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Abstract

Chemo-Mechanics and Interfacial Stability of High-Energy-Density Li Battery Materials

Kerry Sun

This thesis investigates the chemo-mechanical dynamics and interfacial degradation mechanisms

in advanced lithium battery chemistries, focusing on sulfur and silicon electrodes and enabling

solid-state electrolytes. By leveraging characterization techniques like operando acoustic

transmission, ex-situ X-ray techniques, and electro-analytical techniques, this work provides

novel insights into the limitations and design optimizations necessary for high-energy-density

battery systems.

Chapter 2 explores lithium iron phosphate (LFP) in all-solid-state batteries with sulfide argyrodite

solid electrolytes. Contrary to expectations, LFP exhibits significant chemical and

electrochemical instabilities at the interface with the solid electrolyte, leading to ion transport

hindrances and capacity fade. The study reveals that interfacial degradation is not limited to the

LFP-electrolyte interface but also at the conductive carbon-electrolyte interface. LiNbO3 coatings

partially mitigate these effects but fail to protect against degradation at the carbon-electrolyte

interface, emphasizing the importance of optimizing interfacial stability in solid-state LFP

batteries.

Chapter 3 introduces operando acoustic transmission as a non-invasive technique to study

high-energy sulfur electrodes in lithium-sulfur (Li-S) batteries, challenged by sulfur’s

solid-liquid-solid transition and polysulfide dissolution in liquid electrolytes. By decoupling



sulfur’s intrinsic material property changes from electrode dilation, acoustic time-of-flight (ToF)

and damping analysis offers real-time insights into sulfur’s state-of-matter transitions and material

property dynamics. This method effectively tracks complex chemo-mechanical dynamics; we

then correlate acoustic ToF changes to polysulfide dissolution and capacity fade, demonstrating

the potential of acoustic transmission for guiding the design of next-generation sulfur cathodes.

Chapter 4 integrates the learnings from Chapters 2 and 3 to study silicon (Si) anodes in

all-solid-state batteries using ultrasound transmission. Si anodes have a high specific capacity but

experience significant volume expansion during lithiation, leading to stress-induced contact loss

and electrolyte cracking. This study reveals a nonlinear relationship between stress evolution and

state-of-charge during metastable LixSi phase transitions. Additionally, amplitude signal analysis

provides visualization of real-time porosity dynamics of Si electrodes to highlight the

morphological dynamics of Si lithiation and delithiation. These findings highlight the necessity of

advanced mechanical design strategies to mitigate stress and improve cycling stability in Si-based

solid-state batteries.

Chapter 5 examines high-energy molten sulfur Li batteries (T > 120°C), informing design

principles for the electronic conductive network within the cathode composite. The morphology

of carbon additives is shown to significantly impact capacity utilization and retention. Short-range

carbons improve utilization but induce parasitic side reactions, whereas long-range carbons

enhance retention but limit utilization. Intermittent current interrupt analysis can map

SoC-dependent ohmic and mass transport limitations linked to Li2S/Li2S2 electrodeposition.

Overall, this thesis provides a comprehensive understanding of how high-capacity electrode

materials behave and their interactions with solid electrolytes. The findings contribute to the

rational design of high-energy-density batteries, highlighting the importance of optimizing

interfacial stability, conductive networks, and design around mechanically active electrode

materials to enhance cycle life and performance.
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Chapter 1: Introduction and Background

1.1 Background

In the U.S., transportation is the largest source of emissions, responsible for approximately 28%

of total GHG emissions, primarily from gasoline and diesel-powered vehicles.[1] The growing

demand for mobility, particularly in developing economies, has led to rising emissions despite

improvements in fuel ef�ciency and emission controls.

Electri�cation is crucial for reducing transportation emissions by replacing internal combustion

engine vehicles with electric alternatives.[2] Advancements in battery recycling, manufacturing

optimizations, and clean energy charging are enhancing EV sustainability. Despite this progress,

concerns around range and charging continue to hinder EV adoption.[3] Consumers expect longer

driving ranges, faster charging, and lower costs. To meet these expectations, automakers and bat-

tery manufacturers are heavily investing into next-generation technologies like solid-state batteries

and alternative chemistries, which promise higher energy densities.[4] This drive for better bat-

teries is not only accelerating innovation but also making EVs a more practical and sustainable

transportation solution.

Because transportation currently is the one of the largest sectors facing electri�cation, the fo-

cus of my work has been surrounding next-generation lithium batteries for higher-energy-density

applications. But before we get into how to design a lithium battery with higher-energy-density,

we need to �rst understand the current state-of-the-art lithium-ion battery.

1



1.2 Lithium-ion Basics

The lithium-ion (Li-ion) battery is made up of three essential components: a negative electrode

(commonly referred to as the anode), a positive electrode (commonly referred to as the cathode),

and an ionically conductive and electronically insulating electrolyte.[5] During discharge, the Li-

ion moves from the anode to the cathode through the electrolyte. During charge, the Li-ion moves

from the cathode to the anode. With accordance to Li-ion battery naming convention, the terms

"anode" and "negative electrode" as well as "cathode" and "positive electrode" will be used inter-

changeably.

Figure 1.1: Overview schematic of the conventional Li-ion battery chemistry depicting a graphite
negative electrode and layered metal oxide positive electrode. Taken from [6]

The current state-of-the-art Li-ion technology uses graphite at the negative electrode and a
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layered metal oxide at the positive electrode.[7] The electrolyte is a Li salt (typically LiPF6) in

an organic solvent blend (typically 50:50 linear carbonate : cyclic carbonate). In both of these

electrodes, the Li-ion "intercalates" or inserts into the 2-D layers, depending on the direction of

current.[6] Other essential components of standard Li-ion batteries, depicted in Figure 1.1, include

the current collectors and separator material for the electrolyte. Both the anode and cathode are

slurry-casted and dried on Cu and Al metal foil current collectors, respectively. These metal foils

serve as electron conductors to the external circuit from the battery. The porous separator, depicted

in Figure 1.1 as a framed cube between the cathode and anode, serves an electronically insulating

material but allows ions to traverse across its pores. Typically, the separator is made up of a blend

of polypropylene and polyethylene.

The discovery of intercalation of Li-ions into host structures played a major role in the 2019

Nobel Prize in Chemistry. This is because the highly reversible entrapment and removal of Li-ion

from these layered structures can give high voltages and contributes to its long cycle life.[8] An-

other crucial aspect of its stability is the formation of a stable solid-electrolyte-interphase (SEI)

on the graphite negative electrode. Originally, Li metal was the �rst proposed anode material be-

cause it is the most reducing material on the periodic table and has a high speci�c capacity of 3860

mAh/g. However, because Li is so reducing, electrochemical stability against Li metal becomes a

signi�cant issue with virtually all of the initially proposed electrolyte formulations.[8] As a result,

graphite was chosen as the negative electrode, albeit a sacri�ce of energy density, that could still

operate at highly reducing potentials (close to 0 V vs Li/Li+) but can form a stable interphase. A

stable interphase must be ionically conductive, electronically insulating, and self-limiting. The SEI

is essentially a solid electrolyte that grows on the surface on the negative electrode and limits its

growth after a critical thickness. Typically, the SEI is on the order of nanometers thin, and being

suf�ciently thin is crucial to not limit mass transport through the SEI. Understanding the formation

of stable and unstable interphases is a central theme of this thesis.
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1.3 Enabling Advanced Electrode Materials in Li batteries

This work addresses how we can push the boundaries of energy density in lithium batteries,

primarily by approaching alternative Li electrode chemistries. Speci�c electrodes and their issues

are discussed in the following chapters, but it is �rst important to understand how different elec-

trode materials are classi�ed and how each electrode's lithium insertion and removal mechanism

affects their material properties and their degradation.

The amount of energy (in Watt-hours Wh [=] Joule) of a battery is determined by the voltage

(V) difference between the two electrodes and how many Li-ions each electrode can store, also

known as capacity (in Ampere-hours [=] Coulomb).[9] Typically, capacity is normalized by mass

to be called speci�c capacity (mAh/g). Mathematically, this is represented as

�=4A6H¹, � º = +>;C064¹+º � �0?028CH¹ �� º (1.1)

In order to maximize energy density, the choice of electrode combination should include the

greatest capacities that each electrode should have and the greatest voltage difference. Graphite

and LiNixMnyCozO2 (NMC; layered metal oxide) sits at a nominal voltage of 3.7 V with speci�c

capacities of 372 mAh/g and 200 mAh/g, respectively.[10] Current energy density metrics of com-

mercial cells using this chemistry range from 150 Wh/kg to 250 Wh/kg. As mentioned before, this

chemistry relies on Li insertion and removal through layers that contribute to its high reversibility

and also to its high voltage.

The family of intercalating electrodes generally fall below 400 mAh/g in both the anode and

cathode and have relatively high voltages. At �rst glance, the difference between intercalating

electrodes and conversion electrodes is from their capacities.[11] Conversion electrodes can ac-

cess much more capacity than intercalating electrodes. This is because conversion electrodes un-

dergo signi�cant bond breakage and reformation to form a new chemical compound during redox.

This signi�cant change in chemical environmental can come with multi-electron exchange and can

signi�cantly increase speci�c capacity, mathematically shown in Equation 1.2.
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The number of electrons= transferred during reduction-oxidation (redox) reactions and the molec-

ular weight", of the host structure determine the speci�c capacity of any electrode material.[9]

More electrons increase capacity by scaling Faraday's number; examples of this include sulfur

whose �nal discharge product is Li2S. This two electron exchange process contributes to sulfur's

high theoretical capacity of 1675 mAh/g. Despite operating at roughly half of the cell potential of

state-of-the-art high voltage cathodes, sulfur's high speci�c capacity (roughly 8 times greater than

that of NMC) contributes to a signi�cant increase in energy density in the cathode.

Figure 1.2: Voltage vs Speci�c Capacity plotted for various Li cathode and anode materials with
red referring to anode materials and blue referring to cathode materials. Diamonds refer to the
family of intercalation electrodes where stars refer to the family of conversion electrodes

Choosing electrodes with higher speci�c capacities comes with some trade-offs, namely from a
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combination of chemical and mechanical means. Because conversion electrodes are dependent on

bond breaking and reformation with signi�cant chemical environment changes, these large material

properties can signi�cantly in�uence how the electrolyte and electrode interact.[10] These material

property changes involve volume changes, Li-ion conductivity, electronic conductivity, stiffness

changes, and electrochemical stability changes: all of which can in�uence battery performance. Li

metal, the "holy grail" of anode materials, converts solvated Li-ions to Li metal upon contact with

an electron at the current collector interface. Other high-capacity conversion anode materials, such

as Si, undergo a metallic alloying reaction with Li. In general, these high-capacity materials result

in large material property changes as Li-ions bond to the host electrode materials.

For example, let us consider Li metal, most reducing metal with a high speci�c capacity of

3860 mAh/g: the most ideal anode material. Plating Li metal subjects the local electrolyte en-

vironment on the negative electrode to a highly reducing environment.[12] In Li metal systems,

SEI products are very in�uential to battery performance as they in�uence the morphology of Li

plating. Typically, SEI products consist of brittle Li salts such as LiF, Li2CO3, and Li2O. In the

most-energy-dense "anode-free" systems, in-situ formed Li metal exhibits a volume change from

zero percent of Li to a nonzero amount. This "in�nite" volume change stresses the SEI prod-

ucts at the negative electrode and has detrimental effects on plating morphology and Li inventory

losses.[13] One of Li metals' most notable failure modes is the formation of dendrites upon plating

that can pierce the separator and cause internal short-circuiting. This can cause reduced perfor-

mance ef�ciency and decreased lifetime. Furthermore, because Li metal is reactive and traditional

electrolytes are made of organic solvents, there is increased safety risk.[11] Though Li metal is

the ideal anode material, research and development of cells using Li anodes is still underway as

scientists and engineers tackle a dual interfacial and chemo-mechanical challenge.
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1.4 Solid Electrolytes

1.4.1 Classi�cations of Solid Electrolytes

Solid-state electrolytes exist to enable higher-energy electrode combinations.[14, 15] The main

bene�t of a solid-electrolyte is that it doubles as an ionic conductor and a stiff separator material.

Stiff separator materials are more resilient to Li dendritic penetration and thereby lower the risk of

internal short-circuiting events.[16] There are several classi�cations of solid electrolyte materials,

highlighted in Figure 1.2. Among the various classes of solid electrolytes, oxides and sul�des

stand out due to their properties.

Oxide-based solid electrolytes, such as garnet lithium lanthanum zirconate (LLZO), generally

exhibit high electrochemical stability due to their strong ionic bonds and wide electrochemical

windows.[17] LLZO, for example, is stable against lithium metal, making it a promising candidate

for high-energy-density batteries. However, oxides tend to have lower ionic conductivity compared

to sul�des, and their rigidity can lead to poor interfacial contact with electrodes.[18] Furthermore,

oxides may still undergo slow electrochemical decomposition at high voltages, particularly at the

cathode interface, where transition metal oxides can catalyze undesirable side reactions. Another

major challenge is their electronic conductivity; even small amounts of electronic leakage can

lead to lithium dendrite growth, compromising battery safety. In addition, the processing of these

materials can be complex and expensive, further hampered by their large-scale adoption.[19]

On the other hand, sul�de-based solid electrolytes, such as the argyrodite Li6PS5X systems,

have garnered interest due to their exceptionally high ionic conductivity, which is comparable to

or even exceeds that of liquid electrolytes.[12] They also exhibit better ductility, allowing better

contact with electrodes. Despite these advantages, sul�de electrolytes face signi�cant challenges,

particularly in terms of chemical stability. They are highly sensitive to moisture, reacting to form

toxic hydrogen sul�de (H2S) gas, which poses safety concerns. Additionally, sul�de electrolytes

have lower oxidation stability, which can lead to degradation at high voltages, making their inte-

gration with high-energy cathodes dif�cult.[19] Their chemical stability with Li metal also poses
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Figure 1.3: Several classi�cations of solid electrolytes with key comparisons in metrics integral to
battery performance [17]

challenges, but also lends itself to interfacial engineering on the negative electrode.

Beyond oxides and sul�des, other classes of solid electrolytes include polymer, halide, hy-

dride, and thin-�lm electrolytes.[20, 17, 19] Polymer electrolytes, such as polyethylene oxide

(PEO)-based systems, provide �exibility and ease of fabrication, making them attractive for vari-

ous applications. However, their low ionic conductivity at room temperature and limited thermal

stability hinder their widespread adoption. Halide electrolytes, such as Li3MCl (M=O,In,Y), have

facile synthesis procedure and offer electrochemical stability with high voltage cathodes, but their

relatively low conductivity and reductive stability with Li metal present challenges. Hydride elec-

trolytes, like LiBH4, exhibit high lithium-ion conductivity, but they are highly sensitive to mois-

ture and struggle with electrochemical stability. Thin-�lm electrolytes, such as lithium phosphorus

oxynitride (LiPON), have gained attention for their use in micro-batteries and solid-state devices

due to their excellent stability and long cycle life. However, their fabrication involves expensive

deposition techniques, limiting their scalability for large-scale energy storage. Each of these solid
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electrolyte classes has unique strengths and weaknesses, requiring continued research and devel-

opment to enhance their performance and integration into next-generation battery systems.

While the various classes of solid electrolytes have their own pros and cons, this thesis concerns

itself with the Li6PS5X [X=Cl,Br,I] argyrodite class.

1.4.2 Properties of Sul�de-based Argyrodite Solid Electrolytes

Figure 1.4: Crystal structure of a) Li6PS5X (X = I), in which the I- form a face-centered cubic
lattice, with PS4 tetrahedra in the octahedral voids and a free S2– on half of the tetrahedral vacant
sites (4d). The Li+ forms pseudo-octahedral cages around the S2– site with two crystallographically
distinct positions, 24g and 48h. (b) For lithium transport effected by discrete jumps between sites,
the rate-determining step is the intercage 48h–48h jump, as shown by the LiS3I polyhedra. This
requires lithium to move past a window of the 4a iodine site and the sulfur of the PS4 tetrahedra.
Figure is taken from [21]

The main advantage of sul�de-based solid electrolytes is its ionic conductivity, rivaling that of

liquid electrolytes at room temperature.[14] Ion mobility in solid state-electrolytes is mainly asso-

ciated with Li-ion hopping from lattice sites. In a completely ordered argyrodite structure shown

in Figure 1.4, the halide anions (X-, shown as I-) create a face-centered cubic lattice (Wyckoff 4a),

with PS4 tetrahedra occupying the octahedral sites (P at Wyckoff 4b) and free S2- ions positioned

in half of the tetrahedral sites (Wyckoff 4d).[21] The Li6PS5X [X=Cl,Br,I] argyrodite's high ionic

conductivity comes from anion disorder; speci�cally between the free S2- 4d sites and the halogen

X- in 4a sites.[22] The iodine-substituted argyrodite has been modeled to have limited site disorder

between the halogen ion and the sul�de ion due to the larger atomic radii of iodide compared to
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sul�de. In contrast, Cl- and Br- have similar atomic radii to S2- such that a signi�cant fraction of

site disorder can occur. These anions can interchangeably swap positions in the lattice that allow

for mobile Li-ions to hop from lattices. The atomic radii of the halogen in�uences the activation

barrier for ion migration and thusly the ionic conductivity. While sulfur plays a critical role in

enabling fast Li-ion hopping from lattices, its af�nity to participate in redox reactions affects its

electrochemical stability.

Electrochemical stability refers to the ability of the electrolyte to resist redox under applied

voltage, either at the anode or cathode interfaces.[23] This stability in�uenced by their intrinsic

thermodynamic stability and interfacial compatibility with electrode materials. Sul�de-based solid

electrolytes have narrow electrochemical stability, which means they have both low oxidative and

reductive stability. It has been reported that argyrodite sul�de electrolytes begin to reduce as high

as 1.7 V and oxidize as low as 2.0 V vs Li/Li+.[23, 24] Because Li batteries are designed to

operate at large voltage windows to maximize energy density, this poses problems for interfacial

degradation of the solid electrolyte. Typically, this problem is addressed largely by interfacial

engineering. High voltage cathode materials are coated with ionically conductive but oxidatively

stable lithium oxide salts like LiNbO3. On the anode side, direct contact with Li metal can be

avoided by using carbon-based interlayers. The most notable of which is demonstrated in a seminal

work by the Samsung group that pioneered the use of a Ag-C interlayer on the negative current

collector to enable anode-free uniform Li plating. [25]

While these interfacial strategies do indeed mitigate parasitic side reactions, the mechanics of

lithium insertion and removal into these electrode materials re-introduce failure modes through

contact-loss and cracking in solid-electrolytes systems. Ongoing research into material engineer-

ing, interface modi�cation, and understanding of the mechanics of electrodes and how it affects

the chemistry is critical to moving solid electrolytes closer to practical application.
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1.5 Characterization techniques to understand chemo-mechanical driven degradation modes

The stability or instabilities of very thin (nanometer to single-micron) byproducts on the elec-

trode surfaces dictate cell performance. The mechanical dynamics of the electrodes in�uence the

growth or breakage of these byproducts. As a result, the intersection of the chemical evolution and

mechanical dynamics, or chemo-mechanics, is crucial to complete understanding on how the cell

is degrading. In this thesis, we demonstrate the use of X-ray techniques (interfaces) and acous-

tics (mechanics) to understand solid-state batteries and high-capacity electrode materials. Coupled

with traditional electro-analytical techniques, we highlight novel �ndings on the mechanics and

interfacial dynamics of these electrode and electrolyte materials.

1.5.1 X-ray Techniques

X-ray Photoelectron Spectroscopy (XPS) and X-ray Absorption Spectroscopy (XAS) are tech-

niques dependent on physical interactions between X-rays and the medium, providing elemental

and chemical state information.[26] XPS operates by irradiating a material with monochromatic

X-rays causing core electrons to be ejected via the photoelectric effect. The kinetic energy of these

emitted electrons is measured, and by applying the equation� 1 = �a � � : � q (where� 1 is the

binding energy,�a is the X-ray photon energy,� : is the kinetic energy, andq is the work function

of the spectrometer), the binding energy of core electrons is determined, allowing for identi�cation

of elements and their chemical states. Since XPS is highly surface-sensitive (few nanometer depth

sensitivity), it is ideal for studying surface chemistry and interfacial reactions.[27, 28] In contrast,

XAS probes unoccupied electronic states by measuring how X-ray absorption varies as a function

of photon energy. When X-ray energy matches the binding energy of a core electron, the electron is

excited to an unoccupied state or the continuum, leading to characteristic absorption edges. Unlike

XPS, XAS is bulk-sensitive and can be conducted in both transmission and �uorescence modes,

making it highly useful for studying buried interfaces and structural evolution in battery materials

under operando conditions.[26]
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In the study of SEI and cathode electrolyte interphase (CEI) components, XPS helps iden-

tify the composition of the decomposition products, which typically consists of thin amounts of

lithium-based salts.[29, 30] In sul�de-based solid electrolytes, XPS is often employed to detect

sulfur species and their transformation during cycling, which provides insights into the stability

and degradation pathways of these materials. XAS, on the other hand, is a powerful bulk-sensitive

technique that provides information about local atomic environments, oxidation states, and elec-

tronic structures. It is particularly useful for studying transition metal redox reactions in cathode

materials, as well as the stability of solid electrolytes under operating conditions. In this work, we

use tender-energy XAS which is sensitive to the oxidation states of non-metals such as S and P.

1.5.2 Acoustic Transmission

High capacity electrodes induce degradation modes by their combined chemical and mechani-

cal (chemo-mechanical) phase changes during operation. High elastic modulus, large strain, cou-

pled with new interfaces and new material properties result in a complex environment and harder

for reversible reactions to occur.[31, 32] On both electrodes, the buried electrolyte-electrode in-

terface is critical to key performance metrics such as capacity utilization, coulombic ef�ciency,

and retention. However, probing the buried electrode-electrolyte interface is challenging as it is

typically nanometers thin and dependent on many factors such as current density, electrolyte com-

position, and temperature.

In 2015, Hsieh et al. �rst demonstrated operando acoustic transmission on commercial Li-

ion cells of various chemistries.[33] Because Li-ion batteries are closed systems, a battery can

be thought as a 'density-redestribution reactor' as Li-ions shuttle from one electrode to the other.

Because the insertion and removal of Li-ion has signi�cant effects on the material properties of the

electrodes, Hsieh et al. pioneered leveraging physical laws of sound to monitor this behavior and

provide insight into the battery's state-of-health (SoH).

2 = � • d (1.3)
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The speed of sound2 through a medium is dependent on the medium's Young's modulus� and

densityd. By leveraging the speed of sound, ultrasound transmission has emerged as a promis-

ing way to non-invasively study how electrodes behave in commercially relevant form factors.[34]

Since then, this group has utilized acoustics to track failure events such as Li plating on graphite,

temperature-dependent degradation events, and morphological changes in Li metal cells.[35, 36,

31] Analysis of these failure events have largely been correlative; for example, some failure event is

signi�cant enough to trigger an acoustic response. Sound can pick up on these phenomena that can

occur on the micron-level scale with high sensitivity, but there exists more room for acoustics to be

explored in a more quantitative analytical method. Using acoustics to inform on chemo-mechanical

dynamics that have or will happen within in a cell before failure is just as informative when design-

ing batteries. In this thesis, I demonstrate moving towards analytical ultrasound transmission as

a characterization technique in informing design and protocol around highly mechanically-active

conversion electrode materials.

1.6 Outline of this Thesis

This thesis tends to understanding how sulfur and silicon next-generation electrodes and sul�de-

based solid electrolytes degrade. We utilize electro-analytical, x-ray, and operando acoustic trans-

mission to gain in-depth insights into coupled chemo-mechanical and interfacial degradation modes.

In Chapter 2, we investigate lithium iron phosphate (LFP) as an understudied cathode material

in sul�de-based solid state systems in order to enable energy-dense, cost-effective Li metal batter-

ies. Surprisingly, we �nd inherent chemical and electrochemical instabilities between the LFP and

sul�de argyrodite solid electrolytes with �ndings supported by electro-analytical techniques and x-

ray absorption spectroscopy. We hypothesize argyrodite oxidation favorably competes with LFP's

delithiation, insulating the electrolyte-electrode interface and causing large overpotential losses.

We show that compared to LiNixMnyCozO2, LFP has no actual electrochemical stability advan-

tage despite operating at a lower voltage. We further establish that electrochemical degradation

occurs at the interface between the solid electrolyte ion conductor and any electron-conducting

13



component, including the active material and carbon additives. Moreover, our �ndings reveal that

LiNbO3 cathode coatings on LFP can mitigate electrochemical degradation by electronically insu-

lating the LFP-sul�de electrolyte interface. However, this protective effect does not extend to the

carbon–electrolyte interface, where degradation still persists.

In Chapter 3, we shift our focus to demonstrating acoustic transmission as a characterization

technique in studying the behavior of lithium sulfur systems in liquid electrolytes. We �nd that

acoustic transmission is highly sensitive to conversion electrodes such as sulfur with large physic-

ochemical dynamics during charge and discharge. We demonstrate a semi-quantitative method

based on acoustic time-of-�ight to track the dissolution of sulfur in the electrolyte. To decou-

ple the dilation in the electrode material, we utilize operando pressure measurements to show a

Li-dominated pressure dynamics signature. We show the deviation from linearity in the acoustic

time-of-�ight is due to intrinsic material property dynamics of the sulfur electrode. We demonstrate

acoustic damping's high sensitivity in tracking state of matter transitions in the sulfur electrode.

We hypothesize that cycle-to-cycle ToF changes are due to the increasing in�uence of the PSS

effect. Ex-situ TGA and XRD show under-utilized active material on the sulfur cathode and poly-

sul�de dissolution into the electrolyte. We intend to show how the acoustic technique can be used

non-invasively to probe the behavior of the Li-S chemistry. This is increasingly important as new

engineering solutions and interfaces are introduced to improve the performance of the Li-S system.

In Chapter 4, we combine learnings from Chapter 2 on solid electrolytes and Chapter 3 on

acoustics for high-capacity electrodes to study Si anodes in all solid state systems. We demonstrate

that stress evolution within the bulk exhibits a nonlinear relationship with the state of charge and

is in�uenced by meta-stable LixSi phases. We differentiate the chemo-mechanics of silicon's one-

phase and two-phase reaction schemes and show that stress evolution in cycle 1 and cycle N>1

is distinct due to the different reaction mechanisms of c-Si alloying (cycle 1) and a-Si alloying

(cycle N>1). We demonstrate that acoustic ToF is highly sensitive to mechanical phasing in the Si

electrode. Additionally, we present operando, non-invasive imaging of porosity variations within

all-solid-state Si | NMC full cells. We correlate porosity changes in the bulk Si electrode with
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changes in signal amplitude. We further support our operando measurements with ex-situ XPS and

FIB-SEM results.

Lastly, in Chapter 5, we combine insights from sulfur in Chapter 2 and our cumulative under-

standing in solid electrolytes to study high-rate, high-energy molten sulfur batteries in applications

in aviation. We demonstrate rational design of the carbon additive network to boost rate and energy

performance.

This thesis details the survey experience of central issues surrounding solid electrolytes and

high capacity electrodes and how we can use advanced characterization techniques to study their

behavior.
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Chapter 2: Degradation of Lithium Iron Phosphate All-Solid-State Batteries

by Conductive Interfaces

Figure 2.1: Schematic Overview of LiFePO4 Solid-State Batteries and Degradation by Conductive
Interfaces
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2.1 Abstract

The superionic solid-state argyrodite electrolyte Li6PS6Br can improve lithium and lithium-

ion batteries' safety and energy density. Despite many reports validating the conductivity of this

electrolyte, it still suffers from passivating electrode degradation mechanisms. At �rst analysis,

lithium iron phosphate (LFP) should be more thermodynamically stable in contact with sul�de

electrolytes. However, without substantial improvements to interfacial engineering, we �nd that

LFP is not inherently stable against Li6PS5Br. We hypothesize argyrodite oxidation favorably

competes with LFP's delithiation, insulating the electrolyte–electrode interface and causing large

overpotential losses. We show that compared to LiNixMnyCozO2, LFP has no actual electrochem-

ical stability advantage despite operating at a lower voltage. We utilize tender energy XAS and

XPS to show that chemical reactions occur between LFP and the Li6PS6Br solid electrolyte and

these reactions are exacerbated by cycling. We also show that electrochemical degradation occurs

at the interface between the solid electrolyte ion conductor and any electron conductor, namely,

the active material and carbon additives. We further demonstrate that LiNbO3 cathode coatings on

LFP can delay electrochemical degradation by electronically insulating the LFP–sul�de electrolyte

interface but not prevent its occurrence at the carbon–electrolyte interface.

2.2 Introduction

Solid-state electrolytes (SSEs) promise higher lithium-ion battery energy densities while pro-

viding industry demands compared to their conventional liquid counterparts.[37, 38] Solid-state

electrolytes can function as a charge carrier and a mechanically stiff electrode separator that pre-

vents Li metal dendrites from short-circuiting the cell. Certain solid-state electrolytes can utilize

Li metal anodes with a speci�c capacity of 3860 mAh/g, ten times greater than that of graphite

(372 mAh/g).[38, 39] Conventional Li-ion batteries also have �ammable liquid electrolytes prone

to thermal runaway over long-term use due to internal electrochemical degradation. Solid-state

electrolytes can perform the same functionality as liquid electrolytes while being intrinsically safe.
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Argyrodite (Li6PS5X, X=Cl,Br,I) solid electrolytes are sul�de-based ceramics with high ionic

conductivity (10� 3 S/cm).[37, 38, 39, 40] Compared to oxide-based solid electrolytes, argyrodites

are more straightforward to process due to their lower required sintering temperature (� 500°C)

and earth-abundant material precursors, including phosphorus and sulfur.[39] Solvent-evaporation

methods simplify sul�de electrolyte production without compromising ionic conductivity.[39, 40]

Despite the advantages in manufacturing cost and ionic conductivity, argyrodites are challenged by

their inherent reactivity with metallic Li. Reports have shown that Li metal will oxidize on contact

with argyrodites to form a passivating interface.[40, 41] Electrolyte reduction at the anode side can

be mitigated by doping the electrolyte with oxygen or using metal alloy anodes such as Li-In.[42]

DFT calculations and previous experimental research predict narrow electrochemical stability

windows for argyrodites.[38, 39, 41, 43] Conventional metal oxide cathodes oxidize argyrodites;

this electrochemical instability at a potential above four volts mitigates the energy bene�ts of the

solid-state system. Experimental studies support this hypothesis, demonstrating cathode mate-

rials like LiNixMnyCozO2 (NMC), LiCoO2 (LCO), and LiNixCoyAl zO2 (NCA) paired with Li

argyrodites tend to lose more than 50% capacity over a few dozen cycles and generate inactive

byproducts that decrease electrochemical performance.[44, 45, 43]

Lithium iron phosphate (LiFePO4; LFP) is predicted to be more electrochemically stable against

the argyrodites and protect the argyrodites' oxidation due to its lower operating voltage and pro-

tected PO4 group.[38, 43] However, experimental analysis of LFP and argyrodite interfaces have

been largely absent in the literature compared to argyrodite-metal oxide cathode systems. One

notable work from Oh et al. in 2015 showed that an LFP-Li10GeP2S12 solid-state cell exhibited

zero capacity on charge and discharge when simply dry mixed.[46] By adding an ionic liquid

into their cathode composite, they achieved expected LFP capacities. Another work from Cronk

et al. shows that the LFP-Li6PS5Cl interface is unstable, and its cycling capabilities are drasti-

cally improved by completely changing the argyrodite electrolyte to a solid halide electrolyte.[24]

This work intends to illustrate a mechanism for the low-capacity retention of LFP-sul�de solid

electrolyte interface and determine how different processing methods and interfacial coatings can
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affect its electrochemical behavior.

Dry methods are standard for processing composite cathode-electrolyte (cathode-composite)

electrodes: grinding or milling the solid electrolyte particles with active material without a sol-

vent.[39, 40, 13, 47] Previous reports pairing sul�de electrolytes and metal oxide cathode-composites

will usually contain 70-80 active material, 20-30% solid electrolyte with low (� 0-1%) amounts of

carbon and binder. Small relative masses of carbon are suf�cient due to the higher electrical con-

ductivity of metal oxide cathodes like NMC, a property ampli�ed during delithiation.[48] However,

due to its electronically insulating properties, LFP signi�cantly relies more on upwards of 10 wt.%

carbon. Introducing more interfaces in the cathode-composite increases interfacial resistances and

contributing factors such as contact and particle size.

In this work, we propose a mechanism for the poor performance of LiFePO4 – sul�de solid-

state batteries. We seek to understand how the processing of the cathode-composite electrode af-

fects the cycling performance and interfacial stability. We utilize X-ray photoelectron spectroscopy

(XPS) to analyze the surface chemistry of oxidized sulfur species and phosphorus content at the

cathode-electrolyte interface before and after cycling. We also perform tender energy (2-5 keV) X-

ray absorption spectroscopy (XAS) to show bulk changes in the electronic structure of sulfur and

phosphorus environments of the LPSBr electrolyte. We hypothesize that the LPSBr electrolyte

oxidizes at the LFP and conductive carbon interface. This reaction forms an interlayer that in-

hibits Li-ion motion and ultimately limits the capacity of the active material. First, we note the

low capacity utilization of a dry-processed LFP-Li6PS5Br (LPSBr) cathode-composite compared

to a similarly dry-processed NMC-LPSBr cathode-composite. Capacity utilization is signi�cantly

increased for the LFP-LPSBr cathode-composite when processed in a solvent using conventional

electrode casting techniques. LFP alone does not address the fast capacity decay issues associated

with sul�de electrolytes, as this contradicts the theoretically more stable potential of LFP against

sul�des. Carbon, a necessity in LFP systems, is a key contributor to electrochemical degradation

as it catalyzes electrolyte oxidation.[44] We �nd typical electronically insulating and protective

coatings on LFP delay but do not ultimately mitigate an inevitable chemical or electrochemical
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degradation.

2.3 Methods

2.3.1 Electrolyte Preparation and Processing

Stoichiometric amounts of LiBr (Lithium Bromide 99%, Strem Chemicals), Li2S (Lithium

Sul�de 98%, Strem Chemicals), and P2S5 (Phosphorus Pentasul�de 99%, Sigma Aldrich) were

combined in a zirconia jar, and ball milled at 400 rpm for 18 hours. The resulting powder was

loaded into a capped quartz crucible, heated to 550°C at 90°C/hr, and held at 550°C for 12 hours.

The product was then cooled to room temperature over 6 hours and ground in a mortar and pestle.

All sample and material processing was performed in an MBraun glovebox with an Ar atmosphere

(H2O < 0.5 ppm, O2 < 0.5 ppm).

To coat LiNbO3 (LNO) on LFP, lithium ethoxide, and niobium ethoxide were mixed in sto-

chiometric ratios, dissolved in anhydrous ethanol, and stirred for 1 hour. LFP was then added to

the ethanol mixture. The solution was dried in a vacuum oven at 80°C overnight. The dried powder

was sintered at 450°C for two hours in the air and then transferred into the glovebox for use. The

weight percent of LNO on LFP is 2 wt.%.

For dry-processing, LFP (LiFePO4, MTI Corp.) cathode-composites were prepared by mixing

and grinding cathode powders with 10% wt. carbon black as a conductive additive and 10% wt.

PVDF as a binder. The resulting composite powder (75 wt.%) was mixed with argyrodite (25 wt.%)

to form a cathode composite powder. Cathode material NMC-811 (MTI Corp) was prepared by

mixing (75 wt.%) as received powder with (25 wt.%) argyrodite powder. The typical total mass

loading of LFP was 3 mg/cm2, and NMC was 8 mg/cm2.

For solvent casting, LFP or LNO@LFP was mixed with variable amounts of carbon and dis-

persed in anhydrous ethanol (<0.003% water, Sigma-Aldrich) with 1 wt.% PVDF binder and 25

wt.% argyrodite. A doctor blade was used to cast the slurry on Al foil. The cathode-composite

was dried under vacuum at 80°C overnight and subsequently stored for use. The typical cathode

composite loading of casted LFP or LNO@LFP was 2 mg/cm2.
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Anode material Li-In alloy was prepared using the solid-state diffusion method. Lithium metal

foil (0.040 mm) and indium metal foil (McMaster-Carr 0.1 mm) were stacked and cold-pressed

under 250 MPa for 3 minutes.

2.3.2 Cell Preparation

Li-In|LPSBr|LFP/NMC was fabricated as follows. 100 mg of argyrodite powder was loaded

into a 13 mm PEEK mold and pressed at 250 MPa for 2 minutes with titanium plungers. Then, the

cathode composite was added to one side, and a piece of Li-In foil was added to the other. This

structure was then pressed at 250 MPa for 2 minutes. The cell was transferred to a steel cage and

fastened with bolts and a torque wrench for an operating stack pressure of 5.5 MPa.

2.3.3 Electrochemical Cycling and Impedance Spectroscopy

Electrochemical cycling was conducted inside a glovebox with a multichannel potentiostat

(Ivium n-Stat). LFP cells were cycled from 2.0 V - 3.8 V vs. Li, and NMC cells were cycled

from 2.6 V- 4.4 V vs. Li at a C-rate of C/10. Dry LFP cells were cycled at a C-rate of C/50.

Electrochemical impedance spectroscopy (EIS) was carried out on a BioLogic SP-300 potentiostat

with a frequency range of 7 MHz to 100 mHz at a voltage amplitude of 10 mV. Cells were rested

for 30 minutes before conducting an EIS test.

2.3.4 Materials Characterization

X-ray diffraction (XRD) crystallography was used to characterize the argyrodite structure. Ar-

gyrodite samples were loaded onto an XRD sample holder and sealed with a polyimide �lm to

protect them from air and moisture. Powder XRD was collected over a 2\ range of 10-60° using

Cu K-alpha X-rays (45 mV, 40 mA) on a PANalytical X'Pert3 Powder diffractometer.

Scanning electron microscopy (SEM) was conducted on a Zeiss Sigma VP to investigate argy-

rodite powder morphology, pellet density, and the cathode composite's structure and morphology.

X-ray photoelectron spectroscopy (XPS) experiments were conducted at the Center for Func-
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tional Nanomaterials (CFN) at Brookhaven National Laboratory using a Hybrid Omicron-VT-

STM-XA 650. Samples were prepared in argon-�lled gloveboxes and transferred to the XPS

instrument in a vacuum transfer chamber so the samples never reacted with air. The pass energy

was 25 eV, and the X-ray source was Al K-alpha at 1486.6 eV. XPS spectra �tting were performed

using CasaXPS.[49] Spectra were referenced to the adventitious carbon peak at 285 eV.

X-ray Absorption spectroscopy (XAS) was conducted at 8-BM beamline at National Syn-

chrotron Light Source II (NSLS-II) at Brookhaven National Laboratory. The samples were sealed

between Kapton tape and mylar �lm in an Argon-�lled glovebox and then transferred to the helium

chamber at the beamline. The helium chamber was �ushed with helium during the measurements.

The XAS data were measured in �uorescence yield mode using an unfocused beam with a beam

size of 2.5 mm × 5̀ m. XAS spectra were processed using the Athena software package.[50]

2.4 Results

The sul�de solid electrolyte argyrodite Li6PS5Br was synthesized via the solid-state sintering

method and used for its high ionic conductivity. Li-In (+0.6V vs. Li/Li+) was used as the counter

electrode to avoid possible side reactions with the solid-state electrolyte. Figure A.2.1a shows

symmetric cell cycling between LPSBr and Li-In at a current density of 75` A/cm2. Over 100

cycles, the symmetric cell exhibited negligible overpotential growth. This cycle behavior leads

us to believe the Li-In anode is stable against LPSBr and does not exhibit signi�cant passivating

byproducts at this current density. Electrochemical impedance spectroscopy (EIS) is conducted

on the LPSBr pellet using titanium electrodes with 200 MPa at room temperature. The ionic

conductivity of the LPSBr electrolyte is determined to be 2.2 mS/cm.

SEM cross-sectional images of all solid-state LFP-LPSBr cells are shown for a completely

dry mixing processing and solvent casting with anhydrous ethanol. With a dry mixing procedure,

Figure 2.2a shows the granularity and heterogeneity of LFP and LPSBr particles exhibiting larger

particle sizes and point contacts. In contrast, Figure 2.2b shows more rounded and amorphous-like

features between the LFP, carbon, and LPSBr argyrodite particles. Previous works have shown
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