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SUMMARY

Rechargeable Li-ion batteries (LIBs) play a crucial role in fulfilling our energy needs during
our everyday residential and commercial activities. Thus, there is a growing demand for next-
gen LIBs’ with more robust, reliable and long-term operation. One of the ways of advance-
ment in this technology is through the development of high-capacity electrodes with long
cycle-life. However, such an advancement is severely hindered, since almost all the high ca-
pacity electrodes are accompanied with rapid mechanical degradation due to large volume
changes and crack development in the electrodes during charge and discharge cycles. There-
fore, a fundamental understanding of the origin of degradation mechanisms, individual pro-
cesses, and their interplay is necessary to further improve this technology for a reliable and
long-term operation.

Mechanical deformation and stress are responsible for most degradation mechanisms and ulti-
mate failure of cells. In this regard, the present work addresses the theory, mathematical for-
mulation, numerical implementation, and application of fully-coupled diffusion and structural
mechanics theories aimed at capturing the ion transport and the chemo-mechanics both from
a particle and interface scales. The multi-scale approach followed in the present work cov-

ers atomistic (sub-nanometer) levels through the interface scale (nanometer) up to a particle
(meso-scale) scale. The multi-physics approach couples physics between the scales using the
calculated and/or derived inter-domain parameters exchange. Thus, this framework allows for

physical multi-scale modeling of fundamental processes occurring in rechargeable LIBs.

xii



SUMMARY (Continued)

At the particle scale, a continuum scale coupled diffusion-structural mechanics model (CDSM)
of a single NW is proposed. The effect of large strains and the concentration-dependent elas-
tic properties are considered, which has been proved in this work to have a great impact on
the Li diffusion and the phase separation. From a materials standpoint, two types of nanowires
(NW), i.e., silicon (Si) and tin oxide SnO, are considered. The results from the CDSM simu-
lations provide a good understanding of the induced stress due to Li insertion and the plastic
deformation. possible locations where the electrode material could start to fail. Through the
results, it could be understood that the lithiation induced stress leads to formation of dislo-
cations or necking in these high-capacity electrodes, which further translates into degradation
and mechanical failure upon further cycling.

At the interface scale, random Li electrodeposition, stress generation and dendrites formation
in Li-metal batteries are understood by analysing the electrode/electrolyte interfaces. Since
the length scales are much smaller compared to the particle scale, an atomistic scale ab-initio
density functional theory (DFT) calculation is employed. The results from the DFT calcu-
lations identify the dominant diffusion pathways, energetics and the corresponding diffusion
coefficients associated with Li diffusion through the polycrystalline SEI. This crucial informa-
tion provides important physical insights about the localized Li diffusion and dendritic nucle-
ation through the SEI. In addition to providing physical insights into rate-limiting processes
occurring in LMBs, further DFT calculations were conducted to understand the stability of

these grain structures on Li surface.

xiii



CHAPTER 1

INTRODUCTION AND BACKGROUND

1.1 Introduction

Technological advancements and globalization have rapidly increased the global energy re-
quirements in the last few decades across different industrial sectors. This increase in energy
demand has subsequently led to an extensive use of fossil fuel based resources [2]. The conse-
quences of this utilization pose a huge risk of dramatic climate change and extreme weather
events, due to excessive emission of greenhouse gases and degradation of air quality [3]. Fur-
thermore, the depleting fossil fuel resources have fastened the exploration towards the devel-
opment of new energy sources. Also, more stricter regulations have been imposed to improve
fuel efficiency and minimize emissions in automobiles. Efforts to meet current and future
goals of regulation have resulted in the advent new technologies. Almost every automotive
industry is now investing on vehicle electrification with a primary focus on the development
of better energy storage technologies.

Rechargeable ion batteries have always been considered the most preferred for automotive
and grid storage technologies due to their ability to be charged and discharged repeatedly.
Some of the other desired attributes of such batteries in these applications, include long cycle
and shelf life, high energy density, light weight, and low cost |[4-6]. Compared to the other

battery technologies, LIBs provide the best energy densities, exhibit no memory effect, and



possess high shelf-life when not in use. These advantages, as well as their decreasing costs,
have established LIBs as an attractive candidate for the next generation of automotive and
other electronics applications.

The key components in a rechargeable-ion battery include a cathode, an anode, and an elec-
trolyte [7]. The cathode, or the positive electrode, is typically made of metal oxides. The
anode is the negative electrode. These batteries can be classified by ion that is transported
through the electrolyte. If Li ion is the intercalated between the electrodes during charge and
discharge cycles then the battery is termed as Li ion battery. In the recent years, research
interests have peaked up in Na ion and Mg ion batteries as well. Although, they have some
differences with the Li ion batteries the underlying principle is identical to Li ion batteries
and the modeling strategies used to understand their functioning are very similar.

Most commercially available Li-ion batteries have graphite anodes [7]. The transport medium
for Li-ions is provided by the electrolytes. The basic functioning of the battery is defined as
follows: When the battery is charged, the Li ions from the cathode move through the elec-
trolyte into the anode. When the battery discharged, Li ions travel through the electrolyte
from the anode back to the cathode. This cycle is repeated for every charge and discharge

until the battery completely degrades. A schematic of LIB is as shown in
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Figure 1. Schematic of a LIB with its components. Left — cross-section of cylindrical battery
depicting layered structure, right — illustration of battery’s repeat unit (i.e., anode, electrolyte

and cathode together with two current collectors).

1.2 Motivation

‘Lithium-ion battery’ represents a wide variety of chemistries and cell designs Eﬂ One of
the major issues with most of these chemistries in LIBs is the mechanical deformation and
the associated stresses development, which involve complex chemo-mechanic processes and it
plays a critical role at all the different length scales [10]. A lack of precise knowledge of such

degradation behaviors across different environments and operational parameters makes ex-



tracting their best performance challenging. Significant trade-offs are currently being made
to optimize battery performance in automotive applications, including over-sizing and under-
utilization. Therefore, modeling and identifying the degradation mechanisms are highly rel-
evant. However, the approaches for such an extensive understanding are spread out at dif-
ferent length scales, due to the multi-physics and multi-scale nature of the electrochemical
processes in the nanostructured electrode materials which leads to the degradation. Thus,

to understand these processes and to translate molecular-scale insights into improved design
and a thorough understanding of the degradation behavior across a range of length and time
scales is required.

The transport processes in LIBs consist of coupled mechanical and chemical phenomena from
nanometer scale to centimeter scale as shown in [Figure 21 Therefore, to describe, design and
control complex electrochemical systems successfully, modeling approaches in each of these
scales should be utilized to understand the degradation due to molecular level diffusion, SEI
evolution, dendritic growth , etc and their influence macroscopic level phenomena such as
stress evolution, concentration distribution and heat generation.

The goal of this research is to develop an integrated multi-scale modeling framework to sig-
nificantly increase the understanding of the fundamental process occurring during the opera-
tion of LIBs and address the degradation mechanisms in LIBs. A complete understanding of
LIBs will invariably require models covering all the different scales as described in
however, in this work, the focus is limited to the single active particle scale (e.g., single NW)

and the interphase scale (e.g., SEI at the electrode- electrolyte interphase), as shown in
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To this extent, the mechanistic based models at the continuum and atomistic scales for
predicting the chemo-mechanical processes are developed. The modeling studies are tightly
coupled with in-situ TEM experiments, provided by our experimental collaborators, so as to
gain unprecedented mechanistic insights into the electrochemically driven structural evolution

and damage processes in the electrodes.
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Figure 2. Multiple scales of modeling for LIB. Interphase/atomistic scale — resolution to
atom-atom interaction taking into account relativistic effects; Particle/surface scale —
mean-field averaging at microscale and Cell/battery pack scale — continuum modeling with a

purpose of system integration.
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Figure 3. Schematic of particle scale and interphase scale modeling approaches.

1.3 Rechargeable-ion Batteries — Degradation Phenomena

Most of the commercially available, rechargeable-ion batteries that have high energy den-
sity are LIBs. Almost all commercial LIBs have graphite as their anode. However, to fur-
ther enhance the capacity of these batteries, researchers seek new materials for the anodes.
Some of the most promising anode materials are Si, SnO,, etc. This is due to their low dis-
charge potential and high theoretical charge capacity. However, such a high capacity of Li in
these anode materials during charging and discharging is accompanied by a large and irre-
versible volume changes, which results in crack formation, or in some cases pulverization and

capacity fade, thereby leading to performance degradation at a particle scale |[11-13]. To mit-



igate this performance degradation in anode materials, researchers have developed nanostruc-
tured anode materials. The nanostructures have short Li diffusion distances, and can reduce
lithiation-induced stress to avoid pulverization. Hence, these novel materials are able to with-
stand longer cycles with less degradation in electrochemical performance |10L|13}[14]. Although
there are a number of significant contributions in the literature on the electrochemical behav-
ior of these materials, the mechanical behavior and failure mechanisms associated with these
materials remains largely unknown. Also, since the degradation mechanisms for cells of dif-
ferent chemistries follow different paths there is a lot of misinformation about the modes of
failure.

The other forms of degradation include growth of a SEI layer, that forms between the an-
ode and electrolyte due to the decomposition of electrolyte on the electrode surface. This
layer, initially protects the anode surface, by keeping the anode physically separated from
the electrolyte, which reduces side reactions along the anode surface, and maintains stability
between the anode and electrolyte [15({17]. However, some reactants from the electrolyte will
still reach the surface and continued growth of the SEI layer will occur with further cycling.
This increases the resistivity of the cell and reduces the active lithium in the system. This
process lowers the energy and power capacity of the battery.

Therefore, improving the overall performance of these nanostructured electrode materials re-
quires an understanding of interplay between mechanical behavior and electrochemical pro-

cesses, as well as physical mechanisms at various length scales.



1.4 Literature Overview

Modeling and simulating the coupling of concurrent multiple physics phenomena at various
length scales have attracted tremendous research efforts in the recent times. A wide range of
modeling and simulation methods have been applied to investigate the physical mechanisms
for improving the reliability and performance of the novel electrode materials. This section
provides an overview on some of the literature across these different modeling strategies, both

at the particle and the interphase scales.

1.4.1 Particle Scale

At the particle scale, the issues such as under-utilization, capacity fade, thermal runaways,
and low energy density are addressed. Although a tremendous research effort is dedicated

to improving LIB’s electrochemical performance and durability, its practically obtained en-
ergy density is still fairly limited due to its limitations in terms of energy density and capac-
ity fade. Over the last two decades, the tremendous efforts of researches brought the LIB,
based upon the intercalated graphite electrode, to its theoretical energy density limits. Thus,
to achieve a higher energy density in LIBs, new anode materials, such as silicon and its com-
posites, Sn based materials, etc are being intensively studied as potential replacements for the
currently used graphite [18-20]. One of the critical issues associated with these high—capacity
electrodes is the large volume change (e.g., 300% for Si) during Li insertion and extraction.
Recent experiments indicate that this plastic deformation can readily occur in high-capacity
electrodes during lithiation [21,22]. The high value of the resulting stresses causes fracture

and, in some cases, completely pulverizes of the electrode. This leads to a loss of electrical



contact and limits the cycle life of LIBs |11},/12]. To address this issue, it is essential to under-
stand how the stresses arise and evolve in the lithiated electrodes. Despite the significant ad-
vancement of experimental procedures, such as the in—situ transmission electron microscopy
(TEM) methods, computational modeling is of crucial importance as a complementary tech-
nique to draw quantitative conclusions and shed more light on the mechanisms, origin and
progress of chemo-mechanical phenomena in LIBs [23].

In the prior literature, the macroscopic modeling of Li intercalation into the electrodes at

the particle scale and their elasto-plastic deformation has primarily followed two approaches.
One is based upon a coupled temperature— displacement model, which is analogous to the
diffusion-expansion process occurring during the lithiation. The second is based upon phase-
field model (PFM) using Ginzburg-Landau formalism, where different evolution equations are
used, in particular, the Cahn-Hilliard equation for conserved variables, and the Cahn-Allen
equation for non-conserved variables. In the PFM, the so-called diffuse-interface model uses
continuous order parameters (e.g. Li concentration) between two neighboring phases. These
order parameters are coupled to mechanical stresses avoiding the need to trace the arbitrarily
moving interface [24].

Zhao et al. [25] adopted a detailed model of stress evolution in a single spherical particle,
where an initial boundary value problem was developed using nonlinear thermodynamics to
show diffusion-induced plasticity. Other cohesive zone models of fracture in materials dur-
ing lithiation of nanowires [26] or thin films, [27,128] as well as detailed models that consider

the collective behavior of a microstructure have been theorized. However, most of these mod-
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els introduce various approximations which make these models often less accurate. One of
the most advanced and complete modeling studies using the first approach (i.e. a coupled
temperature-displacement model) was performed by Liu et al. [27] who developed a model to
capture anisotropic swelling and fracture of Si nanowire during lithiation. In the cited work,
the anisotropic expansion is ascribed to the interfacial processes of accommodating signifi-
cant volumetric strains at the lithiation reaction front in Si, which strongly depends on the Si
crystallographic orientation.

There has been a tremendous increase in the studies related to the investigation of lithiation
of battery’s electrode using PFM in the recent years. The PFM has been successfully applied
to the investigation of LIBs by simulating the effect of various parameters on the lithiation
processes. In particular, Li diffusion dynamics in the LiFePO, cathode [29}30], size-dependent
phase separation [31], solid electrolyte interface formation [32] and diffusion-induced crack
propagation [33| have been studied using the PFM framework. However, only a few stud-

ies have included elasto-plastic effects in the modeling of the lithiation processes [1]. Among
these work, the most detailed quantitative study has been performed by Chen et al. [1]. Chen
et al. developed a PFM to account for the large elasto-plastic deformation and investigate the
evolution of phase, morphology and stress in crystalline silicon electrodes. [1] In their work,
the Li concentration profiles and deformation geometries have been solved concurrently using
a set of coupled phase-field and mechanics equations in a finite element formulation. In addi-
tion, the authors have performed a detailed study on the influence of the plastic contribution

to the stress development.
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1.4.2 Interphase Scale

At the interphase scale, battery researchers attribute majority of the undesired phenom-

ena such as random Li electrodeposition and dendrites formation in Li-metal batteries and
anisotropic diffusion/reaction and exfoliation in case of Li-ion batteries, etc to the nature

of Li diffusion through Solid-Electrolyte Interphase (SEI). These undesired phenomena of-
ten results in the degradation of performance or possible failure of LIBs. Though, compo-
sition, structure and the formation mechanism of the SEI in lithium-based (e.g., Li-ion, Li-
metal) batteries have been widely explored in the literature, very little is known about the
ions transport through the SEI and their associated stresses.Therefore, the fundamental un-
derstanding of the underlying ions diffusion processes and the evolution of stresses across the
SEI could lead to a significant progress, enabling the performance increase and improving
safety aspects of batteries.

The concept of the SEI was first introduced by Peled et al. [34] in 1979 and further improved
in their later works [35H37]. With further contributions to the field of the SEI understand-
ing [38-40], two major models have emerged explaining the SEI structure and composition.
The first model is called “multi-component, multi-layer structure,” the second model, devel-
oped by Shi et al. [41], called “two-layer-two-mechanism diffusion.” Both models describe the
SEI as a two-layer film consisting of organic (outer layer — close to the electrolyte) and inor-
ganic (inner layer — close to the electrode). The main difference between these two models

is in the structure of the inner layer. In particular, the first model describes it as a grain-

structured layer, where ions can diffuse through the grains (i.e., the individual components
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of the SEI) and the GB formed between those individual components. The second model con-
siders the inner layer as one structured sub-layer, where ions diffuse through it via the knock-
off mechanism [41]. Since the inner (inorganic) layer is located directly at the surface of the
negative electrode, the ions diffusion through this last layer directly affects the morphology of
Li electrodeposition and governs the cycling performance of the battery.

As discussed above, there have been many studies in literature, which provides a good un-
derstanding parameters such as composition, morphology and thickness of the SEI and their
growth mechanisms, but very little effort has been dedicated towards understanding the SEI
as an ion transport media and the role of GB diffusion in Li intercalation/electrodeposition.
This is due to the fact that the experimental verification of such theories is very challenging.
Thus, computational simulations have become a valuable tool to study the properties, stabil-
ity and diffusion characteristics of the SEI.

Before developing the detailed concept of the Li diffusion model through the SEI, it is helpful
to review the aspects of the Li diffusion through the SEI individual components. The ma-

jor components of the inner inorganic layer of the SEI in both Li metal and graphite nega-
tive electrodes are LiF, Li,O and Li,CO5 at temperatures in the range of 250 K to 400 K.
Benitez et al. [42] have used the classical molecular dynamics (MD) simulations to study the
Li ion diffusivity in three main inorganic components of the SEI. The findings in this work
suggests that, in LiF and Li,COg, Li diffuses through vacancy-assisted and knock-off mecha-
nisms and in Li,O a direct ion exchange mechanism is preferred. Soto et al. |[43] employed ab

initio molecular dynamics (AIMD) to better understand both Li and Na ions diffusion in the
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SEI components such as LiF, Li,CO3, NaF and Na,COj3. They showed that the Li ions in
Na-based SEI components prefer an interstitial ion diffusion through the knock-off or direct
hopping mechanism, while the Na ions in Li-based SEI components show a preference for the
vacancy diffusion and knock-off mechanisms [43].

Liu et al. [44] have performed DFT calculations to evaluate the influence of two major SEI
components (LiF and Li,CO;) on the Li surface energy. This study shows that the energy
barrier for electron tunneling in LiF/Li interface is higher than the Li,CO4/Li interface. In
the other study, Chen et al. [45] calculated the Li migration energy barriers for the bulk struc-
tures of the three main components (Li,COs, Li,O and LiF) of the inner SEI layer using
DFT. Yildrim et al. [46] have applied first-principles calculation to study defect thermody-
namics, the dominant diffusion carriers, and the diffusion pathways in crystalline LiF and
NaF components of the SEI. They showed that in both LiF and NaF vacancy defects form
more readily than interstitials, since both compounds have a FCC crystal structure. How-
ever, when compared to defect mediated diffusion process, vacancy concentration are very
small [46].

The works of Peled et al. [37], Christensen et al. [47] and recently Leung et al. [48] are the
only studies providing information on details of diffusion through GB in the SEI. Peled et al.
[37] provided evidence for Li transport via the SEI grain boundaries through impedence anal-
ysis and calculation of the apparent SEI ionic resistance. Christensen et al. [47], on the other
hand, developed a model to simulate the SEI growth and transport of lithium and electrons

in SEI film via vacancy diffusion and interstitials but also concluded that diffusion through
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grain boundary might be an important factor. Leung et al. [48] have used the DFT calcula-
tion to reveal that Li;O grain boundaries of the SEI with sufficiently large pores can accom-
modate Li atoms. Also, they showed that Li metal nanostructures as thin as 12 Aare ther-
modynamically stable inside Li;O cracks. Subsequently, these Li nanostructures become Li

filaments.

1.5 Scope and Organization of Thesis

Mechanical deformation and stress play a crucial role in the operation of LIBs, and they are
responsible for most degradation mechanisms and ultimate failure of cells. In this regard, the
present work addresses the theory, mathematical formulation, numerical implementation, and
application of fully-coupled diffusion and structural mechanics theories aimed at capturing
the ion transport and the chemo-mechanics both from a particle and interface scales. At the
particle scale, a continuum level coupled diffusion-structural mechanics model (CDSM) of

a single NW is proposed. The effect of large strains and the concentration-dependent elas-
tic properties are considered, which has been proved in this work to have a great impact on
the Li diffusion and the phase separation. At the interface, since the length scales are much
smaller compared to the particle scale, an atomistic scale ab-initio DF'T calculation is em-
ployed. The results from the DFT calculations identify the dominant diffusion pathways, en-
ergetics and the corresponding diffusion coefficients associated with Li diffusion through the
polycrystalline SEI. This crucial information is further utilized in mesoscale modeling frame-
works such as the phase-field model (PFM) to understand the diffusion, electrodeposition and

stress generation through the grained structure SEI. In addition to providing physical insights
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into rate-limiting processes occurring in LIBs utilizing a variety of computational techniques,
this work deals to a great extent with development and numerical implementation of compu-
tational techniques.

The rest of this thesis is structured into four chapters. First a detailed overview of the im-
plemented modeling frameworks in this work is provided in Chapter 2. This includes both
the frameworks used in particle scale and the interphase scale modeling of the degradation
mechanisms and chemo mechanics of the LIBs. The different sections in Chapter 2 describe,
with the help of the mechanics and quantum chemistry frameworks, the analytic formula-
tion and the associated numerical procedures for ANSYS [49] based finite element method,
MOOSE [50,/51] based phase-field method and VASP based Quantum chemical calculations
used in this work.

In Chapter 3 the particle scale simulations of elasto-plastic deformation in LIB electrodes
due to Li insertion are discussed in detail, starting from the model assumptions and valida-
tion using Li diffusion through Si and then further extension of the work to capture anisotropic
expansion in Si and stress effects on diffusivity in other materials such as SnO,. The results
shown in Chapter 3 are published in two research articles (Ramasubramanian, A., Yurkiv,
V., Najafi, A., Khounsary, A., Shahbazian-Yassar, R., Mashayek, F.“A Comparative Study
on Continuum-Scale Modeling of Elasto-Plastic Deformation in Rechargeable Ion Batteries”,
J. Electrochem. Soc., 2017, 164 (13), A3418-A3425.) and (Ramasubramanian, A., Yurkiv,

V., Nie, A., Najafi, A., Khounsary, A., Shahbazian—Yassar, R., Mashayek, F. “A Numer-
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ical Study on Striped Lithiation of Tin Oxide Anodes”, Int. J. Solids Struct., 2019, 159,
163-170.) and the copyright information from the journal is provided in Appendix A.

In Chapter 4 the interphase scale, quantum chemical calculations of Li insertion through
SEI, specifically through the GBs of SEI and their stability on electrode surface in detail,
starting from the formation of the grain structured SEI and nudged elastic band (NEB) cal-
culations for diffusivity and further explaining the stability of these grain structures by form-
ing interfaces with Li electode surface. The results shown in Chapter 4 are published in a
research article (Ramasubramanian, A., Yurkiv, V., Foroozan, T., Ragone, M., Shahbazian-
Yassar, R., Mashayek, F., “Lithium Diffusion Mechanism through Solid-Electrolyte Inter-
phase (SEI) In Rechargeable Lithium Batteries”, J. Phys. Chem. C, 2019.) and an article
under consideration (Ramasubramanian, A., Yurkiv, V., Foroozan, T., Ragone, M., Shahbazian-
Yassar, R., Mashayek, F., “Stability of SEI on Lithium Metal Surface on Lithium Metal Bat-
teries (LMBS)”, Electrochemica Acta, Under Review).

Chapter 5 provides a detailed summary of conclusions drawn from these modeling efforts

and possible future directions of the current research.



CHAPTER 2

COMPUTATIONAL METHODS AND METHODOLOGIES

This chapter elaborates upon the development of a multi-scale framework that describes the
phenomenological changes due to the transport of lithium in the electrode and electrolyte
phases both at the particle scale and at the interphase scale. Starting with a formulation at
the particle scale, the CDSM and the PFM models described in this section capture the Li-
ion transport through the core-shell structures of Si and SnO, and identify the physics-based
conditions under which the morphological changes and the failure due to stress development
occurs in these electodes. The PFM model shown in this work is implemented by Dr. Vitaliy
Yurkiv in [52,53] and is used for comparison of the implementation of the physics-based con-
ditions and further extension of the CDSM model. At the interphase scale the formulation
for the quantum chemical calculations using the first principles (ab-initio) DFT using Vienna

ab-inito simulation package (VASP) are provided.

2.1 Particle scale Modeling of Li-ion Battery Degradation

The present work develops two computational models to mimic ions intercalation and the re-
sulting mechanical changes in battery electrodes at a particle scale notwithstanding shape
and chemistry. For example, both lithiation and sodiation could be modeled with circular
or square electrode geometry consisting of different compositions such as Si, Sn, SnSb, etc.

In this work, to capture ions intercalation process and associated with it stress generation,

17



18

we make the following modeling assumptions: (i) Although, ion transport in a battery elec-
trode can proceed through the formation of several intermediate phases, we model such a
diffusion/intercalation process, in the CDSM model, in a unified manner using non-linear
diffusion. The intercalated species concentration, which progresses as a result of diffusion,

is marked with the letter ‘¢’. (ii) In both models the plastic flow is captured using the stress
distribution due to intercalation transformation strain. (iii) A 2D plane strain model is as-
sumed to be a good representative model for a solid three-dimensional structure undergoing

ions intercalation.

2.1.1 Coupled Diffusion/Structure Mechanics Model

In this section, the CDSM model that numerically implements both the diffusion model and
the elasto—plastic model for the ions intercalation of the nanowire electrode is described. A
concurrent coupled field element is used, which has both translational and concentration
degrees of freedom. The model captures the coexistence of ions-poor and ions-rich phases,
which are formed during the intercalation. In order to capture their coexistence and a very
thin reaction front that separates them, the ions diffusivity, D(c), is assumed to be nonlin-

early dependent on the local intercalated ions concentration

1
(1—-¢)

D(c) =D° [ — (2&6)} , (2.1)

where DO is the constant diffusivity coefficient at zero concentration, and « is a parameter

used to control the concentration profile near the reaction front. An elasto-plastic model with
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perfect plasticity is used to describe the intercalation-induced deformation. The total strain,

de, is given by three major components.

de = de® + deP + de°, (2.2)

where, de® , deP, and de® are the elastic, plastic, and chemical strains, respectively. In
the increment of chemical strain, de®, is directly proportional to the normalized ions
concentration, ds¢ = fBdec, where 3 is the expansion coefficient. The expansion equation due
to concentration is critical to relate the physics of diffusion process to deformation. Then, the
stress evolution is captured using appropriate constitutive equations that relate the strains to
the stresses. In the elastic region, the stress is related to the increment of strain, de®, by the
generalized Hooke’s law. In order to account for material property evolution due to the inter-
calation process, material properties, such as the Young’s modulus of elasticity is considered
to linearly decrease with increase in concentration.

A bilinear isotropic hardening model is adopted to describe the elasto-plastic transition of
the intercalated Li in electrode. In the plastic region, the increment of strain, de?, is assumed
to follow Jo plastic associative flow rule based on von Mises stress yield surface, where von
Mises stress, o¢4, becomes equal to the instantaneous yield stress, o,, based on the linear

hardening law. The strain and stress rates are related by the following expression:

v Vtr(ep)f , (2.3)
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where, E and v are the Young’s modulus and the Poisson’s ratio, both of which change lin-
early with concentration; “¢r” denotes the trace of a tensor; I denotes the identity matrix
and 7 denotes the Kirchoff’s stresses.

The species concentration and stress—strain fields are solved with an implicit, coupled tem-
perature—displacement procedure in ANSYS. Since the governing equations of the slow chemi-
cal stress are mathematically analogous to those of thermal stress, they are solved by treating
the chemical source as a thermal source. The species ion diffusion is considered analogous

to heat diffusion, and the expansion coefficient is equivalently treated as the thermal expan-
sion coefficient. An 8-node quadratic coupled field element is used to accommodate both the
structural and thermal degrees of freedom. The element has eight nodes with four degrees of
freedom per node. The finite deformation effects due to diffusion, geometric non-linearity and
material non-linearity are considered by using a large deformation formulation and bilinear
isotropic hardening material model respectively. The finite element equations of the coupled
field problem as utilized by the element type are given by,

[M] 0} )i (SR i K] 0 u (F}+ {FDi5
+ + — :

0 0f |é 0 [CPHI| | ¢ 0 [KP| e Q) + {Qred)
where, [M] denotes the mass matrix, [C] and [K] denote, respectively, the damping and the

stiffness matrices for structural and diffusion (with superscript Diff) terms, u denotes the dis-

placement.
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2.1.2 Phase-Field Model

The PFM based numerical simulations are performed using the software package MOOSE.
The modeling framework and implementation is explained in detail in [52] and [53] and is
used here as a comparison to the CDSM model. The finite element solution of the phase-field
equations is achieved by employing Jacobian-Free Newton Krylov (JENK) [51] method. To
discretize the Cahn-Hilliard equation (Equation 2.5)), using a finite element formulation a
weak form of the equation is constructed. Since it has a fourth-order gradient, the equation
is split into two second-order equations, such that two variables are solved, the concentration,

¢ , and the chemical potential, i

5=V MV (2.5)

o afch(c) B 1 2
=0 2/$C(Vc) +

8fels (57 C)
oc

In this case, the weak forms of the two residuals of [Equation 2.7] and [Equation 2.8| are

(Givtm ) = IV Vi) = () @)
(:U’a ¢m) = <6fcahc(6) + afelg(cgy C) s wm> - (K;CVC, ¢m) - <IiCVC : ﬁa ¢m> s (2'8)

where 1, is the test function. In these equations, parentheses represent the volume integral

and chevrons indicate the surface integral. The displacement and the corresponding strains
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are calculated using a tensorial form of solid mechanics as implemented in the MOOSE Frame-
work. Subsequently, the elastic energy is computed using the computed strains and passed to
the PFM.

In the framework of the PFM, a total free energy functional for an isothermal system is de-

fined as, F(c,¢)

Fle,e) = / [fch(cn;ﬁc(vc)2+fels(e,c)+ Fs(e) |V, (2.9)
Vv

where,e denotes the strain, fo;(c) the chemical, fo5(e, ¢) the elastic, and fps(€) the plastic en-
ergy contribution to the local energy density. %/{C(Vc)2 is the contribution due to the ions
concentration gradient. The parameter k. is the gradient energy coefficient, which plays a
critical role in controlling the thickness of the reaction front. Chemical free energy density is

given by a double-well function which is a function of just the concentration.
fen(c) = ™ RT [(clne+ (1 —¢)In(1 — ¢) + Qc(1 — ¢)], (2.10)

applies only to a regular solution model for the free energy functional. Q2 is a
dimensionless parameter (barrier height), which controls the profile of the double-well energy
function. The elastic and plastic contributions to the energy functional (the last two terms
in arise from the lattice mismatch between pure material and ion-intercalated

material. Thus, the elastic free energy is a function of concentration. This is calculated us-
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ing compositional strains based on the Hooke’s law. The local elastic free energy is given by

feis(e; ) = Cijp [Ekz - 52;] ) (2.11)

Here, Cyjr = ﬁ (00 + 0irdj1) + Mﬁ&ﬁkl is the stiffness constant and ¢ is the
Kronecker’s delta. eg; is the strain and 521 is the swelling strain caused by Li diffusion The

value of 521 is evaluated as 521 = fdc with 8 being the chemical expansion coefficient. The

plastic contribution is concentration independent, given by |[Equation 2.12

8fpls

e =0, (2.12)

Similar to the CDSM, in the PFM the plastic stretch rate obeys the associated J2-flow rule
and we modeled the intercalated material as an isotropic elasto-plastic material by a linear
hardening rule. In order to extend the model to capture such a behavior, the following mobil-

ity coefficient matrix is used as shown in [Equation 2.13

ME OO0
Mu=1 o M, o (2.13)
0 0 M

where, the diagonal components represent mobility coefficients in different directions. In or-

der to reproduce the anisotropic expansion of the Si nanowire as a result of the anisotropic



24

mobility of the Li, we use the appropriate eigenvalue tensor of the eigenstrain based on

tion 2.73]

2.2 Interphase Scale Modeling of Li-ion Battery Degradation

One of the main computational tools employed at the interphase scale is DFT. Over the past
few decades, DFT has been the most successful, widely used method in condensed-matter
physics, computational physics and quantum chemistry to describe properties of condensed
matter systems, which include not only bulk crystal structures but also complex materials
such as molecules, interfaces and nanoparticles. Since, the length scales of degradation at
the interface scale are within few nanometers, it is the most suited method for analyzing this

phenomena.

2.2.1 Density Functional Theory

As mentioned in the previous chapter, in this study we focus on the components of SEI with
the help of ab-initio Density Functional Theory (DFT), in an effort to understand SEI as a
transport medium and evaluate the diffusion pathways through the grain structure of SEI
and its energetics. The present DFT calculations are performed using the VASP code. [54]

The goal for most quantum chemical calculations is to solve the time-independent, Schrodinger’s

equation (Equation 2.14])

HU(r,....;r%, R, ..., Rn) = EU;(r1, ..., v %, Ry, ..., Rap), (2.14)
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where H is Hamiltonian operator, ¥ is the wave-function, E is the energy eigen value, M is
the number of nuclei and N is the number of electrons. To solve this equation numerically,
Kohn and Hohenberg [55] suggested that the ground-state energy from Schrodinger’s equa-
tion is a unique functional of the electron density. This electron density that minimizes the
energy of the overall functional is the true electron density corresponding to the full solution
of the Schrodinger equation . However, it is impossible to solve it in prac-
tice. To overcome this challenge the Kohn-Sham theorem [55] is used which replaces the orig-
inal many-body system by an equivalent independent-particle system and assume that the
two systems have exactly the same ground state electron density. It mimics the original in-
teracting system with real potential by replacing it with an assumed non-interacting system

where the electrons move within an effective Kohn-Sham single-particle potential V' as shown

in [Fqmation 215
292 v = Ber), (2.15)

2m

where, E is the orbital energy of the corresponding Kohn—Sham orbital, ¢, and the density
for an N-particle system is

(2.16)

The total energy of a system is expressed as a functional of the charge density as

E(p) = Ts(p) + Eu(p) + Exc(p) + /dr Vewt(1)p(r) (2.17)
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where, T} is the Kohn-Sham kinetic energy, Ep is the Hartree energy, Ex¢ is the exchange
correlation energy and e, () captures the effect of external potential. It is crucial to have
an accurate exchange correlation energy functional Ex¢ in order to provide a more accurate
description of the system. The most widely used approximations are the local density ap-
proximation (LDA) and the generalized-gradient approximation (GGA) [56]. Compared with
LDA, GGA, specifically the Perdew-Burke-Ernzerhof sol(PBEsol) |57] functional, contains the
gradient of electron density and is one of the most accurate functionals in DF'T calculations.
Another important aspect in quantum chemical calculation is the basis sets. There are two
main categories of basis sets: 1) atomic orbital basis sets and, 2) Plane wave basis sets. Since,
a variety of pseudopotentials are currently available to enhance the efficiency of plain-wave
calculations a plane wave basis is set with projector augmented wave (PAW) [58] pseudo-
potentials is chosen for the systems that are analyzed in this work.

The migration barriers are calculated using the Nudged Elastic Band (NEB) [59] method as
implemented in VASP. The NEB method is an established technique to identify the minimum
energy path (MEP) between the given initial and final states of an electronic transition. De-
pending upon the configuration, there are five to nine images (structures) describing ion mi-
gration coordinates in the NEB calculations. The maximum energy difference among all im-
ages is considered as the migration barrier for ionic diffusion. All images are simultaneously
optimized along the diffusion path until the forces convergence of 0.1 eV/ Ais reached.

To perform the NEB calculations the ground-state lattice constants of the bulk structures are

first calculated. Then using a slab method, where the k-point samplings are set based on the
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geometry of each structure for surface structure optimization, with one k-point in the sur-
face normal direction defined with at least 15 Avacuum region and same number of k-points
on the other two directions as in the bulk calculations, the surface energies of different pos-
sible surfaces are calculated. Additionally, in order to ensure that the slab thickness is cho-
sen properly and represents the properties of the macroscopic crystal structure, the GB en-
ergy was calculated for two different slab thicknesses. In general, depending upon the system,
the GB energy changed by ca. 2 % comparing the increase of the slab thickness by ca. 10 %.
Thus, the minimum reasonable slab thickness is used.

The surface energy per unit area of a slab is the difference between the total energy of the re-
laxed slab structure and the bulk energy with the same number of atoms. The surface energy
is given by

A _ EAgay — NaBEpu,
Y osurf 28

(2.18)

where, v4 surf 15 the surface energy of slab A, EA ap is the total energy of the relaxed slab,
Epr is the energy of the bulk structure of A, N4 is the number of unit cells of A and S is
the surface area.

Since the minimum energy surfaces are generally the most stable and naturally formed sur-
faces in the grain structure, these surfaces are then cleaved to form the GBs and optimized.
With the optimized ground state GB structure, the GB energy is evaluated. The GB energy
is calculated as follows,

EABnp — NyEs — NpE
o B 5 BB (2.19)




28

EABp is the total energy of the relaxed GB structure, E4 and

where, vgp is the GB energy,
Ep are the bulk energies of structures A and B, N4 and Np are number of unit cells of A
and B respectively and S is the surface area of the interface.

Since, the knowledge of elastic properties allows to assess the mechanical stability of the stud-
ied systems [60], it is imperative to evaluate the elastic properties of the GB systems. The
elastic constants were computed by the stress-strain method outlined in Yu et al |[61] and all
atomic positions were fully relaxed when simulating the application of external strains.

After identifying both the thermodynamically and mechanically stable GBs, the lithium dif-
fusion channels are through them are identified, and the NEB calculations are performed to
obtain the migration barrier for Li to diffuse in that channel. The calculated values of the mi-

gration barriers are then used as the activation energies to calculate the diffusion coefficients.

The diffusion coefficient is given by,

D = Dyexp(—FEqet/kBT) (2.20)

where, the pre-exponential factor Dy = ga’v ; g is the dimensionality; a is the migration dis-
tance and v is the vibrational frequency. F,. is the activation energy; is kg Boltzmann con-
stant and T is temperature. To evaluate the effect of the SEI layer on suppression of the Li
dendrite, the favorability criterion for the Li dendrite growth along the TPB is defined based
on the energy analysis. When the Li dendrite grows along the grains of brittle SEI, work is

needed to form new interface while the strain energy at the tip of the grain boundary will be
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released. Since, the TPBs are the weakest points in SEI structures the excess energy due to

TPB is the energy required by the dendrites to nucleate through the SEI grain structures.

3 3
Etrps — Y iy NiEicon — > iy %i,GBSi.GB
IrpB

yrpB = (2.21)

where, Erpg is the total energy of the TPB structure; Fj on is the cohesive energy per unit
atom of each component in the TPB structure; n; is the number of atoms in each component;
7i,gB is the grain boundary energy density along each of the GBs; S; gp is the surface area of
the interface in the TPB structure and lppp is the TPB length. The TPB length is defined
as the length measured across the Li/SEI interface along the TPB. The greater is the value of

~y1pPB, the higher is the stability of the SEI grain structure on Li surface.



CHAPTER 3

PARTICLE SCALE DEGRADATION STUDIES

This chapter provides a detailed discussion on the particle scale degradation studies of LIBs,
in specific during Li insertion through high capacity anodes such as Si and SnO,. Multiple
continuum-scale modelling techniques (CDSM and PFM), as described in the previous sec-
tion, are used in this work to simulate and compare the elasto-plastic deformation in these
high capacity electrode materials during intercalation. The detailed discussion in this work
identifies the merits and limitations of the models in the context of the assumptions in their
theoretical formulations and their influences on the physics of diffusion/intercalation and de-
formation. Hence, this chapter delivers new insights regarding the ranges of applicability and

helps to understand similarities and differences between the two models.

3.1 Chemo-Mechanics of Li Insertion in Si Anodes

Previously published as: (Ramasubramanian, A., Yurkiv,V., Najafi, A., Khounsary, A., Shahbazian-
Yassar, R., Mashayek, F.“A Comparative Study on Continuum-Scale Modeling of Elasto-

Plastic Deformation in Rechargeable Ion Batteries”,J. Electrochem. Soc., 2017, 164 (13),
AB3418-A3425.)

Silicon (Si) is a very promising candidate as the anode material for next-generation lithium

(Li)-ion batteries due to its high theoretical capacity [62]. However, the commercial use of

Si is severely hampered due to its poor cycling stability and large volume expansion during

30
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charging and discharging processes. The large expansion causes crack formation and pulver-
ization of the anode which results in a loss of electrical contact and sudden fading of capacity.
Recent research has revealed that the problems caused by the electrode deformations can be
remedied through better electrode design and numerical models will greatly facilitate this
design process [63-65]. Although from a theoretical perspective, different macroscopic scale
models have been proposed regarding the stress evolution in these electrodes, the effect of
stress on the kinetics of lithium diffusion is poorly understood. Thus a clear understanding of
the stress evolution in such electrodes is very crucial. In this work, we have developed a cou-
pled mass diffusion and expansion model using ANSYS finite element code and captured the
effect of stress on the rate of diffusion using a non-linear diffusivity parameter as a function
of stress. In this section, the effects of stress evolution and mechanical properties of nanos-

tructured Si anodes on the kinetics of lithiation is well captured and discussed in great detail.

3.1.1 Isotropic Lithiation of Si Nanowire

In this section, first the models are validated through comparison of the two models’ predic-
tions with the published data of isotropic lithiation of Si nanowire. Next, to demonstrate our
models’ capabilities, we compare the models in both qualitative and quantitative aspects. We
consider an electrode (Si nanowire) surrounded by an electrolyte that undergoes lithiation

in time. During the lithiation processes, the lithium insertion into the nanowire changes the
material properties (because of chemical reaction) and forms a moving phase boundary sep-

arating Li-rich from the Li-poor phases. Correspondingly, Si nanowire expands with elastic
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and plastic contributions. In this system, a Li concentration variable,c , describes both the

Li-rich and the Li-poor phases.

3.1.1.1 Problem Definition and Parametrization

The computational domain for the generic framework is shown in [Figure 4] It consists of

two domains, namely the pristine Silicon nanowire (grey color), which undergoes lithiation
and correspondingly expands, surrounded by the Li containing electrolyte (the outer region),
which is accounted for by applying a constant lithium concentration on the boundaries. Fol-
lowing the modeling assumptions stated in previous sections, the initial circular geometry

of pristine Si (grey color), with a radius of R1 undergoes lithiation-expansion where circu-
lar geometry is retained for an isotropic swelling (right picture of . This problem

is solved in an axisymmetric domain as a function of the radial coordinate r, and the initial
radius increases to R2 in all directions. The lithiated system is comprised of two phases, as
shown in namely, a Li-rich phase (red color) and a Li-poor phase (purple color) sep-
arated by a thin interface (phase boundary). In the course of time, this boundary moves to-
wards the center of the nanowire forming a diffusion front. For the structural characteristics
of the Si nanowire we have followed the approach by Chen et al. [1]. The appropriate scales
for length, time and concentration are chosen to non-dimensionalise the governing equation.
The initial radius of the nanowire which is 70 nm, is taken as the length scale (R1) and the
time is normalized using the diffusion time,t; . In the PFM model, the diffusivity,D, is repre-
sented by mobility,Myi. The initial diffusion coefficient (D°) of Li in Si is 2 x 10717 m?- s,

which corresponds to an initial mobility value (M°) of 2.186 x 1026 m®- J°!. s71. The con-
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Figure 4. Schematic illustration of the computational domain.

centration is normalized using the maximum theoretical concentration (¢) which corresponds
to the concentration of Li, 4Si. Previous experimental measurements indicate that
Li-rich phase has composition of a—Li, 4,Si, which is also confirmed by the apparent volume
expansion close to that of a—Liz 75Si as described by Chen et al. |1] in details. Therefore, in
the present model the maximum value of the normalized lithium concentration for the Li-rich
phase is set to 0.872 (=3.75/4.4). As it is experimentally and theoretically reported, LiySi
phase expands by 300% in volume comparing to the unlithiated structure, thus the chemical
expansion coefficient,beta, is set to 0.5874 to obtain 300% expansion.

The Young’s modulus and Poisson’s ratio are assumed linearly dependent on lithium con-
centration ranging from 160 GPa and 0.24 at zero concentration of lithium to 40 GPa and
0.22 at maximum lithium concentration, respectively. As reported by Chen et al. , there is
no clear evidence on the actual material properties in the plastic range during the expansion

process. Thus, following Chen et al. , the value of 1.5 GPa is adopted for yield strength
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Simulation parameters with their dimensional and normalized values.
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Parameter Dimensional value Normalized value Reference
Lithium concentration 0 - 3.125x 10° mol- 0-1 [27]

m3
Si radius, R1 70 nm 1 [27]
Mobility (PFM), M i 2.186 x 1026 m2J -1 10 1]
Young’s modulus 160 Gpa (min conc.) to 175 (min conc.) to 1]

40 Gpa (max conc.) 44 (max conc.)
Yield stress 1.5 Gpa 1.924 1
Tangent modulus 1 GPa 1.092 [1]
Expansion coefficient 0.5874 0.5874 1]

and 1 GPa for hardening modulus. All the elasto-plastic constants (Young’s modulus, Pois-

son’s ratio, yield strength and strain hardness) are normalized by and the value of ¢™** RT

and are given in [lable [

In the CDSM, the value of the dimensionless parameter,c«, which controls the sharpness of

the reaction front, is kept at 1.75, since for values of o between 1.75 to 2 the thickness of

the reaction front starts to increase. For values greater than 2 the diffusivity coefficient turns



35

negative within the operating concentration limits, which is not physical. On the basis of the
chemical free energy function, that is derived based on the regular solution model, the non-
linear function of diffusivity, D, is derived such that the diffusion rate is sharply increased at
high Li concentrations, hence allowing for the formation of a sharp reaction front, as shown
in In addition, for numerical stability, the maximum of D is capped at 10* times
the value at zero concentration. In this study, due to the extensive expansion of the Si nanowire,
nonlinear large strain and large rotation formulation is utilized. The nanowire is fixed at the
center to maintain the static equilibrium in translational degrees of freedom. In the CDSM,
the normalized computational time step size is initially set to 108 which is 24.5 us in actual
time and is set to be adaptive.

In the PFM, the gradient energy coefficient is normalized as = 0.0005. The dimensionless pa-
rameter, €2, controls the profile of the double-well energy function and the value of €2 is taken
as 2.6. During the PFM simulation, the time step size is initially set to 0.001 s and is set to

be adaptive. Since, the Cahn-Hilliard equation involves both the concentration and mechan-

ical terms, solution of this coupled system, as shown in [Equation 2.7| and [Equation 2.8| re-

quires boundary conditions for both of these contributions. As shown in the experiments, Li
quickly covers the outer surface of Si, thus the lithium concentration boundary condition at
the outer surface is set to the maximum possible value of 0.872. In addition to lithium con-
centration, the displacements in = and y directions are set to zero at the center as displace-

ment boundary conditions.
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3.1.1.2 Model Validation

As described above, we performed calculations of isotropic expansion of the Si nanowire and
compared our findings with the results reported by Chen et al. [1]. shows the repre-
sentative results of the radial distribution of the normalized Li concentration for both mod-
els in comparison to the results from Chen et al. [1]. For the normalized times of 0.5, 5 and
9, we have compared the predicted Li concentration with the previously published data and
we have extended the results to the time of 17. It shall be noted that these four times cor-
respond to 10%, 30%, 50% and 80% of the progress in lithiation front, thus forming a full
picture of the lithiation phenomenon of the Si nanowire.

shows a quantitative agreement between our simulation and Chen et al. |1] results
over the complete investigated time range. There are no results available for the last time (t
=17); however, following the far left blue curve in it could be concluded that the Li
concentration distribution, predicted by our model is physically binding. For both the mod-
els, since the slopes of the concentration curves are almost equal, the migration of the lithium
front is much faster initially (from 10% to 50%), when compared to the later stage (from 50%
to 80%), which is consistent with the experimentally observed fact of self-limiting lithiation

phenomenon. The representative Si geometries obtained during the simulation are also shown

in [Figure 5



37

—_—
[<b]
—
—_—
(=3
—

Normalized Li conc.

Q T T T T 0.0 T v T T
0.0 02 0.4 06 0.8 1.0 0.0 02 0.4 06 08 1.0

Normalized distance r/R2 Normalized distance r/R2

Figure 5. Concentration plots showing narrow reaction front of Si lithiation process and the

respective geometries at four different times. (a) Results obtained with the PFM; (b) Results

obtained by using the CDSM. Symbols are the data taken from

Based on it can be observed that, the results obtained using the PFM (Figure 5|a)

are closer to published simulation data than the results of the CDSM model (Figure 5(b). In
particular, there is a slightly smeared interface, which is present just before of the reaction
front in the CDSM model prediction. This occurs due to the slope of the nonlinear diffusivity
parameter. To further validate and compare the models we have plotted stress fields origi-
nated form the lithiation. As described by Chen et al. , three different stress components

(Hoop, radial and von Mises) were monitored at two different times (t = 0.5 and 9) during

the lithiation simulation as shown in
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Figure 6. Stresses modeled in the radial direction at 10% lithiation (a—c) and 50% lithiation

(d—f) progress, where (a) and (d) are Hoop stresses, (b) and (e) are radial stresses and (c)

and (f) are von-Mises stresses. The solid lines depict the results from the CDSM

elasto-plastic model and the dashed lines depict results from the PFM. All the stress

components are normalized by Young’s modulus of Si, Fg;. Symbols represent data from .
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The results are shown and compared to our results using the CDSM (solid lines) and the

PFM (dashed line). There is a qualitative agreement between our modeling results and the
results reported by Chen et al. concerning both the trend and the magnitudes of the stresses
over the investigated time range.

The predicted equivalent plastic strain is plotted in where the plastic strain at dif-
ferent lithiation times are compared to the findings of Chen et al. . The results suggest

that the lithium poor phase always remains in its elastic region since there is no load or in
other words, it has near zero strains but as lithium diffuses the material properties change
(because a chemical reaction has happened). This is captured through concentration depen-
dent material properties. The material softens as a result of lithiation along with the expan-

sion, allowing the phase to reach plasticity very quickly.
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Figure 7. Plastic strain plots at 10%, 30%, 50% and 80% lithiation. Results from (a) PFM

and (b) CDSM models. Symbols are the data taken from [1].
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Figure 8. Equivalent plastic strain history in radial direction r

shows the time evolution of the plastic strain over time, at different points along the
radial direction. It is evident from that the plastic strain monotonically increases as
the lithiation progresses, and the region closer to the surface that is lithiated first reaches the
maximum plasticity much earlier than the region away from the surface. It also suggests that

behind the reaction front the plastic strain remains fairly constant at the maximum value.

3.1.2 Model Comparison

In the previous sections, quantitative comparisons of the CDSM and the PFM models are
made, which shows good agreement for many parameters. In this section, a detailed discus-
sion is performed to identify the merits and drawbacks in the context of assumptions in the
theoretical formulations and the influence on the physics of diffusion/intercalation and defor-

madtion.
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3.1.2.1 Discussion on Modeling Parameters

The dimensionless parameters with which the governing equations are solved are discussed

in this section. The actual and normalized values of all the parameters that are used in the
CDSM and the PFM models are listed in Even though most of the parameters are
set similarly in both models, some of the key parameters are handled differently, which makes
the CDSM model different than the PFM.

The difference in parameterization of the diffusion coefficients has a strong impact on their
time step sizes for both models. In the CDSM model, the diffusivity parameter is a highly
non-linear function of concentration and it is normalized using the initial diffusivity value of
2x107"m? s (diffusivity of Li in pristine Si). The normalized value of the diffusivity varies
nonlinearly between 1 to 10* according to in order to reproduce the sharp inter-
face development between the Li-poor and the Li-rich phases. Large values of the diffusivity
coefficient lead to very small diffusion time scale, thus the time step size should be extremely
small to capture tiny changes of concentration across the interface. In contrast, in the PFM
the mobility parameter, which is analogous to the diffusivity parameter in CDSM, is a con-
stant value, since the interfacial width is controlled by gradient energy coefficient. For the
CDSM simulation, the normalized computational time step size is initially set to 10 (24.5 u
s) and varies over time. In the PFM simulation, the time step size is considerably larger and
is initially set to 0.001. Although, the PFM model starts with a relatively larger time step

size, it quickly adapts to the smaller value in the order of 10~8. This difference in time step
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Figure 9. Comparison of the computational times of the CDSM and the PFM models. Both
models are simulated with the same mesh structure on a single-core Intel Xeon 2.80 Ghz

processor.

sizes makes the CDSM model more computationally expensive compared to the PFM. The
comparison of the respective CPU times is as shown in

It is often reported in the prior literature that the value of the dimensionless parameter 2
(Equation 2.10)), which controls the profile of the double-well function in the PFM, is used
for the parameter o in in the coupled diffusion and structure mechanics models.
However, the parameter ) has somewhat different physical meaning than the parameter « in
the CDSM model. In the CDSM simulation, the nonlinear form of the diffusivity parameter
(Equation 2.1f) is obtained by taking the second derivative of the chemical free energy. The

resultant of the CDSM model, contains the parameter « , which is used to con-
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trol the sharpness of the reaction front by controlling the slope of the increase in diffusivity.

shows the variations of the normalized diffusivity values as a function of the nor-
malized concentration using for different values of . As it is revealed from the
the increase of the parameter a drives the diffusivity towards the negative val-

ues, and vice versa if the « is decreased diffusivity values are increased. Also, as the value

of diffusivity increases the thickness of the reaction front decreases since the gradient becomes
sharper. In the PFM, the dimensionless parameter, €2, controls the profile of the double-well
energy function, as shown in In the present study, we use  value of 2.6, which

creates two minima in the chemical free energy corresponding to the Li-poor phase (0.128)



44

0.05- Q=3
>
g 0.00
o
@ -0.05- LG
(0]
o

-0.104

015 Q=22

00 02 04 06 08 10
Normalized concentration

Figure 11. Variations of the chemical free energy (Equation 2.10]) for different values of the

parameter w

and to the Li-rich phase (0.872). An increase of ) leads to an increase of the barrier height,
as well as changes in the Li-poor and the Li-rich phase concentration (0.08 and 0.92 respec-
tively). In contrast, if the parameter Q is reduced, the barrier height decreases significantly
and the new energy minima changes the value of Li concentration in the Li-poor phase to
0.25 and in the Li-rich phase to 0.75. Thus, from the discussion above, the parameters o and
) have somewhat different physical meanings, although they mathematically originate from

the same energy function equation.

3.1.2.2 Comparison of Model Accuracy and Physics

In this section, the models are compared for their accuracy in capturing the lithiation pro-

cess. As it is revealed by [Equation 2.11] the elastic energy functional in the PFM is a func-
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tion of the concentration. Thus, during lithiation, the stress has a direct effect on the values

of concentration during lithiation. However, for the CDSM model, there is no direct relation-
ship between the stress and the concentration. To capture this effect, the material is softened
linearly with the increase in concentration. This provides a reasonable approximation for the
case of isotropic Si lithiation, since the effect of stress on lithiation is not significant due to

a large expansion of the Si. Both the models seem to capture the results with reasonable ac-

curacy, on estimating the error percentage. In the calculated values using both the CDSM

and the PFM models, as shown in [Figure 5| and |[Figure 6 it is observed that the PFM has a

slightly better accuracy (about 1% error) than that of the CDSM model (about 4% error).

3.1.2.3 Comparison of Models’ Ease of Use

The CDSM modeling based upon ANSYS software is certainly easier to perform since it is

less complex and has extensive documentation. On the contrary, the PFM modeling with
MOOSE software requires significantly more effort for adding and coupling the different physics
modules. In addition, mesh generation in the MOOSE framework is usually performed with
the help of external software (e.g. Gmesh, Cubit, etc.). In the ANSYS software, mesh gen-
eration is performed within the program with many possibilities for the mesh structures and
re-meshing tools.

summarizes the qualitative comparison between the two models. This information
provides a better understanding on the applicability of each model under different circum-
stances. It should be emphasized that these conclusions are drawn based on the implementa-

tion of CDSM in ANSYS and implementation of PFM in MOOSE, using the PFM results of
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TABLE II

Qualitative comparison of the CDSM (implemented in ANSYS) and the PFM (implemented

in MOOSE Framework).

Parameter CDSM PFM

Complexity of model Less Complex More Complex

Ease of implementation Well documented and easier More challenging to imple-
to implement ment

Accuracy Error < 4% Error < 1%

CPU time 8.5 hours 3.5 hours

Chen et al. [1] as the reference data. The results could vary if the models are implemented in

other software, or different reference data are used for comparison.

3.1.3 Model Extension - Anisotropic Swelling in Si

After validating the constitutive models and comparing the results using the published data

on isotropic lithiation in Si nanowire and then the model is extended to capture the anisotropic
swelling of Si. All parameters described in are continued to be used without changes,
except those related to the diffusion coefficient. Several previous experimental and theoreti-

cal studies have shown that ion diffusion could be much faster in the x—direction than in the

y—direction. To this extent, an orthotropic diffusion coefficient is used with x—direction diffu-
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sion being 100 times fasted than y-direction. Correspondingly the expansion of the electrode
would be bigger in x—direction than that in y-direction, producing necking in the middle.
The swelling anisotropy of a nanowire under lithiation may depend on the plastic properties,
such as yield strength, strain hardening ratio, as well as the charging rate. However, the plas-
tic properties of the material (i.e. Si), are mostly unknown at the nano- to microscale, and it
is challenging to obtain them experimentally, especially when it is alloyed with lithium ions
during lithiation. Therefore, we have adjusted these parameters by capturing the electrode’s
shape morphology that is revealed during the lithiation, which may elucidate indirectly the
plastic properties of the material. To ensure accurate results and to capture the high nonlin-
earity of the diffusion and material properties, a high mesh density (maximum element size
less than 0.005 normalized length) and a very small time step size (order of 107'°) is used.
As described in the literature review, a dumbbell-shaped nanowire cross section is observed
by in-situ lithiation experiments, |27] which further leads to necking and crack formation

and eventually leading to instabilities in the structure. The current finite element simulation

also predicts this dumbbell-shape of Si is predicted (Figure 12f). In [Figure 12} the results are

shown for the Li concentration (two pictures in the upper panel) and for the geometry evo-
lution (lower panel). The Li concentration is represented by the two plots showing lithiation
progress in x horizontal (R3—x) and y vertical (R3—y) directions.

The structural changes in lithiated cylindrical Si nanowires are as shown in and it
clearly predicts the formation of dumbbell-shaped cross section. By analyzing the observed

material evolution and stresses behind the reaction front, the importance of the structural
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Figure 12. Lithium concentration distribution in (a) x and (b) y directions of the Si

nanowire and (C) the respective geometries for three different times.

relaxation, due to the plastic flow behind the moving phase boundary can be understood.
Despite the extensive plastic flow during the lithiation process, due to excessive deformation
and anisotropic expansion, high stresses develop inside the lithiated region of the nanowire,
leading to cracking or splitting of the single nanowire into sub-wires.

In order to gain more insight into this unusual evolution of morphology, we have analyzed
stresses generated during the anisotropic lithiation of Si. As described for the isotropic case,
three different stress components (Hoop, radial and von Mises) were monitored at 10% and
50% lithiation. The results are as shown in [Figure 13| Plots (a) and (b) show the stresses

at 10% and 50% lithiation in the radial x—direction and plots (c) and (d) show the stresses
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at 10% and 50% lithiation in radial y—direction. The results clearly show the anisotropy of
stresses as the maximum and minimum induced stresses occur much closer to the surface

in R3 — y direction (radial y—direction) than in R3 — x direction (radial x—direction). The
sudden abrupt change in the direction of the Hoop stress is observed right after the reaction

front, which is the primary reason for morphological instability, necking and fracture of these

electrodes.
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Figure 13. Radial, von-Mises and Hoop stresses measured in the direction R3—x and R3-y

using CDSM framework at 10% ((a) and (c)) and 50% ((b) and (d)). All the stress

components are normalized by Young’s modulus of Si
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The modelling framework thus provides a firm basis for simulating the morphological evolu-

tion, stress generation, and material failure in other high-capacity electrodes.

3.2 Chemo-Mechanics of Li Insertion in SnO, Anodes

Previously published as: (Ramasubramanian, A., Yurkiv,V., Nie, A., Najafi, A., Khounsary,
A., Shahbazian—Yassar, R., Mashayek, F. “A Numerical Study on Striped Lithiation of Tin
Ozide Anodes”,Int. J. Solids Struct., 2019, 159,165-170.)

High energy storage capacity of SnO, makes it as one of the other promising anode materials
for high capacity lithium (Li)-ion batteries besides Si. The model implemented in the previ-
ous sections can be effectively utilized to capture the chemo-mechanics in SnO, as well. However,
in contrast to Si, previous experiments reported by Nie et al. [66] and Huang et al. [67] have
shown that SnO, lithiation occurs in two stages. The experimental work on Sn-based systems
by Zhong et al. [68] reported a peculiarity in Li diffusion and propagation in SnO,, which
results in a striped diffusion regime. This was further investigated by Nie et al. [66], which
confirmed that Li diffuses at low concentration along stripes leading to formation
of lithium oxide (Li20) when the SnO, nanowire is attached to the Li source. According

to these reports, initially the Li diffuses rapidly through distinct narrow stripes along the
electrode axis. This is followed by a second stage where the diffusion/amorphization of the
nanowire occurs. In order to understand and possibly predict this complex chemo-mechanical
phenomenon, a finite element (FE) model is developed in this work. The model captures the
formation of the striped diffusion regime and the corresponding expansion of the nanowire

during the lithiation of SnO, by capturing the effect of the stress on the Li diffusion.
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Figure 14. TEM image of lithiation in SnO, nanowire (NW), clearly showing the formation
of striped diffusion regime followed by bulk diffusion with minimal contrast change on the
surface of the NW. (a) shows the presence of surface carbon coating on pristine SnO,, (b)

shows the initial diffusion through the striped region (long-range pipe diffusion) and (c)

shows lithium diffusing through the bulk of the NW (short-range diffusion).

3.2.1 Problem Definition and Parametrization

In the current model, the effect of the internal stress field on the activation energy of diffu-
sion is considered, as follows. The present modeling framework is developed to reproduce

the ions intercalation and the resulting mechanical changes in the SnO, electrodes. At the
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atomic scale, diffusion of a solute in a crystal lattice is described as a sequence of movements
between two interstitial sites, during which the diffusing particle must overcome the energy
barrier. Atomistic simulations have shown that this energy barrier is strongly influenced by
the internal stresses acting on the atoms [69,70]. In most scenarios the stresses in the direc-
tions normal to the diffusion process influences the diffusion since the expansion in lateral
direction is much larger than the longitudinal direction [71,72], suggesting a dependence of
stresses perpendicular to the direction of diffusion. This effect has been referred to as strain-
activated mobility by Aziz et al. [73]. But, in case of SnO, nanowires the longitudinal expan-
sion is much larger than the lateral directions, suggesting a dependence on the hydrostatic
stress.

The hypothesis in the present work, as shown in is that, when the nanowire is ex-
posed to the Li source, the locally-high contact stress due to the local surface defects on the
surface of the nanowire results in a faster diffusion in the longitudinal direction and initiates
the stripe formation. Then, as a consequence of the diffusion of lithium along these stripes,
high levels of stress are induced. This stress further drives the faster diffusion in the same
direction. In order to capture this phenomenon and validate the hypothesis, a FE model is

developed, which takes into account the effect of the initial contact stress on diffusion.
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Figure 15. Schematic of initial and intermediate structures of striped diffusion during

simulation. Geometrical changes are not to scale, merely for illustrative purpose.

A 2D rectangular shaped strip of tin oxide is simulated in this work to avoid 3D complica-
tions. The computational domain and the associated boundary conditions are shown in
The dimensions of the 2D rectangular geometry are of 150 nm x 5 gm. The concur-
rent reaction and diffusion processes are simulated as a coupled problem by treating the in-
terfacial reaction as a nonlinear diffusion across a smeared interfacial domain for numerical

convenience, despite the difference in the actual interfacial reaction and bulk diffusion pro-
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Figure 16. Schematic representation of the 2D rectangular computational domain

cesses [71]. Therefore, the classical nonlinear sharp interface diffusion is adopted to describe

the Li transport in the entire domain, as shown in

Ocri
ot

== V . (D (CLi, (Th) VCLi) (3.1)

The model has to capture the formation of the striped diffusion regime in the pristine SnO,

phase. In order to achieve this goal, the Li diffusivity, D(cri,0p), is assumed to be nonlin-

early dependent on the local Li concentration, cp; and the hydrostatic stress, o,

1

D(cLi,on) = Dgi m

- (2OJCL1):| exp (—Zﬁ) exp (”‘;“;h> (3.2)



95

where Dgi is the pre-exponential factor; « is a parameter used to control the sharpness of the
concentration profile near the reaction front; k is a positive non-dimensional factor, which
takes into account the interaction between Li and SnO,y; V},, is the molar volume of SnOy;R
is the universal gas constant and 7' denotes the temperature. For numerical stability, the
maximum of D(cy;,03) is capped at 10%. The pre-exponential factor (DY,) multiplied by the
term in square brackets represents concentration dependence. The first exponential term de-
scribes the activation energy term as in the standard Arrhenius equation and the second ex-
ponential term in modifies the activation energy based on the hydrostatic stress
magnitude and its direction. The particular form of the diffusion coefficient in
can capture the formation of core shell structures and also capture the effect of stress on the
structure and is adopted from the work of Haftbaradaran et al. [74].

The appropriate scales for length, time and concentration are chosen to non-dimensionalize
the governing equations. The initial length of the bottom edge of the nanowire (150nm) is
taken as the length scale (1) and the time is normalized using the diffusion time. The pre-
exponential factor (DY,) and the activation energy ( E®*) for the Li diffusion in SnO, are
taken from Huang et al. [67] and are 9.67 x 10~8m?s~! and 0.4 eV, respectively. The concen-
tration is normalized using the maximum theoretical concentration (cr;) which corresponds
to the concentration of Li4.4Sn. As it is theoretically reported, LixSn phase expands to 300%
the original size 75| |76] in volume comparing to the unlithiated structure; thus, the chem-
ical expansion coefficient, 3, is set to 60% and 45% in axial and longitudinal directions, re-

spectively [77]. The Young’s modulus and Poisson’s ratio are assumed linearly dependent on



56

lithium concentration ranging from 200 GPa and 0.27 at zero concentration of lithium to 80
GPa and 0.24 at maximum lithium concentration, respectively. We adopted the value of 4.9
GPa [77] for yield strength and a hardening modulus of 1 MPa to capture the plastic flow.
All the elasto-plastic constants (Young’s modulus, Poisson’s ratio, yield strength, strain hard-
ness) are normalized by ¢™® RT, which is equal to 1.1 GPa at room temperature and their
values are given in

The value of dimensionless parameter, «, which controls the sharpness of the reaction front
by controlling the slope of the increase in diffusivity, is kept at 1.46. For values of a;, between
1.46 to 2, the sharpness of the reaction front starts to decrease. For values greater than 2,
the diffusivity coefficient turns negative within the operating concentration limits, which is
not physical. The value of x, which amplifies the diffusion coefficient based on the hydro-
static stress, is taken as 0.38. This value is chosen in such a way that the diffusion coefficient
becomes two orders of magnitude higher in the stress region than in the bulk. It should be
noted that a similar value of x was previously reported [74]. Haftbaradaran et al. [74] have
reported that the value of k could be dependent on the stress sign, such that a tensile stress
decreases k, while a compressive stress increases it. However, the x dependency on the stress
sign was observed for the stress value range between -20 GPa and 12 GPa, thus considering
stress range obtained in the present study (-0.1 and 0.1) we assume constant . During the
finite element simulation, the normalized computational time step size is initially set to 1076,

which is 24.5 ps in actual time and is set to be adaptive.



Simulation parameters with their dimensional and normalized values.

TABLE III

o7

Parameter Dimensional value Normalized value Reference
Lithium concentration 0 - 3.125x 10° mol- 0-1 [27]

m—3
SnO, nanowire length 150 nm 1
Young’s modulus 200 Gpa (min conc.) to 218 (min conc.) to [77]

80 Gpa (max conc.) 88 (max conc.)
Yield stress 4.9 Gpa 5.422 [77]
Expansion coefficient 0.6 (axial direction) 0.6 (axial direction) [77]

0.45 (longitudinal) 0.45 (longitudinal)
o 1.46 this work
K 0.38 [74)
Diffusion Coefficient 9.67-108 m3 s [67]
Activation energy 0.4 eV [67]

A constant maximum normalized concentration of 1 is applied on the bottom edge of the

nanowire, where the source is attached, and the lithium is allowed to diffuse through the in-
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ner core. A constant pressure load of 0.5 MPa is also applied on the edge where the source is
more firmly attached to the surface at two different regions of 5 nm each. These two regions
are at a distance L=75 nm apart. The nanowire is fixed at the geometrical center of the do-

main to maintain the static equilibrium in translational degrees of freedom.

3.2.2  Stress Induced Diffusion in SnO, Anodes

In this section, first the validation of the model’s hypothesis is realized by comparison of the
model’s predictions with the previously published experimental data by Huang et al. [67] and
Nie et al. [66]. A detailed sensitivity study is also presented at the end of this section. The
diffusion and expansion of the SnO, nanowire are calculated and compared against the re-
sults reported by Huang et al. [67]. It should be emphasized that the exact experimental con-
ditions are not simulated since they are not available in details in order to set up the prob-
lem. The comparison provided here is therefore qualitative.

The representative SnO, concentration contours, obtained during the simulation are as shown
in Both the progress of the lithiation process and the evolution of the sharp bound-
ary are shown for different times. For the times of 5 s, 350 s, 550 s and 950 s, we compare
the predicted Li concentration with the previously published data. It is noted that these

five times correspond to 0 %, 10 %, 40 % and 90 % of the progress in lithiation front, thus
forming a comprehensive picture of the lithiation phenomenon of the SnO, nanowire. A good
quantitative agreement is obtained between our simulation and the results published by Huang

et al. [67], over the complete investigated time range. The error in lithiation time through
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the bulk of the nanowire is estimated to be close to 4 %. The formation of striped diffusion

regime can be clearly seen in

Figure 17. Simulation results showing concentration profile of Li diffusion along the SnO,

nanowire for times 5 s, 350 s, 550 s and 950 s

In later discussions in this section, the structural changes and the corresponding stresses are
discussed. The stripes are initiated at the points where there is an initial stress defined at
the surface of the nanowire. The initial stress facilitates faster diffusion only in that region,
which subsequently induces more stress. The induced stress leads to enhanced diffusivity and
drives the diffusion further in the same direction, resulting in the formation of stripes. From

the results, it can be seen that there is a slight shift from a straight-line path of diffusion.
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This is due to the shift in the direction of the induced stresses as lithiation progresses in each
stripe. In a later part of this study, the effect of the distance between the stripes on the in-
duced stress build up is analyzed. From it can be clearly seen that multiple-stripe
formation process is rather quick. Clear stripe formation starts to occur at around 5s and
the thickness of stripes increases with progression of the lithiation. Also from and
we can infer that, since the stripe on the left is formed closer to the wall than the
stripe on the right it allows for the formation of the stripe to be relatively faster than the
stripe on the right-hand side.

In order to shed more lights on the actual influence of lithiation on stresses, the hydrostatic

stress contours are plotted in

5s 350s 550s

Th
0.5 '
i o
0.2
/ A
e

Figure 18. Stress evolution during lithiation of SnO, for 0%, 10%, 40% and 90% lithiation

(times 5 s, 350 s, 550 s and 950 s). The values of stress are normalized using Young’s

modulus of elasticity
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From the stress contour, it is evident that the initial stress on the surface induces faster lithi-
ation through a narrow channel, which further induces more stress due to the expansion in
these lithiated regions. This induced stress further drives the lithium front to move through

these channels.

0.017
0.010

0.004

Figure 19. The simulated strain development at the time of 350 s. The zoom-in insertion

further highlights the bottom part of the nanowire shown in the left.

The equivalent plastic strain contour at the lithiation time of 350 s is shown in
highlighting the bottom part, where the main strain development is observed. As can be seen
in |Figure 19| closer to the tip of the striped region, the strain is close to 0.0177 while it re-

mains almost zero in other parts of the nanowire, which have not been lithiated yet. The re-
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sults show a good quantitative agreement, with a maximum deviation of 4%, to the previ-
ously published TEM results by Nie et al. [66], thereby supporting our hypothesis that these
striped diffusion regimes form due to the effect of the initial contact stresses. To summa-
rize, the initial lithiation process can be interpreted as follows: Lithiation is initiated at some
surface defects or stressed zones and continues along [101] direction. The lithiation induced
stress leads to formation of dislocations along the stripes, which further facilitates lithium

diffusion into the interior of the nanowire.

3.2.3 Parametric Study

3.2.3.1 Effect of k on Diffusion Coefficient

The parameter s, in plays a crucial role in the evaluation of the diffusion coef-
ficient. As mentioned above, the product changes activation energy of Li diffusion in SnO,,
which reflects the amplification or reduction of the diffusion coefficient. Depending on the
magnitude of the stress, parameter x amplifies the diffusion coefficient in the case of the ten-
sile stress or reduces the diffusion coefficient for the compressive stress. To understand the
sensitivity of the diffusion coefficient to k, the diffusion coefficient is computed for different
values of k as shown in a). Here, & is first set to zero to capture the change in the
diffusivity with no influence of stress (concentration dependency only). The concentration
dependency on the diffusivity reduces the diffusivity to a minimum value at a concentration
of ¢r;= 0.45. To further analyze and understand the dependency of stress on the diffusivity
coefficient a surface plot for the diffusivity coefficient, for the entire range of stress in the do-

main, is generated as shown in [Figure 20[(b). The result clearly indicates that the value of the
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Figure 20. (a) Variation of the diffusivity with concentration for different values of
parameter x. The underlined value of & is used in this work. (b) Variation of diffusivity with

concentration and hydrostatic stress for k=0.36

diffusivity increases by almost two orders of magnitude for a value between the minimum and
maximum values of stress. This results in faster ion diffusion that corresponds to the experi-
mental observation by Huang et al. .

To quantify the effect of k on the formation of stripes, simulations were carried out for three
different values of k, starting from zero, which is equivalent to no effect of stress on diffusion.
The concentration contours are plotted for the scenarios where k =0, x =0.33 and k=0.36 at
a time period of 550 s in Based on the results shown in we could see
that the rate at which the diffusion happens through the stripes and the diffusion in the bulk

changes close to 1% though the change in the value of  is up to 10%. Also looking at
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Figure 21. Concentration contours at 550s for different values of x: (a) k = 0 (b) K = 0.33

(c) Kk =0.36

a), it can be seen that the change in value of x by 10% increases the diffusivity coeffi-
cient by much less than an order of magnitude. When the value of k is zero there is no effect
of stress and thus there is no visible formation of stripes, whereas for the case where k= 0.33

the diffusion happens at a much faster rate resulting in clear formation of stripes.

3.2.3.2 Effect of the Distance Between the Stressed Zones

The effect of the distance between the stripes is analyzed by reducing the distance between
the initial stressed zones, which drive the formation of the stripes, to half the original value.

All parameters described in are continued to be used without any changes.



65

L L/2 L/3

Gy

dp
0.5

o ZJJ { ' ;J_{\
il

i r'l;

(a) (b) (c)

Figure 22. Simulation results showing concentration (top panel) and hydrostatic stress
(bottom panel) contours of Li diffusion along the SnO, nanowire at t=550 s for initial
distances between stressed points (a) 75 nm (b) 37.5 nm and (c) 25 nm. The values of stress

are normalized using Young’s modulus of elasticity.

The results from this study, as shown in [Figure 22| reveal that though there is still the for-
mation and propagation of stripes, similarly to those shown in there are clear dif-

ferences. Due to the increase in the build-up of compressive stresses between the striped re-
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gions, as a consequence of the expansion of the material in the striped regions, we can ob-
serve that the diffusion regime is slightly altered. This development of compressive stresses
diminishes the diffusion of lithium into this region.

From the results in it could be observed that the stripes deviate away (at an an-
gle close to 4 degrees) from each other when they are initiated at an initial distance of 37.5
mm instead of 75 mm. This is because the compressive stress buildup between the stripes
makes it more difficult for the diffusion closer to the original straight line path. This com-
pressive stress occurs due to the expansion in these stripes resulting in the compression of
the region around them. It is also observed that the stripe that is closer to the edge of the
nanowire stays almost parallel. This happens due to the lesser compressive stress between the
striped region and the edge of the nanowire as the surface or edge is made traction free.

To further analyze and understand the effect of the distance between the initial stressed lo-
cations and the effect of the induced stress between the stripes on diffusion, the distance be-
tween the stripes is further reduced to 25 nm. Based on the results in we could see
that when the distance between the initial stressed locations is further reduced the stripes di-
verge further away (close to 5 degrees for 37.5nm and close to 7 degrees for 25nm) from each

other due to the build up of higher compressive stresses between the stripes.

3.3 Summary and Conclusions

In this work, two widely used physics-based models are implemented to simulate ions inter-

calation and transport phase transformation and stress generation in the electrode materi-
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als. A detailed comparison between the model is presented using the test case of Li diffusion
through Si.

The comparisons of the results show that both models provide qualitatively similar accuracy,
when concentration gradient is not significant within the electrode. However, concentration
field predictions between the CDSM and the PFM models can be significantly different, when
there is a large concentration gradient in the narrow reaction front. This is because, in order
to create a sharp interface between the two Li-rich and Li-poor phases in the CDSM model,
the diffusivity parameter must be a highly non-linear function of concentration. The extent of
the non-linearity, however, must be limited in order to prevent non-physical negative values
of the diffusivity coefficient. In addition, very large values of the diffusivity coefficient impose
severe limitations on the time step size, hence increasing the computational cost. In contrast,
in the PFM the interfacial width is controlled by the gradient energy coefficient and the mo-
bility parameter, which is analogous to the diffusivity, is used to describe species diffusion
within the phases.

Although both models are found to be appropriate for describing the experimentally observed
phenomena (e.g., sharp concentration profile, stress field, etc.), it could be concluded that

the PFM is more general and easier to expand than the CDSM. For example, in the alter-
native battery technologies (e.g., thin films electrodes) there is a need to model several en-
ergy minima with varying concentration gradient. This can be easily achieved in the PFM

by introducing several gradient energy coefficients and an appropriate free energy functional.

Whereas in the CDSM, introducing several highly non-linear diffusivity functions adds to the
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complexity of the computational model. However, it should be noted, the CDSM was de-
veloped in the ANSYS software, which is well documented, thus its implementation is more
straightforward than the PFM.

The present work also extends the CDSM, physics-based finite element model, to investi-
gate the structural evolution during the lithiation of pristine SnO,, since Sn based anodes are
other attractive replacements for graphite in high energy density LIBs. The results from the
model clearly show formation of striped diffusion regime due to the induced stresses, at low
concentrations of Li. To develop the model, it is hypothesized that the formation of striped
regimes during the diffusion of Li in the SnO, electrode is due to the local surface defects
and localized high contact stresses from the source at the surface of the electrode. The model
is developed in the ANSYS Mechanical APDL solver [78] and uses a coupled finite element
diffusion and elasto—plastic approach. The results are shown to have a good qualitative agree-
ment with the lithiation time and strain measurements available in the literature. Through
the results, it could be understood that the lithiation induced stress leads to formation of dis-
locations along the stripes, which further facilitates lithium diffusion into the interior of the
nanowire validating our hypothesis. The multiple-stripe formation process is rather quick,
and the thickness of the stripes increases with the progression of lithiation. Also, the model is
tested for the sensitivity of two key parameters and discussed in detail. It could be seen that
the rate of formation of the stripes increases with the increase in the value of the parameter x
that controls the effect of stress on the diffusion coefficient. The study further elaborates the

effect of distance between the stripes to further elucidate the effect of stress on the diffusion.
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It is shown that the stripes diverge from each other because of high compressive stress build
up when they are initiated closer to each other. The findings of this study thus provide im-
portant insight into the physical basis of micro-structural evolution, morphological changes,

and mechanical degradation in SnO, electrodes.



CHAPTER 4

INTERPHASE SCALE DEGRADATION STUDIES

Previously published as: (Ramasubramanian, A., Yurkiv, V., Foroozan, T., Ragone, M., Shahbazian-
Yassar, R., Mashayek, F., “Lithium Diffusion Mechanism through Solid-FElectrolyte Inter-
phase (SEI) In Rechargeable Lithium Batteries”, J. Phys. Chem. C, 2019.)

The SEI growth rate, structure, composition and resistance significantly depend upon the
electrolyte composition. Furthermore, the distribution of intercalated/electrodeposited Li
greatly depends on the SEI structure which defines the subsequent electric-potential gradi-
ent and the stress field. Thus, the understanding of Li diffusion mechanism and its energetics
through the SEI is of imperative importance to understand and improve the performance of
Li batteries. For that reason, in this work, we employ the first-principles calculations based
on density functional theory to investigate different aspects of Li atoms diffusion through the
GB of the SEI. In this work, we consider the most studied, however, not greatly understood
SEI of Li-metal batteries (LMBs).

During battery operation, a thin (nanoscale) solid electrolyte interphase (SEI) film grows

on the surface of an electrode as a result of the decomposition of an electrolyte. It is gener-
ally believed that the SEI provides many beneficial functions to the battery operation, one of
which is by controlling Li uniform delivery to the electrode surface, where the charge—transfer
reaction occurs. However, as the SEI further grows and expands numerous defects and grain

boundaries (GBs) are formed, leading to a significant anisotropic diffusivity of Li towards the

70
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Figure 23. Schematic of SEI grain structures in LMBs and DFT analysis of diffusion

pathways in SEI grain structure.

electrode surface. This results in an uneven Li delivery to the electrode/SEI interface leading
to undesired phenomena, which cause performance decrease and possibly failure of a battery.
These phenomena include random Li electrodeposition and dendrites formation in Li-metal

batteries. illustrates the schematic of the SEI GB and provides suitable motivation

for current work.
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4.1 Diffusion of Li Through SEI Grain Structures

In this section, the results of the DFT calculations of Li diffusion through the stable GB are
presented. Although many studies have performed to understand parameters such as com-
position, morphology and thickness of the SEI and their growth mechanisms, very little ef-
fort was made to understand the SEI as an ion transport media and the role of GB diffusion.
This is due to the fact that the experimental verification of such theories is very challenging.
Moreover, almost every SEI component is highly reactive to any form of contaminants. Also,
the in-situ experiments require specially designed and precise characterization tools. Thus,
computational simulations have become a valuable tool to study the properties and diffusion
characteristics of the SEI to understand SEI as a transport media. In this study, we focus
on the GB of the SEI employing ab-initio Density Functional Theory (DFT), in an effort to
understand and evaluate the stability of SEI, diffusion pathways of Li through SEI and ener-

getics of Li transport.

4.1.1 GB Creation

As explained in Section 2.3, first the bulk structures, as shown in Figure 34 (Appendix B), of
LiF (8 atoms), Li,O (12 atoms) and Li,CO5 (24 atoms) were created and their bulk energies
were calculated. Then the slabs with different surface orientations were created, as shown

in Figure 35 (Appendix B), to calculate the surface energies and thereby identify the most
stable surface for the GB interface. In the calculated surface energies of different
surface orientations of the SEI components are listed and also compared against the existing

literature.



Surface orientations and surface energies of different SEI components

TABLE IV

Chemical Orientation Surface Surface References
System Energy(meV/A2)  Energy(meV/A?)
(This work) (From literature)
Li,O (100) 75.62 75 [79]
(110) 56.17 56 [79]
(111) 31.87 30 [79]
LiF (001) 21.84 20 [80]
(110) 51.18 49 [80]
(111) 54.17 55 [80]
Li,CO, (001) 11.85 11.23 [81]
(110) 18.72 17.47 [81]
(110) 36.82 35.57 [81]
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From the surface energy values, we can infer that the most stable and energetically favorable

surfaces for Li,O, LiF and Li,CO4 are the (111), (001) and the (001) surfaces respectively.

Though (001)surface of Li,CO; has a very low energy (11.85 meV/A?), it does not form sta-
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ble GBs since they readily reduce electrochemically in the presence of Li [82]. Thus the ma-
jor GBs of interest are the GBs between LiF /LiF slabs,the GBs in Li,O/Li,O slabs and the
mixed GBs between LiF/Li,O slabs. The GBs which contains single crystal structure on ei-
ther side are created using Coincidence Site Lattice (CSL) theory. The GBs are named using

the symbol X based on the CSL theory as,

_ Volume of CSL lattice
~ Volume of unit lattice

(4.1)

Mixed LiF/Li,O boundaries are created by joining the minimum energy surfaces of LiF and
Liy O respectively with minimum possible strain on either slab at the interface. In all cases,

the z-direction is perpendicular to the grain boundaries.

4.1.1.1 LiF/LiF GB Creation

The simulation cell containing two LiF (001) (X3 and ¥5) GBs (Figure 24{(a) and [Figure 24(b))

is created as follows. First a LiF crystal at optimal lattice constants is rotated 18° and cleaved
using (001) surface to expose (310) surfaces in the x-direction. A second, mirror-image slab is
created by reflecting the first about the x-y plane.

As shown in [Figure 24|(a) and [Figure 24|b), there could be two possible structures based on
the location of the mirror plane. The first structure is matched at the lattice point form-

ing a closed GB structure and the second structure is achieved by the mirroring of the slabs
slightly (about 1 A ) away from the coincident lattice points, which forms a slightly open GB

structure. It should also be noted that the mirror or junction plane is a (310) plane of atoms
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common to both slabs, is found to be energetically less favorable. So, the mirrored slab is
shifted by half a lattice constant on the z- direction in order to achieve better stability and
more coordination between Li and F atoms on either slab. The z-dimension of the cell is var-

ied to introduce the vacuum of 15 A .

4.1.1.2 Li,O/Li,O GB Creation

There are limited electronic structure studies of grain boundaries in anti-fluorite lattice struc-
tures of AB, stoichiometry relevant to Li,O [83H85]. Similar to LiF /LiF GB a simple 35 GB
is created for Li,O by joining (310) facets. But in 35 configuration one of its orthogonal sur-
faces is (001). This is the most stable surface for LiF but is a high energy surface for Li,O.
The lowest energy facet of Li,O is (111). Since the Li,O lattice structure is different from
that of LiF, the model used in LiF is inapplicable, and the CSL approach has to be reapplied
instead.

Based on the CSL theory, taking the (111) direction as the z—axis, the Li,O slab was mir-
rored by a plane that is 60° to the x-y plane and joined to form a ¥3 Li,O that has maxi-
mum Li-O contacts. This angle is chosen to give a modest system size with best lattice match-
ing with the metal surface supercell.Similar to the ¥3 LiF GB, another structure could be
achieved for the Li,O GB using the (210) surface, mirrored with x-y plane, forming a 315
GB. (c) and (d) show both the achieved GB structures.Both GB structures are
then optimized to their respective ground state energies to evaluate the respective GB en-

ergies.
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Figure 24. Grain boundary structures formed by LiF and Li,O grains. (a) Compact LiF /LiF
(310) GB (23), (b) open LiF/LiF (310) GB (X5). (c¢) Li;O/Li,O X3 GB with (111) oriented
surface towards the interface, (d) Li,O/Li,O 315 GB with (210) surface. (e)
LiF(001)/LiyO(111) GB structure. Pink colored spheres depict Li atoms, red colored spheres

show F atoms, and red colored spheres illustrate O atoms.
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4.1.1.3 LiF/Li,O GB Creation

From the surface studies, we calculated the most stable surfaces of LiF and Li,O to be (001)
and (111) respectively. The mixed LiF/Li,O boundaries are created by joining the two sur-
faces of a LiF (001) slab on to Li,O (111) slabs, as shown in [Figure 24|(e). The good lattice
matching of these two surfaces allow cations (Li*) on one material surface to be coordinated
to anions (F~ or O7) on the other and form a GB with a low strain value of 2.1% on either
slab. The GB is oriented perpendicular to the z direction and the ion positions are optimized
as in the previous cases.

From we can infer that the elastic properties of the GBs have a direct correlation to
the the elastic properties of materials. The GB density is evaluated as

28

== (4.2)

P

where, S is the surface area of the interface and a, b and ¢ are the lattice lengths of the su-
percell structure. Since the grain boundary is oriented towards the x—direction the value of §
becomes, S = ab, and the value of becomes, p = % . It can be observed that, as the GB den-
sity increases the thickness of the grain when compared to the GB is increased and stiffness
of the material increases, but this value becomes significant only at very low GB densities (as

low as 0.06 [86]). Lower values of GB energy, 7¢p, indicate a stronger cohesive bonding be-

tween the two grains in contact.
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Summary of all the GB structure properties. First column shows the GB composition and

notation, second column shows the stoichiometry, third column lists k-point used in the

present DFT calculations, fourth column shows the calculated GB energies, fifth column

reports the GB density and the last sixth column reports the calculated bulk modulus

Chemical Supercell K Points YoB GB density Bulk Modulus

System Stoichiom- (mJ/m?) (1/A) (GPa)
etry

LiF /LiF LijoF 19 bx3x1 380.79 0.130 76.88

(25 GB)

LiF /LiF LiggFeg bx4x1 423.55 0.136 77.25

(23 GB)

LiyO/Liy0  Lij96043 bhxbhx1 688.72 0.166 65.79

(X3 GB)

Li;O/Li,O  Li;0e0s5; 3x4x1 557.47 0.118 64.73

(X15 GB)

LiF/Li, O Li;50F 45036 3x3x1 288.62 0.124 64.22
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From the GB energy, vgp, it can be clearly identified that the Li,O/Li,O(X3 GB) structure
is energetically much less favorable than the Li;O/Li,O(X15 GB). Furthermore, we also ob-

served that the GB structure breaks apart when we add a Li ad-atom into the GB.

4.1.2 Li Diffusion Through GB

In this section classical DFT simulations are used to obtain the diffusion coefficients of Li-ion
through the GBs of major components of the SEI found in LMBs. In addition, since the dif-
fusion coefficients are fitted to the Arrhenius equation, the activation energies (Fq) and pre-
exponential factors Dy are obtained. These results are then compared against the available
experimental data and other computational results. This provides us a better understanding
on the interplay between the GBs in SEI compounds and their effect on direction dependent

ion migration through GB interface.

4.1.2.1 Li Diffusion Through LiF/LiF GB

As shown in the previous section, there are two possible GB structures (33 GB and X5 GB)
for the LiF /LiF.The migration of a Li atom in the vicinity of the 33 GB and X5 GB and

parallel to the GB plane is studied. The simulation cell with the ad-atom is as shown in

lure 2F|(a) and [Figure 25|(b) for 3 GB and £5 GB respectively.
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Figure 25. a) Compact LiF/LiF (310) GB (X3) with Li ad-atom (marked in blue). b) Open

LiF /LiF (310) GB (X5)with Li ad-atom (marked in blue). ¢) migration barrier for Compact

LiF /LiF (310) GB (X3). d) migration barrier for Compact LiF /LiF (310) GB (X3).

From the migration barriers as shown in [Figure 25(c) and (d), it could be seen that the bar-

rier energy for Li to diffuse through the GB is lower in the case of open 35 GB than the

dense X3 GB. and suggested that diffusion in LiF the cause rate limitations in Li ion diffu-

sion. The energy barriers of 0.62 eV and 1.03 eV for open and dense structures show that

the open structure allows for better diffusion through the GB than the dense structure. This

might be due to lesser interaction from neighboring atoms in 35 GB.
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4.1.3 Li Diffusion Through Li,O/Li,O GB

This section examines Li diffusion in the simulation cell containing a Li,O crystal with 315

GB system as shown in [Figure 26| In [Figure 26{a) the simulation cell used for the NEB cal-

culation with the GB and the Li ad-atom placed at the GB region.
From [Figure 26(b) it could be seen that the migration barrier for Li diffusion through the
grain boundary structure is 0.78 eV which suggests that the diffusion through this grain bound-

aries in LiyO is slightly more hindered when compared to that of GBs in LIF.

(@)

14 A

B vacuum vacuum

(b)

1 2 3 4
Diffusion coordinate /A

Figure 26. a) Li;O/Li,O (210) GB (X15) with Li ad-atom (marked in blue). b)diffusion

direction and migration barrier for Li,O/Li,O (310) GB (X15).
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4.1.4 Li Diffusion Through LiF /Li,O GB

This section examines Li diffusion in the simulation cell containing a Li,O crystal on one
side and LiF on the other with a GB interface. The migration of a Li atom in the vicinity

of the GB and parallel to the GB plane is studied. But unlike the case of LiF/LiF GBs or
Li,O/Li,O GBs, in this structure there are different channels that could act as possible mini-
mum energy paths for Li diffusion.

From [Figure 27|(b), (c) and (d) it could be seen that the migration barrier for Li diffusion
through the grain boundary structure ranges between 0.45 eV to 1 eV in the three paths and
the minimum energy path is as shown in (c) and the migration barrier is 0.45 eV.
Since diffusion is driven by the activation energy of the process, a small error in energy bar-
riers translate into large uncertainties in the diffusion coefficients. And consideration of GBs
and diffusion through GBs alters these migration barriers significantly. In the literature, Den-
sity functional theory (DFT) calculations have allowed comparison of Li-ion transport through
the bulk structures of typical SEI materials [87]. One of the most reported inorganic compo-
nent that is found in SEI is LiF [88-90]. This in-organic compound has been observed in Li
metal anodes. Yildrim and co-workers [89] reported that its cation diffusivity is much lower
than the other SEI inorganic compounds, and suggested that diffusion in LiF the cause rate
limitations in Li ion diffusion; they used density functional theory (DFT) calculations to de-
termine diffusion pathways and nudge elastic band (NEB) method to calculate energy barri-
ers of diffusion; they found that in bulk LIF structures, diffusion of vacancies were energeti-

cally more favorable than interstitials, and reported energy barriers of 0.73 for the for neutral



83

(b)

TAY Y]
"ﬁ'l\:"‘:
Pl

10
00 02
08
> 01 0
8 3 =
! -
E = 02 > 02
§ 04 8 §
I.I':.I e 03 LE 04
02 =
) 04 08
0.0
1 e 05 08
00 05 10 15 20 25 30 00 05 10 15 20 258 00 05 10 15 20 25 30
Diffusion coordinate /A Diffusion coordinate /A Diffusion coordinate /A

Figure 27. a)LiF /Li,O GB with Li ad-atom (marked in blue). b) ¢) Diffusion direction (path
1) and migration barrier for LiF /Li,O GB. d) Diffusion direction (path 2) and migration
barrier for LiF/Li,O GB. e)Diffusion direction (path 3) and migration barrier for LiF/Li,O

GB.
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vacancies and 1.09 eV for the neutral Schottky vacancies. The diffusion coefficients associated
to the energy barriers are in the range of 10726 to 10720 m?s!.

Only a very few theoretical studies reported diffusion barriers in Li,O at battery operating
temperatures [87,[91]. Chen et al. [87] investigated the electronic structure of Li,O and using
NEB analyzed the vacancy-assisted diffusion. In this work they showed that the electronic
structure of Li,O has an insulating character with a diffusion barrier of 0.15 eV. Also, Tasaki
et. al, [92] studied diffusion in Li,O and found the diffusion coefficients for Li diffusion in the
range of 1.7 x 10716m?/s.

Based on all the evaluated values of migration barriers, the diffusion coefficients though all
the GB systems are evaluated and listed in On comparing the energy barrier val-
ues and the computed diffusion coefficients, it could be seen that the diffusion through GBs

act as a rate limiting step and is significantly faster (around 2 orders of magnitude) through

certain GBs.

4.2  Stability of SEI GB on the Li Surface

As shown in the previous section, the numerous defects and grain boundaries (GBs) in the
SEI results in a significant anisotropic diffusion of Li towards the metal surface, leading to
random electrodeposition and dendrites formation. However, it is also imperative to under-
stand the stability of such GB structures on the electrode surface and the energy required
to cleave across these defects to effectively understand the location of the nucleation of these

dendrites.
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TABLE VI

Summary of all activation energies and Diffusion coefficients

Chemical System Activation energy Pre-exponential factor  Diffusion coefficient
(Eact) €V Dy = ga’v (m?/s) (m?/s)

LiF/LiF (X5 GB) 0.68 1.8 x 10715 1.17 x 10717

LiF /LiF(33 GB) 1.03 1.8 x 10715 7.14 x 1072

Li,O/Li,O(X15 GB) 0.78 5.4 x 10713 3.69 x 10719

LiF /Li, O 0.45 3.6 x 1071 3.87 x 10715

In recent years, lithium metal-based batteries (LMBs) have been regarded as the most at-
tractive alternatives to lithium-ion batteries (LIBs). [4,/6] A lithium metal anode has a high
theoretical capacity of 3860 mAh/g and the lowest electrochemical potential (-3.04 V). (93|
94] However, their commercial application is severely hampered by dendrite growth and low
Coulomb efficiency during the charging and discharging processes. Among these problems,
growth of dendrites is regarded the most challenging. Lithium dendrites are responsible for
thermal runaway, fires and explosions in lithium metal anodes. Thus in this work, the Li sur-
face is chosen as the electrode surface.

First the GB structures of LiF /LiF, Li,O/Li,O, and LiF/Li,O, as shown and discussed in

our previous sections, are created, and their total energies are calculated. Then the Li slabs
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with different surface orientations (001 and 110) are created to identify the most stable sur-
face for the GB interface. The interfaces are designed in such a way that the GB is oriented
perpendicular to the Li slab, which renders only two possible orientations for the interface. It
was identified that 001 surface of Li matches well with LiF/LiF, and LiF/Li;O GB and 110
surface of Li matches well with Li,O/Li,O GB. Since the SEI films are formed from the de-
composition of electrolytes are kinetically controlled self-assembled structures, they are not
necessarily the most energetically favorable. To obtain a metastable structure the Li interface
with each of the SEI GB structures is then systematically analyzed by manually adding Li
into these structures at specific locations close to the interface, specifically at the TPB and
other open sites.

The Atomistic Tool Kit (ATK), is used to build the GB, where the Interface Builder tool al-
lows to analyze all possible interfaces between two slabs. The algorithm searches all possi-
ble repetitions and rotations (with every 2°steps) of the two surfaces in order to find a com-
mon supercell with minimal strain. Since there are tens of possibilities between two different
grains, we apply specific cut-off conditions, such as the interface width should be 2 A, and
the strain of each surface should not be more than 5%. In addition, the natural limitation of

DFT method eliminates configurations with more than 350 atoms per structure.

4.2.1 LiF/Li,O GB on Li Surface

The LiF/Li,O GB on Li is first analyzed, as shown in [Figure 28|(a), as it gives the rate-determining
step for Li diffusion across the SEI grain structure and provides a faster diffusion pathway for

Li diffusion. The interfacial arrangement of the LiF/Li,O interface on Li, where the Li,O and
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LiF layers are placed with the oxygen and fluorine facets exposed to the Li metal, provides a

stable conformational structure.

Initial
a bl Y N
@) b m%‘f\ﬁ

o
«2 LiF
Li Ll i -

Figure 28. (a) Initial and final optimized structures of LiF /Li,O GB on Li surface with no
added Li at the TPB, (b) Initial and final optimized structures of LiF/ Li,O GB on Li with
added Li at TPB. Pink colored spheres depict Li atoms; red colored spheres show O atoms

and green colored spheres show F atoms. The added Li atoms are shown in blue.

From the final optimized configuration, it could be seen clearly that the topmost Li-metal
layer undergoes a significant amount of strain and becomes part of the LiF structure by shift-
ing electronic charges into the LiF sublattice. The existence of GBs at the solid—solid inter-
faces allows electron transfer to the LiF or Li,O upon contact and significant rearrangement

at the TPB and LiF /Li, O structures resulting in an unstable configuration.
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The growth and stability of SEI are highly kinetically driven processes and to achieve a metastable
state and systematically evaluate the nucleation of dendrites we attempt to insert Li incre-
mentally at the TPB interfaces, starting with one Li ad atom as shown in Figure 37, (Ap-

pendix B). On addition of Li at the TPB sites, it can be observed that the rearrangement on

the LiF/ Li,O slab is minimal and the stability of the structure is improved. In order to vi-

sualize the reduction of rearrangement on Li surface due to addition of Li, the case with 3

added Li ad atoms is shown in [Figure 28(b)

4.2.2 Li,O/Li,O GB on Li Surface

For Li,O/Li,O GB, to achieve the TPB structure, the structure search method using ATK,
as shown in the methodology section, is used and it resulted in a structure equivalent to a
strained BCC Li structure for the Li slab, cleaved along its (110) plane, and has a surface en-
ergy closer to the (001) Li surface, as shown in [Figure 29(a). Similar to LiF/Li,O GB struc-
tures, the Li;O/Li,O GB on Li interfaces show a significant distortion in the first layers of Li
and the LiyO/Li,O GB, as shown in final configuration of [Figure 29(a). On further addition
of Li at the TPB sites, it can be observed that a similar trend to LiF/Li,O GB is followed
and the rearrangement on the Li,O/Li,O GB slab is minimized resulting in improved stabil-

ity of the structure, rendering it metastable.
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(b)

(c)

Figure 29. (a) Initial and final optimized structures of Li,O/Li,O GB on Li surface with no

added Li atom at the TPB, (b) Initial and final optimized structures of Li;O/Li,O GB on Li
with added Li at TPB, (c) Initial and final optimized structures of Li;O/Li,O GB on Li with
added Li at other sites in the interface. Pink colored spheres depict Li atoms, and red-colored

spheres show O atoms. The added Li atoms are shown in blue.

The increment of number of Li ad atoms and its effect on Li surface is shown in Figure 38 of
the Appendix B. Since Li,O/Li,O GB has fractional surfaces of Li,O, more possible locations

for Li insertion are present in these TPB structures unlike LiF /Li,O based TPB structures,

as shown in [Figure 29(b) & [Figure 29|c)
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4.2.3 LiF/LiF GB on the Li Surface

Figure 30. (a) Initial and final optimized structures of LiF /LiF GB on Li surface with no
added Li at the TPB, (b) Initial and final optimized structures of LiF /LiF GB on Li with
added Li at TPB (c) Initial and final optimized structures of LiF /LiF GB on Li with added
Li at other sites in the interface. Pink colored spheres depict Li atoms, and green colored

spheres show F atoms. The added Li atoms are shown in blue.

The initial as constructed and the final relaxed interfacial supercells of LiF /LiF GB struc-
tures on Li metal surface are as shown in [Figure 30fa) (Initial and Final). In contrast to

the LiF/Li,O GB and Li,O/Li,O GB, the relaxed LiF /LiF GB on Li interfaces experiences
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lesser lattice distortion, and only a small bending of the atomic layer near interfacial region
is observed. However, a similar trend of reduction in distortion with the SEI structures is ob-

served when Li atoms are added near the interface at the TPB sites, as shown in [Figure 30|(b)

& [Figure 30{c).

4.2.4  Stability of SEI Grain Structures on the Li Surface

To further analyze the stability of different SEI grain structures on Li surface and compare
them against each other the per atom binding energy (Ep) of Li in the TPB structures are
calculated as computed overpotential (V). The overpotential is computed as shown in

ftion 4.3]

[Ep —n;Eri]

V=-—
ni el

(4.3)

We believe that the usage of per atom binding energy would be a good quantitative measure
for comparison since it subtracts the energy of Li and removes the effect of averaging. In
the energetics of all the analyzed configurations are shown for all the three combina-
tions of SEI components on Li surface. Although, by classical definitions, overpotentials arise
from kinetic constraints, the overpotential, V', that is defined in this work is a numerical form
of the insertion energy and broadly corresponds to that of broadly corresponds to that of the

description provided in [95].
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TABLE VII

Binding energy based overpotential for different SEI grain structures on Li surface

Chemical System  Configuration Total Energy per  Overpotential

atom (eV/atom) (V)

LiF/ Li;O on Li ~ With no added Li -3.632 NA
With one added Li at TPB -3.711 -1.51
With two added Li at TPB -3.763 -1.49
With three added Li at TPB -3.772 -1.47

Li,O/ LiyO on Li  With no added Li —-3.721 NA
With one added Li at TPB -3.770 —-1.44
With two added Li at TPB -3.791 —1.42
With two added Li at Li/SEI inter- -3.813 -1.40
face

LiF/ LiF on Li With no added Li -3.812 NA
With one added Li at TPB -3.880 -1.38
With two added Li at TPB -3.933 -1.37
With two added Li at Li/SEI inter- -3.951 -1.36

face
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The comparison of overpotentials due to Li addition at these interface structures illustrate
that the LiF /LiF GB is the most stable structure on the Li surface of the three, followed by
Li,O/Li,O and lastly the LiF/ Li;O grain structure on Li. This mechanical and electrochem-
ical stability of LiF compared with Li,O could be essential in explaining the relative morpho-
logical stability and better cycling of Li metal anodes with electrolytes such as LiPFg, which
are known to produce LiF during SEI formation.

From it is also evident that by adding Li on to the interface at specific locations
the stability of the SEI structure on the Li surface is improved. This is marked by the reduc-
tion in the overpotential values.

To qualitatively compare the improvement in the stability, the isosurfaces of charge densities
are plotted, specifically close to the interface, and the interaction at the interface between

the SEI and the Li slabs is observed. The isosurface scale is chosen to be 0.001 e/A3for all
the structures analyzed. In the charge density isosurface, yellow indicates regions of charge
gain, and blue indicates regions of charge loss. (a) and b) show the charge
density isosurfaces of the optimized structures shown in [Figure 28} The highly electronegative
fluorine and oxygen lose charge and the Li closer to the interface moves towards the interface
and gains the charge. From the structures shown in we observe more interaction at

the interface after adding additional ad-atoms to the structure.
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M Charge loss Charge gain

Figure 31. Charge density difference maps of LiF/Li,O GB on Li surface, (a) with no added
Li (b) with added Li at the TPB. Purple colored spheres depict Li atoms; red colored spheres

show O atoms and green colored spheres show F atoms. The isosurface scale is chosen as

0.001 e/A3

In [Figure 32| (a-c) and [Figure 33| (a-c) the electron density maps of the Li,O/ Li,O GB and

LiF /LiF GB on the Li surface are shown, respectively. In these structures, addition of Li at
the TPB improves the interaction and electron transfer at the interface making it more fa-
vorable. However, since the GB structures of SEI are made of fractional surfaces of LiF and
Li, O, there is still lesser interaction near the top and bottom of the TPB, which is further

improved by adding more Li into these sites.
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Bcharge loss Charge gain

Figure 32. Charge density difference maps of Li,O/Li,O GB on Li surface (a) with no added
Li(b) with added Li at the TPB (c) with added Li at other interfacial sites. Purple colored

spheres depict Li atoms and red colored spheres show O atoms. The isosurface scale is chosen

as 0.001 e/A3.

Figure 33. Charge density difference maps of LiF /LiF GB on Li surface (a) with no added Li
(b) with added Li at other interfacial sites (c) with added Li at the TPB. Purple colored
spheres show Li atoms and green colored spheres show flourine atoms. The isosurface scale is

chosen as 0.001 e/A3.
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4.2.5 Excess Energy and Stability of TPB

To evaluate the effect of the SEI layer on suppression of the Li dendrite, the favorability cri-
terion for the Li dendrite growth along the TPB is defined based on the energy analysis.
When the Li dendrite grows along the grains of brittle SEI, work is needed to form new in-
terface while the strain energy at the tip of the grain boundary will be released. Since, the
TPBs are the weakest points in SEI structures the excess energy due to TPB is the energy
required by the dendrites to nucleate through the SEI grain structures.

Since the minimum energy surfaces are generally the most stable and naturally formed sur-
faces in the grain structure, the surface energy per unit area of a slab is calculated. The sur-
face energy is calculated as shown in in chapter 2. The calculated surface en-
ergies for the SEI grain structures is shown in and are used in this work to calculate
the GB energies. Similarly, the GB energy density for all the interfaces in the TPB structure
are evaluated. The GB energy density is calculated as shown in [Equation 2.19] in Chapter 2.
The interfacial GB energies for the interfaces between SEI and Li are calculated using the

same relation as shown in [Equation 2.19} by assuming the SEI (LiF/LiF, Li,O/Li,O or LiF /Li,O

as one slab and Li as the second slab. The GB interfacial energy for the SEI/Li interfaces are

as shown in [Table VIIIl The GB energy densities, as shown in [Table V] and [Table VIII] sug-

gest that LiF /LiF GB has a much better stability when compared to Li,O/Li,O both as a
GB and also on Li metal surface, To further enhance this understanding and address the en-
ergies specific to the TPB, the total excess energy due to the formation of the TPB is com-

puted with respect to the energy of the pristine slabs. The excess energy of TPB and the sta-
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TABLE VIII

Surface orientations and GB energies of different SEI GB on Li surface

Chemical System  Li slab surface GB Energy vgp GB density

(mJ/m?) (1/A)
LiF /LiF on Li (001) 28.34 0.161
Li,O/Li,O on Li ~ (110) 75.42 0.153
LiF/Li,O on Li  (001) 11.65 0.148

bility of the interfaces are calculated based on the cohesive energies and the GB interface en-
ergies of the SEI components and Li metal. The excess energy due to the formation of TPBs
is found using The greater is the value of yrpg, the higher is the stability of
the SEI grain structure on Li.

On the basis of for a given SEI grain structure, the excess energy due to TPB
decreases with the increase in GB energy densities of all the interfaces that form the TPB
and the cohesive energies of the SEI components. The excess energy of TPB is calculated

to be -20 eV /A for LiF /LiF GB on Li surface, 4.08 eV /A for Li,O/Li,O on Li surface and
-7.13 eV/A for LiF/ Li,O on Li surface. Although, based on the overpotential, as shown in
LiF /Li50 is less stable on Li surface than Li,O/Li,O, the excess energy of TPB in

Li,O/Li,O on Li surface makes it more susceptible for dendritic nucleation. A strain energy
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per unit length of 4.08¢V/A (Li,O/Li,O on Li TPB) is required at the tip of the dendrite to
penetrate through the TPB and crack open the GB and form a stable dendrite.

A stronger cohesive bonding between the LiF/LiF slab and Li indicates that it is much more
favorable to have LiF /LiF grain structures on the surface of Li than Li,O/Li,O and LiF /Li,0O.
However, since there are various reduction processes that compete with each other on the
formation of SEI, the formation and growth of SEI are kinetically driven and are often con-
strained due to the presence of other grains. They can result in some less stable Li,O/Li,O

and LiF /Li,O forming at the Li surface.

4.3 Summary and Conclusions

The SEI growth rate, structure, composition, and resistance significantly depend upon the
electrolyte composition. Furthermore, the distribution of intercalated/electrodeposited Li
greatly depends on the SEI structure, which defines the subsequent electric potential gradient
and the stress field. In this work, ab-initio DFT based calculations are implemented to under-
stand the distribution of intercalated Li in the SEI grain structures and the stability of SEI
grain structures on Li surface. This provides a detailed understanding on ions intercalation
and dendritic nucleation on the electrode materials. Among the studied GBs, the fastest Li
diffusion rate is observed for the heterogeneous LiF /Li,O GB, comparing to the homogeneous
LiF /LiF and Li,O/Li,O. This is due to the fact that Li multi-atoms coordination inside the
GB is a very favorable structure leading to the multi-atom hopping mechanism more advan-

tageous than any other mechanisms.
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To understand the stability and the mechanical behavior of the SEI/Li interface, interfacial
supercells were constructed by matching the two important inorganic SEI components, LiF
and Li,O, to Li metal, and studied using DFT. Three different GB structures are studied,
and their interface atomic and electronic structures are carefully analyzed. Also, the excess
energies required for the SEI components to crack along their grain boundary (GB) defects
are investigated. The initial observation of these structures suggests that there is a significant
rearrangement in the interfacial layers (first few layers) of Li. The system reaches a meta-
stable state when more Li is added to the GB and/or to the triple-phase boundary (TPB)
between the GB and Li surface. The energetics from the DFT calculations vary significantly
depending upon the grain structures, with LiF /LiF grain structures being the most stable
and LiF /Li,O being the least stable. The calculated energies, with and without vacancies,
The calculated interfacial energy and work of adhesion of each interface revealed that the
LiF /LiF is the most stable on Li metal surface followed by Li,O/Li;O, and the least stable

is LiF /Li,O GB.



CHAPTER 5

SUMMARY AND FUTURE WORKS

This work aims to gain a fundamental understanding of mechano-electrochemical processes
occurring during Li interaction in LIBs by developing and applying numerical computational
methods beyond the-state-of-the-art methodologies. Even though these processes are well-
documented thanks to the prior large number of laboratory tests and field trials, the origin
of each mechanism is still not well understood, especially those linked to the nano-scale. The
interplay of mechanics, electrochemistry and multi-phase transport of Li ions in the electrode
is rather complex and non-intuitive. Therefore, in the present work, a combination of multi-
scale modeling with in-house experimental measurements to enhance a fundamental under-
standing of relevant processes is presented. This gives us an opportunity to fill a fundamental
gap, and it is an important contribution to further LIBs technologies for robust and long-
lasting operation.

At the particle scale, the design of new electrode materials depends greatly on how the lithi-
ation reaction propagates into them. Therefore, this work helps in providing a detailed un-
derstanding of the lithiation mechanism which is central to improving the performance of
electrode materials during the operation of LIBs through the developed continuum scale com-
putational models. In this work, two widely used physics-based models are implemented to
simulate ions intercalation and two different electrode materials (Si and SnO,) are analyzed.

The analyzed stress and morphological changes are compared to TEM experimental measure-

100
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ments to validate the models and the underlying hypothesis about the charateristics shown
by these materials during Li insertion. The continuum models are compared against each
other on the problem of the isotropic expansion in Si electrodes and are extended to more
complicated cases with anisotropic intercalation. From a theoretical standpoint, in the CDSM
model, thermally induced state in the form of stress or strain does not affect thermal diffu-
sivity. The diffusivity only evolves due to concentration (temperature) gradient, whereas the
PEM captures the effect of stresses on mobility through constitutive relations. Based on this
comparison, the need to implement stress effects on diffusion in the CDSM model has been
understood. Thus, the CDSM model is further extended to capture the effects of stress on
diffusion using Sn-based electrode materials.

The results from the FE models have also provided very good insights regarding the mech-
anism of failure and design improvements for the growth of these nano sized electrodes for
high-capacity Li-ion batteries. The origin of lithiation induced anisotropy requires further
discussion. Lithium diffusion in Si is isotropic in amorphous phase. However, crystalline Si
has a directional dependency on diffusion which leads to faster diffusion rates and slips across
the different orientations. This marks the onset of failure in these electrodes. In case of Sn
based electrodes, although there are no directional dependencies the dislocations (pipe dislo-
cations forming the stripes) are generated due to the localized stresses on the surface due to
surface defects and roughness.

At the interphase scale, the modeling work is done using the DF'T method to capture the ion

diffusion through the SEI. The understanding of Li diffusion mechanism and its energetics
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through the SEI is of imperative importance to understand and improve the performance of
Li batteries. For that reason, this work provides a detailed investigation on different aspects
of Li atoms diffusion through the GB of the SEI. A series of NEB calculations are performed
to evaluate the migration barrier of Li for different diffusion paths. Using these values the
diffusion coefficients through the grain boundaries of these structures are evaluated and com-
pared against the available data in literature for corresponding grains.

This critical insight can further be utilized in mesoscale modeling frameworks such as the
phase-field model (PFM) to understand the diffusion, electrodeposition and stress genera-
tion through the grained structure SEI. The stability and the mechanical behavior of the
SEI/Li interface is also analysed to calculate the interfacial energy and work of adhesion of
each interfaces and quantify the energy required to cleave these interfaces due to dendrite nu-
cleation. Since little is known about the actual structure and configuration of the GB in the
SEI of operating cells, the presently investigated GB for the Li diffusion and stability might
be simpler than the real-cell structures. For example, numerous defects and/or impurities
could exist in the local structure of the SEI, which could potentially influence Li diffusivity.
In addition, there are other external factors that could influence Li diffusivity in the SEI,
such as an applied electric field and temperature. However, it is expected that these external
factors would influence Li diffusion through the GB in the same way as through the respec-
tive grains.

Beyond the modeling insights and the extension of these modeling frameworks to mesoscale,

these simulations also provide valuable insights to engineer the SEI with high strength, good
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stability, and desirable Li mobility. The modeling results suggest that Li diffusion through
GBs are faster than the bulk of the grains in SEI. If the SEI layers could be engineered to
have smaller grain structures, the GB surface area is increased significantly. This leads to one
of the most promising approaches in mitigating the dendritic growth in lithium anode and
induce the uniform deposition of lithium. However, this could lead to concerns of stability,
since the GBs are the weak spots in SEI and could be the probable locations of failure on the
Li surface. In order to effectively control this phenomena, a flourine rich SEI (LiF /LiF and
LiF/Li5O) could be engineered on the surface of Li.

Although the relatively low DFT computational cost using 200-300 atoms GB configuration
enables broad range of parametric studies that could suggest new and/or improved strategies
to prevent Li dendrite formation and growth, these theories have to be tested experimentally.
With the growth in experimental techniques such as cryo-TEM [96}|97], it will certainly be
possible to extract some of these information and also test the theories that are drawn from
the current research.

It is also common in the higher hierarchy cell-level models to represent the SEI as a constant
resistance ignoring its chemistry and transport properties. However, incorporating the details
of the ion diffusion and the detailed SEI chemistry into battery cell-level models, in a more
fundamental manner, could enable the profound investigation of the SEI influence on battery
performance and efficiency. Thus, the results from the present work, in addition to revealing
the diffusion mechanism and the dendrite nucleation and growth mechanism of Li in the GB

of the SEI, is a step forward towards more robust cell models and future efforts could be di-
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rected towards utilizing these physics based models to identify more realistic parameters for

cell level degradation studies.
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Appendix B

DFT STRUCTURES

The following supplementary information provides details of the bulk crystal structure, the
slabs of minimum energy surfaces, the hopping mechanism of Li diffusion through the GB
structures and the additional DFT calculation resulting of atomic rearrangements due to the

addition of Li in TPB structures.

Figure 34. Bulk structures of individual components in the SEIL. (a) LiF, (b) Li,O and (c)
Li,CO;4 (Pink colored spheres depict Li atoms, red colored spheres show F atoms, and red

colored spheres illustrate O atoms)
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Figure 35. Vacuum slab structures of minimum energy surfaces: (a) LiF, (b) Li,O and (c)
Li,CO4 (Pink colored spheres depict Li atoms, red colored spheres show F atoms, and red

colored spheres illustrate O atoms)

Initial position Final position

Figure 36. Multi-atom hopping mechanism of Li diffusion through the GB of LiF /Li,O.
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Figure 37. (a) Initial and final optimized structures of LiF/Li,O GB on Li surface with no
added Li at the TPB. (b) Initial and final optimized structures of LiF/ Li,O GB on Li with
one added Li at TPB. (c) Initial and final optimized structures of LiF/Li,O GB on Li with
two added Li at TPB. (d) Initial and final optimized structures of LiF /Li,O GB on Li with
two added Li at TPB. Pink colored spheres depict Li atoms; red-colored spheres show O

atoms and green colored spheres show F atoms. The added Li atoms are shown in blue.
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Figure 38. (a) Initial and final optimized structures of Li,O/Li,O GB on Li surface with no
added Li atom at the TPB. (b) Initial and final optimized structures of Li,O/Li,O GB on Li
with one added Li at TPB. (c) Initial and final optimized structures of Li,O/Li,O GB on Li
with one added Li at TPB. (d) Initial and final optimized structures of Li,O/Li,O GB on Li
with two added Li at other sites in the interphase. Pink colored spheres depict Li atoms, and

red-colored spheres show O atoms. The added Li atoms are shown in blue.
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Figure 39. (a) Initial and final optimized structures of LiF /LiF GB on Li surface with no
added Li at the TPB. (b) Initial and final optimized structures of LiF /LiF GB on Li with
one added Li at TPB. (c) Initial and final optimized structures of LiF /LiF GB on Li with
one added Li at TPB. (d) Initial and final optimized structures of LiF'/LiF GB on Li with
two added Li at other sites in the interphase. Pink colored spheres depict Li atoms, and

green colored spheres show F atoms. The added Li atoms are shown in blue.
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Appendix C

SAMPLE VASP INPUTS

Listing C.1. INCAR

120

SYSTEM = Li20_compact
ISPIN =1

LSORBIT = .FALSE.

PREC = Accurate

ENCUT = 400

ALGO = Normal
EDIFF = 0.000100
NELMIN = 2

NELM = 60

TIME = 0.400000
ISMEAR = 0
SIGMA = 0.200000

NBANDS — using default

IBRION = 2
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19 NSW = 100
20] POTIM = 0.500000

21| ISIF = 2

22| EDIFFG

—0.010000

24| LCHARG = .FALSE.

25| LWAVE = .TRUE.

26| LELF = .FALSE.

27 LVIOT = .FALSE.

28] LVHAR = .FALSE.

30| NCORE=4

31| KPAR=1

Listing C.2. KPOINTS

KPOINTS file

210

3|Gamma—centered

4 4 1

ot

000

Listing C.3. POSCAR

11Li O



ot

-3

co

o

16

17

18

1.0

6.588597131230

—3.294298565620

0.000000000000

5| Li O

24 12

Selective dynamics

Direct

0.333333333333

0.500000000000

—0.000000000000

0.500000000000

0.000000000000

0.666666666667

0.166666666667

0.166666666667

0.833333333333

0.333333333333

0.833333333333

0.333333333333

0.666666666667

—0.000000000000

0.500000000000
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0.000000000000

5.705892490950

0.000000000000

0.166666666667

0.500000000000

0.500000000000

0.000000000000

0.000000000000

0.833333333333

0.833333333333

0.333333333333

0.666666666667

0.666666666667

0.166666666667

0.166666666667

0.333333333333

0.500000000000

0.000000000000

0.000000000000

0.000000000000

23.069350546100

0.491773348149

0.783262212345

0.783262212345

0.783262212345

0.783262212345

0.724964439506

0.724964439506

0.724964439506

0.666666666667

0.666666666667

0.666666666667

0.666666666667

0.724964439506

0.608368893827

0.608368893827
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38

39

10

41

13

44

0.

.000000000000

666666666667

.166666666667

666666666667

.166666666667

.833333333333

.333333333333

.833333333333

.500000000000

.500000000000

.000000000000

.833333333333

.333333333333

.833333333333

.166666666667

.666666666667

.166666666667

666666666667

—0.000000000000

0.

0.

333333333333

500000000000
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.000000000000

.833333333333

.833333333333

.333333333333

333333333333

.666666666667

666666666667

.166666666667

.500000000000

.000000000000

.000000000000

666666666667

.666666666667

.166666666667

.333333333333

.833333333333

.833333333333

.333333333333

.500000000000

.166666666667

.500000000000

.608368893827

.550071120988

.550071120988

.550071120988

.550071120988

491773348149

491773348149

491773348149

.608368893827

.695815553086

695815553086

.579220007408

.579220007408

.579220007408

.462624461729

.462624461729

.462624461729

.462624461729

695815553086

.579220007408

.695815553086
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Listing C.4. INCAR for NEB

124

—_

# Basic setup:

[\

SYSTEM = NEB_Li20

3| ISPIN = 2

LSORBIT = .FALSE. # not

# Accuracy controls:

ot

6| PREC = Accurate

7| ENCUT = 400

0¢]

10| EDIFF = 0.000100

11| NELMIN = 2

12] NELM = 60

13| TIME 0.400000

14] ISMEAR = —4
15|14 NBANDS — using default

16|# Relaxation control:

using Hubbard U

# Electronic loop controls:

9] ALGO = Normal # Normal (Davidson)

# Tetrahedron method

17| IBRION = 1 # Quasi—Newton (RMM-DIIS)

18] NSW = 100

19 POTIM = 0.500000

20| ISIF = 2 # lons
21| EDIFFG = —0.010000
22|# NEB controls:

23] IMAGES = 5




SPRING = —5.000000

LCHARG .FALSE.

LWAVE = .FALSE.

LELF = .FALSE.

LVIOT = .FALSE.

LVHAR = .FALSE.
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