition
of liquid electrolyte additives that contain fluorine such as lithium
bis(fluorosulfonyl)imide (LiFSI) to create a robust and stable SE1.888° Phosphates, such
as the trimethyl phosphate (TMP) have been used as additives for Li-ion batteries because
its flame retarding feature and relatively high ionic conductivity.3> %1 TMP has a wide
liquid temperature window, -46 °C to 197 °C and it is able to dissolve lithium salts, even
at high salt concentrations.’>® Besides the use of TMP as an additive in an electrolyte
solution at small concentrations, less than 10 wt. %,°* TMP can also be employed as pure
electrolyte solvent.®®

Recently, concentrated electrolyte such as 5 M LiFSI solvated in TMP effectively
suppress the growth of Li dendrites because the formation of a LiF-rich SEI layer due to
the decomposition of the LiFSI at the Li-metal interface.** Ab initio molecular dynamics
simulations for Li* conducting electrolytes, based on TMP solvent and LiFSI salt, in
contact with a Li-metal electrode, elucidating the initial SEI formation and composition

due to the dissociation of a first FSI counterion found that the FSI fully dissociated in Li-
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binary compounds in contact with Li-metal such as Li-O, Li,S, LiF and LisN;>® however,
this first counterion did not represent the final composition of the SEI during
charge/discharge cycles, since additional counter ions arrive to the Li-metal/electrolyte
interface during cycling, modifying the composition further the initial SEI.

An electrochemical stability window (ESW) analysis elucidates if a dissociation
of the solvent and salts is possible in contact of an electrode. ESW is defined as the gap
between the oxidation and reduction potentials.®® If the anode has an electrochemical
potential above the solvent and ion reduction potential, a reduction of the solvent of ion is
possible.®” For example, TMP decomposes at a potential of 1.2 V vs. Li/Li*,* % meaning
that the electrochemical potential of the Li anode is 1.2 V below the reduction potential of
the TMP, therefore a reduction of the TMP is not possible, at least during open-circuit
conditions. The potential is modified during charge conditions, overcoming the 1.2 V,
making possible the decomposition of TMP in contact with Li metal anode. The formation
or addition of a passivation layer such as SEI could prevent further electron transfer
between electrode and electrolyte. 33 *°

In the present work, we study the morphology SEI evolution during its growth
beyond its initial structure. We follow a novel procedure that allows us to create an
atomistic environment that can simulate a cycling behavior, focusing at the moments
counterions dissociate at the interface without considering the long travel times it would
require to the Li-ions and counterions to arrive to the interface. We also study the
electrochemical window stability of all the electrolyte components, solvent, and ions, and

the Li-metal anode. Finally, we present an intuitive scaling method to calculate
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equivalences from atomistic nanoscale simulations to macroscopic batteries. A linear
extrapolation is performed to estimate SEI thickness as the number of counterions
dissociates.

4.3. Methodology

We perform ab initio molecular dynamics (AIMD) simulations of a phosphate-
based electrolyte composed of 1 M LiFSIin TMP. We study an interfacial electrolyte—Li-
metal electrode system, using a slab structure. The electrolyte box is 10.53 x 10.53 x
17.48 A3 containing one LiFSI and nine TMP, corresponding to a 1 M electrolyte. The
Li-metal anode box is 10.53 x 10.53 x 10.53 A3. To study the morphology evolution of
the SEI beyond its initial formation, we follow a novel procedure which consists in
replacing the electrolyte box once the counterion is dissociated forming the SEI.

Three counter-ion dissociations are performed to study the SEI morphology
evolution due to the decomposition of the ions. 1% Dissociation: the electrolyte box is
assembled next to the Li-metal box, creating the interfacial electrolyte-electrode system.
An AIMD is performed to the interfacial system for 15 ps. Reactions are expected during
this time forming a SEI (Figure 4.1a). 2" Dissociation: a new electrolyte box is assembled
next to the SEI/Li-metal box formed in the 1% dissociation, creating the interfacial
electrolyte-SEl-electrode system. An AIMD simulation is carry out to the interfacial
system for 15 ps. Reactions are expected during this time, modifying the composition of
the SEI (Figure 4.1b). 3™ Dissociation: A new electrolyte box is assembled next to the

SEl/Li-metal box formed in the 2" dissociation, creating a new interfacial electrolyte-
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SEl-electrode system. An AIMD is performed to the interfacial system for 15 ps (Figure

4.1c). All the initial geometry boxes from each dissociation are showed in Figure 4.2.

1 LiFSI -9 TMP 9 TMP

Qe

% SEI | 1j
‘e
*

(a)
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Qe . :
—® SEI Li SEI Li
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i ® | SEI Li SEI Li

05'.

(©)

Figure 4.1 Procedure of SEI morphology evolution in a channel. (a) An electrolyte box
with one LiFSI and nine TMP is assembled next to the Li-metal box. Then, an AIMD
simulation is performed until a SEI is created between the anode and electrolyte. (b) The
SEl and Li-metal anode from the previous run are assembled next to a new electrolyte box
composed of one LiFSI and nine TMP. Then, an AIMD simulation is performed until the
SEI changes its composition due to the 2" FSI dissociation. (c) The new SEI and Li-metal
anode from the previous run are assembled next to a new electrolyte box of one LiFSI and
nine TMP. Then, an AIMD simulation is performed until the SEI changes its composition
due to the 3" FSI dissociation. Then, the final composition of the SEI is studied due to the
dissociation of the three counter-ions.

The Li-metal and the electrolyte boxes are optimized separately using

Born—Oppenheimer approximation'® to solve the electronic Schrodinger equation using
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density functional theory (DFT)!! with the Perdew—Burke—Ernzerhof (PBE)
functional.® %2 These calculations are performed using periodic boundary conditions
(PBC) using a plane-wave energy cut-off of 40 Ry (., =0.5 A) and 27 k-points were used
for the k-mesh within the projector-augmented wave approach (PAW).%” Due to the PBC,
the interfacial system features a sandwich-like structure along the longitudinal direction.
All the AIMD simulations of reactions at the interfacial site are performed for a maximum
of 15 ps under the NVT ensemble at 297 K with a tolerance of +20 K to rescale velocities

and with a time step of t=1 fs. A Bader charge allocation method is used to study charge

transfers.>8 60, 103




(©)

Figure 4.2 Initial boxes of Li*(F2NO4S,)~ (LiFSI) salt, (CH30)3PO (TMP) electrolyte and
Li metal electrode, corresponding to the dissociation of (a) first, (b) second, and (c) third
counter ions. Counter ion (gray shadow). Li (violet), N (blue), C (green), P (orange), H
(white), F (cyan), S (yellow) and O (red).

We calculate the battery potential with respect to a lithium reference electrode
(LRE). The actual calculation by atomistic quantum mechanical first principles methods
of the potential difference between cathode and anode plays a significant role in the design
and selection of battery materials to improve performance. We focus on the creation and
effects on the SEI due to such potentials. We also calculate the potential of an NMC
cathode with respect to the LRE in order to get the full battery potential. Figure 4.3 shows
an equivalence of the use of reference electrode in an experimental CR2032 coin cell
battery'%* and our computational samples. We add an LRE every time we want to calculate

the potential of the anode, that way the LRE does not participate in the reactions occurring

in the electrolyte/Li-metal anode interface resembling an ideal LRE.>
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Figure 4.3 Schematic of the use of a LRE in a CR2032 experimental coin cell battery and
their corresponding AIMD model to obtain the battery potential as the SEI is formed.
4.4. Results and Discussion

When a 1% FSI™ counterion is in direct contact with the Li-metal, the counterion
reacts instantly creating an initial SEI. As a 2" counterion is located at the
electrode/electrolyte interface, the decomposition sequence of this 2" counterion is not
the same as the one observed for the 1% counterion due to the presence of the SEI, forming
new products modifying the composition and morphology of the initial SEI. Similarly, as
a 3" counterion is located at the electrode/electrolyte interface, the degradation of the
counterion is way less impacting than the one observed on the degradation of the 1%
counterion.

1% Dissociation: Initial SEl composition due to degradation of the 1% FSI~ counter

ion: The FSI™ counterion located at the interface electrolyte-electrode reacts instantly with

the Li-metal anode. At the end of the 15 ps of simulation time the FSI™ has been completely
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dissociated in contact with Li-metal forming several Li binary compounds, such as Li>O,
Li.S, LisN, and LiF. The reaction pathway is elucidated through a Bader charge analysis,
which are calculated at every time-step during the 15 ps of the AIMD simulations.
Initially the counterion has a total charge of -1.09e. The reaction sequence begins
with the defluorination of the salt at 0.05 ps, leaving a FSO2NSO; fragment with a total
charge of -2.03e (Figure 4.4). The dissociated F~ reacts immediately with the Li-metal
forming lithium fluoride. After the initial defluorination of the counterion at 0.34 ps, an
SO; group comes off and lays on the Li-metal surface. The SO fragment has a charge of
-1.96e, and the remaining NFSO», a charge of -1.87e. Then, at 0.48 ps, a second
defluorination occurs, leaving a NSO, fragment with a total charge of -2.71le. The
dissociated F~ reacts immediately with the Li-metal forming lithium fluoride. At 0.96 ps,
the SO, reacts with the Li-metal forming two Li binary compounds: Li2O and Li.S. After
1 ps, the SEI is formed by Li-O, Li»S, LiF and NSO fragments, and does not change its
composition until almost 8 ps later. At 8.89, the O from the NSO2 goes into deeper layers
of the Li-metal anode, breaking the S—O bond and forming Li,O. The remaining NSO
fragment has a charge of -1.92e. At 9.09 ps, the other O from the NSO reacts with the Li-
metal, breaking the S—O bond and forming Li>O. The remaining NS fragment has a charge
of -2.86e. Finally, the NS bond breaks at 12.55 ps, forming the Li binary products: Li.S
and LisN. Thus, after 12.55 ps, the FSI has been completely dissociated and the SEI is
composed of Li binary products: LisN, Li.S, Li>O and LiF. A detailed list of the reactions

in sequence, time frame and electron transfer are given in Table 4.1.
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Table 4.1 Reaction time and electron transfer reactions during FSI~ decomposition
during the 1* dissociation

Reaction Time (ps)
N(SO2F)2"~ + 2e — FSO;NSO22 + F~ 0.05
FSO2NSO2* + 2e — NFSO2* + SO* 0.34
NFSO2* + 2e — NSO,* + F!~ 0.48
SO2* +4e — 20% + S 0.96
NSO2% + 2e — NSO* + 0>~ 8.89
NSO® + 2e — NS* + O 9.09
NS’ +2e — S* + N¥ 12.55

0.0 ps 0.48 ps

N(SOF), = -1.09e FSO NSO, = -2.03e S0, = -1.96e 50, = -1.92e
22 2 2 2 2
NFSO, =-1.87e NSO, =-2.7le

12.55 ps

Li,0/LiF /LiN/
LiS

Figure 4.4 15 FSI reduction mechanism in a 1 M LiFSI/TMP solution. The TMP molecules have
been removed to show a clear picture of the FSI reaction sequence. Li (violet), N (blue), F (cyan),
S (yellow), and O (red).
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2" Dissociation: SEI composition due to degradation of the 2" FSI~ counter ion:

The 2" FSI~ counterion located at the interface electrolyte-SEI-electrode reacts with the
SEI formed during the 1% FSI™ counterion. At the end of the 15 ps of simulation time the
FSI™ has been dissociated forming several Li binary compounds, such as Li>O and LiF,
and a SO and NSO- fragments. The reaction pathway is elucidated through a Bader charge
analysis. The Bader charges are calculated on every time-step of all the 15 ps of the AIMD
simulation.

Initially the counterion has a total charge of -1e. The reaction sequence begins
with the defluorination of the salt at 0.42 ps, leaving a FSO2NSO; fragment with a total
charge of -1.75e (Figure 4.5). The dissociated F~ reacts immediately with the SEI/Li-
metal forming lithium fluoride. After the initial defluorination of the counterion, at 0.83
ps, the FSO2NSO; is fragmented in a SOz and a NFSO: laying over the SEI/Li-metal
surface. The SO, fragment has a charge of -1.86e, and the NFSOg, a charge of -1.74e.
Then, at 0.93 ps, a second defluorination occurs, leaving a NFSO, fragment with a total
charge of -2.71e. The dissociated F~ reacts immediately with the SEI/Li-metal forming
lithium fluoride. The remaining NSO> fragment has a charge of -2.71e. At 13.63 ps, the
SO reacts with the SEI/Li-metal forming SO and Li>O. The SO fragment has a charge of
-1.81e. At 14.35 ps, the remaining SO reacts with the SEI/Li-metal forming Li>O and Li2S,
after that and until 15 ps, no more reactions are observed and the 2" FSI dissociation have
been dissociated adding some new products to the formed SEI: Li.S, LiF, Li.O and
NFSO2?". A detailed list of the reaction sequence, time frame and electron transfer are

given in Table 4.2.
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Table 4.2 Reaction time sequence and electron transfer of the FSI™ Decomposition during
the 2" dissociation

Reaction Time (ps)
N(SO,F), +2e— FSO,NSO,” +F 0.42

2— 2— -2
FSO,NSO,” +2e— NFSO,” + S0, 0.83

2- - -
NFSO,” +2e —~ NSO, +F 0.93
2- 2- 2-

SO,” +2e—S0" +0; 13.63
SO +2¢—8 +0° 14.35

0.0 ps

gL

N(SO,F), = -1.00 ¢ FSO,NSO, = -1.75 ¢

13.63 ps 14.35 ps

SO=-181e NSOZ— 2.96e
NSO, = -2.92¢

Figure 4.5 2" FSI reduction mechanism in a 1 M LiFSI/TMP solution. The TMP molecules have
been removed to show a clear picture of the FSI reaction sequence. Li (violet), N (blue), F (cyan),
S (yellow), and O (red).
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3" Dissociation: SEI composition due to degradation of the 3™ FSI™ counter ion:

The FSI™ counterion located at the interface electrolyte-electrode reacts with the SEI
formed due to the two previous dissociation. At the end of the 15 ps of simulation time
the FSI™ has been dissociated in LiF and SO;NSO2*". The reaction pathway is elucidated
through a Bader charge analysis, which are calculated at every time-step during the 15 ps
of the AIMD simulations.

Initially the counterion has a total charge of -1.00e. Similarly, as in the previous
two counter-ion dissociation, the reaction sequence begins with the defluorination of the
salt at 0.20 ps. The remaining FSO2NSO- fragment has a total charge of -1.82e (Figure
4.6). The dissociated F~ reacts with the Li-metal forming lithium fluoride. A second
defluorination occurs at 0.87e, leaving a SO2NSO. fragment with a charge of -1.82e. LiF
is formed due to the reaction between the Li-metal and the dissociated F~. No more
reactions are observed until the end of the 15 ps of simulation time. Thus, after 0.87 ps,
the FSI has been react with the SEI/Li-metal is forming: LiF and SO2NSO>. A detailed list
of the reaction sequence, time frame and electron transfer are given in Table 4.3.

Table 4.3 Reaction Time Sequence and electron transfer of the FSI™ Decomposition
during 3" dissociation

Reaction Time (ps)
N(SO2F),'™ +2e — FSO,NSO* + F!~ 0.20
FSO2NSO2* + 1e — SO,NSO2* + F~ 0.87

59



0.87 ps

N(SO,F), = -1.00e FSO,NSO, = -1.82¢ SONSO, = -1.82¢

Figure 4.6 3" FSI reduction mechanism in a 1 M LiFSI/TMP solution. The TMP molecules have
been removed to show a clear picture of the FSI reaction sequence. Li (violet), N (blue), F (cyan),
S (yellow), and O (red).

The composition of the SEI at the end of the 3" dissociation is as follow: LisN,
Li-S, Li>O and LiF due to the 1% FSI™ dissociation, Li,S, LiF, Li.O, NFSO,?" due to the
2" FSI™ dissociation, and LiF and SO2NSO- due to the 3" dissociation. Figure 4.7a shows
the net charge of the each of the three FSI™ counter-ions over the 15 ps simulation time.
Every time the charge of an FSI™ counter-ion changes is because a chemical reaction has
occurred. All the reactions described in the previous section for the three counter-ions
dissociation are charge-transfer reactions. We observe that 16e have been transferred to
the counter-ion during the 1% dissociation, 10e during the 2" dissociation, and 3e during
the 3" dissociation. It is clear then, that as the SEI is formed, it blocks further electrons
transfer from the Li to the electrolyte (Figure 4.7b), preventing and reducing the
electrolyte decomposition. In our model, the electron transfer is reduced from 16e,

transferred when there was not SEI, to 3e, transferred when a SEI is formed.
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Figure 4.7 (a) Bader charges, q(t), of the three FSI- during its dissociation (b) Bader
charges q(t) of the Li-metal electrode (Liss) for each consecutive dissociation of
counterions FSI™ at the Li-metal electrode.

We analyze the electrochemical stability windows of the electrolyte/Li-metal
interface as the SEI is formed (Figure 4.8). In many battery reports,?> & 105106 the
electrochemical stability was analyzed considered the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) of the electrolyte components

to understand if their oxidation/reduction can occur. However, the HOMO-LUMO

analysis is an approximation of the electronic structure, useful to investigate the electronic
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properties of isolated molecules, but not in a solvent environment in which the energy
levels of the isolated molecules do not indicate with precision which species are
participating in redox reactions, expected in a anode/electrolyte interface.®” 1% The true
electrochemical stability window can be assessed from the ionization potential and
electron affinity of the electrolyte components as showed by Peljo et al..®’

The oxidation/reduction potential of the isolated molecules provide comparable
data of energy barriers between each electrolyte component and Li-metal; however, these
components are not isolated in the electrolyte, but surrounded by other solvents or ions.
Therefore, we also calculated the oxidation/reduction potential of an electrolyte box
containing 9 TMP, 1 Li* and 1 FSI™. The reduction potential of this electrolyte bulk is
located at -4.21 eV. Since the fermi energy of the Li-metal is located at -2.25 eV, electron
transfer is highly possible from the Li-metal to the electrolyte. After the 3™ FSI~
dissociation, the SEI oxidation potential is -3.76 eV and the electrolyte bulk reduction
potential is -4.21 eV, therefore, an electron transfer is still possible from the SEI to the

electrolyte; however, the energy gap is reduced from 1.96 eV to 0.45 eV.
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Figure 4.8 Electrochemical window of the LiFSI/TMP electrolyte and the Li-metal anode.
Oxidation (black bars) and reduction (red bars) potential limits are showed for each electrolyte
component individually (Li*, FSI~ and TMP) and the electrolyte bulk. The fermi energy is
calculated for the different stages of the Anode as the SEI is formed.

We propose a simple scaling rule to extrapolate AIMD predictions from a nanoBatt

to a macroBatt. Data from the macroBatt is taken from Shi et al.** experiment, in which
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they built a Li|LiNiy3Co13Mn1302 cell with a 5M LiFSI/TMP electrolyte by using a
CR2032-type coin cell. The Li electrode was punched into discs (15.6 mm diameter and
450 pm thickness) to assembly the coin cell. The thickness of the separator is 30 pum,
which is also a value typically reported in several commercial separators, % 108-110

The scaling is used to extrapolate two parameters, the SEI time formation and the
amount of LiFSI dissociated to form the SEI. One scaling factor is obtained as the ratio of
the cross-section area of the nano-battery and the CR2032 coin battery (Figure 4.9). The

second scaling factor is obtained as the ratio within the simulation time of the nano-battery

and the real charging/discharging time of the CR2032 coin battery.

LR Total CR2032 macro-battery section = 1.54 = 10" A°

Total AIMD nano-battery section = 110.25 A’

Figure 4.9 Scaling method based on the cross-section area between the AIMD nanoBatt
and the CR2032 macroBatt.

In Table 4.4, we compare the dimension of the cross-section area, electrolyte
volume and number of counter-ions between the CR2032 battery and our AIMD simulated
battery (nanoBatt). An estimate of the total amount of FSI~ available in the CR2032
electrolyte is obtained from the volume of the separator: 7x(8 mm)?x30 um = 6.031 mm?,

with a 45% porosity,*** the net electrolyte volume is 2.71 mm®. From a previous study,®
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the density of counter-ions is 3.30x10'/mm?3 for a 5M LiFSI/TMP electrolyte, which is
the one used in Shi et al. experiment.

Table 4.4 CR2032 macroBatt and nanoBatt main characteristics.

CR2032 macroBatt nanoBatt
Cross-section area 2.01x10% A2 110.25 A?
Separator volume

) 6.031 mm?

(45% porosity)
Electrolyte volume 2.71 mm?® 1653 A3
Counter ion density 3.30x10%/mm? 6.04x104/A3
Number of counter ions 8.95x10'8 1

A scaling factor based on the ratio of the cross-section area of the CR2032 battery
and the cross-section area of the nanoBatt yields 1.82x10* or the equivalent amount of
dissociated FSI~ in the CR2032 per dissociated FSI~in the nanobattery, i.e., 5.46x10%,
representing 0.0061% of the total FSI~ available in the macro electrolyte. The small factor
indicates that the degradation occurring it is not yet significant in terms of number of ions
reduction to form a SEI. Most of the ion’s dissociation occur in the first charge/discharge
cycles, as reported by Shi et al.*® experiment, in which a drop of the capacity from ~140
mAhg? to ~120 mAhg? was observed during the first 3 cycles, a 14% drop. In the
following cycles the capacity decreased at much lower rates reaching ~110 mAhg™ by the
end of the 100" cycle. The observed capacity fade can be associated to the reduction of
charge carriers to form the SEI, among other reactions occurring at the cathode/electrolyte

or cluster formation in the electrolyte. For the scaling method used in the present work,
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we consider that all the 14% of reduced charge carriers occurs at the electrolyte/Li-metal
interface forming the SEI. Considering that the drop of 14% is associated completely to
the dissociation of charge carriers to form the SEI, we obtain that 1.25x10'® counter ions
are dissociated, which is 2295 times greater than the amount of dissociated counterions
scaled from the nanoBatt, 5.46x104. Therefore, to scale the counterion degradation from
the dissociation of the three FSI™ at the electrolyte/Li-metal interface, it is required to have
6885 FSI™ dissociated in a cross-section equivalent to the one from the nanoBatt. However,
the 14% drop considers the loss of charge carriers, ions or counter ions. For a fully
dissociation of an FSI forming Li-binary compounds such as Li2S, Li»O, LiF and LizN, 17
Li are consumed. Therefore, to calculate the number of ions and counter-ions consumed
from scaling the data of our AIMD simulation we multiply the amount of FSI dissociated,
5.46x10%, by 18 obtaining 9.84x10'* which represent 0.11% of the total amount of ions
available.

We can also extrapolate the thickness of the SEI, based on the dissociation of the
three FSI- from the nanoBatt. The thickness of the SEI during the dissociation of the 1%,
2" and 3 FSI-is 3.3 A, 3.8 A and 4.4 A, respectively. Performing a linear extrapolation,
for the SEI thickness (dsei) yields, dsei[A] = 0.55xngs) + 2.73. Therefore, for a nrs) = 6885,
we get a thickness of 378 nm. From the literature, the average SEI thickness is in the order
of 20 nm.1*2113 Thus, the extrapolated SEI thickness is one order of magnitude greater
than the average SEI thickness. This is because we considered that all the reduced charge
carriers are the dissociated counterions at the electrolyte/Li-metal interface; however,

charge carrier reductions can also occur at the cathode/electrolyte interface,*'41t° forming
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ionic clusters in the electrolyte.*® Using the linear extrapolation, dsgi[A] = 0.55xngs; +
2.73, for a 20 nm SEI thickness, 359 FSI~ must dissociate in the nanoBatt cross-section.
Thus, the equivalent amount of dissociated FSI~ in the CR2032 per dissociated FSI~in the
nanoBatt, yields 6.53x10', which is calculated multiplying the cross-section batteries
ratio, 1.82x104, by the number of dissociated FSI~, 359. 6.53x10%® is 0.72% of the total
FSI~ available in the macro-electrolyte. Compared with the 14% drop from the reduced
charge carriers, less than 1% correspond to the dissociation of the counter-ions.

4.5. Conclusions

We performed AIMD simulations to study the SEI initial formation and evolution
as more counter-ions approaches the interface electrolyte/Li-metal. As the SEI is formed,
the decomposition pathway followed by the FSI™ counterions changes producing a variety
of products.

A 1 FSI™ fully dissociates in contact with the Li-metal anode, forming Li binary
components such as Li>O, LiF, Li>S and LisN. Thus, the initial SEI interface composition
includes the four Li binary components formed due to the degradation of this 1% FSI.
Then, when a 2" FSI~ approaches the interface, facing now the previous formed SEI, the
species formed are LiF, Li>S, Li2O and LisNSO.. Thus, the full SEI composition includes
LiF, Li2S, Li2O, LisN and LisNSO- species formed due to the degradation of the first two
FSI”. When a third FSI approaches the interface electrolyte/SEI, the products formed are
LiF and Li2.SO2NSO2. Thus, the SEI composition includes LiF, Li2S, Li2O, LisN, LisNSO>
and Li2SO2NSO: species. As the SEI is being formed, it has an impact decreasing the

degradation of the upcoming FSI, clearly indicating the protective behavior of the SEI to
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decrease further reaction of the counter-ions. As the dissociation reactions of the FSI~
occur, the formation of Li-binary compounds indicates the loss of these Li as charge
carriers and are now part of the stable SEI, having an impact in the overall battery capacity.
For the dissociation of one FSI7, 17 Li are being consumed to form the Li-binary
compounds forming the SEI. Therefore, high LiFSI concentrated electrolytes will perform
better in terms of cyclability than low concentrated, since the loss of charge carriers will
be less.

Performing a Bader charge analysis, all the reactions are occurring due to electron
transfers from the Li-metal to the counter-ions. For the dissociation of the 1%t FSI-, 2
FSI~and 3" FSI, 16e, 10e and 3e, respectively, transferred from the Li-metal, indicating
that as the SEI is formed, less electrons are able to be transferred from the electrode to the
electrolyte. We calculated the energy barriers between the electrolyte components and the
electrode as the SEI is formed. Initially the Fermi energy of the pure Li-metal is located
at -2.25 eV. As observed in the AIMD simulation, the TMP does not dissociate because it
has a reduction potential located at -1.16 eV, resulting in a barrier of 1.09 eV. FSI™ and
Li* have reduction potentials equals to -2.33 eV and -3.67 eV respectively, both located
below the Fermi energy of the Li-metal electrode, allowing the transference of electrons
from the Li-metal. As the SEI is formed, its oxidation potential is located at -3.76 eV,
below the reduction potential of the FSI~, presenting an energy barrier of 1.43 eV.
However, from the AIMD, we also observed electron transfer even when the SEI is
formed. The difference with the electrochemical window analysis is that we are

considering the oxidation/reduction potential of isolated electrolyte molecules. However,
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these molecules are not isolated in the electrolyte, but surrounded by other solvent
molecules or ions. The calculated reduction potential of a bulk electrolyte is located at -
4.21 eV, which is below the oxidation potential of the formed SEI located at -3.76 eV,
indicating that electron transfer from the SEI to the electrolyte is possible going
accordingly with the results of the AIMD simulations.

Even though we have not observed any reaction of the TMP solvent molecule in
contact with Li-metal because its energy barrier of 1.09 eV with respect to the Li-metal,
we have to consider that this analysis is performed under open circuit condition. However,
during charging conditions, in which a greater potential usually in the range of 5 eV is
provide to the battery, which is 1.5 eV greater than the open circuit potential, the electrons
from the Li-metal could receive the required energy to overcome the 1.09 eV barrier
dissociating the TMP molecules. Also, because the formation of the SEI, the anode local
potential increases from -0.39 V up to 0.91 V, indicating an increase in the anode local
potential of about 1.3 V. Assuming that the potential at the cathode remains constant, an
increase in the anode potential cause a decrease in the overall battery potential, decreasing
the power that the battery can provide. An interfacial study between the cathode and the
electrolyte it is necessary to calculate the actual behavior of the potential in a full
battery.Lastly a simple scaling method is presented to establish a correlation between the
results of our AIMD simulation and an experimental CR2032 battery, to provide an
approximate number of FSI™ dissociated to form a stable SEI in the experimental CR2032
battery from the data obtained in the AIMD simulation. The 3 dissociated FSI~ from our

AIMD simulation are equivalent to 6.53x10'® dissociated FSI~ in the experimental
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CR2032 battery, which represent only the 0.72% of the FSI- existing in the 5 M
TMP/LIFSI electrolyte of the CR2032 battery. Since a 14% drop from the reduced charge
carriers is observed in the CR2032 battery, most of the reduced charge carriers are Li-ions
forming the SEI and also as dead L.i in the electrolyte and only less than 1% correspond
to the dissociation of the counter-ions. The fast dissociation of FSI in contact with Li-
metal, forming a stable SEI as proven from our AIMD, avoids further dissociation of
upcoming FSI but still Li-ions can be reduced and captured in the SEI, being lost as charge

carriers decreasing the overall capacity of the battery.
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5. CHAPTER IV: LI-METAL ANODE IN DILUTE ELECTROLYTE LIFSI/TMP: A

MACHINE LEARNING REACTIVE FORCE FIELD.

5.1. Synopsis

Molecular dynamics (MD) simulations employing classical force fields
approximate the potential energy surface due to electronic structure and internuclear
interactions as a function of the position of the nuclei. A typical classical force field
approach works very well under the following conditions: there is no bond breaking or
forming and electrons are highly localized in the nuclei. However, the predictive power of
these simulations is only as good as the underlying interatomic potential.

Force fields often fail to faithfully capture key quantum effects in molecules and
materials. Here we enable the direct construction of reactive molecular force fields from
high-level ab initio calculations by incorporating atomic descriptors such as Bader
charges, spatial configurations, bonds and angles formation, in order to replicate reactions
in a MD simulation developing an alternative approach using machine learning techniques
such as clustering, classifiers, and neural networks to construct dynamic force fields
keeping the accuracy of high-level ab initio calculations. A dynamic force field is able to
change its parameters depending on the atomic environment in which the atoms are

located.
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5.2. Introduction

Remarkable advances have been made by MD simulations offering unprecedented
insights into complex electrochemical systems such as Li-ion batteries.* /118 However,
one of the widely recognized issues in MD simulations is the lack of accuracy of
underlying classical interatomic potentials, which hinders truly predictive modeling of
dynamics and function of electrochemical systems.

A force field treats the atoms of a material as mathematical points each with lump
parameters such as charge and mass in most cases as well as interatomic interactions,
mainly two body but also with three, four, and many-body interactions, described by very
simple to very sophisticated mathematical functions. For example, in the simplest cases,
harmonic potentials can describe bonded interactions given a force constant between
atom-pair and non-bonded interactions, such as van der Walls, can be treated by Lennard-
Jones potentials. One possible solution to the accuracy problem is provided by direct ab
initio molecular dynamics (AIMD) simulations, where the quantum-mechanical forces are
computed on the fly for atomic configurations (environments) at every time step from
which interpolations and extrapolations can be more precise than using a force field of
constant parameters as AIMD simulations can only reach the order of 10-100 picoseconds
for a system containing ~200 atoms with the modern computational resources that we have
nowadays. To counteract the dimension and time-scale issues involved in the AIMD
simulation several possible solutions have been proposed such as fitting analytical

expressions to the potential energy surface (PES) learned from quantum mechanical
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calculations.*®2! Machine learning techniques have been proposed as a solution to solve
the force field problem of classical molecular dynamics (CMD).

To solve the accuracy and molecular size dilemma, we develop an alternative
approach using machine learning techniques such as clustering, classifiers, and neural
networks to construct dynamic force fields keeping the accuracy of high-level ab initio
calculations. A dynamic force field is able to change its parameters depending on the
atomic environment in which the atoms are located. Atomic local environment (ALE)
have been used before in the development of potentials to use in molecular dynamic
simulations because atomic energy contribution depends strongly on the local chemical
environment,*?? for example, bond-order potentials such as ReaxFF, reaches size-
extensibility by using the local chemical environment concept.*?®
5.3. Methodology

ALE for each atom in the cell is collected at a fixed number of time-steps (n). All
the collected data is stored in an ALE data matrix. When n = 1, we collect data every time-
step of the ab initio simulation; however, even though collecting data at every AIMD time-
step increases accuracy of the developed force field, the computational cost increases.
ALE data matrix is analyzed using a K-mean clustering ML algorithm defining a fixed
number (No) of atomic types.

For each atomic type, a set of force field parameters are defined from DFT
calculations of the local environments. To describe the molecules more accurately, we
have established that all atom pairs have nonbonded interactions, adding local

perturbations such as bond, angle, and torsion. Force field parameters describe both,
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bonded and non-bonded interactions, and are not constant, instead force field parameters
are changing as the CMD simulation progresses, being able to replicate phenomena, such
as chemical reactions and electron transfers, resembling the way as an ab-initio calculation
does.

Force field parameters, involving bonded interactions, such as force, angle and
torsion constants, as well as non-bonded interactions, such as well-depth, distance of zero
interaction, and atomic charges change dynamically as the MD simulation progresses
based on the information collected from the local environments in the AIMD simulations
in a time-lapse of 15 ps. Each atom involved in the ab initio simulation has a set of features
given its ALE, such as type of atomic nearest neighbors, atomic charges, bond distances

and masses (Figure 5.1).
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Figure 5.1 Schematics of the procedure followed in the development of a force field
using a machine learning approach from ab initio calculations for a Li-metal/LiFSI-TMP
interface.

To test the accuracy of the machine-learning time-dependent force fields, we
develop a Li-metal/LiFSI-TMP nanobattery model to simulate SEI growth at two different
salt concentrations, 1 M and 4M. The electrochemical system under test consists of two
interfaced materials a Li-metal as anode and LiFSI/TMP as electrolyte. The two reactant
materials and the product compound are modeled individually. We use all the data coming
from four AIMD simulations studied in Chapter Il and Chapter IV. The interfacial cell
contains a slab geometry of the LiFSI/TMP electrolyte and Li metal and provide the ALE

information of the respectives molecules at different environments and times during its

dissociation at the metal-anode/electrolyte interface. (Figure 5.2).

Simulation 1 Simulation 2

.
Figure 5.
simulation. Each simulation is used to study a particular environment, Simulation 1: pure
electrolyte, Simulation 2: FSI dissociation over pure Li-metal, Simulation 3: FSI
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dissociation after the dissociation of the 1% FSI and Simulation 4: FSI dissociation after
the dissociation of the 2" FSI.

Atomistic local environments the atomistic local environment is defined as a

sphere of radius rc, the cutoff radius, surrounding the position of an atom; therefore, we
have an ALE for each atom from the AIMD simulation.

A set of features are defined for each ALE: atomic nearest neighbors, atomic
charges, bond distances and mass of the central atom. Using ALE, we can group the atoms
with similar features identifying different atom types. As a simplified illustrative example
Figure 5.2 shows 8 different ALE for one of the O atoms from the FSI. We use a cutoff
distance rc of 6 A to define the region of the ALE. From the 4 simulations showed in
Figure 5.2, we collect the ALE data every 0.25 ps which is every 250 time-steps (n = 250).
Therefore, since each AIMD simulation has taken 15 ps, for each simulation a total of 60
ALE are identified, having a total of 240 ALE per atom in total. Each ALE contains 12
features: charge of central atom, NNo, NNg, NNs, NNy, NNc, NNp, NNorsi, NNn, NNLi-
ion, NNLi-metal, mass of central atom. Being NNx the number of x atoms in that particular
ALE.

Data clustering The ALE data collected from the AIMD simulation is then

clustered, based on the number of defined atomic types, No. The importance of the number
of atomic types reflects the versatility of the force field being able to replicate all the
reactions occurring in the AIMD. As we increase No, the accuracy of the calculation
increases, but the computational cost of the simulation also increases. For that reason, it is

important to define an N, value that keeps a good accuracy comparable with the AIMD
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results but keeping a reasonable computational cost. From the AIMD we observed that
there are no reactions involving the TMP solvent molecule, therefore we focused our
development on the FSI counter-ion which is the one that reacts in contact with Li-metal.
Since the ALE data is a 12 dimensions matrix, we use a projection technique to decrease
its dimensionality to 2 just for visualization purposes. All the calculations are performed
over the original 12-D ALE data matrix. Plotting the 2D projected ALE raw data from the
counter-ions atoms, F-S-O-N, (Figure 5.3a) we cannot distinguish how this bunch of data
should be divided to define a fixed number of atom types (No). Coloring the 2D projected
ALE raw data considering their original atomic type, we observe how the data is
distributed. To perform in a more accurate way, we divided the ALE data matrix into 4
groups, each group corresponding to an atomic type: F-S-N-O.

200 +

100

-100 : | : [ : [ : !
-200 -100 0 100 200
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Figure 5.3 (a) Projected raw data points from the ALE collection from AIMD. Each point
corresponds to a particular ALE of an atom. For purposes of the plot the dimensionality
of the ALE matrix has been reduced from its original 12 dimensions to 2 dimensions. (b)
Grouping the ALE data based on its atomic type.

Given a value for No, a clustering ML algorithm is used to cluster the ALE data in
No groups. Each group corresponds to an atomic type; therefore, all atoms in a same group
show similar parameters considered in the ALE data. For example, for the S atoms (Figure
5.4a), not all the S atoms have behaved similarly along all the 4 AIMD simulations. Using
again the 2D projection technique to plot the results, we can divide the S atom ALE data

in many groups as desired No =4, 5 or 6 (Figure 5.4b), however, the suitable number will

come from our observation of the AIMD simulations.
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S atoms: 2D projected ALE raw data
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Figure 5.4 (a) 2D projected ALE data of S atoms. (b) Clustered data using No = 4, 5 and

6.

The clustering algorithm chosen to group the raw ALE data matrix is the k-mean.
Given the dataset of i data points x1, X2, ..., xi such that each data point is in RY, the problem

of finding the minimum variance clustering of the dataset into k clusters is that of finding

k points {mj} (j = 1, 2, ..., k) in RY such that

1« .
7Z§=1[mlnjd2(xl-, mj)]
Is minimized, where d(xi, m;) refers to the Euclidean distance between xj and mj. The points

{mi} =1, 2, ..., k) are known as cluster centroids. The clustering problem is solved
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finding k cluster centroids, such that the average squared Euclidean distance, mean
squared error (MSE), between a data point and its nearest cluster centroid is minimized.
The number of cluster centroids is the number of groups we are going to divide the data,
in this case we have N centroids which represents the N types of atoms.

The k-means*?+12 algorithm provides a method to get an approximate solution to
equation 5.1. We are using the k-means algorithm due to its speed of convergence and
adaptability to sparse data. The k-means algorithm can be thought of as a gradient descent
procedure, which starts at initial cluster centroids calculated randomly, and iteratively
updates these centroids to decrease the value of the function described in equation 5.1.
The k-mean will update cluster centroid until converge to a local minimum. In general, we
can divide the k-mean clustering algorithm as follow
Step 1: The number of cluster (No) to group the data and the ALE data matrix are the input
values
Step 2: Initialize randomly the first k clusters centroids.

Step 3: Calculate arithmetic means of each cluster centroid formed in the dataset.

Step 4: k-means assigns each data point in the ALE data matrix to the nearest cluster
centroid using Euclidian distance.

Step 5: k-means re-assigns each data point in the ALE data matrix to the most similar
cluster and re-calculates the arithmetic mean of all the clusters in the dataset.

Force field parameters Given that ALE data is clustered in No groups, each atomic type

has one single ALE that represents the whole group. Self-Consistent Field (SCF)

calculations are performed using Gaussian-16 to each ALE to obtain the force field
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parameters corresponding to each atomic type. Therefore, for each atomic type, we have
a set of force field parameters. The bonded interactions will be treated by harmonic
potential having the force and angles constant from the corresponding ALE. The non-
bonded interactions will be treated by a Lennard-Jones potential having their parameters
¢ and o constants for all the atom pairs in the corresponding ALE. Continuing with the S
atom ALE data, based on electron transfer analysis and the number of bonds observed in
the AIMD we can distinguish 6 types of S atoms as showed in Figure 5.5. Similarly, 3

types are used for F, 5 types for N, and 6 types for Ors;.
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Figure 5.5 Number of types per atom (S, F, N and O) based on the AIMD simulations.
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Having all the information from the AIMD distributed and clustered we can proceed to
start working on building the CMD model. Therefore, we need to define an algorithm that
will discriminate and identify to which atomic type from our database a particular atom
corresponds as the CMD is executing.

Data classification A machine learning classifier algorithm is used to discriminate and

identify the atomic type of a particular atom as the CMD simulation progress. The
classifier will assign one of all the 20 atom types defined in the clustering step (6 types for
S, 3 types for F, 5 types for N and 6 types for O).

Before picking a classification algorithm, some steps are done to improve the overall
performance of our algorithm and to reduce computational cost. Feature selection is the
process of reducing the number of input variables when developing a predictive model. It
is desirable to reduce the number of input features to both reduce the computational cost
of modeling and, in some cases, to improve the performance of the model.
Statistical-based feature selection methods*?® involve evaluating the relationship between
each input variable and the target variable using statistics and selecting those input
variables that have the strongest relationship with the target variable. For this case we use
a filter-based?’ feature selection (Figure 5.6a) Additionally we also perform a K-fold
cross validation analysis to determine the best number of features that need to be used in
the classification algorithm keeping a good accuracy (Figure 5.6a). From both analysis,
the feature score and the K-fold cross validation we use 7 features: g, C, F, H, O, O-FSI

and Li-metal. Then we tested 4 different classification algorithms: K-Nearest
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Neighbors,'?® Support vector machine (SVM),*?° Random Forest™*° and Decision tree,'3

obtaining the best results with the Random forest algorithm (Figure 5.6b)

Features scores to predict which are more suitable for regression model
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Figure 5.6 (a) Feature score and K-fold cross validation analysis prior the election of a

classification algorithm. (b) Performance comparison of 4 different classification
methods.
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The random forest algorithm is performed in the CMD simulation every 500 steps, which
corresponds to 50 fs. The two initial boxes of 1 M LiFSI/TMP AND 4 M LiFSI/TMP
interfaced with a Li-metal electrolyte contains 27 LiFSI — 243 TMP — 1134 Li-metal and
108 LiFSI — 216 TMP — 1134 Li-metal, respectively. Both boxes are simulated for 0.5 ns
with a thermostat set at 300 K.
5.4. Results and Discussion

Initially, there is no SEI in both boxes, 1 M LiFSI/TMP and 4 M LiFSI/TMP. As
time goes on, the FSI located at the interface start reacting with the Li-metal surface
showing the initial forming stage of a SEI. The total energy and temperature of the battery
are showed in Figure 5.7a. The total energy decreases rapidly at the beginning of the
simulation indicating initial reactions occurring at the interface to form more stable
components (SEI). In the temperature plot the observed peaks can be used as indicators of
reactions. For the 1 M case we observe less peaks than in the 4 M case. Since the 1 M case
has less FSI counter-ions, is clear that the number of reactions occurring in the 4 M is
greater than in the 1 M. Additionally for the 4 M case, we observed that the frequency of
peak is greater during the first 0.1 ns of simulation time in comparison with the following
0.4 ns indicating that more reactions take place during the 0.1 ns of the simulation time.

The observed dissociation pathway of a FSI counter ion in contact with the Li-
metal surface is disclosed in Figure 5.7b, showing a good agreement with the AIMD

calculations showed in Figures 3.3.
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Figure 5.7 (a) Total energy (Kcal/mol) and Temperature (K) during the 0.5 ns of
simulation of both boxes: 1 M LiFSI/TMP and 4 M LiFSI/TMP. (b) Observed FSI
dissociation mechanism in the CMD model. O (red), S (yellow), C (green), H (white), N
(blue), F (cyan), Li (pink), Li-SEI (dark pink)
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The CMD model also replicates the electron transfer observed in the AIMD
simulations, in which the Li-metal gains positive charge, donating their electrons to the
counter-ions to start the dissociation process. For the 4 M case we observe a rapid increase
in the positive charge of the Li-metal in the first 0.1 ns of the simulation, indicating that
several reactions are occurring simultaneously, as the simulation progress the amount of
transferred charge decreases indicating that the formed SEI is reaching a stable state acting
as a protective layer between the anode and the electrolyte avoiding further electron

transfers (Figure 5.8).
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Figure 5.8 Total charge and number of bonds broken during the 0.5 ns of simulation time
of both boxes: 1 M LiFSI/TMP and 4 M LiFSI/TMP.
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5.5. Conclusions

We developed a CMD model to extend the study of the SEI initial formation
beyond the AIMD models limitation which can only reaching ~10 ps. We compare the
SEI composition when a high concentrated, 4 M, electrolyte is used in comparison with a
low concentrated, 1 M.

The CMD model can replicate AIMD results indicating the formation of Li binary
components such as Li2O, LiF, Li2S and LisN when the counter-ion is fully dissociated.
The Li-binary components is observed in the low concentrated case. However, for the high
concentrated cases other components are found. When a counter-ion approaches a region
in which a previous counter-ion has been already dissociated the formed species can be

LisNSO, Li».SO>2NSO; and Li>SO, which remains in the anode surface.
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6. SUMMARY

This study investigates the ion-pairing, clustering, diffusivity, conductivity, and
coordination of Li-ions in a LiFSI/TMP electrolyte and the solid electrolyte formation at
a Li-metal/LiFSI-TMP electrolyte. Key findings are summarized below.

In Chapter I1, we study the LiFSI-TMP electrolyte for 0.70 M, 1.43 M, and 3.82
M salt concentrations performing CMD simulations, which can capture the static and
dynamic properties of the electrolyte solution. As the salt concentration increases,
diffusivity of both ions, Li* and FSI-, decreases. Results indicate that as the salt
concentration increases a drop in the transport properties such as diffusivity and
conductivity is observed. Moreover, it is observed that the ionicity, A/Ang, decreases as
the salt concentration increases, indicating a more correlated ionic motion for the 3.82 M
high salt concentrated case, which is strongly linked to the formation of AGGs and ion
clustering, demonstrating their significant influence in the ionic conductivity.

In Chapter Ill, we identified the decomposition pathway of LiFSI salt and the
species present in the formed SEI between the electrolyte and the Li-metal electrode in the
interfacial electrolyte—Li-metal electrode. Our data suggests that the following steps occur
in the breakdown of the salt LiFSI: The counterion FSI™ rapidly loses one F ion to the
lithium surface, resulting in the formation of LiF~ species. The remaining FSO2NSO, >
decomposed into SO, %2 and NFSO, 2. The SO, 2 deposited onto the Li surface. The SO,
reacts with the Li-metal electrode forming LiO and LizS. The remaining NFSO; 2
defluorinate losing its F ion to the lithium surface, resulting in the formation of LiF. The

NSO, ! deposited over the lithium surface decomposes in the following picoseconds
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forming binary compounds LisN, Li.S, and Li20. In contrast, when the salt is solvated by
the TMP molecules avoiding a direct contact with the Li-metal electrode, only one
defluorination occurs decomposing the FSI~ into FSO2NSO, 2 and a F~. The two ions
remain stable as they are solvated by the TMP molecules. Therefore, salt fragmentation
will necessarily take place when the counterion is in contact with the Li-metal electrode.

In Chapter IV, the SEI evolution as more counter ions approaches the Li-metal
interface is study. When a 2" FSI~ approaches the interface, facing now the previous
formed SEI, the species formed are LiF, Li.S, Li2O and LisNSOz. Thus, the full SEI
composition includes LiF, Li.S, Li2O, LisN and LisNSO> species formed due to the
degradation of the first two FSI". When a third FSI approaches the interface
electrolyte/SEI, the products formed are LiF and Li2SO2NSO2. Thus, the SEI composition
includes LiF, Li.S, Li2O, LizN, LisNSO> and Li>SO2NSO; species. As the SEI is being
formed, it has an impact decreasing the degradation of the upcoming FSI, clearly
indicating the protective behavior of the SEI to decrease further reaction of the counter-
ions. As the dissociation reactions of the FSI™ occur, the formation of Li-binary
compounds indicates the loss of these Li as charge carriers and are now part of the stable
SEI, having an impact in the overall battery capacity. For the dissociation of one FSI~, 17
Li are being consumed to form the Li-binary compounds forming the SEI. Therefore, high
LiFSI concentrated electrolytes will perform better in terms of cyclability than low
concentrated, since the loss of charge carriers will be less

In Chapter V, we develop an alternative classical molecular dynamics approach

using machine learning techniques such as clustering and classifiers to construct dynamic
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force fields keeping the accuracy of high-level ab initio calculations. A dynamic force
field can change its parameters depending on the atomic environment in which the atoms
are located. Atomic local environment (ALE) has been used before in the development of
potentials to use in molecular dynamic simulations because atomic energy contribution
depends strongly on the local chemical environment, for example, bond-order potentials
such as ReaxFF, reaches size-extensibility by using the local chemical environment
concept. We test the CMD results and compare them with the AIMD results obtained in

Chapters Ill and IV.
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