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ABSTRACT

Electrochemical systems are ubiquitous in our modern lives in many forms, including energy
storage and conversion devices like batteries and fuel cells, which enable our modern consumer
electronics and underpin our shift away from fossil fuels, and corrosion, which affects many
metallic structures. However, the physical phenomena that underlie the working of such systems
often involve several mechanisms spanning multiple length scales. Due to this complexity, the
research and development (R&D) of electrochemical systems has been challenging. The goal of
this Ph.D. dissertation is to accelerate the R&D of electrochemical systems by adopting a Materials
Genome Initiative (MGI)-based approach, which integrates modern computational tools and data-
driven methods with experiments. The approach is employed to achieve four goals. The first is to
implement modeling and simulation techniques that incorporate the relevant physics and solve the
resulting mathematical model in complex geometries. This aspect also includes a machine-
learning-based automated parameterization algorithm developed to determine unknown model
parameters. The second is to generate insights into the behavior of the system, especially into the
characteristics like the reaction current density distribution that cannot be easily obtained via
experiments. The third is to optimize the system design for superior performance by exploiting
these insights. The last goal is to reduce the computational cost associated with the approach by
developing analytical and semi-analytical frameworks. These goals are achieved to varying extents
for Li-ion batteries, Mg alloys undergoing microgalvanic corrosion, and solid oxide fuel cells.
For Li-ion batteries, the tradeoff between the energy density and fast-charging capability

in conventional electrodes is overcome by employing a novel-electrode architecture and studying

XiX



its effect on the fast-charging performance using electrode-level simulations parameterized by
machine learning. The novel architecture is formed by ablating vertical channels along the
thickness of the electrodes with laser, and it is referred to as the Highly Ordered Laser-Patterned
Electrode architecture. Simulations and theoretical analyses resulted in scientific understanding
and an approach to optimizing such an architecture. For Mg alloys, an open-source software
application in PRISMS-PF has been developed to simulate the microgalvanic corrosion behavior.
Using the application, the effect of the electrochemical properties and the spatial distribution of
second phases on the corrosion behavior is elucidated, and design strategies are devised for the
alloy microstructure to minimize the corrosion rate. Finally, for solid-oxide fuel cells, the
impedance behavior of a mixed ion-electron conducting cathode with an experimentally
determined microstructure is simulated, and the effect of material properties on the impedance
behavior is studied. Furthermore, the Adler-Lane-Steele model, a widely used analytical model for
determining the impedance response, is extended to account for the spatial variation of the

vacancy-concentration amplitude due to the reaction at the pore/solid interface.
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CHAPTER 1

Introduction and Motivation

1.1 Motivation

Electrochemical systems involve conversion of electrical energy into chemical energy or
vice versa. They play a major role in our modern lives due to their application in critical
technologies, including energy storage and conversion devices like batteries and fuel cells,'”’

0 and seawater desalination,!! and

industrial processes like electrorefining,® electroplating,®!
technological devices such as sensors,'? as schematically shown in Figure 1.1. In addition to these
applications, the understanding of electrochemistry also enables strategies to protect against the
corrosion of structural components.!®> The importance of electrochemical systems can also be

judged based on their economic impact on the modern world. For instance, the global market sizes

for rechargeable batteries and fuel cells in 2020 were around $120 billion and $7 billion,

14,15 15,16

respectively, and are expected to grow at a compound annual growth rate of > 5%.
Furthermore, the annual loss due to corrosion is estimated to be about 3.4% of the global GDP, or
$ 3.5 trillion.!® In addition to their economic impact, electrochemical systems have a major role to
play in the adoption of renewable energy resources because they enable the generation and storage

of electricity from renewable energy, thereby overcoming the intermittency issues associated with

such resources.
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Figure 1.1. A schematic representation of various applications of electrochemistry in the modern world.

Despite the significant impact of electrochemical systems on our modern lives, their
research and development have been challenging due to a complex interplay among the underlying
mechanisms that span multiple length scales. For instance, in the last 3 decades, the specific energy
density of Li-ion batteries (LIBs) has only increased fourfold (300 Wh/Kg vs. 75 Wh/Kg),!7-18
while the transistor count on central processing units increased by a factor of 10° in the same
duration.!” A key reason limiting the progress is the strong coupling between the three fundamental
aspects, namely, thermodynamics, reaction kinetics, and transport kinetics, on the performance of
the system. For instance, changing the active material in a LIB electrode alters all three aspects,

which makes it challenging to predict the subsequent effect on the battery performance without



exhaustive experiments, which are both time and resource consuming. Thus, to accelerate the
research and development of electrochemical systems, a Materials Genome Initiative (MGI)*°-
based approach is needed, which involves the integration of computational tools and data-driven
methods with experiments and the open sharing of data. Figure 1.2 shows the key aspects of MGI
schematically.?

Such an approach not only enables a high-throughput exploration of the vast design space,
but also facilitates the determination of quantities that are difficult to measure. For instance,
experimental monitoring of the evolution of the Li concentration distribution in a LIB electrode
requires sophisticated measurements involving operando X-ray diffraction computed
tomography.?! Despite the sophistication of these measurements, the spatial and temporal
resolutions are often limited, especially in 3D. On the other hand, the same information can be
obtained with much higher resolution via electrode-level modeling,?*2* provided that the

underlying model is representative of the electrode under consideration.

Computational
Tools
Experimental Digital
Tools Data

Figure 1.2. A schematic showing the overview of the Materials Genome Initiative approach, which involves
the integration of experiments, computation, and data-driven methods. Reproduced with permission from
Ref. 20. Public domain.



In this dissertation, an MGI-based approach is implemented for three electrochemical
systems: LIBs, Mg alloys undergoing microgalvanic corrosion, and solid oxide fuel cells (SOFCs),
as shown in Figure 1.3. It details the computational tools and data-driven methods employed to
study these systems, along with a comprehensive discussion of the results. The data generated here
is also shared publicly on Materials Commons, an online repository for collaboration and open
sharing of data.’> The corresponding experiments, wherever required, are carried out by our
collaborators, and only their summary is provided here. For LIBs, the intrinsic tradeoff between
the energy density and fast-charging capability in conventional electrodes is overcome by
employing a novel electrode architecture, called Highly Ordered Laser-Patterned Electrode
(HOLE),*>?* formed by ablating channels into the electrode. Electrode-level simulations
parameterized by machine learning are carried out to understand the effect of the HOLE
architecture on the 15- and 10-minute (4C and 6C) fast-charging performance of energy-dense
LIBs. Subsequently, the architecture is optimized for the best fast-charging performance, and a
theoretical framework is developed to reduce the cost of associated computation.

For Mg alloys, microgalvanic corrosion (a form of localized corrosion) is studied by phase-
field modeling, wherein simulations are conducted to isolate the effect of the corrosion parameters
and the spatial distribution of second phases in the alloy, as well as the environment, on the
microgalvanic-corrosion behavior. Based on the simulation results, strategies for corrosion
mitigation are proposed. Furthermore, an open-source software application®® is developed within
the PRISMS-PF framework?’ to simulate the microgalvanic corrosion, which is shared with the
materials-science community. Finally, for SOFCs, a continuum-scale model is developed to
determine the effect of the material properties on the impedance behavior of mixed ion-electron

conducting SOFC cathodes with an experimentally determined microstructure. In addition, the



Adler-Lane-Steele model, a widely used analytical model for determining the impedance response,
is extended to account for the spatial variation of the vacancy-concentration amplitude caused by

the reaction at the pore/solid interface.

LIBs Corrosion

7.4 um

um

Figure 1.3. Examples of the three electrochemical systems,namely, Li-ion batteries (LIBs), Mg alloys
undergoing microgalvanic corrosion, and solid oxide fuel cells (SOFCs), investigated in this dissertation.

1.2 Dissertation overview

This dissertation consists of eight chapters, and a brief description of each chapter is
provided in the following text. In Chapter 2, we provide the background on each electrochemical
system examined here and the mechanisms that underlie its operation. We also describe the
mathematical equations used to model the basic physical processes, including the ionic transport
in a binary electrolyte, the electrochemical reaction kinetics, and electronic transport in the
electrode. Note that these equations are tailored to the physical system under consideration in the
following chapters.

In Chapter 3, we describe the numerical methods used to solve the model equations, which
include the finite difference method, the finite element method, and the smoothed boundary

method. For each method, we provide an example to illustrate the application of the method.



In Chapter 4, we elucidate the effect of laser patterning of the graphite anode on the 4C
and 6C fast-charging performance of energy-dense LIBs via electrode-level modeling. We present
the model equations used to simulate the effect of the HOLE architecture formed by laser
patterning and describe the parameterization process, including machine learning-based
automation. Using the simulation results, we show the effect of the HOLE architecture on the
electrolyte concentration and the reaction current density. In addition, we provide a summary of
the corresponding experimental result to complement the discussion.

In Chapter 5, we use the parameterized model obtained in Chapter 4 to identify the optimal
inter-channel spacing for the architecture at a fixed volume retention and explain its characteristics
using the second Damkdhler number. We also develop a semi-analytical framework to reduce the
computational cost associated with identifying the optimal configuration and demonstrate its utility
in determining the optimal HOLE design for 6C charging.

In Chapter 6, we investigate the microgalvanic corrosion behavior observed in Mg alloys
by phase-field modeling. We provide details on the model equations and parameters and then
present the results for sensitivity analyses that investigate the effect of the exchange current density
and the corrosion potential of second phases on the corrosion behavior. In addition, the effect of
the electrolyte conductivity is also discussed. Finally, we elucidate the influence of the spatial
distribution of second phases in the microstructure on the corrosion behavior.

In Chapter 7, we study the impedance behavior of a SOFC cathode using microstructure-
level modeling. Details such as governing equations, nondimensionalization, and numerical
implementation are presented, along with the simulation results. The simulations elucidate the
effect of the surface reaction on the spatial variation of the vacancy-concentration amplitude.

Furthermore, the results elucidate the effect of the material properties and the frequency of the



applied load on the effective tortuosity of the cathode. In addition, we extend the well-known
Adler-Lane-Steele (ALS) model*®?* to account for the spatial variation of the concentration
amplitude. Finally, in Chapter 8, we summarize the dissertation and discuss the future work that

can be built upon this dissertation.

1.3 Author contributions

Chapters 4 and 5 are based on three manuscripts, Chen et al. (Journal of Power Sources
471 (2020) 228475),2 Goel et al. (Energy Storage Materials 57 (2023) 44),2* and Goel et al.
(MethodsX 8 (2021) 101425).3° The experimental portion of the work presented in these
manuscripts were conceived by N. P. Dasgupta and J. Sakamoto, while K. Thornton envisioned
the computational studies. K.-H. Chen and M. J. Namkoong performed experiments for
electrochemical characterization under the supervision of N. P. Dasgupta and J. Sakamoto. C.
Yang carried out the laser ablation under the guidance of J. Mazumder. S. Kazemiabnavi and S.M.
Mortuza initially implemented the modeling approach. V. Goel further developed the modeling
approach by introducing the automated parameterization capability and by implementing
anisotropic ionic transport in the electrolyte and then used the model to conduct simulations and
analysis under the guidance of K. Thornton. All the respective authors of the manuscripts reviewed
and edited them.

Chapter 6 is based on two manuscripts, Goel et al. (MRS Communications (2022)
12:1050),*! and Goel et al. (submitted to Journal of Electrochemical Society, in revision).2® K.
Thornton and D. Montiel conceived the study presented in this chapter. V. Goel developed the
open-source software application?® in PRISMS-PF,?” performed the simulations, and conducted

the analysis under the supervision of K. Thornton. D. Montiel contributed to the development the



application through regular discussions and software troubleshooting. The development effort also
involved Y. Lyu during the early stage of the project. All the respective authors of the manuscripts
reviewed and edited them.

Chapter 7 is based on Goel et al. (Frontiers in Chemistry (2021) 9:627699).32 K. Thornton
and S.A. Barnett conceived the study. V. Goel performed the simulations and conducted the

analysis under the supervision of K. Thornton. All the authors reviewed and edited the manuscript.



CHAPTER 2
Background

2.1 Li-ion batteries

Li-ion batteries (LIBs) are the key rechargeable-battery technology that has ushered in the
age of consumer electronics, electric vehicles (EVs), and grid-storage systems that enable the
utilization of renewable energy sources like solar and wind into our energy mix.!* LIBs enabled
these technologies because of their high energy density, high voltage, low self-discharge, moderate
fast-charging capabilities, and moderate cycle life.!”* Commercial LIBs are in three main form

factors, namely, cylindrical, prismatic, and pouch formats, as shown in Figure 2.1,%

and range
from 1 Ahto 100 Ah in charge capacity. On the other hand, LIBs used in research and development
are typically limited to the coin-cell (also shown in Figure 2.1) and pouch-cell formats with a
charge capacity up to 1 Ah. Irrespective of the form factor of a LIB, its building block remains the
same. A LIB building block typically consists of three components, namely, a cathode, an anode,
and a separator,'* as shown in Figure 2.2.3 By convention, the cathode and anode in rechargeable
batteries are defined as the electrodes where reduction and oxidation take place during discharging,
respectively, and the same nomenclature is followed for charging.®®> All three components typically
have porous structures in state-of-the-art LIBs.?® These pores are filled with a liquid electrolyte
that enables the Li-ion transport. The solid region in the electrode comprises of three constituents:

an active material, which stores Li; a carbon additive, which enhances the electronic conductivity

of the electrode; and a polymer binder. which binds the solid constituents together.*® The binder



also ensures adhesion of the solid region to the current collector, a metallic foil that collects the
current produced by electrochemical reactions.*® The solid region in the separator consists of only
a polymer material, which ensure electronic isolation of the two electrodes and provides the

required mechanical integrity.
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Figure 2.1. A schematic showing the following formats of Li-ion batteries: (a) cylindrical cell, (b) prismatic
cell, (¢) coin cell, and (d) pouch cell. Reproduced with permission from Ref. 33. Copyright 2001, Springer
Nature Limited.

Figure 2.2a shows the operation of a LIB during charging. The application of an external
power source to the LIB causes an electrochemical reaction at the active material/electrolyte
interface in the cathode that leads to the generation of Li ions and electrons.!* The Li ions and
electrons travel inside the cell through the electrolyte and externally through the circuit,

respectively, to reach the anode.!* At the anode, another electrochemical reaction occurs at the
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active material/electrolyte interface that consumes the incoming Li ions and electrons.!* The exact

opposite process takes place during discharging of a LIB,"* as shown in Figure 2.2b.

a) Charging b) Discharging

Current collector

Cathode

Separator

Figure 2.2. A schematic showing the basic structure of a Li-ion battery, along with the motion of Li ions
and electrons during (a) charging and (b) discharging. This schematic is adapted from Chen et al.**

The active material is typically an intercalation material that has a relatively open lattice,
in which Li ions can be reversibly inserted and removed without any significant change in the
crystal structure of the material.>” The insertion and extraction of Li ions into and from the host
material is called lithiation and delithiation of the active material (or the electrode), respectively.
The intercalation materials for the cathode typically include metal chalcogenides like LiTiSo,
transition metal oxides, like LiCoO> and LiNii;3Mn;3Co01302, and polyanion compounds like
LiFePO4.?” The candidates for the anode active materials are typically carbon based like graphite
and hard carbon, along with some transition metal oxides like LisTisO12.3” Note that there exist
other types of active materials known as the conversion materials, where the crystal structure
changes significantly upon lithiation or delithiation.’” However, the work carried out in this

dissertation focuses on intercalation materials for both electrodes.
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A typical reversible -electrochemical reaction that takes place at the active

material/electrolyte interface in the cathode is as follows:*

LiMO, = xLi* + Li;_ MO, + xe™, @.1)

where M is a transition metal like Co. The reaction at the active material/electrolyte in the anode

is as follows:3°

xLi* + C4 + xe” = Li,Cq. (2.2)

Thus, the full cell reaction can be written as>®

LiMO, + C¢ 5 Li; 4MO, + Li,Cy. 2.3)

The work carried out in this dissertation focuses on the intrinsic tradeoff between the
energy density and fast-charging capability of LIBs. To build compact and light batteries, i.e.,
batteries with high energy density, thick electrodes with low porosities are needed. Gallagher et
al.’® showed this effect of the cathode thickness and porosity on the volumetric energy density of
a LiNigsMno.2C00.202 (NMC622)/graphite cell with a fixed anode porosity, as reproduced in Figure
2.3a.>® However, designing such electrodes severely limits the charging rate, measured in terms of
C-rate (a rate of xC means that the charging/discharging time is x/ hrs). As shown in Figure 2.3b
(from Gallagher et al.’®), the C/3 discharge capacity sharply decreases when the galvanostatic
charge rate is increased from C/3 to 1C for cells with the cathode loading greater than 3.3
mAh/cm?.3® In these cells, the anode loading is also increased concomitantly to maintain the
negative-to-positive capacity (N/P) ratio to be greater than 1, which is commonly done in
commercial cells. Furthermore, on continued 1C charging, the discharge capacity of the cells
continues to degrade. The same phenomenon is observed for the cell with the cathode loading of

3.3 mAh/cm? at the charge rate of 1.5C, as shown in Figure 2.3b.38 Thus, not only the full design
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capacity is not accessed, but the observed discharge capacity also decreases with continued
cycling. The reason behind this degradation in the discharge capacity (commonly referred to as the
capacity fade) is reported to be severe Li plating on the graphite electrode, as shown in Figure
2.3¢,*® whereby Li ions, instead of intercalating in graphite particles, deposit on the particle surface

in the form of metallic Li.>°

u < Chlar eriate: él3 I 611 I I1.50 I
6% — . §e[e : : ]
- = M N
=5 // a E 5l < - ' mAh/cm® |
= = 3 / £ "'-\-N,.J | 6.6
< 600+ > |~ 55
z / 'S4t %}I-H{.};% |44
g o A 2 sERRLT | ——33
QO 550 —a— 34.5% Cathode Porosity o, ; ARRRAS (22
g —e— 27% Cathode Porosity o ;
s —=u— 20% Cathode Porosity & I L i .
= < ob ; ! LT
3 w01 52 e
o A L2 I s 1f
= ! |
] - o 1r .
450 i i Porosity Anode = 22% clonst. o ) ) ) ) ) ) ) )

T T T
40 60 80 100 120 140 0 100 200 300 400 500 600 700
Single Side Cathode Thickness (um) Cycle Number

s 2.2 mAh/cm? 3 3.3 mAh/cm?

4.4 mAh/cm?

Figure 2.3. (a) Volumetric energy density of a LiNio.sMno2C00.20, (NMC622)/graphite cell calculated as a
function of cathode thickness and cathode porosity. (b) C/3 Discharge capacity of cells with different
cathode loadings at various charging rates. (c) Optical images of the graphite electrode extracted out of the
cells with three different cathode loadings after cycling. The silver deposit on the electrodes is the plated
Li. Reproduced with permission from Ref. 38. Copyright 2015, the authors. Published by ECS.

To overcome this tradeoff between the energy density and fast charging capability, we

22,24

investigate the effect of employing the HOLE architecture on the fast-charging performance
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of the graphite anode by employing electrode-level modeling in Chapters 4 and 5. Figure 2.4 shows

a schematic of the HOLE architecture.
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|
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Figure 2.4. Schematic of the Highly Ordered Laser-patterned Electrode (HOLE) architecture formed by
ablating vertical channels in the electrode using laser. Reproduced with permission from Ref. 22. Copyright
2020, Elsevier B.V.

2.2 Microgalvanic corrosion in Mg alloys

Corrosion is a natural process that converts metals and alloys into more chemically stable
species. Galvanic corrosion is a special type of corrosion that occurs when metals or alloys with
different electrochemical potentials are joined together and placed in contact with an electrolyte.*’
In such a system, a galvanic cell forms, where the metal undergoing corrosion acts as the anode
due to its lower electrochemical potential, and the other metal acts as the cathode because of its
higher electrochemical potential.** The contact between the two metals provides an electronic
pathway, while the electrolyte provides an ionic pathway to complete the cell, as shown
schematically in Figure 2.5a. Figure 2.5b shows an example of galvanic corrosion in a screw-nut
pair, where the nut corrodes due to its galvanic coupling with the screw.*! When this phenomenon
is observed in the microstructure of an alloy due to the difference in the electrochemical potentials

of constituent phases, it is called microgalvanic corrosion.
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a) b)

Cathode

Figure 2.5. (a) A schematic representation of the galvanic corrosion of Zn due to its coupling with Fe in an
aqueous environment. Zn ions dissolve from the anodic region, creating electrons that travel to the cathodic
region and reduce oxygen to form water at the cathode/electrolyte interface. (b) An example of the galvanic
corrosion, where the nut corrodes due to its galvanic coupling with the screw. The figure (b) is reproduced
with permission from Ref. 41. Copyright 2016, National Council of Structural Engineers Associations.

Microgalvanic corrosion is observed in many alloys, including steels,**** Al alloys,* Mg

5152 1t is one of the most common forms of localized corrosion in

alloys,*-% high-entropy alloys.
Mg alloys that severely limits their widespread adoption.*® Barring poor corrosion resistance, Mg
alloys are a leading candidate for the lightweighting of automobiles because they exhibit the
highest strength-to-weight ratio.*® Figure 2.6 shows the progression of the microgalvanic corrosion
in the AZ91 alloy.> Note how the Mg-rich matrix (or the a phase) undergoes corrosion, while the
second phase, also called the f phase, remains uncorroded. Thus, the @ and f phases act as the
anode and the cathode, respectively, in the microgalvanic couple that formed in the microstructure.
The roles of various phases are decided by their electrochemical potentials, which, in turn, are

determined by the composition and the structure of the phase. For instance, in Mg-Ca alloys, the

B (precipitate) phase acts as the anode and the a (matrix) phase acts as the cathode.®’
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Figure 2.6. The SEM image of an AZ91 alloy sample after (a) 1 hr and (b) 18 hrs of immersion in IN (or
1M) NacCl solution (at different locations in the same sample). Reproduced with permission from Ref. 53.
Copyright 2008, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. Distinct regions in the
microstructures are noted in both (a) and (b). The location of corrosion initiation is highlighted in (a) with
an arrow.

The typical anodic reaction during the microgalvanic corrosion is that of Mg oxidation.

Thus, at the a/electrolyte interface, where « is the anode, the following occurs.*®

Mg = Mg?* + 2e. (2.4)

The cathodic reaction at the f/electrolyte interface in aqueous electrolytes can either be the
hydrogen evolution reaction (HER) or the oxygen reduction reaction (ORR) depending on the pH

of the electrolyte. In acidic electrolytes, the HER takes place, which can be expressed as*
2H,0 + 2e~ s H, + 20H", (2.5)
while in alkaline electrolytes, the ORR occurs*:

0, + 2H,0 + 4e~ = 40H". (2.6)

Consequently, the full-cell reaction in acidic electrolyte is*®
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Mg + 2H,0 = Mg(OH), + H,, (2.7)

while that in alkaline electrolytes is*®

2Mg + 0, + 2H,0 = 2Mg(OH),. (2.8)

In the absence of any externally applied current, the net current of the microgalvanic couple
is zero because the anodic and cathodic currents balance each other. Thus, the corrosion rate is
determined by either of the currents. It is also common to convert current into mass loss per unit
time or thickness loss per unit time for a fixed cross-sectional area.*® The rate of microgalvanic
corrosion (or the corrosion current) in Mg alloys is heavily dependent on the alloy microstructure,
electrochemical properties of various phases in the microstructure, and the surrounding
environment.?”3%3134 Duye to this dependence, predicting and analyzing the corrosion behavior
becomes challenging, especially with an experiments-only approach. For instance, heat treating an
alloy not only alters its microstructure, but also changes the composition of the phases, which can
affect their electrochemical properties. Thus, to decouple the effect of the above factors on the
corrosion behavior of Mg alloys, we carry out phase-field simulations in Chapter 6. Specifically,
we study the effect of the corrosion potential and the exchange current density of the § phase, the
electrolyte conductivity, and the spatial distribution of the  phase in the microstructure on the

corrosion dynamics.

2.3 Solid oxide fuel cells

Solid oxide fuel cells (SOFCs) are electrochemical devices that convert chemical energy

stored in Oz and a fuel (like Hz or CHa) into electrical energy with higher efficiency (> 55%) than
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conventional heat engines (< 40%).%>-7>* This mode of operation is known as the fuel cell mode.
SOFCs can also be efficiently operated in the opposite direction to convert electrical energy into
chemical energy, also known as the electrolysis mode.>”” Due to this reversible operation
capability, SOFCs can play a major role in integrating renewable energy sources into our energy
mix. For instance, they can be operated in the electrolysis mode during daytime, where the solar
energy is used to produce a fuel like H», and then in the fuel cell mode at night to generate
electricity from the produced fuel.’

A SOFC consists of two porous solid electrodes (cathode and anode) placed on either sides
of a solid electrolyte.® During the operation of a SOFC cell in the fuel cell mode, an oxidizing gas
(e.g., oxygen) is reduced at the cathode by the electrons generated from the oxidation of fuel gas
(e.g., hydrogen) at the anode and transported via an external circuit. The resultant oxygen ions then
diffuse through the ion-conducting electrolyte and react with the hydrogen ions at the
anode/electrolyte interface, thereby generating water and power, as shown in Figure 2.7a. At the

cathode, the following reaction takes place in the fuel cell mode:®

0, + 4e~ 5 20%7, (2.9)

while at the anode, fuel oxidation occurs as®

2H, + 20?2 5 2H,0 + 4e". (2.10)

Therefore, the full cell reaction is as follows.® In addition, the electrolysis mode is shown in Figure

2.7b.

2H, + 0, < 2H,0. @2.11)
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Figure 2.7. A schematic of a solid oxide fuel cell (SOFC) operating in (a) the fuel cell mode and (b) the
electrolysis mode.

The conventional SOFC cathodes like (La,Sr)MnOs; (LSM) are purely electronic
conductors.>® Therefore, an ionically conducting material like yttria-stabilized zirconia (YSZ) is
added to the cathode to facilitate ionic transport.>> Thus, the oxygen reduction process is limited
to the triple phase boundaries, where the three phases, namely, the gas phase, the electronically
conducting phase, and the ionically conducting phase meet.>®> Due to this limitation, the operation
of SOFCs requires temperatures between 800 and1000°C, which delivers the required performance
by increasing the reaction rate coefficient to compensate for the limited surface area. However,
such high temperature requirement makes them cost-ineffective.’® One way to mitigate this issue
is to employ mixed ion and electron conductors (MIEC) as the cathode material. In such cathodes,
the oxygen reduction reaction can take place anywhere on the cathode/gas interface, leading to

faster reaction kinetics at a given temperature.’>>® However, the performance of such mixed-
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conducting cathodes is co-limited by the diffusion of oxygen ions in the bulk of the cathode and
the rate of oxygen reduction at the cathode surface.’’ This co-limitation is studied here by
simulating the electrochemical impedance response of an MIEC cathode with experimentally
determined microstructure in response to various frequencies of the applied AC load and material
properties, such as the bulk diffusivity of oxygen ions and the reaction rate constant of the
reduction reaction. Subsequently, their effect on the effective tortuosity of the microstructure is

also elucidated. The results are discussed in detail in Chapter 7.

2.4 Governing equations

In this section, mathematical equations that represent the general physical phenomena
observed in electrochemical systems, such as the electronic transport in a solid, the ionic transport
in a binary electrolyte, and the solid-state diffusion of neutral species are discussed. These
equations are modified according to the system under consideration in the following chapters.
Furthermore, the equations used to model the electrochemical impedance response of a general

system are also provided.

2.4.1 Electronic transport

The electronic current density, iy, resulting from an electrostatic-potential gradient in the

solid phase can be written as®
i, = —o,Vd,, (2.12)

where o5 and @, represent the electronic conductivity and the electrostatic potential of the solid

phase, respectively. This equation is used with modifications in Chapters 4 and 5.
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2.4.2 Ionic transport in a binary electrolyte

An electrolyte that contains only one solvent and one salt is called a binary electrolyte.?
Thus, in such electrolytes, only one anionic and one cationic species are present. The motion of
these ions results in ionic current in the electrolyte. There can be three driving forces for the ionic
current, namely, migration, diffusion, and convection.’ Migration refers to the motion of ions
under the influence of an electrostatic-potential gradient. Diffusion refers to ionic transport due to
the concentration gradients in the electrolyte. Convection refers to ionic motion due to the bulk
movement of the electrolyte. The net current density in the electrolyte, i,, is a sum of the current

densities due to these three forces, as shown in Eq. 2.13.%
ie — szZjN]TDt, (213)

where z; and N]-T"t are the charge number and the total flux of the j* species, and F represents the

Faraday’s constant. Since there are only two ionic species in the binary electrolytes, the subscript

J has two values; j = + and - represent the cation and the anion, respectively. As stated above,
the total flux for each ionic species is a sum of the migration (N]I.mg ), diffusive (N]l.)if ! ), and
convective fluxes (N]-C‘"”’). Thus,?
Tot _ pyMig Diff Conv (2.14)
N;®" =N77+ N7 + N,

The three types of fluxes can be written as®

Mi
N] = —Zju]'CjFVd)e, (215)
NI = —p,v¢;, and (2.16)
Jj ] "]
NjComJ — ije' (2.17)
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where u;,

¢j, and D; represent the mobility, concentration, and diffusivity of the j* species,
respectively. Furthermore, @, and v, represent the electrostatic potential and the bulk velocity of
the electrolyte. Substituting Eqs. 2.14 to 2.17 into Eq. 2.13 results in the following expression for
i,

io = F5(—2*uc;FV®, — zD;Vc; + z;cjv,). (2.18)
It should be noted that the condition of electroneutrality can be applied to such electrolytes, which

necessitates that3?

_ 2.19

Thus, by the virtue of electroneutrality, the last term of Eq. 2.18 becomes zero. Therefore, in an
electrically neutral electrolyte, the bulk motion does not cause a net current. Thus, Eq. 2.18
becomes??

i = =2z F2u;c;V®, — £zFD;Vc;. (2.20)

The coefficient of the first term on the right hand side (RHS) of Eq. 2.20 is defined as the
electrolyte conductivity, as’

K, = Z]ZJZFZU.]C] (221)
Next, we consider the mass transport of ions in the electrolyte. The condition of mass
conservation for each ion necessitates that®

“J__y. N},Tot, (2.22)

in the absence of any source or sink of ions in the electrolyte, such as a reaction. Substituting the
expression for NjTOt into Eq. 2.22 gives®?
(2.23)

_j =-V. (—Z]u]C]FVd)e - D]VC] + ije).
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It is common in text books to write the mass conservation equation in terms of i,,* which requires

arelationship between V®, and V¢;. Such a relationship can be obtained by defining the electrolyte
concentration, c,, as>

c, == (2.24)

where 1 is the total number of ions of the /™ species formed by the dissociation of 1 molecule of

the salt. Substituting Eq. 2.24 into Eq. 2.23 and cancelling ; on both sides give®

(2.25)

dc,
Fra V. (zjujceFV(De +D;Vc, — ceve).

Now, Eq. 2.25 can be written entirely in terms of ¢, and i, i.e., without @,. However, we first

need to modify Eq. 2.20 by substituting Eq. 2.24 into it*

By dividing both sides of Eq. 2.26 by z, u, F, the following relation can be obtained

i —X.z2uiu; S 72.Dill:
e _ %% J'uJFCqu)e_ jZj Yk ve,
Z py F ZiHy Zi My
2.27)
Z2u uy + z2u_p_ z,Dipy +z_D_p_
_ _ZaUsHs U Fe,V o, — +U+ Uy I ve,
ZiHy Zi My

Furthermore, due to the condition of electroneutrality, there exists a relation between z; and i as

follows

_ 2.28

Using Eq. 2.28 to substitute z_u_ into Eq. 2.27 and performing algebraic manipulations give
i

2 F (z_u_ — z,u )Fc, VP, + (D — D,)Ve,. (2.29)
+H+

Moreover, u; and D; are related via the Einstein’s relation,>>
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i (2.30)

where kj is the Boltzmann constant and T is the electrolyte temperature. Substituting Eq. 2.30 into

Eq. 2.29 gives®

ie _ <Z_D_ - Z+D+

= Fc, Vo, + (D_ — D, )Vec.. (2.31)

Thus, Fc,V®, can be written as*?

kT i,
Fe,Vo,=—————|(D_—D,)Vc, — . (2.32)
Ce¥ e z, D, —z_D_ <( +Vee z+/1+F)

Substituting Eq. 2.32 and the Einstein’s relation (Eq. 2.30) into the mass conservation

equation (Eq. 2.25) with j = + and performing algebraic manipulations result in®

dc, 7. <D+D_(ZJr - z_)) ve, - ( z.D, ) le v, ) (2.33)
ot z,D, —z_D_ (z,D, —z_D_)) z u,F

The coefficients of the first and second terms inside the divergence on the RHS of Eq. 2.33 (the

quantities in parentheses) are known as the ambipolar diffusivity (denoted by D,) and the
transference number for the cationic species (denoted by t,), respectively.’ Thus, Eq. 2.33 can

be written more concisely as’’

dc,
at

20 (e - e )
A F
+H (2.34)

6V i, i, Vt,
=V-(D,Vc,) — = — ¢,V v, —v, Ve,
( e Ce) Z+H+F Z+H+F Ce ve ve CB

Further simplifications can be made to Eq. 2.34 based on physical constraints and

assumptions. The condition for charge conservation requires that?’

Vi, =0. (2.35)

Furthermore, if the electrolyte is assumed to be incompressible, then3?
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Vv, =0, (2.36)

Thus, under the constraint of charge conservation and the assumption of incompressibility, the

mass conservation equation (Eq. 2.34) for the electrolyte can be written as®

(2.37)

Ce ie * Vt+
=V-(D,Vc,) —
at ( e Ce) Z+‘Ll+F

- v, - Vc,.
Moreover, if D, and t, are assumed to be constant, which is true for dilute electrolytes, then the

mass conservation equation becomes*®

dc,
ot

(2.38)

=D,V?c, — v, - Vc,.

Therefore, for a binary electrolyte with the constant electrolyte properties (D, and t,), the mass
conservation equation can be expressed entirely in terms of the electrolyte concentration and
velocity, even in the presence of an electric field. Finally, if v, = 0, which is often observed in
the electrochemical systems investigated in this dissertation, the mass conservation equation

reduces to a simple diffusion equation with constant diffusivity, i.e.,*

dc,
ot

(2.39)

= D,V?c,.

Note that the current density equation (Eq. 2.20) is used with modifications in Chapters 4, 5 and
6, while modified forms of the mass conservation equation (Eq. 2.37) are used in Chapters 4, 5

and 7.
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2.4.3 Solid-state transport of neutral species

The transport of neutral species inside a solid domain is governed by diffusion. Thus, the

mass conservation equation can be written as*?

dc 2.40
a_; = V ) (DSVCs); ( ’ )

where ¢, and D, represent the concentration and diffusivity of the diffusing species in the solid

phase. This equation is used in Chapters 4 and 5.

2.4.4 Electrochemical reaction

An electrochemical reaction involves a redox pair, where a species undergoes oxidation
(loss of electron), and another species undergoes reduction (gain of electron). Equation 2.41
provides an example of such a reaction, where S, and Sy represent the species undergoing

oxidation and reduction, respectively.?>

So + ne” = Sy (2.41)

The forward reaction, i.e., the reduction reaction is called the cathodic reaction, while the backward
reaction, i.e., the oxidation reaction is called the anodic reaction. At equilibrium, the rates of
forward and backward reactions are the same. However, if such a system is perturbed by the
application of an external potential or current, the reaction in one direction is favored.

The rate of an electrochemical reaction at an electrode/electrolyte interface is characterized
by the current density, i,,,, at the interface. The current density is typically calculated using the
Butler-Volmer equation that relates i,.,,, to the concentrations and electrostatic potentials of the
species participating in the electrochemical reaction. A general form of the Butler-Volmer equation

can be written as>?
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e =i (050 (B2 ) — exp (- 1) e
rxn 0 p RT r’ p RT n )
where i is the exchange current density, n is the number of electrons involved in the reaction, n
is the reaction overpotential, and a, and a, are the charge transfer coefficients for the reactions in
the anodic and cathodic directions, respectively. Note that both «, and a. can only have values
between 0 and 1 in this formulation. Furthermore, in general, i, is dependent on the concentrations
of both S, and Sy.
The overpotential, 1, is a difference between the electrode potential, @, and the equilibrium

potential of the electrode, @4, as shown below.?

n=b— b, (2.43)
The electrode potential is defined as the difference between the electrostatic potentials of the solid
(®,) and the electrolyte (@,), i.e., ® = &, — &,. A large n for a given value of i,.,,, implies that
more energy is required to drive the reaction (if nonspontaneous) or less energy can be extracted
from the reaction (if spontaneous) than the theoretical maximum based on the thermodynamics.®

Based on the magnitude of 1, the Butler-Volmer equation (Eq. 2.42) can be further simplified.?®

Namely, if
agnF )_1 (2.44)
m> < RT )
then
: . agnk 2.45
lrxn ~ lO eXp( ;T TI)' ( )
and if
aCnF)_l (2.46)
< < RT )
then
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acnF ) (2.47)
RT ")

The relations provided in Eqgs. 2.44 and 2.47 are known as the anodic and cathodic Tafel equations,

lrxn = lg €XP <_

respectively.®® The Butler-Volmer equation and the Tafel equations are used with modifications in

Chapters 4 and 5 and Chapter 6, respectively.

2.4.5 Electrochemical impedance spectroscopy (EIS)

The impedance, Z, of any electrochemical system is obtained by applying an AC voltage
with a small amplitude, AV, across the system, measuring the amplitude of the resultant current,

Al, and then dividing the two quantities as

AV (2.48)
Z=—. '
Al

Note that both AV and Al are functions of position within the system, and Al also depends on the
phase difference between the applied AC voltage and the resulting current. Furthermore, Z depends
on the frequency of the AC voltage, w. The applied voltage causes a perturbation in the
concentration of the electrochemically active species in the electrochemical system. Using
Nernst’s equation,®® AV can be related to the amplitude of the perturbation in the concentration,
AC, as

av =X (ﬂ) (2.49)

nF \C,/)

where R is the universal gas constant, T is the temperature, n is the number of electrons transferred
in the electrochemical reaction, F is Faraday’s constant, and C, is the equilibrium concentration

of the electrochemically active species.
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Since AV is small, it is reasonable to assume that AC < C,. Thus, Eq. 2.49 can be
approximated as
V =~ HE (2.50)
nF C,
The current amplitude is related to the flux of the electrochemically active species across the

loading boundary, as described below:

Al = nFA()), (2.31)

where (/) is the area-averaged flux normal to the loading boundary and A is the cross-sectional
area of the loading boundary. Therefore, using Eq. 2.48, the impedance of the system can be
calculated as:
P RTAC i (2.52)
n2F2AC, (J)
Furthermore, the DC impedance for the system is defined as Z, = RTL/(n?F2ADC,),>° where L
and D are the thickness of the system and the diffusivity of the electrochemically active species,

respectively. Thus, the expression for the AC impedance can be simplified as:

Z _DAC/L (2.53)

Zy )

This equation is used to calculate the impedance response of the MIEC cathodes considered in

Chapter 7.
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CHAPTER 3
Methods

In this chapter, the methods used for solving the model equations considered in this
dissertation are detailed. Three methods are discussed: the finite difference method (FDM), the
finite element method (FEM), and the smoothed boundary method (SBM). The first two methods
are numerical techniques for solving differential equations that approximate a continuous field
problem with infinite degrees of freedom (DOF) by a discretized field with finite DOF and
subsequently obtain the solutions by solving the resulting linear system. However, they differ in
how discretization is achieved. The SBM, on the other hand, is a mathematical approach that uses
a smoothed boundary instead of a sharp boundary where the boundary conditions are defined. It
enables solutions to differential equations in complex geometries without the need to generate a
conformal mesh. The SBM form of differential equations can be solved by a variety of numerical

methods, including FDM and FEM.

3.1 Finite difference method

3.1.1 Introduction

The FDM is a numerical technique to solve differential equations. It converts the
differential equations into a set of difference equations and solving the resulting linear system. It

approximates derivatives of a function at discrete points, using the values of the function at
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neighboring points. Its implementation is much simpler and more straightforward than other
methods like the FEM, and thus, it is widely used in scientific computing. Although the origins of
the FDM can be traced back to the works of Euler and Lagrange, the seminal paper by Courant,
Friedrichs, and Lewy (CFL)% is often cited as the formal beginning.%! In the paper,*° the authors
derived a five-point approximation of Laplace’s equation and established the convergence of the
FDM solution when a sufficiently small step size is used. They also formalized the FDM for the
wave equation and discovered the CFL condition, which must be met to ensure the numerical
stability of the approximated solution for the wave equation.®® However, their work focused on
proving the numerical solution's existence, and thus no error estimates were provided. Following
Thomee,%! the error bounds for the FDM were first provided by Gerschgorin® in the context of
elliptic differential equations. Subsequently, Von Neumann,® Fritz John,** Crank and Nicolson,®®
Lax,%-%7 and Wendroff®” further developed for the parabolic and hyperbolic partial differential

equations.

3.1.2 Discretization methods and associated error

In the FDM, a first-order derivative can be discretized in multiple ways. Three common

methods are discussed in the following text. Consider a 1D domain ranging from 0 to L along the
x-axis and f(x) to be the function of interest. To numerically approximate Z—i, we first need to

discretize the domain with a finite number of equally spaced points, as shown in Figure 3.1. The
derivative at any point x; within the domain (not the boundaries) can be evaluated by using any of

the following schemes:®®
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afy  fla+h) —f(x)
dxl, ~ h ' 3-1)

Forward difference

df|  fG) = fG—h)

Backward difference xl, ~ A , (3.2)
d x;+h)—f(x;—h
Center difference é i ~ [ )th( e ). (3.3)

Here, x; is the position of the i*" point and h is the distance between two adjacent points. Note
that = is used instead of = to highlight that the RHS approximates the derivative. Furthermore,
note that the forward and backward schemes are also called the forward Euler method and the

backward Euler method, respectively.®®

Y-axis

Figure 3.1. A schematic showing the finite-difference discretization of a function f(x). The black dots on
the x-axis represent the finite number of points used to discretize the domain.

The choice of the scheme determines the accuracy of the numerical approximation. For
instance, both the forward-difference and backward-difference schemes exhibit first-order

accuracy, i.e., the error due to the approximation of the derivative with the finite difference, also
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called the fruncation error, scales linearly with h.°® On the other hand, the center-difference
scheme exhibits second-order accuracy, i.e., the error scales linearly with h?.%® Therefore, for a
given value of h, the center-difference scheme is more accurate than the other two schemes, as it
exhibits a higher order of accuracy.%® However, the center-difference scheme can lead to numerical
instabilities for certain differential equations.®® Thus, the choice of scheme is also dependent on
the problem under consideration. Furthermore, the dependence of the error on the step size, h,
suggests minimizing it, but doing so increases the computational cost. Furthermore, making the
ratio between h and L smaller than the machine precision leads to a significant round-off error.5®
Thus, careful selection of h is needed to achieve sufficient accuracy at acceptable computational
cost.

To obtain higher-order derivatives, the schemes listed above can be either used individually
(in a recursive manner) or as a combination. For instance, it is common to approximate the second-

2
order derivative, %, by first using the backward-difference scheme, followed by the forward-

difference scheme, as shown below. This approximation exhibits second-order accuracy.®®

af| _df . — Flx N — oy —
a2 f Nai—ai_l_f(xﬁh})l f)  fx) ];(xl h)
dx?| = h - h

(3.4)

:f(xi+h)—2f(xi)+f(xi_h)
h? '

The time derivatives can also be discretized using FDM in a similar manner as above. Since
only the first-order time derivates are encountered in this work, we discuss their discretization

below. Consider the following ordinary differential equation (ODE)
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dg(t)
dt

p(t), (3.5)

where g(t) and p(t) are function of time, t. Let the time be distributed in equal parts of duration,
At, and the superscript j represent the time index such that t/+1 = t/ + At. Then the ODE can be

discretized using following schemes:

g(t*?) —g(t')

Forward Euler v ~ p(t)), (3.6)
1) .
Backward Euler g(t“ )At g(tf) ~ p(tj“), (3.7)
Mid-point or Crank
1) .
Nicolson (in the case ole” )At o) ~ %(P(tjﬂ) + p(tj))' (3.8)

of parabolic PDEs)

The discussion on the accuracy of these schemes is carried out in the next section (Section 3.1.3)

3.1.3 FDM solution to 1D diffusion equation

In this section, the process of solving partial differential equations (PDEs) using the FDM
is demonstrated by considering the 1D diffusion equation as an example. The 1D diffusion

equation can be written as

E)C_ 0 <D 66)’ (3.9)

ot ox\ ox
where C and D are the concentration and diffusivity of the diffusing species, respectively. The

domain has a length of L along the x-axis. The concentration at t = 0 is uniform throughout the
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domain and has a value of Cy. At x = 0 boundary, we assume the Dirichlet boundary condition

(BC) as follows:

C(x =0)=C, (3.10)
where C, is the concentration value at x = 0. At x = L boundary, we assume the Neumann BC:

_<DZ_§) =], (3.11)

x=L

where | is the flux at x = L.

Now, we consider the discretization of the spatial derivatives first. Let the 1D domain be
discretized using N + 1 equally spaced points. Thus, the grid resolution, h = L/N. Subsequently,
the RHS of Eq. 3.9 at any position x; in the domain, where i is the spatial discretization index, can

be approximated as the following.

aC aC
(DW) Wl (D W) ;1
2 2
h
(D41 + D;) (C~i+1 — Ci) _ (Di+Di_y) (éi — Ci—l) (3.12)
_ 2 h 2 h
h

_ Dy + D)(Ciy1 — C) — (D + D (Ci = Ciy)
B 2h?2 ’

where C represents the numerical approximation of C. Note that if the diffusivity is constant, which
1s assumed from hereon for this section, the RHS becomes

Cior1 —2C; + Ciy
D 0 ,

(3.13)
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which is equivalent to the form provided in Eq. 3.4 except for the presence of D. Equation 3.13
provides a pointwise expression for the RHS of Eq. 3.9. It can also be written in a matrix-vector

form for the entire domain (except the boundaries) as®®

bl1 -2 1 0 S

2[00 [C; Cs... Cy—q Cy]™ (3.14)
: w1 =2 1
o - 0 1 =2dn-pxw-1)

Equation 3.14 can be written more succinctly by defining the global matrix and the vector on its

RHS as G and C, respectively. Then, the RHS becomes®s

SR
o

(3.15)

=

The concentration value at the boundaries, C; and Cy ., are known from the boundary conditions;
specifically, according to Eqs. 3.10 and 3.11, we have C; = C,, and Cy,; = — % + Cy .58

Next, the time derivative is discretized. Since different time-stepping schemes can be
selected, a parameterized form is used to express them generally. Combining the discretized form
of the right-hand side of the PDE above with this parameterized form of the time derivative, we
obtain

C/t1 _(CJ

Do .. .
T =5 6(00 + (1-0)T"), (3.16)
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where the superscript j represents the time index and At is the time-step size. The parameter O is
used to compactly express the time-stepping schemes corresponding to Egs. 3.6 to 3.8 .°® Table

3.1 lists the © values of @ that correspond to common schemes.

Table 3.1. A list of the value of ® for common time-stepping schemes, along with their accuracy and
stability.%®

0 Scheme name Accuracy of scheme Stability

1 Forward Euler First order Conditionally stable
172 Crank-Nicolson Second order Unconditionally stable
0 Backward Euler First order Unconditionally stable

Collecting terms corresponding to the same time index on each side in Eq. 3.16 gives®®

. DAt . DAt
c’ —(1—9)?661 :C]+®?GC]. (3.17)

As listed in Table 3.1, ® = 1 represents the forward Euler time-stepping scheme, where the
concentration at time index j + 1 is known explicitly in terms of that at the time index j. Thus,
there is no need to solve a linear system at every time step. Due to this property, such discretization
is also called an explicit method.®® Some of the benefits of this method include ease of
implementation and reduced computational cost of each time step due to its explicit nature.
However, its numerical stability is dependent on the values of At, h, and D. For the method to

remain numerically stable, the following condition is required:

h2

At < D (3.18)

Here, p = 2, 4, or 6 for 1D, 2D, or 3D, respectively. Thus, if h is decreased to half its value to

improve the accuracy of the spatial discretization, as explained above, the time step must be
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reduced by a factor of 4 to maintain the numerical stability. This requirement limits the size of the
time step that can be used for the computation, and therefore, it increases the overall computational
cost. The accuracy of the Forward Euler time-stepping scheme is first order in time, i.e., the error
in the time discretization is proportional to At.®

The other two schemes listed in Table 3.1 are known as implicit methods because they
involve a solution of the linear system at every time step, which increases the associated
computational cost for each step.®® However, their benefit arises from their unconditional stability,
i.e., no dependence of At on h for numerical stability. Therefore, At can be set independently of h
if the temporal discretization is accurate enough. The Backward Euler scheme (® = 0) exhibits
first-order accuracy in time, while the Crank-Nicolson scheme (® = 0.5) exhibits second-order
accuracy in time. Thus, out of the three methods, the Crank-Nicolson scheme is the most accurate
for a given value of At.®

To ensure that obtained numerical solution is accurate enough, a convergence test needs to
be carried out. In the test, both h and At are reduced (either simultaneously or individually,
depending on the numerical scheme and its stability), and a corresponding change in the solution
is observed. The solution is deemed converged if the change becomes insignificant compared to
the solution. Though many metrics can be used to quantify the change in the solution, one of the
most common metrics used is the ratio between the L, norms of the change vector and the solution

vector.
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3.2 Finite element method

3.2.1 Introduction

FEM is a numerical technique used to approximate solutions to PDEs, which discretizes
the computational domain into several finite-sized subdomains called finite elements. Each
element has a simple geometry, e.g., triangular, quadrilateral, and hexahedral. The PDE solution
is determined at the nodes of each element that exist at the element’s vertices, edge centers, face
centers, body center, etc., by solving a system of linear equations formed by discretizing the weak
form of the PDE. The solution in the rest of the space is obtained by interpolating the nodal values
using polynomial functions.

The system of linear equations is obtained by applying the weak form of the PDE to each
element and integrating over the element. The integrals are then approximated using numerical
quadrature that replaces the integrals with sums over the quadrature points within the element and
results in the linear system. One of the biggest advantages of the FEM is its ability to handle
complex geometries and irregular domains. By dividing the domain into smaller elements, the
FEM can approximate the solution to a high degree of accuracy, even in domains with irregular
shapes or boundaries. Despite its advantages, the FEM has some limitations. For instance, it can
be more difficult to implement even for simple problems than other methods like the FDM.
Furthermore, it requires the use of a conformal mesh to obtain sufficiently accurate results, which

is challenging to generate in the 3D microstructures observed in some materials science problems.

3.2.1.1 Weak form
The weak form of a PDE is a mathematical formulation that allows the use of functional

analysis techniques for solving the PDE.%%70 In the weak form, the PDE is expressed as an integral
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equation involving a test or weighting function and its derivatives. It is called the weak form
because it imposes weaker requirements on the smoothness of the solution than the original form
of the equation. In the standard form of the PDE, also called the strong form, the PDE must hold
pointwise throughout the equation’s domain, which requires that the solution be sufficiently
smooth to satisfy the equation at every point. This requirement can be restrictive, especially for
nonlinear or high-order PDEs, and can make finding solutions difficult. In contrast, the weak form
only requires the solution to satisfy when integrated over individual elements within the domain
of the equation. This approach allows for a broader class of functions to be considered as solutions,

including functions that may not be smooth or even continuous.

3.2.1.2 Element types

The accuracy of the solution obtained using the FEM is dependent on the element type
used to discretize the domain, as well as the size of the element and the nature of the solution. The
elements can be divided into multiple categories based on the spatial dimension, type, and order.
For instance, elements may be segments in 1D, triangles and quadrilaterals in 2D, and tetrahedra,
hexahedra, and triangular prisms in 3D. For each element (like segments), the location of the nodes
and quadrature points of the element can vary, which results in different types of elements. For
instance, in standard Lagrangian elements, the nodes and quadrature points are different, while
those for the Gauss-Lobatto elements are collocated. Finally, for each element with a fixed type,
the element order can vary, which corresponds to the degree of the polynomial basis functions that
the element uses to approximate the solution.

The element is selected based on the dimensionality of the problem and, if a conformal

mesh is required, the geometry of the problem. For selecting other characteristics, the
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computational cost vs. accuracy tradeoff needs to be considered. Although both the type and order
can be tuned together to obtain the best performance in terms of cost and accuracy, it is common
to fix the type of elements and then tune the element order. For instance, COMSOL Multiphysics®
uses Lagrangian elements by default, while PRISMS-PF?’ uses Gauss-Lobatto elements, and both
software allow users to vary the element order according to their needs. Using higher-order
elements results in more accurate solutions because higher-degree polynomials can approximate
complex functions (like the hyperbolic tangent function used in the smoothed boundary method)
more closely for a given element size. However, increasing the order not only increases the
computational overhead but can also make the method prone to Runge’s phenomenon, in which
oscillations at the edges of an interval are observed when interpolation is carried out using high-
degree polynomials over a set of equally spaced points.”! In our experience, quadratic elements
provide the best performance in terms of cost and accuracy for the systems considered in this

dissertation.

3.2.2 Derivation of the weak form

The FEM uses the weak form of a PDE. In this subsection, the process of deriving the weak
form of an evolution equation used in Chapter 6 is discussed. The strong form of the evolution

equation is as follows:

]
a_lf: V- (MyVuy) —vIVyl, (3.19)

where 1 is an order parameter, My, and p,,are the mobility and the chemical potential for the phase

represented by 1, respectively, and v is the normal component of the velocity of the interface

between the phase represented by Y and another phase. To derive the weak form, one needs to
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multiply the strong form with a test or weighting function, w, and integrate over the entire domain,
as shown in Eq. 3.20. The weighting function can be any arbitrary function, but for mathematical

convenience, it is designed to have a value of zero at the domain boundary in this subsection.

Lw@—f) dQ = fﬂw(v-(M¢Vy¢))dn—Lw(v|v¢|)dﬂ, (3.20)

where () represents the domain. The key idea in deriving the weak form for the FEM is to transfer
gradients from the variable of interest, 1 in this case, to w. To achieve this, the first term on the
right-hand side (RHS) needs to be simplified first using an identity of the product rule for

differentiation, as shown below.

LW(%—T) dQ = L(V-(WMquw)) dQ—LVW'MlpV#wdQ—LW(VWIPDdQ- (3.21)

Applying the divergence theorem to the first term on the RHS in Eq. 3.21 gives

P .
f w <E) dQ = flepV,uw -Adl’ — f Vw - My, Viy,dQ — f w|Vy|)dQ, (3.22)
Q r Q Q

where I' represents the boundary of the domain and 7 represents the unit normal to that boundary.

Since w|r = 0, by design, the first term of the RHS in Eq. 3.22 becomes zero. Thus,

0
[w(52)da=- [ vw- mypuydo- [ weivpnan (323)
Q ot Q Q

which is the weak form of Eq. 3.19.
The implementation in PRISMS-PF?’ needs the time derivative to be discretized as well,

along with a separate collection of the terms containing the weighting function and the terms
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containing the gradient of the weighting function. The time derivative is discretized using the

Forward Euler scheme, as described in Section 3.1. Thus, Eq. 3.23 becomes

PIrt — ) . . ,
[w (A_> a0 = - [ 7w mvisan - [ w(oi|vy/)as, (3.24)
Q t QO Q

where the superscript is the index of the time step and At is the time-step size. By bringing the
term containing 1/ on the RHS of Eq. 3.24, multiplying the equation with At, and collecting terms

as described above, we obtain

fw(l/)j+1)dﬂ - _f Tw - (AtMlivu{,',)dQ+fw(tpf — AtvI |[Vy])dQ, (3.25)
Q Q Q

which is identical to Eq. 36 in the documentation of the microgalvanic application of PRISMS-

PF.26’72

3.2.3 Discretization and assembly

In this section, the discretization and assembly process involved in the application of the
FEM is illustrated by using the 1D diffusion equation as an example. The diffusion equation
(described in Section 3.1) is selected to show the similarities in the linear systems of equations
derived using the FEM and FDM. The weak form for the 1D diffusion equation is derived
following the steps discussed above. Let w be the weighting function such that w(x = 0) = 0. By

multiplying the 1D diffusion equation with w and integrating over the entire domain, we obtain

f acd _f E)(DE)C)d
o™ T ) Vo \Uox) (3.26)

Applying the identity from the product rule gives
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f acd _f 6( Dac)d awDacd
Mo ™ T ) ax W) M T ) o T ax (3.27)

Using the divergence theorem results in the following equation.

+wD o¢
wD —
x=0 ax

ow 0dC
— | zo-D-dx. (3.28)

x=L J,0x Ox

f oc
o T T o

Inputting the BC at x = L and noting that w(x = 0) = 0 by design simplifies Eq. 3.28, as shown
below.

w—dx = —Jw|,—, — | =— D —dx. (3.29)

f oc ow acC
., Ot L, 0x  Ox

So far, w is considered as any arbitrary function with only one constraint, i.e., w(x = 0) =
0. Thus, Eq. 3.29 is equivalent of Eq. 3.9 (and the associated BCs) without any approximation. To
obtain a numerical solution, the domain is divided into multiple elements with the same size.
Figure 3.2 shows the 1D domain discretized into N elements of equal size, h,. Thus, the weak

form can be written as the sum of the weak form for each element as shown below.”®

0 Q. Qy
— —— —
*—eo—0—0—0———0O0—0O0—0O0——0—
> X-axis
he

Figure 3.2. A schematic of the discretization of the 1D domain considered in the example here. The filled
nodes represent the extents of the first, e, and the last elements in the domain, while the empty nodes
represent the intermediate elements.

v f 9 ) = i ZN ow ac
Ze:l Qew Jt )= ]W =k e=1 Q. d0x 0x x) (330)
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where (), represents the e’ element. The second approximation is that both w and C for each

element can be written as a sum of specified basis functions and arbitrary parameters as’

wxwh = ZA_laAfl)A(x), (3.31)

C~Ch= ZB_lel/JB(x), (332)

where w" and C" are approximations to w and C, respectively. The functions ¢4 (x) and 15 (x)
are the basis functions, and a and b represent the arbitrary parameters. The superscripts A and B
are dummy indices that represent the nodes in an element, and n represents the number of nodes
in the element. Note that when the ¢*(x) = ¥(x) for all i € [1,n], the resulting weak form is

known as the Galerkin form,”® which is shown below.

v f nact . ZN ow" ach
Ze=1 Qew at x|~ —jw o=l e=1\Jq, 0x 0x x) (3.33)

Note the use of = instead of = in Eq. 3.33 signifies that the Galerkin form approximates the
original weak form (Eq. 3.29) in a similar manner as the finite difference form (discussed in
Section 3.1) approximates the strong form.

Next, we use linear polynomials as the basis functions for the weighting function and the

solution. Thus, w and C" in the e element can be written as’®

wh =33 T (x)ad = Ir'*(x)ag + Ir'*(x)aZ, (3.34)

Ch = 323_, 8 (x)bE = I'*(x)b; + I'*(x)bZ, (3.35)
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where I'* and I'? are the linear basis functions, and aZ and bZ are the values of w" and C" at the
element nodes. The superscripts A and B are dummy indices used to represent the nodes in an
element. Since linear basis functions (or linear elements) are used here, both A and B take values
of 1 and 2. The functions I'* and I'? are obtained using the mapping between the physical element
and a bi-unit domain, parameterized by a variable ¢ that spans between -1 and 1. The basis

functions are written as’°

1 —

r‘x@)) = — f, (3.36)
1

r:(x()) = —er f, (3.37)

Furthermore, the spatial derivatives of I'' and I'? can be written as the following.”® Note that the
Y g

parentheses with the basis functions are dropped from hereon for brevity.

ort ortof  10f
ox _ 0f ox  20x’ (3.38)

or: _ar’og  10¢

0x  0f 0x  20x (3:39)

. @ . . : : :
To determine a—i, the isoparametric form is used, where the same basis functions are used

to map the physical element from a bi-unit domain as those for the solution. Thus, 7

X+ £ —xd)

x =Ttx}+T%x2 = 3 5

(3.40)

where x! and x2 are the node locations of the e” element. Therefore,”
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0x _ (xg _xel) _ h

i L (3.41)
Since the isoparametric form is invertible’®
o <ax)‘1 2 i
ox \9&)  h, (342)

Substituting Eq. 3.34 and Eq. 3.35 into Eq. 3.33 and assuming the diffusivity to be a constant result

in the following equation.

N 0x2_.I'BpE
Z (f ZﬁﬂpAagde)
e=1 Q at

N 0X2_.I'a?0x2_,I'BpE
— T2 z_Dz f a=1 “de O2p=1l "De , 1\
I ay e=1< Q. 0x 0x x

To make the notation more compact, the time derivative is denoted using (*) only for this section.

(3.43)

Furthermore, since only the nodal values are assumed to change with time (elements do not change
with time in this illustration), the () symbol is used only for the nodal values corresponding to the
solution on the LHS (bZ). Since a2, b?, and bZ do not depend on x within an element, they can
be taken out of the integrals. Thus, by incorporating these changes and insights and substituting

Egs. 3.36 to 3.42 into Eq. 3.43, the following equation is obtained.”’*

N A ! 2 Ay2 B he ‘B
Z ae ZA=1I—' ZB=1F ?dé— be
e=1 1

= —JI%a} (3.44)

2t L ) ZL e
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Now, using the matrix-product notation to write the product of sums that exists on both

sides of Eq. 3.44, the equation can be expressed as’>74

N 1 r1p1 12
1,2 r-r- r-r 1 32
Ze=1[ae ae] (.f_l [1—'2[‘1 I"ZI"Z] d€> [b b ]
- jrag

(3.45)
orrorr ortorz

N 1o a¢ 0 o¢ 4 h
—-D 1,2 ——C[pt p27T.
Zm[ae ael f_l arzart orzor2|% w2 be el

0 9 9F 0¢

The components of matrices in Eq. 3.45 are obtained by using the relations for the basis functions
and their derivatives with respect to ¢, which is followed by the analytical solution of the integrals

to obtain the following equation.”*
N
1 21[2 1 E 1 p21T
). _labal[] S| bl

N 1 1
= —J['%a? — DZ [at a2](] 1])— bl b2]"
e=1 h

By performing the global assembly, i.e., writing the sum over all the elements into a matrix-vector

(3.46)

product form, the final linear system can be obtained, as shown below. Note that the following

mapping is used to convert the local nodal indices to the global index: af = a,;4_1.”>"*
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2 1 0 0
1 4 1 0 - :
1 4 1 0 : he - - Co
[a; az ... ay ayyq] S N Ze[b1 by ... by byi]"
0 1 4 1
0 - - 0 1 Zdw+pxwv+p
_11 12 2 0 0 (3.47)
1 -2 1 0 D
=[a; az .. ay ay+1]| 0 . . . . h_[bl by ... by byyq]"
: . . . : e
: : o 1 -2 1
o - - 0 1 —Upwipxw+

—[a; ay.. ay ay+1][0 0... 0 J] .

Note that the value of b; = C, according to the BC. By defining the vector containing a;, b;, and

J as A, B and F, respectively, and the matrices on the LHS and RHS as Mand K , respectively, Eq.

3.47 can be written as’>-74

> . h «>
AMBf =A (KB— — F). (3.48)

Note that the matrix K also has the tridiagonal structure as the global matrix, G, assembled in
Section 3.1 for the FDM. In fact, the internal matrix within K that ranges from the row numbers 2

to N the column numbers 2 to N is the same as G. Since Eq. 3.48 needs to hold for any A,737*

iB = 6XB 2 6 F

Next, the time derivative is discretized using the Forward Euler scheme, as discussed in

Section 3.1 (see Table 3.1 and the associated text). Thus,’374
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7B =B _ e D 6
= 2 (3.50)

where the subscript j represent the time index. By collecting all the terms containing j on the RHS,

we can get the final expression for the FEM solution at j + 1737

- DAt

B/t = M <6K oAt
hé

+1\71))Bj—1\71)_1 F/. (3.51)

e

Note that the stability condition and accuracy implications remain the same as those discussed in

Section 3.1.

3.2.4 PRISMS-PF and deal Il

The FEM library, deal.Il, is a general-purpose collection of codes written in C++ that
enables the development of custom tools for solving PDEs.”! It is actively developed and supported
by a large international group of researchers. It is used for both commercial and academic projects
as it provides access to prebuilt and extensively tested codes that can manage grid refinement,
DOF handling, mesh inputs, result outputs, parallel computing, etc. The development of such
codes is a highly time-consuming and nontrivial task. In addition to these general capabilities, the
PRISMS-PF framework is based on the deal Il library for the following reasons.?’ First, the library
offers inbuilt capabilities like adaptive meshing with quadtrees and octrees; templated classes and
functions to enable dimension and element-order independent programming; multi-level
parallelization (vectorization, threading, and MPI); advanced solvers like Krylov solvers; and
matrix-free approach with partial assembly that enables efficient explicit time stepping.?’ In

addition, deal.Il also offers capabilities to input meshes from other software like Dream3D.
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Finally, the presence of a large and supportive user community enables a quick resolution of
queries.

However, the use of deal.Il has some disadvantages as well. In addition to the limitations
of the FEM itself, such as the more complex implementation and steeper learning curve than the
FDM, deal.Il also suffers from the following issues. First, due to the vast size of the library,
expanding it to generate a new capability is challenging, as one needs to be aware of the
subcomponents of the library that are involved in the capability building. Second, its
implementation for GPU-based computation is different from that of CPU-based computation.
Thus, the modification of legacy codes to benefit from GPU acceleration is not trivial. Finally, at
time of this dissertation writing, the library does not provide support for GPUs from leading

vendors like Intel and AMD:; it only supports NVIDIA’s GPUs.

3.3 Smoothed boundary method

3.3.1 Introduction

Smoothed boundary method (SBM)”® is an approach for solving PDEs with general
boundary conditions imposed on arbitrarily shaped boundaries. It employs a smooth function
called the domain parameter that has a value of 1 within the region of interest and 0 outside it, and
at the interface, the domain parameter varies smoothly over a finite length. Thus, in the SBM, the
interface has a finite thickness, as opposed to the sharp-interface approach, where the boundaries
have zero thickness. The domain parameter is used to modify the PDE under consideration, as
illustrated below, using the diffusion equation as an example. The SBM offers a variety of benefits
over the sharp-interface approach. First, it enables us to solve PDEs in complex geometries without

the need to build a conformal mesh, which is both time consuming and challenging to obtain in
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the complex microstructures observed in materials science problems.” Thus, with the application
of the SBM, complex geometries can be discretized using regular grids.”” Second, it allows for
easy handling of the boundary conditions, especially at arbitrarily shaped or evolving boundaries,

both internal and external.”?

3.3.2 Derivation of the SBM form

Let 1 be the domain parameter corresponding to a solid region where diffusion is
occurring, and at the boundary of the region, there is a flux of the diffusing species. Thus, in the

solid region”

o _ v - (DVC)
i , (3.52)

where C and D are the concentration and diffusivity of the diffusing species in the solid region. At

the boundary,”

J=-DVC-n, (3.53)

where 7 is the unit normal to the boundary. To obtain the SBM form, Eq. 3.52 is multiplied by .

Thus,”

oc
— =YV - (DVO). (3.54)

Using the identity of the product rule for differentiation, we obtain
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ng—i =V-@DVC) -y - (DVC). (3.55)

Note that Vi represents the boundary of the solid region and, it is related to the unit normal as

Vi = |Vip|Ai. Thus, substituting this relation for Vi into Eq. 3.55 gives”

* _p. (YDVC) — |Vy|a - (DVC)

at (3.56)
=V -@DVC) + |Vy|].
Finally, the SBM form is obtained by dividing Eq. 3.56 by y”°
ac 1 7yl
E_JV-(Q[)DVC)+—¢ ] (3.57)

The same process as above can be repeated in the case of Dirichlet boundary conditions with a
small modification: the PDE is multiplied by 2 instead of 1, as shown by Yu et al.”?

The SBM form of the PDE can be discretized, by either FDM or FEM, to obtain a numerical
solution, as discussed above. The error implications discussed above for these methods are also
applicable to the SBM form. However, the use of a smoothed interface instead of a sharp interface
introduces an additional error. This error is dependent on the ratio between the interfacial thickness
and the smallest feature size of interest in the domain, and the number of grid points within the
interface.”> A thinner interface with more grid points result in a lower error but at an increased
computational cost. As a rule of thumb, a ratio between the interfacial thickness and the smallest
feature size of less than 0.1 and four grid points within the interface (0.1 < < 0.9) is a good
setup to obtain a preliminary numerical solution. However, further analysis is needed to ensure
that the error is not significant. This can be done by first increasing the number of grid points in

the interface and then by decreasing the interfacial thickness and analyzing the change in the
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obtained value of the field of interest (like the concentration in the example provided here).”® The
thickness and the resolution are deemed sufficient in terms of numerical accuracy when the
solution does not change significantly upon further refinement.”> We refer the readers to Section

7.8 (see Figure 7.10, Table 7.3, and the associated text) for an example of this error analysis.
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CHAPTER 4
Effect of Laser Patterning on the Fast-Charging Performance of Energy-Dense Li-ion

Batteries”

4.1 Introduction: Fast charging of energy-dense Li-ion batteries

In this chapter, we employ the Materials Genome Initiative-based approach to enable high-
energy-density lithium-ion batteries (LIBs) that can be charged in less than 10 minutes. Such
batteries are necessary to accelerate the public acceptance of electric vehicles. Conventionally,
LIBs utilize porous electrodes consisting of a solid phase containing the Li-storage active material
and a pore phase filled with an electrolyte that conducts Li ions. This conventional design can be
tailored to achieve high energy density by increasing the volume fraction of the active material
and the electrode thickness. However, the transport of Li ions becomes severely limited in such
electrodes, especially during high C-rate operations.”®”’ Consequently, significant concentration
gradients develop through the electrode thickness, which results in large cell polarization and
significantly reduces the accessible capacity of the electrodes under fast-charging conditions.>%78
81 Moreover, due to concentration polarization during fast charging, regions of the anode can reach
electrochemical potential values lower than the potential of Li metal (0 V vs. Li/Li").
Consequently, Li plating on the anodes becomes thermodynamically favorable. The formation of

metallic Li dendrites on the anode surface is highly irreversible because the exposure of fresh Li

* This chapter is adapted from V. Goel et al., Energy Storage Materials, 57 (2023), 44%%; K.-H. Chen et al., Journal of
Power Sources, 471 (2020), 228475%%; and V. Goel et al., MethodsX, 8 (2021), 101425.3°
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to the electrolyte results in solid electrolyte interface (SEI) growth and electrolyte decomposition.’?
In addition, during charging/discharging, the plated Li dendrites can become electrically or
electrochemically disconnected from the anode surface, resulting in the formation of inactive or
“dead Li.”8? Therefore, the irreversible dead Li formation and SEI growth on plated Li cause
permanent loss of Li inventory and low Coulombic efficiency, leading to significant capacity fade
and the eventual cell failure.’*#85 On the other hand, thin electrodes with high porosities have
been shown to exhibit high power density.’®’” Unfortunately, the energy density of a battery
decreases as the mass fraction of electrochemically inactive components (separators, current
collectors, binders, etc.) increases. To overcome this tradeoff, laser-patterning is employed to
create the highly ordered laser-patterned electrode (HOLE) architecture, as shown in Figure 4.1,

for graphite anodes with >3 mAh/cm? loading.

Conventional Design HOLE Design

Laser Patterning

Figure 4.1. Schematic illustration of the Highly Order Laser-Patterned Electrode (HOLE) architecture. The
black outline in the HOLE pattern represents the hexagonal symmetry of the channels (highlighted in blue)
in the electrode. Reproduced with permission from Ref. 24. Copyright 2023, the authors. Published by
Elsevier B.V.

Recently, several experimental and modeling-based studies have shown that the generation

of vertical channels in thick electrodes via laser patterning is an effective way of overcoming these
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tradeoffs.?286-% For instance, our experimental results (conducted by Kuan-Hung Chen and Min
Ji Namkoong under the guidance of Prof. Neil Dasgupta and Prof. Jeff Sakamoto, respectively)
demonstrate that industrially relevant pouch cells (> 2 Ah) based on the HOLE architecture
retained > 97% and > 93% capacity after 100 cycles of 4C and 6C fast-charge cycling, respectively.
While the corresponding retention in cells with the unpatterned electrodes was only 69% and 59%.
After 600 fast-charge cycles, the capacity retention of the HOLE cells was 91% at 4C and 86% at
6C charge rates. However, despite the growing volume of work on the effects of electrode
architectures on the fast-charging performance of LIBs, there is a lack of mechanistic
understanding of the effect of the HOLE architecture on the fast-charging performance. Without
such an understanding, it is challenging to modify the HOLE architecture per the fast-charging
performance requirements.

In this chapter, we overcome this challenge by developing an understanding of the effect
of the HOLE architecture on the fast-charging performance of thick graphite electrodes with
electrode-level simulations. We begin by summarizing our experimental results. Subsequently, we
describe the model formulation, along with a workflow for model parameterization to ensure that
the identified parameter set is representative of the electrodes under investigation. The workflow
also includes an automated parameterization procedure based on the particle swarm optimization
algorithm.?®-1%° We then use the parameterized model to simulate the fast-charging performance of
the graphite electrodes. Our results show that the HOLE architecture improves the Li-ion transport
in the anode volume and the homogeneity of the reaction current density distribution and thus

enables fast charging.
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4.2 Summary of experimental results for laser-patterned electrodes

In this section, a summary of the experimental results is provided, which are obtained by
Kuan-Hung Chen and Min Ji Namkoong under the guidance of Prof. Neil Dasgupta and Prof. Jeff
Sakamoto, respectively. Pouch cells (with ~ 2.2 Ah capacity) based on the control and HOLE
graphite anodes were assembled and cycled at 4C and 6C separately. Further details on the
construction of the pouch cells and the design specifications of the HOLE architecture can be
found elsewhere.?? The protocol used for cycling the cells is shown in Figure 4.2¢ for 6C. In short,
each cell was charged using a CCCV protocol, where the constant current charging was maintained
until the cell voltage of 4.15 V was achieved, which was followed by a constant voltage hold until
the total charging time (including the CC portion) of 10 minutes was reached. For 4C, this time
was set at 15 minutes. The discharge was carried out at 0.5C with a standard CCCV protocol,
where the CC portion was maintained until a voltage of 3.0 V was achieved, followed by a CV
hold until the current dropped below 0.1C.

Figure 4.2a shows the discharge capacity of the control (black curve) and HOLE cells (red
curve) that were charged at 4C. The cells were first charged/discharged at a 0.5C rate for 3 cycles
to measure the total cell capacity (= 2.2 Ah), followed by 100 cycles of 4C charge/0.5C discharge.
In addition, 3 cycles of 0.5C charge/discharge were repeated after every 50 fast-charge cycles to
quantify the capacity fade of the cells. The y-axis shows the cell capacity (normalized to the initial
cell capacity) to facilitate a direct comparison. Both the control and HOLE cells exhibit stable
cycling at a 0.5C charge rate. However, upon fast charging at 4C, the control cell exhibits a
significant capacity fade within the first 40 cycles with a concomitant decrease in the Coulombic
efficiency (CE) to 95.9%, as shown in Figure 4.2b. This sharp drop in the capacity is attributed to

severe Li plating at the anode/separator interface, as discussed elsewhere.?? From cycle 40 to 100,
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the capacity reaches a plateau; correspondingly, the CE increases back to >99.5%. By comparing
the charge/discharge capacities at 0.5C, it is shown that the capacity retention is 69.1% after 100

fast-charge cycles (capacity fade of 30.9%).

4C (15-min) fast charge 6C (10-min) fast charge
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Figure 4.2. Summary of 4C and 6C experimental results (normalized discharge capacity and columbic
efficiency as functions of cycle number) for the pouch cells based on control (unmodified) and HOLE
(laser-modified) anodes. Normalized discharge capacity and (b) Coulombic efficiency vs. cycle number
under 4C conditions. (¢) Normalized discharge capacity and (d) Coulombic efficiency vs. cycle number
under 6C conditions. (e) Cycling protocol for evaluating fast-charge capability at 6C charge rate. (f)
Comparison of the normalized discharge capacity vs. cycle number of the control, HOLE, and new control
cells showing the capacity fade during 6C charging. Reproduced with permission from Ref. 22. Copyright
2020, Elsevier B.V.
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The HOLE cell, on the other hand, shows a significantly improved capacity retention and
CE during 4C charging, as shown in Figure 4.2a and Figure 4.2b. More specifically, the HOLE
cell retained 97.2% of its initial cell capacity with no rapid decrease in its CE throughout cycling.
Correspondingly, no visible Li plating is observed on the patterned anode post cycling, as
described elsewhere.?? Similar improvements are observed at 6C, where the HOLE cell retained
>93% of its initial capacity after 100 fast-charge cycles, while the control cell only retained 59%
of its initial capacity, as shown in Figure 4.2c. The behavior of the CE for both cells for 6C cycling
is analogous to that for 4C cycling, as shown in Figure 4.2d. Furthermore, to show that the
improvement observed due to the HOLE architecture cannot be simply replicated by increasing
the porosity and decreasing the loading of the anode (to match the specifications of the patterned
anode) in the control cell, a separate control cell was assembled. This separate control cell had an
anode with lower loading and higher porosity than the original anode in the control cell, and it is
referred to as the new control anode hereafter. Figure 4.2f shows the capacity fade of the three cell
configurations (control, HOLE, new control) during 6C charging. As shown in the figure, a similar
trend in capacity fade is observed between the control and new control cells despite the lower
electrode loading and higher porosity. Thus, the improvement enabled by the HOLE architecture
cannot be simply attributed to its higher overall porosity and lower loading.

To develop a mechanistic understanding of the improved performance enabled by the
HOLE architecture, 3D continuum scale modeling is employed. The model details, such as the
underlying equations, parameterization, and the generated simulation results, are presented in the

following sections.
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4.3 Governing equations to model the fast-charging performance of Li-ion battery electrodes

As described in Chapter 2 (Section 2.1), a Li-ion cell contains three primary domains: the
cathode, the anode, and the separator. A schematic of a cell composed of these domains is shown
in Figure 4.3. The porous electrode theory treats each of these domains as an effective medium
with averaged properties.!?192 Tt also describes the mass and the charge transport inside each of
these domains along with the electrochemical reaction that occurs within the electrochemically
active regions of the cell (the cathode and the anode). We apply the model described by Newman

103-106

and coworkers, which is summarized below. A list of the symbols used in the model

equations is provided in Table 4.1 along with their description.

Anode Separator Cathode
denoted by denoted by denoted by
subscript subscript subscript
Y =a Y =s Y =c
0 L,  Lg+Ls Ly+Ls+L,
z

Figure 4.3. A schematic of a Li-ion cell. The thickness of the cell is oriented along the Z axis. Reproduced
with permission from Ref. 22. Copyright 2020, Elsevier B.V.

Let subscript ¥ = ¢, s,and a denote the domains of cathode, separator, the anode,

respectively. Then, the mass transport of Li-ions in the electrolyte within each domain is governed

by diffusion and electrochemical reaction as!%3-1%:

0oy Sy ey 4.1
ep =V (DepryVeey) + (1-ty) 7 — & Vity,

where &, is the volume fraction of the electrolyte, c, y, is the Li-ion concentration in the electrolyte,

Desry is the effective diffusion coefficient of the electrolyte in the porous medium. The
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electrochemical reaction current density (RCD), the ionic current density in the electrolyte, and
the transference number of Li-ions in the electrolyte are denoted by &, iy, and tﬂﬂl,, respectively,
and F is Faraday’s constant. Note that when anisotropy is present, D,sf y, is a tensor, but we use

the scalar notation for simplicity. Also note that the RCD is zero inside the separator since it is

electrochemically inactive. The following boundary conditions are imposed on the mass transport

equation:
~Deff,aVeeal _, =0, (4.2)
_Deff’CVCe’C|Z=La+LS+LC =0, (4.3)
—Deff,avCe,aL:LE = —Deff,ste,SL:Lz, (4.4)
“DesrsVees |Z=(La+Ls)_ = “DesreVeer |z=(La+Ls)+' (4.5

where L, L, and L. are the thicknesses of the anode, the separator, and the cathode, respectively
(see Figure 4.3). The no-flux boundary conditions (Eqgs. 4.2 and 4.3) represent the current
collectors that do not allow Li-ion penetration, while the boundary conditions described by Egs.
4.4 and 4.5 represent absence of accumulation of ions at each electrode/separator interface.
Within each electrode (1) = a or c¢) the mass transport of lithium inside the active material

particles is controlled by diffusion. The assumption that these particles are spheres of radius R,

enables the diffusion equation to be written in spherical coordinates as!%-1%:
Opy L0 () 9%\ (4.6)
at  rzor\ P¥ or

where ¢, represents the lithium concentration in the active material, D,, , is diffusion coefficient

of lithium inside the active material, and r is the radial coordinate defined within a spherical

particle. The boundary conditions for the mass transport of lithium inside the active material are:
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dc
b, 47
~Dpy— " lr=0 =0, “.7)
dc
Py _ (4.8)
Dy breryy = ~S0/()F).

The current density in the electrolyte phase within each domain (i) = a,s,or c¢) due to the

electrostatic potential and chemical gradients is calculated by!%3-1%6

2RT

_ oIn(fiy)
le'w = — Keff,d,que'w + Tkeffﬂ,b (1 + —

o (4.9)
9 ln(ce,¢)> (1= Eey)7inees)

dIn(fyy)
? 2 ll’l(Ce‘ 1/,)

where K.z y 18 the effective ionic conductivity of the electrolyte in the domain accounts

for the salt activity coefficient dependence on the electrolyte concentration, R is the universal gas
constant, and T is the cell temperature. Note that when anisotropy is present, ks f , is a tensor, but
we use the scalar notation for simplicity. Since the ionic current density is zero at the

electrode/current collector interfaces,

foal =
ealz=9

(4.10)

le’C|Z=La+Ls+LC - 0 (411)
Furthermore, the condition for charge conservation and charge neutrality in the electrolyte phase
necessitates that!03-106

Vi iy =&y (4.12)

The electrostatic potential of the solid phase inside each electrode (¢sp )P = a or ¢) is

determined from charge conservation, along with the (generalized) Ohm’s law, as!'%3-106;

v (Ueffﬂl)V(pSp,l,b) = Elj}r (4.13)
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Where 0,5 1s the effective electrical conductivity of the electrode. Note that, although g, is

a tensor when anisotropy is present, we use the scalar notation for simplicity. The electronic charge

flux at the cathode/current collector interface is set by the applied current density i,y as

—Oorf.cVPspc] (4.14)

z=Lq+Lg+L¢ = Lapp -
The electronic charge flux at the electrode/separator interfaces is zero, which results in the

following boundary conditions:
—f’eff,a‘7¢sp,a|Z=La =0 (4.15)

= 0. (4.16)

_Ueff'CV¢Sp'C|Z=La+LS -
Furthermore, the electrostatic potential at the anode/current collector interface is set to zero,

Pspa |Z_0 = 0. The electrochemical reaction at the active material/electrolyte interface is modeled

using the Butler-Volmer equation'%3-1%

_ 0.5F —0.5F 41
£ = ahiny (o0 () —exo () “n

where 7y, is the overpotential, afz is the active surface area per unit electrode volume, and iy, is

the exchange current density, which is assumed to have the following dependence on the Li-ion

concentration in the electrolyte and Li concentration in the active material!%3-1%:

1/2
1/2 1/2 [ ¢
, _ ___surf surf ey (4.18)
toy = Fly (C{ﬁx‘fx Cpp ) (Cp,¢ ) <C ) ’

eref

Sur . . . . . .
where prf and c,,* represent the surface and the maximum lithium concentration inside the

active material particles, respectively, and ky, denotes the reaction rate constant. The quantity
Ceres has a value of 1 mol/m’. Finally the overpotential, in the presence of a resistive film (SEI),

is calculated by!03-106
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My = Gspyp = ey — Uy — Eypy/ay, (4.19)

where Uy, is the open circuit voltage of the active material and py, is the area specific resistance of

the SEI layer.

Table 4.1. The list of symbols and description for the variables in the model equations. Reproduced with
permission from Ref. 24. Copyright 2023, the authors. Published by Elsevier B.V.

Symbol Description

Y Subscript indicating the domain (a for anode, s for separator, and ¢ for cathode)

p Subscript indicating the active material

z Coordinate for the cell thickness, m
Ce Electrolyte concentration, mol/m?

&y Electrolyte volume fraction (porosity)

D, Intrinsic diffusivity of the electrolyte, m*/s

Defry Effective electrolyte diffusivity, m%/s; D, = XyDi
Ratio between the effective and intrinsic values of the electrolyte diffusivity and
X conductivity; xy = De[’:% = Ke”:%
tf:’w Transference number for the Li ions in the electrolyte
Surface area of the active material per unit volume of the electrode. For spherical

Dy particles, it is equal to 3 ;’;—:’;, m*/m’

icy Electrolyte current density, A/m?

F Faraday’s constant, C/mol

& Reaction current per unit electrode volume, or reaction current density, A/m’
Ry Radius of the active material particles, m
Epp Volume fraction of the active material particles in the electrode

Ly Thickness of the domain, m
Cpp Li concentration in the active material, mol/m’

r Radial coordinate defined within the spherical active material particles, m
Dy Diffusion coefficient of Li inside the active material particles, m*/s

Kef b Effective electrolyte conductivity in the domain, S/m; kerry = Xyki,
Ky, Intrinsic conductivity of the electrolyte, S/m
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¢e,1p

Electrostatic potential of the electrolyte, V

R Universal gas constant, J/(mol K)
T Cell temperature, K
< 14 9 In(f. iﬂl))) Thermodynamic factor, which represents the dependence of the electrolyte
0 ln(ce' 1l1) activity coefficient on the electrolyte concentration
" Effective electronic conductivity of the electrode, S/m; oerry = ?—g ay. We
R assume that the tortuosity for the electronic transport is same as the ionic transport
Ty Electronic conductivity of the active material mixed with carbon additive, S/m
Subscript indicating the solid phase, which includes the active material, the
Sp carbon additive, and the binder, inside an electrode
Dspw Electrostatic potential of the solid phase, V
lapp Applied current density on the cathode, A/m*
Lo, Exchange current density used in the Butler-Volmer equation, A/m?
key, Reaction rate constant, m/s
Ny Local overpotential in the electrode that drives the electrochemical reaction, V
Uy Open circuit voltage (OCV), V
Py Area specific resistance of the SEI layer on the active material particles, Qm®
c;?:brf Local Li concentration on the surface of the active material particles, mol/m’
Cp $x Maximum Li concentration inside the active material particles, mol/m’

4.4 Model parameterization for Li-ion battery electrodes

As can be observed from the model equations described in Section 4.3, the model has many

input parameters, which can be divided into two categories, those associated with the electrodes

and others associated with the separator, as shown in Figure 4.4. Ideally, each parameter value

would be determined by performing relevant experiments to fully reflect the battery system under

consideration. However, the experimental measurements of many parameters, including but not

limited to effective and intrinsic ionic diffusivity and conductivity in the electrolyte, Li diffusivity

in the active material, transference number, and reaction rate constant, are both time- and resource-
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consuming. Therefore, values of the parameters that cannot be easily determined experimentally
are instead obtained by a combination of literature data and by matching the model prediction and
experimental data. In this section, we first describe each parameter for the electrodes and the
separator and discuss its effect on fast-charging performance of the battery. We then explain our
approaches for determining the values of parameters, which include an automated ML-based
parameterization procedure for matching the model prediction with experimental results. The

details of this procedure are provided in Section 4.4.3.

Model
Parameters
Electrodes Separator

Structural Material Structural Material
. EwT /\ . gll)"' /\
. ¥ Kinetic Thermodynamic o Lot Kinetic Thermodynamic

Sy + v . §
o Lyt * Dyt o DS * Uy * Xyt * D RCALIGES)

Y pY L. o ~Max i v o 1, 8 Bln(c )
<Xyt < kyt o xgt S 0 v

0 g § .
* Ryt cppt iyt "a':‘(f ) tr
. § n(ceﬂlﬂ)
%y

Figure 4.4. Categorization of the model parameters. The superscript next to each parameter, T, I, or §,
indicates the sources of the parameter values, which corresponds to experiments, automated
parameterization procedure, and literature, respectively. Reproduced with permission from Ref. 24.
Copyright 2023, the authors. Published by Elsevier B.V.

4.4.1 Electrode parameters

The electrode parameters can be further subdivided into two subcategories: structural and

material, which are discussed in detail below.
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4.4.1.1 Structural
The structural parameters constitute the quantities that account for the cell structure and

the electrode microstructure, such as the electrode thickness, Ly, ; the radius of the active material
particles, R, ,,; the volume fraction of the electrolyte, &y,; and the volume fraction of the active
material, &, ,,. We note that &, and ¢, ,, are related as &y, + &,y = 1 — & y, where &  is the

volume fraction of the filler phases, including carbon additives and binder in the electrode. Thus,

if & 4 is fixed, &, and g, ,, become linearly dependent on each other. The structural parameters

also include y,, which represents the ratio between the effective and intrinsic values of the

D K,
—effY — Ze/I¥ The value of X

diffusivity and conductivity for the electrolyte phase, i.e., xy = = ”
L L

can be related to &y, and the electrode tortuosity, 7,,, which signifies the length of the microscopic

path of the ions within the electrode via y,, = i—f.m

These structural parameters affect the battery characteristics in a variety of manners. For

instance, &y, &, , and Ly, determine the loading of the active material in the electrode and thus the
maximum capacity. Increasing &, ,, and/or Ly, (with other parameters fixed) raises the maximum

capacity of the electrode. In addition, the structural parameters also influence fast-charging

performance; for example, xy, and Ly, affect the ionic diffusion and migration dynamics in the
electrode. To enhance Li-ion transport, it is necessary to increase yy, and/or reduce L,,. However,

these changes decrease the maximum capacity due to the reduced loading of the active material.

Similarly, R, ,, affects the solid-state diffusion dynamics, and it is desirable to decrease Ry, to
enhance Li transport within active material particles.'”*!'% Furthermore, Ry, ,, along with &, ,,
also influence the value of the specific surface area of the active material, a,y,. Since a,, is

directly proportional to &, and inversely proportional to R, ,,, increasing &, ,, and/or reducing
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Ry, "% 110 generally leads to more electrochemically active area, which consequently improves

fast-charging performance of the electrode. However, such a design strategy often leads to high
first-cycle losses, because the increased SEI formation.!%®!!! Thus, one needs to consider the
tradeoff between enhanced fast-charging performance and increased first-cycle losses when
choosing the values of R, and &, ;.

All structural parameters are set during the design and construction of the electrode except

for yy, which depends on the microstructure after the calendaring process. The R50 value (i.e.,
half of the particles are smaller in radius than this value) of the active-material powder is used for
R, . An automated parameterization process (described later in Section 4.4.3) was chosen to

determine y,, for the following reasons. First, the experimental techniques such as electrochemical

114,118-122

impedance spectroscopy (EIS)!'?7!'7 and X-ray tomography imaging, combined with

calculations,’>>%-119-121.1237125 that are used for determining 7,, (and hence x,, using the relation

= ) are resource intensive, and the results obtained from different techniques may not agree
Xy 2 q y g

with each other,''*!'> Second, the literature values for 7,, (and hence y,,) cannot necessarily be
used for a particular battery system, because they are highly sensitive to the electrode composition
and processing. Third, through this method, we account for any discrepancy between the input
value and the actual value of the intrinsic transport properties of the electrolyte that arises from

experimental uncertainties. It should be noted that y,, is treated as a second-rank tensor in 3D

space for the HOLE anode to account for the anisotropy of the Li-ion transport, as discussed in

previous publications.??3°
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4.4.1.2 Material

The model parameters that are determined by material properties fall under this second
category. Such parameters can be further divided into three subcategories, as shown in Figure 4.4.
The first subcategory is that of the kinetic parameters, which include the transport parameters and
reaction-rate parameters. For the active material, the kinetic parameters are the solid-state
diffusivity, D, ; the electronic conductivity, ay,; the area specific resistance of the SEI layer, py;
and the reaction rate constant, ky,. For the electrolyte, the parameters are the ionic diffusivity, Dy ;
the ionic conductivity, k; ; and the transference number, tfﬂjw. For achieving high-rate performance,
a high Dy, ,;, is desired to ensure fast diffusion of Li within the active material particles, as well as
a large ky,, which results in low activation overpotential. Additionally, a small p,, and high g, are
desired as they result in low overpotential at particle-electrolyte interface and small Ohmic
overpotential, respectively. Similarly, large values of D;, k;, and tﬂl,,, would result in fast Li-ion
transport in the electrolyte, and thereby reduce the large concentration gradient that typically
develops in the electrode during a high C-rate operation.

The kinetic parameters for the active material can potentially be determined using the
galvanostatic intermittent titration technique (GITT) and the EIS techniques. However, these
measurements tend to have significant uncertainties due to the difficulty in determining the active
surface area.!?¢ Moreover, the measurements obtained using GITT and EIS often do not agree with
each other.'?”-128 Owing to these challenges, the values reported in the literature can span multiple
orders of magnitude; for instance, the range of the solid-state diffusivity of Li within graphite
particles has been reported to be as wide as seven orders of magnitude.'?® Thus, we chose to obtain
these parameters using the automated parameterization procedure (explained later in Section

4.4.3). We assumed each of ky,, py,, and Dj, . to be a constant value (independent of concentration,
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etc.); however, since the Li diffusivity in the graphite anode, D, ,, is known to have a strong

p.as
dependence on the Li concentration in graphite, we obtained a functional form of D, , vs. Li
concentration from the literature!3® and scaled that function by a pre-factor, which is determined
by the automated parameterization procedure. On the other hand, the kinetic parameters for the
electrolyte are well studied and documented, and therefore we adopted their values directly from
the literature.!3!

The next subcategory is of thermodynamic parameters, which includes parameters such as

the equilibrium potential or the OCV, Uy, and the maximum concentration, ¢,;*, for the active

oln(f+ )

aln( Ce,¢))’ for the electrolyte. Although the

material, as well as the thermodynamic factor, <1 +

thermodynamic parameters do not directly determine the fast-charging performance of the

electrode, they can exacerbate the existing kinetic limitations in the system. For instance, if Uy,

has one or more plateaus where it is nearly constant with respect to the state of charge (SOC), it
can lead to highly inhomogeneous distribution of the reaction current density, which can severely
reduce the accessible capacity under high C-rate conditions.?*1%4132.133 However, this effect is only
observed when transport limitations are present in the electrolyte and active material. In their

absence, the plateaus in Uy, do not affect the accessible capacity (see Figure 4.14 and the associated
text in the Section 4.7).

We experimentally obtained Uy, for both electrodes by performing slow (C/33) charging

of a three-electrode cell. Furthermore, we obtained ¢, through the automated parameterization

procedure (explained later in Section 4.4.3) because of two reasons. First, the density of the active
materials used in this study were not accurately known (only the tap density of the powder was

provided by the supplier). Second, a wide range of values for ¢, is reported in the literature. For
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instance, the reported maximum Li concentration in a carbon electrode ranges from 16,100 mol/m?
134,135 t0 ~31,000 mol/m? 135137 in the literature. The discrepancy originates from the fact that two
different specific capacities (theoretical and practical) are used to convert the voltage vs. capacity
data for Uy to the voltage vs. Li-site fraction data, which is required for the Newman model.
However, the information regarding which specific capacity was used in the analysis is often not
provided. This shows the importance of reporting all the information about the materials,
processing, and testing conditions used in such studies. Finally, the thermodynamic factor for the

electrolyte was obtained from the literature.!®!

4.4.2 Separator parameters

The parameter categorization for the separator is the same as that for the electrodes, except
for the fact that the separator is electronically insulating and has no active material. For high fast-

charging-performance, a separator with high &, low 7, (and therefore, high D, s s and k¢ ), and

low L, is required while ensuring the mechanical strength against Li dendrite penetration and high
electronic insulation.!*® Such a design would also enhance the energy density of the battery
because it reduces the weight of the electrochemically inactive components. The structural
parameters were measured experimentally, except for y,, which was obtained using the automated
parameterization procedure (described in Section 4.4.3) due to the reasons discussed above for the
electrodes. Since the material parameters for the separator are only related to the electrolyte, they
are obtained from the literature.!*! Note that the electrolyte parameters are individually defined in
different domains to ensure the model’s applicability to a wide variety of Li-ion battery designs,
including, for example, solid-state batteries, in which the separator and electrodes could have

different electrolytes.
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4.4.3 Automated parameterization procedure

To determine the remaining model parameters, we employed an ML algorithm based on
particle swarm optimization (PSO).”%!1% We selected PSO because of two reasons. First, the
runtime of PSO is independent of the number of unknown parameters, and there are many in this
case. Second, since PSO tracks both local and global optimum at every iteration, the probability
of its convergence to a local optimum can be reduced if a sufficiently large swarm size is used.

139-141

We note that other optimization algorithms such as genetic algorithms or the algorithm

proposed by Huang et al.!'#?

can also be used to implement the automated parameterization
procedure. However, a comparative analysis of these algorithms is beyond the scope of this study.
We also note that our implementation of the algorithm is similar to the work of Arunachalam et
al.' As in that work, we implemented PSO in MATLAB and used COMSOL to solve the
Newman model. The interface between the two software was managed using COMSOL LiveLink
for MATLAB. For an individual C-rate, the error used in the objective function for PSO is defined
as the integral of the square of voltage difference between the experimental result, V. 7", and the

simulated result, V3™ with respect to the normalized accessible capacity, Q,,. The objective

function, é, is then obtained as the sum of errors for all C-rates, which are indexed using m:
1 o,
o=y [ (G = vy gy, (420)
0
m

Next, we discuss our implementation of PSO. Figure 4.5 shows the flowchart for the PSO
algorithm used in this work. Our implementation is based on the work of Clerc et al.,” which is a
modified version of the original algorithm developed by Kennedy et al.!® Clerc et al.”® suggested

the use of a constriction coefficient, X, for calculating the personal (c; ) and social (c;) acceleration
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coefficients instead of the choice of ¢; = ¢, =2 in Ref. 100. The relations between the

acceleration and constriction coefficients are listed in Table 4.2, along with their values.

4 )

1. Initialize the position
of all particles.

2. Set the velocity of the
particles to zero.

- J

r ~
Evaluate the

objective function for
each particle.

A

/1 . Update the personal\

best position (pjbeSt)

for each particle.

R t
2. Update the global cpea

best position (pbest) for

\ the swarm. /

Update the position and
velocity of all particles
based on

p].best and pgbest.

Is the termination
criterion satisfied?

Figure 4.5. Flow chart showing the PSO algorithm. Reproduced with permission from Ref. 24. Copyright
2023, the authors. Published by Elsevier B.V.
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Table 4.2. PSO hyperparameters and their values.”” Reproduced with permission from Ref. 24. Copyright
2023, the authors. Published by Elsevier B.V.

Parameter Value
b4 1
1 2.05
P2 2.05
® P11+, = 41

2u
R = (0.7298
|2 —¢—(p? - 4<p)|

w X = 0.7298
C Ny, = 1.4962
Cz N(pz == 14962

The position coordinates for each particle are initialized using random numbers obtained from a
uniform distribution between minimum and maximum values of the model parameters (using the
function unifrnd in MATLAB®), while the velocity is set to zero. These values are provided for
each parameter in Table 4.3. Subsequently, in every iteration, the velocity and position of each

particle is updated as follows.

v = wul + o XY o (PP —ph) + ¢, XY o (pahest —pp), (4.21)

p]zj+1 — p]lj + vji+1’ (4.22)

where Y is a vector of random numbers between 0 and 1 with size equal to the number of unknown
parameters, v and p are vectors (having a length equal to the number of unknown parameters) that
represent the particle velocity and position, respectively. The symbol o represents the Hadamard
product (elements wise multiplication) between the vectors. The subscript j represents the particle

number and the superscript i represents the iteration number; and the variables p]l-’ est and p9best
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represent the personal best position for the j particle and global best position for the swarm (i.e.,
with minimum value of the objective function), respectively. Note that these positions may not
change in every iteration. We also note that both the velocity and position for each particle are
restricted to a predetermined range, which is individually set for each parameter. This is done to
avoid unphysical values for the parameters like negative reaction rate constants or diffusion
coefficients (for Fickian diffusion). The lower and upper bounds for each parameter, denoted by

X; and X, respectively, are listed in Table 4.3. Note that the range for each parameter is set such

coeffis

that it encompasses the literature-reported values, as listed in Table 4.3. Note that D, ,

a

prefactor, which is used to scale the literature reported function of Li diffusivity in graphite shown

coeff

in Figure 4.12 in Section 4.7, i.e., D, o = Dy,

X Dg. The minimum and maximum velocity are

set equal to -0.5(X,, — X;) and 0.5(X,, — X;), respectively.

Table 4.3. The minimum and maximum values set for each parameter obtained using the PSO algorithm.
Reproduced with permission from Ref. 24. Copyright 2023, the authors. Published by Elsevier B.V.

Parameter Lower Bound (X;) Upper Bound (X,,)
Dyt 1x 1073 1
cnax 2 x 10* 3.5 x 10*
Xa 1x1073 3x 1071
kg (m/s) 1x 10713 1x107°
Pq (QmM?) 1x 1078 1x107*
D, . (m%/s) 1x 10716 1x 10712
cnax 4 x10* 6 x 10*
Xe 1x1073 3x 1071
k. (m/s) 1x10714 1x 10710
pe (Qm?) 1x1073 1
Xs 1x1073 6 x 1071
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To train the ML model, we needed experimental data. Dr. Kuan-Hung Chen and Prof. Neil
Dasgupta provided this data in the form of voltage vs. capacity curves for galvanostatic charging
of the control anode (the unmodified anode design) at six C-rates (0.1C, 0.5C, 1C, 2C, 4C, and
6C). Thus, this data for the control anode was used as the training dataset. The simulated results
obtained using the automatically identified parameters are compared with the experimental results
for the anode in the control cell in Figure 4.6a. As can be seen, the two datasets match closely with
each other. The corresponding evolution of the objective function is provided in Figure 4.7 (blue
curve with the left y-axis). Next, we performed simulations for galvanostatic charging of the
HOLE anode to validate the identified parameters. Therefore, the data for the HOLE anode served
as the fest dataset. We note that the ratios between the in-plane and through-plane values of Dy 4
and K.rr 4 were obtained manually for the HOLE anode because the performance of the control
cell is insensitive to the anisotropy in the electrode tortuosity. The simulated and experimental
results are compared in Figure 4.6b for the HOLE anode. The close match between the two datasets
validates the trained ML model and highlights the prediction accuracy of the trained model when
accounting for a change in the electrode design. Moreover, it shows that only the 1D form of the
Newman model is sufficient for the parameterization purpose (except for the in-plane value of the

effective transport properties), which is much faster to solve than the 3D form.
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Figure 4.6. Comparison between the experimental and simulated voltage traces for the anode in the (a)
control cell and (b) HOLE cell (with the HOLE patterned anode). The experimental data are shown in solid
curves, while the simulation data are shown with dashed curves. The data show six rates from 0.1C (black)

to 6C (cyan). Reproduced with permission from Ref. 24. Copyright 2023, the authors. Published by Elsevier
B.V.
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Figure 4.7. The evolution of the objective function obtained for the anode and the cathode in the control

cell (with unmodified electrodes). The error for the anode is on the left y-axis, and that for the cathode is

on the right y-axis. Reproduced with permission from Ref. 24. Copyright 2023, the authors. Published by
Elsevier B.V.

To further demonstrate the efficacy of the ML algorithm, we applied it to the cathodes in

the control and HOLE cells and provided the results in Figure 4.8. The evolution of the objective
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function for the cathode in the control cell is provided in Figure 4.7 (magenta plot with the right
y-axis). Following the same approach as the anodes, the measurements for the cathode in the
control and HOLE cells were used as the training and test datasets, respectively. As can be seen,
the simulated curves match well with the experimental measurements for both the cells. The final
set of parameters identified for both the anode and the cathode in this section are listed in Table
4.4 and Table 4.5, respectively, along with their sources and a comparison with the literature
reported values (where available). The values of the remaining model parameters are listed in
Table 4.6. In Section 4.5, we use the model to investigate the effect of the HOLE architecture on
the fast-charging performance of the graphite. Subsequently, we discuss the simulations-based

optimization of HOLE design for fast-charging performance in the next chapter.
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Figure 4.8. Comparison between the experimental and simulated voltage traces for the cathode in the (a)
control cell and (b) HOLE cell (with the HOLE patterned anode). The experimental data are shown in solid
curves, while the simulation data are shown with dashed curves. The data show six rates from 0.1C (black)
to 6C (cyan). Reproduced with permission from Ref. 24. Copyright 2023, the authors. Published by Elsevier
B.V.
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Table 4.4. Anode parameter values identified and used in this work, along with their sources and
comparison with the ranges of values surveyed from the literature. Reproduced with permission from Ref.
24. Copyright 2023, the authors. Published by Elsevier B.V.

Range of values
Parameters Values Units Sources in literature (if
available)
Thickness (Lg) 6.8x107 m Experiment --
Particle radius (R 4) 4.06x10°¢ m Experiment --
Electrol 1
ec ‘ro yte volume 3132x10" . Experiment .
fraction (&)
Active material volume )
. 6.456x10"! -- Experiment --
fraction (&,,4)
, 1.7x107"! -
Reaction rate constant 10 Automated 10
1.824%10 m/s o 1.5%10
(ko) parameterization 137144147
4
Max Li concentration in . ;| Automated 3:054x10
hite (cmax 2.95x10 mol/m o 3.192x10*
graphite (cpg™) parameterization ol 137144146
Initial Li concentration in
: 1.77x10" mol/m® | Assumed -
graphite (cp_a|t:0)
Li diffusion coefficient in ) Automated
. 0.4252xDy m-/s . --
graphite (D, 4) parameterization
Automated
2.15%1072x parameterization
Effective Li-ion diffusion | r1.2D, 0 0 s (except for the ratio
coefficient (Defs ) 0 1.2D;, 0 between the in-
0 0 D plane and through-
plane values)
Effective electrical Automated 1x10" — 2.2x10?
. 4.43x10” L '
conductivity (Ogff,q) 3x107x0s carpon | S/m parameterization S/m!34137:144
5 150102 Automated
15x107% o
Effective Li-ion | 11.2 K, 0 0 parameterization '
conductivity (k ) 0 1.2k, O S/m (except for the in- | --
Y Wefra 0 ' 0 L ; plane to through-
t plane ratio)
Initial Li-ion
concentration in  the | 1«03 mol/m® | Experiment --
electrolyte (ce,a|t:0)
Area specific resistance of 335107 Om? Automatec.i . B
the SEI layer, (p,) parameterization
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Table 4.5. Cathode parameter values identified and used in this work, along with their sources and
comparison with the ranges of values surveyed from the literature. Reproduced with permission from Ref.
24. Copyright 2023, the authors. Published by Elsevier B.V.

Range of values

Parameters Values Units Sources in literature (if
available)
Thickness (L) 6x10” m Experiment --
Particle radius (R ) 4.65x10°¢ m Experiment --
Electrol 1
ec ‘ro yte volume 3.411x10" . Experiment _
fraction (&.)
Active material volume )
. 6.062x10! -- Experiment --
fraction (&, )
Aut ted
Reaction rate constant 1 voma e. 110" — 9.2x10°
k) 1.545%10 m/s parameterizat | m/s 137144145
¢ ion
4
Max Li concentration in 5 018x10* Vm? Automitec.i ¢ 257;:28?(1)‘?
.018x mol/m parameteriza .858x
NMC-532 (C;Jncax) ion mol/m?3 137144145
Initial Li concentration in . Vi A q
NMC-532 (Cp.6|t:0) 4.9176x10 mol/m ssume --
Li diffusion coefficient in _14 5 Automatec.i 2x107"¢ — 3x107*
NMC-532 (D, ,) 1.0825x10 m-/s parameterizat /gl 145150
e ion
Effective Li-ion diffusion 5 ) Automatec.i
coefficient (Dypr o) 3.47x10xD;, m-/s parameterizat | --
eff.c ion
Effective electrical | ¢ 1741070 S/m pA;:Llnzteer?zat Ix100 -~ 7x10
ductivit : s,NMC 137,144,145
conductivity (gff,c) ion S/m
Effective Li-ion 5 Automatec.i
. 3.47x107"xK;, S/m parameterizat | --
conductivity (Kesr,c) .
ion
Initial Li-ion
concentration in  the | 1x103 mol/m? Experiment --
electrolyte(ce ¢ | t:0)
. Automated
Area specific resistance of B ) voma e.
the SEI layer, (p,) 1.65x10 Qm parameterizat | --
yer, (O¢ ion
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Table 4.6. Values of the remaining model parameters identified and used in this work, along with their
sources and comparison with the ranges of values surveyed from the literature. Reproduced with permission
from Ref. 24. Copyright 2023, the authors. Published by Elsevier B.V.

Range of values
Parameters Values Units Sources in literature (if
available)
Intrinsic material properties
Diffusion coefficient of the | (2.2x107'" —4.24x10°'%) ) ) 151
) m°/s Literature -
electrolyte, D; (Figure 4.13a)
Ionic conductivity of the (1>'<10'6 —-9.5x10™) S/m Literature!’! 3
electrolyte, K, (Figure 4.13b)
Transference numberin the | 1.1x10"'—3.7x10™! . 151
0 . - Literature -
electrolyte, t} (Figure 4.13c¢)
Activity coefficient of the
aIn(fy) 0—2.5 (Figure 4.13d) | -- Literature'®' --
electrolyte, ———
dIn(cyp)
Li-ion diffusion coefficient | (6.6x107'¢ —4.2x107%) ) . 130 1x10"% — 1x107
. . ) m-/s Literature 2, 129
in graphite, Dy (Figure 4.12) m°/s
Electronic conductivity of 6.8x10! S/
. m . -
NMC, 05 yme x Literature'*®
Electroni ductivity of
e r.o e ConCUetvLY 0 1x10? S/m Literature'"’ --
graphite, 0 carpon
Separator
Thickness (Lg) — three- 2 2%10° m Experiment .
electrode cell
Thickn Lg) — h
ickness (Ls) — pouc 1.2x107 m Experiment --
cell
Volume fraction of 7 110" E . ¢
-- xperimen -
electrolyte (&) X perime
Effective Li-ion diffusion Automat
. 5.5x107'xDy, m?/s woma e(.l . -
coefficient (Dgff s) parameterization
Effective Li-ion Automat
o 5.5%10" xk, S/m utomated |
conductivity (Kefs,s) parameterization
Initial Li-ion concentration 5 vt | E )
in the electrolyte (ce |t:0) b0 mom: | Experiment -
Other
Temperature 2.98x10° K Experiment --
1C current density
(determined based on the | 2.326x10' A/m* | Experiment --
cathode loading)
Volume re.tention after 0.895 B Experiment B
laser patterning (Qz)
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Inter-channel spacing (d) | 8.5x107 m Experiment --

Top radius of the channel
(at the anode/separator | 2.15x107 m Experiment --
interface)

Bottom radius of the
channel (at the | 6x10° m Experiment --
anode/separator interface)

4.5 Simulation results for the effect of laser patterning on the fast-charging performance of

graphite electrodes

Figure 4.9c compares the simulated voltage (vs. a Li reference) vs. time curves for the
control and HOLE anodes during 4C charging. The simulation for each cell was terminated when
the anode voltage reached 0 V. As expected, the HOLE anode was able to maintain a voltage above
0V for a longer period of charging time than the control anode (364 s vs. 125 s), which shows that
the polarization at the HOLE anode is lower than that in the control anode. This decrease in the
polarization is facilitated by improved access of Li-ions to graphite particles in the bulk of the
HOLE anode through the channel design. Figure 4.9a and Figure 4.9b compare the Li-ion
concentration evolution in the electrolyte phase of the control and HOLE anodes. As shown in the
figures, Li-ion concentration far from the anode/separator interface in the HOLE anode (Figure
4.9b) is higher than that in the control anode (Figure 4.9a) at all times. Due to the improved Li-ion
transport, a reduction in the local Li-ion concentration near the anode/separator interface can be

seen in the HOLE anode compared to the control anode.
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Figure 4.9. Evolution of Li-ion concentration in the electrolyte phase of the (a) control graphite anode at t
=20, 40, 80, and 125 s, (b) HOLE graphite anode at time t = 20, 40, 80, 125, 245, and 364 s during 4C
charging. The color indicates the Li-ion concentration according to the color bar on the right. The
anode/separator interface is at the top of the anodes shown in (a) and (b). (¢) Simulated voltage response of
the anode in the control cell (dashed, black line), and in the HOLE cell (solid, red line). Reproduced with
permission from Ref. 22. Copyright 2020, Elsevier B.V.

Due to the ionic transport limitation in the control anode, electrochemical reaction is
concentrated near the anode/separator interface, as shown in Figure 4.10a. This intensification of
the reaction near the anode/separator interface causes the corresponding anode volume to lithiate
faster than the entire bulk. Since the diffusion of Li-ions into the control anode is limiting, and the
surface of the graphite particles near the anode/separator interface is fully lithiated, if the charging
is continued, the incoming Li-ions will be highly likely to plate on the anode/separator interface.
Therefore, the control anode has a high propensity for Li plating. The HOLE anode, on the other
hand, experiences a much more homogenous distribution of the reaction in its bulk, as shown in

Figure 4.10b. Thus, lithiation occurs more uniformly in the HOLE anode instead of being limited
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to the volume near the anode/separator interface. If the charging is continued below 0 V, the
incoming Li-ions will have direct pathways through the channels to penetrate deeper into the
thickness of the anode and react with the unreacted active material even when the surface of the
graphite particles near the anode/separator is fully lithiated. Thus, the introduction of channels
facilitates a reduction in the propensity for Li plating in the HOLE anode as compared to the
control anode during fast charging, as well as maintaining the anode voltage above 0 V for a longer
period.

The ripples in the reaction rate in the anode bulk arise due to the form of the open circuit
potential of graphite (specifically, plateaus and the transitions between the plateaus; see Figure
4.11 and the associated text in Section 4.7), along with the electrostatic potential and the
concentration gradients in the electrolyte phase. The small noise in the reaction rate magnitude at
the anode/separator interface for the HOLE anode is a numerical artifact that disappears when an
extremely fine mesh is used and does not alter the evolution of the physical quantities presented
here (as confirmed by direct testing). We note that results provided in Figure 4.9 and Figure 4.10
correspond to the parameter values set before the automated parameterization was implemented.??
Nonetheless, the inference made here is still valid even for the latest parameter set, as noted in the

next chapter.
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Figure 4.10. Evolution of the magnitude of reaction rate in the (a) control graphite anode at t = 20, 40, 80,
and 125 s, (b) HOLE graphite anode at time t = 20, 40, 80, 125, 245, and 364 s during 4C charging. The
color indicates the magnitude of the reaction rate in A/cm® according to the color bar on the right. The
anode/separator interface is at the top of the anodes shown in (a) and (b). Reproduced with permission from
Ref. 22. Copyright 2020, Elsevier B.V.

4.6 Chapter 4 Summary

In this chapter, we employed continuum-scale modeling to develop mechanistic
understanding of the effect of the HOLE architecture on the fast-charging performance of thick
graphite anodes. First, we summarized the experimental results (obtained by Kuan-Hung Chen
(Dasgupta Group) and Min Ji Namkoong (Sakamoto Group)), which showed that industrially
relevant pouch cells (> 2 Ah) based on the HOLE architecture retained > 97% and > 93% capacity
after 100 cycles of 4C and 6C fast-charge cycling, respectively. While the corresponding retention

in cells with the unpatterned electrodes was only 69% and 59%. We then described model
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equations and the associated parameters in detail, along with a workflow to identify those
parameters. The workflow includes a categorization of the model parameters, identification of the
source(s) for each parameter, and development of an automated parameterization procedure based
on the particle swarm optimization (PSO) algorithm. We used the three-electrode voltage vs.
capacity measurements obtained at six different C-rates for the control and HOLE cells to calibrate
and validate the parameter set, respectively. Subsequently, based on the simulation results, we
established that the HOLE architecture enables fast charging in thick graphite anode by enhancing
the Li-ion transport and the homogeneity of the reaction distribution within the anode volume.
Consequently, it reduces the intensification of the electrochemical reaction near the
anode/separator interface, which mitigates Li plating. In the next chapter, we extend this work by
examining the effect of the HOLE design parameters using the parameterized model and identify
the optimal HOLE geometry for superior fast-charging performance. Furthermore, we reduce the
computational cost associated with the optimization by developing a semi-analytical framework

based on the second Damkdhler number.

4.7 Chapter 4 Appendix

Composition-dependent material properties
All the composition-dependent material properties used in the model are shown in Figure
4.11 to Figure 4.14. Kuan-Hung Chen provided the open circuit voltage (OCV) measurements for

the graphite and NMC electrodes by galvanostatically lithiating them at C/33.
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Figure 4.11. The experimentally obtained open-circuit voltage as a function of the lithium site fraction for
(a) graphite and (b) LiNgsM3Co.0> (NMC-532). Reproduced with permission from Ref. 24. Copyright
2023, the authors. Published by Elsevier B.V.
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Figure 4.12. Diffusion coefficient of lithium in graphite as a function of the lithium site fraction."

Reproduced with permission from Ref. 24. Copyright 2023, the authors. Published by Elsevier B.V.
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Figure 4.13. The intrinsic properties of the electrolyte as a function of Li-ion concentration. Diffusion
coefficient, (b) ionic conductivity, (c) transference number of Li-ion, and (d) the dependence of the salt
activity coefficient on the electrolyte concentration.'’’ Reproduced with permission from Ref. 24.
Copyright 2023, the authors. Published by Elsevier B.V.

Results with no mass-transport limitation

To show that the presence of peaks in the reaction current density (RCD) distribution do
not affect the accessible capacity during fast charging in the absence of any mass transport
limitation, we performed a 4C simulation for the control anode without such limitations. We
artificially set high values of the effective electrolyte diffusivity (and conductivity) and the Li
diffusion in graphite in the control anode; the electrolyte properties were set 14.5 times higher, and
the solid diffusivity was set 1000 times higher than the values used in Section 4.5. The simulated

results are compared with those for the control anode (same as Section 4.5) in Figure 4.14a. Two
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insights are obtained from the comparison. First, despite the presence of inhomogeneity in RCD,
the control anode with no mass transport limitations achieves the fully charged state (an SOC value
of 1) at 4C, with the final voltage of = 0.091 V, which is well above the point where Li plating is
possible. As a reference, the baseline control anode reached an SOC of 0.167. Second, having mass
transport limitations make the peaks in RCD taller (as noted by the increased value) and narrower

(as noted by the decrease in penetration depth of the peak).
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Figure 4.14. (a) Comparison of the voltage vs. SOC plot for the control anode and the control anode with
no mass transport limitations during 4C charging. (b) The evolution of RCD along the anode thickness for
the two control anodes. The values of RCD can be found on the color bar on the right. Note that the max
value on the color bar is set to 6 A/cm’ for the same reason provided in the main text. Reproduced with
permission from Ref. 24. Copyright 2023, the authors. Published by Elsevier B.V.
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CHAPTER 5
Optimization of the Highly Ordered Laser-Patterned Electrode Architecture Using

Continuum-Level Simulations”

5.1 Introduction: Optimal design of the laser-patterned electrode for fast charging

As explained in Chapter 4, the Highly Ordered Laser-Patterned Electrode (HOLE)
architecture improves the fast-charging performance of thick graphite electrode by enhancing the
Li-ion transport and the homogeneity of the reaction distribution within the electrode volume.
However, there is a lack of understanding of the effect of HOLE design parameters on the fast-
charging performance. Until now, only a limited number of studies have carried out such an
investigation. In the report by Lauri et al.,”* the authors simulated the effect of the cone angle of
the HOLE channel and the misalignment of the channels in the cathode and anode on the fast-
charging performance (up to 4C) of NMC-111/Graphite cells. In the report by Schweighofer et
al.,’® the effect of inter-channel spacing for various patterned electrode geometries (line, grid, and
cylindrical channels) on the fast-discharging performance (up to 3C) of NMC-811/Graphite cells
was simulated. Additionally, all the reported studies so far use the computationally expensive 3D
simulations to study HOLE architectures. Thus, a theoretical framework for predicting the effect
of various HOLE design parameters on the high C-rate performance of the thick electrodes is also

missing.

* This chapter is adapted from V. Goel et al., Energy Storage Materials, 57 (2023), 44?*; and V. Goel et al., MethodsX,
8 (2021), 101425.3°
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In this chapter, we bridge the aforementioned knowledge gaps by investigating the effect
of the HOLE architecture parameters like the inter-channel spacing at a fixed volume retention on
the fast-charging performance with continuum-level simulations. Note that the parameterized
model obtained in Chapter 4 is used for this work. Our results reveal that while closer (and smaller)
channels improved fast-charging performance compared to those with larger spacings and
diameters, there exists an optimal spacing below which the marginal gain in the performance falls
rapidly. We also define the second Damkdhler number, Day;, as a metric to quantify the effect of
the channel size/spacing on the electrode performance and to provide a metric for optimizing the
HOLE design. Our results show that the optimal configuration has Da;; = 1 throughout charging.
Based on this finding, we develop a semi-analytical method to obtain a time-averaged value of
Day, which can be used for high-throughput screening of various candidate electrode

architectures, thereby reducing the computational cost of the overall optimization process.

5.2 Optimization of the HOLE architecture

As discussed in Chapter 4, HOLE architecture enhances fast-charging performance of thick
graphite anodes by improving the homogeneity of the electrolyte concentration and reaction
current density distribution within the anode. We now optimize the HOLE geometry. The
geometric optimization aims to maximize the accessible capacity during 4C and 6C galvanostatic
charging, with a fixed amount of electrode volume that is removed in the HOLE pattern. The
results for 4C charging are presented first followed by that for 6C (Section 5.2.3). Moreover, to
reduce the computational cost of the 3D simulations required for the optimization, we only
consider half cells of a graphite electrode with a Li metal electrode. The details of the half-cell

configuration are provided in the in Figure 5.8 and the associated text in Section 5.4.
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For this study, we considered the shape of the channels to be cylindrical (instead of conical,
which was considered in the results discussed in Chapter 4). This change was made to facilitate
the theoretical work that will be described in Section 5.2.2. The geometry of a HOLE anode with
cylindrical channels can be characterized in terms of three parameters — the inter-channel spacing,
dp; the channel radius, py; and the electrode volume fraction retained, (2;. For a hexagonal

arrangement of the channels, these parameters are related by

0y =1- 2_”<”_h)2. 5.1)

Therefore, only two independent parameters govern the geometry of a HOLE anode. For our study,
we chose dj, and (2 as the independent parameters. We then set 2z =~ 0.895, as mentioned in
Table 4.6. By fixing the value of 2, we maintain a value of the N:P ratio for the full cell to be
greater than 1, which is typical of commercial Li-ion batteries. Therefore, as in commercial LIBs,
the battery capacity remains limited by the cathode, and not the anode. As a result, the HOLE
architecture enables improved power density without sacrificing energy density of the battery,
since the accessible cell capacity remains lower than the theoretical capacity of the anode, and thus
the energy density does not change after HOLE patterning. Under these conditions, u, and d;, are

related as

21

Thus, the channel radius is directly proportional to the inter-channel spacing for a fixed (2.
Furthermore, d;, also determines the maximum distance, &y, to the nearest channel wall
within the electrode. This distance is of interest because it sets the time it takes for Li-ion transport

from the channel wall to reach the entire electrode volume. For the hexagonal symmetry of the
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channels, the furthest point from the channel walls lies at the centroid of the triangle formed by

the three adjacent channel centers, as shown in Figure 5.1a. Thus,

V3

As seen above, the relevant design parameters for a hexagonal arrangement of the channels can be
directly obtained from d;. Therefore, to find the optimal HOLE architecture for 4C charging, we
considered 10 values of dj, ranging from 15 to 235 um. Table 5.1 lists the values of d; examined
along with corresponding values of y; and §;. Here, we focus on the performance quantified by
the accessible capacity, which is defined as the SOC achieved when the anode voltage reaches 0
V vs. Li/Li", below which there is a risk of Li plating. We also considered a loading-adjusted
control anode, which has the same loading as the HOLE anodes, and discuss its fast-charging
performance in Section 5.4 (see Figure 5.9 and associated text). Note that the loading-adjusted
anode is the same as the new control anode in Chapter 4 (Figure 4.2f and the associated text). Since
we have previously shown (Figure 4.2f and the associated text ) that simply adjusting the loading
of the control electrode to match that of the HOLE electrode does not result in a significant

improvement in its performance, it does not merit further investigation.
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Table 5.1. List of values of dj, used in the 4C optimization study along with corresponding values of pp,
and 6y,. Reproduced with permission from Ref. 24. Copyright 2023, the authors. Published by Elsevier B.V.

d (um) pn (pm) O (um)
15 2.55 6.11
25 4.25 10.18
40 6.81 16.28
55 9.36 22.39
85 14.46 34.60
115 19.57 46.81
145 24.67 59.02
175 29.77 71.23
205 34.88 83.44
235 39.98 95.65
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Figure 5.1. Schematic of a triangle formed by three adjacent channels, simulated voltage vs. SOC plots and
the accessible capacity as a function of dj, at 4C for all HOLE configurations considered here.Schematic
of a single triangle from the hexagonal arrangement of channels in the HOLE architecture. (b) Voltage vs.
SOC plots for the control anode and the HOLE anodes considered in this optimization study at 4C charging.
(c) Accessible capacity vs. dy, curve for the HOLE configurations (magenta diamonds, left y-axis), and the
magnitude of its discrete derivate (black circles connected with a dashed line, right y-axis); the accessible
capacity observed for the control anode is provided as a reference, using the magenta dashed line. The
optimal configuration among the simulations conducted, d, = 55 um, is noted in (c). Reproduced with
permission from Ref. 24. Copyright 2023, the authors. Published by Elsevier B.V.
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Figure 5.1b and c show the anode voltage vs. SOC and the accessible capacity vs. dj,
respectively, for all d;, values (including the control anode). We also provide the magnitude of the
discrete derivate of the accessible capacity vs. dj, curve on the right y-axis in Figure 5.1c, which
signifies the marginal gain in the accessible capacity. As can be seen, all the HOLE configurations
perform better, i.e., access a higher SOC under fast-charge conditions, than the control anode
(magenta diamonds vs. magenta dashed line in Figure 5.1c). In addition, the performance of the
HOLE configuration improves with decreasing dj,; closer spaced (and smaller diameter) channels
deliver better fast-charging performance than the larger-spaced (and larger diameter) channels,
under the constraint of retaining a fixed volume fraction. This finding is consistent with a previous
study that examined a smaller range of parameters in another system (an NCA cathode with a hard
carbon anode).!'*?

We observe that the derivative of the accessible capacity vs. dj, curve is nonmonotonic, as
shown by the black curve in Figure 5.1c. The magnitude of the derivative increases up to d, =
55 um, below which it rapidly decreases. Therefore, d, = 55 um acts as the point of diminishing
return, i.e., any progressive decrease in dj, leads to an increasingly smaller improvement in the
accessible capacity. Mechanistically, this diminishing improvement is observed because at a
sufficiently small dj, value, the transport in the electrolyte is no longer the limiting mechanism and
other phenomena such as Li diffusion in graphite particles limit the charging process. We provide
more insights into this diminishing return in the following sections (Sections 5.2.1). We define the
dj, value corresponding to the point of diminishing return as the optimal configuration, as noted in
Figure 5.1c. Thus, d, = 55 pum is identified as the optimal configuration for 4C charging for 2z =
0.895 among the simulations conducted. Quantitatively, this configuration provides a 3.4 times

larger value in the accessible SOC than the control anode.
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We now offer additional insights into the enhancement of fast-charging performance
observed above in the HOLE anodes by examining the distribution of the reaction current density
(RCD), ¢ (A/m?), at separate times during charging. Figure 5.2 shows the evolution of the RCD
distribution in the control anode during 4C charging. The RCD is highly concentrated near the
anode-separator interface throughout charging, which is associated with a large overpotential at
the interface. Owing to this large overpotential, the anode reaches the cut-off voltage (0 V vs.
Li/Li") well before a full charge is completed (149.5 s vs. 900 s). On the other hand, the RCD
distribution is much more uniform in the HOLE anode (d;, = 85 um), as shown in Figure 5.2.
Note that the effect of the HOLE architecture on the homogeneity on the RCD and the voltage vs.

SOC plot is consistent with the results presented in Figure 4.10 and the associated text.
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Figure 5.2. Time series of the simulated reaction current density distribution (RCD) for the control and
HOLE anode (d, = 85 um) during 4C charging. The times for the images were selected when the anode
voltage is 0.3V, 0.2V, 0.1V, 0.05V, and 0V, as noted at the bottom of the figure.The color indicates the
RCD value according to the color bar on the right. The maximum magnitude of the RCD observed in the
control anode is ~10.7 A/cm’; however, the maximum value of color bar is set to 6 A/cm®to enable a better
visual comparison with the HOLE anodes. Dashed arrows indicate the additional regions activated in the
HOLE anode near the channel wall. Reproduced with permission from Ref. 24. Copyright 2023, the authors.
Published by Elsevier B.V.

This improvement in homogeneity arises because the HOLE architecture increases the
electrochemically active fraction of the anode volume in two ways. First, it activates the volume
near the channel walls, as highlighted in Figure 5.2. Second, to a lesser degree, it activates the
volume away from the wall by decreasing the distance over which Li ions must be transported to
reach the active particles that are located far from the separator. Consequently, a more uniform
distribution of the current density is achieved in the HOLE anode, allowing it to sustain 4C

charging for a longer time and to reach a higher SOC than the control anode. We note that the
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presence of local regions with a high RCD in the anodes studied here, such as the red bands in the
control anode at t = 94.9s and the green bands in the HOLE anode at t = 284.5s and t = 408.9s in
Figure 5.2, is caused by a complex interplay between thermodynamics and kinetics.?>?*!33The
bands originate because of the plateaus in the graphite OCV (which is the function of Li
concentration in graphite; see Figure 4.11 and the associated text ), and transport limitations in the
electrolyte render them to be more pronounced!**!3%133 (further details are found in Section 4.7,
see Figure 4.14 and the associated text). Hereafter, we refer to these bands as peaks because they
are analogous to the RCD peaks observed in pseudo-1D simulations in a previous study?® and later
in Figure 5.5a. We discuss the effect of these peaks in detail in Section 5.2.1.

Figure 5.3 compares the RCD distribution for d;, = 55, 145, and 235 um at separate times
during charging. Note that the anode voltages corresponding to these times are the same as in
Figure 5.2. As can be seen, the reaction distribution is much more homogeneous for d,, = 55 um
than d;, = 235 pwm, which underlies the superior performance of d,, = 55 um. The details on
the mesh required to sufficiently resolve the spatial distribution of the reaction current density are
provided in Figure 5.10 and the associated text in Section 5.4. In the next section, we propose a
metric for homogeneity of the RCD to quantify the effect of d;, on the current homogeneity and

the resulting electrode performance.
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Figure 5.3. Time series of the simulated RCD distribution in three HOLE anodes with d; = 55,145, and
235 um during 4C charging. The times for the images were selected when the anode voltage is 0.3V, 0.2V,
0.1V, 0.05V, and 0V, as noted at the bottom of the figure. Note that the times corresponding to these
voltages vary significantly among the anodes. The range of the color bar is the same as Figure 5. Note that,
while the thickness is the same for the three HOLE configurations, the lateral size is different since the
channel spacings are different. Reproduced with permission from Ref. 24. Copyright 2023, the authors.
Published by Elsevier B.V.

5.2.1 Quantification of the current homogeneity and Da;;

As discussed above, the HOLE configuration with a smaller d; value exhibits a more
homogeneous RCD distribution and thus improved fast-charging performance. However, a
quantification of this effect is needed to fully understand the relation between the geometry and

the electrode performance. We achieved this quantification by determining the contribution of the
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peaks in the RCD distribution to the applied current and the corresponding volume occupied by
them in the anode. In addition, we defined the second Damkohler number, Dayy, for the anodes to
provide insights into the effect of d;, on the HOLE performance, and to identify the distinct features
of the optimal HOLE configuration. We selected Day; because it captures the effects of both the
reaction rate and the diffusion dynamics, and thus serves as a suitable metric to identify the optimal
HOLE configuration.

In general, the Damkohler number, Day;, for any system is defined as the ratio between the
characteristic diffusion time and the characteristic reaction time. It is then analytically expressed
by using the known properties of the system such as its geometry, the diffusivity of the mobile
species, and the rate constant for the underlying reaction. Such an analytical method has been used

153-155

previously to obtain Day; for Li-ion-battery electrodes and Li-metal electrodes,'>® where the

value of the exchange current density, iy, or the reaction-rate constant, k,,, was used to calculate
the characteristic reaction time. However, this method does not account for the effects of the
applied current and the inhomogeneity in the RCD distribution. Since significant inhomogeneity
is observed in the RCD distribution for the anodes studied here (see Figure 5.2 and Figure 5.3), it
cannot be used to obtain a relevant D ay; value. Furthermore, obtaining a fully analytical expression
for Day; that accounts for the inhomogeneity is challenging because of the 3D nature of the RCD
distribution in the HOLE anodes. Thus, we first obtained the Da;; value using the simulation
results as described below. Then, using the insights generated from the simulation-based Dayy, we
developed a semi-analytical method for obtaining the time-averaged value of Day that only
requires 1D simulations. Details are provided below, along with the definition of Day;. All the

symbols used in the analysis below are provided in Table 5.2.
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Table 5.2. The list of symbols used in Section 5.2 along with their description. Reproduced with permission
from Ref. 24. Copyright 2023, the authors. Published by Elsevier B.V.

Symbol Description
dp Inter-channel spacing, m
Un Channel radius, m
5 Distance between the centroid of the triangle, formed by three adjacent channel
h centers, and one of the channel walls, m
g Fraction of the electrode volume retained after laser patterning
Second Damkohler number, which is the ratio between the characteristic
Day, . . . .. . . .. .
diffusion time and the characteristic reaction time for Li ions in an electrode
Ip Characteristic diffusion length for Li ions in an electrode, m
cQa Initial concentration of Li ions in the electrolyte, mol/m?
gpeak Reaction current density (RCD) contributed by the peaks, A/m’
Nominal cross-sectional area, i.e., the in-plane cross-section area of the anodes,
Ac including the channel area, m?
2 In-plane cross-section area of the HOLE anodes excluding the channel area, m?.
H Itis related to A; via Ay = QRAc.
For the control anode — Fraction of the anode volume occupied by the peaks in
the RCD
f For the HOLE anodes — Fraction of the anode volume contributing to a current
value of (yE,C)tiappAC
Fractional contribution of the RCD peaks to the applied current in the control
v anode
Ve Volume of an electrode, m*; subscript E = C, H represents the control and HOLE
anodes, respectively.
le Characteristic reaction length for Li ions in an electrode, m
A Width of a peak in the RCD, m
AUy, Potential drop across an OCV plateau, V
Vi Volume of the active region that is close to the anode-separator interface in the
HOLE anode, m’
v, Volume of the active region in the shape of an annular cylinder near the channel
wall, m®
()¢ Represents the time-averaged value of the quantity inside the angular brackets
( ff)int Intermediate form of (f; ) obtained during the semi-analytical estimation of (fz);

For the anodes studied here, we define the characteristic diffusion time for Li ions as

13/Dgsf .4, and the characteristic reaction time for Li ion as (Fc2,)/&P°*, where £P¢9 is the
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characteristic RCD within the peaks, ¢, = 1M is the initial concentration of Li ions in the
electrolyte, F is Faraday’s constant, [, is the characteristic diffusion length, and Dgff'a is the

effective electrolyte diffusivity corresponding to ¢ . Thus, Daj becomes

-1
4 ( l% )(ch,a> (5.4)
L 11 '
Dgff,a Epeak

A large value of Daj; (> 1) signifies a diffusion-limited condition, i.e., the reaction current is

limited by the rate of diffusive transport of Li ions in the electrolyte rather than reaction kinetics.
Thus, an anode with a high Day; value will exhibit poor fast-charging performance. On the other
hand, a Day; value of much less than 1 signifies a reaction-limited condition, in which the reaction
current is set by the reaction kinetics that is unhindered by ionic transport. Finally, a Daj; = 1
signifies a mixed-control condition.

As can be seen from Eq. 5.4, we have two unknowns in the calculation of Da,;, namely,
the reaction current density contributed by the peaks, £P¢%*_ and the characteristic diffusion length,
[p. The length [, can be obtained straightforwardly as the lesser value of L, and &, for the HOLE

anode and as L, for the control anode. However, the calculation of &Pe%k

is more complex,
especially for the HOLE anode due to the 3D nature of reaction distribution observed in the

simulations. In general, §P¢%* can be defined as

greak = (current contributed by the peaks) _ YelappAc (5.5)

(volume occupied by the peaks) feVe
where y; represents the fraction of the applied current contributed by the peaks and f; denotes the

fraction of the anode volume occupied by the peaks. Note that the subscript ¢ indicates that the
corresponding quantity is characteristic of the electrochemical reaction occurring within the peaks.

The variable A, represents the nominal cross-sectional area, i.e., the in-plane cross-section area of
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the anodes, including the channel area. Additionally, Vi represents the volume of the electrode,
and the subscript E = C, H refers to the control anode and the HOLE anode, respectively. Since
Lapp represents the applied current density, i4,,Ac represents the total applied current. Note that
both the control and HOLE anodes have the same total applied current.

Below, we describe our methodology for determining y; and f; for both the control and
HOLE anodes. In brief, we first determine f; for the control anode by using the work of Wang et

al.,'** and then we obtain y; using the simulation results. Subsequently, the time-average y; for

the control anode is set equal to the fractional contribution of the peaks in the HOLE anode and

the corresponding volume of the peaks is determined.

Calculation of EP°°* for the Control Anode
Using Eq. 5.5, the expression for £P¢4¥ for the control anode can be written as

YelappAc _ YelappAc (5.6)

Epeak -
feVe feAcLq

where L, is the anode thickness. Since there are no in-plane variations in the RCD distribution in

the control anode, the volume occupied by the peaks can also be written as [;A¢, where [ is the
sum of the width of peaks in the RCD distribution. Therefore, the expression for £P¢** becomes

gpeak _ YelappAc _ Vfiapp_ (5.7)
e Aq I;

We note that Eq. 5.7 is only valid when the peaks in the RCD distribution are nonoverlapping,
which is true for the anodes studied here (see Figure 5.5a and Figure 5.3). To obtain the width of
each peak, we employ the expression derived by Wang et al.,'*? who showed that the width of a

peak in the RCD distribution, A, in a conventional electrode is related to its effective ionic and
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electronic conductivities (kefpy and ogffy, respectively) and the potential drop across the

corresponding OCV plateau, AU, via 12

24U,
A= i |K_1 - |
app | ef f eff

(5.8)

Using Eq. 5.8, Wang et al. showed that the uniformity of reaction distribution can be achieved

through increasing 4, i.e., by reducing i by selecting a material with a large AUy, (sloping OCV

app>
profile or absence of plateaus), and/or by reducing the difference between k¢, and g, y,. Next,
we extend the work of Wang et al.!3? by applying Eq. 5.8 to graphite, which has three plateau-like
regions (where the slope is shallow) in its OCV (see Figure 4.11 and the associated text). We
hereafter refer to these plateau-like regions as plateaus. Figure 5.5a shows the three peaks in the
RCD that originate due to the presence of three plateaus in the graphite OCV.

To determine the size of drop in OCV across a plateau-like region, AU,, for each plateau,
we first calculated the derivative of the OCV with respect to Li-site fraction within and near the
plateau. We then determined the difference in OCV over a symmetric range of the derivative

around the average value of the derivative. Mathematically, the range of each plateau were selected

such that within the plateau, % — mean <%)| < 0.105 V. The derivative range of

~10.105 V was chosen because it yielded a good agreement with visual inspection of the plateaus.
Figure 5.4 shows the graphite OCV vs. Li-site fraction (with its y-axis on the left) and its derivative
(with y-axis on the right). As described in Section 4.7 (Figure 4.11a and the associated text), the
OCV was obtained experimentally. The red, purple, and blue shaded areas represent the regions
corresponding to the first, second, and third plateau, respectively. The corresponding Li-site
fractions for the plateaus are provided in Table 5.3. The AU, value for the three plateaus is

determined to be ~ 6,15, and 14 mV. Thus, the corresponding values of A from Eq. 5.8 are ~
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2.6 ym, 6.6 um, and 6.1 um, which result in the total peak width, [; = 15.4 um. We note that,

in this calculation, a constant value of k.fr, = 0.0204 S/m was assumed, which corresponds to

its value at Li-ion concentration of ¢, = 1M.
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Figure 5.4. The OCV vs. Li-site fraction plot (black, left y-axis) and its derivative (blue, right y-axis). The
red, purple, and blue shaded areas represent the regions corresponding to the first, second, and third plateau,

respectively. Reproduced with permission from Ref. 24. Copyright 2023, the authors. Published by Elsevier
B.V.

Table 5.3. List of Li-site fraction ranges corresponding to graphite OCV plateaus. Reproduced with
permission from Ref. 24. Copyright 2023, the authors. Published by Elsevier B.V.

Plateau Min Li-site fraction Max Li-site fraction
I 0.056 0.087
I 0.210 0.427
I 0.492 0.815

Next, we determined y; by integrating the current contributed by the most active regions
in the simulation until a threshold thickness of 15.4 um is reached. Figure 5.5b shows the plot of
Ye vs. SOC for the control anode during 4C charging. The RCD distribution is highly

inhomogeneous in the control anode, as ~23% of the volume (15.4 um out of 68 um thickness)
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contributes to ~55% of the applied current density (on average) throughout charging. The

decreasing behavior of y; in the beginning can be attributed to the fact that only migration can
facilitate transport of ions, because the initial ionic concentration is constant, but k.rf , is not
sufficiently large to keep pace with the reaction. When a sufficiently large concentration gradient
develops and diffusion starts to complement the migration current, y; drops, before rising again
when the first RCD peak emerges. With y; and [; obtained, we used Egs. 5.4 and 5.7 to calculate
Day; as a function of SOC for the control anode during 4C charging, as shown in Figure 5.5b. The

results are discussed later, along with the results for the HOLE anodes.
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Figure 5.5. Simulated reaction current density (RCD), fractional contribution to current from the peak and
the corresponding volume, and the Damkdohler number.A snapshot of the reaction current density (RCD)
distribution in the control anode; the arrows indicate the location of peaks. (b) Fractional contribution of
the peaks in the RCD to the applied current, y¢, vs. SOC plot for the control anode. (c) Fractional volume

that contributes to a current value of (yf,C)tiappAC' fe, vs. SOC plot for the HOLE configurations; the

control data (black line) is added for reference. (d) Da;; vs. SOC plot for the control anode and the HOLE
anodes considered in this work; the section highlighted using the dashed box is magnified in the adjacent
subfigure. Each curve in (c) and (d) corresponds to a different inter-channel spacing, dj, ranging from
15 pum to 235 um, as noted in the legend in (c). The optimal configuration among the simulations
conducted, dj, = 55 pum, is noted in the subfigure of (d). Reproduced with permission from Ref. 24.
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Calculation of EP¢°* for the HOLE Anodes
Using Eq. 5.5, the expression of £P¢%k for the HOLE anodes can be written as

yfiappAC

s;—peak —
feVu

(5.9)

However, owing to the three-dimensional nature of the reaction distribution, the definition of f; is
not as straightforward as for the control anode. For the HOLE anodes, we define f; as the volume

fraction that contributes to a specific amount of the applied current, and to enable a direct
comparison with the control anode, we set that specific quantity to be equal to the time-averaged
contribution of the peaks in the applied current of the control anode. Therefore, the current amount
is set equal to (y&C)tiappAc, where (yg,c>t is the time-averaged value of y; in the control anode.
Moreover, Vy can be written as Ay L,, where Ay is the in-plane cross-sectional area of the HOLE
anodes, i.e., not including the channel area. As mentioned above for the control anode, ()/g,C)t =
0.55. Furthermore, due to the cylindrical morphology of the channels, Ay is related to A via Ay =
NgAc. Thus, P4 for the HOLE anodes can be written as

(Yf,c)tiappAC _ 0.55i4,pAc _ 0.55i4pp (5.10)

Epeak — ~ — .
fEAHLa ff'QRACLa fE'QRLa

Figure 5.5¢ shows the fz vs. SOC plot for the HOLE configurations (with different dj, at a
constant {2) studied in this work. As can be seen, f; for HOLE anodes increases with decreasing

channel spacing, with a concomitant decrease of the channel size. Therefore, reducing the inter-
channel spacing with a constant volume retention increases the homogeneity of the RCD
distribution, which was also qualitatively observed in Figure 5.3. Moreover, all the HOLE

configurations have a higher value of f; than the control anode, which is consistent with the

superior performance of every HOLE anode over the control anode discussed in the text associated
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with Figure 5.2 and Figure 5.3. We note that the dips in the fz vs. SOC plot in Figure 5.5¢ occur
with the change in the inhomogeneity in the RCD distribution, which can be observed in Figure
5.3. Day is obtained by substituting the value of éP¢%* into Eq. 5.4. Figure 5.5d shows the Day;
vs. SOC plot for HOLE anodes with different d; values; the result for the control anode (black
curve) is also provided for comparison. Two key trends can be observed in the figure. First, the
control anode has the highest value of Day; throughout charging, and thus, it exhibits the lowest
accessible capacity among the anodes examined. In fact, Day; for the control anode is greater than
13 throughout the 4C charging. This means that the characteristic diffusion time is over 13 times
higher than the characteristic reaction time for the control anode during 4C charging, which results
in severe depletion of Li ions within the control anode during charging.

Second, Day; for the HOLE anodes monotonically decreases with a reduction in d;, (see
non-black curves in Figure 5.5d), which is consistent with our finding in Figure 5.1c that the
performance of HOLE configurations improves with closer (and smaller) channels. However, the
marginal decrease in Da;; with respect to the reduction in the inter-channel distance (d},) is not
constant. As can be seen in Figure 5.5d, Day; for the HOLE anodes with d;, = 175 um (green,
blue, and magenta curves) does not vary significantly with a change in dj;, and is similar to the
control anode’s (the black curve), whereas it decreases significantly with a reduction in dj, for the
HOLE anodes when d;, < 145 um (below the green curve). This behavior can be explained based
on the characteristic diffusion length, [,. For the HOLE anodes with d;, = 175 um, the channels
are too far apart to affect the ionic concentration in most of the anode volume, and thus, [, is set
by the anode thickness, L,. Furthermore, varying d;, does not strongly affect the RCD or the Day;

value for such anodes, and only a minor increase in f; with decreasing dj, was observed in Figure

5.5¢ (indicating a minor reduction in RCD peaks). On the other hand, [, is equal to the maximum
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distance to the nearest channel wall, &, for the HOLE anodes with d;, < 145 pum, and thus a
decrease in d;, (and consequently §; following Eq. 5.3) leads to a significant decrease in the Day;
value. This is the greatest advantage of applying the HOLE architecture, because doing so makes
[ independent of L. Thus, the HOLE architecture offers a method to decouple the energy density
and power density of an electrode, and consequently, to overcome the inherent tradeoff that exists
in the conventional electrode design.

Figure 5.5 also shows that Day; for the HOLE configuration with d;, = 55 umis = 1 (see
Figure 5.5d inset, light-blue curve). This indicates that the value of the characteristic diffusion time
for Li ions is similar to that of the characteristic reaction time. Therefore, the diffusion in the
electrolyte phase is no longer the limiting mechanism during 4C charging, and thus any further
reduction in the dj value does not yield any substantial gains in the accessible capacity of the
HOLE anode. This is the reason behind the decreasing behavior of the magnitude of the slope as
dj, is decreased below 55 um, as seen in Figure 5.1c. Thus, it can be inferred that the optimal
configuration has the Day; value = 1.

In summary, we showed that the inter-channel spacing at a constant volume retention has
a direct effect on fast-charging performance of a HOLE anode. This effect can be quantified using
Day;, which is the ratio between the characteristic diffusion and reaction times for Li ions. We also
showed that Day; serves as a suitable quantitative metric for comparing different configurations of
the HOLE architecture and the optimal configuration has the Day; value = 1. However, we note
that the calculation of Day; so far has been based on the simulation results, which are costly to
obtain, especially for the HOLE anodes. To reduce this cost, we developed a semi-analytical

method for estimating the time-averaged value of Day;, (Day;),, which is discussed in the following
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section (Section 5.2.2). Furthermore, we demonstrate the utility of this method and (Day;); to

screen the HOLE candidates for optimal performance during 6C charging in Section 5.2.3

5.2.2 Semi-analytical estimation of the time-averaged f; and Day,

As mentioned earlier, our calculations of Day; for the HOLE anodes are based on the results
from the 3D simulations, which are computationally expensive. However, it can be seen using Egs.
5.4 and 5.10 that only f; needs to be obtained from the 3D simulations; all other quantities are
either known analytically or can be obtained from 1D simulations for the control anode, which are
computationally inexpensive. Therefore, the computational cost of the optimization process can
be significantly reduced if f; is analytically estimated. Such an estimation would enable an
exploration of a much larger parametric space for the HOLE design, which includes volume
retention ({25), pattern, channel depth, C-rate, and the electrode material properties as independent
parameters. With the initial screening processes enabled by such a method, 3D simulations would
only be required to examine a small range of the parameters for refinement. To achieve such an
estimation, we propose a semi-analytical method for obtaining the time-averaged fz, (f¢)., for a
given HOLE configuration. As shown in Figure 5.6a, the volume of active region in a HOLE anode
can be treated as the sum of two volumes, V; and V,. The volume V; is the portion of the active

region that is close to the anode-separator interface and can be obtained as

V3 1 5.11
Vl :Td%lz —Enuﬁl;, ( )

where the first term on the right-hand side represents the active volume region for the
corresponding control anode and the second term represents the anode volume removed by laser

patterning through the depth of [.
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Figure 5.6. Comparison of the simulated and semi-analytically obtained time-averaged active volume
fraction (f¢) and Damkohler number. (a) Illustration of the division of the active volume into V;, the volume

enclosed within the dashed lines, and V,, the volume enclosed within the dotted lines. The comparison of
(b) {f¢): and (c) (Day;), obtained from the simulations (squares) and analytically (circles) as functions of
dp. The subfigure on the right side of (c) shows the magnified view of the region highlighted by the dashed
box in (c). The star in the subfigure corresponds to d, = 55 um, where (Day); =~ 1. Note that the apparent
match between the (Day;); values at small dj, values is due to the large range of the y-axis. Reproduced
with permission from Ref. 24. Copyright 2023, the authors. Published by Elsevier B.V.

The volume V; is the additional volume activated by the HOLE architecture in the shape of quarter
annular cylinders next to the channels, as shown in Figure 5.6a. Since both the anode/channel
interface and the anode/separator interface act as unrestricted sources of Li ions, the penetration
depth of the electrochemical reaction (or the characteristic reaction length) when measured radially
from the anode-channel interface is also assumed to be equal to l¢. Thus, the difference between

the inner and outer radii of the annular cylinders shown in Figure 5.6a can be approximated as [;.

We note that by making this assumption, we ignore the variation in ¢, , along the anode thickness,
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which affects the characteristic reaction length in the radial direction. Next, by setting the length

of the annular cylinders equal to L, — l¢, we can compute V; as

1
V=5 ((#h + 15)2 _ ui) (Lo —I¢). (5.12)

With the volume of the active region obtained, we can express an intermediate form of ( fg)t,

(ﬂf)int, as
V3 1 1 2
~=d2ly —smpils + 5 ((up + 1) —ud)(Lg — 1 )
) :V1+Vz:(4 e = qmle + 7 (i +10)" = k) (b = 1) (5.13)
t V. )
" (?QRdPZLLa>

where Vy; is the total volume of the HOLE anode. We note that (f¢), is physically bounded by an
upper limit. This limit corresponds to the case when the RCD distribution is uniform, in which
case the volume fraction (f¢), becomes equal to the current fraction (y¢ c).. Thus, (f;); has an

upper threshold of 0.55 in this analysis. Therefore, we define (f), as

(fg)t = min ((ff)int, 0.55). (5.14)
Figure 5.6b shows the comparison of ( f;)t obtained from the analytical estimation and

simulations as a function of dj, for 2; = 0.895 during 4C charging. Both plots exhibit the same

dependence on dy, i.e., (f¢); monotonically increases with decreasing dj. Quantitatively, there

exists up to a = 38% difference between the simulation and analytical results (the analytical

method overestimates the value of (f;);). We note that this error is caused by the simplifying
assumption that the anode volume corresponding to (f¢), can be considered as the sum of two

regular volumes, V; and V,, as shown in Figure 5.6a. However, in a physical system, the shape of

the electrochemically active volume is more complex due to, for example, the variation of the
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electrolyte potential and concentration along the anode thickness. The analytical estimate of (f¢),
might be further improved by an explicit consideration of the variation of the electrolyte potential
and concentration along the anode thickness, which may be of interest for future work.
Nonetheless, given the analytical estimates are used as a first step for determining the optimal dj,
range, and that a significant reduction in the required computation is achieved, this error is
acceptable. For instance, every d, value that can be rejected based on the analytical estimate
eliminates = 36 hrs of computation carried out using 16 cores of a 3.0 GHz Intel Xeon Gold 6154
processor.

With the estimates for (f¢ ), Egs. 5.4 and 5.10 can be used to determine the time-averaged

value of Day;, defined as (Day);, for various HOLE configurations. Figure 5.6¢, shows (Day;);
vs. dj, obtained both from the simulations and analytical estimation. The value of (Day;); for the
control anode is also plotted for reference. Both the curves exhibit the same qualitative dependence
ondy, i.c., (Day); increases monotonically with d;,. The change in the slope of the curve for d;, >
175 pm is caused by the change in the characteristic diffusion length, I, as discussed above. The

quantitative difference between the two plots is caused by the difference in the estimation of (f)..

The apparent match between the (Day;); values obtained at small d;, values is caused by the large
range of the y-axis compared to those values; the percentage error is still around 38%. Due to the
acceptable qualitative and quantitative agreement between the analytical estimate and the
simulation results, we conclude that our proposed method can be used for the preliminary
screening of various HOLE configurations to reduce the computational cost. In the next section
(Section 5.2.3), we demonstrate the application of the semi-analytical method to identify the

optimal HOLE configuration for 6C charging.
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5.2.3 Optimal HOLE configuration for 6C charging

To demonstrate the utility of the semi-analytical method, we employ it to screen HOLE
configurations for 6C charging and verify the results using simulations. The method can be broadly

summarized as a two-step process. In the first step, [¢ is calculated in the same manner as the 4C
case by calculating the sum of A values; [y ~ 10.3 um for 6C. Subsequently, (yg,c>t

(corresponding to l;) is determined to be 0.47 from the 1D simulation of the control anode at 6C.
In the second step, (f¢); (and subsequently (Day;),) are obtained as a function of dj, using Eqgs. 5.4
and 5.10. Figure 5.7a shows the analytically determined (Day;); vs. dj,, for d;, values ranging from
15 to 75 um. We note that this semi-analytical estimate of (Day;); took ~180 s (including the 1D
simulation) on the same processor as described in Section 5.2.2, while each 3D simulation for 6C
charging current took = 24 hrs. Thus, the semi-analytical method offers at least two orders of

magnitude reduction in the computational cost.
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Figure 5.7. 6C results for semi-analytically obtained time-averaged Damkoéhler number, simulated voltage
vs. SOC plot for six HOLE anodes, and the simulated accessible capacity. (a) The analytically obtained
dependence of (Dayp)s on dj, for 6C charging. The star corresponds to dj, = 47 um, where (Day;); ~ 1. (b)
The simulated voltage vs. SOC plot for six HOLE anodes (different d},) at 6C charging; the dashed black
curve represents the result for the control anode. The six values of dj,, range from 20 um (light blue) to
70 um (magenta). (c) The accessible capacity vs. dj, plot (magenta diamonds, left y-axis) and the magnitude
of its discrete derivate vs. dj, plot (black circles connected with a black dashed line, right y-axis) obtained
from simulations for 6C charging. The accessible capacity for the control anode is included for reference
(magenta dashed line). The optimal configuration among the simulations conducted, d, = 40 um, is noted
in (c). Reproduced with permission from Ref. 24. Copyright 2023, the authors. Published by Elsevier B.V.

Based on our discussion in the Section 5.2.2, the optimal HOLE configuration has a (Day;),
value = 1, which corresponds to d, = 47 um for 6C charging (predicted using the semi-
analytical method). To validate this prediction, we conducted six 3D simulations for the HOLE
anode corresponding to the six equally spaced dj, values, ranging from 20 to 70 um. The voltage
vs. SOC curves for the six configurations, along with that of the control anode, are shown in Figure
5.7b. Figure 5.7¢ summarizes the results by plotting accessible capacity vs. d;, (magenta diamonds,
left y axis) and the magnitude of its discrete derivative (black dashed curve, right y axis). As can
be seen, a reduction in dj improves the accessible capacity in this case also. However, the point
of diminishing return (based on the magnitude of the derivative) falls at d, = 40 um, below which
the magnitude of the derivative decreases (see the black dashed curve in Figure 5.7c). Hence, we

conclude that d, = 40 um is the optimal configuration (as noted in Figure 5.7c) among the
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candidates investigated (for 2z =~ 0.895), which is close to the value estimated by the analytical
method (~ 47 um). Furthermore, we note that the optimal dj, value for 6C charging is smaller than
that for 4C charging (40 um vs. 55 um). Such a trend is expected as the rate of Li-ion consumption
increases with an increase in the C-rate, and therefore, the rate of ionic transport must be increased
(by the means of decreasing dj,) to sustain the charging process.

The demonstration above illustrates the strength of the analytical method to screen the
HOLE candidates in the search for an optimal configuration at a given C-rate with a computational
cost smaller by two orders of magnitude compared if only 3D simulations were used. We note that,
in practice, a narrower range of dj; values needs to be examined to validate the result obtained
from the analytical method. We deliberately chose such a wide range to show that the optimal
configuration does not lie far from the estimate obtained using the analytical method. Finally, we
also note that the method is not just limited to account for the effect of the C-rate but can also be
used to perform initial screening for other design parameters by changing the corresponding
variable in different equations used above. The design parameters include (25, pattern symmetry,

channel depth, electrode loading, active material, and electrolyte properties.

5.2.4 Effect of materials properties and electrode design on Day; and the optimal configuration

In the sections above, our discussion has been focused on the graphite anodes. However,
the semi-analytical approach employed here can be used for any porous electrode for Li-ion
batteries when the active material has at least one plateau-like region in its OCV. To further
demonstrate the effect of the material properties and electrode design on Day; (for an unmodified
electrode), and thus fast charging performance we rearrange Eqs. 5.4, 5.7, and 5.8, as follows. The

length [; is the sum of the peak widths in the RCD distribution. Thus,

118



ZA z 2(40y), — (5.15)

Lapp |"effw eff,w|

where the subscript j represents the number of the plateau. For instance, for the graphite electrodes,

J goes from 1 to 3. Furthermore, (A U,I,)j can be written as the product of the slope, (%) ,and
b /;

the width, (A cglfprf ) , of the j" plateau. Thus, by combining this form of (A Uw)jwith Eqgs. 5.7 and
’ J

5.15, we can write EP¢% ag

dUu
k — ; -1 _ -1 Y surf (5.16)
great = yflﬂzlpp(lkeffﬂp O-eff.ll)D Z 2 ( surf) ACP.IIJ )j :
J J
Now, using Egs. 5.4 and 5.16, Da;; can be written as
-1

: _ du
Veidpp(lieiry — ocfrul) | 252 (dcsud;f> (Acziffprf)j

I py / (5.17)

Deffﬂ,b FC w

DaH ==

Note that [, = Ly, (the electrode thickness) for an unmodified electrode. Additionally, if ks, <

Ocf 5> Which is observed for many Li-ion battery electrodes, the expression for Day; becomes
-1
dU
. P surf
yflczlpp Z]' 2 (dcsurf> (Acp,tp )j
Py /j (5.18)
Defru ch,w’ceff.w

2
Ly,

DaH =

By substituting the effective transport properties in terms of intrinsic values and the electrode

porosity and tortuosity, Da;; can be written as
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4 72 P2
pa. = b LwYetapp o[ 4Yw (A surf) (5.19)
an = 2D 1 Fco d surf CPJP ; )
PYHLALE Reqp 7 Cp,lp J

J

Eq. 5.19 provides some interesting insights on the effect of material properties, electrode

design, and operating conditions on Day for an unmodified electrode and its corresponding

2
app-

optimal HOLE configuration. As can be seen, Day; is directly proportional to L2, Tf},, and i
Therefore, increasing the electrode thickness, or tortuosity, or the applied current density
nonlinearly increases Day;. Such nonlinear dependence explains the rapid decrease in accessible
capacity that is observed experimentally when either the electrode thickness is increased at a fixed
C-rate, or the C-rate is increased for a fixed electrode thickness.”” Thus, for such an electrode
design or operating condition, the optimal inter-channel spacing for the corresponding HOLE

configuration is expected to decrease from the values determined in previous sections.

On the other hand, Day; is inversely proportional to ei,, D;, k;,and Cg'w, as well as the sum

of the OCV drop across the plateaus. Therefore, increasing the electrode porosity or the intrinsic
electrolyte diffusivity and conductivity or the initial electrolyte concentration nonlinearly

decreases Day. Furthermore, selecting an active material with a sloping OCV, i.e., larger

surf

du . . . .
(d—w> , will decrease Day;. Note that in the absence of such plateaus, the reaction distribution
by /i
J

will be more homogeneous, and the width of the electrochemically active region becomes
comparable to the thickness of the electrode. This inverse relationship between Daj; and the
aforementioned quantities explains the improvement observed in the fast-charging performance
when any of following strategies is employed in previous studies: electrolyte with high intrinsic

diffusivity and conductivity!'>’; electrolyte with high initial concentration!®; active material with
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a sloping OCV?; and electrode with high porosity.!>” In addition to the improvement of fast-
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charging performance of unmodified electrodes, the optimal inter-channel spacing of the
corresponding HOLE configuration is expected to decrease from the values determined in previous

section.

5.3 Chapter 5 Summary

In this chapter, we employed continuum-scale modeling to determine the optimal inter-
channel spacing for a hexagonal HOLE pattern. The key findings are summarized below:

1. Ingeneral, a decrease in the inter-channel spacing, dj,, improves fast-charging performance
of the HOLE architecture for a constant volume retention, £2z. However, there exists an
optimal value of dj, below which there is no significant marginal increase in the
performance. This is because at this optimal dj, the Li-ion transport is no longer the
limiting factor, and other factors such as solid-state diffusion limit the performance. We
found the optimal spacing at 2 = 0.895 for 4C and 6C charging is 55 ym and 40 um,
respectively.

2. The effect of dj, on the performance of the HOLE anode can be quantified in terms of the
second Damkohler number, Da;;, which is defined as the ratio between the characteristic
diffusion time and characteristic reaction time. Da;; decreases monotonically with d;, and
the optimal HOLE configuration has Da;;~ 1 throughout charging.

3. A semi-analytical method is also developed to estimate the time-averaged value of Day;,
(Day);, for a given combination of active material, electrolyte, electrode loading, pattern
design, 2, channel depth, and C-rate. This method allows an initial screening of the HOLE

candidates during the optimization process, and thereby significantly reduces the
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computational cost of the overall process. The optimization of the HOLE architecture for

6C charging is provided as an example of the method application.
In summary, this modeling and analytical study provides a detailed mechanistic understanding of
the influence of the HOLE design parameters on fast-charging performance of energy-dense
electrodes. Through this understanding, the architectures that achieve optimal performance at 4C
and 6C have been identified. Although only graphite anodes were considered in this work, the
simulation approach employed here can be applied to any porous electrodes for Li-ion batteries.
The implications of changes in material properties, electrode design, and operating conditions on
the optimal configuration are also discussed. Moreover, the method used here to estimate the
second Damkohler number, Day;, both using the simulation data and the semi-analytical method,
can be used for any other active material with at least one plateau in its OCV curve. Further
extension that considers local conditions, rather than the cutoff voltage, will enable more a precise
determination of optimal architecture and material properties, as well as charging protocols, to

achieve fast charging while avoiding Li plating.

5.4 Chapter 5 Appendix

Half-cell configuration
The half-cell configuration used for the optimization study is shown in Figure 5.8. The
details about the Li-metal electrode can be found elsewhere.!> The thickness of the Li-metal

electrode used here in 10 um.

122



100 fm
50
0
Limetal 2R o0
Separator SR 60
20 K
. / 20
Graphite electrode
0
z L Y
Yelix 40 50 x-]
20 z
Channel 0 pm

Figure 5.8. The half-cell configuration used in the 3D simulations for the optimization study. The view in
(a) shows Li electrode on the top, and (b) shows the graphite electrode on top. The channels are highlighted
in blue. Reproduced with permission from Ref. 24. Copyright 2023, the authors. Published by Elsevier B.V.

Results for loading-adjusted (LA) control anode

Figure 5.9 supplements the results provided in Figure 5.1 with the results for the LA control
anode, which has the same active material loading as the HOLE anodes. The loading is adjusted
by reducing the volume fraction of the active material (at the fixed volume fraction of fillers),

which resulted in an increase in the porosity (= 39% vs. = 31.3% of the control anode).

Correspondingly, x, for the LA control anode was adjusted according to the relationship i—‘; and

the dependence of 7, on &, was obtained from the work of Malifarge et al.,'® who used the
impedance data to obtain this dependence. We note that the authors provided a range of
relationships between 7, and ¢,, and we selected the one that resulted in the smallest value of 7,
to obtain the upper bound on the performance of the LA control anode, i.e., T, & £;7°2°. Note that
Malifarge et al.'®® used 7 to represent the tortuosity factor instead of the tortuosity, which is a
square root of the tortuosity factor. Therefore, y, o £1°, and thus we estimated y, to increase by
~ 40% upon a = 25% increase in the porosity. The voltage vs. SOC plot for the LA control anode

is provided in Figure 5.9 along with the results for other anodes considered in this work. As can
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be seen, the LA anode performs better than the control anode (SOC at the cutoff voltage of 0.215
vs. 0.167) because of the increase in y,. However, it still performs worse than the HOLE anode
with d; = 235 um (the worst performing HOLE anode among the ones studied here). Thus, we
conclude that the benefits of the HOLE architecture cannot be realized by increasing the anode

porosity to match the overall loading of the HOLE anode.
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Figure 5.9. Comparison of the 4C results (voltage vs. SOC and the accessible capacity) for the loading-
adjusted anode with other anodes considered here. (a) Voltage vs. SOC plot for the two control anodes and
HOLE anodes considered in the optimization study at 4C charging. (b) Accessible capacity vs. dj for the
HOLE anodes; the accessible capacities observed for the control anode and LA control anode are provided
for reference using the black dashed and dotted lines, respectively. Reproduced with permission from Ref.
24. Copyright 2023, the authors. Published by Elsevier B.V.

FEM mesh

A combination of triangular prism and tetrahedral elements was used to discretize the half-
cell geometry. To sufficiently resolve the spatial distribution of the RCD, the regions in the
graphite electrode near the electrode/separator interface and the channel wall were discretized
using a “very fine mesh” setting, as shown in Figure 5.10. If these regions are not sufficiently
resolved, the peaks in the RCD exhibit discontinuous and sharply changing behavior. The

maximum element size in the region near channel wall and elsewhere was set to = 2 ym and = 9
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um, respectively. A total of 35 elements in the direction of the thickness of the electrode were used
to discretize the graphite electrode, and the element sizes were obtained using an exponential
relation (termed as geometric sequence in COMSOL) with an element ratio of 20. Similarly, a total
of 8 elements along the thickness of the separator with an element ratio of 14 were used. Finally,
the Li metal domain was discretized using tetrahedral elements to avoid the unnecessary
refinement of the corresponding regions in it, which would have resulted if the triangular prism

elements were used.

a) b)
Li metal
Separator
Graphite electrode
Y}, X
X
y

Channel

Figure 5.10. The custom mesh used in the 3D simulations for the optimization study. The view in (a) shows
Li electrode on the top, and (b) shows the graphite electrode on top. Note that the regions near the anode-
separator interface and the channel wall are discretized using a “very fine mesh” setting. Reproduced with
permission from Ref. 24. Copyright 2023, the authors. Published by Elsevier B.V.

Data availability
The shared data for this chapter can be found at the following link:

https://doi.org/10.13011/m3—-3agy-7y28.
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CHAPTER 6
Effect of Material Properties and Microstructure on the Microgalvanic Corrosion Behavior

of Mg Alloys”

6.1 Introduction: Microgalvanic corrosion of Mg alloys

In this chapter, we apply a phase-field model to study the effect of electrochemical
properties of the materials and their environment and the spatial distribution of second phases in a
magnesium alloy. To this end, we perform sensitivity analyses in which we separately vary the
exchange current density and corrosion potential of the second phase, as well as the electrolyte
conductivity. We describe the effects of these parameters on the corrosion current and the resulting
corrosion-front morphology. We also confirm that the ratio between the Wagner length, calculated
for the anodic phase, and the initial width of the anodic domain is a good predictor of the
morphological characteristic of the corroding surface. In addition, we examine the effect of the
microstructure on the corrosion behavior in both 2D and 3D systems by varying the shape, size,
and distribution of the second-phase regions. Our findings provide insights into the influence of
the two-phase microstructure on the corrosion behavior in a magnesium alloy.

As described in Chapter 2 (Section 2.2), Mg alloys are of great technological interest for
lightweight structural applications, especially in the automotive industry, for several reasons. First,

they exhibit one of the highest strength-to-weight ratios among structural alloys.*!¢! Second, they

* This chapter is adapted from V. Goel et al., 2023, submitted to Journal of the Electrochemical Society, in revision,’!
and V. Goel et al., MRS Communications, 12, (2022), 1050.26
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exhibit relative ease of machining (milling and turning) compared to other lightweight structural
materials like AL*-16! Third, they offer other desirable properties such as high thermal
conductivity, high recyclability, and nontoxicity.*¢ Despite these remarkable properties, structural
applications of Mg alloys remain limited. One of the key reasons behind this limited use is the

46,162,163 hrimarily due to the low standard reduction

poor corrosion resistance of Mg alloys,
potential (-2.37 V) of Mg compared to most metals.*® Even the corrosion behavior of pure Mg is
quite complex due to anomalous hydrogen evolution during its anodic polarization (also known as
the negative difference effect).!®+-1% The corrosion behavior of Mg alloys are further complicated
by different mechanisms that could lead to localized corrosion.*®!67:188 One of the leading
mechanisms that cause localized corrosion is the microgalvanic coupling between the various
phases in the alloy microstructure that have different electrochemical potentials,*6-30-53.169-172
Microgalvanic corrosion is highly dependent not only on the alloying elements, which influence
the electrochemical properties of various phases, but also on the alloy processing, which
determines the alloy microstructure, as well as on the surrounding environment. Thus, due to its
dependence on multiple factors, understanding and mitigating microgalvanic corrosion is
challenging.

Several experimental and modeling studies have examined the roles of the aforementioned
factors on the corrosion behavior of Mg alloys, including the effect of alloying elements!6163:173.174
and the microstructure,26:46:49:50,53,167,169-172,175-177 Many alloys form a two-phase system: one is the
solute-rich f# phase (which is the minority/second phase), and the other is the solute-depleted o

phase. In most Mg alloys, a microgalvanic couple is formed between the  phase that acts as a

cathode and the a phase that acts as an anode.*¢->3163170-175 Ap exception of this behavior occurs
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46,49

for Mg-Ca alloys, where the opposite is observed. Owing to such microgalvanic coupling
between the a and 8 phases, Mg alloys often exhibit a higher corrosion rate than pure Mg.*®

Predicting the location and extent of the microgalvanic corrosion is not straightforward due
to the strong dependence of the microgalvanic coupling on the microstructure. For instance, Song
et al.”® reported that the microgalvanic coupling in the AZ91 alloy is strong when large @ domains
exist in the microstructure between f precipitates. However, they observed a significantly lower
corrosion rate when the [ phase forms a continuous network in the microstructure, acting as a
barrier along the alloy surface. Deshpande further explained these results in their modeling
study,!”” which showed that although the continuous network of B reduced the corrosion rate at
later times, this reduction only happened once the a phase present on the alloy surface corroded
fully. These studies show that the effect of the microstructure on microgalvanic corrosion is quite
complex and changes as corrosion progresses. Therefore, to understand the mechanisms involved,
one needs to examine the effect of each underlying variable that affects corrosion separately.
However, such examinations are challenging to conduct via experiments alone because of the
difficulty in decoupling the effects of different variables. For instance, any heat treatment of alloys
not only alters the microstructure but also changes the distribution of the alloying elements in
various phases, which can affect their electrochemical properties.

To overcome the aforementioned challenge, we perform a series of phase-field simulations
and study the effect of the exchange current density and corrosion potential of the 5 phase, as well
as the electrolyte conductivity, on the microgalvanic corrosion behavior. Furthermore, we also

investigate the effect of the microstructure on the corrosion behavior by varying the size/shape and

spatial distribution of the f phase in both 2D and 3D systems; specifically, we provide insights
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into the influence of the presence of an alternating arrangement of the a and f domains (lamellar

region) on the corrosion behavior.

6.2 Governing equations for microgalvanic corrosion

We employ the phase-field model®® that describes the evolution of the anodic
phase/electrolyte interface due to microgalvanic corrosion with a cathodic phase under the
assumption that the electrolyte is well-stirred and under the condition of free immersion. We
describe all model equations in the following text and provide a list of symbols used in the
equations in Table 6.1, along with their description. The phase-field method is employed as a
computational tool to track the evolution of microstructures formed by various phases present in
the system. In this approach, the region occupied by each phase is described by a field variable
known as the order parameter or phase field. The phase field takes a value of 1 within the
corresponding phase and 0 outside. At the interface between the phase and another phase, its phase
field smoothly transitions from 1 to 0.

Given {¢@;}, which are the phase fields for the metallic phases, and 1, which is the phase

field for the electrolyte, the free energy functional for a system can be written as!'’®

_ 22 [ & , (6.1)
7= | [ Alodw)+5| Y .(70)" + 7w) | |aa

Jj=1

where € is the gradient energy coefficient and 2 represents the system volume. Note that the
quantities F and €2 are normalized by the height of the double well that has units of J/m>. The

bulk free energy fj is given by!”8
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which is constructed to enforce that the value of phase fields in equilibrium states be either 0 or 1.
The evolution of the phase fields corresponding to the anodic phase and the electrolyte are modeled

using the Cahn-Hilliard equation with a source term as!”:180

L= V-\M, TV +v le
ot 2R ) I Ir (6.3)
and
=V-\M v Vll) 4

where M, and M,, are the mobilities for phases ¢, and i, respectively, and v is the normal
component of the velocity of the anodic phase/electrolyte interface.
The velocity is related to the anodic reaction current density (RCD), i, and an

interpolation function for the anodic phase, {;, which is equal to 0 in the cathodic phase and 1 in

the anodic phase, via'®!

Vm 61 irxn,l

V= _Zm—F' (6.5)

where V,,, is the molar volume of the corroding metal, z,, is the charge number of the corresponding
metallic cation in the electrolyte, and F is Faraday’s constant. The equations used to calculate
lrxn1 and &; are described below. It is important to note that the terms proportional to v on the
right-hand side Eqgs. 6.3 and 6.4 are not due to the bulk motion. Rather, these terms are added as

source terms to model the motion of the electrolyte/anodic phase interface due to the corrosion
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reaction at the interface. Note that multiplication by the magnitude of the gradient of Y confines
the region where these terms are nonzero. In Eq. 6.3, the Cahn-Hilliard dynamics, rather than the
Allen-Cahn dynamics, was chosen to describe the evolution of ¢, to ensure that the change in
mass of anodic phase is due only to the corrosion reaction. We use the same approach for the
electrolyte phase (Eq. 6.4) but with the opposite sign of the source term to ensure the direction of
the interfacial displacement is correct.!®! We do not consider any deposition on the cathodic phase,

and thus the evolution of ¢, is given by the Cahn-Hilliard equation!®? as

g, v v SF
ot - P2 6(p2 ’ (6.6)

where M,,, is the mobility for the phase ¢,. While corrosion does not affect the cathodic phase, it

is important to evolve this equation so that the order parameters adjust accordingly to the free
energy functional in Eq. 6.2 as other order parameters evolve; without doing so can lead to
undesired numerical artifacts and instability.

Following the approach proposed by Chadwick et al.,'8! we assume the mobilities for all

phases to be the same and dependent on the anodic reaction current density such that the Peclet
number, v8/M, associated with the interfacial width, § = 2V2€?, to be unity. This condition
ensures that the moving interface maintains the profile required by the free energy functional:

Vio|&xirna ¥ —
M, =M, =My=M=2-""""2" Z:;” J2éz., (6.7)

We assume that the electrolyte remains electrically neutral, which ensures that the bulk motion of
the electrolyte does not contribute to the electrolyte current density.>> We also assume that the
electrolyte concentration remains constant and uniform, which corresponds to a well-stirred

system.* These assumptions are in line with previous modeling studies.?®!7%!77 Under these
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assumptions, where diffusive and convective contributions are absent, the ionic flux arises solely
from the migration current, i.e., i, = —k,V®,. The governing equation for ionic transport is
derived by combining this with the condition of charge conservation and charge neutrality in the
electrolyte, i.e., V - i, = 0. Finally, the resulting equation is formulated using the Smoothed
Boundary Method (SBM)”® to incorporate the flux boundary conditions at the metal/electrolyte
interface arising from the electrochemical reaction and the zero-normal-flux boundary conditions

at domain boundaries, as derived in a previous work?¢:

V- (lpke Vq)e) = _IVl/)Iirxnr (6.8)

where

2
irxn = Z Ejirxn,j' (6.9)
j=1

where ¢; is an interpolation function that varies from 0 to 1, which indicates the region of the
corresponding phase. The interpolation functions, &; and &,, are used to combine the anodic and

cathodic RCDs into a single spatially dependent field, are calculated by

_ %)
max(¢; + ¢,,0)

$2 (6.10)

= 1-4¢,, (6.11)

where ¢ is a small number added to the denominator to avoid division by zero. Note that even

though i,.,,, is calculated throughout the system, its value is only meaningful in the interfacial
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regions and affects the electrolyte potential only where |Vip| is nonzero, i.e., at the
metal/electrolyte interface.

The anodic reaction current density (RCD) is obtained by a modified Tafel relation that

restricts the value as it approaches the limiting current!'®2:;

. icorr,lenl/A1

l 1 == - ]
rxn 14 lcorr.‘leﬂl/Al (6.12)

lmax

where i.,,, 1s the corrosion current density for the anodic phase, 1, is the anodic overpotential
given by @, — &, — E 415 Py and E,, 1 represent the applied electrostatic potential of the
metal and the corrosion potential of the anodic phase, respectively; and A is the corresponding
Tafel slope. In Eq. 6.12, the current density smoothly approaches i,q as io ;e"/41 becomes large,
and thus i,,,, sets the maximum current density. This constraint is added to account for any kinetic
limitations such as limiting ionic transport in the electrolyte or charge transfer current density that
may exist in the system due to surface passivation or the deposition of the corrosion product.!'®?
We assume no such limitation on the cathode, and thus the cathodic RCD is obtained using the

standard Tafel relation as!%2

. _ . A
lrxn,2 = _lcorr,ZeWZ/ 2, (6.13)

where n, = &, — @, — E;,,r 2, and the cathodic corrosion current density, the corrosion potential,
and the Tafel slope for the cathodic phase are denoted by icorr2, Ecorr,2, and A,, respectively.
Note that we assume that the metallic conductivity is large enough to ensure that @,, is constant
throughout the metal. Additionally, we assume corrosion to advance under an unbiased condition,
i.e., free immersion, and thus we set @, = 0. Furthermore, the use of natural (zero-normal-

derivative) boundary conditions for @, on the borders of the system in contact with the electrolyte
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ensures that the net current along the metal/electrolyte interfaces is zero. This can be shown by

applying the divergence theorem on the volume (area in 2D) occupied by the electrolyte along

with the equation for charge conservation in the electrolyte, V - i, = 0.

Table 6.1 List and description of the variables and symbols used in the model equations.*'

Symbol Description

F Free energy functional of the system normalized by the double well height; m*
X0} Volume of the computational domain; m*
: Energy penalty coefficient for the gradient in phase fields, which is normalized by the

double well height; m

fo Nondimensionalized bulk free energy density function; unitless
Y Domain parameter and phase field for the electrolyte phase; unitless

Qj Phase field for the j™ phase within the metal domain; unitless

. Subscript for denoting the phase in metal; j = 1 represents the anodic phase, and j =

J 2 represents the cathodic phase

M Mobility coefficients in the Cahn-Hilliard equations; m%/s
% Normal velocity of the ¢,/ interface; m/s

Lrxn Reaction current density; A/m?

Vi Molar volume of the corroding metal; m*/mol

Zm Charge number of the corroding-metal ion in the electrolyte
F Faraday’s constant; C/mol

Ke Electrolyte conductivity; S/m

P, Electrostatic potential of the electrolyte; V
ie Tonic current density in the electrolyte; A/m?

& Interpolation factor for the reaction current density; unitless

lrxn,j Reaction current density for the j* phase; A/m?
lcorr,j Exchange current density for the j™ phase; A/m?
n; Overpotential for the j" phase; V
Ecorr,j Equilibrium corrosion potential for the jth phase; V
A Tafel slope for the j™ phase; V
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Imax Maximum reaction current density; A/m’

Om Electrostatic potential of the metal; V

A small number that is added to the denominator of the expression for &, (Eq. 6.10) to
avoid division by zero; unitless

In this study, the subscripts 1 and 2 are replaced by a and £, respectively, to make it easier

for the reader to follow which phase a quantity belongs to. For example, icorp represents the

exchange current density of the f phase. The values of the model parameters are obtained from
literature and are listed in Table 6.2. All simulations in this study are conducted for unbiased
conditions, i.e., corrosion occurs only because of the microgalvanic coupling between the anodic
and cathodic phases, and the net current in the system is zero. Furthermore, natural (zero-normal-
derivative) boundary conditions are applied for all fields at every boundary of the computational
domain. Finally, the model equations were implemented in the PRISMS-PF framework,?’ an open-

source phase-field solver, as described elsewhere.?
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Table 6.2. Parameter values used in the simulations presented here, unless specified otherwise, along with
their sources.’’

Parameter Value Units Source
7% 1.37 x 1075 m*/mol Literature'®?
Zm 2 - -

Ke 5x 1073 S/m Literature'*
leorra 8.1 x 1072 A/m® Literature'’®
lcorr,B 1.7 x 1072 A/m? Literature'"®
Imax 100 A/m? -

A, 3.474 x 1073 \Y Literature'”

Ag —3.626 X 1072 \Y% Literature'"®
Ecorra —1.424 V (SCE) Literature'’®
Ecorrp —-1.151 V (SCE) Literature'’®

¢ 1x1073 - -

6.3 Simulation results for the effect of the material properties of the 8 phase, the electrolyte,

and the alloy microstructure on corrosion behavior

6.3.1 Sensitivity analyses

Sensitivity analyses were performed to understand the effect of model input parameters on
the predicted microgalvanic-corrosion behavior in Mg alloys, where we considered three
parameters: icorr g, Ecorrp, and k.. Values of icoprp and/or Ecorrp depends on the material
composition of the alloy and/or the electrolyte surrounding the alloy. On the other hand, k, is a
property of the surrounding electrolyte. To ensure that the change in i¢or g and Ecorr, g is only due
to the change in the material composition, we chose these values from the experiments performed

using the same electrolyte, 0.1 M NaCl aqueous solution.*163:183 We chose this electrolyte because
g Y q y
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of the abundance of studies?*6:163:183

carried out using this solution. We performed the sensitivity
analyses in a 2D system containing a [ precipitate embedded in an a matrix, as described
elsewhere,? in order to reduce the computational cost. The computational details, such as the
element size, the element order, and the time step size, used for the sensitivity analyses are
provided in Section 6.5 (see Table 6.5 and the associated text).

To perform the sensitivity analysis, we only altered the value of one model parameter (out
of icorr,ps Ecorr,p> and k) and kept all other model parameters fixed. The values for each of the
parameters studied are obtained from the ranges reported in the literature — Ref. 46,163,183 are
used for icorr g, Ecorr,g, and Ref. 184 is used for k, The effect of each physical parameter is then
studied in terms of corrosion current, as defined by the integration of the corrosion current density
over the a/electrolyte interface in the computational domain, which varies with time. Additionally,
the morphology and position of the a/electrolyte interface are qualitatively examined. Finally, we
use the ratio between the Wagner length for the a phase and the initial width of the a phase as a

metric to study the uniformity of corrosion along the a/electrolyte interface, as explained in the

following section.

6.3.1.1 Sensitivity analysis with respect to .oy g
In this section, we examine the effect of icoyr, g, Which is the exchange current density for

the f phase. As can be seen in Eq. 6.13 (with subscript 2 being ), the corrosion current density

on the 8 phase is directly proportional to i¢orr,g. Thus, the corrosion current is also expected to be
proportional to .o p if the electrolyte potential is assumed to remain constant. It is reported in

the literature that i . p ranges between 1072 to 1 A/m?* for most second phases of Mg alloys
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immersed in 0.1 M NaCl aqueous solution.**!**!%3 Therefore, we chose five values of icoprp in
this range: 5 X 1073,1.7 X 1072,5 X 1072,1 x 1071, and 1 A/m?. The value of 1.7 X 1072 A/m?
represents the baseline value, which was used in a previous study?® and corresponds to the AM30
alloy.!’6!77 The remaining model parameters were kept the same, which are listed in Table 6.2.

The results of the sensitivity analysis are summarized in Figure 6.1.

a) b) c)
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— >
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Figure 6.1. Results for the corrosion current, morphology of the corroded surface, and the Wagner length
from the sensitivity analysis with respect to the exchange current density of the  phase. (a) The log-linear
plot of the corrosion current vs. time. (b) The metal/electrolyte interface at t = 390 s. (c) The log-linear
plot of Wy /L, vs. time. The values of i¢orr,g varies from 0.005 A/m*to 1 A/m?, as presented in the legend
provided in (a), which applies to all subfigures.’'

Figure 6.1a shows the plot of the corrosion current vs. time for the values of icorr g
examined. Two trends can be observed. First, for a fixed icorrp value, the corrosion current
increases with time. This occurs because, for the given system and condition (e.g., the § fraction),
the corrosion reaction is limited by the cathode. Hence, when more [ is exposed to the electrolyte

upon the corrosion of the a phase, the corrosion current increases. Second, increasing icorrp
monotonically increases the corrosion current. In fact, when i¢oy 5 is increased from 1.7 X 1072

to 1 X 1071 (by a factor of ~5.9), the initial corrosion current (at t = 0 s) increases by a factor of
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~3.7. Similarly, when i¢opy,p is reduced from 1.7 X 1072 to 5 x 1073 (a reduction by a factor of
~3.4), the initial corrosion current (at t = 0 s) decreases by ~2.7 times. This result shows that
although the corrosion current monotonically increases with icqrr, B> it does not depend linearly on
lcorr,p; Tather, it scales sublinearly with i¢oyr, g, 1.€., the corrosion current « (icorrﬁ)p, where p <
1. The observed sublinearity arises because of the spatial distribution of the electrolyte potential
changes when i¢o,r, g is altered, as shown in Figure 6.2, which is nonlinearly related to the reaction
current density through the exponential term in the Tafel relations (see Egs. 6.8, 6.9, and 6.12).
Figure 6.1b shows the metal/electrolyte interface for all cases at t = 390 s, which is the
time when the @ domain near a/f interface is almost fully corroded within the simulation domain
for icorr,g = 1 A/m?. Three distinct features emerge from the plot. First, as expected from the
above discussion of the observed increase in the corrosion current with icorr 5, the depth of
Ccorrosion increases as icorr,g 18 increased. Second, the morphology of the interface for icorrp = 1
A/m? is distinct from the other cases. This occurs because, for this case, the corrosion current
density near the a/f interface calculated by the standard Tafel relationship would exceed the
maximum corrosion current density, i,,,,. Therefore, the corrosion current density in the region
becomes relatively uniform with the limiting value of i,,,, per the modified Tafel relationship
(Eq. 6.12). Figure 6.3a shows that the morphology of the corroding surface for icor 5 = 1 A/m?
reverts to one that resembles those of smaller i¢,p g values when a sufficiently large i,y is used.
Lastly, all cases with icorrp > 5 X 1073 A/m? exhibit nonuniform corrosion, where a greater
extent of corrosion is observed near the a/f interface than elsewhere. Note that for icoprp =

5 x 1073 A/m? relatively uniform corrosion is observed even at later times, as shown in Figure

6.3b.
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Figure 6.2. The plot of the electrolyte potential, @,, along the metal/electrolyte interface at t = 0 s for
different values of icorr,p considered in the sensitivity analysis. The grey dashed line represents the a/f
interface; the § domain lies on the right side of the line.*!
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Figure 6.3. The simulated morphology of the metal/electrolyte interface for (a) icorr g = 1 A/m?and iy, g, =
1x 103 A/m’ at t = 72s and (b) icorr,p = 5 X 1073 A/m’ and iypqy = 1 X 10% A/m’ at t = 4000 s. The
red, green, and blue regions correspond to the a, 5, and electrolyte phases, respectively.®!



To explain the differences in the uniformity of corrosion along the a/electrolyte interface

observed for different ico., g values, we examined the Wagner length corresponding to the a phase.

The Wagner length, W, for any electrode is defined as'®’

an

¢ a irxn

W=k , (6.14)

where n and i,,, are the electrode overpotential and reaction current density, respectively.

Wagner!®?

showed that the ratio between the Wagner length and the characteristic length of the
electrode determines the uniformity of the current density distribution over the electrode.
Specifically, when the ratio is significantly larger than 1 (i.e., large W compared to the
characteristic length), the current density distribution is expected to be uniform over the
electrode.'® Conversely, when the ratio is significantly smaller than 1, the current density
distribution is expected to be nonuniform.!5 Furthermore, Wagner!® also showed for a planar

electrode, the characteristic length is the width of the electrode.

Following Wagner’s formulation, we obtained the Wagner length for the @ phase, W,,

an

Olyxn

using Eq. 6.14. Note that

for the a phase was calculated using the numerical solution obtained

from the simulations. Moreover, we set the characteristic length equal to the initial width of the a
phase, Ly, and thus the ratio W, /L, was used to examine the effect of i¢rr. g 0n the uniformity of
corrosion along the a/electrolyte interface. We note that the Wagner length for only the @ phase
was calculated since it is the corroding phase.

The calculated value of W, for icorrp = 1.7 X 1072 A/m? is provided at t = 1110 s in
Figure 6.4. As can be seen, the value of W, varies along the a/electrolyte interface, with the

smallest value occurring near the a/f interface where the corrosion current density is largest.
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Thus, the most stringent condition, given by taking the minimum value of W, (or the minimum
value of the ratio, as L, is a constant) over the a/electrolyte interface, is used to determine the
expected degree of uniformity in the corrosion current density distribution. We denote the
minimum of W, as W, hereafter. Figure 6.1c shows the plot of W, /L, vs. time for all cases, except
for icorrp = 1 A/m?, where the current density is limited by i,,4,, as discussed above. The W, /L,
value for all cases, except icorr g = 5 X 1073 A/m?, is much smaller than 1 throughout corrosion.
Correspondingly, nonuniform corrosion is observed along the a/electrolyte interface for these
values of i¢opy, g in Figure 6.1b. Conversely, the W, /L, value for i¢orr,p = 5 X 1073 is larger than
1, and the simulation shows a relatively uniform corrosion along the a/electrolyte interface in this
case, as compared to the larger values of i¢orr . Finally, the monotonic decrease in W, /L, with
time suggests an increase in the nonuniformity of the current density distribution over the

a/electrolyte interface with time according to the Wagner theory.
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Figure 6.4. The plot of W, along the a/electrolyte interface for icorr g = 1.7 X 1072 A/m*att = 1110 s.
The color indicates the value of W, according to the color bar on the right.’'
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In summary, this sensitivity analysis shows that i.,.. g strongly affects the microgalvanic
corrosion behavior and that decreasing it reduces localized corrosion, both by reducing the overall
rate and enhancing the uniformity. However, the change in the corrosion current is sublinearly
dependent on icoprp. Thus, a significantly larger reduction in icop g is required to achieve the
reduction in the corrosion current. This result could potentially have a direct consequence on

assivation techniques'®® that aim at reducing i to mitigate localized corrosion.
p q g corr,3 g

6.3.1.2 Sensitivity analysis with respect to E .o, g
The parameter E¢q,, g represents the equilibrium corrosion potential for the § phase, which

is the cathodic phase in this study. In a galvanic couple, increasing the difference between the
equilibrium potentials of the anode and the cathode amplifies the strength of the coupling, which

increases the corrosion current. Therefore, given that we limit our studies to cases where E¢orr g >
Ecorra» TaisSing Ecoprp increases the difference between E,p of the two phases and is thus
expected to increase the corrosion current. As reported in the literature,**!**!8 the value of E¢qry, g

ranges from -1.6 V to -1 V vs. the standard calomel electrode (SCE) for most second phases in Mg

alloys immersed in 0.1 M NaCl aqueous solution. Since we restrict the cases t0 Ecorrp > Ecorra
and Ecorrq = —1.424 'V vs. SCE in this study (see Table 6.2), we chose five values of Ecorr g,

namely, -1.3, -1.25,-1.2,-1.151, and -1.1 V. We did not examine values above -1.1 V because the
resulting reaction current density would be limited by i,,,,, Which leads to a similar result seen

for icorr,p = 1 A/m*in Section 6.3.1.1. Note that the value of -1.151 V represents the baseline

case, which was used in a previous work?® and corresponds to the AM30 alloy.!”%!77 The remainin
p p Yy g
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model parameters were kept the same as listed in Table 6.2. The results are summarized in Figure

6.5.
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Figure 6.5. Results for the corrosion current, morphology of the corroded surface, and the Wagner length
from the sensitivity analysis with respect to the corrosion potential of the f phase. (a) The log-linear plot
of the corrosion current vs. time. (b) The metal/electrolyte interface at t = 755 s. The inset shows an
expanded view of (b) near the a/finterface to enable visual delineation of cases in which corrosion is
limited. (c) The log-linear plot of Wy /L, vs. time. The values of E¢oyy,p varies from -1.3 Vto -1.1 V, as
presented in the legend provided in (a), which applies to all subfigures.*'

The plot of the corrosion current vs. time for different values of E¢opr 5 is presented in
Figure 6.5a. Two trends can be observed in the figure. First, for a fixed Ecoprp > —1.25 V (vs.
SCE), the corrosion current increases with time. For E¢orr g < —1.25 V (vs. SCE), the corrosion

current remains almost constant in time because the amount of the f phase exposed to the

electrolyte does not change significantly. Second, increasing Ecorp increases the corrosion
current. In fact, increasing E¢opr, g from -1.151 V to -1.1 V (i.e., the change in E,. g With respect
to the baseline case, AE¢qrr, 3 = ~ 0.05 V) causes the corrosion current (at t = 0 s) to increase
by a factor of ~2.9. Similarly, decreasing the E.,, g from -1.151 V to -1.2 'V (i.e., AEcorrp~ —

0.05 V) reduces the corrosion current (at t = 0 s) by a factor of ~3.1. While these factors are

144



similar (~3), they differ from exp <|.AE;orr,ﬁ
B

) ~ 4, obtained theoretically by assuming that the

electrolyte potential at ¢ = 0 s remains the same for different E¢,, 3 cases. This result exemplifies
the need for simulations when more precise predictions are required because the assumption of the
invariant electrolyte potential is not applicable for the system under consideration (see Figure 6.12
in Section 6.5 for additional data). Nevertheless, the theoretical value is still useful as it provides
an approximate change expected in the corrosion current at t = 0 s for consecutive values of
Ecorr,g-

Finally, the effects of E., g On the interface position and morphology (shown in Figure
6.5b) and the uniformity of corrosion along the a/electrolyte interface (in terms of W, /L, shown
in Figure 6.5¢) are analogous to the effects of icor g discussed above. In short, increasing Ecorr. g
increases the corrosion current, which results in more corrosion (e.g., magenta vs. black curves in
Figure 6.5b) and decreases the W /L, value (e.g., blue vs. green curves in Figure 6.5¢), which
explains the corresponding corrosion morphologies found in Figure 6.5b. Thus, this sensitivity
analysis shows that E¢,z significantly affect the microgalvanic corrosion behavior and should
be considered as a parameter in the alloy design. Furthermore, the analysis shows that keeping the
difference between Eqpr g and Ecopr o below ~0.22 V significantly reduces localized corrosion in
the AM30 alloy for the assumed model parameters, both by decreasing the overall rate and

enhancing the uniformity.

6.3.1.3 Sensitivity analysis with respect to K,
The parameter k, is the ionic conductivity of the electrolyte. Thus, changing k. in the

model represents a change in the corrosion environment. Facile ionic transport in the electrolyte
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(i.e., larger k,) is expected to increase the corrosion current; below, we will quantify this effect.

We note that changing the electrolyte can potentially alter the icorrp and Ecoprp values in a

physical system; however, here we isolate the effect of k, on the corrosion behavior. The k, value
for various aqueous electrolytes can vary from 1 X 1073 S/m (for distilled water) to 1 S/m (sea
water).'® Thus, we chose five values of k, within this range, namely 5 X 1073, 1 x 1072,
2%x1072%2, 1x 1071, and 1 S/m, for the sensitivity analysis. Again, the remaining model
parameters were kept the same as listed in Table 6.2. The results are summarized in Figure 6.6.
The plot of corrosion current vs. time for all cases is shown in Figure 6.6a. As can be seen,
for a fixed K, value, the corrosion current increases with time, which occurs due to an increase in
the amount of the f phase exposed to the electrolyte. However, the effect of k, on the corrosion
current is not as straightforward. An increase in the corrosion current is observed during early
times (t < 600 s) as k, is increased, which is in line with our expectation. However, the increase
is minor considering the large change in k. ; for example, the corrosion current at t = 0 s increased
by ~15% when K, is raised from 5 X 1073 to 0.1 S/m, at which point no significant change in the
corrosion current is observed with a further increase in k,. This result indicates that the ionic
transport is not a limiting factor for x, > 0.1 S/m even when the reaction current density is large
for this system. Furthermore, we note that it is challenging to theoretically predict the nonlinear
effect of k, on the corrosion current observed here even at t = 0 s. The challenge arises because
changing k., alters @, through the current continuity equation with corrosion current density
boundary condition (see its SBM formulation, Eq. 6.8), which in turn changes the corrosion current

density (Egs. 6.9 to 6.13), making it difficult to solve them analytically.
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Figure 6.6. Results for the corrosion current, morphology of the corroded surface, and the Wagner length
from the sensitivity analysis with respect to the electrolyte conductivity. (a) The log-linear plot of the
corrosion current vs. time. (b) The metal/electrolyte interface at t = 2825 s. (c) The log-linear plot of
Wy /Lq vs. time. The values of k, varies from 0.005 S/m to 1 S/m, as presented in the legend provided in
(a), which applies to all subfigures.”'

At later times (t > 600 s), the trend observed above reverses: the smallest k, value exhibits
the highest corrosion current. To understand this reversal, we need to examine the morphology of
the corroding interface (a/electrolyte), which is shown in Figure 6.6b for all cases at t = 2825 s
(the final time for the case with k, =5 X 1073 S/m when the corroding interface reaches the
bottom end of the domain). As can be seen, the interface is almost flat for the cases of k, = 0.1 and
1 S/m, but the interface becomes increasingly curved as the conductivity is decreased, with more
corrosion near the a/f interface than elsewhere. This rapid corrosion near the a/f interface
exposes a larger amount of the [ phase to the electrolyte than in the case of a higher k., and thus
leads to a higher corrosion current. These results show that although the corrosion current is not
as sensitive to K, as it is t0 i¢corr,p and Ecorr g, Ke has an impact on the morphology of corroding

interface.
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We further analyze the results based on the Wagner length. Figure 6.6¢ shows the plot of
Wy /L, vs. time for all cases. As can be seen, W, /L, > 1 for k, = 0.1 and 1 S/m throughout the
simulation, and, correspondingly, uniform corrosion is observed in these cases. Additionally, two
more trends are observed: first, a monotonic decrease in W, /L, is observed as k., is decreased,
which is consistent with an increase in the nonuniformity of corrosion along the a/electrolyte
interface. Second, W, /L, decreases with time, and the Wagner theory suggests an increase in the
nonuniformity of the current density distribution over the a/electrolyte interface with time. Thus,
in summary, this sensitivity analysis showed that although k, does not strongly influence the
overall rate of corrosion, especially during the early times, it significantly affects the uniformity
of corrosion. These results have a direct implication for the strategies to mitigate localized
corrosion, as they show that it is beneficial to have the ionic conductivity of the electrolyte to be
greater than 0.1 S/m to maintain the uniformity of corrosion and reduce the corrosion current at

later times.
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6.3.2 Effect of microstructure on corrosion behavior

Next, we examine the influence of the microstructure on the corrosion behavior of Mg
alloys by studying the effect of geometric features of second phase particles and lamellar regions,
i.e., an alternate arrangement of a and § domains. We note that the presence of such a region and
its characteristic features are dependent on the alloy processing and is usually observed in various
alloys during eutectic solidification or eutectoid (solid-state) phase transformation. We conducted
this investigation in both 2D and 3D systems, which we discuss separately below. Note that the
initial widths of the @ and  domains for one in both 2D and 3D systems are extracted from the
literature.!”! The widths for the remainder of the cases are calculated based on the number of
lamellar pairs under the constraint of fixed f volume fraction (at t = 0 s), as explained in the
following subsections. We also note that the use of natural boundary conditions (zero-normal-
derivative) for all fields, as described in Section 6.2, corresponds to mirroring of the computational
domain across each boundary. Other computational details, such as the time step size and the

element size and order, are provided in Section 6.5 (see Table 6.5 and the associated text).

6.3.2.1 2D systems

In this section, we describe the simulation results the microgalvanic corrosion in 2D
systems that physically represent 3D systems, which have uniform microstructure along the
direction perpendicular to the simulation plane. We considered four microstructures of the same
dimensions but different distribution of the § phase for this investigation. The key distinguishing
features among the four microstructures (referred to as Case 1 through Case 4) are summarized in

Table 6.3, along with figures of the microstructures, and are discussed further below. Note that the
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red, green, and blue regions in each figure correspond to the a, 8, and the electrolyte domains,
respectively.

Case 1, Case 2, and Case 3 represent a microstructure with only a lamellar region in the
same cross-sectional area (2.810 um by 1.405 um), but they differ from each other in terms of
number of lamellar pairs present in them, as listed in Table 6.3. Case 4, on the other hand,
represents a microstructure with a lamellar region with 3 lamellar pairs along with a larger a
domain (hereafter referred to as the bulk @ domain for short), similar to what may be expected
when primary a forms before the lamellar region. The initial widths of the @ and f domains in the
lamellar region in Case 4 are extracted from the microstructures reported in the literature.!”! Note
that two values for the width of the @ domain in Case 4 are provided in Table 6.3; the values 0.40
um and 1.21 um correspond to the @ domain within the lamellar region and the bulk @ domain,
respectively. The initial widths of the a and § domains in all other cases are determined based on
the number of lamellar pairs under the constraint of fixed f volume fraction (at t = 0 s), which
was set to ~21% in all cases (like the value used in the sensitivity analyses above and a previous
study?®). Note that in the microstructures studied here, the § volume fraction is the same as the 8
area fraction at any given time due to the assumed uniformity of the microstructures along the
direction perpendicular to the simulation plane. The remaining model parameters were kept the

same as listed in Table 6.2.
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Table 6.3. A comparison of the four microstructures used for the 2D system. In all cases, the area fraction
of the 8 phase is set to 21%."!

0.51.01.52.02.5
um

Case | Figure Description No. of | Width of a | Width of
lamellar regions regions
pairs per | (um) (um)
domain

S ,
1 . Wide lamellar | 1 2.210 0.600
. a B
0.51.01.5202.5
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S i
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g1
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« B amellar
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The plot of the corrosion current vs. time for all cases is provided in Figure 6.7a. Three
distinct features can be observed in the figure: first, the corrosion currents for all cases are the
same at t = 0 s; second, for each case, the corrosion current increases with time; and third, at t >
0 s, the corrosion current is influenced by the microstructure. Specifically, we observe that
increasing the number of lamellar pairs with a fixed initial § fraction (which decreases the lamellar
width) increases the corrosion current at t > 0 s. Furthermore, by comparing Case 3 and Case 4,
we find that, for a fixed number of lamellar pairs at a fixed initial § fraction, decreasing the spacing
between the f domains (i.e., the width of the & domains in the lamellar region) increases the

corrosion current at t > 0 s.
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Figure 6.7. Corrosion current as a function of time and cathode surface area per unit length for the 2D
microstructures. (a) The plot of the corrosion current vs. time for the 2D microstructures studied here. (b)
The relation between the corrosion current and Sp (the cathode surface area per unit length perpendicular

to the simulation plane) for the microstructures. In both plots, the same color corresponds to the same case,
namely, black for Case 1; red for Case 2; blue for Case 3; and green for Case 4. The best fit to the linear
portion of the data is also shown in (b) by a grey dash line.*’

The underlying reason behind the three features discussed above for Figure 6.7a is the
amount of the § phase exposed to the electrolyte at any given time because the corrosion current

is limited by the cathodic phase. When the area of the exposed f phase is the same, the same
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corrosion current is obtained. This is why all cases have the same corrosion current at t = 0 s. It
also explains why the current increases with time as more f§ surface area becomes exposed to the
electrolyte and why the cases with more (and finer) lamellas (e.g., Case 3) have a higher corrosion
current over those with fewer (and coarser) lamellas (e.g., Case 1) at a given time. The amount of
the exposed f phase can be quantified in terms of the surface area of the § phase exposed to the
electrolyte. Given the 2D nature of the microstructures studied here, we use the cathode surface
area per unit length perpendicular to the simulation plane, or Sg, as the quantifying metric instead
of the surface area. Figure 6.8 shows the plot of Sz vs. time for all cases. The evolution of Sg is
similar to that observed in the plot of corrosion current vs. time (Figure 6.7a) in three ways. First,
Sp is the same for all cases at ¢t = 0 s because the initial § fraction is the same in all the cases.
Second, Sp increases with time in all cases. Third, Sg(Case 4) > Sp (Case 3) > Sg (Case 2) > Sg(Case
1) at t > 0 s. This dependence of the corrosion current on the surface area of the cathode is also
reported by Raman'¢’ based on potentiodynamic and weight loss measurements of AZ91 alloy

samples that underwent a heat treatment for different durations.
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Figure 6.8. The plot of S (the cathode surface area per unit length perpendicular to the simulation plane)

vs. time for the 2D microstructures studied in this work. Note that different curves correspond to various
microstructures, namely, black for Case 1; red for Case 2; blue for Case 3; and green for Case 43!

To further highlight the relationship between the corrosion current and Sg, we plot the
corrosion current vs. Sg in Figure 6.7b. As can be seen, the corrosion current increases with Sg for
all cases. More interestingly, all plots in Figure 6.7b approximately overlap onto a single curve for
the duration of the simulations performed. Note that the agreement is excellent up to Sg ~3 um,
where a linear relationship is observed, as shown by the grey dashed line in Figure 6.7b. This result
illustrates that Sp is the rate-defining quantity in the microstructures studied here. The deviation
observed between the linear relationship and the simulated result at larger Sg is caused by the
ionic-transport limitation (due to a small x, value) and the current-density limitation on the
phase (due to a small i,,,, value). When sufficiently large k., and i,,,, values are used, the
simulated result matches well with the linear relationship, as shown in Figure 6.13 and discussed

in the associated text in Section 6.5.
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The evolution of the metal/electrolyte interface is consistent with the corrosion behavior
discussed above, which shows that the corrosion current is strongly correlated to Sg. Figure 6.9
shows the metal/electrolyte interface for each case (in each row) at three times (in different
columns) during corrosion. As can be seen, the largest amount of corrosion at any given time is
observed in Case 4, followed by Case 3, Case 2, and Case 1 in this order. In addition to the extent
of corrosion, the uniformity of corrosion is also highly dependent on the microstructure. For Case
1, we observe nonuniform corrosion along the a/electrolyte interface, with more corrosion near
the a/f interface than elsewhere. This nonuniform corrosion behavior is consistent with that
described in the Sensitivity Analyses section and in a previous work.?¢ Specifically, the observed
nonuniformity suggests there exist two length scales for corrosion: one associated with a high
corrosion current density that decays rapidly from the a/f/electrolyte triple junction, and another,
associated with a low corrosion current density that persists for a length scale comparable or longer
than the domain size.?® The length scale of the first type determines the extent of the field of
influence of the f domain on the surrounding a region.

For Case 2 and Case 3, we still observe some nonuniform corrosion in each @ domain, i.c.,
more corrosion near the a/f interface. However, the depth of corrosion in the middle of each «
domain is not much behind that near the a/f interfaces at all times. This happens because the
spacing between two adjacent  domains, i.e., the width of each @ domain, is small enough such
that the fields of influence of the two [ domains overlap and act together on the @ domain in
between. Furthermore, the overlap of the fields of influence becomes stronger as § domains are
brought closer. This is the reason behind the faster corrosion observed in Case 3 than in Case 2.
Finally, due to the symmetry of the microstructure, we observe the same corrosion extent in each

a domain for both Case 2 and Case 3. In Case 4, we observe a combination of behaviors observed
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in the cases discussed above. A behavior like that of Case 1 can be seen for the bulk ¢ domain
(right-most domain), where the two distinct length scale discussed for Case 1 are apparent. Within
the lamellar region, we observe an overlap of the fields of influence of multiple f domains, like
Case 2 and Case 3, which leads to a relatively uniform but faster corrosion within the lamellar
region than the bulk @ phase. However, unlike Case 2 and Case 3, the extent of corrosion in Case
4 is not uniform among the @ domains within the lamellar region. In fact, the innermost @ domain
(i.e., the left-most @ domain) exhibits the greatest extent of corrosion because of the asymmetry
of the microstructure.

The results presented here show that when the corrosion current is limited by the cathodic
phase, the presence of the lamellar region, in addition to the bulk @ phase, not only increases the
corrosion current, but also increases the difference in the extent of corrosion among a domains. A
larger extent of corrosion is observed in the @ domain that lies in the center of the lamellar region,
and the extent decreases monotonically as one moves to the domains that are away from the center.
These results agree well with the experimental results reported by Song et al.>® for the AZ91 alloy,
where a greater extent of corrosion was observed within the lamellar region than the bulk a phase.
Although Song et al.>* attributed this behavior to the difference in the electrochemical properties
of the a phase present within the lamellar region and in bulk (due to the difference in the solute
concentration), our results here show that the same effect can be observed even in the absence of
such differences. Moreover, the phenomenon of accelerated corrosion of the anodic phase within
the lamellar region is also observed in other alloys.*!87 In the next section (Section 6.3.2.2), we
study the corrosion behavior in 3D microstructures, where the f§ phase is either present as a

precipitate or within a lamellar region.
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Figure 6.9. Time series of the corrosion evolution in the four 2D microstructures investigated here, which
are presented in different rows. Times selected are 200s (the first column), 400s (the second column), and
600s (the third column). Axes labels are omitted for the latter two since they are identical to the first set.
As noted in the main text, the red, green, and blue regions represent the @, 8, and electrolyte domains,
respectively.®!
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6.3.2.2 3D systems

We simulated the corrosion behavior in four 3D microstructures, which are listed in Table
6.4, along with their description and distinguishing features. The microstructures in Cases A to C
differ in terms of the size and shape of the [ precipitate, and none of them have any lamellar region
in them. Case D, on the other hand, places approximately the same amount of the § phase as Cases
A and B in lamellar region that surrounds a cylindrically shaped @ domain. The initial widths of
the a and  domains in the lamellar region of Case D are exactly the same as in Case 4 in the 2D
system and are obtained from the literature.!”! The initial volume fractions (at t = 0 s) of the
phase in Case A, Case B, and Case D are set to be the same at ~15%. Note that due to the uniformity
of the microstructures along the thickness in Cases A and D, the initial surface fraction of the
phase is also the same as the initial volume fraction (at ~15%). Since corrosion is a surface
phenomenon, we included Case C to study corrosion for the same initial surface 8 fraction as cases
A and D, but with a hemispherical S precipitate. Finally, we note that the symmetry of the setup
in all four microstructures allowed us to perform simulations for only a quarter of the system;

however, the simulation results are reflected to provide the full view of the microstructure.
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Table 6.4. A comparison of the four microstructures used for the 3D system.

regions in the figures represent the a and § domains, respectively.’'

Note that the red and green

Case | Figure Description Dimensions | Dimensions | Initial
of the | of the f | volume
a domain domain (um) | (surface)
(um) fraction of
B
g
@ Cylindrical f | Length = 6.0, | Radius =1 15.%
A precipitate in an | Width=6.0, | 1.32, (15' 2(:)/)
@ matrix Depth=1.5 | Depth=1.50 e
g
2 Hemispherical | Length = 6.0, 15.0%
B B precipitate in | Width = 6.0, | Radius =1.57 -
) (21.5%)
an @ matrix Depth=1.5
g
o Hemispherical | Length = 6.0, 2.9%
C B precipitate in | Width=6.0, | Radius=132| "
} (15.2%)
an @ matrix Depth=1.5
Width in the
g —
3 . lamellae =
5 ” Cyhf@ilctal o4, Width=02, |15.2%
preciptate . n Precipitate Depth=1.5 (15.2%)
lamellar region .
radius = 2.5,
Depth=1.5
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The plot of the corrosion current vs. time for all four microstructures is shown in Figure
6.10a; supplementary results are provided in Figure 6.14 in Section 6.5. As in the 2D systems, the
corrosion behavior observed in the 3D microstructures can be explained based on the amount of
the [ surface exposed to the electrolyte, referred to as cathode area hereafter, as shown in Figure
6.10b. For instance, at t = 0 s, the corrosion current is the same for Case A, Case C, and Case D
because in all three cases, the cathode areas are nearly equal. The small difference between the
cathode area of Case D and that of Cases A and C at t = 0 s is caused by the difference in the
geometry. The larger cathode area in Case B (at t = 0 s) than other microstructures also explains
the larger corrosion current observed in that case.

The evolution of the corrosion current can also be explained based on the cathode area.
The close match between the corrosion currents for Cases A and C, especially during the early the
times, can be traced to the fact that the cathode areas of these two cases evolve very similarly (see
black and red curves in Figure 6.10a and Figure 6.10b). The match between the cathode areas for
Cases A and C, despite the difference in the geometry and the volume of the f precipitate, is
observed because the initial area of the f surface is set to be the same and the geometry effect is
negligible when corrosion has not advanced significantly. At later times, Case C exhibits lower
cathode area (and thus corrosion current) than Case A, due to the tapering profile of the
hemispherical precipitate, as shown in the inset of Figure 6.10b. The corrosion current in Case B
remains higher than Cases A and C because of the larger cathode area in Case B throughout the
simulation. Similarly, the corrosion current in Case D exhibits rapid increase and becomes the
largest after 240 s of corrosion among the simulations conducted, which is caused by the faster

increase in the cathode area, as shown in Figure 6.10b. Thus, as observed in the 2D systems, the
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simulations show that the presence of the lamellar region in addition to a larger (e.g., primary) a

region accelerates corrosion in 3D systems.
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Figure 6.10. Corrosion current as a function of time and cathode surface for the 3D microstructures. The
plot of (a) the corrosion current vs. time and (b) the cathode area vs. time for the 3D microstructures studied
in this work. The inset of (b) shows the plot of the cathode vs. time for Case A and Case C for a longer
duration than (b), which is added to highlight the difference in the cathode area for the two cases. The
legends are provided in (a) for both plots (black, Case A; blue, Case B; red, Case C; and green, Case D).
Note that the black curve (Case A) mostly overlaps the red curve (Case C) in the main subfigure (b); see
the inset for a magnified view.’'

Figure 6.11 shows the evolution of the metal/electrolyte interface for each case (in different
rows) at three times (250 s, 500 s, and 750 s in different columns). For Case A, Case B, and Case
C, we observe faster corrosion near the a/f interface and slower corrosion far from the interface,
which leads to the formation of a circular trench around the [ precipitate (see the last column in
Figure 6.11). Thus, we again observe the presence of the two length scales that were discussed for
Case 1 of the 2D system: one over which the current density decays from the a/f/electrolyte triple
junction and another over which the current density is smaller but persists for a length scale

comparable or longer than the domain size. The evolution of the interface in Case D is also

161



analogous to that of Case 4 for the 2D system. In the cylindrical a region, we observe the presence
of the two length scales for the corrosion: one associated with faster corrosion near the
a/f/electrolyte triple junction and the other associated with slower corrosion near the center of the
region, which causes the initially flat surface to evolve into a dome shape (see the last row in
Figure 6.11). Furthermore, corrosion in each & domain within the lamellar region is more uniform
than in the cylindrical region due to the overlap of the fields of the influence of multiple f domains,
as discussed above for the 2D systems. However, the extent of corrosion amonga domains in the
lamellar region varies. Faster corrosion is observed in the @ domains surrounded by the f domains
that run through the entire length of the microstructure (i.e., the @ domains at the edges of the
microstructure; an example is noted by a black arrow in Figure 6.11). The extent of corrosion
decreases towards the centerline of the domain in the lamellar region. This behavior is analogous
to Case 4 for the 2D system, where the greatest extent of corrosion was observed in the left-most
« domain. In summary, the 3D simulations show that the trends observed in the 2D systems are

also valid in 3D systems.
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Figure 6.11. Time series of the corrosion evolution in the four 3D microstructures investigated, which are
presented in different rows. Times selected are 250 s (the first column), 500 s (the second column), and 750
s (the third column). In Case D, the regions with slower and faster corrosion are noted in the third column.
As noted in the main text, the red and green regions represent the a and f domains, respectively. Note that
the symrnet}ry of the setup in all four microstructures allowed us to perform simulations in only a quarter of
the system.”!
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6.4 Chapter 6 Summary

In this work, we performed phase-field simulations to individually study the effect of the
electrochemical properties of the § phase and electrolyte, as well as that of the alloy microstructure
on the microgalvanic-corrosion behavior of Mg alloys. These simulations enable the decoupling
of the effect of the aforementioned factors on the microgalvanic corrosion, which is challenging
to achieve solely by experiment. Based on the results from the sensitivity analyses, we showed

that decreasing either icorr,p OF Ecorr,g reduces the corrosion current and promotes more uniform

corrosion. We also confirmed that the ratio between the minimum Wagner length for the a phase
(corroding phase), W, and the initial width of that phase, L, is an excellent metric for determining
the uniformity of corrosion along the corroding interface. In short, when the ratio is significantly
larger than 1, the corrosion is found to be uniform, and the opposite behavior is observed when the
ratio is significantly smaller than 1. Furthermore, the sensitivity analyses also revealed that
increasing k, improves the corrosion resistance at longer times due to the improved uniformity of
corrosion. However, the corrosion current is not as sensitive to k. as it is t0 i¢orr g and Ecopr g for
the range of parameter values and the system sizes studied here.

Additionally, we showed that the microstructure has a strong effect on corrosion behavior.
Specifically, the presence of a lamellar region in addition to a bulk @ domain in the microstructure
proves to be detrimental to the corrosion resistance in both 2D and 3D microstructures, which
qualitatively agrees with experimental studies.*=%!87 Furthermore, increasing the number of
lamellar pairs in the microstructure for a fixed initial volume and surface fraction of the  phase
increases the corrosion current. Thus, finer microstructure is detrimental to corrosion resistance.
In the case where a lamellar region is present next to a bulk @ domain, we observed differences in

the extent of corrosion among a domains present in the system. We note that some experimental
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studies about the influence of the lamellar region on the corrosion current contradict our simulation
results. For example, Zhao et al.!”! and Zhao et al.* reported that for AZ91, the presence of the
lamellar region is beneficial to the corrosion resistance of the alloy. This discrepancy may be due
to the difference in the composition (and resulting difference in the electrochemical properties) of
the a phase in the lamellar region as compared to the bulk a phase. To further investigate this
discrepancy, the properties of the a phase should also be examined systematically, which will be
left for future work. Moreover, the deposition of the corrosion product on the metal/electrolyte
interface can play a significant role in reducing the corrosion rate. The present model does not
account for the deposition of the product phase, and thus the model needs to be extended to study
corrosion involving product deposition. Nevertheless, this systematic investigation provides

guidance to the design of alloys and processing approaches to mitigate localized corrosion.

6.5 Chapter 6 Appendix

Computational details for the sensitivity analyses

The numerical parameters used for performing the sensitivity analyses are listed in Table
6.5. In addition, the tolerance for the nonlinear solver was kept at 1 X 1071° for the simulations
pertaining to the sensitivity analyses. The mesh was refined where the order parameters were
between € and 1 — €, where € = 1x 1072 and 1 X 1073 for quadratic and linear elements,
respectively, to ensure sufficient refinement of the interface. The wider range was used for linear
elements due to their lower accuracy than quadratic elements. Finally, the interfacial thickness was
set at approximately 5% of the thickness of the  phase to ensure the error introduced by the

diffused interface approach is sufficiently small.
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Table 6.5. Numerical parameters used in the sensitivity analyses.”'

Sensitivity analysis with respect to i o g

Leorr B Time step (s) | Element Sub- Max Min Tolerance
(A/m?) Order divisions in | Refinement | Refinement of the
each Level Level linear
direction solver
5x 1073 25x%x 1073 1 3 8 4 1x1078
1.7 X 1072 25%x1073 1 3 8 4 1x1078
5x 1072 1x1073 1 3 8 4 1x1078
1x1071 1x107* 1 3 8 4 1x1078
1 1x107* 1 3 8 4 1%x1078
Sensitivity analysis with respect to E ., g
Ecorrp vs. | Time step (s) | Element Sub- Max Min Tolerance
SCE (V) Order divisions in | Refinement | Refinement of the
each Level Level linear
direction solver
-1.3 25%x1073 2 3 6 1 1x 10710
-1.25 25%x1073 2 3 6 1 1x 10710
-1.2 25%x1073 2 3 6 1 1x1078
—-1.151 25%x1073 2 3 6 1 1x1078
-1.1 25%x1073 2 3 6 1 1x1078
Sensitivity analysis with respect to x,
K. (S/m) Time step (s) | Element Sub- Max Min Tolerance
Order divisions in | Refinement | Refinement of the
each Level Level linear
direction solver
5x 1073 25x%x 1073 1 3 8 4 1x1078
1x 1072 25%x1073 1 3 8 4 1x1078
2x1072 25%x1073 1 3 8 4 1x1078
1x1071 25%x1073 1 3 8 4 1x1078
1 25%x1073 1 3 8 4 1x1078
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Computational details for the microstructure studies

The numerical parameters used in the simulations pertaining to the microstructure-based
study for both 2D and 3D systems are listed in Table 6.6. All these simulations used quadratic
elements with 3 subdivisions in each dimension, except for cases A to C in the 3D microstructures,
where 4 subdivisions were used. Furthermore, the tolerance for the nonlinear solver was set as
1 x 10710 for these simulations. Finally, the mesh was refined where the order parameters were
between € and 1 — €, where € =1x 1073 and 1 X 1072 for 2D and 3D microstructures,

respectively.

Table 6.6. Numerical parameters used in the simulations performed to study the effect of the
microstructure.’!

2D Systems
Case Time step (s) Interfacial Max Min Tolerance of the
thickness (m) Refinement | Refinement linear solver
Level Level
1 1x1073 3.67 x 1078 6 1 1x1078
2 1x1073 3.14 x 1078 6 1 1x1078
3 1x1073 2.09x 1078 6 1 1x1078
4 1x1073 2.09x 1078 6 1 1x1078
3D Systems
Case Time step (s) Interfacial Max Min Tolerance of the
thickness (m) Refinement | Refinement linear solver
Level Level
A 5x 1074 3.16 x 1078 6 1 1x 10714
B 5x 1074 3.16 x 1078 6 1 1x 10714
C 5x 1074 3.16 x 1078 6 1 1x 10714
D 5x 1074 3.14 x 1078 6 1 1x 10714
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Figure 6.12. The plot of the electrolyte potential, @,, along the metal/electrolyte interface at t = 0 s for
different values of Ecorr,g considered in the sensitivity analysis. The grey dashed line represents the a/f
interface; the  domain lies on the right side of the line.*!

To show that the deviation from the linear relationship observed for the Corrosion Current
vs. Sp plot (Figure 6.7b) is caused by the spatial variation in the electrolyte potential along the
p/electrolyte interface and i,,,,, we performed two additional simulations for Case 4, as follows.
In the first simulation, k, was increased to 1S/m (from the baseline value of 5 X 1073 S/m) to
significantly reduce the spatial variation of the electrolyte potential. In the second simulation, i,
was increased to 1 X 103 A/m? (from the baseline value of 1 X 10% A/m?) to reduce the limiting
effect of ip,qy, along with an increase of k. to 1S/m. The resulting corrosion current vs. Sg
relationships are summarized in Figure 6.13, along with the result reported for Case 4 in Section
6.3.2.1. As can be seen, only increasing k, brings the relationship between corrosion current and
Sp closer to the grey dashed line (compare the blue and green curves in Figure 6.13). Furthermore,
upon a simultaneous increase in k, and i,,,y, the resulting relationship resembles the grey dashed

line (see the purple curve in Figure 6.13). Thus, these results suggest that the linear relationship
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between the corrosion current and Sg would be retained if sufficiently large values of k, and i, 4

are used to avoid any significant spatial variation in the electrolyte potential and severe limiting

effect caused by ip,4x-
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4k, =5x 107 8/m L’
e +}€e=1 S/m
i:l éﬁe:‘] S/m,
e 100 i, =1x 10° A/m?
o -y = 16.77X + 1.221
-
> %
o
&
o
-
o)
O
0 L
0 2 4 6 8

S (um)

Figure 6.13. The relation between the corrosion current and Sp (the cathode surface area per unit length
perpendicular to the simulation plane) for Case 4 with different values of k, and i,,,,. The green curve
represents the result reported in the main text; the blue curve represents the result with increased k,; the
purple curve represents the result with both increased x, and i,qy.>"
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Figure 6.14. The plot of (a) the corrosion current vs. time and (b) the cathode area vs. time for the 3D
microstructures studied here. The legends are provided in (a) for both plots (black, Case A; blue, Case B;
red, Case C; and green, Case D). Note that the black curve (Case A) mostly overlaps the red curve (Case
C).31
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Data availability
The shared data for this chapter can be found at the following link:

https://doi.org/10.13011/m3-ffgq-d561.
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CHAPTER 7
Effect of Material Properties on the Impedance Behavior and Tortuosity of SOFC
Cathodes”

7.1 Introduction: Application of electrochemical impedance spectroscopy to characterize

SOFC cathodes

Electrochemical impedance spectroscopy (EIS) is a powerful technique for material
characterization and diagnosis of the solid oxide fuel cells (SOFC) as it enables the separation of
different phenomena, such as bulk diffusion and surface reaction, that occur simultaneously in the
SOFC. In this chapter, the electrochemical impedance in an experimentally determined, three-
dimensional (3D) microstructure of a mixed ion-electron conducting (MIEC) SOFC cathode is
simulated. The impedance response is determined by solving the mass conservation equation in
the cathode under the conditions of an AC load across the cathode’s thickness and surface reaction
at the pore/solid interface. The simulation results reveal a need for modifying the Adler-Lane-
Steele model, which is widely used for fitting the impedance behavior of an MIEC cathode, to
account for the difference in the oscillation amplitudes of the oxygen vacancy concentration at the
pore/solid interface and within the solid bulk. Moreover, the results demonstrate that the effective
tortuosity is dependent on the frequency of the applied AC load as well as the material properties,

and thus the prevalent practice of treating tortuosity as a constant for a given cathode should be

“This chapter is adapted from V. Goel et al., Frontiers in Chemistry, 9 (2021), 627699.%
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revised. Finally, a method of determining the dependence of tortuosity on material properties and
frequency by using the EIS data is proposed.

As described in Chapter 2 (Section 2.3), SOFCs are an important technology in enabling
the rapid integration of renewable energy sources into the energy mix of the modern world. Their
importance stems from their versatility because they can be used to produce electricity or, when
used in reverse (as a solid oxide electrolyzer cell), to produce fuel, depending upon their applied
polarization. Specifically, anodically polarized cells act as low-emission fuel-flexible
electrochemical engines, and cathodically polarized cells store energy in the form of stable
chemical bonds in Hz, CO, or CHs through electrolysis.®” However, conventional high-temperature
SOFCs run at 800-1000 °C, which makes their operation and maintenance highly cost-
ineffective.>® The operating temperature has been reduced using electrocatalytically active mixed
ion-electron conducting (MIEC) cathodes such as (La,Sr)(Co,Fe)Oss (LSCF)!3190 and
Sr(Ti,Fe)Os.5 (STF),'?1-1%° wherein the oxygen evolution reactions (OERs) and oxygen reduction
reactions (ORRs) occur over the entire surface. To take advantage of this behavior, SOFC cathodes
are designed to have complex and porous microstructures with a large specific surface area;
however, such designs result in a high degree of tortuosity for ion transport, which limits the
performance of SOFCs. Thus, it is important to accurately determine the tortuosity of a cathode
microstructure and optimize it to enable high performance at low operating temperatures.

Several methods have been reported in the literature for determining the tortuosity of a
porous electrode. These methods include: porosity-tortuosity relations, such as Bruggeman’s
relations!¥; calculations of the tortuous path length either through the distance propagation
method!'!® or the shortest path search method!®; and calculations of tortuosity based on the

effective diffusivity.'® Bruggeman’s relations are known to be less suitable for a domain with
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connected solid phases and complex porous networks (as in an MIEC cathode).!” The methods
involving the calculations of tortuous path length, or the effective diffusivity require three-
dimensional microstructural data as input, which is obtained through tomography.!'?*1%
Unfortunately, the availability of the necessary equipment to obtain tomographic data is not
ubiquitous, sample preparation is time consuming, and the calculations are computationally
expensive. Furthermore, these approaches provide tortuosity values associated with steady-state
diffusion, yielding a single value, and do not describe the tortuosity relevant to the oscillating load
or when the surface reaction is present. Therefore, there is a need for alternate methods for
determining the tortuosity of a given SOFC electrode. Yu et al.’® showed that in systems limited
by only bulk diffusion, the diffusional impedance data can be used to characterize a given
microstructure in terms of tortuosity and the area of the loading boundary. They also showed that
tortuosity is a function of the AC load frequency, which they define as effective tortuosity. Such
use of impedance data to characterize the microstructure of a SOFC cathode is valuable to SOFC
researchers since they widely use electrochemical impedance spectroscopy (EIS) to test SOFC
performance.

In this chapter, it is shown that the EIS data of a SOFC MIEC cathode can be used to
determine the tortuosity of the solid phase within the cathode. For this purpose, we use a
statistically representative!®® portion of an experimentally determined complex three-dimensional
microstructure of an unbiased SOFC cathode. The microstructure is reconstructed by Yu et al.>
from the focused-ion-beam (FIB) SEM images obtained by the Barnett group at Northwestern
University. In the microstructure, the amplitude of the concentration response to an applied AC
load under the influence of surface reaction and bulk diffusion is numerically obtained, and

subsequently, the solution is used to determine the impedance behavior. Furthermore, the effect of
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different material properties (bulk diffusion coefficient and reaction rate constant) on the
impedance behavior and the effective tortuosity of the microstructure is investigated. From the
simulations, it is found that due to the presence of surface reaction, the amplitude of oscillations
in the oxygen vacancy concentration at the pore/solid interface of the cathode is lower than the
amplitude within the bulk of the solid phase. Moreover, the difference between the two
concentration amplitudes increases with an increase in the ratio between the reaction rate constant
and the bulk diffusion coefficient. Such a difference is not considered by the widely used Adler-
Lane-Steele (ALS) model, a macrohomogeneous model developed by Adler, Lane, and Steele to
predict the impedance data of a SOFC MIEC cathode.?®?° Thus, an extension to the ALS model to
account for the aforementioned difference is proposed.

Furthermore, a method of extracting the effective tortuosity from the impedance data is
developed, which involves a comparison between the macrohomogeneous (modified ALS) and 1D
Finite Length Gerischer relations for the impedance. The calculations for tortuosity determination
reveal that the effective tortuosity is a function of the microstructure, frequency of the applied AC
load, and the material properties such as the reaction rate constant and bulk diffusion constant.
Additionally, the effective tortuosity of a microstructure in the low-frequency regime (where the
tortuosity approaches the DC value) decreases with an increase in the ratio between the reaction
rate constant and the bulk diffusion coefficient due to a decreased penetration depth of the
electrode reactions. This finding suggests that the prevalent practice of using a single tortuosity
value for a given electrode for extracting the material properties by employing the ALS
model?* 19?29 ghould be reviewed and revised. Additionally, the finding suggests that both the

intrinsic material properties and the microstructure should be considered concurrently in designing
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a cathode with enhanced performance. These findings open a new array of applications for the EIS
technique in characterizing and optimization of the microstructure of a SOFC cathode.

All the previous reports primarily consider artificially generated microstructures,?°1-203
which are designed to match given macrohomogeneous properties and thus may not be
representative of the local microstructural morphologies and topologies. Only a few three-
dimensional impedance calculations have been reported with consideration of experimentally
determined microstructures that are statistically representative of the cathode.?%42% The report by
Kreller et al.?% only explicitly considered the three-dimensional microstructure near the
electrode/electrolyte interface and assumed a one-dimensional macrohomogeneous domain
beyond a certain distance from the interface. On the other hand, the investigation by Lynch et al.?%
focused on the method of calculating impedance in a microstructure where the ORR occurs either
through bulk or surface pathways. However, it did not propose the utilization of the computed
impedance data for characterizing the microstructure, nor did it consider the difference between

the concentration amplitudes at the pore/solid interface and within the bulk of the solid, which are

the two focuses of this chapter.

7.2 Model equations for impedance calculation

Cathode __/

-

Figure 7.1. A schematic of oxygen transport withing the solid phase (grey region) of a MIEC SOFC cathode.
The schematic is based on Kreller et al.>”® Reproduced with permission from Ref. 32. Copyright 2021, the
authors. Published by Frontiers Media SA.

Electrolyte = ™~
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MIEC cathodes are known to have much higher electronic conductivity as compared to the
ionic conductivity?’; thus, we ignore any impedance contribution due to electronic resistance.
Moreover, due to the high electronic conductivity, it is reasonable to assume that the electrostatic
potential of the solid phase is spatially invariant. Thus, in the absence of any gas phase transport
limitation, the cathode impedance can be entirely attributed to the reduction of oxygen at the
pore/solid interface and the transport of the resulting oxygen ions through the solid in the cathode,
which is shown in Figure 7.1. The oxygen ions diffuse inside the solid phase of the cathode through
a vacancy mechanism. Hence, the ionic current can be calculated from the flux of the oxygen
vacancies. The mass transport equation for the oxygen vacancies inside the cathode can be written

as

ac,
ot

= V- (AD,VC,) €N, (11

where C, represents the concentration of oxygen vacancies, A represents the thermodynamic factor,
which is defined by Adler, Lane, and Steele®® as a factor relating the oxygen vacancy concentration
to the partial pressure of oxygen gas in the pore phase, A = (1/2) aln(Poz) / 0In(C,). The
diffusivity of the vacancies inside the cathode is denoted by D,,, whereas t represents time, and (2
represents the solid phase region within the cathode where the vacancy transport takes place. The
reaction at the pore/solid interface within the cathode can be modeled as a first-order chemical

reaction as
—AD,VC, = k3P (C, — C) €80, (72)

where k3Pis the reaction rate constant, C? is the equilibrium vacancy concentration and 612

represents the pore/solid interface.
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We employ the smoothed boundary method (SBM)’> to solve Eq. 7.1 within an
experimentally determined, complex microstructure of the MIEC cathode, along with the boundary

condition set in Eq. 7.2. Using SBM, these equations can be reformulated as

an 3D 0
l/) ot =V (l/)ADvVCU) - |V¢|K (Cv - Cv)' (7.3)

where 1 is a domain parameter that represents the geometry of the complex microstructure. Within
the pores, Y has a value of zero, and within the solid phase, it has a value of one. At the pore/solid
interface, it smoothly transitions between zero and one. Further details about the process of
obtaining ¥ for a complex microstructure can be found in a previous work.> The application of
an AC load causes the vacancy concentration, C,, to oscillate about C?. The oscillating

perturbation is denoted by AC, and thus, the relation between C,, C2 , and AC can be written as
C, = C2+ AC. (7.4)

Since € is constant throughout space at a given temperature, the spatial variation of C, can be

described entirely in terms of AC as

dAC D
p—=-=V (YAD,V(AC)) — |Vip|k3PAC. (7.5)

Furthermore, AD,, can be assumed to be a constant for a MIEC cathode at a given temperature and

for a small value of AC.2% Therefore, Eq. 7.5 can be written as

?—f = AD,V - (YV(AC)) — |Vip|k3PAC. (7.6)

Eq. 7.6 can be further simplified by expressing the time dependent part of the oscillations
as complex exponential functions, i.e.,

C"eiwt + C"*e—iwt
AC = > 2 (7.7)
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where C is a complex quantity that varies in space with C* as its complex conjugate, w is the
frequency of the AC load, and i is the imaginary unit. Let C; and C; be the real and imaginary
components of C. Upon the substitution of Eq. 7.7 into Eq. 7.6, the subsequent collection of real

and imaginary terms, and the cancellation of the exponential functions, we obtain
AD,V - (YVCg) — |VY|i*P Cr = =Y (, (7.8)
AD,V - (YVC;) — |Vip|i®P C; = YawCh. (7.9)
The above pair of equations is then solved to determine the Cr and C; as functions of space and w.

Once Cy and C; are known, the impedance, Z(w), of the cathode can be calculated as®’2%

RTL Cly=o/L

) = Caaren,cd) @/ vl

(7.10)

where R is the universal gas constant, T is temperature, n is the number of moles of electrons
consumed in the reaction, F is Faraday’s constant, L is the thickness of the cathode, and
(0C/ 0x|,0) is the gradient of the concentration amplitude in the primary diffusion direction, x,
averaged over the loading boundary located at x = 0, which represents the electrolyte/cathode
interface. Furthermore, the first term on the right-hand side of Eq. 7.10 is the product of the
material resistivity and thickness of the cathode, and it can be defined as Z. Therefore, Eq. 7.10

becomes

C~|x=O/L

2@) =20 o oy

(7.11)

For numerically solving Eq. 7.8 and Eq. 7.9, we chose to make them nondimensional by
defining a length scale, [; then, V= IV. Hereafter, the circumflex (?) symbol denotes that the

associated operator or quantity is nondimensional. Substituting V/I in place of V, and multiplying

both sides with (12/(AD,)) gives
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2

V- (YVCg) — |V |k LCR = Yo

AD, A_DvC" (7.12)
V- (V) — |Vp|xP ALC, = zpwicR. (7.13)
D, AD,
By defining #3P = k3P1/(AD,) and & = wl?/(AD,) we obtain
V- (¥ VCk) — [V[R3PCr = —yaC, (7.14)
V- (¥ V) — [Vy|R3PC, = dCy, (7.15)

which are solved for two different sets of boundary conditions (BCs) as listed in Table 7.1.

Table 7.1. Sets of boundary conditions applied to the system of equations, Egs. 7.14 and. 7.15. Reproduced
with permission from Ref. 32. Copyright 2021, the authors. Published by Frontiers Media SA.

Set of BCs\Location =0 x=1L
Blocking current collector _ _ o s _
(BCC) BC Crh = 1,C =0 9Cr/0% = 0,0C, /0% = 0
Transmissive current collector Co=1.C =0 Co =0.C =0

(TCC) BC

The two sets of the BCs differ only in those at the cathode/current collector interface
(56 = E), as shown in Table 7.1. The blocking current collector (BCC) BC represents the case of a
foil-like current collector, which blocks the ionic current at the cathode/current collector interface.
This condition is more representative of the SOFC cathodes and is also used by the ALS model.?®
However, in some reports?!®-2!12 the impedance behavior of MIEC oxides has also been fit with the
relation that is applicable to the transmissive boundary condition. Under this boundary condition,
the vacancy concentration is set to be zero at the cathode/current collector interface, and it is
referred to as transmissive current collector (TCC) BC, which may correspond to a porous or mixed

conducting current collector. We simulate the impedance behavior for both sets of boundary
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conditions to cover the scenarios reported in the literature. The results for TCC BC are provided
in the Section 7.8 (Figure 7.11 to Figure 7.15 and the associated text). Moreover, a list of the

variables and symbols used in this chapter is provided in Table 7.2.

Table 7.2. List and description of the variables and symbols used in this chapter. Reproduced with
permission from Ref. 32. Copyright 2021, the authors. Published by Frontiers Media SA.

Symbol Description
C, Concentration of oxygen vacancies
4 The thermodynamic factor relating the oxygen vacancy concentration to the partial
pressure of oxygen gas in the pore phase, A = (1/2)61n(P02)/0ln(Cv)
D, Diffusivity of the oxygen vacancies within the solid bulk
X0} Solid phase region within the cathode
60N Pore/solid interface
k3P Reaction rate constant
" Domain parameter that represents the geometry of the complex microstructure. Within
the pores, ¥ has a value of zero, and within the solid phase, it has a value of one
AC Perturbation in the oxygen vacancy concentration caused by the applied AC load
C Complex quantity that varies in space
c* Complex conjugate of C
w Frequency of the AC load
i Imaginary unit
Cr Real Component of C
C; Imaginary Component of €

Z(w) Impedance

R Universal gas constant

T Temperature

n Number of moles of electrons consumed in the electrochemical reaction
F Faraday’s constant

L Thickness of the cathode

Zy Product of the material resistivity and thickness of the cathode

The circumflex symbol denotes that the associated operator or quantity is
nondimensional
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Z3D

Impedance of a finitely thick MIEC SOFC cathode

Characteristic resistance describing the chemical contributions to the cathode

Renem impedance, as defined in the ALS model
" Relaxation time related to the chemical processes of solid-state diffusion and oxygen
chem surface exchange, as defined in the ALS model
Characteristic distance related to the chemical processes of solid-state diffusion and
é .
oxygen surface exchange, as defined in the ALS model
€ The microstructure porosity
T The microstructure tortuosity
K Surface exchange coefficient, as defined in the ALS model
a Interfacial surface area per unit cathode volume
Cne The oxygen site concentration in the mixed conductor (mc).
KD Macrohomogeneous reaction rate constant
zZrLa The FLG impedance
C; Oxygen vacancy concentration at the pore/solid interface
AC® The concentration oscillation at the pore/solid interface
a The ratio between the interface and the bulk concentration oscillations
(a) Volume averaged a
(ap) DC value of {(a)

7.3 Numerical implementation of the impedance model

The choice of SBM enabled the use of a standard Cartesian grid and the finite difference

method to solve the above pair of equations (Egs. 7.14 and 7.15). We used the center difference

scheme to discretize the domain, which consists of 352 X 642 X 594 grid points. A uniform grid

spacing (h = 0.0272, nondimensional) was selected to ensure the presence of at least 4 grid

points across the pore/solid interface (1 = 0.0817). The selection of the numerical parameters is

discussed in the Section 7.8 (see Figure 7.10, Table 7.3, and the associated text) in detail. The

Alternating-Direction Line-Relaxation (ADLR) method?!® was employed to solve the equations.

The ADLR method utilizes a tridiagonal matrix solve to obtain the values of the solutions
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individually along the x, y, and z directions. To simultaneously solve Eqgs. 7.14 and 7.15, an
iterative scheme was developed, in which the ADLR method was first used to calculate Cy for a
given RHS of Eq. 7.14, and the resulting values were then used to update the RHS of Eq. 7.15.
Subsequently, C; was obtained using the Eq. 7.15 with the updated value of C. This procedure
was repeated until both C and C; numerically converged. The convergence metric was defined as
the ratio between the absolute value of the sum of all elements of the change matrix (obtained by
taking the difference between the updated concentration and previous concentration) and the sum
of all elements of the old concentration matrix. The solution was deemed converged when the
metric became less than a specified threshold value. The threshold value was deduced by
progressively reducing it and observing the change in the resulting solution. It was found that
solution did not change appreciably between the threshold values of 1071° and 10711, Thus, a
value of 10710 was selected as the criterion for the numerical convergence of the solution.

The length scale for the nondimensionalization was chosen as | = 0.46 um. The reader is
referred to a previous work™ for more details on the selection of . Finally, a wide range of values
for AD,, and k3P are reported in the literature'®® because of the use of different cathode materials
and operating temperatures (600-800 °C). Thus, three values of &3P were selected for the study to
cover this wide range and simulated the impedance behavior for the frequency values, @, between

0 and 2.672. 1t should be noted that the value of #3P is affected by the values of both AD,, and k3P

7.4 Derivation for impedance expressions and transcendental equation for tortuosity

Adler, Lane, and Steele proposed a macrohomogeneous model to predict the impedance,
Z3P | of a finitely thick MIEC SOFC cathode, which is commonly known as the ALS model.?%?

The model gives the impedance response for a symmetric cell with two identical cathodes. Since
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only a half cell with a single cathode is considered in this investigation, the ALS impedance

expression is divided by 2. Thus,

R L
Z3b = chem coth <— (1+iwt )),
T oty 5/ 0ftem 019
R = RT v 17
chem = 4F2 |\ (1 —€)CoD,axCpm.)’ (7.17)
C2(1-¢)
tchem = AarC... " (7.18)
mc
c2D,(1 —¢)
0= ||——]|, .
\[( at?kC,y,, (7.19)

where 7 is the microstructure tortuosity, € is the microstructure porosity, k is the surface exchange
coefficient, a is interfacial surface area per unit cathode volume, C,,. is the oxygen site
concentration (in the unit of mol/m?) in the mixed conductor (mc). The ALS model defines the
reaction rate as AkC,, AC/C_, whereas it is defined as k3P AC (Eq. 7.2) in this chapter. Therefore,

K and k3P are related as

AkCp.

3D _
o
Cy

K (7.20)

It should be noted that in the original ALS expression, 7 is used for denoting tortuosity factor,
whereas in this chapter, 7 is used for denoting tortuosity. These two quantities are related; the
tortuosity factor is the square of the tortuosity.

The substitution of Egs. 7.17, 7.18, and 7.19 into 7.16 gives
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3D
ak .
+ lw
1—¢

4D,
2
g BIL T _ (7.21)

4F2CID,1—¢ 213D
+iw
L 1—-¢
AD,

a/(1 — €) as the macrohomogeneous reaction rate constant and using the

coth| 7L

Defining k1P = k3P

definition for Z, gives

0 1§
coth| zL K tiw
72 ADv
Z3D == ZO .
1-e€ L [P +iw
4D,

Finally, by following the same methodology as described in the model equation section, Eq. 7.22

(7.22)

can be made nondimensional as

AL 72 coth(r]:\/r%w + i&))
Z, 1—€¢ q{iViP+in

(7.23)

where the nondimensional quantities are defined as L = L/I, #'? = k'P1?/(AD,), and & =
wl?/(AD,). The conversion of Eq. 7.16 into Eq. 7.23 enables a direct comparison of the
impedance expression of a complex 3D microstructure with that of the standard expression for 1D
Finite Length Gerischer (FLG) impedance. The 1D FLG element represents the impedance of a
1D MIEC domain, where no microstructural effects are present, and the kinetics is co-limited by
both surface reaction and bulk diffusion. The FLG impedance, ZFL¢, for a 1D domain with the
same macrohomogeneous reaction rate constant, K12, and thickness, L, as the SOFC cathode under

consideration can be written as

ZFLG B coth(i\/ﬁw + i&))
Zy Vi ¥in

(7.24)
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It is evident from a comparison between Eq. 7.23 and Eq. 7.24 that the microstructure affects the
impedance response of a SOFC cathode in two ways. First, the microstructure increases the
cathode impedance by a factor of 72/(1 — €). Second, the effective thickness of the cathode is
increased by a factor of 7. These effects can be exploited in the following way to determine the
value of 7 using the value of Z3P, which is experimentally known.

A ratio between Eq. 7.23 and Eq. 7.24 gives

z3%0 1 coth(rIVRP +id)
ZFL6 1 —€ coth(IVR™ + id)

(7.25)

By taking the modulus (which is analytically unnecessary but numerically required) and after some

rearrangement, Eq. 7.25 can be written as

|Tcoth(ri 131D+i65)| -

Z3P -
7FIG <(1 — €)coth (L k1D + i(ﬁ))‘, (7.26)

where terms containing 7 are collected on the left-hand side of the equation, yielding a
transcendental equation for t. The nondimensional macrohomogeneous reaction rate constant,
R = k'12/(AD,) = al?k3?/((1 — €)AD,), is dependent on material properties, namely
k3Pand AD,,, which can be determined from the literature for standard materials, as well as on
microstructural characteristics, namely a and €, both of which can be determined experimentally
(e.g., using mercury intrusion porosimeter?'4). Therefore, with both £1? and Z3P known, Eq. 7.26

can be solved to determine the effective tortuosity. However, before implementing this method,

the ALS model is needed to be extended, as explained in the next section (Section 7.5).
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7.5 Extension to the ALS model

The ALS model®®?° is derived using the volume averaged form of the mass conservation
equation (Eq. 7.1 and Eq. 7.2), which can be written as

AD,(1 — €) 3%C,
T2 0x?2

ac
(1-e) at” = — a3 (Cs - C9), (7.27)

where C; is the oxygen vacancy concentration at the pore/solid interface. Equation 7.27 can be

written in terms of AC by using the relation described by Eq. 7.4 as

OAC  AD,(1— €) 2AC
(1-¢) = -
at T2 d0x?

arx3PACS. (7.28)

The ALS model assumes the concentration oscillations at the pore/solid interface, AC®, and within
the bulk of the solid, AC, to be equal. However, in a physical system, the amplitude of the
concentration oscillation, C, is smaller at the interface than the amplitude within the bulk because
of the surface reaction. This phenomenon is demonstrated by considering a model microstructure
with solid cylindrical domain surrounded by the pore phase, as shown in Figure 7.2a. The
dimensions of the microstructure are also shown in the figure, and the primary diffusion direction
of the model microstructure is along the X¥-axis. The reaction occurs at the pore/solid interface, i.e.,
at the surface of the cylinder. Using this model geometry, we determine Cr and C; within the
cylinder for @ = 0.5 and for two values of &3P by solving Eqs. 7.8 and 7.9, which are subject to
the BBC BC at ¥ = 1. Figure 7.2b and Figure 7.2c show the distribution of C and C; along the
radial direction of the cylinder at three positions along the £-axis for R3? = 0.02 and 3P = 0.2,

respectively. The solution values outside the cylinder (|§| > 1) have no physical meaning as the

domain parameter, 1, is zero there, and therefore are not included in the plots.
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Figure 7.2. Simulated results for the spatial variation in Cz and C; in a model cylindrical microstructure for
two values of £3P.The model microstructure, which contains a cylindrical solid domain with unit radius
and length surrounded by pore phase. The distribution of Cr and C; along the radial axis of the cylinder at
different £ positions for @ = 0.5 for (b) 32 = 0.02 and (c) 0.2. The solution values outside the cylinder
(]¥] > 1) have no physical meaning as the domain parameter, 1, is zero there, and therefore are not
included in the plots. Due to the radial symmetry of the cylinder, results are only shown for § between zero
and one. Reproduced with permission from Ref. 32. Copyright 2021, the authors. Published by Frontiers
Media SA.
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As can be seen, for a small value of #3P, 0.02, the magnitude of Cx at § =0 and 9 = 1
are similar (Figure 7.2b), whereas for a larger value of K37, 0.2, the magnitude of Cy, is significantly
smaller at § = 1 than at § = 0, as shown in Figure 7.2¢. This occurs because for a large k32, the
reaction consumes the ions at the interface, which is not readily replenished via diffusion, and thus
Cg is smaller in magnitude at the interface than within the bulk. This spatial variation is observed
throughout the cylinder, and a similar trend is seen for C; as well.

It is evident from the above model case that the difference between the amplitude of the
oscillations at the interface and within the bulk cannot be neglected. Thus, we now extend the ALS
model. Let a be the ratio between the interface and the bulk concentration oscillations, i.e., @ =
AC® /AC. Therefore, Eq. 7.28 becomes

AD,(1 — €) 32AC

2 Fye Rl ak3P (aAC). (7.29)

JdAC
S T
Eq. 7.29 suggests that the effect of a can be incorporated into the ALS model by appropriately
modifying x3P. However, this cannot be done as straightforwardly because a varies in space.
Nonetheless, the complexity can be reduced by considering the volume averaged a, or {(a), to
modify the value of k3P. The quantity (a) is defined as the ratio between average interface and
average bulk concentration amplitudes, i.e.,

~ fé|ﬁ1p|dl7.(f Cip dV>_1
[vyld? \ [wpa? )~

(a) (7.30)

where the integral is over the entire volume of the cathode microstructure.

To characterize {(a), we first determined its dependence on @ for the three values of 3P,
The results are summarized in Figure 7.3. Note that examination of the numerical accuracy is
presented in Section 7.8 (see Figure 7.10, Table 7.3, and the associated text), and it has been shown

that the error in the results is within 2%. As can be seen, for a particular value of K32, (&) has
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much higher real component than the imaginary component at all & values. Moreover, the real
component remains constant with increasing @ before transitioning into a regime where it
decreases with increasing @. The @ value where this transition occurs increases with the value of
k3P Furthermore, since () remains constant for a wide range of frequency values, we made a
further simplifying assumption by approximating (@) by its DC value, (a,). We calculated (a,)
for 19 values of ®3P ranging from 5 X 1073 to 6 X 10~! and summarized the results in Figure 7.4.
The value of {ay) = 1 for small values of #3P, and it monotonically decreases with increasing
k3P . Both characteristics are expected because small values of ®3Psuggest that the reaction rate is
lower than the diffusion rate, and thus there is little difference between the interface and bulk
concentration amplitudes. However, for large values of #3P, the reaction rate is much larger than
the diffusion rate, which causes the concentration amplitude at the pore/solid interface to be lower
than the bulk.

Using (@) as a function of k3P to capture the difference between the surface and bulk
concentration amplitudes, we propose a modified macrohomogeneous reaction rate constant, K12,

in the ALS expression as

z30 g2 coth(tL/{ao)k1P + id)

Zy l1—€ 1L [ap)kP +id

Thus, the expression for calculating the effective tortuosity can be modified as

(7.31)

|T coth (TE (ag)R1P + l&))| -

ZZFSLDG ((1 — €)coth (Z ()R + L&)))‘ (7.32)

189



&P =0.05 &P =0.1
a)1 b) 1 : €)1 :
10.045 10.045 10.045
0.95 0.95 0.95 &
= 10.03 5 = 10.03 S S Y i 20.03 S
0.9 0.015 0.9 80.015 97 ° %0015
&
0]
0.852% —Jo 0.85 0 o.ssh’@j —Io
107 10° 107? 10°
o &

Figure 7.3. Calculated (a) vs. ® (BCC BC) at (a) R3? = 0.0231, (b) 0.05, and (c) 0.1. The real component
(black solid curve) and the imaginary component (blue dashed curve) of (a) are plotted on the left and right
y-axes, respectively. The circles indicate the calculated data point. The DC values of (a) are shown with

horizontal magenta dotted lines as a reference. Reproduced with permission from Ref. 32. Copyright 2021,
the authors. Published by Frontiers Media SA.
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Figure 7.4. DC value of (a), {(a,), as a function of #3P. Reproduced with permission from Ref. 32.
Copyright 2021, the authors. Published by Frontiers Media SA.
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7.6 Simulated impedance and tortuosity calculation

Figure 7.5 shows the impedance spectra of the experimentally obtained microstructure for
three values of k3P, along with the impedance spectra obtained from the analytical expression for
the 1D FLG impedance in Eq. 7.24. As expected, the two curves for the same value of £3P deviate
significantly, with the FLG curve underestimating the impedance value. To enable a better
visualization of the difference a few iso-frequency points, on both the curves, are marked with
magenta triangles. We note that the discussion below is for a fixed cathode thickness provided in
the numerical implementation section. The effect of cathode thickness on the impedance and
tortuosity is discussed qualitatively in Section 7.8.

By solving Eq. 7.32, we calculated 7 for the three values of k3P over the entire frequency
range examined. The results are shown in Figure 7.6. From this comparison, three trends can be
observed in the tortuosity data. First, for a given value of K3, 7 remains almost a constant before
it begins to decrease with an increase in @. The relation between T and log(®) at high frequencies
can be represented by a linear function with a slope of —0.1033, as shown by black dashed line in
Figure 7.6. Second, the low frequency value of T decreases with an increase in K3P. Finally, the

three T vs. @ curves coincide at high frequencies.
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Figure 7.5. Nyquist plots obtained from 3D calculations for the BCC BC (black curve) and 1D FLG model
(blue curve) for (a) £3P = 0.0231, (b) 0.05, and (c) 0.1. The iso-frequency points are marked with upright
magenta triangles on the black curves and inverted magenta triangles on the blue curves. Three iso-
frequency points are noted using arrows in (a). Reproduced with permission from Ref. 32. Copyright 2021,
the authors. Published by Frontiers Media SA.
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Figure 7.6. Calculated T vs. @ relations (BCC BC) for k32 = 0.0231 (blue circles), 0.05 (magenta
squares), and 0.1 (green diamonds). The black dashed line represents the fit with a linear function at high
frequencies. Reproduced with permission from Ref. 32. Copyright 2021, the authors. Published by Frontiers
Media SA.

To provide further insights, Figure 7.7 shows the distribution of Cy and C; in the complex
microstructure at a low value of @, 0.018, which is close to the DC case, for three k3° values. For
the low value of #3P, 0.0231, the gradient in the concentration amplitude is nonzero in much of
the microstructure thickness, as shown in Figure 7.7a. However, with an increase in the value of

’%3D

, the gradient spans lesser and lesser of the microstructure at the same frequency, as
qualitatively shown in Figure 7.7b-c. Thus, it is evident that the penetration depth of the diffusing
species (oxygen vacancies) at the same frequency of the AC load decreases with an increase in
k3P Furthermore, Figure 7.8 shows the distribution of Cx and C; in the microstructure for three
values of R3Pat a higher frequency value, @ = 1.038. As can be seen, the gradient in the
concentration amplitude is mostly confined to a small region near the electrolyte/cathode interface

for all values of ®3P at the high frequency regime. Therefore, the penetration depth for each case

at the high frequency value is much smaller than at the low frequency value. Moreover, at & =
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1.038 the penetration depth is similar for all three values of 3P, This shows that the penetration
depth is a function of both #3P and @. Since the effective tortuosity of a microstructure is directly
influenced by the penetration depth,> it is evident that the effective tortuosity is also a function of
both #3P and @. Therefore, it can be inferred that, for a porous medium, where the rate kinetics is
co-limited by both the bulk diffusion and surface reaction, the tortuosity is a function not only of
the microstructural characteristics but also of 3P, which is a combination of material property. In
addition, it also depends on the frequency, as was found in the case for diffusional impedance
case.” The observed behavior of the effective tortuosity could also be seen from the distribution
of reaction-diffusion streamlines,?!> which is a 3D visualization of the flux. As the penetration
depth decreases, the streamlines or the trajectories of the oxygen vacancies begin to straighten.
The resulting decrease in the deviation from a straight path causes the effective tortuosity to
decrease.

We note that there exists an error of up to 9% in the calculated impedance value at high
frequencies, as described in Section 7.8 (see Figure 7.10, Table 7.3 and the associated text). The
error arises because the accuracy of numerical approximations of the gradients in the concentration
amplitudes decreases at high frequencies, as our numerical implementation employs fixed grid
resolution throughout the simulation domain. Although this error can be reduced by doubling the
grid resolution, such calculations become computationally expensive (as discussed in Section 7.8;
see Figure 7.10, Table 7.3 and the associated text) without providing additional insights. In fact,
the error does not affect the observed qualitative behavior of the effective tortuosity, which is the
one of the two main focuses of this work. Thus, the numerical results presented here are sufficiently
accurate for demonstrating the dependence of the effective tortuosity on £3P and @. In the future,

we plan to implement the model into a finite element framework with adaptive-mesh capability
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such as PRISMS-PF framework,?” in which SBM is already implemented, to increase the
computational efficiency of the calculations at high frequencies.

Finally, to further evaluate the accuracy of approximating (a) with (@) in the extended
ALS model, we compared the tortuosity results with and without this approximation, latter of
which include the frequency dependence of (a). A comparison between the two sets of T value
obtained for the three values of £3Pis provided in Figure 7.9, which show good agreement. Hence
the use of (a,) as the correction factor is sufficiently accurate for calculating the effective

tortuosity of a MIEC SOFC cathode using the EIS data.
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Figure 7.7. The distribution of the real and imaginary components of the concentration amplitude calculated
for the BCC BC, ® = 0.018 and (a) 3 = 0.0231, (b) 0.05, and (c) 0.1. Reproduced with permission
from Ref. 32. Copyright 2021, the authors. Published by Frontiers Media SA.
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Figure 7.8. The distribution of the real and imaginary components of the concentration amplitude calculated
for the BCC BC, ® = 1.038 and (a) 3 = 0.0231, (b) 0.05, and (c) 0.1. Reproduced with permission
from Ref. 32. Copyright 2021, the authors. Published by Frontiers Media SA.
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Figure 7.9. Comparisons of the calculated t vs. @ relations (BCC BC) by using (@) (blue curve) and {(a)
(black curve) for (a) kK3? = 0.0231, (b) 0.05, and (c) 0.1. Reproduced with permission from Ref. 32.
Copyright 2021, the authors. Published by Frontiers Media SA.

7.7 Chapter 7 Summary

In this chapter, we simulated the impedance behavior of a statistically representative
portion of an experimentally determined complex three-dimensional microstructure of an unbiased
MIEC SOFC cathode under two different boundary conditions. Our investigation generated two
key insights. First, due to the presence of surface reaction, the amplitude of oscillations in the
vacancy concentration is lower at the pore/solid interface than within the solid bulk of the cathode.
This difference between the interface and bulk amplitude increases with an increase in the ratio
between the reaction rate constant and the bulk diffusion coefficient. Therefore, to account for this
difference, we extended the ALS model in terms of the ratio of the surface and bulk concentration
amplitudes at zero frequency, (a,), and provided numerically evaluated () as a function of the
reaction rate coefficient, ®3P. Second, through the examination of the three-dimensional

distribution of the vacancy concentration amplitude, we showed that the penetration depth of the
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oxygen vacancies is a function of #3P and the frequency of the applied AC load, @. Due to the
direct dependence of the effective tortuosity on the penetration depth, the effective tortuosity also
becomes a function of 3P and @ in addition to the microstructure. Furthermore, we developed a
method, which utilizes the EIS data, for determining 7 as a function of £3P and @ for a cathode
with known material properties (such as the reaction rate constant and bulk diffusion constant),

pore surface area, and porosity.

7.8 Chapter 7 Appendix

Numerical accuracy analysis

We tested the grid spacing used in the three-dimensional calculations by considering a
model cylindrical microstructure of a unit (nondimensional) length and radius. These dimensions
were selected to ensure that the cylinder has the same surface area to volume ratio as the complex
microstructure; such a selection enables us to assume a similar numerical behavior of our
calculations involving the experimental microstructure as those involving the model cylindrical
microstructure.

Two grid related parameters affect the accuracy of the SBM-based calculations, namely,
the grid spacing h and interfacial thickness 4. We tested three value pairs of the grid parameters.
First, keeping the parameter values to be same as the complex microstructure (h = 0.0272, A =
0.0817), second, decreasing the grid spacing to half and retaining the same interfacial thickness,
and third, decreasing both the grid spacing and interfacial thickness to half of the first set of values.
It should be noted that among the three configurations, third is the most refined grid while first is
the least refined grid. We compare the calculated impedance values for the three configurations at

three frequency values @ = 1.038, 42, and 95, and the results are summarized in Table 7.3, along
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with the % difference in the real and imaginary components of the impedance with respect to
results for the third configuration.

For the lowest frequency case, which is comparable to @ = 0.011 case in the simulations
with the experimental microstructure, the error is small in both the calculated concentration
amplitudes and the impedance. In Figure 7.10a, Cz and C; are shown for the test cases for this
frequency. The maximum differences in in Cy, C;, and the impedance values between the first and
third configuration is ~ 0.1%, 1%, and 1% for this frequency. For the intermediate frequency case,
which is comparable to @ = 0.46 case in the simulations with the experimental microstructure,
the error in Cy and C; is of the same order as that of the previous case, as shown in Figure 7.10b.
However, the error in the real component of the impedance value increased to 5.75% while that in
the imaginary component remains less than 1%, as shown in Table 7.3. A similar trend in errors is
observed for the high frequency case, which is comparable to @ = 1.038 case in the simulations
with the experimental microstructure. The error in Cr and C; is still comparable to the low and
intermediate frequency cases. However, the error in the real component of the impedance value
increased to 8.68% while that in the imaginary component remains less than 1%, as shown in Table
7.3.

From the above analysis, it can be concluded that the first grid configuration (h = 0.0272,
A = 0.0817) is sufficiently refined to accurately calculate the value of Cr and C; (and therefore
(a)) in the cylindrical microstructure, and consequently, in the experimental microstructure over
the entire frequency range studied. However, the numerical accuracy of the first grid configuration
for the impedance calculation starts decreasing at intermediate to high frequency values. This
decrease in accuracy is expected because with increasing frequency, the gradients in the

concentration amplitude becomes larger in magnitude, which becomes harder to resolve with a
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fixed grid resolution. Nonetheless, the maximum error observed in the impedance value is ~ 9%,
which is acceptable because of two reasons. First, this error only occurs at high frequency values
and the error leads to an overestimation of the impedance value. Thus, the error does not alter the
qualitative behavior of the calculated tortuosity, which is the one of two main focuses of this
chapter. Second, the selected resolution offers a good balance between accuracy and computational
efficiency. Although the error in the impedance values at high frequencies can be reduced by
doubling the grid resolution, a simulation with such a grid would be computationally expensive
without yielding additional insights. With the current grid configuration, a typical impedance
calculation for the complex microstructure at a given frequency takes ~12.5 hrs on 288 CPU cores.
Doubling the resolution would result in an eightfold increase in the system size, and thus in the
computation time, which makes it costly to run, especially if multiple materials parameters must
be examined.

In conclusion, the selected grid parameters (h = 0.0272, A = 0.0817) offer high
accuracy in the calculation of Cz and C; over all frequency values studied here and in the
calculation of impedance at low frequency values. For intermediate to high frequency values, this
resolution results in up to 9% overestimation in the impedance value; however, the additional
accuracy would not lead to new insights for the phenomena considered in this chapter. If
quantitative predictions at the high frequency regime are desired, higher resolution, with adaptive

mesh, should be considered.
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Table 7.3. List of the errors in the real and imaginary components of impedance calculated for three
different grids. Reproduced with permission from Ref. 32. Copyright 2021, the authors. Published by
Frontiers Media SA.

® h A Z32 /7, % difference in real | %  difference  in
component imaginary component
0.0272 | 0.0817 3.31 -4.52i 0.91% 1.1%
1.038 | 0.0136 | 0.0817 3.27-4.47 0.30% 0.04%
0.0136 | 0.0408 3.28-4.47i - -
0.0272 | 0.0817 0.625 — 0.5501 5.75% 0.36%
42 0.0136 | 0.0817 0.591 — 0.552i1 0.02% 0.02%
0.0136 | 0.0408 0.591 — 0.552i1 - -
0.0272 | 0.0817 0.438 — 0.3661 8.68% 0.60%
95 0.0136 | 0.0817 0.403 — 0.3681 0.02% 0.03%
0.0136 | 0.0408 0.403 — 0.3681 - -
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Figure 7.10. Plot of Cy and C; as a function of cylinder radius for the three grid configurations at ¥ = 0.1
and (a) @ = 1.038, (b) @ = 42, and (c) ® = 95. Reproduced with permission from Ref. 32. Copyright
2021, the authors. Published by Frontiers Media SA.
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Effect of cathode thickness on the impedance

The effect of cathode thickness on the impedance can be predicted by the extended ALS
model, Eq. 7.31. By taking Z, on the right-hand side, it can be seen that there is the impedance
value has an explicit dependence on the cathode thickness in terms of the coth term, and an implicit
dependence in terms of tortuosity. To analyze this dependence, we consider cathodes of the same
material with three different thicknesses under a DC load. First, we consider a cathode thickness
that is much larger than the penetration depth. For such a case, the impedance value does not
change with the cathode thickness, assuming there is no gas transport limitation. This is because
at a such large cathode thickness, the coth term is almost equal to 1 while tortuosity remains equal
to the value corresponding to the penetration depth. Second, we consider a cathode thickness that
is smaller than the penetration depth but larger than the average feature size of the microstructure
(solid volume/surface area). For such a case, if the cathode thickness is decreased, a decrease in
tortuosity will also be observed. However, the coth term will increase much more rapidly because
of its decreasing argument. Therefore, the cathode impedance will increase as the cathode
thickness is increased. Finally, we consider a cathode thickness that is sufficiently smaller than the
average feature size of the microstructure. For this case, tortuosity will be =~ 1 because the
microstructural features are truncated by the current-collector/cathode and electrolyte/cathode
interfaces and oxygen vacancies can flow directly from one boundary to the other boundary in a
straight path. However, the coth term will continue to increase with a reduction in cathode
thickness. Therefore, for this case, any further reduction in cathode thickness will lead to an

increase in the cathode impedance.
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Results for TCC boundary conditions
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Figure 7.11. Nyquist plots obtained from 3D calculations for the TCC BC (black circles) and 1D FLG-TCC
model (blue squares) for (a) K3P = 0.0231, (b) 0.05, and (c) 0.1. The iso-frequency points are marked with
upright magenta triangles on the black circles and inverted magenta triangles on the blue curves.
Reproduced with permission from Ref. 32. Copyright 2021, the authors. Published by Frontiers Media SA.
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Figure 7.12. Calculated T vs. @ relations (TCC BC) for #3? = 0.0231 (blue circles), 0.05 (magenta
squares), and 0.1 (green diamonds). The black dashed line represents the fit with a linear function at high
frequencies. Reproduced with permission from Ref. 32. Copyright 2021, the authors. Published by Frontiers

Media SA.
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Figure 7.13. The distribution of the real and imaginary components of the concentration amplitude
calculated for the TCC BC, ® = 0.018 and (a) k3 = 0.0231, (b) 0.05, and (c) 0.1. Reproduced with
permission from Ref. 32. Copyright 2021, the authors. Published by Frontiers Media SA.
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Figure 7.14. The distribution of the real and imaginary components of the concentration amplitude
calculated for the TCC BC, ® = 1.038 and (a) k3P = 0.0231, (b) 0.05, and (c) 0.1. Reproduced with
permission from Ref. 32. Copyright 2021, the authors. Published by Frontiers Media SA.
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Figure 7.15. Comparison of calculated 7 vs. @ relations (TCC BC) by using (a,) (blue curve) and (a) (black
curve) for (a) K32 = 0.0231, (b) 0.05, and (c) 0.1. Reproduced with permission from Ref. 32. Copyright
2021, the authors. Published by Frontiers Media SA.

Data availability

The shared data for this chapter can be found at the following link:

https://doi.org/10.1301 1/m3-ywxf-yw20.
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CHAPTER 8

Summary and Future Work

In this chapter, we provide a summary of the dissertation and discuss the future directions

to extend the research conducted in this dissertation.

8.1 Summary

In this dissertation, we employed a Materials Genome Initiative (MGI)-based approach to
investigate the following electrochemical systems: Li-ion batteries (LIBs), Mg alloys undergoing
microgalvanic corrosion, and solid oxide fuel cells (SOFCs). We begin by motivating the need to
employ such an approach to accelerate the research and development of electrochemical systems
in Chapter 1. We also introduce each of the three electrochemical systems studied in this
dissertation, along with the challenges associated with each. These challenges include the tradeoff
between energy density and fast-charging capabilities of conventional LIB electrodes, degradation
of Mg alloys due to microgalvanic corrosion, and difficulty of characterizing SOFC electrodes.

In Chapter 2, we provide the theoretical background on each electrochemical system
studied here, including their construction, and mechanism that underlie their functioning. We also
describe governing equations for the common physical phenomena observed in electrochemical
systems, including the electronic transport in a solid, the ionic transport in a binary electrolyte, the
solid-state diffusion of neutral species, the electrochemical reaction at the electrode/electrolyte

interface, and the electrochemical impedance.
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In Chapter 3, we discuss the three numerical methods, viz. the finite difference method
(FDM), finite element method (FEM), and smoothed boundary method (SBM), employed in this
dissertation to solve the partial differential equations encountered in the following chapters. For
each method, we discuss its fundamentals such as the discretization process, accuracy vs.
computational cost tradeoffs and provide an example that illustrates the method’s application to
solve the 1D diffusion equation. For the FEM and SBM, we also show the derivation process for
obtaining the weak form and the SBM form of a partial differential equation, respectively.

In Chapter 4, we detail the modeling work carried out to investigate the effect of the highly
order laser-patterned electrode (HOLE) architecture and summarize the associated experimental
results provided by our collaborators. We discuss the model equations used to simulate the fast-
charging behavior of energy-dense LIB electrodes with and without the HOLE architecture and
propose a methodological approach to determine the model parameters. The approach includes an
automated parameterization procedure based on the particle swarm optimization (PSO)
algorithm.?®~1% Our results show that the HOLE architecture enables fast charging in thick graphite
anodes by improving the homogeneity of the electrolyte concentration and reaction current density
distribution in the anode volume.

In Chapter 5, we employ the model developed and parameterized in Chapter 4 to determine
the optimal HOLE configuration for achieving the best fast-charging performance (measured in
terms of accessible capacity) at 4C and 6C. Using 3D simulations, we show that while decreasing
the inter-channel spacing improves the fast-charging performance of the HOLE architecture for a
constant volume retention, there exists an optimal spacing below which the marginal gain in the

performance is not significant. We also establish that the optimal configuration exhibits Day ~ 1
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throughout charging. This fact is further exploited to reduce the computational cost of determining
the optimal configuration by developing a semi-analytical framework.

In Chapter 6, we employ phase-field modeling to study the effect of the electrochemical
properties of second phases in Mg alloys, the environment, and the spatial distribution of the
second phases in the microstructure on the microgalvanic corrosion behavior. Our results show
that decreasing either the exchange current density or the corrosion potential of the second phases
reduces the corrosion current and promotes more uniform corrosion. Furthermore, we reveal that
increasing the electrolyte conductivity improves the corrosion resistance at longer times due to the
improved uniformity of corrosion. However, the corrosion current is not as sensitive to the
conductivity as it is to the properties of the second phases. Our results also show that the presence
of a lamellar region in addition to a bulk & (the solute-depleted phase) domain in the microstructure
proves to be detrimental to the corrosion resistance in both 2D and 3D microstructures.

In Chapter 7, we simulate the impedance behavior of a statistically representative portion
of an experimentally determined complex three-dimensional microstructure of an unbiased mixed
ion electron conducting (MIEC) SOFC cathode under two different boundary conditions. Our
results show that due to the surface reaction, there is a spatial variation in the concentration
amplitude. Furthermore, the variation is significant when the ratio between the reaction rate
constant and the bulk diffusion coefficient is large, and to account for this variation, we extend the
Adler-Lane-Steele (ALS) model. We also show that the effective tortuosity of such cathodes
depends not only on the microstructure, but also on the frequency of the applied AC voltage and

the material properties like the reaction rate constant and the bulk diffusion coefficient.
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8.2 Future work

8.2.1 Fast charging of energy-dense Li-ion batteries

The work conducted in this dissertation to overcome the tradeoff between the energy

density and fast-charging capability that exists in conventional LIB electrodes by employing the

HOLE architecture can be extended in the following directions:

1.

By including Li plating dynamics in the model. This will enable full-cell simulations,
which will allow us to achieve the following: optimize charging protocols to achieve faster
charging and minimal Li plating; predict the observed energy density at various C rates;
and to estimate the capacity degradation caused by Li plating over extended cycling under
different operating conditions. One way to implement this modification is to include Li
plating as a competing electrochemical reaction in the anode, in addition to the intercalation
reaction, as was reported in the literature?!62!7 for conventional electrodes.

By considering thicker electrodes than this work. Such electrodes when combined with the
HOLE architecture could further increase the energy density of batteries, while facilitating
fast charging. However, the realization of the optimal configurations for such electrodes
might need advances in the laser-patterning processes, as they would need smaller and
closer channels than investigated here. Moreover, in such cases, the cathode might also
need to be modified with the HOLE architecture, as the cathodic Li-ion transport may
become limiting. On the other hand, the thicker anodes might benefit from the combination
of the HOLE architecture with the hybrid design, where the graphite is blended with hard
carbon to improve the homogeneity of the reaction current density distribution.?

By accounting for the variation of the electrolyte potential along the thickness of the HOLE

anode to improve the accuracy of the semi-analytical framework proposed here to estimate
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the time-average value of the second Damkdhler number. Such an improvement will

further reduce the number of expensive 3D simulations required for validation.

8.2.2 Microgalvanic corrosion in Mg alloys

The work carried out here to understand the effect of the material properties, the

environment, and the microstructure on the dynamics of microgalvanic corrosion can be extended

in the following ways:

1.

By including diffusion as a transport mechanism in the electrolyte. The model implemented
in this work considers the migration of ions as the only transport mechanism in the
electrolyte. The proposed extension will enable the application to model systems where
large concentration variations are observed in the electrolyte. Note that the corrosion
application?'® in PRISMS-PF considers the ionic diffusion in the electrolyte, and thus, it
should be used as a reference when carrying out this modification.

By considering the deposition of corrosion products on the cathode surface. This
consideration becomes important in systems where the corrosion products influence the
dynamics of the electrochemical reaction at the cathode/electrolyte interface, and thus the
overall corrosion behavior. To include this effect, the model can be modified by adding the
product phase (which may be porous) that evolves with a prescribed velocity term to the
phase evolution equation similar to Eq. 6.6 and appropriately setting the property of the
product phase.

By considering the effect of different electrochemical properties of the a phase in the
lamellar region and that in the bulk of the microstructure on the corrosion dynamics. Such

differences can originate due to the variation of the solute concentration in the two «
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phases. One way to carry out such a model extension is to consider two a phases instead

of one and appropriately set the material properties. However, a robust and computationally

inexpensive method would be needed to handle the interface between the two a phases.

Alternatively, a phase may be allowed to have spatially varying properties.

8.2.3 Impedance modeling of SOFC cathodes

The model developed here to calculate the impedance of a SOFC cathode with

experimentally determine microstructure can be extended as follows:

1.

By considering electrodes other than MIECs. This will enable the investigation of
electrodes, where either surface diffusion is also active, or the surface reaction is
limited to the regions where the ionically conducting, the electronically conducting,
and the gas phases meet, i.¢., the triple phase boundaries. To carry out this modification,
one needs to alter the expression of the surface flux (Eq. 7.2).

By developing an analytical or semi-analytical framework to determine the ratio of the
concentration amplitudes at the pore/solid interface and in the bulk of the solid. Such a
framework will reduce the computational cost associated with the determination of
tortuosity by using the extended ALS model proposed here. One can begin by
considering a simple system such as a model cylindrical microstructure considered in

Figure 7.2 and drawing insights from the simulated results to develop the framework.
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8.3 Conclusion

In conclusion, we employed the three components of the MGI-based approach to varying
extents to study three electrochemical systems and overcome specific challenges encountered in
each system. Key innovations enabled by this work include the automated parameterization
procedure, open-source application with super linear parallel performance to simulate
microgalvanic corrosion, and semi-analytical frameworks to reduce the computational cost of
simulations. Key scientific insights include the following. For Li-ion batteries, the application of
the HOLE architecture enables fast charging of energy-dense graphite electrodes by improving the
transport of Li-ions and the homogeneity of the reaction current density distribution. Furthermore,
the optimal HOLE configuration has a second Damkdhler number ~ 1 throughout charging. For
corrosion of Mg alloy, the presence of a lamellar region in addition to a bulk @ domain in the
microstructure proves to be detrimental to the corrosion resistance in the microstructures of Mg
alloys studied here. Finally, for EIS modeling, the effective tortuosity of SOFC MIEC cathode
depends on the material properties (the reaction rate constant and vacancy diffusivity) and the

frequency of the applied AC load, in addition to the microstructure.
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