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Preface

One of the primary contributions of this dissertation is the develop-
ment of a technique that I call operando video microscopy. This
technique synchronizes optical video microscopy with the electro-
chemical response of the system. By view this data as a time-
synchronized video, deep insights can be gained into the cou-
pling between morphology evolution and the electrochemical per-
formance. As a result, much of the data in chapters 4 and 6 is best
viewed in video form. Some of these videos are included, but many
more are available online in the individual papers, and these will
be referred to throughout as well. Flash player must be enabled
in order to play them, if it is not enabled, the videos will appear
as blank spaces. With flash player enabled, the videos should play
when clicked. In the likely event that flash player becomes totally
obsolete, or if you just don’t want to install it, please find the videos

for each chapter in their respective publications.
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ABSTRACT

The grand challenge of climate change has created an enormous need for superior bat-
tery technologies that deliver higher energy/power densities at low cost without sacrificing
safety and cycle life. Such batteries would enable widespread vehicle electrification, in-
creased use of renewable energy sources, and dramatic improvements for myriad other en-
ergy storage applications. One of the most promising approaches to offer a step-increase in
energy density, lithium (Li) metal anodes, boast 10x higher specific capacity than graphite
anodes. Unfortunately, implementation has been limited by capacity fade and safety con-
cerns that stem from interfacial instability and morphology evolution during cycling.

The primary goal of this thesis is to better understand the interfaces and interphases be-
tween Li metal electrodes and electrolytes, and thus enable enhanced performance through
interfacial engineering. The work has two primary thrusts: 1) characterization of liquid
and solid-state electrolyte (SSE) interfaces with Li metal to observe, correlate, and under-
stand coupled electro-chemo-mechanical phenomena; and 2) development of atomic layer
deposition (ALD) films for use as SSEs, interfacial coatings, and interlayers.

In thrust one, operando video microscopy is developed to characterize the dynamic
changes occurring at Li metal interfaces and correlate them with their electrochemical sig-
natures. This technique is used to develop a comprehensive model of reaction pathways on
Li metal electrodes. This model explains how transitions between these reaction pathways,
driven by spatially varying kinetics and morphology evolution on the electrode surface,
give rise to distinct electrochemical signatures.

To better understand the Li/electrolyte interface in lithium metal solid-state bat-
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tery (LMSSB)s, the correlation between surface chemistry, wettability, and interfacial
impedance of LLZO SSEs is explored with x-ray photoelectron spectroscopy (XPS) and
sessile drop tests. This demonstrates the coupled behavior at the Li/SSE interface and that
careful control of surface chemistry can enable higher rate capability. Operando video
microscopy is adapted to SSE systems. Four distinct morphologies of Li penetration are
identified in SSEs, and studied under a range of plating and stripping conditions. The volt-
age signatures of Li penetration in SSEs are compared with those of liquid electrolytes, to
better understand the reaction pathways at the Li/SSE interface. The rate of propagation of
Li penetration is quantified as a function of applied current to gain insight into the coupled
electro-chemo-mechanical behavior of the system. Void formation in the Li electrode at
the Li/SSE interface is observed during deep discharge, demonstrating the importance of
morphology evolution during both plating and stripping.

In thrust two, ALD of Al,O; is used to improve the homogeneity of Li flux across the
electrode/electrolyte interface. Cycle life and deep discharge performance are doubled.
Subsequently, ALD processes are developed for two SSEs, Al-doped LLZO and glassy
Li;BO;-Li,CO; (LBCO). Challenges with low ionic conductivity and post-annealing of
the LLZO films are overcome with the LBCO films, which do not require crystallization to
obtain high ionic conductivities. ALD LBCO films demonstrated to have approximately 6x
higher ionic conductivity (2.2%10° S cm™) than other reported ALD films. The films also
have good electrochemical stability at both high and low potentials, and are incorporated
into a Li metal battery with high Coulombic efficiency and good cycle life.

In summary, this thesis furthered the understanding and performance of Li metal an-
odes through the development and use of novel methods of characterization and means of
interfacial modification. The implications of this work could aid in the development of

next-generation Li metal batteries.
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CHAPTER 1

Introduction

1.1 Better Batteries for a Better Society

The United Nations Population Division predicts that by 2050 the global population will
reach nearly 10 billion." The rapid growth in population over the past two centuries was
made possible by the abundant and inexpensive energy resources provided by fossil fuels.
Coal, and more recently oil and natural gas, fueled the industrial revolution, and the techno-
logical advances that have followed.? Unfortunately, these resources are not only finite and
therefore unsustainable, but the combustion products (most notably CO,) have altered the
global climate.® These changes, which are ongoing at an increasing rate, pose significant
threats to human and natural systems on an alarming scale now and in the future.* Tran-
sitioning away from the use of fossil fuels as quickly as possible is therefore the defining
challenge of our time.

Though this is a global challenge, it is illustrative to look at the United States as an
example of how energy is consumed and where that energy comes from. In 2018, approxi-
mately 80% of energy in the U.S. comes from fossil fuels (Figure 1.1).° Renewable energy
sources are a growing, but still relatively small (11%) component of the overall portfolio.
From these primary energy sources, a little over 1/3 is used to produce electricity, which
is then used predominantly by the residential and commercial sectors. The largest of the

use sectors, transportation, only uses a very small amount of electricity, and over 90% of



U.S. energy consumption by source and sector, 2018
(Quadrillion Btu)

Source? End-use sector®

Percent of sources Percent of sectors

Transportation
28.3

36.9 (37%)
(36%)

Petroleum

Natural gas
31.0
(31%)

Residential

11.9 (16%)
Coal

13.2 Commercial
(13%) 9.4 (12%)

total = 75.9

Renewable energy
11.5 (11%) Electric Power Sector®

Nuclear electric power o .
8.4 (8%) Electricity retail sales

13.0
total = 101.3

Electrical system

energy losses 25.3

total = 38.3

Figure 1.1: Estimated U.S. Energy consumption by source and sector for 2018.°

the energy consumed comes from petroleum. Though the use of renewable energy sources
(Wind, Solar, etc.) is growing, these sources are dominantly used to produce electricity. As
the transportation system is currently dominated by liquid fuels, the increasing prevalence
of renewable sources has had little effect on the greenhouse gas emissions due to trans-
portation. As shown in Figure 1.2, while the industrial, residential, and commercial sectors
have all trended downward over the past several decades, transportation, has remained con-
sistently high.

Electrification of the transportation sector could have a substantial impact on global
CO, emissions, enabling the use of renewable energy sources for transportation.® Great
strides have been made in the commercialization of electric vehicle (EV)s over the past

decade, but the primary limiting factor remains the ability to safely and efficiently store the
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U.5. carbon intensity of energy use by sector (1975-2016)
kilograms carbon dioxide per million British thermal units
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Figure 1.2: Estimated carbon dioxide emission intensity by sector from 1975-2016.”

electrical energy within a small volume at low cost.”

Improvements in battery technology over the past several decades have enabled trans-
formative changes to the way we live, travel, work, play, and communicate. From grid-
scale storage to EVs to medical devices, the ability to efficiently store electrical energy and
use it on-demand plays a key role in myriad applications.'®!'" Though battery technology
has improved dramatically, battery performance and cost remain the main challenges to
widespread vehicle electrification.!?

One attractive option to enable high energy density batteries is to use metallic Li as the
negative electrode.'® This would provide a dramatic (~10x) increase in the specific capacity
of the electrode, but also introduces a range of practical challenges. The extreme reactivity
and volume changes associated with Li metal anodes cause low efficiency, poor cycle life,
and significant safety concerns. Strategies to understand and overcome these challenges

are described in further detail in chapter 2 and will be the focus of this dissertation.



1.2 Outline

With the overarching goal of enabling Li metal anodes through improved understanding
and control of interfacial properties, this thesis first explores Li metal anodes in liquid
electrolytes. Subsequently, the focus shifts to understanding the coupled electro-chemo-
mechanical phenomena in bulk SSEs. Finally, it details the development of ALD processes
for SSE materials with the goal of enabling high performance interfaces.

Chapter 2 will provide background on some of the most relevant concepts and methods
that will be utilized throughout the remainder of the thesis. This will provide a foundation
upon which the rest will build. These topics will include the basics of Li batteries, the
advantages and challenges of Li metal anodes, SSEs, and ALD.

Chapter 3 will explore the use of ultrathin (1-10 nm) Al,O; layers to suppress dendrite
formation upon cycling of Li metal symmetric cells. The optimized coating doubles the
lifetime of the anode before failure both under galvanostatic deep discharge conditions and
cyclic plating/stripping of symmetric Li-Li cells. The improved performance is attributed
to improved electrode morphology resulting from homogeneous Li-ion flux across the elec-
trode/electrolyte interface.

Chapter 4 presents a comprehensive understanding of the voltage variations observed
during Li metal cycling, which is directly correlated to morphology evolution through the
use of operando video microscopy. A custom-designed visualization cell was developed to
enable operando synchronized observation of Li metal electrode morphology and electro-
chemical behavior during cycling. A mechanistic understanding of the complex behavior of
these electrodes is gained through correlation with continuum-scale modeling, which pro-
vides insight into the dominant surface kinetics. More specifically, this chapter explores:
(1) when dendrite nucleation occurs, (2) how those dendrites evolve as a function of time,
(3) when surface pitting occurs during Li electrodissolution, (4) how kinetic parameters
dictate overpotential as the electrode morphology evolves, and (5) how this understanding

can be applied to evaluate electrode performance in a variety of electrolytes. The results
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provide detailed insight into the interplay between morphology and the dominant electro-
chemical processes occurring on the Li electrode surface through an improved understand-
ing of changes in cell voltage, which represents a powerful new platform for analysis.

Chapter 5 examines the impact of surface chemistry on the interfacial resistance be-
tween the Li;La;Zr,O, SSE and a metallic Li electrode. Control of surface chemistry
allows the interfacial resistance to be reduced to 2 () cm?, lower than that of liquid elec-
trolytes. A mechanistic understanding of the origins of ultra-low resistance is provided
by quantitatively evaluating the linkages between interfacial chemistry, Li wettability, and
electrochemical performance. A combination of Li contact angle measurements, XPS,
first-principles calculations, and impedance spectroscopy show that the presence of com-
mon LLZO surface contaminants, Li,CO5 and LiOH, result in poor wettability by Li and
high interfacial resistance. On the basis of this mechanism, a simple procedure for remov-
ing these surface layers is demonstrated, which results in a dramatic increase in Li wetting
and the elimination of nearly all interfacial resistance. The low interfacial resistance is
maintained over one-hundred cycles and suggests a straightforward pathway to achieving
high energy and power density solid-state battery (SSB)s.

Chapter 6 explores the coupled electrochemical-morphological-mechanical evolution
of Li metal-LLZO interfaces. Quantitative analysis of synchronized electrochemistry with
operando video microscopy reveals new insights into the nature of Li propagation in SSEs.
Several different filament morphologies are identified, demonstrating that a singular mech-
anism is insufficient to describe the complexity of Li propagation pathways. The dynamic
evolution of the structures is characterized, which elucidates the relationship between cur-
rent density and propagation velocity, as well as the reversibility of plated Li before short-
circuit occurs. Under deep-discharge, void formation and dewetting are directly observed,
which are directly related to evolving overpotentials during stripping. Finally, similar Li
penetration behavior is observed in glassy Li;PS,, indicating the relevance of the new in-

sights to SSEs more generally.



Chapter 7 details the development of a thermal ALD process for the pentenary ox-
ide, aluminum doped LLZO. The ability to tune composition within the amorphous as-
deposited film is shown and studied using in situ quartz crystal microbalance (QCM) mea-
surements and XPS. Postannealing using a variety of substrates and gas environments was
performed, and the formation of the cubic phase was observed at temperatures as low as
555°C, significantly lower than what is required for bulk processing. Additionally, chal-
lenges associated with achieving a dense garnet phase due to substrate reactivity, morphol-
ogy changes, and Li loss under the necessary high-temperature annealing are quantified via
in situ synchrotron x-ray diffraction (XRD).

Chapter 8 details the development of an ALD process for synthesis of amorphous
lithium borate-carbonate LBCO films. These films exhibit ionic conductivities up to
2.2x10% S.cm’!, six times greater than previously reported for any ALD SSE. The high
conductivity, coupled with a wide band gap and electrochemical stability window, leads
to a total area-specific resistance (ASR) of <5 QO cm? for a 100 nm thick electrolyte and
an ionic transference number >0.9999 from 0-6 volts vs. Li metal. The LBCO ALD SSE
exhibits stability upon exposure to air, and in contact with both Li metal anodes and cath-
ode materials. Thin-film full cells containing Li metal electrodes exhibit high Coulombic
efficiency for over 150 cycles with no capacity fading. These characteristics make glassy
LBCO a promising new material for LMSSBs.

Chapter 9 concludes this thesis by summarizing the main contributions to the field and
presenting opportunities for future work building upon the discussions from the individual

chapters.

1.3 Individual and Group Research Statement

The research presented in this thesis was very collaborative in nature and represents the

efforts of not only myself, but many others. It would not have been possible without the



work of my collaborators and coauthors. A brief summary of contributions to these works
is below.

Chapter 3 was adapted from Kazyak, et al. 2015."* Development and characterization
of the ALD process was carried out by Eric Kazyak. Fabrication and testing of the cells,
electron microscopy, data analysis, and writing were carried out by Eric Kazyak and Kevin
Wood. XPS data was collected and analyzed by Eric Kazyak. Neil P. Dasgupta assisted
with revising the manuscript and provided guidance and support.

Chapter 4 was adapted from Wood, et al. 2016."5 Eric Kazyak designed and built the
visualization cell used for the work, and developed the procedure for assembling the cell to
achieve reproducible results. Kevin N. Wood, Kuan-Hung Chen, and Eric Kazyak assem-
bled the cells which are shown in the manuscript. Kevin Wood and Eric Kazyak analyzed
the results and developed the analytical model. Ji-Guang Zhang provided the ether-based
electrolytes. The numerical model was developed and implemented by Alexander Chad-
wick and Katsuyo Thornton. Neil P. Dasgupta and Katsuyo Thornton provided guidance
and support.

Chapter 5 was adapted from Sharafi et al. 2017.'® Asma Sharafi and Jeff Sakamoto
developed the surface treatment process to achieve low interfacial impedance. Eric Kazyak
performed the XPS analysis. Eric Kazyak and Andrew L. Davis designed and built the
sessile drop testing setup for molten Li, and performed the measurements. Asma Sharafi
prepared all samples and assembled/tested the symmetric cells. Seungho Yu and Donald J.
Siegel designed and carried out the computational modeling.

Chapter 6 was adapted from Kazyak et al. 2019.!7 Eric Kazyak designed and built
the testing setup for the in-plane cell testing. Asma Sharafi, Regina Garcia-Mendez, and
Catherine Haslam prepared the LLZO pellets. Eric Kazyak collected and processed the
operando video microscopy data. William S. LePage assisted with the crack growth anal-
ysis code and data analysis. Eric Kazyak performed the focused ion beam (FIB) and

scanning electron microscopy (SEM) imaging and three-dimensional (3-D) reconstruc-



tions. Adrian J. Sanchez, Eric Kazyak and Andrew L. Davis performed the COMSOL
modelling. Jeff Sakamoto and Neil P. Dasgupta provided guidance and support.

Chapter 7 was adapted from Kazyak, et al. 2017.'® Eric Kazyak performed all of the
ALD process development and characterization. Ashley R. Bielinski and Eric Kazyak per-
formed the in situ synchrotron XRD measurements at beamline 33-BM-C at the Advanced
Photon source under the guidance of the beamline scientist Dr. Evgenia Karapetrova.
Kuan-Hung Chen and Kevin Wood provided ideas for tuning the process conditions to
achieve the desired phase. Jeff Sakamoto and Travis Thompson provided insight into the
LLZO material and how to make/characterize it. Travis Thompson assisted with analysis
and fitting of the XRD data. Xiang Wang and Chongmin Wang performed the transmission
electron microscopy (TEM) characterization. Andrew Davis assisted with annealing of the
ALD films and with running and analyzing the QCM experiments. Eric Kazyak performed
the XPS, inductively coupled plasma optical emission spectroscopy (ICP-OES), and SEM
analysis. Neil P. Dasgupta provided insights, guidance, and support.

Chapter 8 was adapted from Kazyak et al. 2018." Eric Kazyak developed the ALD pro-
cess and prepared all LBCO samples. Kuan-Hung Chen and Andrew L. Davis assisted with
film characterization and electrochemical testing. Adrian J. Sanchez and Jose Lasso de-
signed and built the specialized holder for patterning Li evaporation for through-plane (TP)
cell fabrication. Ashley R. Bielinski prepared the V,0s films for full cells. Seungho Yu
and Donald J. Siegel performed the density functional theory (DFT) and ab initio molec-
ular dynamics (AIMD) calculations. Travis Thompson, Jeff Sakamoto, Neil P. Dasgupta,
and Eric Kazyak came up with the idea to make lithium borate materials by ALD, and pro-
vided guidance for the electrochemical characterization of the film for use as an SSE. Eric

Kazyak performed the SEM, XPS, QCM, and electrochemical measurements.



CHAPTER 2

Background

Since the first battery was demonstrated over 200 years ago by Alessandro Volta, improve-
ments to the technology have enabled dramatic transformations to the way that we use
electrical energy.”’ One of the most transformative of those developments was the inven-
tion of the lithium-ion battery (LIB).2° While I was writing this thesis, three of the scientists
who made major contributions to the development of LIBs were awarded the Nobel Prize
in Chemistry, demonstrating the impact that this had on society.?!

M. Stanley Whittingham first demonstrated the that intercalation of Li between layers
of titanium disulfide could be the basis of a new battery system.?? Li-ions were inserted be-
tween the layers of a crystalline host material. This mechanism enables rapid and reversible
cycling of rechargeable batteries. Though his positive electrode material worked well, the
Li metal used as the negative electrode was too reactive and unstable to be commercially
viable.

John B. Goodenough then developed an improved positive electrode material, Li,CoO,
(LCO), which had a higher potential vs. Li, enabling more energy to be stored.?® The cells
were still limited by the negative electrode until Akira Yoshino demonstrated an interca-
lation host material that could be used as the negative electrode.”* He demonstrated that a
layered carbon material (graphite) could intercalate a relatively large number of Li* ions
between its layers, and that they could also be easily removed during recharging. These

two materials, LCO and graphite, were used in the first commercially available LIBs intro-



duced in 1991 by Sony, and are still used today.>> Along the way LIBs have revolutionized
laptops, phones, medical devices, and increasingly EVs.?

Further advances in battery technology could have similarly transformative impacts
on society in the near future.? Enabling those advances for the betterment of society is the
overarching motivation for this work. Before delving into the details of the work conducted
for this thesis, this chapter will briefly cover some of the most important concepts for

understanding the work to follow.

2.1 Basics of Lithium Batteries

All rechargeable batteries allow the conversion of electrical energy into chemical energy,
and (some fraction of) that energy can then be converted back into electrical energy when
it is needed. This section will briefly cover the thermodynamics that underlie the storage of
energy within a battery, and that determine the voltage and capacity. Next, the components
that make up practical Li-ion batteries will be introduced. Finally, the deviations from ideal
behavior that occur when a battery is cycled, and the implications, will be discussed. The
content of this section was primarily based on information and equations from Huggins’
Advanced Batteries,”® O’Hayre’s Fuel Cell Fundamentals,”’ and Kittel’s Introduction to

Solid State Physics.?®

2.1.1 Thermodynamics

In order to power any device, the two terminals (positive and negative) of a battery must
be at different potentials. The difference between the two potentials, or the voltage, is
the driving force that propels electrons through a circuit in order to do useful work. The
different potentials arise due to the difference in the energy levels of electrons in the two
electrodes.’® In any material, the electrons can occupy a range of quantized energy states.?®

The energy level at which there is a 50% probability of occupation is called the Fermi
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level.”® The difference in the Fermi level (A Er) of the two materials determines the open

circuit voltage of the battery:?°

Voo = —=AEp = pt — pul 2.1)

where F is Faraday’s constant and z7' and ;¢ are the chemical potentials of electrons
in the anode and cathode, respectively. The chemical potential is the incremental change in
the Gibb’s free energy G of the system if one more of a species is added (assuming constant

temperature and pressure):27

0G
o (aNi)T,P 22

The chemical potential of a species in a material can be expressed in relation to the
chemical potential of that species in its standard state (u$) and the activity (a;)), which is

the effective concentration of the species:*’

i =y + Rl na; (2.3)

If the activity is close to unity, the species ¢ will behave like the standard chemically
pure phase. As the activity, or effective concentration decreases, the chemical potential
also decreases, changing the potential of the electrode. This relationship can be expressed
as the Nernst equation, which is one of the most useful thermodynamics equations for
electrochemical systems:*’

—RT ., af

In - 2.4
ZiF t (li_ ( )

Voo =

where a; and a; are the activity of species i in the positive and negative electrodes,
respectively. This is a fundamental relationship that applies not only in batteries, but in any

electrochemical system.?
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In order for electrons to be freed from the anode, and to move to the cathode, chemical
half-reactions (oxidation and reduction) must occur at the respective electrodes. Therefore,
the difference in chemical potential can also be thought of as the driving force for the net
chemical reaction that is occurring. In any chemical reaction, the difference in the Gibb’s
free energy of the reactants and the products describes whether a reaction will occur spon-
taneously.’” Put simply, whether a reaction is like a ball rolling up or down a hill. If the
products have lower energy than the reactants, the reaction will tend to occur spontaneously
(like a ball rolling downhill), and the degree of difference between the energy levels deter-

mines the amount of driving force (like the height of the hill). This can be expressed as:*

AGmm = —ZFVOC (25)

where z is the charge number of the species involved in the reaction (1 for Li*). Despite
the fact that in a battery the half reactions are occurring at the two separate electrodes, the
driving force for the overall reaction is the same.

In order to harness this voltage, electrons must be forced through the external circuit.
To accomplish this, the two electrodes are separated by an electrolyte/separator which con-
ducts ions, but not electrons. As the electrode materials are not always good electronic
conductors, they are typically supported on metal current collectors that are connected with
the external circuit.

In order to be a rechargeable, the reactions that occur at each electrode must be easily
reversed. To drive the reaction in the “uphill” direction, a voltage is applied to recharge
the cell, which “tilts” the energy surface and drives the reactions in the opposite direction
as what occurred spontaneously during discharge.”’” As mentioned above, one of the key
breakthroughs that has enabled Li-ion batteries is the development of materials that can
intercalate, or host, Li* ions between layers of their crystal structure.”! As no major phase
transformations need to occur in order for this to occur, and the ions can move into and out

of the layers relatively easily, this process can be readily reversed during recharging.’!
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The capacity of these materials, or the amount of charge that can be stored in the elec-
trode, is determined by the number of available sites that can be filled and vacated during
cycling. For graphite electrodes, one Li atom can be hosted for every 6 carbon atoms,
forming LiCg.*>** So the vast majority of the mass and volume in the electrodes is the host
material, rather than the Li itself. This is the primary motivation to transition to Li metal
anodes, where all of the mass of the electrode is storing energy. Li metal anodes will be

discussed in further detail in Section 2.2.

2.1.2 Kinetics

The thermodynamics described above dictate the open-circuit conditions of the cell, but
any useful system will operate at some non-zero current. This means that the actual perfor-
mance of the cell will deviate from open-circuit conditions. This deviation can be described
by kinetics and mass transport losses. At the highest level, these losses represent energy
from the cell that is sacrificed in order to drive the finite current, analogous to friction or
air resistance for the ball rolling down the hill.

During any chemical reaction, including discharging a battery, the reactants must re-
arrange into the products. Even for a spontaneous reaction, where the endpoint is ener-
getically favorable, there are states in between which are less energetically favorable than
even the reactants. The free energy of the system at various states between the reactants
and products can be described by an activation barrier. As shown by AG* in Figure 2.1,
this is the energy difference between the reactants and the highest energy state during the
reaction.”’

At any temperature above absolute zero, the thermal energy in the system means that
at any given time, there is some probability that a reactant species has enough energy to
overcome this activation barrier.”” As charge-transfer is occurring, this means that charge
is moving. The rate at which charge is flowing is called current (/). Typically in electro-

chemical systems it is more useful to make comparisons with current normalized by area,
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Figure 2.1: Energy barrier diagram of a reaction before (a) and after (b) dynamic equilibrium has
been reached, and with an overpotential of 1(c).
or current density (7).
The current density of the forward reaction (reactants to products) can be expressed in

terms of the concentration of the reactants (c},), and rate of decay of reactants into products

(f1)127

YL

jforward = nFCEfle RT (26)

In a battery under open circuit conditions, no electrons can flow from one electrode to
the other. Thus, as the forward reaction occurs, an electric field will build up at elec-
trode/electrolyte interface.”® This electric field will alter the energy diagram shown in
Figure 2.1a until the system reaches a dynamic equilibrium, when there is no net cur-
rent (Figure 2.1b). At this point, the rate of the reverse reaction must equal the for-
ward reaction. This current density is called the exchange current density, j,. Since
Jo = Jforward = Jreverse at equilibrium, Equation 2.6 also describes the exchange current
density.

When a battery is charged or discharged and current begins to flow from one electrode
to the other, the system is no longer in equilibrium. In order to drive the current during
discharge, some of the open circuit voltage must be sacrificed to overcome the activation
barriers. This is called the activation overpotential, 7,., and the effect is again to alter the

energy diagram, but this time so that the forward reaction is more favored than the reverse
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Figure 2.2: Energy barrier diagram at equilibrium (A) and with an overpotential of n(B).

(Figure 2.1c). The symmetry of how the overpotential changes the forward and reverse
activation barriers is described by «. The net current that flows (and that can be used to
do useful work) exponentially increases as a function of how much voltage is sacrificed to

drive the current:

ac —(1 = F ac
net = Jo [exp (%)—exp( L t)] @7

This is called the Butler-Volmer equation, and is very useful to describe the relationship
between current and voltage in electrochemical systems.** There are overpotentials at both
the anode/electrolyte interface and the cathode/electrolyte interface, as shown in Figure
2.2.

In addition, there are losses due to the transport of ions through the electrolyte by con-
duction, diffusion, and convection, which are denoted 7,x.i.. These losses create gradients
in electric potential, concentration, and pressure, respectively, which each contribute to the
flux of ions across the cell. The operating voltage of the cell is then determined by the sum

of all of the overpotentials subtracted from the thermodynamic or open-circuit voltage:
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VOp = VOC — Nact — Nohmic (28)

In addition to the voltage drop, the concentration gradients that form during cycling of
a battery can play an important role. Equation 2.7 does not account for this, but it can be

extended to account for changes in the reactant and/or product concentrations as follows:

, ol anFnge ch —(1 — a)nFnge
Inet = ]8 L—(]){K eXp (T) - C(}D* exXp ( RT (2.9)

This becomes a very important consideration in batteries when discharging or charging
quickly. Not only do the ohmic losses required to drive ions across the electrolyte more
quickly increase, but the kinetic losses at the interfaces become larger as the concentration
of the product (Li*) increases at the anode and the concentration of the reactant (Li*) de-
creases at the cathode. In addition, the equilibrium potential drops due to the change in the

activity of the reactants and products (Equation 2.4).

2.1.3 Practical Considerations

To reduce these losses and enable fast charging and discharging, control of the properties
of the materials in the cell are critical.*> For instance, to reduce activation losses, the elec-
trodes are comprised of small particles, rather than monoliths. This creates a large amount
of surface area for the half-reactions to occur, thereby decreasing the local current density
and requiring less overpotential. The porosity between particles allows the liquid elec-
trolyte to permeate down into the electrode, providing good ionic conduction throughout
the electrode. A binder is used to hold the particles together, and a conductive additive is
used to aid electronic conduction between particles.

The distance between the two electrodes determines the minimum distance that ions
must be transported through the electrolyte. Thus, along with the electrolyte properties,

it will govern the ohmic losses and the severity of the concentration gradient that forms.
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Therefore, this distance, which is defined by the thickness of the separator, is minimized.
However, if the separator is too thin, then any imperfection in the materials, or the man-
ufacturing, or stresses that arise during cycling, may allow the electrodes to touch each
other. When this occurs, the electrons can pass directly between the two electrodes, and
the cell can discharge extremely quickly. This leads to heating of the cell, which can have
catastrophic consequences due to the flammability of the electrolyte.*

To this point, it has been assumed that all of the components of the battery are compat-
ible. That is, they do not react with each other in undesirable ways when they come into
contact. This is not the case in Li-based batteries.>” While the high voltage (>3 volts) is
advantageous for energy density and power output, this also presents practical challenges.
The electrolyte is exposed to both the anode and the cathode, and thus should be stable at a
wide range of potentials.

The range of potentials within which the electrolyte is neither oxidized or reduced is
often called the stability window,*® and is shown in Figure 2.3. If this window does not fall
outside of the potentials of the positive and negative electrodes, then the electrolyte will be
oxidized or reduced. At the negative electrode, the potential is very low, so the energy level
of the electrons is high. Therefore, if there are available energy states in the electrolytes
that are below this energy level, the electrons will be injected into the electrolyte and the
electrolyte will be reduced. Conversely, if there are occupied energy levels in the electrolyte
at higher energy than the positive electrode, then electrons will tend to be injected into the
positive electrode (oxidizing the electrolyte). This concept is also important in SSEs, as
will be discussed below.

So ideally, the electrolyte should be chosen to meet the criteria for case ii in Figure 2.3.
Practically, there are few materials that meet these criteria. In fact, even in today’s best
LIBs, the electrolyte is not stable against the electrodes.’” At the very low potentials (high
energy) of the negative electrode, the organic solvents and Li salts that make up the elec-

trolyte can easily be reduced. Fortunately, the products of this reaction are ionic conductors
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Figure 2.3: Schematic representation of the stability window for electrolytes in 4 cases, i) reduc-
tively unstable at the negative electrode, ii) reductively unstable with SEI passivation, iii) stable at
both positive and negative electrodes, and iv) oxidatively unstable at the positive electrode. The
unoccupied (blue) and occupied (orange) energy levels are general representations and could be
considered as the lowest unoccupied molecular orbital (LUMO) and highest occupied molecular
orbital (HOMO) in an organic liquid or as the conduction band minimum (CBM) and the valence
band maximum (VBM) in an SSE.

and electronic insulators. This means that once a layer (called the solid electrolyte inter-
phase (SEI)) forms, it prevents the electrolyte from coming into direct contact with the low
potentials of the negative electrode. Over the past several decades, electrolytes have been

optimized to form a very stable SEI, and this is why LIBs can be cycled many hundreds or

even thousands of times.

2.2 Li Metal Batteries

For mobile systems such as EVs, high energy densities, short recharging times, long cycle-
life, and battery safety are essential.*® Presently, LIBs represent the state of the art in mobile
applications. However, the high cost and limited energy density of LIBs have hindered de-
velopment of long-range consumer EVs.*® This has sparked renewed interest, particularly
since 2010, in using Li metal anodes, as shown in Figure 2.4. As there is no inactive host

material, Li metal anodes can store much more charge/energy in the same volume/mass
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Figure 2.4: Plot of the number of records on Web of Science for each publication year for the
search “Lithium metal anode”, as of 11/20/2019.

compared with graphite (3860 vs. 372 mAh g1).*! Additionally, enabling Li metal anodes
is a key step towards beyond Li-ion technologies, such as Li-Sulfur and Li-air batteries.*?

Unfortunately, significant technological hurdles including low Coulombic efficiency
(CE), poor cycle life, and safety concerns have prevented widespread Li metal anode com-
mercialization in rechargeable batteries.* These challenges can all be linked to the reactiv-
ity and volume changes of Li metal. Undesirable side reactions between the electrolyte and
electrode form an SEI that does not stabilize, but continues to grow, consuming active Li*
and leading to uncontrolled dendrite growth. For decades, researchers have tried to solve
this problem, but the mechanism of nucleation and continued propagation of dendrites is
still not fully understood.

It has been hypothesized that as metallic Li is plated, uneven current distributions re-
sulting from surface inhomogeneities lead to localized hot spots where Li preferentially
nucleates.’” On pristine Li substrates this preferential nucleation results in a subsurface
disturbance, causing a localized fracture in the SEI. This exposes the underlying bulk Li
metal, leading to the formation of a dendrite (high surface area branching structure) at
that location.*> The dendrite surface immediately forms an SEI, consuming a significant
amount of Li. When polarity is reversed and Li is stripped from the dendrite, the structure

can become physically isolated via fracture or mechanical failure. Similarly, Li at the base
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of the dendrite can be removed, leaving the rest of the structure electronically isolated but
still attached to the surface through an insulting SEI layer. Both of these inactive structures
are referred to as dead Li and will cause reduced Coulombic efficiency and result in the
removal of Li from the active reservoir.***’

While studies have achieved varying degrees of success in inhibiting dendrite

th, 414850 there is no consensus on the pathway for mitigation and control of this

grow
pernicious effect. This is largely due to the lack of knowledge about the extremely com-
plex interfaces (i.e., those between electrolyte, SEI, native surface layer, and Li metal)
where charge transfer (CT) occurs in Li metal anodes.”'->

The morphology evolution of Li metal electrodes will be explored in detail in Chapter 4,
as the morphology evolution plays a critical role in determining the performance. Due to the
lack of a host material, as Li is plated and stripped from the electrode, the volume changes
are very dramatic. This is constantly forming new surface area, in contrast with a graphite
anode which only undergoes approximately 10% volume expansion during lithiation and
as a result the SEI doesn’t need to reform after the initial cycles. Many methods to suppress
or control the morphology changes have been explored, but among the most promising is

the use of SSE in place of the liquids. This will be the subject of Chapters 5 to 8, and will

be introduced in the following section.

2.3 Basics of Solid Electrolytes

Solid-state ion conductors have been studied for many decades.’® If an SSE material could
replace the flammable liquid electrolytes that are currently used in LIBs, it could have
a range of potential benefits including: dramatically improved safety, enabling Li metal
anodes, reducing need for thermal management, and longer cycle life.?!

Since the liquid electrolyte is the main cause of fires and other safety concerns with bat-

teries, removing the liquid in favor of a non-flammable solid would have clear benefits.*® If
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the solid can suppress dendrite formation and morphology evolution, the challenges with
Li metal could be overcome. As SSEs are more thermally stable than the liquids, there
would be less need to control temperature in the battery pack, which could dramatically
increase energy density and reduce cost at the pack level. Consumption of the liquid elec-
trolyte is a major factor contributing to capacity fade in LIBs,>* so switching to a solid
could potentially enable extremely long cycle life.

To realize these benefits, the ideal SSE should meet the following criteria:

1. High ionic conductivity - In order to compete with liquid electrolytes, the material

must conduct ions with low resistance.

2. Low electronic conductivity - In order to force the electrons through the external
circuit and prevent self-discharge, the material must be electronically insulating, with
the electronic conductivity at least several orders of magnitude lower than the ionic

conductivity.

3. Chemically and electrochemical stability - The material should be resistant to oxi-
dation or reduction by the electrode materials. In some cases this may be due to the

formation of a passivating SEI like that which forms on graphite electrodes.

4. Low resistance interfaces with electrodes - To allow charging and discharging, the

interfaces with the electrodes must allow facile charge transport.

5. Manufacturability - The material must be able to be easily and inexpensively fabri-

cated as a thin film which can be incorporated into a battery architecture.

6. Ability to suppress Li metal penetration - In order to attain the benefit of Li metal
anodes, the SSE must be able to prevent the morphology evolution of the Li/SSE

interface.

Many materials have been developed that meet one or several of these criteria (Figure

2.5),% but meeting all simultaneously has proven challenging. For instance, one of the
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Figure 2.5: Plot of the ionic conductivity of ALD SSE materials vs. the year of publication. A
typical value for an organic liquid electrolyte is provided for reference.”’

most mature SSE materials is the amorphous ion conductor lithium phosphorous oxyni-
tride (LiPON). This material is deposited as a thin film via physical vapor deposition

I at

(reactive magnetron sputtering). It has a moderate ionic conductivity (2*¥10° S cm
room temperature (RT)), but has been demonstrated to cycle several thousand times in con-
tact with Li metal.’® The scale-up has however been limited by the need for vacuum-based
deposition and the limited ionic conductivity.

The 2nd and 3rd generation of SSE materials from Figure 2.5 includes a range of ox-
ide and sulfide materials. In general the oxide materials tend to be more chemically and

electrochemically stable, but have lower ionic conductivity and are more difficult to pro-

cess. While the sulfides tend to have very high ionic conductivity (some even higher than
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organic liquids), and can be easily processed into thin films, they suffer from limited elec-
trochemical stability and react readily with moisture in air. Each material has its own set
of advantages and challenges, but overall criteria 3-6 remain areas of significant research

interest, with 4-6 being particularly difficult'*>"~>

2.4 Basics of Atomic Layer Deposition

In electrochemical systems, there are many processes which occur at the interfaces between
two materials (CT, decomposition reactions, mass transfer, formation of SEIs and electro-
chemical double layers, etc.).?’ The properties of these interfaces and/or interphases often
dictate the overall performance of the system. As a result, the ability to precisely con-
trol interfacial chemistry and morphology is highly valuable for both understanding and
improving interfaces in electrochemical systems.

ALD is a gas phase thin film deposition technique that provides unparalleled control
over film thickness and composition even on non-planar substrates.®’ In this thesis, it will
be used as a means of depositing ultrathin (generally <100 nm, often <10 nm) films to
understand and improve interfaces in Li metal batteries. As such, the following is a brief
review of the principles of ALD and how to characterize an ALD process, along with best
practices and factors that should be considered when developing an ALD process. It is
a combination of knowledge from a range of sources including several key review papers

1.°! and the atomiclimits blog,%? combined my personal

from George® and Miikkulainen et a
experience. My hope is that in addition to providing context for the work in this thesis, it
will be useful to future researchers who are learning and developing ALD processes.

ALD is a modified form of chemical vapor deposition (CVD) in which gaseous pre-
cursors are sequentially exposed to the substrate.®” The precursors are chosen such that

they react in a self-limiting manner with the surface. This means that film thickness is

not a function of line-of-sight, or position in the deposition chamber, only the number
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Figure 2.6: Schematic representation of ALD process with TMA and water.

of cycles that have been completed.®® For example, the prototypical ALD process is us-
ing trimethylaluminum (TMA) and water to deposit Al,O3. The metal-organic precursor
(TMA) is the source of the metal (Al), and the water serves as the oxidizer. A schematic of
this process is shown in Figure 2.6.

The substrate can be modeled as initially having hydroxyl (OH-) groups on the surface.
When exposed to TMA, a ligand-exchange reaction occurs at these hydroxyl sites, leading
to the production of methane, and a bond between the Al atom and one or two oxygen
atoms at the surface.®* Once the surface hydroxyl sites have all reacted, no further reaction
takes place, as there is no driving force for TMA to react with the methyl groups that now
comprise the surface. Once the reaction is complete, the atmosphere can be purged of
all unreacted TMA and the methane. Next, water is introduced, and another self-limiting

reaction occurs. The water reacts with the exposed methyl groups on the surface to form
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a new hydroxyl-terminated surface, forming O-Al-O bonds and again producing methane.
Excess water and the methane can then be purged from the system, completing one ALD
cycle. This process can be repeated until the desired thickness is achieved.

The TMA and water process is one of the most common and most “well-behaved”
ALD process that has been explored.®’ There are a number of properties that are used to
determine how “ideal” an ALD process is, and to optimize the deposition conditions. These

properties include:

1. Thickness Control

2. Film Nucleation

3. Thickness Uniformity

4. Precursor Dose Saturation

5. Precursor Purge Saturation

6. Temperature Dependence of Growth Rate
7. Film Composition

8. Film Conformality

In a well-behaved ALD process, the self-limiting nature of the reaction makes the mass
or thickness increase in each cycle very consistent, typically between 0.2 and 2.0 A cycle™!
(called growth per cycle or GPC).®*!:6* This means that when the thickness is measured
and plotted as a function of the number of ALD cycles, the growth should be linear as
shown in Figure 2.7a. As the number of cycles is simply programmed into the deposition
recipe, the thickness can easily be controlled with sub-nanometer precision.

Figure 2.7a also shows that some deviations may occur in the first several cycles as

the film growth nucleates. This can be caused by differing initial surface chemistry. For
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Figure 2.7: Schematic representation of how film thickness is a function of the number of ALD
cycles for ideal, delayed, and accelerated nucleation behavior.

example, if a surface does not have many (or any) hydroxyl species on the surface, the
initial reaction of the precursor with the surface cannot occur uniformly, and the growth
rate will be suppressed during the initial cycles. This is called a nucleation delay.® In fact
this behavior has been utilized to enable area-selective ALD for bottom-up patterning of
thin films. Conversely, in some cases, the precursor and substrate may react in a non-ideal
way that leads to increased growth initially.®

As mentioned above, the self-limiting nature of the reactions means that film thickness
should be uniform across relatively large areas, as the growth should not be a function of
position in the reaction chamber as long as enough precursor is dosed. Film uniformity
can be characterized by measuring film thickness at several positions across the chamber,
often with either spectroscopic ellipsometry or electron microscopy. Typical values for
well-behaved ALD processes are better than £2-5% across the reactor chamber.®’

To verify that enough precursor is being dosed/pulsed into the chamber, a pulse satura-

tion test is done. As shown schematically in Figure 2.8a, this involves measuring the growth
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Figure 2.8: Schematic representation of how film growth per cycle (GPC) varies as a function of
precursor dose time (a), and purge time (b).
per cycle as a function of precursor dose. At small doses, not enough precursor is being
introduced to react with all of the available surface reaction sites, so the average growth rate
will be low. It is important to measure the thickness at the same location in the chamber
for each condition, as the film may be quite non-uniform in the sub-saturated regime. As
the amount of precursor is increased the growth rate will increase until it plateaus or “satu-
rates”. At this point, increasing the precursor dose will not significantly affect growth rate.
A precursor dose that is at or above the saturation point should be chosen to ensure uniform
growth. This amount will increase if high surface area substrates need to be coated. If the
precursor does not react with the substrate in a self-limiting manner, the growth rate will
not saturate, and will continue to increase with increased precursor dose.®

A similar test can be done to determine the appropriate purge time after one precursor
is dosed before the next precursor dose. Figure 2.8b shows the expected result for GPC as
a function of purge time. If insufficient purge time is allowed, residual excess precursor
molecules may still be present in the reaction chamber when the next precursor is intro-
duced. This will often lead to non-ideal behavior and increased growth rates.

The deposition or substrate temperatures at which an ALD process exhibits ideal or
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near-ideal behavior is often referred to as the ALD window.®® At temperatures above or
below this window, some non-ideality begins to affect the growth. Figure 2.9 shows the
ALD window and several of the mechanisms that contribute to non-ideal growth when out-
side of this window. At low temperatures, there may not be sufficient thermal energy to
enable facile reaction kinetics between the precursor molecules and the substrate, and very
little growth will occur. Another possibility, particularly for precursors that have low vapor
pressure, is that the precursor will condense when it contacts the substrate, like frost or
dew. This will lead to elevated growth rates and highly non-uniform growth. At high tem-
peratures, the precursor molecules may thermally decompose, enabling non-self-limiting
reactions to occur. This growth mechanism is utilized in intentionally in many CVD pro-
cesses, and leads to high growth rates.®® Finally, after a precursor reacts or chemisorbs to
the substrate, at high temperatures, the precursor may desorb from the surface, leading to
lower growth rates. Not all ALD processes exhibit a region or window where the growth
rate is constant with temperature, but saturating or self-limiting growth may still be ob-
served. In these cases, it is especially important to maintain temperature uniformity across
the substrate in order to obtain uniform film thickness.

As mentioned above, one of the unique and attractive capabilities of ALD is to deposit
films with uniform thickness on complex 3-D substrates. Though it is sometimes over-
looked, this is one of the most robust means of demonstrating ideal ALD behavior.”” No
other deposition process can achieve the degree of uniformity or conformality in 3-D struc-
tures that ALD can. As an example, ZnO deposited by ALD using diethylzinc and water
onto Morpho butterfly wings, which are comprised of complex nanostructures is shown in
Figure 2.10.7°

Conformality can be quantified by measuring the difference in film thickness from the
top to the bottom of a 3-D structure with a given aspect ratio (ratio of height to width), as
shown in Figure 2.11. It is also be useful to measure the thickness in a geometry that has

re-entrant texture (overhangs) like the butterfly wing, as this further tests the conformality,
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Deposition Temperature

Figure 2.9: Schematic representation of the temperature dependence of growth rate for ALD pro-
cesses that may exhibit condensation, incomplete reactions, precursor decomposition, and/or des-
orption. It should be noted that not all ALD processes exhibit a typical ALD window.

and better distinguishes from line-of-sight techniques such as physical vapor deposition. In
Chapters 7 and 8, etched trenches in Si are used for this purpose.

Last but not least, the composition of the resulting film needs to be the desired material,
and can also give insight into the ideality of the process. For example, carbon content
is often used to detect non-ALD behavior, as in many processes carbon incorporation is
indicative of CVD-like behavior where precursor ligands are incorporated into the film as
it grows. This can be characterized in a number of ways, but XPS is perhaps the most
common due to its surface sensitivity, bonding environment information, and ability to
detect all elements atomic number 3 and above.

The uniformity/conformality, thickness control, relatively low deposition temperatures,
and ability to deposit a wide range of materials make ALD a valuable tool for a range

63,71

of applications.®*”1=™* It has enabled dramatic improvements to front-end and back-end
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Figure 2.10: Cross-sectional SEM images of ALD ZnO films on Morpho nanostructures.”’

semiconductor processing for fabricating ever-smaller transistor arrays.”>’® More recently,
it has been demonstrated to have great promise for a range of other applications including
photovoltaics and batteries.”””’® It has been shown to dramatically improve interfaces in
bulk Li-ion batteries, and ALD-modified battery materials are being commercialized by

several companies.””

2.4.1 ALD Process Development

Though there are many ALD processes that have been demonstrated previously, in chapters
7 and 8, new processes will be developed in order to deposit multinary (multi-component)
oxide films that have desirable properties for use in batteries as SSEs. When developing
an ALD process, there are many factors that must be taken into account in order to achieve

optimal film deposition. These include:

1. Which precursors to use?
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Figure 2.11: Schematic representation of measurements needed to calculate the conformality of an
ALD film in a trench of an arbitrary aspect ratio.

2. What source temperature for the precursors?
3. What temperature should the substrate be during deposition?
4. How long to pulse and purge each precursor?

The specific conditions use may influence the growth rate, uniformity, composition, phase,
etc. of the film. Therefore it is important to understand and control the effects of each
parameter to achieve the desired product.

In many cases when developing ALD processes, there are existing precursors that have
been used for similar chemistries. For example, when developing a process for a multi-
nary oxide, you can often combine the processes used for each component oxide (eg.
[TMA+H,O]+[diethylzinc+H,0] to deposit Al-doped ZnO). I will call this the Supercy-
cle approach, as the full repeat-unit of the deposition process includes multiple subcycles
each corresponding to one or more of the constituent materials. This does not always have
straightforward results, however, as film nucleation may be strongly dependent on the pre-
vious subcycle, and thus the combination of the two binary processes may not obey the rule

of mixtures.®” This can make predicting the composition of a multinary process difficult.
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In addition, it can be a daunting task to select which precursor to use when developing a
new ALD process.

There are a wide variety of metal-organic precursors and oxidants that have been used
for ALD, enabling deposition of films that can contain well over half of the elements in the
periodic table. This includes oxides, sulfide, nitrides, fluorides, metals, and more. All of
the ALD processes presented in this thesis will be oxides, so this discussion will focus on
those processes. When identifying potential precursors to use when developing an ALD

process, there are several considerations including but not limited to:

1. Deposition temperature range

2. Decomposition temperature and stability
3. Vapor pressure

4. Reactivity with different oxidizers

5. Adsorption/desorption

6. Growth rate

7. Contamination levels in film

8. Safety

9. Cost

Depending on the target application, the range of temperatures can be important, as in
some cases the substrate may not be stable at high temperatures. For example, in chapter 3,
ALD will be used to coat Li metal, which melts at 180.5 °C. Therefore, the precursor used
must work at temperatures that avoid melting the substrate. In addition, when developing
a multi-component process, the ALD windows (Figure 2.9) for each precursor used must

at least overlap so they can be used together in the same process. For example, if one
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precursor only reacts completely above 250 °C and another decomposes at temperatures
above 200 °C, there is no temperature at which can they be used together. Deposition
temperature requirements may also be a consideration when considering manufacturability,
as high temperature processes are more expensive due to energy and materials costs.

Another consideration is the stability of the precursor at high temperatures. This is
important not only for the deposition temperature, but for the temperature at which the
precursor source is kept. Some precursors may be stable at high temperature for short
periods of time and therefore deposition is not affected, but when kept at elevated temper-
atures for long periods of time, they may decompose. Many precursors must be heated in
order to achieve sufficient vapor pressure to dose into the reactor. If sufficient doses can-
not be achieved at a temperature where the precursor is stable, this can present significant
challenges. Therefore, both the thermal stability and the vapor pressure as a function of
temperature are important considerations during precursor selection.

While there are hundreds of different metal precursors that have been explored for de-
positing various metal oxides, there are fewer choices of of oxidants. The most common
are water, ozone, and oxygen plasma. Certain metal precursors may react more readily (and
more ideally) with certain oxidants. Additionally, depending on the application and sub-
strate, certain oxidizers may be preferable. For example, plasma and ozone based processes
are stronger oxidizers but may damage some substrates, and may not be able to penetrate as
deep into high aspect ratio structures. Some substrates may be contaminated with exposure
to water. Therefore, consideration of the counter-reactants needed for each metal precursor
is important when developing a multinary process.

The interactions of precursors with the substrate and the reactor walls may vary between
different precursors and with temperature. This will affect the required exposure times and
purge times. For example, water tends to exhibit strong physisorption on surfaces, partic-
ularly at temperatures below its boiling point. This means that low temperature processes

utilizing water may require longer purge times. In addition, the reaction of precursors with
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substrates may not be particularly fast. This can be due to a large activation barrier that
makes the reaction sluggish, even at elevated temperatures. In these cases, the exposure
time may be the limiting factor rather than the amount of precursor dosed. For these pre-
cursors, a modification to the reactor may be necessary to enable prolonged exposure of the
precursor to the substrate to allow for the reaction to occur. This can be accomplished either
by using a bubbler to deliver the precursor vapor to the reaction chamber more steadily over
time, or by using a valve to isolate the chamber from the vacuum pump temporarily before
purging continues. If this requirement is not compatible with the hardware available, this
may impact precursor selection as well.

In addition, the growth rate per cycle, film purity, safety, and cost of a precursor may
affect precursor selection. These factors may be particularly important when considering
the scalability of a process for a specific application. The speed, safety, cost, and quality of

a process are important considerations for manufacturability.
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CHAPTER 3

Atomic Layer Deposition for Protective Coatings

on Li Metal

Adapted with permission from Kazyak, E.; Wood, K. N.; Dasgupta, N. P. Improved Cycle
Life and Stability of Lithium Metal Anodes through Ultrathin Atomic Layer Deposition
Surface Treatments. Chem. Mater. 2015, 27 (18), 64576462. Copyright (2015) American
Chemical Society.

Motivated by the possibility of high energy densities if Li metal anodes could be stabi-
lized. The first chapter of this thesis studies the role of ultrathin Al,O3 coatings deposited
by ALD on cycling of Li metal symmetric cells.

Work in the field of Li-ion batteries has previously shown that nanoscale coatings can
significantly improve the cyclability and rate capability of a variety of anode and cathode
materials.®'~** Several of these studies have shown that ultrathin Al,Os layers can suppress
SEI formation after electrolyte exposure, leading to reduced capacity fade and improved cy-
clability.?*#86 Recent work has also attempted to stabilize the surface of Li metal anodes
either through electrolyte modification or by interfacial layers to improve the homogeneity
of Li electrodeposition and stripping.*!"*7-" However, the majority of these papers have
not explored direct coatings on the surface of bulk Li metal electrodes due to challenges
associated with air instability and the low melting temperature of Li. Investigation of con-
trolled Li electrodeposition on Cu current collectors has demonstrated the importance of

improved homogeneity of Li flux to avoid dendrite formation.>*®” Therefore, it is valuable
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to extend this knowledge to facilitate homogeneous Li flux on bulk Li metal electrodes to
prevent dendrite formation and enable their use in battery manufacturing.

ALD has been demonstrated as a promising approach for atomically precise modifi-
cation of electrode/electrolyte interfaces. many ALD chemistries can be deposited at low
temperatures in an inert environment, allowing deposition on sensitive substrates such as
Li metal. ALD has been recognized as a potential means of engineering the SEI in battery

71.82.86.91-93 Degpite these promising results, direct ALD on the surface of Li metal

systems.
had only been reported in one other study, which demonstrated that 14 nm Al,O5 layers
(approximately 117 ALD cycles based on a reported growth rate of 1.2 A cycle) were
able to delay corrosion in a variety of environments including air, organic solvents, and
polysulfides. Significantly improved capacity retention was observed for this approach in
Li-S cells after the first 100 charge/discharge cycles.”* However, questions remained on the
effects of ALD treatments upon extended cycling and eventual electrode failure. In par-
ticular, the effects of ALD on the morphological evolution of dendrites through failure, as
well as the improvement of total cycle life, have not been investigated.

In this work, we present a study of ultrathin (<30 ALD cycle) Al,O3 coatings deposited
directly on Li metal anodes without air exposure using a glovebox-integrated ALD tool.
This represents a thickness regime of 2-3 nm, which is approximately 5 times thinner than
was investigated previously.” The glovebox-integrated ALD tool allows the surface of Li
metal to be precleaned, ALD treated, and assembled into coin cells under an inert (Ar)
environment. Al,O3 was chosen as a coating material for three reasons: (1) for its ability to
form passivating surface films when in contact with standard electrolytes, as demonstrated
in several studies on standard Li-ion electrodes; (2) Al,Oz can react with Li to form a
thermodynamically stable Li-ion conducting LiAlO, SSE;* and (3) ALD of Al,O3 can
be completed at low temperatures, which are well below the melting point of Li.”® All
of the experiments presented herein were performed on symmetric Li/Li cells to provide

a clear investigation of the behavior of ALD treated and untreated Li metal without the
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Figure 3.1: Galvanostatic testing of Li symmetric cells at 1 mA cm™. After an initial reduction in
overpotential losses, stable behavior is observed until sudden failure. Failure time is observed to
vary as a function of ALD coating thickness. Percentage improvement is relative to control.

need to decouple cathode effects.** The results demonstrate that after a pretreatment of
only 20 ALD cycles, dendrite formation on the Li surface can be dramatically suppressed

at a current density of 1 mAh cm?, leading to a doubling of the lifetime of the Li metal

electrodes before shorting occurs.

3.1 Results and Discussion

To study the effect of ALD coating thicknesses on Li electrode failure, galvanostatic elec-
troplating was performed. To avoid confusion between a single ALD deposition cycle and
an electrochemical charge-discharge cycle, from this point on, we will indicate the number
of ALD cycles with x (e.g., 20x indicates 20 ALD deposition cycles). Figure 3.1 shows
the overpotential required to remove Li at one electrode and deposit Li at the other as a
function of time. Initially, a decrease in overpotential is observed for all treatments, which
has been attributed to the formation of an SEI layer.** After about 10 hours of operation,
all cells reach a more stable voltage before an eventual increase in overpotential approach-
ing failure. At the end of the cell lifetime, a sharp drop in voltage is observed as shorting

occurs.
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This is consistent with previous observations of short-circuiting due to dendrite growth
in Li symmetric cells (this can be followed by erratic voltage behavior as current pathways
are broken and reformed).”” From Figure 3.1, it can be clearly seen that all treatments
appear to show some improvement. The 20x sample appears to have the greatest effect,
improving cell life by over 100% when compared to the uncoated control sample. The
net charge passed in the 20x sample represents nearly 75% of the total anode thickness,
demonstrating the ability of the ALD process to enable deep discharge in Li metal (over
100 mAh cm or 525 um Li assuming 100% faradaic efficiency). This is critical for the
use of bulk Li metal electrodes in batteries, as deep discharge is required to fully utilize the
cell capacity.

To determine the effects of ALD treatment on cycle life of Li metal electrodes, cyclic
charge/discharge was conducted at a constant current density of 1 mA cm for the control,
20x (2-3 nm), and 30x (3-4 nm) samples (Figure 3.2). In this experiment, the failure point
was defined as a sudden drop in overpotential and erratic voltage behavior (e.g., change
of 100 mV or greater midcycle during either the charge or discharge step). The presumed
source of this erratic voltage behavior is the formation and subsequent isolation of shorting
pathways, which is attributed to the formation and detachment of dendrites.

Similar to the results in Figure 3.1, an initial decrease in overpotential was observed in
Figure 3.2, followed by long periods of stable, consistent overpotentials. After differing
times for each sample, a steady increase in voltage is observed leading up to failure. It
has been observed previously that rapid increases in overpotential can be attributed to elec-
trolyte decomposition.** Therefore, we hypothesize that the steady increase in overpotential
as the cell nears failure is a result of electrolyte drying-up and/or decomposition leading
to formation of excessive SEI and inactive Li material. Compared with the galvanostatic
results, this increase in overpotential near failure is significantly more dramatic, likely due
to thicker SEI formation and high quantities of dead Li created during cycling, which leads

to greater electrolyte decomposition. The results of Figure 3.2 indicate that 20x of Al,O;
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Figure 3.2: (a) Constant current charge/discharge voltage profiles for Li symmetric cells showing
the effects of ALD coatings on overpotential losses at 1 mA cm™. Each half cycle represents 0.25
mAh cm™. In this plot, the dotted lines represent the point of failure for each cell. For the control
sample, this was 711 cycles for the 20x; this point was at 1259 cycles. All cells were tested to failure.
EIS measurements taken after 0, 300, and 700 cycles are shown in the insets. (b) Zoom in on stable
voltage overpotential regime. (c) Zoom in after failure of control and 30x samples, showing erratic
voltage behavior while the 20x sample remains stable.

limits the onset of dendrite growth and electrolyte decomposition during cycling, which
improves cell life by over 80%, consistent with our galvanostatic results.

Electrolyte loss can be observed directly upon post-mortem cell disassembly and in-
spection. The separator material is no longer saturated with liquid electrolyte after failure,
whereas separators from cells disassembled during the stable region (cycles 50 to 500; see
Figure 3.2b) are still mostly saturated. Electrolyte decomposition or drying can exacerbate
hot spots; because as the cell dries, there is less active area exposed to electrolyte, and
therefore, the active areas of the cell experience a higher effective current density. At these
current densities, unstable dendritic growth is accelerated, and shorting occurs resulting
in cell failure (Figure 3.2c). The onset of erratic behavior, which could be attributed to

clearing of a dendrite short, always occurs after the first short is observed.
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Figure 3.3: Schematic of interface locations in cell, correlated with the relevant features in a
sample EIS spectra.

To gain insight into the evolution of the cell performance, electrochemical impedance
spectroscopy (EIS) was performed at the three different regimes of cell cycling (initial: 0
cycles; stable voltage: 300 cycles; and rising voltage: 700 cycles), as shown in the insets
of Figure 3.2a. It is worth noting that these two electrode EIS measurements represent
the full Li-Li cell impedance, with contributions from both electrodes. The initial spectra
show a slight increase in overall impedance as a result of the ALD treatment compared to
the uncoated control. Once a stable voltage profile is achieved, distinct semicircles appear
which have been attributed to impedances associated with both the SEl/electrode (high
frequency) and the CT/electrical double layer (EDL) (lower frequencies), as illustrated
in Figure 3.3. Previous studies of Li metal anodes have also suggested that these two
components may consist of multiple RC circuits due to the complex nature of the multi-
layer electrode/electrolyte interface.*® Consistent with those findings, our data shows two
distinct regimes that likely correspond to a superposition of RC circuits, which allow us to
differentiate SEl/electrolyte interactions and CT/EDL interactions.”®

Comparing the 20x Al,O; treated sample with the control Li electrode after 300 cycles,

a significantly smaller arc associated with SEl/electrode impedance is observed in the ALD
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sample; however, the CT/EDL properties remain nearly the same. This is consistent with
the assumption that the role of the ALD treatment is to modify the interfacial properties
between the electrode and SEI, providing valuable insight into the mechanism of improved
performance. Again, after 700 cycles, a similar behavior is observed for the SEl/electrode
impedance; however, the CT/EDL properties are significantly altered revealing a large in-
crease in impedance likely associated with electrolyte decomposition as the cell nears the
end of its life. The trend in the EIS data therefore confirms that the coated cell experi-
ences significantly reduced degradation upon cycling, leading to lower impedances and an
increase in the number of cycles to cell failure.

To observe the morphology of the electrodes after cycling, SEM analysis was per-
formed. These results shown in Figure 3.4 reveal a stark difference between the control
and the 20x Al,Os. Even after the first 100 cycles (the stabilized region), dramatic differ-
ences between the electrodes can be observed. For the control electrode shown in Figure
3.4a,c, a very rough and textured surface can be observed. The ALD treated electrode
shown in Figure 3.4b,d exhibits a remarkably smooth morphology. Under higher magnifi-
cation, Figure 3.4d, some underlying texture can be observed, but the size, shape, and relief
of these features are dramatically different than those in Figure 3.4c. After failure, the ef-
fect is even more dramatic, as the control electrode displays extreme surface roughness and
porosity (Figure 3.4e,g). However, the 20x Al,Oj3 electrode demonstrates a near perfectly
dense surface (Figure 3.4f) with infrequent localized dendrites (Figure 3.4h). These images
show dramatic dissimilarities between the control and treated electrodes highlighting the
effectiveness of the ALD treatment at both extended and localized length scales.

To further understand the role of the Al,O; layer on the Li metal electrode, samples
were transferred from the glovebox-integrated ALD tool into a ultra-high vacuum (UHV)
XPS tool without air exposure using a custom sample-transfer holder. The XPS spectra
revealed that Al was present on the Li metal surface after the initial ALD deposition. Ad-

ditionally, XPS was conducted on electrodes that were galvanostatically electrodeposited
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Figure 3.4: SEM images showing the morphological changes between the control Li electrode (a,
¢, e, g) and the 20x Al,O3z sample (b, d, f, h). Images were taken after both cells exhibited failure,
ca. 1,280 cycles.

at 1 mA cm™ to 8.5 mAh cm™ after ALD treatment. This represents an electrodeposition
of nearly 10 um of Li. Aluminum remained on each of the electrodes (plated and stripped
electrode), though in diminished quantities as shown in Table 3.1. However, after 100
charge/discharge cycles, the concentration of Al is very low (<1%), and after failure, there

is no detectable Al signal in either XPS or energy dispersive x-ray spectroscopy (EDS).
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Composition (atomic %)
Treatment Al [%] | Li[%] | O[%] | C %]
As-received 13.5 30.1 2577 | 22.8
Plated (Galv.)*® 2.6 55.5 22.3 8.4
100 cycles® <1 27.6 23.8 | 33.6
Failed® 0 19.2 269 | 41.2

Table 3.1: Table of XPS survey spectra quantification showing the presence of aluminum
before and after Li plating/stripping treatment.?180 s Ar Sputter to remove adventitious film.
bGalvanostatically plated to 8.5 mAh cm™. ¢ Plated/stripped at 1 mA cm™

The presence of Al on the surface of each electrode after galvanostatic electroplating
indicates that the Al,O3; ALD treatment influences the nature of the SEI. The SEI that
is formed during initial exposure of the Li metal to the electrolyte and during the initial
cycling of the Li electrodes will set the initial conditions for subsequent dendrite nucleation
and growth. As discussed in the introduction, inhomogeneities in both the SEI and the
underlying Li surface are widely considered to be the origin of hot spots that lead to SEI
fracture and exposure of Li metal to the electrolyte. Therefore, the clear lack of dendrite
formation in the ALD treated electrodes demonstrates that the treatment strongly influences
the distribution of these inhomogeneities, preventing mechanical degradation of the SEI
due to localized stresses during cycling.

It has been previously shown that by intentionally introducing mechanical defects onto
the Li metal surface, the distribution of hot spots can be influenced through patterning, im-
proving the cycling stability.” This suggests that the ability to controllably modify the flux
of Li incorporation and stripping on Li metal surfaces could provide a pathway to control
dendrite formation. The ALD treatment process allows for atomically precise modification
of Li-electrolyte and Li-SEI interfacial chemistry, which provides a tool for engineering
the homogeneity of Li flux across these interfaces. This is evidenced by the dramatically
smoother morphology of the Li surface after treatment, suggesting that the initial condi-
tions set by the ALD treatment can suppress the formation of inhomogeneous localized

stresses that result in cracking of the SEI and formation of low-density dendritic structures.
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Combining this with the EIS data, we conclude that the mechanism responsible for this im-
proved homogeneity is due to an improvement of the electrode-SEI interface (Figure 3.3),
which is formed upon the initial exposure of the ALD-treated Li metal to the electrolyte.

As observed in both XPS and EDS, the Al is no longer present on the surface af-
ter failure; however, the improved morphology in the SEM images can be observed
through failure. This suggests that either the Al atoms are eventually incorporated into the
electrode/SEI, deeper than the escape depth of excited photoelectrons (such that the con-
centration is undetectable), or they dissolve into the electrolyte over time. As mentioned,
dendritic growth is a self-amplifying phenomenon, so the effect of the ALD treatment on
initial nucleation and homogeneity of Li flux across the interface propagates all the way
through to failure. Once these initial nucleation conditions have been set, both plating and
stripping will preferentially occur in a more uniform manner, meaning that the improve-
ments of the ALD continue even after Al is no longer observed.

The role of the ALD film is therefore to modify the nucleation behavior of the Li, rather
than to remain fully intact and on the surface. This is supported by SEM and EDS images of
the morphology of a thicker ALD film (200x) on Li metal after the coin cell was assembled
and disassembled immediately (before any electrochemical testing). As shown in Figure
3.5, the ALD film is cracked and no longer a continuous dense film due to the strain of the
underlying Li metal during coin cell assembly. This is unsurprising due the brittle nature
of the ALD alumina and the low-yield strength, viscoplasticity of Li metal.'®

Interestingly, the sole effect of heating in the vacuum environment during ALD treat-
ment also appears to positively affect cell performance. While this affect appears to depend
on ALD coating thickness and cycling and current density, control experiments indicate
that heating under vacuum is responsible for as much as 70% of the improvement reported
herein. This suggests that the observed improvement of Li metal performance in the ALD
process is due to a combination of thermal and chemical effects and highlights the need

for an improved understanding of the initial defect structure of the Li metal surface that
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Figure 3.5: Schematic of the morphology evolution of the ALD film upon compression during coin
cell assembly (a-b). SEM image (c) and EDS map of Al K-edge showing the cracks depicted in the
schematic.!”

leads to inhomogeneous plating/stripping. Future experiments will be performed to fur-
ther investigate this treatment in more detail to better elucidate the detailed mechanism at
play within this system. Nevertheless, the work presented herein underscores the ability of

ALD treatment to improve the stability and cycle life of Li metal anodes by a factor of two,

pushing this technology one step closer to reality.

3.2 Conclusions

This study demonstrates the importance of interfacial tuning and the unique capability to
precisely control composition and behavior at electrode-electrolyte and electrode-SEI in-
terfaces using ALD treatment. The denser film morphology seen in the SEM analysis of
the 20 cycle sample is desirable as it lends itself to longer cycle life due to reduced prob-
ability of dendrite growth penetrating the separator and causing a short. It also delays cell
drying caused by electrolyte decomposition by limiting the active surface area exposed to

the electrolyte. The prevailing explanation for dendrite nucleation is the presence of hot
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spots created by uneven current distribution on the surface of the electrode. The ALD
Al,O5 treatment suppresses undesirable dendrite growth during the initial cycles, which
then propagates throughout the lifetime of the cell, despite the apparent reduction of Al
concentration at the surface. The observed effects are attributed to an improvement of the
homogeneity of current distribution along the Li metal/SEI interface in the ALD treated
sample such that Li plating is much more uniform and is less likely to cause the SEI layer

to fracture, exposing bare Li and leading to dendrite formation.

3.3 Materials and Methods

3.3.1 Film Deposition

ALD coatings were carried out in a Savannah S200 (Veeco) ALD reactor with TMA and
water as precursors. Pre-cycles of water were pulsed to provide a more reactive surface
for the TMA to react with. Li metal was coated at 100 °C using TMA pulses of 0.1 s,
water pulses of 0.02 s, and a carrier gas flow rate of 10 standard cubic centimeters per
minute (SCCM) Ar. Li foil (Alfa Aesar) 0.75 mm thick was punched by hand into 17 mm
discs and cleaned in anhydrous pentane (Aldrich) with a vortex mixer for 30 s immediately
prior to treatment and/or assembly into coin cells. Determining the exact growth rate of
ALD Al,O; on Li metal is very difficult, as standard film thickness measurement techniques
(spectroscopic ellipsometry, x-ray reflectivity, cross-sectional TEM) are not possible at the
current moment due to the air instability of Li metal. Therefore, the number of ALD
cycles performed (which we know exactly) is reported, rather than listing a film thickness.
However the growth rate on (100) silicon was measured at 1.0 Acycle™' was measured using

a Woollam M-2000DI spectroscopic ellipsometer.
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3.3.2 Cell Fabrication

Coin cells were assembled in an Ar glovebox (Mbraun) with coin cell shells, spacers,
and wave springs purchased from MTI Inc. After coating, Li was immediately assembled
into coin cells using 45 uL. 1M LiPFg in 1:1 ethylene carbonate (EC)/ethylmethyl carbon-
ate (EMC) (Soulbrain) and an MTI coin cell crimping press taken up to 1000 psi 3 times,
relaxing between each time. The cells were symmetrical Li/Electrolyte-Separator/Li, al-
lowing simplified investigation of behavior of the anode material. Cells were uncrimped
using a disassembly die in the same MTI crimping press and electrodes were removed for

further characterization after rinsing with DMC.

3.3.3 Electrochemical Testing

Cell cycling was done with a C-2001A (Landt Instruments) using coin cell holders at
RT. Charge rates were normalized based on electrode area to current densities at 1 mA
cm. High-resolution electrochemical characterization, including 2-electrode EIS, was
conducted with a Gamry interface 1000. EIS was conducted in a frequency range of 0.1
mHz-1 MHz at a direct current (DC) voltage of OV (Li/Li*) with an applied AC current of
+10 pA. Morphology was observed using field emission SEM on an FEI Nova 200 Nanolab.
Chemical composition was measured using XPS on a Kratos Axis Ultra XPS. In order to
transfer the air-sensitive battery electrodes between the glovebox and the XPS, a custom

sample-transfer enclosure was used that was opened inside of the XPS after pumping down

to a fine vacuum (<10 torr).
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CHAPTER 4

Operando Visualization in Liquid Electrolytes

Adapted with permission from Wood, K. N.; Kazyak, E.; Chadwick, A. F.; Chen, K.-H.;
Zhang, J.-G.; Thornton, K.; Dasgupta, N. P. Dendrites and Pits: Untangling the Complex
Behavior of Lithium Metal Anodes through Operando Video Microscopy. ACS Cent. Sci.
2016, 2, 790801.. Copyright (2016) American Chemical Society.

In Chapter 3, it was demonstrated that surface heterogeneity plays a key role in deter-
mining the performance of Li metal electrodes during cycling. However, it was difficult to
build mechanistic understanding of how the initial surface heterogeneities and the electrode
morphology dynamically evolve with cycling.

One of the practical challenges to gaining this understanding of Li metal behavior stems
from the extremely reactive nature of liquid electrolytes and Li metal. This reactivity has
restricted in situ experimental observation in meaningful cell geometries that are repre-
sentative of battery operation. This limits fundamental knowledge of the process, includ-
ing the exact location of Li electrodeposition and electrodissolution on electrode surfaces.
While a few groups have utilized in sifu optical microscopy to observe Li dendrite forma-

tion’52,89,101—104

no previous report had ever linked the time evolving morphological changes
observed in the visualization cell with the corresponding changes in electrochemical (volt-
age) response. This has allowed a level of detail in our mechanistic understanding of re-

action pathways and the relationships between morphology and electrochemistry during

cycling that has not been previously realized. Recently, in situ TEM has provided insight
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into some aspects of Li dendrite growth at a highly localized scale;*®>*719 however, many
questions remain on the effects of dendrites at larger length scales and in cell geometries
relevant to practical battery operation.

To this end, we explore in detail the time-dependent voltage response for an applied
galvanostatic perturbation in Li vs. Li symmetric cells, and the resulting changes in elec-
trode morphology. Specifically, the evolution of electrode morphology is observed through
operando high-resolution video capture, and is directly correlated to time synchronized
voltage traces. A continuum-scale numerical model is developed to relate electrode mor-
phology and competing electrochemical kinetics to cell voltage. This allows for an in-depth
understanding of the electrochemical processes occurring on the electrode surfaces, and
how the transitions between reaction pathways for electrodeposition and electrodissolution
lead to characteristic variations in cell polarization. Based on these results, we demonstrate
that galvanostatic voltage traces can be used to infer morphological changes occurring dur-
ing operation of coin cell battery architectures (where researchers are typically blind to
morphology evolution). Finally, this interpretation is applied to provide detailed insight
into the performance of Li electrodes in electrolytes that exhibit high CE. This work pro-
vides a level of detailed understanding that will help researchers take the next steps towards

making todays holy grail of batteries, Li-metal anodes, a commercial reality.

4.1 Visualization Cell Approach and Observations

4.1.1 Approach

Evaluation of Li vs. Li symmetric cells is typically performed by galvanostatic cycling at
a fixed current density. This subjects the Li electrode to similar operating conditions to
real-world batteries without the need to deconvolute the processes occurring at dissimilar
cathode materials. This allows for an evaluation of 1) the cell polarization required to drive

electrodeposition and electrodissolution of Li; 2) the cycle life to failure of Li metal elec-
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trodes; 3) a quantitative comparison of electrode behavior under varying current densities
and electrolytes; and 4) cumulative capacity losses, leading to an evaluation of the average
Coulombic efficiency (aCE).!% Our recent study on Li vs. Li symmetric cells also demon-
strated that the temporal variations in cell voltage observed during galvanostatic cycling
provide an important indication of electrode degradation throughout the cell lifetime. This
degradation could be significantly improved through nanoscale surface modifications using
ALD.* Thus Li vs. Li symmetric cells represent and important platform to quantitatively
evaluate new strategies for stabilization of Li metal, including surface protective layers and
new electrolyte chemistries.

Data from a typical two-electrode voltage trace during galvanostatic cycling are shown
in Figure 4.1. Because this is a Li vs. Li symmetric cells, time-dependent variations in the
cell polarization during cycling are directly representative of overpotentials in the system.
In the first half-cycle, an initial decrease in cell voltage is always observed. In subsequent
half-cycles, the cell polarization 1) first decreases, 2) reaches a minimum, 3) rises to a local
maximum, and 4) decreases again. As a result, a characteristic peaking behavior in the
voltage trace is observed, as seen in Figure 4.1. This general form of the voltage trace
is consistently observed across a wide range of current densities, electrolyte systems, and
cell configurations, while the magnitude and detailed shape of the voltage trace vary based
on these parameters. Therefore, an improved understanding of galvanostatic voltage traces
provides an important means for evaluating electrode performance.

This general voltage trace behavior has also been observed in a previous study on Li vs.
Li symmetric cells, in which galvanostatic testing and EIS were used to examine changes
in impedance and cell polarization as a function of time.** Combining this electrochemical
data with post-mortem SEM, a mechanistic explanation of the overpotential variations was
hypothesized based on the observed results. However, ex situ microscopy does not allow for
real-time observation of the evolution of dendrite formation and surface pitting, and does

not allow for direct correlation of these morphological variations with time-synchronized
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Figure 4.1: Video 4.2 still frames for a cell cycled at 5 mA cm™ (two-electrode measurement). EL-b
morphology and corresponding voltage trace are shown at times (a) before cycling; (b) after first
half-cycle (deposition at EL-b); (c) at cell polarization minimum (dissolution at EL-b); (d) at cell
polarization maximum; pitting not yet evident; (e) morphology at end of half-cycle; pitting observed
(examples highlighted in yellow circles); (f) morphology at end of third half-cycle (deposition at EL-
b); new dendrites are deposited in the pits which formed at the end of the previous half-cycle (yellow
circles).
electrochemical profiles. Moreover, the process of disassembling, drying, and observing a
Li metal electrode ex sifu does not capture the morphology of the electrode during cell oper-
ation, and may lead to significant changes in the surface morphology, affecting the resulting
conclusions. To address this challenge, we have developed an operando visualization cell,
which allows for direct correlation of real-time high-resolution video capture of the cell
morphology during electrochemical cycling to the measured galvanostatic voltage traces
(Figure 4.3).

This cell is depicted in Figure 4.4. In this cell, two Li electrodes are held parallel
beneath a quartz window to enable a cross-section view of the electrodes as Li is plated and

stripped. Though the electrodes are spaced further apart than in a typical coin cell or other

cell architecture, a uniform electric field distribution across the cell is maintained.
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Figure 4.2: Synchronized morphology and voltage changes for 1 M LiPFs in EC/DMC cycled at 5

mA em™.
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Synchronized Optical
Electrochemistry Visualization Cell

Figure 4.3: Schematic of synchronized electrochemistry/video microscopy concept.

4.1.2 Experimental Observations

Operando videos of the electrode surface were time-synchronized with the corresponding
voltage traces of the cell, as seen in Video 4.2 and Figure 4.1. For this initial video, a
standard 1M LiPFg in 1:1 EC/dimethyl carbonate (DMC) electrolyte was used. The results
show the transient morphology of the Li electrode surface for three full cycles in the video,
and the first three half-cycles of operation in Figure 4.1 [1% cycle charge (1a-b); 1 cycle
discharge (1c-e); 2™ cycle charge (1f)]. In Figure 4.1b (Video 4.2 0:00-0:10), dendrites nu-
cleate in unsystematic locations across the surface of the working electrode, shown within
the frame (which we will define as EL-b, this definition will not change when polarity is
changed). Other dendrites, not in focus, can be observed in the background as well. The
corresponding synchronized voltage trace, an inset in the same figure, indicates an initial
decrease in cell voltage. As plating continues, the dendrites increase in size, while the
morphology and position of the surrounding electrode surface does not change noticeably,
implying that the vast majority of Li is plated in dendritic form or contained in the SEI
(Figure 4.1b; Video 4.2 0:10). Almost immediately upon switching polarity, a maximum

cell voltage is observed (Figure 4.1c; Video 4.2 0:11). The voltage then quickly decreases
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Figure 4.4: Schematic of cell design used for operando video microscopy. The Li electrodes are
shown in maize, the polyether ether ketone (PEEK) electrode holders are shown in blue, and the
o-ring is shown in red/orange.

from the initial maximum as Li continuously transfers to the counter electrode (which we
will define as EL-a, this electrode is not in view in Figure 4.1; this definition will refer to
the counter electrode throughout the paper and does not change when polarity is switched),
until a minimum in voltage is reached (Figure 4.1c; Video 4.2 0:12).

As Li is further stripped from the dendrites, a strong color shift (darkening) is detected
on the surface of the stripped dendrites, which correlates with an increase in cell voltage
(Video 4.2 0:13). As this reaction proceeds, Li continues to be removed from the previously
plated Li (which is exclusively in the form of dendrites on the electrode surface), until
all of the electrochemically active Li is removed from the dendritic structures on EL-b
(Figure 4.1d; Video 4.2 0:14). A local maximum in cell voltage is reached as the source
of Li electrodissolution from EL-b is observed to be transitioning from previously plated
dendritic Li, to fresh bulk Li from the surrounding electrode surface. Here, large portions of
the dendrites have changed color to black and are no longer electrochemically active, which
we will refer to as dead Li (Figure 4.1d; Video 4.2 0:14). From this point on in the half-
cycle, the color, size, and shape of the dendrites no longer change. As electrodissolution

progresses, pits begin to form on the surface of the bulk Li (Figure 4.1e, Video 4.2 0:14-
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0:19), a transition that can be very clearly seen in Video 4.2. This transition coincides with
a second decrease in voltage. Pits continue to increase in size, becoming more pronounced.
It can also be seen that detached (dead) Li floats to the surface of the electrolyte in Video
4.2 at time 0:19.

Upon switching polarity, it can be observed from Figure 4.1f that new dendrite growth
on the surface of EL-b occurs directly within the pits created during the previous half-
cycle. This results in a greater number of dendrites on the surface during the second cycle,
which are smaller in size than those observed during the first cycle. We note that some of
the pitting during the previous half-cycle occurred directly below the locations where dead
Li is observed. Nucleation of new dendrites in these locations causes the dead Li to be
displaced upwards. It can also be observed that the exact same shape of the galvanostatic
voltage trace is observed for this half-cycle and subsequent half-cycles: two local maxima,
a local minimum, and a decrease in cell voltage after pitting begins to occur (Figure 4.1e-f).
This behavior was confirmed to be consistent for more than 100 charge/discharge cycles,
as well as in the presence of a polymer separator (Video 4.6, Figure 4.5).Figure 4.5 also
shows how voltage profiles reach a more consistent shape for each half cycle as increasing
cycles are carried out.

Additionally, control experiments in which the current was periodically interrupted
without changing polarity demonstrate that the peaking behavior is not due to a capacitive
effect (Figure 4.7). Comparing a) with c) reveals that the overpotential and peak position
are identical for the same amount of charge passed. This can be clearly seen for the second
peak, associated with electrodissolution from the bulk, where that peak appears after ~420
mC cm? (for the 1 mA ¢cm™ graph) of charge was passed and at an overpotential of ~150
mV regardless of the interrupted current.

Figure 4.7¢ also shows that the position of the dissolution peak shifts toward later time
once sufficient Li has been deposited during the previous half cycle. This can be observed

by comparing the 5" and 6™ half cycles. Since only 900 mC cm™ were passed during the
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Figure 4.5: Voltage profile for visualization cell with a separator cycled in LiPF¢ cycled for over
100 cycles. The characteristic peaking behavior is obvious for each half cycle. The corresponding
video is shown in Video 4.6.
4™ half cycle the peak associated with dissolution from the bulk occurs close to that point
(~840 mC cm™). However, after 5400 mC cm™ was passed during the 5™ half cycle, that
same peak appears after ~5000 mC cm in the 6™ cycle.

Additionally, the part of Figure 4.7c labeled (i) shows how pitting evolves once all the
active Li sites are removed from the dendrites during the 5" half cycle. The portion labeled
(ii) shows the length of plating during the 6™ half cycle.

This general form of initial galvanostatic voltage traces are also observed in Li-Li sym-
metric coin cell and Swagelok cell geometries. Figure 4.8 shows that regardless of cell
geometry and other variables, the peaking behavior is very consistent. This type of be-
havior has also been observed in many previous reports.'***3%197 Ag a result, mechanistic

insight into Li metal electrode evolution under operating conditions in typical cell formats

and operating pressures can be gained.
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Figure 4.6: Operando video of Li/Li symmetric cell with a celgard separator above the working
electrode during cycling 100 times.
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Figure 4.7: Voltage profile of a Li-Li symmetric cell where the first six half cycles were cycled for
7.5 min. Subsequent half cycles were cycled for longer periods of time. In a) the longer cycle was
a sequence of cycling at either 1 mA cm™ or 5 mA cm? for 15 s followed by a rest period of 30
s. For a more detailed view see b). This sequence was carried out until the amount of time under
galvanostatic conditions was 45 min. In c) the cell was cycled at 2 cm?; the first 4 half cycle were
7.5 min and the subsequent 2 half cycles were for 45 min.

4.2 Numerical Model

To complement the experimental data, a numerical model was developed by our collabo-
rators to simulate the early cycling behavior of the visualization cell during galvanostatic
cycling. This one-dimensional numerical continuum-scale model was based on their pre-
vious efforts to study the deposition and dissolution of magnesium metal anodes.'”® The
model solves the time-based evolution of the Poisson-Nernst-Planck system of equations
to describe the electrochemical mass transport and the electrostatic potential across the cell.
Further details can be found in the publication.!”

The resulting simulated galvanostatic voltage trace is shown in Figure 4.9. It can be
observed that overall there is very good agreement between the experimental and simulated

voltage traces, and both exhibit a characteristic peaking voltage profile. In both cases, the
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Figure 4.8: Comparison of voltage traces for various geometries, as labeled in each panel.

cell voltage exhibits a sharp peak at the start of each half-cycle, followed by an asymmetric
trough and a subsequent sharp increase leading to a blunted peak before the end of the half-
cycle. We note that the model does not fully capture the experimentally observed behavior
of the first cycle. This is expected because the model is parameterized for a system that has
already been cycled once, which exhibits fundamentally different physical properties than

the initial system.

4.3 Results and Discussion

Using a combination of numerical modeling and experimental observations, we develop
a general framework for interpretation of galvanostatic voltage traces. This framework
can be used to provide mechanistic insight into phenomena occurring on Li metal anodes

during cycling in a range of relevant battery systems.
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Figure 4.9: (a) Numerical modeling results of cell polarization showing agreement with experi-
mental data. (b) Simulated area fraction associated with the kinetically fast reaction (044;) on each
electrode during cycling. When 0y, at the dissolving electrode reaches zero, a maximum in cell
voltage occurs.

4.3.1 Visualization Cell Interpretation: General Framework

As current is passed through a Li metal electrode, inhomogeneities on the surface lead to
an uneven current distribution, resulting in dendrite/pit formation. The kinetically fast and
slow regions can be described by the fractional surface area that those regions represent,

and the kinetics of those regions. Here, we define 0., and 04, as the fractions of the

0
slow

electrode surface area with fast and slow kinetics, respectively, and £{,,, and £2,,, as the
rate constants of the fast and slow processes, respectively. By definition, 0,5 + 00w = 1
because the area fractions must sum to unity.

Contributions to the total current, [;, passing through surfaces represented by with dif-

ferent reaction kinetics, (such as dendritic and bulk Li) can be expressed in the following

form:
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where A.l is the area of the electrode, - is a parameter that accounts for the roughness of
the electrode surface, ¢; is the charge and concentration of the i species,  is the position,
F is Faradays constant, R is the ideal gas constant, 7" is the absolute temperature, and
{3 is the symmetry factor, and 7 is the overpotential of the electrode.”®** The roughness
parameter, 7, is the ratio between the total surface area of the electrode (including deposits)

and the two-dimensional projected surface area. g(7) consolidates all terms not involving

0

slow Are time-invariant, the electrode

the reaction constants. If we assume that k9., and k
overpotential will adjust to draw the current required as 6,5 and 6, change. In general,
when 0y, is sufficiently large, the surface with fast kinetics will determine the of that
electrode. Conversely, as 04, approaches zero, the kinetically slow surface must supply
the current. Therefore, nmust increase in order to maintain a constant current. This logic

can be further expanded to include contributions from more than two parallel processes on

an electrode. In the general case, Equation 4.1 can be expressed as:

Iy = Z I, = Z 9 (1) ka,? (4.2)
P P

where p is an index of the contributing processes.
The total current of a Li-Li symmetric cell will have contributions from a variety of
parallel processes on both the anode and cathode. As observed in the visualization cell,

the major contributing processes at the anode are electrodissolution from existing dendrites
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Figure 4.10: (a) A schematic representation of reaction pathways for the cathode, anode, and
electrolyte. The overpotential at each electrode is a function of the total current, which is equal
to a sum of current contributions from each reaction pathway at that electrode. The magnitude
of current that passes through each pathway is dependent on the impedance associated with that
pathway. The dominant pathway for current at each electrode is associated with the processes
with the lowest impedance (Z,), which has the largest influence on the electrode overpotential.
A schematic representation of the regions associated with the area fraction of each process, 0,
is shown for the cathode (b) and for the anode (c). The impedance of each process is inversely
proportional to 0, and AG)y, as discussed in section 4.3.1.

(Lgen), planar bulk Li (), and pitted surfaces (/,,;;). At the cathode, the major contribut-
ing processes are electrodeposition onto dendrite surfaces (I4,,), and nucleation of new
dendrites (/,,.). The total current must be constant at both electrodes to guarantee continu-
ity. Also, by definition, Zp 6, = 1 because the area fractions associated with each process
must sum to unity. A schematic circuit diagram of this behavior is shown in Figure 4.10.
The differences in the kinetic constants for each of the contributing processes can be
understood in terms of activation energy. Mathematically, these two quantities are related

by:

—AG,
RT

ky = Ay exp (4.3)

kg is the rate constant for the process p, A, is the corresponding Arrhenius constant,
and AG), is the total energy barrier for the process, which accounts for transport through
the surface layer as well as CT at the electrode surface. These different energy barriers,
arise from intrinsic differences in nature of the SEI layers associated with the respective
processes (e.g. the SEI layer on the dendrites may be thinner and/or more defective than

that on the bulk electrode that is continuously fracturing, or it may have an entirely different
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chemical composition, leading to the lower energy barrier).'"”

For a given electrode, if it is assumed that AG), remains relatively constant for each pro-
cess throughout cycling, then the change in the area fraction (6,) as morphology evolves
will cause the current to shift reaction pathways (Figure 4.10). The total current will be
dominated by the reaction pathway with lowest net impedance, Z,,, which is inversely pro-
portional to both ¢, and the rate constant (kg) for that specific process. The total voltage

for the cell, V.., is a summation of the voltage contributions in series:

‘/cell = anode T A‘/IR + Neathode (44)

where AV is the potential drop due to the internal resistance of the cell. Since con-
stant current is applied in our experiment, we assume changes in AV} as a function of time
to be negligible. We also assume that the initial cycling of the cell is negligibly affected by
the relaxation behavior of concentration gradients (see Figure 4.7 and S9).

Under these assumptions, any changes in cell voltage for a small differential time ele-

ment must be related only to changes in electrode overpotentials:

5‘/cell = 57]anode + 57}cathode (45)

where 6V, is the differential change in cell voltage, 074,04e 1S the differential change
in anode overpotential, and 07).qn0qe 1S the differential change in cathode overpotential.
The electrode overpotentials described in Equation 4.5 are directly related to the activa-
tion barrier(s) of the dominant process(es) at each electrode (Figure 4.11), as described in
Equations 4.1 through 4.3.

If we start with conditions were dendrites exist on one electrode and relatively small
pits on the other, then 6,.,, > 0 and 6,,,,, = 0.Since we assume that AGp,;. > AGe,, (and
therefore) k9., > k) and that 64e,, > Opuik, Lgen, Will dominate Equation 4.2. Also, since

den

Ogrow = 0,470 = 0, for which Equation 4.2 may be simplified as:
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Figure 4.11: Schematic representation of difference in activation barriers between a) the anodic
(electrodissolution) processes of Li removal from either dendrites (labeled by den) or the bulk (la-
beled by bulk) and b) the cathodic (electrodeposition) processes involving nucleation (labeled by
nuc) and growth (labeled by grow).

Icell = Iden = Inuc (46)

The reaction pathway at this point during the cycle can be observed schematically in

Figure 4.13a. Here the exchange current densities are given by:

. _AG en
10,den = F'Caen f €XP (R—Td> 4.7)
. _AG en
10,den = F'Caen f €XP (R—Td> (4.8)

From Figure 4.11, it can be observed that 7, will be much smaller than 74, due to
its large activation barrier. For the initial decay in Ve, 09cathode >> 0Manode> and therefore

the observed decay is primarily due to the cathodic half reaction, which may be expressed

as:

5‘/cell = 577cathode (49)

As time progresses, Z,,,, decreases, causing a transition between reaction pathways on
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the cathode from nucleation to growth, until /,,,,. becomes negligible and /,,,,, dominates
the cathodic processes (Figure 4.10a). This occurs while 4., on the anode is not close
to zero, meaning the anodic current is dominated by dissolution from dendrites (main text
Figure 4.14b). At this point, 0V, has significant contributions from both the anode and
the cathode.

As 04.,, approaches zero, Zg.,, increases, and eventually becomes similar in magnitude
to Zyur At this point, a transition occurs in reaction pathways at the anode from Ige, to Ipyx
(The unshaded region of main text Figure 4.14). Once Oge,, = 0, Zpuire << Zgen, and Ty
is the dominant current contribution at the anode (Figure 4.10a). The exchange current

densities at this point can be expressed as:

, —AGy,
io,putk = NE Chur f exp Tblk (4.10)
_AG oW
Z'O,grow = nFCgrowf €xp R—jz (411)

Here, the change in anodic overpotential will dominate the change in cell polarization,

Vienr, such that:

5‘/cell = 577anode (412)

which is seen graphically in Figure 4.14.

As the cycling process continues, pits form on the anode as Li is dissolved from the
bulk. Consequently, fractures occur in the surface layers, resulting in a transition in reaction
pathways at the anode surface to pitting, Figure 4.14d. The pitting also causes an increase
in 0,,;;, which results in a continued decrease in Z,;;, causing a decrease in overpotential at

the anode until polarity is switched.
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Figure 4.12: Three-electrode measurements showing the cell polarization contributions from each
electrode. Here EL-b is the working electrode (WE) and EL-a is the counter electrode (CE). For
visual aid, CE has been multiplied by -1 such that the total cell polarization = CE + WE. Voltage is
vs Li/Li*.

4.3.2 Visualization Cell Interpretation

Using the general framework presented in the previous section, we can directly attribute
0V, to the dominant processes occurring on each electrode at specific points in a half-
cycle. Through use of three-electrode measurements, shown in Figure 4.12, the contri-
butions from individual electrodes can be directly observed. This allows for a detailed
interpretation of voltage traces through analysis of the coupled morphological and electro-

chemical behavior of Li metal electrodes.

4.3.2.1 The First Half-Cycle

A schematic representation of the visualization cell observations described in Section 4.1.2

is shown in Figure 4.13. The initial pristine Li surfaces are composed of a bulk metallic
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Figure 4.13: Schematic representation of experimental observations in section 4.1.2. The upper
electrode is EL-a, and the lower electrode is EL-b. (a) Before cycling. (b) End of first half-cycle:
pits form at EL-a (anode), and dendrites grow on EL-b (cathode).

Li electrode, a native surface layer,''’ and an SEI (Figure 4.13a). During the first half-
cycle (Figure 4.13b), the only process occurring at the anode (EL-a, the top electrode in
Figure 4.12) is pitting because no previously formed dendrites exist. On the cathode (EL-b,
the bottom electrode in Figure 4.13), the observations from the visualization cell indicate
that Li does not plate uniformly on the electrode surface, but rather through the nucleation
(nuc) and growth (grow) of dendrites. Nucleation inherently involves an additional energy
barrier, and thus the kinetics of growth is significantly faster than that of nucleation (0, <
Kgrow)-

As dendrites nucleate, the dominant reaction pathway at the cathode transitions from
nucleation to growth (Figure 4.10). This is consistent with the visualization cell observa-

tion that additional Li+ preferentially deposits on the dendrite surfaces, rather than form-

ing new nucleation sites (Figure 4.1b, Figure 4.13b, Video 4.2). As the area fraction of
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the growing dendrites (64,,,) increases, the impedance associated with dendrite growth
(Zgrow) decreases throughout the half-cycle, such that /4., > Ip,. (Figure 4.10). Sim-
ilarly, electrodissolution at the anode transitions from Li* removal from the bulk surface
to preferential dissolution from pits (pit). This interpretation is confirmed by the three-
electrode measurements. As can be seen in Figure 4.12, the initial drop in cell polarization
during the first half-cycle is predominantly due to the drop in overpotential at the cathode,
EL-b, which can be explained by the transition from dendrite nucleation to dendrite growth
and the subsequent increase in surface area of the dendrites. The effect of pitting on the

anode is noticeable, but lower in magnitude than the cathode effects.

4.3.2.2 The Second Half-Cycle

The characteristic peaking behavior previously discussed is observed in the voltage profile
for subsequent half-cycles (Figure 4.1). In the second half cycle (Figure 4.12b), EL-b
becomes the anode and EL-a becomes the cathode (Figure 4.14a). At this point, the area
fraction of dendrites on the surface of El-b, which was equal to 6., in the previous half-
cycle, is now equal to €,.,,. As dendritic and bulk Li now exist on the anode, the proportion
of current flowing though each reaction pathway will be determined by the impedance of
each pathway. This impedance is a function of the energy barrier, AG/), associated with
each process (Equation 4.3). Schematic energy barrier diagrams are shown in the lower
panels of Figure 4.14, which correlates kinetics to the morphology changes shown in the
middle panel.

Immediately upon switching polarity (Figure 4.14a, Video 4.2 0:10), Li electrodisso-
lution occurs preferentially from the dendrites on EL-b because AGy.,, < AGyuk, and
thus k9. > k... Simultaneously, a maximum in cell voltage is observed, which is due
to the large activation barrier associated with nucleation (AG,,,.) on EL-a (Figure 4.11).

At this point, the kinetics of each electrode are dominated by nucleation at the cathode and

electrodissolution from dendrites at the anode. These results are also in agreement with the
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Figure 4.14: Changes in cell polarization (top) are correlated with a schematic representation
of morphology (middle; color-coded to match the appropriate reaction pathway as described in
Figure 4.10) and energy barrier diagrams (bottom). In the energy barrier diagram the difference
between the solid and dashed lines is for the equilibrium and bias conditions, respectively. The
energy barrier diagrams display dominant reaction pathways at each electrode. This is shown at
four points in the voltage trace: (a) Beginning of half-cycle: dendrite nucleation is the kinetically
slow process. (b) Cell polarization minimum: dendrites present on both electrodes, kinetically fast
reaction pathways. (c) Cell polarization maximum: active Li removed from dendrites; electrodis-
solution transitions to kinetically slow bulk dissolution. (d) Second decrease in cell polarization:
pitting becomes the kinetically slow process.

numerical model, where 0, is large on the anode and small on the cathode. As shown
in Figure 4.14a, the largest contribution to 0V, is associated with the activation barrier
to nucleation on the cathode (AG,.. > AGge,). This can be clearly observed in the three
electrode measurements of Figure 4.12 as the initial peak is always associated with the
cathode.

As deposition continues onto EL-a, cell polarization decreases. The steep initial de-
crease in polarization corresponds to a transition in reaction pathways from nucleation to
growth of dendrites on EL-a. This occurs because 0., increases and k:gmw > kY. (as
AG grow < AGhryc). After the transition, a local minimum in cell voltage is observed (Fig-

ure 4.14b, Video 4.2 0:11). At this point, the dominant process at the cathode is growth
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of dendrites and at the anode is dissolution from dendrites. The kinetics of both of these
processes are relatively fast, resulting in a minimum of V,; (Figure 4.14b). This minimum
is also observed in the numerical model (Section 4.2, Figure 4.9), when 0y, is relatively
large on both electrodes.

As active Li in the form of dendrites on EL-b is depleted, 6,.,, decreases, leading to an
increase in cell voltage. Once 6., is sufficiently small, it becomes necessary to dissolve
Li from the surrounding bulk surface in addition to the dendrites. This causes a transition
between reaction pathways on EL-b. As 6., approaches zero, a maximum in cell voltage
occurs (Figure 4.14c, Video 4.2 0:14). At this point in the process, Li electrodissolution
from the bulk surface, a kinetically slow process (associated with kP, ;,. and AGyyx), domi-
nates on EL-b. This is also observed in the three-electrode measurements and the numerical
model, as 0, on El-b becomes zero. Since the cathode is undergoing dendrite growth at
this point, which is a kinetically faster process, the largest contribution to dV,; is associ-
ated with the activation barrier to electrodissolution from the anode (AGpur > AGgr00),
as shown in Figure 4.14c. Again this can be distinctly seen in Figure 4.12 as the second
peak is always associated with the anode.

As electrodissolution continues from EL-b, a second decrease in cell polarization is
observed. This corresponds to a transition in reaction pathways, resulting in preferential
electrodissolution from pits on EL-b, rather than the bulk surface (Figure 4.14d, Video 4.2
0:19). The transition is driven by an increase in 6, and the fact that £2;, > kj,,, because
AG)pi < AGhyyy. At this point, the dominant process at the cathode is growth of dendrites
and at the anode is dissolution from pits. As 0, and 0., continue to increase, the V..
continues to decrease (Figure 4.14d). We note that this behavior is only partially captured
by the numerical model because the model accounts for the increase in €,s on El-a from
dendrite growth but does not explicitly account for pitting. Nevertheless, the agreement
between the two and three electrode experimental data and simulated voltage traces indicate

that the general behavior of the voltage originates from the transitions between kinetically
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fast and slow processes.

4.3.2.3 Summary of Voltage Trace Interpretation

To provide a visual aid for the discussion above, Figure 4.15 summarizes the dominant
reaction pathways at each electrode as a function of time during the half-cycle for a two-
electrode measurement. Regions shaded below the voltage curve represent dominant pro-
cesses at the cathode, while regions shaded above the voltage curve represent processes that
dominate at the anode. The unshaded areas represent regions of transition between reaction
pathways at each electrode. This clearly shows the three different reaction pathways asso-
ciated with electrodissolution and the two related to electrodeposition, as described previ-
ously in Figure 4.10. This understanding allows for detailed information to be extracted
about Li metal electrodes, simply by analyzing the voltage traces from galvanostatic cy-
cling. Furthermore, Figure 4.16 shows this behavior is observed at 0.5, 0.75, 1, 2, 5, and
10 mA cm making the interpretation of these voltage traces applicable for conditions of

practical battery operation.

4.3.3 Effect of Electrolyte on Electrode Performance and Voltage Pro-
files

To demonstrate how the understanding of Section 4.3.2 can be more generally applied,
we intentionally selected three electrolytes (1M LiPFg EC:DMC (1:1); 4M LiFSI DME;
and 1M LiTFSI DOL:DME (1:1) with 0.18M Li,Sg and 2 wt% LiNOj3) with significantly
different additives, concentrations, solvents, and salts (See Section 4.5 for more details).
The general optimization of these electrolytes in Li-Cu cells has been well documented
elsewhere.*1° By utilizing Li-Li symmetric cells and intentionally selecting these three
significantly different electrolyte systems with known performance differences, we demon-
strate that interpretation of voltage traces is a robust method for gaining mechanistic insight

into Li metal electrode behavior. For simplicity we will refer to each system only by its
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Figure 4.15: An experimental two-electrode voltage trace showing the dominant reaction pathways
at each electrode as a function of time. Shaded regions indicate dominant pathways at the anode
(above profile) and cathode (below profile). Unshaded areas represent regions of transition between
pathways.

salt (i.e. LiPFq, LiFSI, LiTFSI), however the compositions remain identical to those listed
above. Specifically the LIFSI and LiTFSI are being investigated as potential electrolytes

for Li-S batteries, making them of significant interest to the research community.

4.3.3.1 Visualization Cell Results for a variety of Electrolyte compositions

The visualization cell results for the LiFSI and LiTFSI electrolyte systems are shown in

the supplementary videos of the manuscript.'?

These videos, in addition to Figure 4.17a,
show that the ether-based electrolytes clearly increase nucleation density, reduce dendrite
size, and lead to more complete surface coverage, especially for the LiTFSI electrolyte. As
seen in the videos, the same general form of the voltage trace is observed for the LiFSI
and LiTSFI systems (Figure 4.18). However, after a few cycles, the abruptness of the
transitions (0V,.;) becomes significantly less pronounced than for the LiPFg system. This

is consistent with observations in the numerical model that, as the difference between k?ast

and kY, becomes small, the transitions become less well defined.
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Figure 4.16: Voltage traces for coin cells cycled in LiPFgs at current densities of 0.5, 0.75, 1, 2, 5,
10 mA cm™.

Additionally, the voltage maximum associated with transitioning between reaction
pathways on the anode surface occurs later in the half-cycle (i.e., the amount of time be-
tween the voltage minimum and maximum becomes larger). We note that in the ether-based
electrolytes, the time required to observe this polarization maximum may be longer than
the duration of the previous half-cycle (Figure 4.17c). For this reason, the voltage traces
observed during periodic galvanostatic cycling terminate before the final decrease in cell
polarization occurs (Figure 4.18). This correlates to a greater duration of simultaneous
Li electrodissolution from the bulk and dendrites as the reaction pathway transitions, as
discussed in Section 4.3.2.2.

In order to better understand these effects, time-dependent EIS measurements were
performed to study the formation, growth, and impedance of the SEI on fresh Li surfaces

(Figure 4.19). The data show that the ether-based electrolytes form lower impedance and
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Figure 4.17: Comparison of three very different electrolyte systems (LiPFg, LiFSI, and LiTFSI).
(a) Visualization cell images after 900 s of deposition at 5 mA cm™. A clear difference in dendrite
size, nucleation density, and surface coverage is observed. (b) Cell discharge curves at 1 mA cm™>
showing remaining capacity after 20 cycles (theoretical capacity 3860 mAh g~!). This performance
can be linked to peak position in panel ¢, where voltage traces for each electrolyte system are shown.

more stable SEI layers compared to the LiPFg system. These SEI layers thus have a lower
energy barrier for electrodissolution at the anode surface, which leads to closer values of
the effective rate constants. As a result, the transition in reaction pathways begins sooner

in the half-cycle and lasts for a longer duration. In other words, the unshaded regions of

Figure 4.15 (which for LiPFg are well defined and relatively narrow) become wider.

4.3.3.2 Comparing Voltage Traces with Performance in Coin Cells using Different

Electrolyte Compositions

To show how the understanding of Section 4.3.3.1 can be observed in coin cells. Li vs.
Li symmetric cells were fabricated using each electrolyte system and Li-Cu laminate elec-
trodes (Rockwood Li, 50 um of Li on 10 um Cu). The cells were cycled 20 times at 1 mA
cm??, such that a planar equivalent of 4.8 um of Li was transferred during each half-cycle
(1C rate). After cycling, Li on one electrode was completely dissolved from the Cu to

determine the amount of Li lost during cycling. By calculating the average amount of Li
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Figure 4.18: Voltage traces for the different electrolytes studied in this work. Due to the small cell

polarization for the LITFSI, a magnified portion of the voltage profile is shown to the right.

lost during each cycle, an aCE for the Li electrode can be obtained (Figure 4.20). This is a
modified version of a method developed by Aurbach et al.!!!

In Figure 4.17b,c aCE is compared to the position of the voltage maximum associated
with transitioning between reaction pathways on the anode surface. Figure 4.17b shows
significantly less capacity loss for the ether-based electrolytes compared to the carbonate
based LiPF¢. This corresponds to aCE values of 82% (LiPFg), 93% (LiFSI), and 98%
(LiTESI). A detailed view of the voltage profile for an extended half-cycle is shown for
each system in Figure 4.17c. Consistent with Section 4.3.2, the LiPFg cell exhibited dis-
tinct transitions between reaction pathways. By comparison, the LiFSI coin cell exhibited a
more blunted cell polarization maximum that occurs at a later time than the peak in LiPFg,
indicating less distinct transitions between reaction pathways and a lower voltage hystere-
sis. Finally, the LiTFSI cell displayed the lowest overpotential, the latest, most blunted cell
polarization maximum and lowest voltage hysteresis.

The shifting of these cell polarization maximums is directly correlated with an increase

in the aCE value. Comparing Figure 4.17a and 4.17c¢ also shows that a smaller magnitude

and delayed cell polarization maximum is directly related to denser/smaller dendrites that
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Figure 4.19: Time-dependent EIS measurements for the LiPF6, LiFSI and LiTFSI electrolyte sys-
tems. a) Growth of impedance as a function of time for the different electrolyte systems b) EIS
spectra after 30 s of contact with fresh Li c) a magnified view of the EIS spectra shown in b). The
other graphics show a schematic representation of how ether-based electrolytes decrease the energy
barriers of d) nucleation and e) dissolution from the bulk.

completely cover the surface. Since this voltage behavior is observed in a wide range of
battery architectures, this interpretation allows for a cycle-by-cycle comparison of Li metal
electrode performance. Understanding the dominant reaction pathways at specific points

in time provides a window into the time-dependent morphological and electrochemical

changes occurring within the coin cell, where we are typically blind to morphology.
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Figure 4.20: Schematic depicting the modified version of the aCE method proposed by Aurbach et
al.'' a) Initial setup of the cell. Starting from this point, the cells were cycled at 1 mA cm™ such
that 3.6 C cm™ of charged were passed during each of the galvanostatic half cycles. b) During the
final cycle all of the Li was dissolved from one electrode and plated onto the other. The amount of
Li lost to SEI formation or through dead/detachment of Li can then be calculated and divided by the
number of cycles to determine an aCE value.

4.4 Conclusions

In this work, we have shown through operando video evidence and numerical modeling
that galvanostatic voltage traces can be directly correlated to changes in morphology of Li
metal electrodes in Li vs. Li symmetric cells. This correlation has led to several key points

of understanding:

1. The evolution of dendrite morphology is driven by transitions between reaction path-

ways

* During the initial half-cycle, inhomogeneous dendrite nucleation occurs at the
cathode. Since the SEI on freshly plated Li will have faster reaction kinet-
ics than the bulk surface, subsequent Li deposition will preferentially occur on
existing dendrites rather than nucleating new dendrites. The degree to which
dendrite growth is more favorable than nucleation is dictated by the SEI, which
depends on the electrolyte system. Upon switching polarity, the dominant re-
action pathway at the anode is kinetically fast dissolution of dendritic Li. As
the amount of active Li within the dendrites approaches zero, a characteristic

increase in cell polarization appears, due to a transition to kinetically slower
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dissolution from the bulk surface.
2. Pitting occurs once dissolution from the bulk surface begins

¢ Electrodissolution from the bulk leads to to the formation of pits. Subsequently,
as the surface layers are fractured during pitting, kinetically faster reaction path-
ways are formed. As dissolution continues, the surface area associated with pits

continues to increase, resulting in decreasing cell polarization.
3. Transitions between reaction pathways dictate changes in voltage

» After the first half-cycle, the initial portion of the voltage trace is dominated
by the cathode, as a transition occurs from dendrite nucleation to growth. Af-
ter the minimum cell polarization is reached, the kinetics at the anode begin to
dominate the voltage trace, as the surface area of the kinetically fast dendrites
decreases. This leads to a transition in reaction pathway from dissolution of
dendrites to dissolution from the bulk surface, causing a cell polarization maxi-
mum. As pitting occurs, the decrease in cell polarization is driven by increasing

surface area of both pits at the anode and dendrites at the cathode.
4. Voltage traces can be correlated to electrode performance

* Variations in the voltage trace shape in different electrolyte systems can be
linked to cell performance. For systems with poorer performance, the peak
associated with the transition between dominant reaction pathways at the anode
has a steeper slope, occurs at an earlier time in the half cycle and demonstrates
less voltage hysteresis. Conversely, for systems with superior performance, that
maximum is less distinct, occurs at a later time, and has a smaller magnitude. In
general, a shifting of the cell polarization maximum can be directly correlated

to improved CE.
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These results provide significant new insight into the behavior of Li metal electrodes,
which can assist researchers in the quest to achieve commercially viable Li-metal-anode
secondary batteries. Furthermore, the experiments designed in this work can be applied to

a range of battery chemistry including, Li-ion, Li-Sulfur, Li-air, Zn-air and more.

4.5 Materials and Methods

4.5.1 Material Handling

All air sensitive materials were handled in an argon filled glovebox (MBraun), with water
and moisture levels below 1 ppm. The LiPF; electrolyte (Soulbrain) contains <7ppm water,
while the battery-grade solvents used in the sulfur-based electrolytes were purchased from

BASF Inc, and contain <20 ppm water.

4.5.2 Visualization Cells

Operando tests were conducted in a custom-built visualization cell (Figure 4.4), allowing
simultaneous collection of electrochemical and morphological information. The entire as-
sembly is air-tight with a quartz viewing window and O-ring seal so that it can be removed
from the glovebox after assembly and placed under an optical microscope for viewing.
Air-tight electrical feedthroughs connect the electrodes with the potentiostat. All visual-
ization cell experiments were carried out using a Gamry 1000 or Biologic VSP potentio-
stat using 1M LiPF¢ in 1:1 EC:EMC, 1M LiTFSI in 1,3-dioxolane/1,2-dimethoxyethane
(DOL:DME) with 0.18M Li,Sg and 2 wt% LiNOs;, and 4M LiFSI in DME. The LiFSI and
LiTFSI electrolytes were synthesized following a formulation similar to the those described
previously.’*? For each half-cycle, 4.5 C cm™ of charge was passed for 10 complete charge
and discharge cycles. After each half-cycle, the system was allowed to relax for 30 s. The

optical microscopy images were taken with a Nikon LV 150N microscope at 5x with a plan
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objective, n.a. 0.10, w.d. 31 mm.

4.5.3 Three-electrode Measurements

Three-electrode measurements were experimentally conducted using a hermetically sealed
glass-wear setup. The reference electrode (RE) was a scraped, cleaned and stabilized piece
of Li foil. The data was collected using the bi-potentiostat capabilities of the Biologic VSP
system, which can measure the potential of the counter electrode and working electrode vs.

RE simultaneously.

4.5.4 Coin Cells

Symmetric Li coin cells were assembled with CR2032 coin cell shells, spacers, and wave
springs (MTI Corp.). The Li-Cu laminate electrodes (99.9%, Rockwood Li) were pentane
cleaned'* and immediately assembled into coin cells using 45 pL of the electrolytes de-
scribed above. A hydraulic crimping press was used to compress these coin cells to 1000

psi. Low resolution cycling was completed on a Landt 2001a battery testing system.
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CHAPTER 5

Surface Chemistry of LLZO

Adapted with permission from Sharafi, A.; Kazyak, E.; Davis, A. L.; Yu, S.; Thompson, T.;
Siegel, D. J.; Dasgupta, N. P.; Sakamoto, J. Surface Chemistry Mechanism of Ultra-Low
Interfacial Resistance in the Solid-State Electrolyte Li;La;Zr,Oq,. Chem. Mater. 2017, 29
(18), 79617968. Copyright (2017) American Chemical Society.

Despite the fact that Li metal anodes have been studied for more than 40 years, it
has remained very challenging to achieve stable, high Coulombic efficiency cycling when
used with liquid electrolytes. Chapter 4 developed a detailed model to understand the
coupling between interfacial inhomogeneity, morphology evolution, and electrochemical
performance of Li metal anodes. The SEI that formed upon contact between the Li metal
and the liquid, and the unconstrained volume expansion of the Li metal in dendritic struc-
tures were shown to ultimately cause the low Coulombic efficiency and safety concerns.
To overcome these challenges, there has been a surge in interest regarding the use of SSEs
to replace the flammable liquid electrolytes that are currently used in LIBs.”” Many SSEs
have been developed and studied for their potential to enable Li metal electrodes while
maintaining safety and long cycle-life.’!

The garnet-type SSE, LLZO, is unique in that it is a fast Li-ion conductor (1 mS cm™

at 298 K), exhibits sufficient mechanical properties,''?

and is also chemically and elec-
trochemically stable against metallic Li.'"* Despite these promising attributes, additional

challenges must be overcome before SSBs based on LLZO are viable. Demonstrating low
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Li-LLZO interfacial resistance (Ry;1170) is a critical milestone along the path to com-
mercialization. While several studies have characterized Ry;1;70, nearly all report values
significantly higher than conventional LIBs employing liquid electrolytes (approximately
10 Q cm?).!'+-116 Thus, strategies to reduce Ry ;.11 70 to values comparable to, or lower than,
LIBs are needed.

Recently, coating of the LLZO surface was investigated to reduce Ry ;0. For ex-
ample, Tsai et al. sputter coated Au on LLZO and demonstrated a Ry 0 of 58 Q cm?
at 25 °C.'"7 It was hypothesized that the Au coating provided uniform conductivity at the
Li-LLZO interface, lowering Ry ;11 z0. In related work, Han et al. suggested that an Al,O3
coating could reduce Ry 1170, but the interface resistance was not directly measured using
EIS; instead, Ry ;1170 was extrapolated from DC cycling data, making it difficult to quan-
titatively interpret efficacy. The authors attributed the reduction in Ry ;1170 to enhanced Li
wettability of the LLZO surface.''® However, the mechanism of how surface modifications
led to improved performance has not been explicitly determined.

Thus, while the use of coatings can in some instances improve performance, the un-
derlying physical and chemical mechanisms that control interfacial resistance are not well
understood, which has limited interfacial chemical modification studies to largely empirical
observations. A mechanistic understanding of the coupling between interfacial chemistry,
Li wettability, and interfacial resistance would accelerate the rational design of engineered
interfaces having low Ry;1z0. Such an understanding would also address the question of
whether low interfacial resistance could be achieved without the need for coatings, as these
add additional processing steps, create additional interfaces, and could compromise cycle
life if the coating does not maintain integrity upon cycling.

In this study, we provide a mechanistic understanding of the interplay between inter-
facial chemistry and electrochemical performance at solid-solid interfaces in SSBs. This
understanding provides design rules for engineering low-resistance interfaces. Accord-

ingly, we demonstrate that the Li-LLZO interfacial resistance can be nearly eliminated (2
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Q cm?) through a simple, coating-free process to modify the surface chemistry of LLZO.

The importance of Li wettability in achieving low-resistance Li-SSE interfaces in SSBs
has been discussed in a few recent studies.!!’!* However, a quantitative evaluation of
Li wettability as a function of SSE surface chemistry is currently lacking. To address
this, molten Li contact angle measurements using a sessile drop test were conducted on
several relevant surfaces including LLZO with varying surface chemistry. Trends in the
measured contact angles are consistent with those calculated with DFT and demonstrate
the connection between surface chemistry and Li wettability.

Our study quantitatively demonstrates the relationships between interfacial chemistry,
Li wettability, and facile charge transport. Equipped with this understanding, we demon-
strate that controlling interfacial chemistry enables a straightforward pathway toward viable

SSBs.

5.1 Results and Discussion

5.1.1 Surface Chemical Analysis

As has previously been shown, the surface chemistry of LLZO is sensitive to air ex-
posure. 112" A" contamination layer readily forms and is predominantly composed of
lithium carbonate (Li,COs3), lithium hydroxide (LiOH), and other adventitious carbon

116,121

species, which collectively result in high interfacial resistance between LLZO and

metallic Li.''12?

It has been reported that dry polishing (DP) in an inert atmosphere can
lower the interfacial resistance by partially cleaning the surface; however, the efficacy of
this approach is limited to reducing the interface resistance from approximately 1000 )
cm? to ~100 Q cm,.!'%!22 Here, several surface conditioning protocols, including DP, Wet
polishing (WP), and heat treatment (HT), were employed in an attempt to reduce the in-

terfacial resistance, and their impact on LLZO surface chemistry was evaluated (details

regarding the DP and WP conditions are explained in section 5.3). HT between 200 and
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500 °C in an inert atmosphere was conducted after DP and WP.

The surface chemistry of LLZO was analyzed using XPS after each conditioning pro-
tocol (Figure 5.1). Measurements were performed on samples transferred without air ex-
posure between an argon-filled glovebox and the UHV XPS chamber. Figure 5.1a shows
that in samples conditioned with DP or WP (no HT) a surface layer blocks nearly all the
signal attributed to La and Zr. In these cases, the surface layer is composed almost entirely
of H, Li, C, and O (H content cannot be directly detected by XPS but can be observed as
hydroxyl bonds). The nature of the bonds in which these species participate can be ex-
amined through high-resolution core-scans. The O 1s peak reveals a significant difference
between the surface layer after WP vs. DP (Figure 5.1b). The WP surface consists of
predominantly hydroxide species, while a greater concentration of carbonate species exists
on the DP sample. This suggests that the use of polishing fluid protects the LLZO surface
from reformation of carbonate species.

Samples that underwent HT were first polished (DP or WP in ambient air) and then
immediately transferred into an argon filled glovebox where the samples were heated to
different temperatures. Subsequent XPS analysis demonstrated significant variations in the
surface chemistry of these samples. In Figure 5.1a, a plot of the ratio of the C content
to the summed La and Zr contents is used as a metric to quantify the amount of surface
contamination. The lower the ratio, the more closely the surface resembles bulk LLZO.
Some adventitious carbon is always observed on the LLZO surface, even for samples kept
continuously in an argon atmosphere after HT, Figure 5.1c. The amount of contamination is
observed to dramatically decrease after heating to 400 and 500 °C. This is consistent with
the O 1s core scans shown for these samples, which demonstrate that the predominantly
hydroxide and carbonate surfaces before heating are converted to primarily oxide species
(as expected in bulk LLZO) after heating (Figure 5.1b).

In contrast, heating a DP sample to 400 °C did not change the surface as dramatically,

with carbonate species still dominating (Figure 5.2). A plot of the fractional surface com-
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Figure 5.1: XPS analysis of LLZO before and after HT at 400 and 500 °C. (a) C:(La+Zr) atomic
ratio as a function of HT temperature; (b) O 1s and (c) C Is core levels; (d) percentage of total
composition of different oxygen species on the LLZO surface as a function of HT temperature after
WP,
position of the oxygen containing species is shown in Figure 5.1d for WP samples heated
to different temperatures. As the HT temperature increases to 500 °C, the oxide fraction
steadily increases, the hydroxide fraction decreases, and the amount of carbonate remains
roughly constant. In total, these observations suggest that (1) compared to DP, WP is more
effective at achieving a surface with low carbonate content, (2) HT up to 500 °C can re-
move LiOH but is less effective at removing Li,CO3, and (3) of the strategies examined,
the successive combination of WP and HT is the most effective at removing both carbonate
and hydroxide surface contamination layers.

The removal of LiOH species at temperatures between 400 and 500 °C is consis-
tent with prior thermogravimetric analysis, mass spectroscopy, and first-principles calcula-
tions.'?>!2% This suggests that the surface layer that reforms as a result of WP is more easily

removed by HT, thereby making the combination of WP and HT in an inert atmosphere an
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Figure 5.2: XPS analysis of LLZO showing the O Is core level of sample after DP (DP-Control)
and after DP and HT at 400 °C (DP-400 °C).

attractive option to achieve a well-controlled LLZO surface prior to forming the Li-LLZO

interface.

5.1.2 Contact Angle Measurements and Calculations

The wettability of a SSE by metallic Li has been proposed to influence interfacial resistance
in SSBs,7:118.120.124.125 However, quantitative analysis of the Li contact angle and direct
correlation with surface chemistry have not been reported. To characterize wettability,
sessile drop tests were performed to measure the contact angle of molten Li on Li,CO;
and on LLLZO samples after various surface conditioning processes (Figure 5.3). Molten
Li was deposited onto heated Li,CO3 or LLZO from a heated stainless-steel syringe. Both
the surfaces and the syringe were kept above the Li melting temperature. Importantly,
the native layers (composed of oxide, nitride, and carbonate species)!?® present on the

surface of the Li foil did not melt and thus were easily removed from the molten Li source.
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Figure 5.3: Contact angle measurements of molten metallic Li on (a) Li;CO3, (b) DP-LLZO, (c)
WP-LLZO, (d) WP-LLZO after HT at 500 °C.

This allowed for deposition of purified molten Li onto the LLZO surface. The present
approach differs from a scenario involving the melting of solid Li foil directly on LLZO,
as wettability in the latter approach will be influenced by the presence of native layers
on the Li surface and at the Li-LLZO interface. All experiments were performed inside
an argon-filled glovebox, and high-resolution cross-sectional images were captured and
digitally analyzed to determine contact angles.

As shown in Figure 5.3, the DP-LLZO sample exhibited the highest contact angle
among all LLZO samples, # = 146°, which was nearly identical to the value measured
for a pure Li,COj; surface (f = 142°). Such a large contact angle is consistent with a non-
wetting interaction typical of an interface exhibiting weak adhesion. The similar wetting
behavior observed for both the DP-LLZO sample and Li,COj; is expected, given that the
DP-LLZO surface is composed predominantly of Li,COs. Similarly, the WP-LLZO con-
tact angle was 141°, which is consistent with the presence of the hydroxide and carbonate
contamination layer, which was observed with XPS. Figure 5.4 demonstrates the similarly

lithiophobic nature of Li,CO3 and DP-LLZO as molten Li easily rolls off these surfaces.
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Figure 5.4: Time-series images showing molten Li droplet bouncing off of a lithium carbonate
pellet (A-D), rolling off of a DP LLZO pellet (E-H), and adhering to the WP+HT LLZO surface
even when fully inverted (I-L).

In contrast, the WP-LLZO, heated to 500 °C, exhibited a significantly lower contact
angle (f = 95°). We hypothesize that this reduction in contact angle is caused by the
removal of hydroxide and carbonate species, resulting in a surface more closely resembling
bulk LLZO, which interacts more strongly with Li metal. Figure 5.4 demonstrates the more
lithiophilic nature of this interface, as molten Li maintains adherence to the LLZO surface
even when fully inverted vertically.

To validate the correlation between surface chemistry and wettability, the wetting angle
of Li on LLZO, Li,COs3, and LiOH was evaluated by our collaborators using DFT cal-
culations.'™ The contact angle, 0, for these interfaces was calculated by combining the
Young-Dupré equation, W,y = op;[1 + cos(#)], with DFT calculations of the interfacial
work of adhesion, WW,4, and the surface energy of Li, o, = 0.45] m~2. More details of
these calculations can be found in the paper.'®

The trend predicted by these calculations - that Li strongly wets LLZO, but not Li,CO3,
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is consistent with the measurements shown in Figure 5.3. More specifically, the wetting
angle predicted for the Li-Li,COj; interface, # = 142°, is in excellent agreement with the
measured value (142°, Figure 5.3a) indicating a weak interfacial interaction between Li and
Li,CO3 (W,q = 0.10 J m?). In contrast, the calculated W, for the Li-LLZO interface is
nearly seven times larger, W,; = 0.67 J m?, resulting in a relatively small wetting angle,
6 = 62°. This value is qualitatively consistent with the measured value of 95° reported
in Figure 5.3d. The smaller value predicted by the calculations is expected, given that
approximately 15% of carbonate or hydroxide remains on the LLLZO surface after heating

to 500 °C (Figure 5.3d).

5.1.3 Electrochemical Characterization

EIS was performed on Li-LLZO-Li symmetric cells (Figure 5.5a) to measure the LLZO
bulk (Ry,x), grain boundary (Rg,), and Li-LLZO interfacial (Ry;.1170) resistances for WP
and HT samples between 200 and 500 °C. EIS data were modeled using an equivalent
circuit shown in Figure 5.5b. This approach allowed for the direct measurement of the in-
dividual contributions to cell resistance and involves the correlation between characteristic
frequencies and transport phenomena.'?’ Representative EIS spectra for a cell consisting
of a WP and HT at 500 °C LLZO sample before and after preconditioning at 175°C are
shown in Figure 5.5¢ (preconditioning was used to ensure good contact between metal-
lic Li and LLZO by heating the Li-LLZO-Li cell to 175 °C for 12 h).!"> From Figure
5.5c¢, it is apparent the LLZO total resistance (Rpuk + Rgp) has remained constant (500 Q
cm?), while Ryi1170 dramatically decreased upon preconditioning at 175°C and cooling.
Initially, Ry;1170 was approximately 400 ) cm?, which is significantly lower than previ-
ous values reported for LLZO after DP in literature.!'> After preconditioning at 175 °C,
a further dramatic reduction in Ry 1170 was observed. The combination of WP, HT, and
preconditioning results in an extremely small interfacial resistance of 2 Q) cm?.

Figure 5.5d shows Ry 70 after preconditioning for WP LLZO samples with no HT
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Figure 5.5: (a) Schematic of the all-solid-state Li-LLZO-Li cell, (b) equivalent circuit used for
modeling the EIS data, (c) representative Nyquist plot of the Li-LLZO-Li cell (for LLZO heated to
500 °C), as-assembled and after preconditioning at 175 °C. Markers indicate experimental data and
dotted lines represent from the equivalent circuit model simulation using the circuit shown in panel
b, (d) the Li-LLZO interfacial resistance after preconditioning at 175 °C versus the HT temperature.
N = 3 for each HT condition. Error bars represent standard deviations.
and HT at several temperatures between 200 and 500 °C. With increasing HT temperature,
Ryi11z0 decreases from 400 to 2 Q cm?. Importantly, the low interfacial resistance coin-
cides with the removal of the surface contamination layer. Furthermore, the decrease in
interfacial resistance closely follows the trend in surface chemistry with HT temperature
observed in XPS measurements, and with the improved wettability of the LLZO surface
after HT. Taken together, these observations provide quantitative evidence of the strong
coupling between surface chemistry, wettability, and interfacial resistance.

The cycling behavior and critical current density (CCD) of a WP-LLZO sample HT to
500°C (WP+HT) were characterized using a combination of DC cycling and EIS analysis
(Figure 5.6). The CCD is defined as the lowest current density at which cell shorting

occurs due to Li metal penetration.''>!?® After removal of the surface contamination, the

CCD was determined to be 0.3 mA cm (Figure 5.6a). The CCD from the WP+HT sample
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Figure 5.6: (a) DC cycling of Li-LLZO-Li cells (LLZO HT to 500 °C after WP) at RT, stepping
the current density from 0.01 to 1 mA cm?, (b) the CCD versus Li-LLZO interfacial resistance
comparing the results of this study with other studies available in the literature, (c) Nyquist plots
of a Li-LLZO-Li cell after each 20 cycles for cell cycled 100 times, (d) galvanostatic cycling of Li-
LLZO-Li cell at 0.2 mA cm™ for 100 cycles at 0.4 mAh cm™. The blue dotted line shows the times
at which EIS was collected and is shown in panel c.

prepared here is compared in Figure 5.6b to other Li-LLZO-Li symmetric cells reported in
the literature.!!'>!1%12Y The CCD measured in this study is one the highest values reported
in literature for an LLZO SSE. Our data indicate that the CCD and Ry; 1170 are inversely
correlated, suggesting that higher power density can be achieved by controlling interfacial
chemistry, and thus Ry z0.

To evaluate the stability of the interface after WP+HT upon cycling, a Li-LLZO-Li cell
was cycled for one hundred cycles at +0.2 mA cm™? at RT (Figure 5.6d). After every 20
cycles, EIS analysis was conducted to assess changes in Ry, Rgp, and Ry;y170. Figure
5.6c shows that negligible changes in the EIS spectra were observed, implying excellent
stability of the interface and the absence of short-circuiting. Furthermore, the total cell
resistance (Rpuk + Rgp+ RiiLizo) estimated using the DC cell polarization voltage (230 O
cm?) (Figure 5.6a) agrees well with the total cell resistance measured using EIS (240 Q

cm?). This agreement further validates the interpretation of the EIS data.
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The DC and EIS characterization illustrate the importance of controlling interfacial
chemistry. First, a low Ry;170 enables a path toward low resistance solid-state cell de-
signs employing metallic Li anodes. Second, reducing Ry; ;70 increases the CCD. Al-
though 0.3 mA cm is one of the highest reported CCD values, it must be further increased
to demonstrate relevance to vehicle electrification; the data in Figure 5.6b suggest further
tuning surface chemistry and reducing Ry ;1170 may be an approach to achieve higher CCD.
Lastly, a clean and discrete Li-LLZO interface is preferred to minimize side reactions and
mechanical degradation. In preliminary cycling tests, the interface kinetics appear to be sta-
ble when cycling at +0.2 mA cm™ at RT. Altogether, the electrochemical characterization

suggests WP+HT could enable the use of metallic Li anodes and LLZO in SSBs.

5.2 Conclusions

In closing, this study reveals the mechanism by which surface chemistry controls the re-
sistance of the Li-LLZO interface. By exploiting this mechanism, very low interfacial
resistances, 2 Q cm, comparable to solid-liquid interfaces in Li-ion cells, can be achieved
without the need for coatings. The removal of LLZO surface contamination was demon-
strated to enhance Li wetting of LLZO, which was quantitatively evaluated using molten
Li contact angle measurements through sessile drop tests. The interfacial chemistry and
wettability measurements agree with atomic-scale DFT calculations of interfacial adhesion
and wetting angle. The effects of surface chemistry and wettability were quantitatively
correlated with the Li-LLZO interfacial resistance. The lower interfacial resistance made
possible by controlling surface chemistry resulted in a doubling of the CCD. Moreover,
this low interfacial resistance was preserved for one hundred cycles with no sign of short
circuiting. This study clarifies the relationships between interfacial chemistry, Li wettabil-
ity, interfacial resistance, and stable cycling. The knowledge gained enables the rational

design of electrode/electrolyte interfaces and has general implications for solid-state trans-
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port phenomena.

5.3 Materials and Methods

5.3.1 LLZO Specimen Preparation

Cubic Al-doped LLZO with nominal composition of Lig,5Alj,sLazZr,O, was prepared

122 The methodology has been explained elsewhere

using solid-state synthetic technique.
in more detail. The calcined powder was densified using a custom rapid induction hot-
press (RIHP) at 1100°C and 62 MPa for 1 h in graphite dies under argon shielding gas to
achieve >97% relative density. Each sample was cut into 1.0£0.2 mm discs using a slow

speed diamond saw. The discs were polished using 400 grit SiC sandpaper in air to ensure

the parallel faces.

5.3.2 Surface Conditioning

Various surface conditioning processes including DP, WP, and HT were used. For DP,
LLZO samples were polished manually using 400, 600, and 1200 grit sandpaper (Norton
Corporation) in air without polishing fluid. For WP, an automated polisher (EcoMet 300
Pro, Buehler) was used. First, LLZO samples were ground using 1200 sand paper (Norton
Corporation). After grinding, the samples were polished on Technotron polishing cloth
(Leco Corporation) loaded with glycol-based diamond paste extender as the polishing fluid
(Leco Corporation) and diamond polishing abrasives. The diamond polishing abrasive se-
quence ranged from 15, 6, 1 and down to 0.5 um. After each diamond abrasive, samples
were rinsed with ethanol to remove the residual polishing fluid from surface. Immediately
after polishing, samples were transferred to an argon-filed glovebox. HT was conducted
by placing the samples in a MgO boat and heating to temperatures between 200 to 500 °C

in 100°C intervals in a muffle furnace (MTI Corporation) for 180 min using 4°C min’! as
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heating and cooling rate.

5.3.3 Surface Chemistry Characterization

A Kratos Axis Ultra was used for all XPS experiments. A custom O-ring sealed airtight
transfer device was used to transfer samples into the XPS tool without air exposure. Survey
scans used a pass energy of 160 eV and were quantified using Shirley backgrounds and
Kratos sensitivity factors for the La 3d, Zr 3p, C Is, O 1s, and Li Is peaks in CasaXPS.
Core scans used a pass energy of 20 eV and were energy calibrated using the C-C bond
energy at 284.8 eV. The O 1s peak was fitted with three species, LiOH at 531.1 eV,'*"
Li,CO; at 532.0 eV,"! and oxide species at 528.6-529.0 eV."*! The C 1s peak was fitted
with four species, adventitious carbon at 284.8 eV, which was used to calibrate the spectra,

C-0 at 286.0 eV,'*? O-C=0 at 289 eV,'** and Li,CO; at 290.0 eV.!*!

5.3.4 Contact Angle Measurements

Li foil was melted in a crucible by heating on a hot plate in the glovebox. While melt-
ing, a thin film of impurities, likely composed of oxide, nitride, and carbonate species that
originate from the native surface layers of the bulk foil, was observed to form on the top
of the molten Li. The film was removed from the molten Li source using tweezers and a
razor blade. This process was repeated until no surface layer was apparent, and the molten
Li was purely liquid phase. Cold-pressed Li,CO3 and LLZO with various surface treat-
ments were placed on a hot plate at 300°C inside an argon-filled glovebox to ensure the
sample temperature was higher than melting temperature of Li (>180°C). Subsequently,
molten Li was injected on the surface with a stainless-steel syringe. The stainless-steel
syringe was also heated to T >180°C to avoid solidification of molten Li. The contact
angle measurement was performed by determining the tangent angle of the Li liquid drop
with the sample surface. In this method, the shape of a droplet resting on a solid surface is

dependent on the mechanical equilibrium of the drop under the three interfacial tensions in-
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cluding; solid-vapor (ysy), solid-liquid (ys.), and liquid-vapor (yry). This is described by
the Young-Duprees equation.'* A high-resolution camera (Grasshopper GRAS-50S5M-C)
with a Fujinon HF75SA-1 lens was used to capture the image and measure contact angles.

The contact angle plugin tool in ImageJ software was used to measure the contact angle.

5.3.5 Electrochemical Measurements

Electrochemical measurements were performed to determine the effect of HT on Ry;1170
and the CCD. Metallic Li electrodes were prepared by scraping with a stainless-steel spat-
ula to expose a clean surface. Li-LLZO-Li cells were compressed under a constant 350 kPa
uniaxial pressure during cycling. EIS measurements were conducted on symmetric cells
after assembly using a 100 mV amplitude in the frequency range of 7 MHz to 1 Hz using a
VMP-300 biologic and EC-Lab V11.02 software. To ensure good contact between metallic
Li and LLZO, cells were heated to 175 °C for 12 h as has been reported by Sharafi et al.
(preconditioning step).''® After cooling to RT, the change in cell resistance with a focus on
RpiLLzo was measured by EIS again. First, the entire spectrum was normalized for the con-
tact area between Li and LLZO (area = 1.26 cm?). Then an equivalent circuit model was
used to interpret the data. The EIS data were modeled using the equivalent circuit model
shown in Figure 5.5b. In this model, a combination of a resistor and a capacitor in parallel
was used to represent each transport phenomenon in the cell. Thus, three parallel combi-
nations were used in the model representing the bulk (Rbulk), the grain boundary (Rg),
and the Li-LLZO interface (Ry;1170). Ideal capacitors were replaced with contant-phase
element (CPE)s to account for any nonideal behavior and dispersion in the time constant.
The ideality of the CPE is represented by the coefficient o (ox= 1 shows the component
is behaving as an ideal capacitor).'*> The Q values for the CPE should be on the order of
1072, 10, 10°° F for bulk, grain boundary, and Li-LLZO interface, respectively.?®!% Cy-
cling behavior of Li-LLZO-Li symmetric cells was measured at RT between 0.01 and 1

mA cm? to determine the CCD (the current density at which the cell voltage dropped to
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0 V). Cycling was continued until evidence of short-circuiting was observed and marked
by a sudden drop in polarization voltage. To examine the cycling behavior of LLZO, Li-
LLZO-Li cells were galvanostatically cycled at £0.2 mA cm™. During cell cycling, the cell
impedance was measured every 20 cycles to evaluate the impact of electrochemical cycling
on cell impedance and its stability. In this study, all tests have been repeated three times to

ensure reproducibility.
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CHAPTER 6

Operando Visualization in Solid Electrolytes

In Chapter 5, a method to achieve a relatively pristine LLZO surface was demonstrated
in order to achieve ultra-low interfacial impedance. It was shown that by reducing the
interfcial impedance, the rate-capability of the material can be dramatically increased. This
was attributed to the improved wettability of the Li/LLZO interface. However, even with
this advance, and the many advances made by researchers to improve the performance
of a wide variety of SSE materials, rate capability remains a major challenge in many of
them.>"-

In many material systems, Li filaments tend to nucleate and grow towards the positive
electrode at high current densities, eventually causing short-circuit.’® The current density at
which this occurs varies among different material systems. For example, in state-of-the-art
ceramic electrolytes such as garnet Li;La;Zr,O;, (LLZO), the CCD at which Li penetra-
tion occurs has been increased to above 1 mA cm™ through careful control of material
processing. 012813138 However, increasing the CCD to higher current densities has been
hindered by the lack of mechanistic insight into the origins of Li penetration/propagation.
Understanding and overcoming this challenge is vital to the implementation of LMSSBs in
applications where fast charging times are required, including EVs.

Several recent studies have attempted to elucidate the underlying mechanisms for the
nucleation and growth of Li filaments/dendrites within SSEs, but a range of questions re-

58,128,136,139—

main. 142 There is significant variation in the terminology used to describe these
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structures in literature, but we will use the general terms Li filament and Li penetration.
Among the key remaining questions are when, why, and where Li penetration occurs, and
what determines the path of propagation? Towards answering these questions, it has be-
come increasingly evident that understanding how coupled electro-chemo-mechanical phe-
nomena dynamically evolve during cycling is of critical importance.'*?

Early work studied Li filament propagation in polycrystalline LLZO."?® It was found
that Li propagated along grain boundaries. However, whether or not filaments entered at
grain boundaries could not be determined. Regardless, it is possible that grain boundaries
could serve as preferential sites for nucleation and pathways for propagation.'?® More re-
cent computational work suggested that the localized mechanical properties at grain bound-
aries could be a rationale for this.!*!

Porz et al. proposed a mechanical model that links the overpotential to stress within a
Li-filled crack, and predicted a critical flaw size that would grow at a given applied over-

potential.*®

Several SSE systems were studied, including single-crystal LLZO and glassy
Li,S-P,Ss (LPS). The observation of Li penetration in SSEs without grain boundaries
demonstrates that Li filaments can also propagate along other paths. A follow-on study
attempted to induce Li penetration at intentionally introduced surface flaws, but found
that nucleation preferentially occurred near the electrode edge instead due to current-
focusing.'* Operando electron microscopy has also been used to study the nucleation of Li
penetration at a current collector/LLZO interface.'*> Changes in the morphology of plated
Li at the surface of the SSE were linked with electrochemical measurements. This provided
insights into the role of heterogeneity at the Li/SSE interface on short-circuit behavior.

A different underlying mechanism for nucleation of Li filaments has also been pro-
posed, which stems from the inherent electronic conductivity of the SSE.!**!%¢ This mech-
anism was used to rationalize uniform, isolated accumulation of Li within the bulk of the
SSE, which was indicated by operando neutron depth-profiling and ex-situ electron mi-

croscopy.'*
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In addition, little is known about the dynamic evolution of Li metal electrodes in
LMSSBs during cycling and deep discharge conditions. Several recent studies examined
the role of diffusion within the Li metal electrode on nucleation of Li filaments and on void
formation at the Li/LLZO interface.'*®!*! These studies probed the diffusion of Li away
from the cathodic interface and Li vacancies away from the anodic interface. Wang et al.
hypothesized that if the diffusion of Li away from the interface cannot keep up with the
rate of plating, there could be a build-up of Li at hot-spots that then act as a nucleation
site for a Li filament.!*® Krauskopf et al. studied the formation of voids in the absence
of stack pressure and proposed that vacancies form at the interface during dissolution of
Li from the electrode and cannot diffuse away from the interface as fast as they are being
created.'*! Wang et al. demonstrated that CCD in Li/LLZO/Li cells is dependent on stack
pressure, which is attributed to the rate of mechanical deformation to replenish Li at the
stripping electrode.'*” Interfacial voids lead to a decrease in interfacial contact area, which
corresponds with an increase in interfacial impedance and lower CCD.

It has also been shown that the interface/interphase between Li and the SSE plays an
important role in determining the current density at which Li penetration is observed.'*8
In LLZO, reduction of interfacial impedance through rigorous surface cleaning and/or
interfacial layers, has enabled current densities up to 1-2 mA cm? for planar cells at
RT.136-137149.150 1 i7 nyclear magnetic resonance chemical shift imaging was used to show
that morphology evolution at both the plating and stripping interfaces is linked with the Li
penetration.'”! Interphase formation between Li metal and Li; 4Aly4Ge; (POy4); has also
been shown to play a role in mechanical fracture of the bulk SSE during cycling.'*

Given the breadth of proposed mechanisms that drive Li nucleation and propagation
in SSEs, there is a need for additional operando investigations to elucidate the nature and
dynamic evolution of Li penetration during cycling under realistic conditions,”®140:152:153
Specifically, techniques that simultaneously enable high spatial and temporal resolution

would help to enable further characterization of the location and morphological evolution
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of individual filaments in 3-D. Filling the knowledge gaps mentioned above would pro-
vide researchers and engineers with the tools and knowledge needed to design high perfor-
mance LMSSBs. Towards this goal, this study implements an operando visualization tech-
nique that enables optical observations within the bulk of LLZO during cycling at relevant
current densities (>1 mA cm™) with low interfacial resistances (<5 Q cm?). The time-
synchronization of voltage response (voltage trace) with video microscopy enables signif-
icant new insights into the mechanisms that lead to the coupled electro-chemo-mechanical
response of the system.'>!>*

Al-doped LLZO was used as a model system for this work, as the inherent chemical
stability against Li metal simplifies the analysis, and translucent/transparent electrolyte
films can be fabricated based on recent advances in material processing.'>> In addition, the
mechanical and transport properties have been well-documented,!'>!1315%157 allowing for
a detailed analysis.

Using both TP and in-plane cell geometries, Li penetration is imaged during propaga-
tion and time-synchronized with the corresponding electrochemical signatures. In addition,
reversible plating and stripping of the Li within these structures and the formation of dead
Li during cycling, are directly observed. Four distinct morphologies of Li filaments are
identified and described using a combination of operando optical and post-mortem elec-
tron microscopy, illustrating the fact that a singular mechanism/mode of failure is insuffi-
cient to capture the full complexity of Li penetration in SSEs. The velocity of Li filament
propagation is quantified as a function of applied current density, providing insight into the
coupling between mechanical and electrochemical behavior. Additionally, deep discharge
behavior is observed, and the dynamic evolution of the Li/SSE interfacial area is quanti-
fied and correlated with changes in interface resistance. Finally, the in-plane platform is
applied to a glassy LisPS4 SSE, demonstrating the power of the in-plane architecture and

the implications of the results for SSEs more broadly.
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6.1 Results and Discussion

6.1.1 Through-plane Operando Visualization

First, the TP cell shown in Video 6.1, Figure 6.4 was fabricated by cutting an LLZO pellet
and polishing the cut surface to view the cross-section during cycling (further details in
Section 6.3). Initially, when currents <0.1 mA cm™ were applied, no changes to the elec-
trode or electrolyte morphology were observed. The stable voltage response to successively
increasing current densities below the CCD is shown in Figure 6.3. As shown in Video 6.1
and Figure 6.4, when a current density of 0.5 mA cm is applied, Li filaments immediately
nucleate and a gradual drop in polarization occurs as the filaments propagate across the
cell. The Li penetration appears as branching 3-D structures, and are dark silhouettes due
to the back lighting. This continues until one filament reaches the counter electrode, cor-
responding with a simultaneous rapid drop in polarization to near zero when short-circuit
occurs (2.5 s in Video 6.1). This is expected when an electronically conductive pathway of
metallic Li is formed between the two electrodes.

The gradual decrease in polarization while the filaments propagate towards the counter
electrode can be explained as a result of three factors: [1] an increase in active inter-
facial area of the cathodic electrode as the structures grow, which decreases interfacial
impedance; [2] a decrease in distance between the Li filament and the anode, decreasing
the impedance associated with ionic conduction in the SSE;"! and [3] formation of a kinet-
ically faster interface for CT, similar to dendrites in liquid electrolytes.'> This demonstrates
the power of the operando video microscopy platform to provide mechanistic insight into
the origins of electrochemical signatures, which can be used in real battery applications
where optical access to the cell is not available. For example, this characteristic drop in
cell voltage could be used to identify the propagation of a Li filament in one cell of a bat-
tery pack with on-board diagnostics during charging to avoid a catastrophic short-circuit

failure.
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Figure 6.1: Operando video of TP cell cycling. Time-synchronized voltage trace with cross-
sectional optical microscopy of Li/LLZO/Li cell during galvanostatic plating of 0.5 mA cm™ under
stack pressure. Flash player must be enabled for playback.
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Figure 6.2: Through-plane cycling in LLZO with operando cross-sectional visualization. Images,
schematic, and electrochemical data from operando TP Li/LLZO/Li cell (a) schematic showing
cell geometry, (b) Voltage response of cell during galvanostatic plating at 0.5 mA cm?, (c) post-
mortem image of active area of electrode interface that was plated to, (d-g) Image series from TP

visualization cell.

Although the results from this experiment provide valuable insights and clearly show
the propagation of Li filaments and the synchronized voltage trace, this platform is not
ideal to enable high-resolution imaging and post-mortem analysis. First, this setup requires
a very transparent SSE material, and while this is possible to achieve in LLZO, it requires
high sintering temperatures (>1300 °C) and long sintering times to achieve large-grained,
high density pellets.!> This makes throughput very low, and it is difficult to make compar-
isons to SSEs with conventional processing. In addition, the geometry of the cell means
that the electrode edges are preferred nucleation sites, as can be seen in the post-mortem

images in Figure 6.2c and Figure 6.3. A majority of the filaments nucleated either at the
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the TP cell. (b) Optical image of active area of cell after the Li electrode was removed and the
interface was gently sanded to reveal the base of the Li filaments. (c) EIS before cycling and after
short-circuit.

viewing edge (labels 1-4) or at the opposite edge of the active area.

6.1.2 The In-Plane Visualization Platform

To overcome challenges with the TP platform, an in-plane electrode architecture was devel-
oped that enables: [1] high-quality interfaces with low interfacial impedance; [2] improved
optical imaging; [3] higher throughput; [4] use of representative SSE materials; and [5]
quantitative operando and post-mortem analysis without the need to remove electrodes. A
schematic of this cell geometry is shown in Figure 6.4a. By depositing both electrodes on

the same surface of a polished LLZO pellet, Li filaments that grow can be clearly observed
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Figure 6.4: Demonstration of in-plane visualization platform. (a) Schematic representation of
in-plane cell geometry and experimental setup, (b,c) Images of in-plane Li/LLZO/Li cell before
and after Li penetration and short-circuit, (d) voltage response of cell during stepped current, with
zoom-in shown in (e), (f) Nyquist plots of in-plane cell before and after cycling until short-circuit,
and (g) image showing pellet with multiple in-plane cells deposited on the surface.

as they propagate between the two electrodes.

This architecture allows for many cells to be fabricated on the same SSE pellet. For
example, Figure 6.4g shows 39 pairs of electrodes of 3 different sizes all fabricated in
parallel by thermal evaporation of Li through a shadow mask (further details in Section
6.3). This enables direct comparison of cells under different operating conditions (current

density, depth of discharge, etc.) with an identical SSE. Furthermore, after any individual

cell has short-circuited via Li penetration, the SSE can continue to be tested in adjacent

cells.
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Figure 6.5: Measurement of CCD with in-plane cell architecture. Operando video microscopy of
CCD test on in-plane Li/LLZO/Li cell with time-synchronized voltage response during the current
steps. For each current step, 0.25 mAh cm™ of Li was plated in each direction.
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6.1.3 Experimental Validation of the In-Plane Visualization Platform

To validate the in-plane geometry experimentally, CCD tests were performed that mirror
those typically used to demonstrate rate capability of SSEs.!®1#150.158 Any representative
platform for operando characterization should be capable of cycling Li at sufficiently high
current densities (>0.5 mA cm™) and cell polarization (<1 V) without Li penetration. To
achieve this, a clean Li/LLZO surface was formed by a combination of WP and HT, which
has been previously shown to eliminate interfacial impedance and improve wettability of
molten Li.'® Li metal electrodes were deposited by thermal evaporation and heated to 250
°C without stack pressure for 5 min, then cooled to room-temperature. This process melted
the Li and improved Li-LLZO contact. The Nyquist plot from EIS analysis after this HT
in Figure 6.4f shows a single semi-circular feature associated with ionic conduction in the
bulk, indicative of interfacial impedance below what could be detected by EIS in this case
(<5 Q cm?). An example of EIS on a pair of as-deposited electrodes is shown in Figure
6.6 for comparison, and exhibits a second semicircle from the interfacial impedance at low
frequencies.'"”

To compare the behavior of the in-plane cell to typical bulk SSE cells, a constant charge
of 0.25 mAh cm™ was plated in each direction, and then current was successively increased
until short-circuit was observed. Under these or similar conditions, the highest reported
CCDs at RT for planar LLZO samples without an interlayer coating is ~1 mA cm™? with
an applied stack pressure.!’*!>% A Li/Mg alloy electrode'®’ and an MoS, interlayer'* have

been demonstrated to approximately 2 mA cm™

. In this in-plane cell, even without any
stack pressure, flat voltage plateaus and no Li filaments were observed at 1 and 5 mA
cm? (Figure 6.4b,d, Video 6.5). At 10 mA cm™, a small feature grows from the bottom
left corner of the left-hand electrode, but no significant change is observed in the voltage
profile, and the structure stops growing fairly quickly. This will be called a spalling type
morphology, and will be described in more detail below. After 30 s of plating, a branching

structure grows out from the bottom right corner of the electrode towards the other side.
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Figure 6.6: Nyquist plot of in-plane cell with as-deposited Li metal electrodes (prior to anneal-
ing) with inset of the equivalent circuit model used to fit the EIS data collected throughout the
manuscript.

As this Li filament grows, the cell polarization drops steadily (Figure 6.4e), similar to the
drop observed as the filaments propagated in the TP cell above. Approximately 15 s later
(Video 6.5, 32 s), a sudden drop in cell impedance is observed when the filament reaches
the opposite electrode and provides an electronic pathway.

Overall, the in-plane cell closely mirrors what is seen in typical TP LLZO cells,!?*!%
but occurs at significantly higher current density (~5-10x higher). The rate capability was
consistently high in cells with annealed Li, as shown in Figure 6.7, where the highest safe
current density (where Li penetration was not observed) is plotted with the corresponding
cell polarization for each of the equivalent cells tested. This high rate capability is likely
a result of two factors: 1) smaller electrode area, meaning there is a smaller chance of
a large/critical flaw within the electrode;'® and 2) the Li metal was melted, whereas in
many studies the Li is heated to just below the melting temperature,!¢!1128:136.147.159 Thjg

demonstrates that under some conditions, a Li-LLZO interface can be stabilized at high

current densities without the need for stack pressure.
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Figure 6.7: Highest safe current density and cell polarization for each of the in-plane cells with
annealed Li electrodes.

6.1.4 Li Penetration Morphologies

Several different types/morphologies of Li filaments were observed when cycling above
the CCD. Here, we classify them into four groups, each of which is shown in Figure 6.8.
The first three, which we will refer to as straight, spalling, and branching, were commonly
observed during these experiments, and appear similar in nature. The fourth, which we call
diffuse, was less common, and was not observed in any of the optimized cells which had Li
electrodes with low interfacial impedance (and high CCD). This type appears fundamen-
tally different from the other three, as described below.

The straight type is shown in Figure 6.8a-c and is typified by a single approximately
linear path of propagation. The overall geometry is a subsurface plane intersecting the elec-
trolyte surface as a linear crack. In the optical image shown in Figure 6.8a, the projection
of the subsurface plane onto the top surface of the electrolyte appears as a dark region, with
the linear surface crack visible as the left boundary. This type of feature is often observed in
post-mortem observations of typical LLZO cells after removing the Li electrodes.'?®!'* A

FIB section of this feature shown in Figure 6.8b reveals a cross-sectional view of the planar

109



In-situ optical FIB cross-section Schematic representation \

proje o A

Straight

R
L

Branching

Spalling

FIB cut

Figure 6.8: Different types or morphologies of Li penetration. Optical images, SEM images, and
schematics of straight Li penetration type (a-c), branching type (d-f), spalling type (g-i), diffuse type
(j-1). Contrast and brightness adjustments were made to the entire image in (a,j) to make features
more evident in in-situ optical images.
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crack extending from the surface down into the electrolyte. The angle at which these cracks
intersect the surface (Oiyersect) Varies between individual cracks. These planar features are
filled with metallic Li. This is evident from: [1] the metallic luster of the buried surfaces;
[2] the extrusion of Li out of the crack at the surface (Figure 6.8b,c), which is a result of
the viscoplasticity of metallic Li;'**!! and [3] the ability to strip Li from within the crack
during subsequent cycling, as shown below. Straight Li filaments are often responsible for
short-circuit due to rapid propagation directly towards the opposite electrode.

The second type of structure is branching (Figure 6.8d-f). It is typified by the dendritic,
branching appearance that it is named for. In this type, there is a tendency for the crack to
bifurcate as it grows. This leads to a 3-D branching structure. Post-mortem characterization
of a branching structure is shown in Figure 6.9. The SSE was manually fractured through
the structure (Figure 6.9b) and partially polished by FIB to reveal the subsurface features.
Figure 6.9a,c clearly show the branched planar structure in SEM and optical images, re-
spectively. Each of the branches of these structures are Li-filled planes, as evidenced by
the metallic luster in Figure 6.9c and dramatically lower brightness in back-scattered elec-
tron (BSE) imaging (Figure 6.9e). Isolated impurity grains are also visible in these images.
XRD analysis indicated that the LLZO pellet was very high purity (98.8% cubic garnet,
1.1% lithium zirconium oxide, and 0.1% lanthanum zirconium oxide). However, the small
amount of impurities can be differentiated from the metallic Li in the BSE images, as the
Li appears much darker due to z-contrast. These impurities were not a result of cycling, as
they were observed in cells that had not been tested.

The exact cause of the branching/bifurcation is unknown, however in several cases
during post-mortem FIB analysis, impurity grains were observed at the same locations
where the crack bifurcated or deviated. A series of SEM images as the FIB removed thin
slices of material was used to create a 3-D reconstruction of one such location (Figure 6.10).
This appears similar to crack deflection in ceramic matrix composites.'®*~1%* The ~1% of

impurities may play a significant role in determining the path of Li filament propagation.
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Figure 6.9: Cross-sectional analysis of branching-type Li filament. Post-mortem characterization
of Li penetration morphology with scanning electron and optical microscopy. Secondary (a,d) and
backscattered (e) electron images of LLZO cross-section through branching-type Li filament at lo-
cation shown in the optical images shown in (b). Optical image of same area of cross-section shown
in (c).

In the 18 in-plane cells examined, the branching type always occurred at high current
densities, and never occurred at low current densities. As shown in Figure 6.11, cells in
which nucleation occurred below 0.2 mA cm™ never had the branching type, while in cells
where nucleation occurred at above 0.3 mA cm, the branching type was always one of the
observed morphologies. This suggests that the bifurcation of cracks is linked to the higher
driving force provided by the higher current density.

The third type, spalling, is named for the similarity in appearance to a piece of glass
spalling off from a larger sheet (Figure 6.8g-1). In this case, a Li-filled crack similar to the
straight type follows a curved path instead of a straight one. If a complete circle or closed

loop is made by the crack at the surface, the LLZO in the center becomes isolated from the

bulk of the pellet and can be lifted up (d;; s, Figure 6.81, Figure 6.12¢). As the addition of
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Figure 6.10: 3-D reconstruction of crack bifurcation in LLZO at an impurity. FIB-SEM images of
cross-section slices through branching type Li penetration (left) with resulting 3-D reconstruction
(right) showing Li penetration in gray and impurities in yellow.

Li through electroplating inside the crack can be accommodated by the isolated region of
the LLZO lifting up, there is no longer sufficient stress to propagate a crack further into the
LLZO. At this point, the feature typically stops growing macroscopically, although Li is
still being plated into the crack, so it is still active.

Unlike the straight and branching types, the spalling type does not correlate with a
decrease in polarization, and never led to short-circuit in the experiments run during the
preparation of this manuscript. For these reasons, it was classified separately. The spalling-
type feature shown in Figure 6.12a-d,f has many cracks within the isolated section of LLLZO
that have pulverized that portion of the LLZO. These cracks grew during the plating rather
than during the cross-sectioning of the sample, as they are filled with Li (Figure 6.12a,b).
Not all spalling-type filaments exhibit this pulverization, however, some are a single crack

like that in Figure 6.12e. The red coloration of the spalling feature after FIB sectioning in
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Figure 6.11: Presence/absence plot for branching-type Li filaments, and the current density at
which nucleation occurred for each of the in-plane cells tested.

Figure 6.12f is attributed to the reaction of metallic Li within the network of cracks with
nitrogen to form lithium nitride, which has a characteristic reddish color.

The final type of morphology, diffuse, was observed only twice during the preparation
of this manuscript, and was never observed in the optimized cells which had low interfacial
impedance and high CCD. The operando video of a cell that exhibited diffuse degradation
is shown in Video 6.13 along with the synchronized voltage trace. During the first three
current densities shown (0.7, 0.8, 0.9 mA cm™), there is no visible formation of Li fila-
ments. During the 1 mA cm™ cycle, a subtle diffuse darkening within the SSE is observed.
The strong backlighting helps to make the features more visible. As it propagates, a dark
spot forms in between the two electrodes. Upon post-mortem optical inspection at higher
magnification and with lighting from the top (Video 6.13, Figure 6.8j), it is apparent that
the diffuse darkening is due to the formation of a network of very thin structures, and the
dark spot is Li metal that has plated out. The variety of lighting options enabled by the
in-plane architecture make it possible to see the subtle changes (Figure 6.14)

As the diffuse darkening propagates and reaches the other side, there is almost no
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Figure 6.12: Cross-sectional analysis of spalling-type Li filament. Secondary (a,c,e) and backscat-
tered (b) electron images of FIB cross-sections through spalling-type Li filaments. Top-down (d)
and cross-sectional (f) optical images of the same feature shown in (c).

change in the cell polarization. A brief and very small drop is observed when the struc-
ture stops growing. This suggests that either the electronic conductivity of this feature is
low, or that the fuse effect occurred almost instantaneously. This phenomena occurs when
the electronically conductive pathway between electrodes is melted (like a fuse), and the
pathway is broken.”” When the polarity is reversed at 1.5 mA cm™, the structure does not
noticeably shrink, but several more spots of Li plating in the middle are observed. Finally,
during the last current pulse, a straight type Li filament grows across the cell and causes
short-circuit.

Figure 6.8k shows an FIB cross-section of a similar diffuse darkening structure. The
presence of degradation along grain boundaries (visible both on the pellet surface and in the
subsurface degradation) is dramatically different from the structures in the previous three
types, and suggests that the propagation mechanism may be different. As this type was rare
in cells with optimized interfaces, the remainder of the analysis will focus on the first three
types. This demonstrates that multiple types of Li penetration can be observed in a given
cell, further emphasizing that a single mechanism or explanation is insufficient to capture

the full complexity of the observed phenomena. The multiple failure types are reminiscent
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Figure 6.13: Video of diffuse type Li penetration. Operando video microscopy of CCD test on
in-plane Li/LLZO/Li cell with time-synchronized voltage response during the current steps. The
Li electrodes in this cell were not annealed prior to testing. Back-lighting was used, making Li
penetration features appear as silhouettes. Contrast and brightness adjustments were made to the
entire images to make features more evident in the video.
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Figure 6.14: Optical images of the same branching type Li filament with different lighting, as
labelled in the panels. CP stand for cross-polarization.

of the multiple failure modes observed in Na 3-Al,03 SSEs.!'® Moving forward, it is im-
portant for the research community to note that the details of the SSE, interface, and test

performed may impact the observed Li penetration dramatically.

6.1.5 Reversibility and Cycling

In addition to studying the conditions that lead to initial Li penetration and the morphology
evolution of the interface under those conditions, the in-plane operando experimental plat-
form is ideal for studying the dynamic evolution of filament morphology during cycling.
To study this behavior, a cell with smaller electrodes ~250 pm wide and ~500 um tall and
a larger spacing between electrodes was used. The increased distance allows more time to
observe Li filament propagation before short circuit occurs. To initially nucleate Li pen-
etration, a two second pulse of high current at a nominal current density of 75 mA cm?
was applied. As shown in Figure 6.15a and the corresponding video in the publication, '’
several branching-type structures almost immediately nucleate at the left-hand electrode.

As described above, the polarization gradually decreases as the branching structures grow.
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Figure 6.15: Reversibility and cyclability of Li filaments First cycle. (a) Optical image of in-
plane Li/LLZO/Li cell at end of first half-cycle at 75 mA cm™2, (b) corresponding voltage trace,
(c) image during second half-cycle before Li is exhausted from filament structures on the left, (d)
corresponding voltage trace, (e) image at point in second half-cycle when filament structures are
exhausted of Li (disappear from view), (f) corresponding voltage trace, (g) image from end of second
half cycle, (h) corresponding voltage trace.
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When polarity is reversed at the same current for 2 s, the branching structures recede
as Li is preferentially stripped from the surface of the Li filaments that grew during the
first pulse. While this is happening, similar branching structures nucleate and grow on
the opposite side (Figure 6.15¢). Interestingly, nearly all of the Li can be removed from
the structures leaving almost no visual evidence that the filaments had ever existed (Figure
6.15e,g). To the authors knowledge, this is the first time reversibility of Li penetration prior
to short-circuit has been directly observed within an inorganic SSE. This behavior is very
different from what was observed in a PEO-based polymer electrolyte, which exhibited
little to no reversibility.'

Examination of the voltage trace in Figure 6.15h during this pulse reveals several dis-
tinct features. The cell polarization initially drops, then reaches a minimum, then increases
to a maximum value before again decreasing. Time-synchronized operando microscopy
has been previously used to study Li metal electrodes in liquid electrolytes to understand
the coupled electrochemical signatures and morphology.'® In that work, a strikingly similar
peaking profile in the voltage trace was observed. This voltage profile in liquid electrolytes
is attributed to spatially varying kinetics along the electrode/electrolyte interface, and 3-
electrode measurements allowed for the contributions from each electrode to be decoupled.

The preferential plating into and stripping from the dendritic structures suggests that
there is a difference between the two interfaces. This behavior was also observed in liquid
electrolytes, where it was attributed to a thinner SEI on the freshly plated Li inside the
dendritic structures. A similar mechanism is likely occurring in the LLZO. Despite all
efforts to create a clean and pristine LLZO interface prior to Li evaporation, it is known
that some contamination remains.'® In contrast, when a dendritic structure forms, the newly
formed Li/LLZO interface is truly pristine. For this reason, Li plating into the dendritic
structures is the preferred reaction pathway.

As mentioned above, the initial decrease in polarization during the first pulse (Figure

6.15b) is a result of increasing surface area and the decreasing distance between the elec-
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trodes. When polarity is reversed, new Li filaments nucleate and grow on the right-hand
electrode. This leads to the initial drop in voltage during the second pulse. The mini-
mum/valley corresponds to the time during which Li is being stripped primarily from the
branching structures on the left, and plated into the branching structures on the right (Fig-
ure 6.15C,D). During this period, both plating and stripping are occurring on kinetically
fast surfaces, and thus the overpotentials are low.

As the Li inside the branching structures on the left starts to be exhausted, the polar-
ization begins to rise. The peak occurs at the same moment when the Li is exhausted from
the Li filaments on the left (Figure 6.15¢,f; also shown in video included in manuscript).
Stripping is forced to proceed from the less-preferred (kinetically slower) interface that was
formed by evaporation. After the peak, the polarization slowly decreases again due to the
continued propagation of the Li filaments on the right (Figure 6.15g,h).

Following this initial cycle at high current density, the same amount of charge was
repeatedly cycled at nominal current densities of 5 mA cm™ (5 cycles) and then 10 mA
cm? (5 cycles), as shown in Figure 6.16. During the first half-cycle at 5 mA cm?2, Li is
plated back into one of the dendritic structures on the left that formed during the initial
high current pulse (Figure 6.16b). This indicates that despite the structure disappearing
optically, the crack that remains after stripping acts as a preferential site for Li plating
during subsequent cycling. Interestingly, no Li is plated back into the other Li penetration
sites. It is unclear why this is the case, however it could be the result of void formation in
the Li electrode at the base of the crack during the previous stripping, similar to the void
shown in Figure 6.12e. As cycling continues, the structures on both sides propagate slightly
further each time they are plated into.

Although the structures appeared fully reversible during the first cycle, one of the
branching structures had visible Li remaining after the second cycle (Figure 6.16d). This
Li became electrically isolated from the rest of the electrode, and thus it is now inactive or

dead. The formation of dead Li is well documented in liquid electrolyte systems, but has
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not been reported previously in SSEs. Based on the video of this cell, the formation of dead
Li occurs by a similar mechanism to that in liquid cells, with Li stripped out of the base
of the Li filament removing the electrical pathway to the rest of the electrode. However,
unlike liquid electrolytes, an insulating SEI does not form around the isolated Li region.
Therefore, when Li is plated back into the base, the dead Li can be reconnected to the bulk
electrode and grow larger. Despite this, the base remains a hot spot for Li stripping and
therefore, in each subsequent stripping half-cycle, the dead Li reforms. A higher magni-
fication sequence of images is shown of the same dead Li during a later cycle in Figure
6.16e-g.

Figure 6.16h-1 shows higher magnification set of images that captures the stripping from
and plating into the branching structure on the left electrode. Li is first removed from the
tips of the filament (closest to the counter electrode), and the structure appears to contract
back towards the base. When polarity is reversed, Li begins plating back into the structure
first from the base and then out towards the tips. This indicates that the features of the
structure that remain behind do not serve as an electronically conductive pathway, as in
that case plating would begin at the tips. This effect could be significantly different in an
SSE that reacted with Li metal and in which the resulting interphase could be electronically
conductive (Li;(GeP,S, for example).'¢’

Since the structures propagated slightly further each cycle, the structures from the two
sides eventually met and short-circuit occurred. In an actual battery, there would only be
the potential to form Li filaments from the negative electrode, so failure in this way would
not occur, but rather the filament from the Li electrode would reach all the way across to

the positive electrode.

6.1.6 Li-Filled Crack Growth Analysis

One of the primary benefits of the in-plane cell architecture is that the high-quality images

can be used for quantitative analysis in ways that have not been possible previously. For
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Figure 6.17: Analysis of Li propagation rate. (a-c) Schematic representation of Li propagation and
relaxation inside of a crack, (d) representative operando optical image of a Li-filled crack with areas
analyzed in (f) and Figure 6.20 labelled, (e) Plot of crack growth over time during a representative
set of current pulses, with a hyperbolic tangent fit of the curve that was used to track crack position,
(f) plot of pixel brightness vs. position along a line across the crack tip for frames during and after
a current pulse, (g) plot of crack growth rate vs. applied current.

example, the rate of Li filament propagation was measured as a function of applied current
and a linear relationship was observed (Figure 6.17). The extension (L) of a single
straight-type Li filament was monitored during a sequence of galvanostatic pulses (Figure
6.17a,b). After each galvanostatic pulse, the electrodes were held at open-circuit potential,
and the Li filament length was monitored to measure any change in crack length (Liejx;
Figure 6.17¢).

For each frame in the operando video, the extension of the leading edge of the Li
filament was measured by fitting the abrupt increase in brightness between the darker Li
filament and the brighter SSE ahead of the Li filament (Figure 6.18). Further details of this
method for tracking Li filament position are provided in the Section 6.3.

The Li filament position was measured during three sets of galvanostatic pulses. Each

set consisted of pulses at nominal current densities of 0.5, 1, 2, and 5 mA cm?2. The

duration of the pulses was scaled to maintain the same charge for each current in each set.
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Figure 6.18: (a) Representative frame from operando imaging during pulsed crack growth experi-
ment with lines overlaid where pixel brightness values were extracted. (b) Extracted pixel brightness
values after normalization, along with the hyperbolic tangent fit that was used to track crack-tip po-

sition over time.

The rate of change in filament length was higher for pulses with higher current, as shown
by the labelled slopes in Figure 6.17e. For the three sets of pulses, the crack growth rate
was proportional to pulse current (Figure 6.17g).

At the lowest pulse current, the crack growth rate approached zero, and the intersection
of the fit with the x-axis is non-zero. This points to the existence of a critical threshold
current for Li-filament propagation. Further measurements at low current densities would
be necessary to better evaluate this threshold of Li penetration and will be the subject of
future study.

During open-circuit holds after the pulses above 1 mA cm?, the Li filament receded.
For example, over a period of 6 s after a pulse of 5 mA c¢cm, the filament length shortened
by Lielax, approximately 3 um (Figure 6.17f). A possible explanation for this Li filament

relaxation stems from the viscoplastic mechanical response of Li. Within a range of con-
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Figure 6.19: Pulsed current with filament growth measurements. Operando video microscopy with
time-synchronized voltage response and corresponding measurements of filament growth during
short stepped current pulses.
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Figure 6.20: Electron and optical microscopy images of straight type crack propagation. (a,b)
SEM images of Li that has been extruded out of the crack where it intersects the surface of the
LLZO pellet. (c,d) Operando optical images of straight type Li penetration.

ditions that are typical of Li metal batteries, the mechanical deformation of Li is strongly
dependent on temperature and strain rate.'°!%! Owing to this, Li is susceptible to creep at
RT, which would allow the Li within a crack to extrude backwards when current is stopped.
As further evidence of this behavior, Li that was extruded out of the crack is visible in post-
mortem SEM (Figure 6.20a,b). The relaxation is more dramatic at higher current densities.
This is consistent with the fact that the strain rate in Li increases with current density, which
leads to a higher stress accumulation at the crack tip. When current is stopped, stress re-
laxation occurs and the Li filament recedes. This is further evidence that the Li within the
crack is under compressive stress, and thus the propagation of the crack is mechanically
driven.

On polished LLZO surfaces, grain boundaries are typically not easily visible in opti-

cal or electron microscopy. In some cases, however, the different properties of the grain
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Figure 6.21: High-magnification video of straight-type Li filament propagation. Operando video
microscopy of an in-plane Li/LLZO/Li cell showing propagation of the Li filament through an LLZO
grain, and Li being extruded out of the crack at the surface.

boundaries make them visible. In Figure 6.20c,d, optical images show a Li filament prop-
agate through the middle of a grain visible at the surface of the pellet. A video of this
process is shown in Video 6.21. This suggests that grain boundaries are not the only path
of propagation for the straight-type Li filaments in LLZO. The video also shows Li being

extruded from the crack at the surface.

6.1.7 Deep Discharge and Void Formation

For Li metal batteries to outperform Li-ion, the amount of excess Li must be limited, as
it is extra inactive weight and space in the cell. Thus, understanding the dynamic evolu-

tion of electrode morphology during deep discharge is of critical importance. To this end,
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current pulses of 4 mA cm™ (just below the measured CCD above) were applied, with a
rest period and EIS measurement between each pulse. The resulting operando images and
electrochemical response are shown in Figure 6.22, and a video will be included in the
resulting manuscript. In total, the six 1-min. pulses and eight 2-min. pulses total nearly 1.5
mAh cm (based on the original electrode area). This is equivalent to ~7 um of Li plating.
Based on QCM measurements during the deposition of the electrodes, approximately 8 um
of Li was originally deposited, so this represents ~85-90% of the total electrode mass being
stripped.

As this Li was stripped (right to left in Figure 6.22a-c), areas of the LLZO beneath the
electrode became visible as all of the Li was stripped from those regions. These locally
depleted regions are visible throughout the electrode, confirming that the entire electrode
area is active. The spatial variation in initiation and spread of these depleted regions may
be attributed to several factors. First, as a result of the electrode fabrication process, slight
thickness variations are present in the Li surface, which can be seen as ripples in Figure
6.22a. The thinner areas will be depleted first as stripping progresses. Additionally, spa-
tially varying kinetics along the Li/SSE interface could lead to hot spots for stripping. The
Li/Electrolyte interface is heterogeneous in nature, with grain boundaries, variations in sur-
face chemistry, and grain orientation (in both the electrolyte and the Li metal) all potential
sources of inhomogeneity.!%!6:38:144.146

During the first pulse, a slight decrease in interfacial resistance is observed (Figure
6.22f), which may be attributed to improved interfacial contact when current flowed the
first time. The cell polarization is fairly constant during pulses 1-9 (Figure 6.22d), and
the EIS fitted with the equivalent circuit in Figure 6.6 shows only small changes to the
interfacial and bulk resistance (Figure 6.22¢). In subsequent pulses, as the cell polarization
starts to increase, the interface resistance also increases sharply. Nearly all of the increase
in total impedance in the EIS is due to the interfaces.

To gain insight into the coupled electrochemical-morphological evolution of the system,
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Figure 6.22: Analysis of in-plane Li/LLZO/Li cell behavior during extended galvanostatic plating.
(a-c) Operando optical images at different points in time during Li plating, (d) voltage response to
the 4 mA cm™ current pulses with inset showing voltage decay after the current pulses for selected
pulses, (e) Area-specific resistance (based on the initial electrode areas) of interface, bulk, and total
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current pulse. (g) Schematics of void formation at high current densities. (h) Optical images of
anode after each current pulse, processed using thresholding and outlier removal in imageJ so that
white area represents metallic Li.

129



the operando optical images were analyzed. Images corresponding to the end of each
current pulse were converted to the binary images shown in Figure 6.22h, where the white
regions represent metallic Li (further details in the Section 6.3). The results of this analysis
are shown in Figure 6.22f, where the apparent electrode area is plotted along with the
interface capacitance extracted using EIS.

After the initial increase during the first current pulse, the capacitance exhibits a de-
creasing trend, as does the apparent electrode area. A decreasing capacitance with depth
of charge was also observed in a recent study of Li/LLZO interfaces.!*! The apparent elec-
trode area decreases approximately linearly with charge, while the capacitance exhibits a
highly non-linear decrease. In particular, an abrupt drop in capacitance can be observed
between 0.5 and 0.8 mAh cm™.

This deviation between capacitance and apparent electrode area is unexpected, as ca-
pacitance should scale linearly with area for an SSE/electrode interface.'®® This discrepancy
could be a result of multiple factors, including: [1] the apparent electrode area not accu-
rately representing the actual area of Li contact with the LLZO due to interfacial void for-
mation; [2] chemical and/or structural heterogeneities along the Li/LLZO interface, which
would affect the local capacitance along the interface. Both of these effects could also con-
tribute to the increase in interfacial resistance with time, and will be discussed in further
detail below.

As depicted in Figure 6.22g, at low current densities, diffusion of Li vacancies inside
the Li metal electrode establishes a steady-state condition with the injection of Li+ into the
SSE. As the apparent electrode area decreases (and current remains constant), the local
current density increases. Eventually, vacancy diffusion cannot keep up and vacancies
accumulate near the interface, coalescing into larger voids.'*! This further decreases the
active area and results in current focusing at the contact points between the Li and the SSE,
leading to faster void formation in a positive feedback loop.

Representative SEM analysis on FIB cut cross-sections of the Li/LLZO interface con-
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Figure 6.23: Cross-sectional SEM images of FIB-cut Li/LLZO interfaces. (a) after stripping, and
(b) after plating.

firms the presence of voids at the anodic interface (Figure 6.23). The electrode that was
stripped from has several voids, while the side that was plated onto has intimate contact
between the Li and the LL.ZO along the interface. Multiple areas in both electrodes were
examined to confirm this was a general trend. This is evidence that void formation con-
tributes to the discrepancy between apparent electrode area and the measured capacitance,
and to the increase in interfacial resistance.

Chemical and/or structural heterogeneities along the Li/LLLZO interface could also con-
tribute to the evolution of both interfacial resistance and capacitance over time. As Li will
be preferentially removed from areas of the interface with faster kinetics (lower activation
barrier), these areas will be exhausted of Li more quickly than areas which have slower
kinetics. For example, we have previously shown that even after the LLZO surface prepa-
ration techniques used in the present work, a non-zero fraction of the surface has Li,CO;

present.'® Furthermore, the presence of the peaking voltage behavior described in the re-
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versibility and cycling section above indicates that the kinetics of the bulk Li-SSE interface
are slower than at the new interface formed as Li propagation occurs.

As stripping proceeds at the anode, kinetically faster regions along the Li/SSE interface
will experience higher local current densities. This will lead to faster vacancy accumulation
in the Li in these regions, increasing the likelihood of void formation (Figure 6.22g). As
a result, subsequent injection of Li+ ions into the SSE is forced to occur at locations with
slower kinetics. The result is an increase in the area-specific resistance. This demonstrates
how interfacial heterogeneities may be ultimately responsible for the non-linear increase
in interface resistance and decrease in interface capacitance observed at 0.5-0.8 mAh cm™
through the formation of voids.

The fact that stripping of Li at high rates leads to electrode morphology evolution in
the form of depleted regions and voids indicates that the design of experimental conditions
for evaluating rate capability should take into consideration the intended application. In
any LMSSB, stripping of Li from the Li/SSE interface would occur during discharge of
the battery, and plating would occur during charging. Thus, the formation of voids would
occur during a fast discharge. For example, in EVs or personal electronics applications,
fast charge is more important than fast discharge, as the goal is to make the battery last at
least several hours of use time. This suggests that an asymmetric cycling protocol may be

a better indicator of performance than the symmetric tests above.

6.1.8 Demonstration in a Sulfide Solid-State Electrolyte

All of the experiments above were conducted in the model system of LLZO, but the in-
plane architecture can be used in a range of SSE materials. For example, similar behavior
to nearly all of the results in LLZO above was also observed in a glassy LPS material,
where multiple morphologies (straight and spalling) nucleated in the cycle immediately
following the first rapid increase in cell polarization during a current pulse. As shown in

Figure 6.24, the in-plane platform can be used even in electrolytes that have very limited
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Figure 6.24: Demonstration of in-plane visualization architecture in glassy LPS. (a,b) Operando
optical images of in-plane Li/LPS/Li cell before and after Li penetration. (c) Electrochemical data
from cycling of the same cell, with insets (d,e) showing zoom-in on a cycles before and during Li
filament nucleation.

transparency, as the features of interest are near to the electrolyte surface. The voltage
profile corresponding to cycling shows that below the CCD, the voltage exhibits relatively
flat plateaus for each current density (Figure 6.24d). At the CCD, a sharp rise is observed
(due to void formation), and in the subsequent half cycle, Li penetration occurs (Figure
6.24e). This is similar to the results in the LLZO electrolytes.

A detailed analysis of this electrolyte system is beyond the scope of this work, but this
result shows the parallels between these two substantially different electrolyte systems.
They have different anions (S vs. O), structure (glassy vs. garnet), electrochemical sta-
bility (narrow vs. wide), interphase formation (significant vs. little/none),”’ but exhibit
very similar Li propagation and electrode evolution in this case. This demonstrates the
wider implications of this study for Li metal LMSSBs in general. At any Li/SSE interface,
the morphology evolution of the Li metal electrode plays a key role in determining the
rate capability. Whether that is Li penetration (of various types), void formation, or wet-

ting/dewetting, it is critical to understand the coupled chemo-electrochemical-mechanical
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phenomena that drive interfacial performance and stability in LMSSBs.

6.2 Conclusions

In this work, an in-plane cell geometry was demonstrated that enables high quality optical

operando imaging of SSEs at battery-relevant current densities. With this platform, several

key observations were made:

1.

Multiple different morphologies of Li penetration (straight, branching, spalling, and
diffuse) are possible in LLZO SSEs, indicating that a single mechanism is insufficient

to explain the complexity of this system.

. The Li within these structures can be reversibly cycled, and the signatures of this are

evident in the corresponding voltage trace.

. At relatively high current densities, the most common types of Li filaments propa-

gate by a mechanical crack-opening mechanism, and the rate of propagation is pro-

portional to the current density.

The morphology evolution of the Li electrode (void formation, dewetting, and re-
duction of contact area) during electrodissolution of Li at high rates demonstrates
the importance of considering the impact of both plating and stripping on the Li/SSE

interface.

Similar Li penetration behavior was observed in a glassy LPS SSE, demonstrating

the application of the in-plane architecture for other SSE materials.

These results provide significant new insight into the underlying mechanisms that drive

failure in SSE materials, including how/why Li penetration and void formation occurs,

what the nature of the structures is, and how they evolve during cycling. This understanding

informs future work to suppress the formation of these structures and enable fast-charging

of LMSSBs.
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6.3 Materials and Methods

6.3.1 Electrolyte Synthesis

Cubic Al-doped LLZO (Al-LLZO) with a nominal composition of Lig»5Aly25LasZr, O,
was prepared for the TP cell using the solid-state synthetic technique. The methodology
has been explained elsewhere in more detail.'*!>> A combination of hot-pressing and an-
nealing was used to grow grains and prepare transparent LLZO specimen in this study.
First, the calcined powder was densified using a RIHP at 1100 °C under a uniaxial 62 MPa
pressure for 1 h in a graphite die under flowing argon atmosphere to achieve >97% relative
density. Then, the hot-pressed pellets were embedded in LLZO mother powder with the
same nominal composition and annealed in a tube furnace under flowing argon for 50 h at
1300 °C. Details about the method to prepare transparent LLZO can be found elsewhere. !>

Al-LLZO samples for in-plane cells were synthesized from starting powders of Li,COs,
Al,O3, La,03, and ZrO, from a solid-state reaction method, calcined at 1000 °C for 4 h
in dry air. Densification of AI-LLZO was achieved by RIHP green bodies of calcined Al-
LLZO at 1225 °C, 48 MPa for 40 min in an argon atmosphere.

For all pellets, polishing and surface preparation to attain low interfacial resistance was

done following a previously reported procedure,!®15

adding a final polishing step of 0.1
um of diamond polishing abrasive for the in-plane cells before HT at 400 °C for 3 h in an
Ar atmosphere.

The amorphous 25Li,S-75P,Ss (mol %) SSE was synthesized from crystalline Li,S
(99.98%, Aldrich) and P,Ss5 (99%, Sigma Aldrich) by mechanochemical synthesis after
being mixed in an agate mortar and pestle. The mixed precursors were placed in a 45 cc
zirconia pot with 10 zirconia balls of 10 mm in diameter and 10 zirconia balls of 5 mm in
diameter, sealed in a dry Ar-filled glovebox (water concentration below 0.5 ppm), placed

inside stainless steel vessels and transported in an inert atmosphere. The pots were spun

at 510 RPM for 10 h in a Planetary Micro Mill (Pulverisette 7, Fritsch GmbH), with 2
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hour intervals of milling followed by 10 min rest intervals at RT. Milled LPS powder was

hot-pressed at 200°C for 4 h at 270 MPa with a heating rate of 0.7 °C min™'.

6.3.2 Electrode Fabrication

Immediately following the HT procedure, the LLZO pellets for the TP cells were pressed
against Li foil (99.9%, Alfa Aesar) that had been scraped with a stainless steel spatula, with
areas apart from the active surfaces masked with kapton tape. In-plane cells were loaded
into a glovebox-integrated thermal evaporator (ngstrom Engineering Inc.). Laser-cut Ni foil
was gently clamped on the pellet surface to define the geometry of the electrodes. Molten Li
(99.9%, Alfa Aesar) in a Mo crucible was heated to 550 °C while the sample was spinning

and thickness was monitored by QCM until the desired thickness was reached.

6.3.3 Optical Imaging

Optical imaging of the TP cell was performed with a 12 megapixel color camera (Amscope)
and a 75 mm c-mount lens (Fujinon) in an Ar glovebox. A 3-watt white LED (Cree) with
focusing optics was used for back-lighting while an LED ring light (Amscope) was used
for top lighting.

In-plane cells were imaged using a Nikon LV-150 microscope in an Ar glovebox. A 5
megapixel color camera (IDS) was used to capture still images and video. 5x, 10x, 20x,
and 50x objectives (Nikon) were used for various experiments. A halogen lamp was used
for axial illumination with circular polarizers on the incoming light and in the imaging
column for cross-polarization. A 3-watt white LED (Cree) with focusing optics was used
for back-lighting while an LED ring light (Amscope) was used for top lighting. Varying
the relative intensity of each light source allowed tunability to maximize image quality and
contrast.

Extended depth of focus images shown in figures 6.8 and 6.9 were made by recording

images a range of focal positions and blending the images with auto-blend layers in Photo-
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shop (Adobe). White balance, brightness, and contrast of the entire images was done using
Photoshop or Lightroom (Adobe) to match realistic appearances and make features as clear

as possible.

6.3.4 Electrochemical Measurements

Electrochemical measurements were conducted with an SP-200 potentiostat (Bio-Logic)
connected to the sample through BNC feedthroughs into the glovebox. Through-plane
cells were contacted through the Ni pins that applied stack pressure. In-plane cells were

contacted with tungsten needles and xyz manipulators (Signatone).

6.3.5 Image Processing

For the crack growth measurements, optical images were synchronized with corresponding
electrochemical measurements using MATLAB®. The Li filament was initiated by first
imparting a small scratch on the LLZO surface at the edge of the cathodic electrode with
a diamond scribe and then plating Li at a nominal current density of 1 mA cm™ until the
filament propagated beyond the end of the scratch by a distance (L) of ~60 pum. For each
video frame, the Li-filament position was measured from the abrupt change in brightness
along the leading edge of the Li filament. Each video frame was aligned with a reference
image to remove vibration. Then the image brightness values were extracted for each pixel
along 5 lines (5 pixels wide) that spanned across the Li filament and into the SSE ahead
of the filament, in the direction of crack extension (Figure 6.18). For each line, the image
brightness was normalized between -1 and 1 for all of the frames during the galvanostatic
pulses. For position along each line (x), the normalized image brightness (Y) was fitted
with a brightness function (Yg). The objective function for minimization was (Y-Yg)?,

with

Y = Atanh [B(z — C)]|+ Dz + E (6.1)
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The fitted function Yy, utilized a hyperbolic tangent function with five fitting terms:
brightness magnitude (A) of the hyperbolic tangent, crack position scale (B) and shift (C),
linear brightness scaling (D), and brightness shift (E). The key fitting term of interest is the
crack position shift (C), with the growth of the Li filament between frames given by the
change in C.

For the analysis of electrode area during deep discharge, a color threshold on the R
channel was applied in ImageJ. Then the image was converted to greyscale and another
threshold was applied to convert the image to binary white and black. Outlier removal of
both light and dark regions smaller than 20 pixels was used to reduce noise. Electrode area

was then calculated by counting white pixels in each frame with Matlab.

6.3.6 Electron Microscopy

Post-mortem electron microscopy and FIB cutting was performed on an FEI Helios 650
Nanolab dual beam SEM/FIB. Air exposure during transfer into the instrument was min-
imized, usually less than 60 s between first air exposure and reaching 10~ Torr vacuum
levels, with UHV levels reached within 2 min after that. SEM imaging was performed
at 1-2 kV accelerating voltage and 100 pA to minimize charging and other artifacts. FIB
cross-sectioning and tomography was performed using Ga+ ions with an accelerating volt-

age of 30 kV and a beam current of 21 nA.

6.3.7 3-D Reconstruction

Reconstruction of a series of SEM images during successive FIB polishing cuts was per-
formed using the Avizo software package (Thermo Fisher Scientific Inc.). Images were
aligned and shear-corrected, and a non-local means filter was applied for noise reduction.
Subsequently, segmentation based on brightness was performed to assign regions of inter-

est.
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CHAPTER 7

Atomic Layer Deposition of Li;La3Zr;01; Solid

Electrolyte Materials

Adapted with permission from Kazyak, E.; Chen, K.-H.; Wood, K. N.; Davis, A. L.;
Thompson, T.; Bielinski, A. R.; Sanchez, A. J.; Wang, X.; Wang, C.; Sakamoto, J.; et
al. Atomic Layer Deposition of the Solid Electrolyte Garnet Li;La;Zr,O,,. Chem. Mater.
2017, 29 (8), 37853792. Copyright (2017) American Chemical Society.

In parallel to the work described in Chapters 4 to 6, I developed processes to deposit
SSE materials by ALD. It is well known that the properties of the interfaces in electro-
chemical systems, like batteries, play a large part in determining the overall performance.
It is therefore desirable to be able to precisely control those properties, for instance with
coatings that can improve electrochemical stability.'® ALD has proven to be a valuable tool
for modifying electrode/electrolyte interfaces in both liquid and SSBs.”!*%118170 Much of
this work, however, has been limited to just a few materials that are most readily deposited
by ALD. In many cases, it would be desirable to deposit a film that conducts ions but not
electrons. This could be used to passivate an electrode surface against an electrolyte, or to
reduce interface resistance. Unfortunately, there are very Li-ion conductors that have been
deposited by ALD. The goal of the next two chapters is to develop such materials, and
demonstrate that they have the properties necessary to be used as either stand-alone SSEs,
or as interlayers and coatings at electrode/electrolyte interfaces.

Many potential target materials were considered. One of the most promising SSE ma-
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terial systems is the Li-rich garnet LLZO, due primarily to its high ionic conductivity at
RT (10 S cm™!) and improved stability against Li metal.**!!* Through aliovalent doping,
the superionic conducting cubic phase can be stabilized at RT, and this material has shown
promise for integration in practical battery systems. Two of the primary challenges re-
maining for commercialization are formation of stable low impedance interfaces with both
anode and cathode materials and the manufacturing of thin dense films required for high
overall energy density.

Previous studies have developed processes for deposition of LLZO thin films with
techniques including physical vapor deposition,'”! pulsed laser deposition,'’”> and CVD.'”?
These techniques are limited in their ability to conformally coat high-aspect-ratio 3-D struc-
tures, require high-temperatures, and are limited in scalability while maintaining precision
and quality control during manufacturing of nanoscale architectures.

Li-ion batteries rely on the ability of liquid electrolytes to penetrate into porous elec-
trodes to facilitate ionic transfer and conduction. With SSEs, this is a major challenge, as a
planar electrolyte in contact with a porous electrode will suffer from increased impedance
due to a lack of ion conduction pathways and low interfacial area. Moving to 3-D and
porous electrode architectures could enhance rate capability and enable high areal capacity
loading, increasing the energy density.!”*!7> This presents a significant challenge for SSE
manufacturing, as it requires intimate contact between a complex 3-D geometry and an
SSE film.

7782 several stud-

Following the pioneering work on ALD interlayers in Li-ion batteries,
ies have investigated ALD films as SSEs. Specifically, ALD SSEs are promising for 3-D
battery architectures, porous electrode coatings, encapsulation, etc.'’® These studies have
fabricated a range of oxide, phosphate, and sulfide materials with a wide range of ionic
conductivities (1079 to 107 S ¢m™).”>!"=11 The highest reported ionic conductivity in

an ALD film was in LiPON: 3.7#107 S cm™ in solid-state or 6.6¥107 S cm™ in a lig-

uid cell."””-!?2 LiPON has been used to make thin-film batteries, and have shown promising
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electrochemical stability for application in high voltage systems. The recent work by Pearse
et al. highlights the potential of ALD electrolytes for 3-D architectures and demonstrates a
proof-of-concept device.'”> One potential limitation of the ALD LiPON films, however, is
that the ionic conductivity still lags behind that of sputtered LiPON (1.8-3.3%10° S cm™'!?)
and is well behind that of bulk SSEs (10 to 102 S cm™).”’ For this reason, materials with
higher conductivities that maintain wide electrochemical stability windows are of great
interest.

Herein we present a thermal ALD process for Al-doped LLZO SSEs. The pentenary
ALD process was developed by careful combination of constituent binary oxide ALD pro-
cesses. In ALD of multi-element compounds, the precursors must be chosen carefully to
avoid unwanted reactions, incompatible temperature requirements, and impurities.®> More-
over, there are many critical aspects of ALD chemistry that can affect film composition,

4

crystallinity, and morphology, including gas-phase ion-exchange reactions,'®* chemical
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etching, ™ thermal decomposition, ™ and precursor-specific reaction pathways. Thus, a
detailed understanding of ALD chemistry at the atomic scale is critical to enable rational
design of materials, which was quantitatively analyzed in this study using in situ QCM
measurements of the ALD growth.

Additionally, challenges associated with Li loss during annealing ultrathin Li-
containing films arise due to the high ionic mobility and reactivity of Li."”’ To address
these challenges, in this study we perform in sifu synchrotron XRD experiments to obtain
the cubic garnet crystal structure. A highly phase pure cubic garnet film is obtained through

precise control of the annealing environment, showing the potential of this process to be

used for interfacial engineering and electrolyte deposition in 3-D battery architectures.
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7.1 Results and Discussion

ALD of Li-containing films has proven to be a challenge due to the lack of a sufficiently
volatile precursors with reasonable growth rate and low impurities. In this study, lithium
tert-butoxide (LiOtBu) was selected due to previous reports of its reasonable success
in ternary films.'*%!%8-2%0 Trig(N,N’-di-i-propylformamidinato)lanthanum (LaFAMD) was
chosen for its improved volatility and growth rate compared to other La precursors.??!-2%2
Tetrakis(dimethylamido)zirconium (TDMAZ), and TMA were chosen as they are well-
understood precursors capable of yielding high quality films under a wide range of condi-
tions.®! Ozone (O3) was used as the oxidizer in all cases to avoid potential complications
resulting from the hygroscopic nature of the Li,O, La,0;, and resulting LLZO films.?%}
The constituent binary processes for Li,O, La,03, ZrO,, and Al,O3 were first optimized
on their own. The pulse saturation curves measured by in situ QCM are shown in Figure
7.2. Each of the processes was characterized to verify saturated pulse and purge times,
growth rate, and low (<1%) impurities. The constituent processes were then combined as
shown in Figure 7.1 to yield dense LLZO films. The rule of mixtures was used to provide
an initial estimate of the required ratio between subcycles A, B, C, and D in Figure 7.1 to
deposit stoichiometric Al-doped LLZO (AI-LLZO). This method, detailed previously, uses
the individual process growth rates and atomic densities to estimate multinary growth rates
and resulting composition.'”> Minor empirical adjustments were needed to correct for the
non-ideal behavior of the multi-element processes due to different nucleation and growth
behavior of the ALD on different surface terminating species than in the binary processes.

With a ratio of 8:28:12:1 (Li:La:Zr:Al) ratio of pulses, the resulting film was close to
the targeted stoichiometry of Lig3La3Zr,O1,Alg 4, and had low carbon content (<1%) as
shown by XPS in Figure 7.3. This ratio of constituent subcycles is defined as one super-
cycle, and can be repeated as needed to deposit films of a desired thickness. The oxygen
content is lower than expected, likely due to preferential oxygen removal during Ar sputter-

ing to remove surface contamination.?’* For this reason, the cation ratio for the ALD film
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processes (top) and plot of film mass uptake (left, measured by QCM) and chamber pressure (right)
vs time (bottom). Each binary process shown (A, B, C) has a mass increase associated with the
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and for stoichiometric LLZO is shown in Figure 7.3. The QCM data shown in Figure 7.4

indicates linear growth over many supercycles.
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Figure 7.3: (a) XPS survey scan of an as-deposited ALD LLZO film (inset compares ideal and ac-
tual compositions) and (b) plot of Li content (no. of Li atoms/total no. of cations) vs the proportion

of total subcycles that is Li.

By simply altering the ratio of subcycles, the composition of the film can be easily
tuned. To demonstrate this further, a set of films with varying Li content was deposited. As
shown by both XPS and ICP-OES in Figure 7.3, the ratio of Li to the total cations increases
as the proportion of Li subcycles is increased. This can therefore be used as a means of

controlling Li content to alter conductivity and compensate for Li loss during subsequent

annealing.
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Figure 7.4: In situ QCM data showing the uptake in mass during the binary processes for
LaFAMD/O; (a), LiO'Bu/Oj; (b), and TDMAZ/O; (c). The mass uptakes during one repeat unit
of the supercycle for the LLZO ALD process showing that each process results in growth when
combined (d). Wide view of LLZO ALD process showing linear growth over many supercycles.

Despite the fact that the ratio of B(La):C(Zr) subcycles was held constant for this exper-
iment, a clear trend was observed in the La:Zr ratio in the deposited films. As the proportion
of Li subcycles increased, the La:Zr ratio in the film decreased. To investigate this behav-
ior, in situ QCM was used to conduct a nucleation experiment to measure the growth of the
first subcycle of La after a series of 5 previous subcycles of LaAFAMD+03;, TDMAZ+0O3,
or LiO'Bu+0j;. This study revealed that the growth rate of La dramatically decreased when
the previous subcycle was Li, and slightly increased when the previous subcycle was Zr
(Figure 7.5). This is consistent with the trend that with increased Li content in the LLZO
film, the La content decreased relative to Zr. This change in nucleation can be corrected for
by increasing the B:C ratio when increasing the Li content of films.

The thickness of 18 supercycles of the stoichiometric ratio deposited on (100) Si was
measured by ellipsometry as 86.5 nm, which is in agreement with the thickness measure-

ment by cross-sectional SEM shown in Figure 7.6a. The as-deposited film is amorphous,
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Figure 7.5: Plot showing decrease in La:Zr ration as a function of Li pulse proportion in ALD
Supercycle as measured by ICP-OES (a). Plot of average La;O3 mass uptake during subcycles
immediately following various base materials (b). La nucleation is dramatically suppressed when
the previous subcycle was LiO'Bu-Oj and significantly increased when the previous subcycle was
TDMAZ-0O3.

as shown by synchrotron grazing incidence XRD (Figure 7.7) and TEM selected area elec-
tron diffraction (SAED), Figure 7.6f. The SAED pattern shows clear spots corresponding
to the underlying ZnO nanowire that was used as a template, with only an amorphous halo
present from the film, which is consistent with an amorphous ALD coating. This ability to
deposit conformal ultrathin (<100 nm) amorphous LLZO films at low temperature with a
scalable process is unique.

To demonstrate the ability of this ALD process to deposit conformal films on 3-D
structured substrates, 9 supercycles were deposited on a Si wafer with trenches of vari-
ous sizes (Figure 7.6b-d). As can be seen in the cross-sectional SEM images, even within
the trench with an aspect ratio of ~30, the ALD film conformally coats undercuts and
vertical faces with a homogeneous thickness throughout the full depth of the trench (step
coverage >95%). To further illustrate the conformal nature of deposition, one supercycle

of ALD LLZO was deposited on single crystal ZnO nanowires, grown by the same hy-

drothermal process reported previously.”®> As seen in the lattice-resolved high-resolution
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Figure 7.6: (a) SEM image showing as-deposited ALD LLZO film on a Si substrate, (b) SEM image
showing the ALD film from the top of a Si trench shown in (c), (d) SEM image showing the ALD
coating at the bottom of a Si trench, (e) TEM image showing the ultrathin conformal coating at
the tip of a ZnO nanowire, and (f) TEM image showing a sharp film/wire interface, with electron
diffraction (inset) showing the amorphous nature of film.
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Figure 7.7: Synchrotron grazing incidence XRD pattern of as-deposited 100 nm LLZO showing
amorphous nature of the film.

transmission electron microscopy (HRTEM) image of Figure 7.6, the dense amorphous
ALD film uniformly coats the surface of the ZnO nanowire, leaving an atomically sharp
interface between the two phases.

Due to the potential attractiveness of amorphous electrolytes that require no anneal-
ing and can coat complex 3-D geometries, the ionic conductivity of the as-deposited films
was measured and fit to an equivalent circuit for LLZO with blocking electrodes.'* Both
in-plane and TP measurements were conducted, and provided similar values. Using Pt
interdigitated electrode (IDE)s for an in-plane measurement, the Al-doped stoichiometric
film had an ionic conductivity of 7.8 *10> S cm™ at 200 °C and 1.2%¥10% S cm! at 100
°C, giving an activation energy of 0.63 eV atom™' and a calculated conductivity of approx-
imately 1*10® S cm™ at 25 °C (Figure 7.8). The Li content of the film was varied by
changing the number of Li subcycles between half and double the stoichiometric propor-
tion, but there was not a significant effect observed in the conductivity or activation energy.

LLZO has primarily been of interest to the community due to the high ionic conductiv-
ity (approaching 1 mS cm™) of the cubic garnet phase LLZO (c-LLZO) phase. This phase
is typically stable only at temperatures above 645 °C, but can be stabilized at RT by alio-

valent doping that creates Li vacancies and prevents the Li from ordering and transforming
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Figure 7.8: EIS spectra showing Nyquist plots for a range of temperatures on the IDEs (a) with
zoom in on low-impedance region shown in (b). Markers are experimental data and solid lines are
fitted curves using equivalent circuit model shown in (c). (d) lon-beam milled cross-sectional SEM
image of ALD film on IDE structure. (e) Arrhenius plot for both TP and in-plane measurements
along with the calculated activation energies for each. Conductivities of the films could only be
directly measured down to 100 °C due to high impedance.

back to the lower temperature tetragonal phase.?”® In order to form the cubic phase in the

ALD films shown here, annealing at high temperature is necessary.

Initial attempts to anneal ALD LLZO films on Si and Si3N, substrates resulted in severe

reactivity with the substrate, loss of Li content, and film delamination. To address these

concerns, many potential substrates were screened, including Cu foil, stainless steel foil,

Ni foil, Mo Foil, sputtered Pt on Si, evaporated Ni on Si, soda-lime glass, fused quartz,
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Al O3, ZrO,, and MgO. Single crystal MgO (100) substrates were used for subsequent
annealing experiments, as they did not show signs of reaction with the ALD films during
annealing, as observed by XPS.

Several annealing strategies were explored in order to achieve the desired c-LLZO
phase. Synchrotron XRD, which we previously demonstrated as a powerful technique for
analysis of ultrathin crystalline ALD films,?"> was used to quantify the complex phases (unit
cell = 192 atoms) in these thin films. Standard spectra were obtained from the inorganic
crystal structure database (ICSD) for comparison. Figure 7.9 shows synchrotron XRD pat-
terns for three of these conditions: I) Rapid thermal annealing to 600 °C for 10 min. in
O, atmosphere II) Furnace anneal to 600 °C for 1 h in Ar atmosphere III) Sealed furnace
anneal to 555 °C for 30 min in He atmosphere with Li source. Condition I resulted in the
Li-free pyrochlore phase La,Zr,0;.

Incidentally, there are several interesting potential applications for the formation of
this phase by ALD. Lanthanum zirconates have excellent thermal and phase stability, low
thermal conductivity, and have been used in many applications including thermal barrier
coatings in turbines,”"’?% high temperature catalysis,?* and immobilization of species in
radioactive waste.”'” Bulk synthesis methods typically require heating in excess of 1200 °C,
meaning ALD represents a promising means of low-temperature fabrication.?!! The second
condition resulted in a small amount of c-LLZO, but again was predominantly pyrochlore.
These results indicate that the films did not retain Li during the high-temperature annealing
process.

It is well known in the bulk synthesis community that a small amount of excess Li is
needed to compensate for the Li loss during high temperature annealing, typically 5-15
weight percent.?%?!? In thin films, more excess Li is necessary due to the large surface
area to volume ratio, and the small ratio of sample volume to annealing atmosphere vol-
ume.!”3213214 These factors increase Li loss to the annealing atmosphere, which leads to

the formation of Li-deficient pyrochlore impurity phase. To address these challenges, a
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Figure 7.9: XRD patterns with peaks assigned to appropriate phases for four annealing conditions:
(1) 600 °C rapid thermal annealing with a 10 min hold in a Oy atmosphere, (1) 600 °C muffle
furnace annealing for 1 hin a Ar atmosphere, (111) 900% excess Li film, with 555 °C sealed furnace
annealing for 30 min in a He atmosphere with LiMnO; present as the Li source while the sample
was at 555 °C, and (IV) 400% excess Li film, with 540 °C sealed furnace annealing for 30 min in a
He atmosphere with LiMnO; present as the Li source.

sealed or semi-sealed vessel was used to restrict the flow of Li vapor and reduce losses to
outgassing. Additionally, by placing a Li-containing powder (LiMn,O,) inside of the an-
nealing environment, the partial pressure of Li was increased, further reducing the driving
force for Li loss to outgassing. In addition, the proportion of Li subcycles in each supercy-
cle was multiplied by a factor of 10 to increase the starting concentration of Li in the film.
According to ICP-OES measurements, this was approximately 900% excess Li.

The third condition in Figure 7.9 shows the effectiveness of these methods, demon-
strating a nearly pure phase c-LLZO film at a temperature of 555 °C, with no pyrochlore
and only trace amounts of other impurities remaining. This is significant, as bulk methods

typically require significantly higher temperatures to remove pyrochlore impurities.>!>!6
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Definitive identification of the trace impurity peaks present has proven challenging.

The synchrotron XRD pattern for the third condition shown in Figure 7.9 was collected
at 555 °C, during in situ annealing at the Advanced Photon Source at Argonne National
Laboratory. The temperature profile and corresponding XRD patterns are shown in Figure
7.10. As the film was cooled, the c-LLZO transformed to the tetragonal garnet LLZO

(t-LLZO) phase, observed as clear peak splitting in the XRD pattern.
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Figure 7.10: (a) Temperature profile measured during in situ annealing experiment. Colored
triangles correspond to the points in time when the XRD patterns shown in (b) were collected.

Lines shown on the top and bottom axes are powder standards for t-LLZO and c-LLZO, respectively
(ICSD 246816 and 261302).

After an initial heating step to 555 °C, a spectrum was taken at RT 140 min. into
the experiment (Figure 7.10a). The data reveal the presence of t-LLZO with a significant

impurity peak at 2.8 A. When reheated to 555 °C, the film transformed back to c-LLZO
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(data collected during heating) and the large impurity peak almost completely disappeared.
This is one of the lowest reported annealing temperatures demonstrated to yield high-purity
c-LLZO. It should be noted that a slight shift of all of the peaks to larger d spacing val-
ues was observed due to thermal expansion during the in situ XRD analysis. As the film
cooled, it transformed back to t-LLZO with lower impurities. This phase transformation is
likely due to excess Li remaining in the film, causing the Li lattice to order upon cooling,
as has been hypothesized by a recent report on the stability of LLZO interfaces.?'” This
suggests that the measures taken to compensate for Li loss left excess Li in the film, which
is consistent with the presence of Li,CO; impurities. Further optimization should alleviate
this effect by balancing excess Li with Li loss.

We also note that while the phase can be fully indexed as c-LLZO, a preferential crys-
tallographic texture is observed in the diffraction pattern compared to powder standards in
literature. The ratio of the intensities of the (211) (~5.3 A) and (024) (~3.1 A) reflections
is much larger than in the powder standard (ICSD 261302). This suggests a textured film
with preferred (211) orientation on the single crystal substrate. We cannot fully quantify
this relationship based on ratios of integrated peak areas, as the number of grains sampled in
the thin film may not be sufficient to provide statistically meaningful results, however this
trend was observed on multiple samples. The limited number of grains can be observed in
the area detector data shown in Figure 7.11 as spottiness rather than bands or partial bands.

Stabilization of the cubic phase down to RT is key to achieving a high ionic conductivity
film, and for this reason, we reduced the amount of excess Li from ~900% to ~400%
by tuning the supercycle. The XRD pattern after cooling to RT is shown in Figure 7.9,
condition IV. The film is predominantly c-LLZO. With additional tuning of the ALD film
and annealing conditions, it should be possible to get even higher phase purity films at RT.

While adding excess Li and utilizing a Li-rich annealing atmosphere was demonstrated
as a method to achieve the desired phase, the morphological evolution of the film during

annealing proved to be a major challenge during annealing. The loss of excess Li and long-
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Figure 7.11: Area Detector data from ALD film annealedin situ in He environment at 555 °C with
LiMnO; as a Li source to prevent Li loss. The spottiness of many of the peaks indicates a relatively
small number of grains sampled, and means that peak ratios may not be statistically meaningful to
determine preferential texture within the ALD film. The horizontal axis of the area detector is linear
in 20, but not in d, so the plot above does not match perfectly, but the intensity and order of the

peaks does match.
range diffusion led to segregation of the dense amorphous film into isolated crystalline
islands, which disrupted the film continuity and made it impossible to measure meaningful
conductivity values in the crystalline films.*!*

The morphology resulting from the fourth annealing condition is shown in Figure 7.12.
In both electron microscopy images, an island morphology is clearly observed after an-
nealing. Interestingly, the islands exhibit clear faceting, and there is a strong relationship
between the faceted edges of the film (observed as squares and rectangles) and the un-
derlying MgO substrate (orientation shown in Figure 7.12a). Consistent with the above
discussion of preferential crystallographic texture, this suggests that coherency be-tween

the film and substrate occurs during the annealing process, and that there is a preferred
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direction for grains in the ALD film to nucleate and grow on the MgO (100) substrate. This
relationship with the substrate could be partially responsible for the significantly decreased
temperature required to form the cubic garnet phase compared to most previous studies,
and could contribute to the driving force for the phase transformation. Therefore, the MgO
(100) substrate appears to play a critical role in both minimizing chemical reactivity and
Li loss to the substrate, as well as promoting the desired cubic phase transformation during

annealing.

Figure 7.12: SEM micrographs showing high-magnification (a) and wide-view (b) ALD film mor-
phology under annealing condition 1V in Figure 7.9. Falso color is used to highlight the faceted
feature in both (a) and (b).

Island formation was also observed in a recent study that used similar annealing condi-
tions.?'* The islands in that study were more similar to the morphology we observed when

annealing films with lower Li content at 900 °C, as shown in Figure 7.13. Under those con-
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ditions, we also observed long-range diffusion of the Al dopant and formation of perovskite

LaAlO; impurities. The phase segregation is easily observed by EDS mapping.

RT 500°C 600 °C 700 °C 800 °C 900 °C

Figure 7.13: (a-f) Low magnification optical images showing evolution of film microstructure
after annealing at different temperatures. Phase segregation and clear crystalline grains appear
starting at 600 °C, with islands forming. These islands remain up to 900 °C, with smaller grains
appearing in both 800 °C and 900 °C. These smaller grains can be seen in the SEM images shown
in (g, k-m), and in the EDS maps shown in (h-j), which show that the smaller grains are aluminum
and lanthanum rich, and zirconium deficient. This matches with the perovskite LaAlO3z impurity
observed in XRD patterns observed under those conditions. In addition the film is no longer dense
and pinhole free, but rather a porous matrix of interconnected particles as seen in (m).

In order to improve the resulting morphology and stabilize the c-LLZO phase at RT,
a layered structure was deposited. A base layer of 200 cycles and a capping layer of 600
cycles of LiO'Bu+0; were used to sandwich an ALD LLZO film with approximately 200%
excess Li. After annealing to 650 °C, the resulting film was c-LLZO at RT, but significant
impurity peaks were still observed. The morphology of this film after annealing was im-
proved to some degree, but voids and delamination are still present. This approach, which

is very simple to implement via ALD, is a promising means of compensating for Li loss
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and improving the morphology of annealed LLZO thin films, however further tuning of
Li,0 layers, excess Li, and annealing parameters is necessary to obtain a completely dense
and continuous c-LLZO film, to enable meaningful ionic conductivity measurements and

incorporation into battery architectures.

7.2 Conclusions

In summary, we have demonstrated a viable ALD process for depositing pentenary
Al-LLZO films with low impurities, tunable composition, and self-limiting behavior. This
is a route for depositing ultrathin, ionically conductive, electrochemically stable, conformal
coatings for interfacial engineering in next-generation SSBs. In addition, measures were
developed in order to compensate for extreme Li loss during annealing of the ultrathin
electrolyte films. These approaches enabled the formation of high purity, pyrochlore-free,
cubic garnet films, as shown by synchrotron XRD. It is the first report of ALD of LLZO,
one of the most promising SSE candidates for implementation in SSBs. This could provide
pathway towards 3-D all-solid-state microbatteries based on the superionic garnet phase.
Future experiments on highly controlled annealing, including encapsulation of the film will
be required to further optimize the morphology to enable meaningful ionic conductivity

measurements, especially when placed in contact with active electrode materials.

7.3 Materials and Methods

7.3.1 Film Deposition

ALD was carried out in a glovebox-integrated Savannah S200 reactor (Veeco/Cambridge
Nanotech). The ability to prevent air exposure before and after deposition reduces the
possibility of reactions leading to undesirable surface reactions that alter the composition

and purity of the films prior to characterization. 225 °C was used as the substrate tem-
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ALD Process Conditions
Element Binary
[subcy- Source Pulse | Purge | Growth
cles per Precursor [Abbreviation] Temp. time time Rate
super- [K] [s] [s] | [pgem?
cycle] cycle!]
Al [1] trimethylaluminum [TMA] RT 0.075 30 0.036
lanthanum
La [28] tris(diisopropylformamidinate) 423 1 45% 0.0531
[LaFAMD]
Li [8] lithium tert-butoxide [LiO'Bu] 443 4 45% 0.0166
tetrakis(dimethylamido)zirconium «
Zr[12] [TDMAZ] 353 0.35 45 0.0306
0] ozone [O3] RT 0.1 30 -

Table 7.1: For each precursor used, the source temperature, pulse and purge times, growth rate,
and number of subcycles in each supercycle. *Carrier gas flow rate increased to 20 SCCM during

purge step.

perature for the process, as it falls within the ALD window for all of the constituent pro-

cesses. A carrier gas flow of 10 SCCM ultra-high purity (UHP) Ar during pulses and 20

SCCM during purging was used. Pulse and purge times necessary for saturated growth

were determined using ellipsometry and in situ QCM. The deposition parameters cho-

sen for each constituent process are shown in Table 7.1. Lithium tert-butoxide (99.9%,

Alfa Aesar), lanthanum tris(N,N-di-iso-propylformamidinate) (Dow Electronic Materials),

tetrakis(dimethylamido)zirconium (99.99%, Sigma Aldrich), trimethylaluminum (97%,

Sigma Aldrich) were used as precursors with ozone from an ozone generator (Ultratech,

Inc.) as the oxidant.
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7.3.2 Film Characterization

Elliipsometry was conducted with a Woollam M-2000 with a Si (100) substrate and data
was fit with a Cauchy model. All annealing and XRD was done using MgO (100) sub-
strates. Synchrotron XRD was carried out at Argonne National Laboratory at beamline
33-BM-C with 9.4 or 17.6 keV x-rays. Grazing Incidence XRD was used to reduce the
signal from the single crystal substrate and amplify signal from the thin film. For thein
situ experiments, a custom air-tight annealing chamber with an x-ray transparent beryllium
dome was used. Helium was flowed at 10 SCCM during the experiment to maintain an
inert atmosphere and reduce absorption of the x-ray beam. An FEI Nova Nanolab 200 was
used for SEM analysis. A Nikon LV microscope was used for optical microscopy. The
HRTEM images were captured using Titan 80-300 (FEI, Hillsborough, OR USA) micro-
scope, which is operated at 300 kV and fitted with a spherical aberration corrector for the
objective lens. The TEM sample was prepared by touching the lacey carbon TEM grid
against the grown sample to pick up the nanowire.

A Kratos Axis Ultra was used for XPS analysis. A monochromated Al source was used
with 160 eV pass energy and 700x300 um sample area, and CasaXPS was used for peak
fitting with Shirley backgrounds. ICP-OES analysis was done using a Perkin-Elmer Optima
2000 DV, using 1 mg L™! yttria internal standard and a set of 7 standards. Calibration curves
achieved correlation coefficients above 0.997. ICP-OES samples were prepared by fully
dissolving the ALD film (>100 nm) on samples approximately 4 cm? in 1 mL aqua regia
and then diluting to 10 mL for analysis. Three replications of each measurement were
performed, and standard deviations were less than 5% of the measured concentration in all
cases, and below 1% in most cases.

In-plane impedance measurements were conducted using a microprobe station inside of
an Ar filled glovebox. ALD films were deposited onto Pt IDEs with a 5 um gap (Dropsens).
Each electrode had 250 fingers each 6760 pm in length. Through-plane conductivity mea-

surements were conducted by sputtering 80 nm of Pt on Si;N; coated Si, followed by the
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ALD LLZO coating, and then an array of 310 um x 310 um Pt electrodes was sputtered
on top using a shadowmask after ~5 min. air exposure. The bottom electrode was exposed
by scratching through the ALD film using a diamond scribe, and contacted using a tung-
sten needle on a microprobe station inside an Ar glovebox. EIS was carried out using a
Gamry interface 1000 potentiostat between 1 MHz and 1 Hz with a 30 mV amplitude. An
equivalent circuit based on a model developed by Huggins was used. The circuit elements
normally associated with grain boundaries were omitted due to the amorphous nature of
the films. As expected, the capacitance of the semi-circular feature is on the order of 1071
F, confirming the resistance values correspond to conduction in the bulk amorphous film.
A diffusion element associated with restricted diffusion was used to model transport in the

sputtered thin-film electrodes.
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CHAPTER 8

Atomic Layer Deposition of Lithium Borate

Solid Electrolytes

Adapted with permission from Kazyak, E.; Chen, K. H.; Davis, A. L.; Yu, S.; Sanchez,
A. J.; Lasso, J.; Bielinski, A. R.; Thompson, T.; Sakamoto, J.; Siegel, D. J.; et al. Atomic
Layer Deposition and First Principles Modeling of Glassy Li;BO3-Li,CO; Electrolytes for
Solid-State Li Metal Batteries. J. Mater. Chem. A 2018, 6 (40), 1942519437. Copyright
(2018) Royal Society of Chemistry.

In Chapter 7, an ALD process was demonstrated for Al-doped LLZO, one of the
most promising bulk SSEs.'® Unfortunately, the ionic conductivity of the amorphous as-
deposited films was low (~10® S cm™'), and uncontrolled morphology evolution dur-
ing crystallization at elevated temperatures posed additional challenges. As such, ALD
films that exhibit high ionic conductivity without requiring high temperature annealing
are preferable. In this regard, amorphous/glassy electrolytes are particularly attractive due

218,219

to the potentially detrimental effects of grain boundaries and intergranular Li metal

propagation'?® in many crystalline materials.®
One promising candidate for an amorphous/glassy ALD SSE, Li;BO; - Li,CO;

(LBCO), has been considered for bulk SSEs. First proposed more than four decades ago,**’

221-224 and more

the glassy and crystalline phases have been studied as stand-alone SSEs,
recently there have been several reports that use the material as an interfacial layer or in

composite electrodes.’”>*?° A range of compositions have been reported, varying both Li
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content and carbon content to achieve ionic conductivities as high as 10 S cm™.?*” De-
spite these promising properties, there have been no studies to date that use ALD to deposit
LBCO.

In this work, an ALD process is demonstrated for glassy LBCO. The film growth is
shown to be self-limiting and linear over a range of deposition temperatures. The structure
and properties of the film is tuned by varying the deposition and post-treatment conditions,
and the electrochemical performance of the films is characterized. The films exhibit higher
ionic conductivity than any previously reported ALD film (>10° S cm™ at 25°C) with a
high ionic transference number of above 0.9999, and are shown to be stable over a wide
range of potentials relevant for SSBs, and the electrochemical stability is also correlated
with DFT calculations of the phase stability and band gap. Finally, optimized ALD LBCO
films are demonstrated as stand-alone SSEs in thin-film batteries with Li metal electrodes.
These cells display stable cycling and exemplify the promise of this process for application

both as an electrolyte and as an interfacial layer in LMSSBs.

8.1 Results and Discussion

8.1.1 Process Development

The first step in development of an ALD process for LBCO films was identification of
precursors. LiOtBu was selected as the Li source due to its demonstrated use in other ALD
processes. 8181187203 Moreover, by varying the ALD conditions, carbon incorporation into
the films can be controlled, which is leveraged in this study to synthesize LBCO films with
tunable compositions. Ozone was used as the oxidant'® to avoid any exposure to moisture,
as many battery materials are moisture sensitive.

An obvious choice of boron precursor does not exist. There have been few reports
of ALD of binary boron oxide, and its extreme air-reactivity complicates characteriza-

tion.?”=23! There are two reports of using triisopropylborate (TIB), [(CH3),CHO];B as a
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Figure 8.1: Characterization of ALD film growth with in situ QCM (a and c) and spectroscopic
ellipsometry (b and d) showing (a) saturation of growth rate with increasing TIB pulse time, (b)
linearly increasing film thickness with number of supercycles, (c) dramatically enhanced growth of
the LBCO ALD process compared to the binary boron oxide process, and (d) consistent growth rate
across a range of deposition temperatures.

boron source in a ternary B-doped ZnO film, despite the binary process resulting in little
to no film growth.>*??* Therefore, in this study, TIB was selected, as it also has favorable
physical properties including being a non-pyrophoric liquid with a vapor pressure of 13
Torr at 25°C.

The LBCO ALD process was first tested with a 1:1 ratio of LiO'Bu-O; subcycles to
TIB-O; subcycles. As shown in Figure 8.1a, by adding TIB subcyles to an optimized
LiO'Bu-O3 process,'® pulse saturation was observed using an in situ QCM. Linear growth
with a growth rate of 0.65 Acycle” was measured by spectroscopic ellipsometry (Figure
8.1b), indicating a well-behaved ALD process. The binary TIB-O3 process was also tested,
but very little growth was observed by QCM (<0.1 Acycle!, Figure 8.1c), consistent with
the previous report that used water and O, plasma as oxidants. Substrate temperatures

between 200 °C and 260 °C yielded a relatively consistent growth rate (Figure 8.1d).

8.1.2 Film Characterization

Further characterization of the growth characteristics of the LBCO ALD process was car-
ried out on etched Si trenches. 50 nm of ZnO was deposited via ALD to provide a con-
ductive surface to minimize charging and increase contrast between the LBCO film and the

substrate. As shown in Figure 8.2, the deposited film has uniform thickness along the full
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Figure 8.2: SEM images of etched Si trenches with ALD ZnO (to reduce charging and increase
contrast) and LBCO showing conformality. Full trench shown in (a) with locations along height of
trench highlighted and shown in (be) with measured thicknesses.

height of the trenches. The thickness variation was measured as 1.2% along the trench with
an aspect ratio of 13. This capability to uniformly coat high aspect ratios is unique to ALD,
highlighting the potential of this process for 3-D battery architectures. The ALD film also
conformally coats the contours and texture on the sidewalls of the trenches, as it is not a
line-of-sight process. This capability could enable the use of less ordered 3-D architectures
while maintaining a uniform pinhole-free electrolyte film throughout the structure.

Once the growth conditions had been optimized, the resulting film composition was
characterized by XPS. The films were transferred from an Ar filled glovebox to the UHV
XPS chamber without air-exposure. As shown in Figure 8.3a, the films obtained have a
nearly constant Li:B ratio of 3 across the temperature range. The carbon content, however,
increases at lower deposition temperatures (Figure 8.3c). This is consistent with a previous
study of binary processes with LiO'Bu where increasing Li,COj; character was observed
at lower deposition temperatures with O, plasma.?*> The ability to tune the carbon content
relative to boron is of particular interest for achieving high ionic conductivity, as mixtures

of Li,CO;3 and Li;BO; have been shown to have significantly higher ionic conductivity
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Figure 8.3: (a) XPS survey scan for 200 °C deposition temperature with insets showing calculated
compositions for each as-deposited film at the three deposition temperatures. (b) XPS O s core
scan showing changes in oxygen bonding environment with deposition temperature. (c) Plot of the
ratio of boron to carbon and (d) the ratio of NBO to BO with deposition temperature. All data
shown are after 15 min. of sputtering with Ar ions to remove surface layers.

than either of the individual ternary compounds.??°

The structure of heavily-lithiated borate glasses has been studied previously by both
experiment and computation.??"?** Briefly, as Li,O is added to the system, the coordina-
tion environment of the boron atoms is altered, resulting in a depolymerization in which
structures with bridging oxygen (BO) groups are converted to structures with non-bridging
oxygen (NBO). This has been correlated with an increase in Li conductivity, owing to the
more open structure and the possible percolation of NBO-rich regions that facilitate faster
ion diffusion through the glassy network.?** In the current study, these phenomena are con-
voluted with the structural differences that arise due to the presence of Li,COj in the film.
As a result, further analysis of the ALD LBCO films is required to extract the differences
in oxygen bonding, particularly the oxygen associated with boron in the glassy structure.

To quantify the presence of NBO in the ALD LBCO films, high-resolution XPS core
scans were performed on the O 1s peak. Consistent with prior reports,'®?* 4 different

species can be assigned in Figure 8.3b. First, Li,CO; is assigned to the highest binding
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Figure 8.4: XPS C Is(A), B Is (B), and Li 1s (C) core scans for the three deposition temperatures.
The C Is cores were used to determine the relative amount of Li,COj3 in the film for deconvolution
of the Li;COj3 and BO in the O Is core scans shown in Figure 8.3.

energy species at 532 eV. The smallest component at the lowest binding energy (528.5 eV)
is assigned to Li,O, and is present only in trace amounts (<2%) in these films. This leaves
the intermediate binding energy peaks that are associated with Li;BO;3 species. From a
previous study of the structure of lithium borate via XPS, the higher binding energy species
at 531.4 eV is BO (solid blue line), and the lower binding energy peak at 530.4 eV is NBO
(solid green line).>*> As shown in Figure 8.4, no significant differences were observed in
the Li 1s or B 1s core scans.

Due to the proximity of the BO peak to the Li,COs3, the C 1s core scans and survey
scans were used to validate the deconvolution of the two components (Figure 8.4, Section
8.3). Analysis of the fitted O 1s components reveals that the ratio of NBO:BO decreases
as deposition temperature increases (Figure 8.3d). The tendency to form more NBO at
higher temperatures was reported previously based on molecular dynamics calculations.?**
In this case however, it appears that the differences in Li,COj3 content have a stronger

influence on the oxygen bonding environment than the deposition temperature alone. As

NBO species result in higher ionic conductivity, the ability to tune NBO content by varying
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the ALD processing conditions is of great interest. This observed trend in oxygen bonding

environment will be correlated with ionic conductivity in the following section.

8.1.3 Ionic Conductivity

To measure the ionic conductivity of the films and evaluate their electrochemical stability,
several measurement geometries were used. First, IDEs with 5 pym spacing were used for
EIS. This in-plane configuration, with two blocking electrodes in the same plane eliminates
the need for subsequent deposition of a top electrode, and eliminates the possibility of a
short-circuit or an artificially high conductivity due to a pinhole or thinner region in the film.
The geometry of these IDEs and other sample configurations discussed below, including
TP measurements on gold substrates, are detailed in Figure 8.5. Both blocking and non-
blocking electrode configurations were used to gain a more complete understanding of the
film properties.

When studying the temperature-dependent conductivity of the LBCO ALD films, an
irreversible increase in conductivity was observed upon heating of the sample. This effect
appears as a non-linearity in the heating curve in the Arrhenius plot (Figure 8.6a). Upon
cooling, the conductivity at 30 °C returns to a higher value than the initial point. Similar
behavior was reported previously in sputtered lithium borate films.??” In the sample shown,
this occurs below 100 °C, and very little further increase is observed up to 300 °C. In some
samples, a more dramatic increase was observed between 200°C and 300°C. A complete
mechanistic understanding of this phenomenon is beyond the scope of this work; however,
we attribute this behavior to structural changes in the film during annealing. As discussed
above, elevated temperatures have previously been shown to result in an increase in NBO,
which leads to higher ionic conductivities. We have not observed any crystalline diffraction
peaks in the film after this procedure in XRD (Figure 8.7), suggesting the film remains
amorphous/glassy, however due to the low x-ray scattering cross section of the thin film,

we cannot eliminate the possibility of some local ordering.
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Figure 8.5: Image and schematic (A) and SEM image and equations (B) detailing how the Pt IDEs
were used to measure ionic conductivity in an in-plane cell architecture, along with the equivalent
circuit models used to fit the EIS spectra (C,D)

Because of the improved performance of the film after annealing, all of the subsequent
electrochemical data reported, including conductivity, stability, and cycling performance is
after the films were annealed to 300 °C with a hold time of 5 min. The ionic conductivity as
a function of deposition temperature is shown in Figure 8.6b. The 200 °C deposition tem-
perature yielded the highest conductivity films. This is the film with the highest amount of
carbon (approximately a 1:1 B:C ratio), and is the film in which the carbon has the high-
est proportion of Li,COj character (Figure 8.4). The incorporation of carbon is desirable
owing to its role in increasing ionic conductivity in lithium borate (LBO) glasses. This is
consistent with previous measurements of bulk Liy.xC;xBxO3, wherein a maximum ionic
conductivity was also observed at a 1:1 B:C ratio (x=0.5).”*" Lower deposition tempera-
tures were not tested to avoid potential condensation in the LiO'Bu delivery lines, as the

precursor must be heated to 170 °C for sufficient vapor pressure.
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Figure 8.6: (a) Arrhenius plot for IDE sample with 44 nm film deposited at 260 °C, showing irre-
versible increase in conductivity upon annealing in Ar glovebox. (b) Plot showing ionic conductivity
as a function of deposition temperature. (c) Arrhenius plot for each of the measurement configura-
tions for the 95 nm film deposited at 200 °C. Nyquist plots for 95 nm film deposited at 200 °C for
30, 35, and 40 °C for (d) Pt IDE and (e) TP Li vs. Au. Experimental data are shown by the point
markers and the equivalent circuit fits are shown by the dotted lines. (f) Plot showing the thickness
dependence of the ionic conductivity for films deposited at 200 °C, two data points are shown for
each thickness, but most fall on top of each other and are not visible.

The Nyquist plots for films deposited at 200 °C (after annealing to 300 °C) are shown
in Figure 8.6d-e for both in-plane IDEs (using Pt-Pt blocking electrodes) and TP config-
urations (using Au-Li blocking-nonblocking electrodes). The equivalent circuits used to
fit each of the configurations are shown in Figure 8.5. The general shape is quite similar
between all of the conditions, with a semi-circular feature at high frequency and a diffusion
tail at low frequencies. The abrupt slope change is due to the thin nature of the electrolyte,
and is captured by a modified restricted diffusion element.'®

The fitted values for the ionic conductivity for each measurement configuration (TP and

IDE) are shown in Figure 8.6c. The TP-Li/Au cells have an activation energy of 0.47 eV

atom™ and an ionic conductivity of 2.9¥10° S cm™ at 30 °C 2.23*%10° S cm™ at 25 °C).
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Figure 8.7: XRD of as-deposited LBCO film at 200 °C on glass substrate with no visible diffraction
peaks, indicating an amorphous or glassy structure.

The TP-Li/SS, TP-Li/V,0s, and Pt IDE all give very similar results, with a conductivity of
1.2-1.4%10% S cm™ at 30 °C and an activation energy of 0.54-0.56 eV atom™ (1*#10% S cm™!
at 25 °C). The TP-Li/Au cells gave consistently higher ionic conductivities than the other 3
configurations. We hypothesize that this is a result of improved interfacial contact between
the SSE and the current collector. In other SSE systems, Au is used as an interfacial wetting
layer to reduce interfacial impedance.'!” In this case, because the films are so thin and the
interfacial impedance cannot be deconvoluted from the bulk by EIS (only one semicircle is
visible), the effect is a drop in total impedance of the cell. This is likely a more accurate
estimate of the bulk conductivity of the cells, as the interfaces play a smaller role.

The thickness dependence of the conductivity was studied by depositing films of 4
different thicknesses on the Pt-IDEs. As shown in Figure 8.6f, while the thinner films
exhibited lower conductivity, the 46 nm and 95 nm thick films had very similar conduc-
tivities, suggesting that any thickness dependence of conductivity has plateaued by 46 nm.
To put the ionic conductivity of this LBCO ALD film in the context of previous work, the
progression of ALD SSE development over the past 5 years is shown in Figure 8.8. The

ionic conductivities of the ALD LBCO films presented here are significantly higher than
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Figure 8.8: Plot showing reported ionic conductivity values for ALD films since the first report in
2013. Labels correspond with Table 8.1.

any previously reported ALD film.

The conductivity is comparable to the state-of-the-art sputtered LiPON, which is often
reported at approximately 2*#10° S cm™.2*® With this level of conductivity and the ability
to fabricate cells with electrolytes less than 100 nm thick, the ASR is <5 Q cm?. This is
lower than the interfacial impedance of conventional Li-ion batteries (typically 10 Q cm?),
and thus will not be the limiting factor in most applications. Comparing this film to bulk
SSB materials, this electrolyte would have the same ASR as a 50 um thick SSE with an
ionic conductivity of 10? S cm™!, which is difficult to achieve with traditional processing

due to challenges in manufacturing and handling of thin ceramic materials. Figure 8.9 puts

the ALD LBCO film ASR in the context of other state-of-the-art SSE materials.

8.1.4 Electrochemical Stability

In addition to high ionic conductivity, an ideal SSE would be stable under operating condi-
tions against both the anode and the cathode. In order to test the electrochemical stability
of the ALD electrolyte, several experiments were performed. First, the impedance of the

electrolyte film was measured over time after evaporation of a Li metal electrode on the sur-
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Figure 8.9: Plot of the ASR vs. film thickness showing ionic conductivity iso-lines, with several
common and state-of-the-art SSE materials plotted for context.

face. Next, cyclic voltammetry (CV) was performed on a blocking/non-blocking electrode
cell with a Li metal top electrode to examine the current response to an applied voltage.
Finally, staircase potentiostatic electrochemical impedance spectroscopy (SPEIS) was used
to measure both ionic and electronic conductivity as a function of applied potential.

As shown in Figure 8.10a, the cell impedance did not change measurably over 25 days
in contact with Li metal. Due to the period of several hours needed to cool and vent the
Li evaporator and then begin the test, it is difficult to determine whether there is an initial
reaction or not; however, if a reaction does take place, it appears to passivate or become
kinetically limited in the initial period of exposure to the Li metal. Regardless of mecha-
nism, the electrolyte remains an ionic conductor with an ionic transference number of ~1
after several weeks in contact with Li metal.

The CV scan at 0.1 mV s™! shown in Figure 8.10d for a Li vs. SS (non-blocking vs.

blocking) cell shows no peaks in the range between O and 3.8 volts vs. an evaporated
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Reported ALD Solid Electrolytes
. Ionic Measurement Activation
Material ..
Label System Conductivity Temperature Energy Reference

[Scm™] K] [eV/atom]
A LiTaO 2x1078 299 0.55 231
B LPO 3.3x108 299 0.51 181
C LiAISiO 1.0x107 298 0.84 180
D LiAlO 5.6x10 298 0.56 %
E LiPON* 6.6x107 298 7* 177
F LiPON 1.5x107 298 0.55 179
G LiAlO 1.0x10°1° 298 0.8 182
H LiAIS 2.5x107 298 0.48 183
I LiSiO 5.7x10° 303 0.8 190
J LiAlLaZrO 1.0x10 298 0.63 8
K LiPON 3.7x107 298 0.55 192
L LiAlIF* 3.5x108 298 E 186
M LiNbO 6.4x108 303 0.62 184
N LBCO 2.2x10°¢ 298 0.47 19

Table 8.1: Table of reported SSEs deposited by ALD and their properties, corresponding with the
ionic conductivity values plotted in Figure 8.8.

Li counter electrode. This indicates that the ALD electrolyte is stable within this voltage
window. This window was chosen as it is similar to the voltage window used for the
full cell cycling below. There is a slight deviation as the voltage goes below ~0.2 volts,
but the current is still extremely small. The CV to -0.05 volts shown in Figure 8.10e
demonstrates the ability to plate and subsequently strip Li metal in an all-solid-state cell
using this electrolyte. The ratio of anodic to cathodic peak areas is a measure of coulombic
efficiency, and in this case the ratio was ~99%, indicating a reversible process.

To further characterize the electrochemical stability window of the LBCO, SPEIS was
used. A schematic and description of this measurement protocol are included in 8.3. This
technique allows measurement of both ionic and electronic conductivity as a function of ap-
plied potential. Using these values, the ionic transference number is calculated. The results
for the ALD LBCO deposited at 200 °C, shown in Figure 8.10c, show very little change
in the electronic conductivity as a function of applied potential. The currents measured

were very close to the noise floor of the instrument, so the electronic conductivity may be
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Figure 8.10: (a) EIS over time after deposition of a Li metal electrode. (b) Ionic conductivity of
an IDE exposed to air and then re-annealed. (c) SPEIS results showing plot of ionic and electronic
conductivity as a function of applied potential along with the ionic transference number. (d) CV scan
at 0.1 mV s showing stability of LBCO in voltage window between 0 and 3.8 volts. (e) Same cell
as (b) swept to -0.05 volts showing Li plating and stripping at the blocking stainless steel electrode.

even lower. The ionic conductivity increased slightly as the potential was decreased, and
decreased as the potential increased, particularly above 4 volts. Despite this decrease, the
value of the ionic conductivity remained above 10”7 S cm™! out to 6 volts, and the transfer-
ence number remained above 0.99998. This suggests that the electrolyte could potentially
be used with high voltage electrode materials in addition to Li metal anodes.

To gain further insight into the stability of crystalline LBO, amorphous LBCO, and
crystalline Li,COj3, phase diagram calculations were performed by combining energetics
from the present first-principles calculations with data from the Materials Project.?*®*3° The
results of these calculations are not shown here, but are included in the resulting publica-
tion." The results predict that LBO and LBCO are not thermodynamically stable to OV vs.
Li metal, and thus the measured stability may be due to a kinetic stability or the formation

of a passivation layer. The bandgaps of LBO and LBCO were also calculated, and predict
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Figure 8.11: UV-vis spectroscopy of 100 nm 200 °C as-deposited LBCO ALD film on a quartz
substrate. Relative transmittance above 90% throughout the measured range is an indication of a
large optical bandgap, consistent with the values predicted by DFT calculations.
wide bandgaps of above 6 volts. The predicted wide band gap is consistent with experi-

mentally measured ultraviolet (UV)-visible spectroscopy in Figure 8.11, which shows low

absorbance over the entire visible range.

8.1.5 Full Cell Fabrication and Cycling

To demonstrate the feasibility of using ALD LBCO as a SSE in a SSB, an ALD-deposited
V,05 cathode was deposited prior to the LBCO deposition. Cells with the architecture
shown in Figure 8.12 were fabricated with a 14.5 nm thick amorphous V,0s and a 95 nm
LBCO electrolyte. Amorphous ALD V,0s has previously been demonstrated as a cathode
material.>** Evaporated Li metal was used as an anode. These thin-film batteries were
tested at varying rates with constant current charging between 1.6 and 3.7 volts.

The cell architecture is shown in the SEM image of a FIB cross-section in Figure 8.12a,
and schematically in the inset of Figure 8.12d. The charge and discharge curves at differ-

ent rates are shown in Figure 8.12b, and the corresponding plot of discharge capacity vs.
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Figure 8.12: (a) SEM image of FIB cross-section of full cell stack used in electrochemical measure-
ments. (b) Charge and discharge curves at different rates for full cells, with schematic inset of cell
architecture. (c) Discharge capacity at varying rates corresponding for crystalline and amorphous
ALD V505 cathode films (d) plot of discharge capacity and coulombic efficiency for cell cycled at
10C.

charging rate is shown in Figure 8.12c. The cells demonstrate high rate capability, suggest-
ing their use in fast-charging thin-film architectures. Another cell was cycled at 10C for
over 150 cycles, and the capacity was still increasing at the end of the experiment as shown
in Figure 8.12d. This behavior could be due to improved contact at interfaces within the
cell or improved transport within the cathode upon cycling. The demonstration of stable

cycling in a Li metal thin-film battery is a critical milestone, illustrating that the electro-

chemical stability of the LBCO electrolyte extends to dynamic cycling conditions. Overall,
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these results demonstrates the potential of ALD LBCO SSEs, both in 3-D thin-film SSB

architectures and as interfacial layers in bulk SSEs against Li metal.

8.2 Conclusions

This work presents significant advances in several key areas of work relevant to SSBs. First,
anew ALD process was developed for fabrication of conformal thin films of the amorphous
SSE lithium borate-carbonate, or LBCO. The degree of Li,COj3 incorporation can be tuned
by adjusting deposition temperature, which enables control over ionic transport properties.
The role of carbon in increasing the conductivity has been elucidated both by first principles
calculations and experiments. Increased Li,COj content increases the ionic mobility of the
Li and O in the structure, increasing diffusivity (and ionic conductivity). The films can be
grown on high-aspect-ratio 3-D structures with excellent uniformity, opening the door to
3-D architectures for thin-film batteries.

Second, these films exhibited significantly higher ionic conductivity than any previ-
ously reported ALD film, while remaining electrical insulators even in very thin films
(<100 nm). Ionic conductivities up to 2.23*10° S cm™! at 298K were attained, making
this material comparable or even superior to sputtered LiPON in terms of ionic transport.
This high conductivity coupled with the ability to fabricate cells with <100 nm thick elec-
trolytes means that ASR values of <5 Q) cm? can be achieved.

Third, the LBCO films were shown to be stable against anode and cathode materials,
and proof of concept devices were fabricated that demonstrate the potential of this mate-
rial for thin-film battery manufacturing. The ionic transport number of the film remained
approximately 1 from 0-6 volts, and the impedance behavior was stable against a Li metal
electrode. In full cells containing Li metal anodes, the ionic conductivity remained high,
and excellent cycling stability was observed. The use of computational modelling in this

work shows that the wide band gap and stability window in addition to a high diffusivity
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were indicators of a promising material for application as an electrolyte or interfacial layer.
This approach could be used more generally to rapidly screen other material systems to
identify promising materials to explore experimentally.

These advances have implications not only for thin-film batteries, as demonstrated here,
but could be relevant in next-generation bulk SSBs as interfacial layers and/or protective
coatings. The ability to conformally coat a material with high ionic conductivity and good
electrochemical stability could enable new approaches, architectures, and manufacturing

strategies for high performance SSBs.

8.3 Materials and Methods

8.3.1 Film Deposition

LBCO films were deposited in a Savannah S200 (Ultratech/Cambridge Nanotech, Inc.)
integrated with an Ar-filled glovebox. The ability to prevent air-exposure before and after
deposition reduces the possibility of reactions leading to undesirable surface reactions that
alter the composition and purity of the films prior to characterization. Lithium tert-butoxide
(97%, Sigma Aldrich) was heated to 170 °C in a stainless steel cylinder and pulse time of
4.0 s, exposure time of 2.0 s, and purge time of 60 s was used. triisopropyl borate (98%,
Sigma Aldrich) was kept at ambient temperature in a stainless steel cylinder and a pulse
time of 0.15 s, exposure time of 2.0 s, and purge time of 20 s was used. A carrier gas flow
rate of 20 SCCM UHP Ar was used during purging of the LiO'Bu, 10 SCCM during purging
of the TIB and ozone, and 5 SCCM during precursor exposure. Ozone was produced by a
UV ozone generator (Ultratech, Inc.) from UHP O,. Substrate temperatures between 200

°C and 260 °C were used. A lid-integrated in situ QCM was used to monitor film growth.
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8.3.2 Film Characterization

Ellipsometry was conducted with a Woollam M-2000 with a Si (100) substrate and data
were fit with a Cauchy model. An FEI Helios Nanolab 650 SEM/FIB was used for SEM
analysis. The etched Si trenches were first Piranha cleaned to remove contaminants. A 50
nm ZnO film was deposited via ALD to provide a conductive surface to minimize charging
and increase contrast between the LBCO film and the substrate. Following the LBCO
deposition, the structure was cleaved perpendicular to the trenches to reveal the cross-
section.

A Kratos Axis Ultra was used for XPS analysis. A monochromated Al source was used.
For survey scans, a 160 eV pass energy and 700x300 um sample area. An Ar ion source
with 4 kV accelerating voltage and 200 pA extractor current was used for sputtering off
any surface film. For high resolution core scans, a pass energy of 20 eV was used, and the
C-C peak at 284.8 eV was used for energy calibration. CasaXPS was used for peak fitting
with Shirley backgrounds.

Due to the proximity of the BO peak to the Li,COj3, the C s core scans and survey scans
were used to further deconvolute the two components. First, the C 1s core scans were fitted
with the same 4 components used in our previous work[cite] (Figure 8.4), and the relative
amount of carbon in Li,COj; to total carbon was extracted. Next, assuming a 3:1 ratio of
oxygen to carbon as in Li,COj; for charge neutrality and the overall compositions shown in
Figure 8.3a, the percentage of oxygen associated with Li;CO; can be calculated. This value
was then checked against the components fit to the O1s core scans. For all three deposition
temperatures, the Li,COj; peak area in the O 1s was within 2% of the value calculated from
the C 1s and survey scans. This agreement acts as a check of the peak deconvolution in the

O 1s core scans, enabling higher confidence in the following analyses.

179



8.3.3 Computational Modeling

A detailed description of the computational methods used by our collaborators is available

in the publication."

8.3.4 Electrochemical Characterization
8.3.4.1 Ionic Conductivity

In-plane impedance measurements were conducted using a microprobe station inside of an
Ar filled glovebox. ALD films were deposited onto Pt IDEs with a 5 um gap (Dropsens).
Each electrode had 250 fingers each 6750 um in length. Through-plane conductivity mea-
surements were conducted by depositing the electrolyte on a conductive substrate (Au,
SS) and then evaporating Li metal through a shadowmask to define the top electrode. A
Nexdep evaporator (Angstrom Engineering, Inc.) with a Molybdenum crucible was used to
deposit a 2 um Li film. The bottom electrode was exposed by removing the ALD film using
2000 grit sandpaper, and each electrode was contacted using a tungsten needle on a micro-
probe station (Signatone) inside an Ar glovebox. Potentiostatic EIS was carried out using
an SP-200 potentiostat (Bio-logic) between 7 MHz and 0.1 Hz with a 10 mV amplitude.
Temperature was controlled and monitored with a Watlow EZ-zone controller connected
to a Watlow ultramic heater, and temperatures were allowed to stabilize for 5 min. prior
to measurement. Not all samples were directly measured at 25 °C due to the need for ac-
tive cooling of the glovebox atmosphere and long cooling times necessary to reach that
temperature after heating. For samples for which this was not done, the activation energy
was used to extrapolate down to 25 °C. Ionic conductivity values were calculated from

resistance values fitted to the equivalent circuits shown in Figure 8.5.
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8.3.4.2 Electrochemical Stability

Electrochemical stability was tested in the TP-Li/SS cells by several methods. First EIS
was conducted periodically to monitor changes in the impedance of the film. Second, CV
was performed with a scan rate of 0.1 mV s! to observe the flow of current at a range of
applied potentials. Finally, SPEIS was performed in both the positive and negative scan
directions from V.. Since these cells have an open circuit voltage of more than 1 volt,
one cell is used for the positive step direction, and another is used for the negative step
direction. In this method, 20 a DC bias is applied to the cell for a period of time that allows
the current to stabilize, in this case 600 s was used. A measure of the DC conductivity
was calculated from the average current in the final 100 s. Subsequently, potentiostatic EIS
is performed about that DC bias potential, and fitting to an equivalent circuit is used to
extract an ionic conductivity. A schematic of the applied voltage and current response for
this technique is shown in Figure 8.13. This technique provides both ionic and electronic
conductivity as a function of applied potential. This provides a more complete picture of

the stability of a SSE material than CV.

8.3.4.3 Full Cell Fabrication

Full cells were fabricated by depositing V,0s5 via ALD. vanadium oxytriisopropoxide
(VTIP) and water were used as precursors. The deposition was performed in a custom lab-
built ALD tool with an Ar carrier gas flow rate of 70 SCCM, a pressure of 3.5 Torr, and
a temperature of 150 °C. Additional Ar gas was used in a “vapor boost” setup to assist in
mass transport of the VTIP to the deposition chamber due to the low vapor pressure of the
VTIP. The as-deposited V,0s films are amorphous by XRD. The films are then moved
into the Ar glovebox and the LBCO SSE is deposited on top of the V,0s. Immediately
following this deposition, 2.2 mm diameter Li metal top electrodes were deposited through
a shadowmask. The bottom current collector is contacted by sanding away the ALD films,

and the top electrode/current collector (Li metal) is contacted with a microprobe, as de-
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Figure 8.13: Schematic description of SPEIS method that was used to measure ionic and electronic
conductivities as a function of applied potential in a SS vs. Li blocking/mon-blocking cell. A DC
bias is applied, after sufficient time for the resulting current to stabilize, an average value is taken
in the stable region to determine electronic conductivity. Subsequent EIS is performed about the
bias potential to extract ionic conductivity from a fitted Nyquist plot. This procedure continues for

a range of applied potentials.

scribed above.
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CHAPTER 9

Conclusions and Future Work

9.1 Conclusions

This work has made significant contributions to the field of Li metal anodes by: 1) build-
ing understanding of the coupled electro-chemo-mechanical phenomena that drive perfor-
mance of Li/SSE interfaces and by 2) demonstrating novel characterization techniques and
methods of interfacial modification.

More specifically, chapters 3 and 4 explored the role of heterogeneities on the surface
of Li metal that drive non-uniform plating in liquid electrolytes. The resulting morphology
evolution ultimately leads to cell failure by either cell-drying or short-circuit. By develop-
ing and utilizing operando video microscopy, a mechanistic model was developed to de-
scribe how spatially varying kinetics and morphology evolution at the Li/electrolyte inter-
face drive transitions between different reaction pathways. These transitions have distinct
signatures in the electrochemical response that then can be used to gain insight into cell
performance. This understanding has enabled us and others to utilize analysis of voltage
trace shapes to diagnose phenomena occurring within cells in which in situ characterization
is difficult.

Chapter 5 demonstrated the coupling between surface chemistry, Li wetting, interfacial
impedance, and rate capability of LLZO. Knowledge of these connections allowed the

development of a surface treatment to remove the surface contamination layer and enable
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ultra-low interfacial impedance (<2 Q cm?). XPS analysis showed that WP prevented the
formation of a Li,COj3 layer by avoiding exposure to air, and that a subsequent anneal in
inert atmosphere could remove the LiOH layer that did form during the polishing. Removal
of this contamination layer was shown to decrease the contact angle of molten Li from
142°to 95°, as measured by the molten Li sessile drop testing setup that was developed
for this work. The improved interfacial adhesion was demonstrated to reduce the interface
impedance dramatically, and thereby increase the CCD from ~50 pA cm to 300 A cm™.

Chapter 6 adapted operando video microscopy to SSEs. Using a novel in-plane cell
architecture, it was shown that there are at least 4 distinct morphologies of Li metal pene-
tration in SSEs, straight, branching, spalling, and diffuse. It was determined that branching-
type filaments are most common in LLZO when the interfacial impedance is low and CCD
is high, while diffuse-type penetration was only observed in cells where the Li metal was
not annealed and the CCD was relatively low. This points towards multiple mechanisms
of failure in SSEs, and could explain why there are widely differing hypothesis about the
mechanism of Li penetration in ceramic SSEs. Several of the morphologies were shown to
be reversible, as the Li metal from inside the cracks can be stripped out and then re-plated.
The growth rate of a Li-filled crack was shown to be proportional to the applied current,
and stress-relaxation of the Li within the crack via extrusion was directly observed. This
supports that the propagation of Li filaments within ceramic SSEs is due to the build up
of compressive stress in the Li within the crack, leading to opening of the crack tip. The
formation of voids after extended stripping was shown to cause an increase interfacial re-
sistance and decrease in interface capacitance. Finally, a glassy sulfide SSE was shown
to exhibit largely the same behavior, demonstrating that the results in LLZO have wider
implications for the SSE field as a whole.

Chapters 7 and 8 demonstrated processes for ALD of two SSE materials. The LBCO
films in particular show great promise for a wide range of applications in both bulk-type

and thin-film batteries based on the properties measured in this work. The film exhibits the
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highest ionic conductivity of any reported ALD film by a factor of 6, and can conformally
coat complex high-aspect-ratio structures. The film is stable in contact with Li metal,
relatively stable in air, and retains a high ionic transference number across a wide range
of potentials from 0-6 volts vs. Li/Li*. Proof of concept full cells were fabricated using
vanadium oxide as the cathode and Li metal as the anode. These cells exhibited good rate
capability, high Coulombic efficiency, and excellent capacity retention.

This thesis demonstrated several new characterization techniques and methods of con-
trolling interfacial properties. It utilized these techniques to build mechanistic understand-
ing of the coupled phenomena that govern interfacial bahavior. Finally, the knowledge
gained is leveraged to enable rational design of high performance interfaces. The inter-
section of mechanistic understanding, precise control of interfacial properties, and rational
design is a promising route to enabling Li metal anodes for a wide range of applications

that will have tremendous impact on society.

9.2 Future Work

This work has already impacted or directly led to other work in the field, and there are
numerous opportunities to expand upon the understanding and techniques developed in
this thesis. This section will briefly explore some of those opportunities.

Chapter 5 clearly demonstrates that by first building mechanistic understanding of the
properties that determine interfacial performance, improved performance can be achieved
through rational design, rather than empirical trial and error. Operando video microscopy
will continue to be a valuable technique for building this type of mechnistic understanding
that can be used to improve performance. Following my work, other members of my group
have applied operando video microscopy to later stages of cycling,*! different viewing
angles, and other materials systems. It has proven to be a powerful technique for under-

standing the dynamic evolution of coupled phenomena in a wide range of systems, and
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there are many which have yet to be explored.

Many studies go to great lengths to enable in situ or operando characterization tech-
niques (TEM, x-ray computed tomography, neutron depth profiling, atomic force mi-
croscopy (AFM), etc.) by making highly specialized cells and setups. In contrast, optical
microscopy offers a combination of spatial resolution, time resolution, and the ability to use
representative cell geometries that is often difficult to achieve with other techniques. It is
also relatively low cost, and does not require specialized facilities or equipment. Therefore,
operando video microscopy can be used to study a wide range of materials and systems by
a wide range of researchers. The optical platform is also readily integrated with other char-
acterization techniques that can provide enriched datasets. By combining with XPS, XRD,
SEM, Raman spectroscopy, AFM, and other techniques, the time-synchronized optical
data could be complemented by detailed information about the composition, microstruc-
ture, phase, surface chemistry, local conductivity, and more. Each of these approaches
could provide further insight into the mechanisms of failure, which in turn could lead to
improved performance.

The morphology of the observed failure in Chapter 6 is highly dependent on the prop-
erties of the interface. Therefore, comparisons between different research groups and tech-
niques must take into account the properties of the specific system studied. Future studies
of the impact of interfacial properties (roughness, ASR, SEI species, current focusing, wet-
ting) and the bulk properties (grain size, porosity, void morphology, ionic conductivity,
electronic conductivity) on cell performance will help to identify the key characteristics
that can enable high rate performance in SSEs.

Modification of Li metal surfaces to improve cycleability of Li metal anodes in lig-
uid electrolytes remains an area of great research interest. Based upon Chapters 3,4, and8,
coatings which exhibit high ionic conductivity, electrochemical stability, and can remain in-
tact during cycling could enable long cycle-life Li metal batteries with liquid electrolytes.

Though the LBCO ALD film meets the first two criteria, a more ductile/flexible film may
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better withstand the mechanical stresses that are imparted during cell assembly and cycling.
Hybrid inorganic/organic films may offer the ideal combination of properties for these ap-
plications. Similarly, coatings may offer improved performance of Li/SSE interfaces. As
the morphology evolution at these interfaces is driven by inhomogeneities at the interface,
coatings could be used to homogenize the surface and suppress the unwanted morphology
evolution (Li penetration, void formation).

The unique combination of properties make LBCO ALD films an attractive option for
interfacial coatings and passivation layers. ALD films have already been shown to dramat-
ically improve performance by coating electrodes in LIBs. LBCO films are more stable
and more ionically conductive than the films that have been studied previously, and there-
fore could be substantially better suited for this application. Thicker coatings could be
used without increasing impedance dramatically, and the films could inhibit or modify SEI
formation. Further, LBCO films could change the nucleation behavior of Li plating on
graphite electrodes.

There are a wide range of potential application spaces that should be explored, from
coatings on liquid and SSB materials, use as a sintering aid, thin-film batteries with 3-D
architectures, multifunctional batteries, and more. It can also be used as a model system
to better understand the phenomena that drive performance of solid-solid interfaces in bat-
teries. The ability to precisely control thickness with sub-nm precision and coat complex
structures provides a unique ability to fabricate cells for a variety of characterization tech-
niques including scanning probe techniques, electron microscopy, XPS, and more.

In summary, there are many opportunities moving forward from the work included this
thesis to improve both our understanding and the performance of Li metal anodes. This
work could have a significant impact on the trajectory of next-generation batteries, and the

way that our society uses energy.
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