Lithium Dendrite Suppressidanabled byHybrid Separators and Coatings

A dissertation submitted by

Lara L. Dienemann

in partial fulfilment of the requirements for the degree of

Doctor of Philosophy

Mechanical Engineering: Materials Science &mgjineering

Tufts University

August 2023

© 2023 Lara L. Dienemann

Advisors: Prof. Matthew J. Panzer (Tufts University Dept. of Chem. & Bio. Engineering)
Prof. Marc Hodes (Tufts University Dept. of Mech. Engineering)

Committee: Prof. Iryna V. Zenyuk (Tug University Dept. of Mech. Engineering)

Prof. Matthew T. McDowell (Georgia Institute of Technology Dept. of Mech.
Engineering & Dept. of Materials Science and Engineering)



Abstract

It is crucial to refresh the current generation of lithiiom battery materials, as demand
heightens for better performance in carbon emiskiamring applications such as electric
vehicles and aircraff.heoretically, replacing the graphite negativeceiode with lithium metal is
a promising option for next generation batteries due to its higher energy density (facilitated by its
low physical density, high theoretical capacity, and low electrochemical potential.) However,
lithium metal exhibits earlpnset failure due to instabilities at the metal/electrolyte interface
during charging and discharging. Mossy structures called dendrites form, which quickly degrade
battery life and give rise to safety issues such as thermal runaway. Understanding tte physi
phenomena that improve (or worsen) the stability of the lithium metal anode is critical to informing

the design of nexgjeneration lithium metal batteries.

Pairing the lithium metal anode against a hybrid material layer (liquid + polymer +
inorganic farticle) that conducts lithium ions is an attractive choice to develop optimized chemical
and mechanical layer properties, which can be tuned by varying the composition. In this work,
novel imaging techniques involving-situ and exsitu X-ray micro-compued tomography
revealed the chemical and mechanical dendrite suppression mechanisms harnessed by different
classes of lithiumnterfacing hybrid materials. The results indicate that dendrites are prevented by
tailored structures that control lithium iommisport near the lithium metal interface. Farther away
from the interface, dendrites can be controlled via mechanical suppression. The homogeneity of

these hybrid materials is revealed to be a critical design requirement.

This work was carried out in the parts. First, a digital image correlation (DIC) platform
was optimized while studying viscoplasticity and anisotropy of lithium metal foils. Measured

deformations show that thin commercial grade lithium foil is hardened by its manufacturing



process, adisting its crystallographic texturing and the resulting creep beha\mxt, this
technique was paired with-situ X-ray micro-computedomography to measure the deformation

of a hybrid composite separator due to a protruding dendrite. Finally, a Ipdtidle brush
coating that prevents dendrites on lithium metal, extending cycle life and densifying plating and
stripping, was characterized leyesitu X-ray micro-computedtomography, mechanical testing,

and ionic conductivity measurements. In both tiyerid separator and particle brush coating
studies, structurproperty relationships were explored in order to better understand which dendrite

mitigation mechanism dominates: transport adjustment or mechanical confinement.
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Chapter 1: Introduction

1.1 Challenges of Lithium Batteries for Energy Storage

Batteries are an indispensable part of current society, powargrgday devices such as
phones and pacemakers. The demand for batteries is becoming increasingly significant in the
pursuit of alternative clean energy solutions to lessen the unprecedented 1-&h&thimbing
global primary energy consumption in 202&/hile transportation made up roughly 22 percent of
carbon emissions in 2022, the annual increase was not as high as predicted, mainly due to electric
cars surpassing 14 percent of car saféEhe replacement of combustion engine vehicles can take
place & a much higher rate if the battery performance would address the major concerns: battery
life and charge rate. The key properties responsible for maximizing these three metrics are specific
energy (energyerweight), energy density (energervolume), Pecific capacity (energy
storageperweight), power density (powgrervolume), specific power (powgrerweight), and
cycle life. Current lithium ion technology has weaknesses in these areas to improve upon in next
generation batteries. For example, awennt i on al l'iTthium i on batter)
drawn at a fast enough rate to be used in an electric vertical takeoff and landing (eVTOL)vehicle.
The U.S. Department of Energy ARHAEVS4ALL program targets fasharging to 80% in 15
minutes wih at least 200 Wh/kg celikvel specific energy. To achieve these most important goals
to facilitate technical feasibility as well as consumer approval, the most significant gains can be

made by switching out the electrodes for more energy dense matEhnialglissertation provides



insight into design criteria for inexpensive and processable materials which enable the highest
energy dense negative electrode and the physical and chemical mechanisms they utilize to enhance

performance.

1.2 Working Principles of Lithium Batteries

1.2.1 Lithiumion

Like many battery cells, lithiuron cells are arranged in a layered structure like a
sandwich; a liquid electrolyte (usually organic solvieased), which moves ions and blocks
electrons, is surrounded on eithaetesby a positive electrode and a negative electrode. The positive
electrode, or cathode, is comprised of lithtaontaining transition metal oxide active patrticles,
electronically conductive particles, and a polymeric binder holding everything together and
swelling with the electrolyte. Common cathodes are lithium iron phosphate (referred to as LFP),
lithium nickel cobalt aluminum (or manganese) oxide (NCA, NMC), and lithium cobalt oxide
(LCO). On the negative side, anodes are typically graphite or magpephite particles which
can allow lithium ions to intercalate in and out of its crystalline structure. This is illustrated in
Figure 1.1. Other components include the polymeric separator, which prevents the electrodes from
making physical contact, as Wak the current collectors, which are thin metal foils that connect
the outside circuit to the cathode and anode. This cell stack can be encased in a few different
designs, including: pouch, prismatic, and cylindrical. The pouch cell format is the nyestgtily

adaptable of the three and is the architecture used to study materials in this dissertation.

While the cell is charged, lithium ions exit the crystalline structure in the cathode active

material where oxidation occurs, travel through the eledgpgnd reduce at the anode, entering



its crystalline structure. During discharge, the lithium ions reverse this reaction traveling from high

to low chemical potentials between the electrodes. As lithium is oxidized at the anode during
discharge, electrorere sent through the connected circuit. It is common to measure the potential

of electrode materials against a standard such as the standard hydrogen electrode (SHE) to evaluate
electrochemical difference between cathode and anode which determines ithal noitage of

the battery. For example, graphite has a potenti&.e#t V vs. SHE, while LFP has a potential of

0.38 V vs. SHE; this common Li ion cell 6s noi
voltage of a battery translates to either grgaderer or longer lasting supply. This nominal voltage

of the cell can be increased by increasing potential on the cathode side and decreasing potential on

the anode side.
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Figure 1.1. Schematic illustration of a crosection of a lithiuron battery. Inthis case, the

cathode is lithium cobalt oxide, and the anode is graphite. Current collectors are aluminum and
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copper at the positive and negative terminals, respectively. Reprinted with permissidnAmm

Chem. So2013, 135, 4, 11671176° Copyright 2013 American Chemical Society.

At a potential 0£3.04 V vs. SHE, lithium metal is an advantageous choice for replacing
the graphite anode. Other anode materials with potentials near the lithium potential are also sought
out candidates. These materjdi®wever, are not Li intercalating but rather Li alloying. This
alloying process during charge and discharge drastically changes the structure of the anode which,
for example concerning silicon, coincides with large volumetric expansion of up to fos®time
This puts a surplus of mechanical stresses onto the cell and can lead to loss interfacial contacts
within the cell. The current statd-the-art solution is to combine silicon oxide or silicon carbide
nanoparticles with graphite; though this existsragority-graphite (up to 20 wt% silicehased
particles is feasible without parasitic side reactidnaile this incrementally increases Li ion
performance (reversible specific capacity 500 mAjh%he drastic enhancement required for high

power technologies calls for something more impactful.

1.2.2 Lithium metal

Lithium metal provides the most energy on the material level of any negative electrode; it
can store a significant amount of energy wHiking compact and lightweight. Paired with a high
nickel content cathode, it can enaltwgce the cell-level gravimetric and volumetric energy
densities agommercialgraphitelithium iron phosphate cells and twice the gravimetric energy
density of silion-graphitepaired withlithium nickel cobalt aluminum oxid&Lithium metal can

also deliver when it comes to fagtarging. This technology was investigated earlier than the



conventional lithium ion intercalating anodes. The lithium metal anode wagl peitte a TiS

cathode in the first work to demonstrate reversible insertion of lithium ions into the cathode crystal
structure in 1976° Rather than intercalating into a crystal structure or alloying on the anode side,
pure lithium deposits (plates) anttigs away at the lithium metal interface. However, several
issues became apparent involving the stability of lithium metal. This drove research for another
several years to find a solution that could be commercialized. Finally, in 1991, Sony debuted the
first Li ion battery with graphite as the anode following its discovery as an intercalating*aiode.
Ever since, researchers have revisited overcoming the bottlenecks of enabling lithium metal as a
repl acement anogreaidude btemteebtestatfpbedidogpacity of 3860

mAh g,

The barrier to overcome in the pursuit of lithium metal stabilization concerns the plating
and stripping process. This ubiquitously occurs unevenly, resulting in dendritic growth of mossy
structures ofteneferred to as dendrites. The dendritic cycling of lithium is shown in Fig. 1.2a.
This effect is parasitic to the cellbés | ifesp
that end the life of the cell. In a liquid electrolyte cell, this betraid exacerbated by solvents
breaking down and forming organic compounds in the solid electrolyte interphase (SEI) which
clash with the inorganic components of this interfacial layer at the lithium surface. This
heterogeneity presents opportunities fotehegeneous flux of ions and growth of dendrites.
Furthermore, any physical blockage of dendrite growth in the liquid electrolyte system is
dependent on the separator. As this most commonly exists as a porous polymer membrane,
dendrites can often become leedded in the separator and making their way to fully penetrate

through causing a Ahardo short.



The literature has shown that applying pressure on the cell stack promotes denser lithium
morphology sans dendrité$This creates the need for means of ajmgjythis high pressure (at
least 3 bar in liquid systen$)n the battery pack. The addition of steel plates clamping the cells
at MPa of pressure sacrifices the p#ekel energy density that was intended to be increased by
lithium metal. Similarly, paing lithium metal with a stiff soligtate electrolyte was believed to
mechanically suppress dendrites within the cell. However, dendrites exist in this system, too, as
thin filaments which propagate cracks in the stiff electrolyte. The dendrites niatldefect sites
(voids) in the solid electrolyte at the anode interface which establishes heterogeneity during the
first charge, exacerbating the problem. Ironically, applied pre$sanel even more of it than in
the liquid system (at least tens of MRais required to alleviate this dendrite propagatbt.
Many materials have been applied in lithium metal cells to research impact on dendrites to
understand the mechanism(s) of why dendrites occur and how to eliminateethemwhen Li

plating occursn the late life stages of lithium ion cells.

(c)

Unconstrained

Constrained .

. - F R 2R
| S 7“--‘?‘"\

o~

Plated Li — Bt
(constrained) Polymer Electrolyte -

Figure 1.2.(a-b) Images adapted frobhepage et alof (a) unconstrained lithium metal anode with
dendritic plating during cycling in an optical cell and (b) mechanically constrained lithium anode

with uniform plating imaged with scanning electron microscopy (SEME) X-ray micro-
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computedomography crossection of polymer electrolyte constraining lithium metal anode with

uniform plating highlighted in purple.

1.3 Lithium Metal Enabling Materials

Two mechanisms are considered when mitigating dendrites in lithium metal cells. It has
been observed in all types of cells (both Liion and Li metal cells-stai¢ and liquid) that lithium
can plate preferentially at the site of a detéét Proposed matr i al s aim to contr
spotso by controlling the physical and chemi
focuses on mechanical inhibition of dendrites. If the material is dftet then mechanical
stiffness and toughness is proposeldeep the mossy structures at bay. The following reviews the
dendrite prevention enhancements achieved in each electrolyte system paired with lithium metal:

liquid, solid-state, and hybrid.

1.3.1 Liquid Electrolytes

Most liquid electrolytes are compeid of fluorinated salts and either carbonate or ether
based solvents. Their general benefits include high ionic conductivity and easily dropped into
currently  widespread  manufacturing  processes. Common salts are lithium
bis(trifluoromethanesulfonyl)imide L{TFSI), lithium bis(fluorosulfonyl)imide (LiFSI), and
lithium hexafluorophosphate (LiBF Fluorine can distribute the negative charges, dissociating
ions, which aids salt solubility in solverftsinserting more fluorine into the electrolyte via salt
anions can contribute to a higher concentration of inorganic SEI species (lithium fluoride, LiF;
lithium oxide, LbO) which are more mechanically durable than organic countefdaitss stable
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SEl inhibits parasitic side reactions at the low voltsige, where instabilities are prevalent in Li
ion cells. Novel liquid electrolytes are designed to facilitate easier defluorination for better SEI
development by incorporating a partially fluorinated groupgHC# Organic solvents can also be
engineeredhis way with fluorine. For example;fluoroethylene carbonate (FEC) can improve

capacity retention when replacing ethylene carbonate in an organic solvent fixture.

Lithium metal cells require more distinct electrolyte tailoring to enable greater tstabili
For example, ethdrased solvents extend cycle life by reducing the rate of the SEI reaction in the
carbonate systedi.Also, dual salt systems as well as highly concentrated salt electrolytes piqued
interest in recent developments, widening electrotb@ windows, further broadening the
inorganic SEI composition, and lowering volatility of the solvéht§.Adopting these newer
electrolytes does require some development on the separator, cathode binder, and manufacturing
process to ensure wettahylias the electrolyte can be more viscous and salts may precipitate more
readily. Similar to adjusting the salts in the standard liquid electrolytes to boost lithium metal
performance, the effect of additives has been expfSr&tiese often are added fthlum ion
batteries as organic small molecules such as vinylene carbonate (VC), but again, dropping into
lithium metal cells is not a simple task. The reactivity of lithium metal promotes the degradation
of these small molecule organics, causing an earbet of failure in the cell by exacerbating the

dendrite problem.

1.3.2 Solidstate Electrolytes

The investigation for low flammability, low volatility, and better dendrite suppression

inspired solidstate electrolytes. These exist as hard and tougimaeyas well as viscoelastic



polymers. On the one hand, ceramic electrolytes have high ionic conductivity and are small
molecule and safiree; lithium ions exit the cathode crystal structure and hop through the lattice
and defects within the solid eledite. This evades any concern over chemical side reactions that
are prevalent in liquid systems. Ideally, the toughness of highly conductive oxide and saskde
electrolytes should withstand the uneven lithium metal surface; however, as previousiyetent
l'ithium filaments find their way through t he
boundaries and defects. Another challenge concerning these hard solid electrolytes is its interfaces
with lithium metal as well as the cathode particles. Astlie cathode, it is difficult to establish
perfect contact between hard solids. To solve this issue, avbigige stable and viscous material

such as an ionic liquid can serve as an ionically conductive interlayer which adheres to the solid
electrolyteand penetrates the cathode. While this solution can also apply to the lithium metal anode
interface, the potential issues of chemical degradation have returned. Modeling work has
uncovered that the presence of just a few weight percent of this inteffladdaldoes not
differentiate the catastrophic propagation of thermal failure acrossstatelcells from the failure

of lithium ion cells in battery packs.

Much work pursues applying stack pressure to the cell to take advantage of the viscoplastic
behavior of lithium metal, relying on its creep to fill interfacial voids between it and the electrolyte.
This introduces a plethora of engineering problems. A decent amount of stack pressure is required
to both fill voids and to not lose out on energy denditywever, the pressure should not be too
excessive, as it can facilitate crack growth and extrude lithium metal through the electrolyte. To
complicate things further, volume changes due to lithium metal plating and stripping must be

accommodated to mairitethe window of optimal stack pressiite.



Achieving enough pressure in the cell while also offering some give to accommodate
volume changes and promote adhesion is made possible with polymers, anothstasolid
electrolyte. Polymer electrolytes are nawiatile, inexpensive, highly manufacturable, have low
flammability, and cover a wide range of mechanical properties. One of the most studied polymer
electrolytes contains poly(ethylene oxide) (PEO) and lithium salts. This polymer utilizes its chain
motionto solvate Li ions by wrapping itself around them and pass them across these solvation
structures. This ion transport mechanism relies on polymer chains in the amorphous state to be
mobile throughout the free volume in the system. In a simple PEO +ystltrg this requires the
temperature to be above the glass transition temperature. This may not be practical in an electric
vehicle and several more applications at variable temperatures, so another way to create free
volume is to plasticize the polymer thisolvent. Plasticization also prevents the PEO from

crystallizing and hindering transport.

As more solvent is present in this system, the regime of gel electrolytes is introduced. A
popular copolymer in batteries, poly(vinylidene fluorictehexafluoropopylene) (PVDFHFP),
uses the same segmental chain transport mechanism in parallel to diffusing ions through some of
its crystalline structures. As it is more rigid than PEO, P\HIHP also requires solvent or salt to
plasticize it, but it can still exiss a relatively stiff gel with a modulus in the 100 MPa range.
However, this time, the assistance of liquid electrolyte is needed by the lower ionic conductivity

polymer which reintroduces the liquid electrolyte problems once again.

Spanning several mechiaal properties and chemistries, it is difficult to differentiate
whether improvements arise from mechanical or chemical behaviors in polymers, especially since
these behaviors are interactive. Citing mechanics as performance enhancing, one study revealed

that deposited lithium morphology was more uniform on a polymeric substrate rather than on rigid
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copper®? Another study spanned polymer mechanical behaviors with Silly-fsipyred coatings

in lithium metal half cells, where the soliduid coating maitained higher capacity over extended
cycling than did the more solidus and viscous matetid#odeling literature debates that elastic
stiffness participates significantly to pushing dendrites back from protruding; Monroe and
Newman infamously concludasith their modeling study that the elastic shear modulus of the
polymer should be at least twice that of lithium metal to prevent denéfrEaperiments have not
consistently aligned with this finding, however. Studies have shown that polymer elestraityt
smaller elastic moduli have contributed to superior lithium metal perform&thtdseaning more

on the chemistry end of the argument, several studies investigate a polymer of intrinsic
microporosity (PIM) which is comprised of pores perfectlyedifor selectively passing Li ions

like a sieve’® 49 However, these are brittle materials prone to cracking.

It is always an optimization between ionic conductivity and mechanics in polymer
electrolyte design. An additional class of materials aims toearthe benefits of polymers and

inorganic materials so that ionic conductivity and mechanics have a widened optimization window.

1.4 Hybrid Materials

Composites (hybrids) are a mixture of at least two different materials and create the
opportunity forfk i ng one material 6s problem with anot |
polymer system has both stiff attributes from the particles and adhesive attributes from the polymer,
and both contribute to conducting ions. In addition, the particles plastiwizeeduce crystallinity,
facilitating faster transport in the polymer domain. The system can be conveniently optimized by

adjusting the concentration of components. A popular pair in the literature combinesHRFDF
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with popular solidstate inorganic etgrolytes as particle®d' 6 These studies often cite their best
performing formula as yielding the maximum mechanical properties such as stiffness or strength.
However, these mechanically optimized formulas also have optimal ionic conductivities as well,

so it is difficult to understand which properties predict lithium metal performance.

1.5 Dendrite Characterization

Battery cells are frequently torn down and imagedpmstmortermand exsitu analysis,
including examining the lithium metal surface fandrites using optical microscopy or scanning
electron microscopy (SEM). It is also possible to cigmsion a cell with ion milling, though it
can be argued that the milling procedure creates an artificial cross section that is ill representative
of realty. Recent developments with cryogenic temperatures have evaded these artifacts, though
sample preparation may lead to physical conditions different from that of a commercially
representative ceff*8 Since the dynamics of plating and stripping at ttieum metal interface
are rapid and complex, an abundance of research has examined this imesitacas well asn-
operandot’194953 For some of these approaches, the sample preparation argument can still be
made, where a completely new type df ceust be designed for the measurement. If the goal of
the study is to observe the representative lithium metal interface, the cell must be in or very close

to the format it would take in industrial applications.

One characterization technique that figaies operandomeasurements and allows for
observations of a pouch cell format isrdy tomography. Specifically, the resolution of
synchrotrorbased tomography measurements enables visualization of rsitan porosity in

cycled lithium in three dimensns, unveiling dendrites occurring as the cell cycgserandoX-
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ray computed tomography has been used to image lithium metal in full cells and cells with solid
state inorganic electrolytes, which can reveal some information about lithium thickness and
interface uniformity’?->4°¢ However, if lithium is imaged along with materials with higher atomic
numbers, the resulting attenuation due to the different absorptiomayoill hide many features

within lithium metal such as porosity. In this dissedafilithium metal symmetric cells, where
lithium metal is both positive and negative electrode, with hybrid electrolytes yieldy X
computed tomography images which reveals the most detailed lithium structures ever seen with

this characterization technig.

1.6 Dissertation Outline

While much work has proposed materials which enable derdzgelithium metal
batteries, the dendrite suppressing mechanisms in hybrid materials and within each material that
constitutes hybrid materials is not completely understood. Specifically, dineedi® which either
chemical or mechanical effects suppress dendrites in different cell materials between the electrodes
has not been thoroughly explored. Additionally, these mechanisms have not been characterized
situ in commercially relevant format3.herefore, the investigations in this dissertation provide
input in the key considerations in designing hybrid materials for lithium metal anodes which are

supported by measurements within the pouch cell architecture.

Chapter 3 introduces a methodologyedigo more accurately measure deformation in
battery materials, digital image correlation (DIC). This approach was validated with several thin
membranes (see Appendix E) before characterizing the small deformations over long periods of
time within lithium metal foils. With this, significant differences in the viscoplastic behavior of

lithium were noticed in thinner foils than in the heavily characterized 0.75 mm foils. In particular,
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0.10 mm thick foils exhibited anisotropy in both creep behavior and -myXdiffraction
measurements. This creep behavior exhibited slower creep than thicker foils, resulting in different
creep exponents in the governing power law. Accurate measurement of small deformations was

essential before using DIC onrdy computed tomagphy slices in Chapter 4.

In Chapter 4, a hybrid separator comprised of PAHFP and LiF particles was developed
to understand how composition effects lithium metal battery performance and how the mechanics
and microstructure of these separators playl@ irosuppressing dendrites. The separator was
visualizedoperandowith X-ray micro-computedtomography in symmetric lithium metal cells
which were cycled at a relatively high rate and current density (1 mAamd 1 mAh crif) which
resulted in dendrites at the lithium metal interface. The fewest dendrites were observed in an
optimal compositia of LiF in PVDFHFP, and the deformation due to a dendritic protrusion in
one of theoperandcocells was measured with DIC of the tomography slices. This deformation was
used as an input in a nanoindentation experiment which determined stiffness, atalstime
dependent properties of the hybrid separators. Along with more characterization of the structure
of the separators, it was determined that for this type of hybrid separator, stiffness and creep in the
boundary condition of the dendrite which analeled by tuning the crystallinity in the PVBH-P
as well as containing the optimal concentration of LiF particles enabled the most dendrite

suppression.

It was assumed that the findings in Chapter 4 would also apply to a hybrid system as a
coating; howeer, the dendrite suppressing mechanisms prevalent were different. Chapter 5
investigates a particle brush lithium metal coating comprised of a poly(ethylene glycol)
methacrylate (PEGMApased polymer covalently attached to silica nanoparticles synthesized

with surfaceinitiated atom transfer radical polymerization -¢SIRP). Optimization of these
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particle brushes lies within the grafting density of the polymer chains on the nanoparticles (chains
per unit surface area). Tuned grafting density prevents desdhy controlling the ionic transport
rather than mechanically blocking protruding nucleation of lithium. This was observed in
symmetric Li and Li vs. lithium titanate (LTO) half cell configurations in pouch cells imaged with

X-ray micro-computedomograjy and tested with extended cycling.

This dissertation highlights the importance of dendrite prevention near the lithium metal
interface and the importance of particular mechanical properties of the separator. In hybrid systems,
homogeneity is a prerequisito achieve desirable performance in lithium metal systems, and
further tuning of hybrid microstructure can achieve optimized dendrite suppression. Hybrid
materials are a desirable class of material for enabling lithium metal batteries to power the high
energy and higipower requiring technologies, as they are inexpensive and easy to manufacture at
scale. This work contributes to the ongoing development of hybrid materials and understanding of
how their intrinsic design and placement in battery cellshedm achieve longer cycle life in high

energy density batteries.
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Chapter 2: Experimental Methodology

2.1 Introduction

The investigations throughout this dissertation are deeply rooted in key drivers of industrial

development. The materials that were synthesized and processectl@etedsfor their low cost

and manufacturability as well as for their interesting properties. The cells electrochemically tested
in this work were designed to replicate commercial pouch cells, while still enabling simultaneous
probing of chemical and meafhaal behaviors. Theoperando measurements previously
introduced were completely nondestructive. The mechanical tests were programmed to best
simulate realistic conditions inside battery cells seen impleeandoobservations and during the
cell-build. Thus, the results in future chapters can offer meaningful hybrid material design criteria

for lithium metal anode stabilization.

This chapter summarizes these key experimental methodologies. Herein, the combination
of X-ray micro-computedtomography and dital image correlation as well as the image
processing techniques used to quantify measurements within the generated images are described.
Next, the mechanical experiments carefully designed and informed by real physical boundary
conditions observed in theells in this work are included. Following the mechanical testing, the
electrochemical procedures ranging from the architecture of the cells to the cycling protocol are

introduced. Finally, the procedures utilized to prepare the materials studieddis$iigation are
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summarized. Additional details of experimental methodologies relevant to each chapter are found

within those chapters and in the Appearad

2.2 Image Processing with Xay Tomography and Digital Image Correlation

Of the possibleimaging techniques to study battery cells in this dissertatiorayX
computed tomography (xay CT) prevails as the best choice considering its ability to generate
three dimensional scans nondestructively. It also does not require sample preparatipn large
deviating from a pouch cell format as many other characterization techniques use (e.g. tunneling
electron microscopy (TEM)). Xay CT works by transmitting-Xays which get partially absorbed
by a rotating sample. The remainingrays are collected byaharge coupled device camera. The
decrease in intensity or absorption ofa¢/s by the material is correlated with material density and
atomic number. Attenuation data are collected along the series of linear paths along which the X
rays are transmitted different angles. These data are combined into filtered backprojections at
the same angle using algorithms; this is called reconstruction. The result is a 3D image made up

of 2D slices that can be panned through at any angle and analyzed usipppesing software.

X-ray CT can be carried out at a few different length scales. Common medical CT scans at
a resolution of 2 mm for a fieldof-view (FOV) as large as the metarale. At the smallest length
scale, naneCT can achieve a resolution of 50 nrhile restricting the FOV to 1gm. X-ray CT
at its full scale does not produce the resolution needed to observe porosity in lithium metal or even
distinguish it from the pouch material and separator. N2ifialso can not be applied, as the
materials are tthick for the Xray beam at this energy level (around 8 keV). The perfect length

scale is micreCT, delivering a resolution of 0.dm and FOV up to hundreds of mm. The
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experiments herein were conducted with a synchrotron light source which enabledGeaptimi

lithium metal cell imaging at 280 keV and FOV around a few mm.

2.1.1 Insitu and exsitu X-ray Computed Tomography

Micro-CT was carried out in this work with boéxsitu andin-situ approachesEx-situ
micro-CT consisted of imaging battery cellg@st that were not actively being charged/discharged
in a cycling experiment. The goal was to understand the representative resulting lithium metal
morphology at different stages of cycling. Images were mostly taken in the center of the active
area aparfrom one sample which was additionally imaged at the edge to verify the failure due to
edge effects. While both lithium metal symmetric and lithium/lithium titanate (LTO) half cells
were both imaged witkxsitu CT, the best resolution of the lithium mogdbgy was achieved
with the symmetric cells. The less contrast in the images of the half cells is due to the presence of
the cathode materials also in the FOV which have much higher atomic numbers than Li. While
protrusions on the order of 50 um could letted in the half cell images, the contrast between
pores, cycled lithium, and bulk lithium within the lithium metal anode was subdued in comparison
to those features in the lithium symmetric format. Thus, the lithium symmetric format was selected

for thorough morphology analysis via segmentation, a process described in Section 2.1.3.

In-situ micro-CT involved imaging lithium symmetric cells in the center of their active
areas, yet while they were hooked up to a potentiostat which cycled the cellsrb&Wwecans.
This allowed the observation of the plating and stripping dynamics at the lithium metal electrodes.
The result of these measurements was a set of 3D CT images of the same cell taken at different

stages of a few chargkscharge cycles. As tlsample developed changing lithium metal structure
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over cycling, alignment across scans could not be consistent. Therefore, the stacks of slices across
CT scans had to be r e-prbcesgingsoftwacerForithe gugly irsGhaptere d 0 |
4, imgge stacks were aligned to features within the lithium electrode and the pouch material that

was closest to a dendritic protrusion of interest, as the other materials in the cell were moving in
space due to the lithium structure changes. The goal aftkitu micro-CT in this dissertation

was to track the movement of a hybrid separator due to the heterogeneous evolution of the lithium
electrodes. This required cross correlation of the particles within the separator across registered
images. While this codlbe done with image processing software using careful segmentation, this
approach is time consuming. A more convenient approach is with digital image correlation

software, described below.

2.1.2 Digital Image Correlation

Digital image correlation (DIC) is a noncontact, optical measurement technique that
replaces an extensometer or strain gauge. It requires a camera frequently photographing a speckle
like pattern on the surface of a deforming specimen. DIC software usssomoelation on the
pattern that has been broken up into smaller overlapping quadrilaterals called facets to quantify
the displacement of those facets from their original locations in the initial image. The result is a
map of deformation, strain, or stnaates across the patterned surface across images. The accuracy
of DIC is driven by the resolution of the speckle pattern which determines the size and separation
of the facets, resolution of the camera, rate of deformation of the sample, and frarnde rate.
representative facet is shown in Fig. 2.1. Two dimensional DIC is performed with one camera
taking images from a single vantage point dir

out-of-plane deformation. 3D DIC circumvents this issuet aaptures oubdf-plane deformation
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within its measurements. This involves two cameras equally angled toward the plane of the
specimen and thorough calibration. In either approach, DIC was found to have advantages for
guantifying deformations within batgematerials throughout this dissertation. One major benefit

of DIC is the holistic view of the deformation over an entire area. A field of strains can indicate
stress concentrations, defects, and where in the sample strain is most homogeneous and precise.
DIC was successful at quantifying the variable deformation throughout thesewsm of the

hybrid separator in Chapter 4 in a single step. Additionally, it performed accurate measurements
of the creep within the gage area of lithium metal foil tersgiecimens in Chapter 3. Furthermore,

it avoided the challenges of attaching gages to measure strains in thin films commonly in batteries

(see Appendix E).

Figure 2.1.Two overlapping facets outlined in green evaluating the underlying speckle pattern on

Kapton film. See Appendix E for more information.
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2.1.3 Segmentation

While DIC postprocessedh-situ CT images to convey deformation of features therein, a
segmentation approach was utilized for quantifying amounts of specific features of lithium metal
morphology. All segmentation was performed with Dragonfly (ORS Inc.). First, pores were
defined using a thresholding method that assigned pixels below a particular threshold value within
the cycled lithium regions of the image sets. Next, the entire cyithaan region was defined
with a few steps. The segmented volume of interest started with the pores already defined, then a
similar thresholding technique was performed to add the voxels with brighter intensity in this
region. The middleange intensityof the remaining voxels was similar to the intensity of the
surrounding features of the cell such as the bulk lithium, so thresholding would not fill in the rest
of the volume without also counting these features. Several manual segmentation approlithes cou
be used to select the remaining voxels of the cycled lithium metal. One approach used in this work
involved inverting the segmented regiofiinterest with the voxels of low and high threshold
values so that all middleange voxels were selected. Theegels within the cycled lithium metal
were manually erased through the entire stack of slices before inverting back, resulting in the

segmented volume of cycled lithiufRigure 22 compares a segmented slice to the original slice.
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(a) (b) ()

segmented ROI

Figure 2.2.Bare lithium symmetric cell post 20 cycles (a) crsgstion imaged with miceQT.
Panel (b) highlights and points to a regmirnterest (ROI) to be cropped for segmentation of
cycled lithium. Panel (c) is the result of the segmentation procedure described igidighted

in purple. Scale bars: 1Q0n.

Calculated volumes can be derived from segmented regifeinserest within CT 3D
images. This was used to estimate porosity within the cycled lithium volume and overall cycled
lithium volume. Another key eshation was the volume of bulk lithium consumption. If the
starting lithium electrode thickness is known, a 3D box can define the edge of the starting lithium
metal active surface as a distance equivalent to the starting Li metal thickness from the opposit
edge of the electrode interfacing the pouch. The box can crop away the rest of the image, and the
remaining image can be segmented as described previously to determine the volume of the cycled
lithium that has replaced the original lithium metal elearothese procedures were specifically

conducted in the work summarized in Chapter 5.
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2.3 Mechanical Experiments

This section describes the mechanical experiments conducted throughout this dissertation.
Several standard test methods (e.g. ASTM) hiaeen developed to determine mechanical
properties of different classes of materials. Defining these properties allows for comparison across
different materials and for predicting behaviors in different loading conditions. These test
standards are well domented for ductile and brittle materials that can be easily cut into tensile
specimen, but there is room for development on test methods for materials that are difficult to
tensile test per ASTM standards. In this dissertation, some testing standarftslloxesl, some
testing protocols were adapted for materials unfit for standard methods, and some testing methods
were designed to besimulate a few different loading conditions in pouch cells. The pouch cell
simulating tests allowed for materials testeith this approach to be most precisely compared

with regards to how they behave in the cell.

2.3.1 Tensile and Compressive Testing

If a material is capable of fre#ganding, tensile testing is the method of choice for defining
mechanical properties suehs Youngdés modul us, yield stress,
strain at break. It does not require careful consideration and calibration of probes and platen
surfaces that are inherent parts of other mechanical tests. The best accuracy can lzeachieve
cutting test materi al into Adog boned shaped
of the material is controlled to occur in the center of the gage length of the specimen. Even better
accuracy is met if strain gages are used in the cefhtiee gage length, as otherwise, the crosshead

displacement would be used to report strains. The crosshead displacement is the average
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displacement over the entire length of the specimen between the grips. This is not accurate, as the
material displaceent close to the grips is nezero, and away from the grips it is larger. Using a
strain gage is not possible for some materials; for example, thin materials would deform differently
under the strain gage than without it. As discussed in the previoimnsethis is why DIC was

adopted in this work.

Digital image correlation was not only used to measure strains more accurately within the
center of the gage length of various materials in this dissertation (lithium metal foil, copper current
collector,ad Nafion). 1t was al so used -filnoKagtonrTect | y r
completely define and predict elastic behavior, two of the following three should be known:

Youngs modulug, shear modulu&, and P o i3sThey arérslatedybEt. i2.b.

0 — (2.1)

Poissonbés ratio is the absolute value of t
tensile experiment. Capturing the small strains in the transverse direction requires sufficient
resolution within the teatique. While digital image correlation has been used to measure

Poissonbs ratio of thin polymer films,- it h

o} )

sensitivet> Membranes which swell or degrade with exposure to solvents such as in the airbrushed
speckle patterns that have been used on other materials require a dry pattern8éDke the
DIC method was validated for measuring Poisso

pattern, it was applied to materials (Kapton, Nafion, copperlitingn) with dry speckle patterns
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(see Appendix E and Chapter 3). I n addition t

and loading and unloading behaviors were observed using dry speckle pattern DIC.

As a battery cell cycles, electrodes amg and contract which causes neighboring
electrolytes and separators to compress and uncompress. If one of these materials does not return
to its original thickness or exhibits hysteresis with cyclic loading, it could lead to delamination or
pressure difrences in the cell, reducing performance. Thus, a quantity of elasticity could be
observed in mechanical experiments. One way to quantify elasticity is to take the area underneath
the load and unload curves and calculate a ratio between thE/Mvdhis is explained in more
detail in Chapter 4, where it was measured in the hybrid composite separators in a tensile test. The
loading and unloading behavior were more generally observed in Nafion in a tensile test coupled

with DIC with dry speckles (seeppendix E).

For materials that cannot exist as fstanding films, mechanical tests involving a substrate
were employed. For the tensile tests described above, either large equipment (Instron) was used,
or more sensitive equipment (Dynamic Mechanical psial DMA) was used for smaller test
specimens up to 10 mm of gage length. The DMA was additionally used for compression tests. In
Chapter 5, a compression test was designed to mimic the pouch cell vacuum sealing and constant
pressure thereafter on the Iniglhparticle brush coating. This specific test protocol was used rather
than a standard test method, since standard protocols call for samplessevertiak and rigidity.

The stiffness of the particle brush coating sans solvent was measured withfatoegicroscopy
(AFM) to be in the 110 MPa range. To best replicate the conditions of the coating in the cell, the
coating was deposited onto lithiyptated copper foil (2um total substrate thickness) and was
swollen with the liquid electrolyte test@uthe study. The substrate itself was measured with the

technique, and it was verified that it was not participating in the deformations measured in the
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coated samples. The DMA was able to identify the starting thickness by applying a preload of 0.1
N then control the stress ramp up to a particular stress which was held for 20 minutes. The secant
modulus was measured with this test protocol, taking the stress divided by compressive strain of
the coating at the last data point of the stress ramp. Creepastalso measured. These results

are not material properties that should be compared to properties measured with other techniques;

rather, the properties measured can be compared within the dataset.

2.3.2 Nanoindentation

Another mechanical test methduht can be used when tensile and compressive tests are
challenging (i.e. when materials are too soft and thin) is nanoindentation. The output of this test is
indentation depth of a probe that applies a controlled force on the surface of the test sféamen.
probe has a fine tip radius that retrieves properties on the nano and microscales. Specific probe
shapes have been associated with models that can estimate mechanical properties such as hardness,
elastic modulus, and viscoelastic properties. For exanhié¢rtzian equations can be applied to
loadindentation depth data acquired with a spherical probe to quantify hardness and elastic
modulus’ This process differs from the previously described methods in that instead of applying
displacements and measuwiforce, it applies load to the sample through controlling the force
within the springlike transducers and measures displacement. In Chapter 4, nanoindentation was
applied to the hybrid separators using a Berkovich tip. Oliver and Pharr mathematicppliece a
to the data to determine elastic modltghe viscoelasticity was observed via a fehodding
step in the procedure. Furthermore, the abovementiBffedould be estimated from the lead

indentation depth data. Nanoindentation was selected torfegrped on the hybrid separator in
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addition to tensile tests due to its similarity to the loading conditions of a lithium metal dendrite
protruding into the separator that was observed in aridfamages. A schematic illustration

describing the indentatissetup and procedure in detail is found in Fig. B.2.

2.3.3 PeakForce Atomic Force Microscopy (AFM) Quantitative Nanomechanical Mapping

(QNM)

Atomic force microscopy is another form of indentation. In traditional tapping mode AFM,
a sharp tip on a cantiler applies forces to scan across the sample surface, revealing topology and
some relative information about mechanical stiffness at each scanning location. In PeakForce AFM
(a method developed by Bruker Corporation), the forces applied are much gehtee annstant
enabled by feedback control which monitors the cantilever deflection per force. A particular
capability of PeakForce is Quantitative Nanomechanical Mapping (QNM). This evaluates the
load-indentation depth profile at each measurement poith@isurface and maps corresponding
values for stiffness, adhesion, indentation depth, etc. Like nanoindentation, depending on the tip
geometry, models can be applied to estimate elastic moduli at the nanoscale yet delivering tens of
thousands of data pds per scan. This method was used to supplement the compressive
mechanical data which characterized the hybrid particle brush coating (Chapter 5). As a conical
probe was used in these experiments, the Sneddon model was used to estimate fiffnéss.
likely conflicting van der Waals interactions between the solvent and tip as well as solvent

volatility, these measurements were performed on the unswollen coating.
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2.4 Electrochemical Experiments

The following section describes tlexperiments used to evaluate the electrochemical

performance of the materials studied.

2.1.3 Cell Design

Pouch cells were redesigned from their standard format to produce highest quality images
in the micreCT experiments. Therefore, all electrochemtesis were evaluated using this cell
architecture. As previously described, h@omic number materials present alongside lithium
metal pose challenges achieving adequate resolution in-@icrevaluation of cycled lithium
metal morphology. This was trder the LTO cathodes, and this was also true for the current
collectors that were adjacent to the lithium metal electrode on the side opposite the active face, e.g.
in the path of the Xays. A micreCT pouch cell was designed to extend the current cotiect
away from the active area. To enable this, lithium metal electrodes were punched into the shape of
a |l owercase Ab, 0 where the active area is the
where a small piece of an additional nickel tab waki@ede onto the original tab, allowing that
piece to bend and sandwich the tip of the tail of trehdped lithium electrodes. A schematic
illustration of this cell design, Figure B.1, can be found in Appendix B. This cell design was used

in the work summazed in Chapters 4 and 5.
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2.1.4 lonic Conductivity

The ionic conductivityfl, is a measure of how easily ions can be transported through a
material. It can be measured by applying AC Impedance spectroscopy, which applies a ~10 mV
amplitude over a rang# frequencies (in this case, 1 mHz to 100 kHz was used). Purely resistive
behavior can be observed in the impedance spectrum (Nyquist plot of imaginary component versus
real component of impedance) in the high frequency limit. At high frequencies, tleeahnat
behavior is capacitive, and the behavior is purely resistive (imaginary component is zero). This
resistanceR, is the low xintercept on the Nyquist plot. Since conductivity is inverse resistivity,
the geometry of the cell must be taken into acceamepresent an intrinsic property. The cell
format for ionic conductivity measurements in this work is a-o@ipouch architecture. Blocking
electrodes were stainless steel, which ensure that the conductivity measurement only accounts for
ions and nothe electronic conductivity. Thickness of the matetiaiust be measured, and the
crosssectional area), must be known. The calculation of ionic conductivity using this format is

described by Eqg. 2.1.

w (2.1)

It is common to measure imnconductivity across temperatures, especially for solid
electrolytes. This measurement can reveal insights into ionic conductivity mechanisms from the
type of relationship that can be drawn. This was performed in the work in Chapter 5 and is further

disaussed therein.
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2.1.5 Cycling

Emphasis was placed on repeating charge and discharge of cells, or cycling, to quantify
performance of materials. In a full or half cell, lithium ions are transferred from cathode to anode
during charging. In lithium metal g, this is when plating occurs. During discharge, the ions are
stripped away from the lithium metal anode and are inserted back into the cathode. A common
experiment to observe the plating and stripping dynamics as well as quantify lifespan of the cell
in terms of cycle life is cycling. This can also be performed with lithium symmetric cells, where
instead of relying on the chemical potential difference between electrodes to discharge,
galvanostatic current is applied in opposite directions to forcaaoguiate and strip back and forth.
Potential is measured throughout the experiment, monitoring of the health of the cell and offering
key insights into the electrochemical processes such as revealing side reactions. The majority of

cycling performed in tls work was lithium symmetric.

The overpotential values in the cycling data are driven bygyeeific ohmic resistances
such as the conductivity of the electrolyte and the interfacial resistances at the electrode surfaces.
The concentratiopolarization, overcoming the nucleation barrier, and changes of surface area of
cycled lithium and SEI volume during plating and stripping are responsible for the curved nature
of the voltage profiles. Discrepancies exist in literature, where some indicatelower
overpotentials and flat, squaike waveforms indicate the most stable lithium metal cycling;
whereas others show this behavior i's indicat
desirable!® It was observed throughout this dissertatitkat the electrolyte dominates the
waveform profiles and initial overpotentials in the cycling data. The resulting lithium morphology
is strongly affected by cycling with different electrolytes and material additives as well. The failure

of the symmetricithium cells was seldom observed to occur via significant drop in overpotential
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and shifts to squatkke waveforms; this happened most often with low ionic conductivity
materials (less than 0.1 mS ¢)rbetween electrodes. The cells with the longestdidas were

able to recover onsetting soft shorting events. This is discussed in more detail in Chapter 5.

Depending on the ionic conductivity of the electrolyte with separator, if enough current is
applied during cycling experiments, dendrites can masigyaaccur within fewer cycles for sooner
study. This was employed in the work in Chapter 4, where 1 mAwas sufficient to stress the

system into achieving a more dendritic morphology within ten cycles.

2.5 Material Synthesis and Fabrication

The hybrd materials (separator and coating) investigated in this dissertation were
synthesized and prepared each through their own approach. The synthesis of the hybrid separators
was comprised of combining starting materials and mixing to achieve the mostdippdicle
polymer composite. The resulting precursor was cast into a film by doctor blading onto a Teflon
film substrate from which it easily released. The solvent dissolving and dispersing the precursor
was tuned for minimal porosity observed in thafifims. This resulted in a mixture of solvents
which controlled evaporation post doctor blading while still being able to dissolve the polymer in

about an hour.

Preparing the hybrid coating involved Atom Transfer Radical Polymerization (ATRP) to
synthege the particle brushes. This method is introduced in the following section and is described
in more detail in Chapter 5 and Appendix C. The method of applying the particle brushes to the
lithium metal electrodes is adaptable and scalable. While the agtprsed to gather the data

summarized in Chapter 5 and Appendix C was drop casting, an airbrushing technique was also
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explored as a scalable application method at a later stage of the project. This technique is found to
produce promisingly homogeneous tiogs that are thinner than the drop cast coatings and is

involved in ongoing work.

2.5.1 Atom Transfer Radical Polymerization (ATRP)

One controlled polymerization technique is Atom Transfer Radical Polymerization
(ATRP). This yields polymers that have precise and accurate chain lengths. This allowed for the
polymer to be grafteffom the surface of the silica nanoparticles rather thah preparing the
polymer then condensing it onto the nanopatrticles. With this, much more precise patrticle brushes
could be achieved. While performing ATRP requires more steps, calibrating the conditions to be

executed in the dry room was possible.

ATRP relies on a transition metal catalyst and an alkyl halide initiator which generate a
radical. This radical reacts with a monomer, forming a growing polymer chain and propagating
until termination. Throughout this process, an equilibrium of active and weaptlymerizing
chains allows for controlled precise growth which is made possible with a hatogtining
compound which can reversibly deactivate polymer chains. The catalyst is required to mediate the
transfer of radicals across active and inactivecis in traditional ATRP. The specific technique
used in Chapter 5, Activators Regenerated by Electron Transfer (ARGET) ATRP overcomes issues
that can arise from this dependency on the catalyst such as unwanted termination by regenerating
the deactivatedatalyst by transferring electrons through a sacrificial reducing agent. This also

enables the use of less catalyst in the reaction.
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2.5.2 UltravioletPolymerization

A few more scalable polymerization approaches were investigated in this work as lithium

metal coatings. As they did not achieve as consistent coatings as the drop cast particle brushes and

therefore resulted in variable cycling behaviors in lithium metal cells, more development is
required in future work. However, they enailniesitu reactiors on lithium metal foil which offers
convenience for dropping into a radi-roll large scale manufacturing process. The most promising

method which is mentioned in Appendix C is ultraviolet (UV) polymerization.

Otherin-situpolymerization on lithium ntal is challenging due to the speed of the reaction

(thiokene Aclickod chemistry was found to react

coatings) and requirement of high temperature (azobisisobutyronitrile (AIBN) based chemistry).

UV polymerizaion could be performed at room temperature in a matter of minutes. The reaction
requires a small quantity of photoinitiator (~1 wt%) and UV light. While not as controlled as ATRP,
the endproduct of coated lithium metal foils could be achieved much faBtes.approach was
developed for coatings that could contain particle brushes as well as lithiunnssatts The

challenge to optimize for in the future is thickness consistency and homogeneity.

2.5.3 Lithium metal Foil Preparation

Ithasbecomeanwr i tt en rul e in the industry as
lithium metal foils before cell building. Some methods are reviewed in literstditee goal of
pre-treating the lithium metal surface is to achieve a ddfeet, smooth surface & passivation
layers developed via exposure to finart environments. An initial study preceding the work in

Chapter 5 examined lithium metal greatments with different lithium foil suppliers. The foils
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were studied by performing electrochemical imgraze spectroscopy (EIS) over time in symmetric
cells. The cells with desirable lithium foils demonstrated consistent Nyquist plots in the shortest
time and maintained consistency over days. Tharpement that resulted in negligible Nyquist

data (shownn Fig. 2.3) was calender rolled while sandwiched between pouch material.

100 1

-Im(Z)/Ohm
n
<@

o

0 100 200
Re(Z)/Ohm

Figure 2.3.Nyquist plot (imaginary component of impedance vs. real component of impedance)
of symmetric lithium metal cell whose electrodes were calender rolled before cellRnigdtial

amplitude: 10 mV. Range of frequencies: 1 mMiH00 kHz.
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Chapter 3: Creep and Anisotropy of FreeStanding Lithium
Metal Foils in an Industrial Dry Room

This chapter is reproduced from the following publication:

Dienemann, L. L.; Saigal, A.; Zimmerman, M. A. Creep and Anisotropy of&taeding Lithium

Metal Foils in an Industrial Dry Roord. Electrochem. En. Conv. St@021, 18 (4), 040908.

3.1 Introduction

Many upcoming technologies such as electric vehicles, consumer electronic devices, and
the grid require a battery with both energy density and safety that are maximal. A strong contender
for such devices is the solgdate battery with a neflammable eletolyte. In any case, the energy
density of the battery can drastically increase with lithium metal as the anode due to its low
electrochemical potential 688.04 V versus the standard hydrogen electrode. Specifically, the
configuration of a lithium metanode coupled with a lithiwoontaining cathode likeIMC811
delivers great energy density and could be considered for commercializ&iothermore,
lithium metal supplies almost twice the gravimetric energy density and three times the volumetric
energydensity as graphite, the anode in the lithilom battery? However, problems arise with the

lithium metal anode.
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During charge and discharge cycles of a battery, lithium ions can nucleate and plate onto
the lithium metal anode. This plating can resultdendritic growth of lithium whiskers, or
dendrites, which can grow right through a liquid electrolyte and cause a short with the cathode. A
lithium metal anode that is mechanically unconstrained can result in steep growth of dendritic
mossy structure ofeduced lithium ions While the lithium anode is mechanically constrained
inside a coin cell, the plating morphology is unifotim liquid electrolyte batteries, a separator
film serves as a solid structure between the two electrodes, allowing ionnghwttliie blocking
dendrites. Therefore, one may believe that a solid electrolyte would have the same preventative
impact. Micrecomputed tomography imagesagerandocycling of a lithium metal battery with
a solid polymer electrolyte illustrates rdendritic, uniform plating of lithium (se€ig. Ic in Ref.

4)4

The first theoretical model to relate mechanical stiffness of the lithium anode and a solid
electrolyte todendritic plating was delivered by Monroe and Newman in 200Beir study
concluded that the shear modulus of the solid electrolyte that interfaces with the lithium metal
anode must be twice the shear modulus of lithium. However, the assumptions magsaaingu
and stripping are not valid for inorganic electrolytes. The shear modulus of a ceramic or sulfide
electrolyte may be orders of magnitude larger than that of lithium, yet dendrites still plate through

the electrolyte causing shorts via other medsas® Furthermore, not all polymer electrolyte

experiment al results agre€ with Monroe and Ne

Monroe and Newman made the assumption that both madettadslithium and polymer
electrolyté are linear elastie However, lithium has been shawo creep in tension, having
strained over ten percent at 298 K and 0.43 MPa in a 2019%tittiium has also been shown to

exhibit plastic deformation and creep in compres8i@neep occurring in a metal around room
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temperatur e i s nlting terhperature of 4563 Ki ReSearchers ave developed a
mechanical model for lithium that utilizes every aspect of its mechanics: elastic, plastic, and
viscoelastic!® The model contains some viscoelastic parameters obtained from indentation

measurerants!!

It is crucial to encapsulate all the deformation mechanics inside this battery interface to
fully understand which mechanics are active during cycling to prevent dendritic lithium plating.
Bar ai et al . showed that b elastr rapproady the aoepleda n d N
electrochemical equation with elastic and plastic solid mechanics correlates with dendrite
propagatiort? In their simplified battery model, they assigned elaglistic regimes to both the
lithium metal anode and the polyneadectrolyte. The yield strength is now an additional parameter
to consider for preparing an electrolyte with adequate mechanical integrity to inhibit dendrite
propagation. However, battery modeling has not been extended to time and temperature dependent
mechanics, such as creep, as well as crystallographic téxtiiFrst, the involved materials must

be characterized for the insertion of representative material parameters.

To ensure the efficacy of future modeling of lithium metal in batteriessthdy aims to
replicate Lepage et al.o6s study yet in a stan
commonly used in commercial batterfeBoth the dry room environment and thin lithium foil are
more representative of commercial battery maouiring. Lithium may be exposed before
assembly long enough such that mechanics could be affected via reactions with moisture and air
components. According teef. 15 the tensile properties in atmospheric air for short experiments
(10 minutes) did not sean effect from the environment, while longer exposure (one hour) resulted

in morphological differences at the surface and a hardening &ffidotvever, the limitations of

the preservation of pure | ithiumdacemshaved ni cs
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that 0.75 mm |ithium foilds creep mechanism di
mechanical tests at several temperatfiré8is work aims to determine the difference, if any,

between the viscoplastic measurements of 0.10 mrarittioil and the environment, including a
directional study on 0.75 mm and 0.10 mm. Long term deformation at a pressure created by the

manufacturing of a coin cell, 0.30 MPa, is included as well.

To the best of t he aut horasmot kehbeenldend tpre , a
calculating creep parameters, and microstructure has not yet been correlated to these specific
mechanics. Therefore, this study is broken up into the following three parts. The first subsection
delivers the mechanics of both 0.#1&.10 mm thick lithium metal at different strain rates and
in both orthogonal directions, obtaining the power law creep expamepgr the orientation of
the material. The creep activation energy of the 0.75 mm foil in the dry room environment is
compaed with previously calculated valug$The second subsection investigates the temperature
dependent mechanics of the 0.10 mm foil in its two orthogonal directions, calculating
corresponding activation energies per orientation and per power law cresgetgpmeasured in
t his study. The | ast subsection i nvestigat e:c

correlations with the mechanics discovered in the earlier sections.

3.2Experimental Methods
3.2.1 MaterialsApparatuses, ar@nvironment

Lithium foil (0.75 mm) was purchased from Alfa Aesar. Lithium foil (0.10 mm) was
purchased from Albemarle. Lithium metal was kept in an Argon glovebox and was removed

immediately prior to experiments in a standardustrial dry room. Three hium strips were
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measured for each iteration of temperature, constant rate of deformation, or constant stress and

direction.

The tensile testing apparatus used was the TA Instruments DMA850, and the Film/Tension
clamp was installed with the flat edgestbé grips interfacing the specimen. The grips were
tightened consistently with a torque screw once the temperature of interest was reached,

accounting for thermal expansion.

The dry room is environmentally controlled at a temperature of 273 K, and thieerela

humidity is controlled and measured at approximately 0.20 percent throughout the experiments.

3.2.2Time-dependent Mechanics and Digital Image Correlation

Constant deformation as well as constant stress experiments are used to measure creep in
metak which obey the power law (EqQ. 3), given the steady state stress is below the yield or glide
stress of the material and parameters including temperature, strain rate, and stress are held constant.
All time dependent experiments were done at 298 K, a tatyve controlled by the dry room.

All lithium samples were rectangular; 10 mm across with a 15 mm gage length. Types of
specimens include the 0.75 mm lithium and the 0.10 mm lithium with the long axis in the machine
and transverse directions (MD and TDhe DMA850 began each experiment with a load of O N,

and the strain was measured via a Digital Image Correlation (DIC) method. The experimental setup
for this section is represented by the schematitign3.1with the furnace open and without dry

air flowing through the liquid nitrogen dewer.
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Figure 3.1.Schematic illustration of experimental setup with an image taken from the DIC time

dependent experiment as the inset

Digital Image Correlation is a nesontacting, optical measurement technique tratires
a speckling on the specimends surface to est
deformation, strain, and strain rate across the specimen using cross correlation. A combination of
magnesium oxide powder and graphite were chosen for spgaving toRef. s success
preventing side reactions with the lithium métahis speckle pattern was also used on the 0.10
mm lithium; previous work shows that if a powder speckle pattern is used on thin membranes, the
small strains measured by D&e statistically unchanged from the recommended sebeased
patternst® Using a 25 um sieve, magnesium oxide was first dispersed onto the specimen then
carefully flattened to promote good contact with the lithium surface without compressing the
lithium. Next, the graphite powder was sieved over the magnesium oxide layer creating good
optical contrast for the DIC images. Images were taken with a Canon EOS 5D Mark IV coupled
with a 100 mm lens and two panels of LED lights illuminating the specimen frber sitle of
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the camera. Images were analyzed with GOM Correlate 2D software. Strains and strain rates were
consistently measured over a central gage area away from edge effects. An image used for the DIC
measurements is the insetkf). 3.1 the blue shaed area is the central gage area where DIC

strains were calculated by the software.

Specimens that were placed under constant deformation were strained at rates of 3
x 103s?, 3 x 10*s?, and 3 x 10 s. A constant stress experiment of 0.30 MPa was done on all
specimens to indicate the mechanical characteristics experienced by lithium foil inside a coin cell

and was included in calculations of the power law creep expanent,

3.2.3TemperaturalependenMechanics

The setup and procedure described in Refiere used in this study for the temperature
dependent experimerft3.he 0.10 mm lithium foil was cut into rectangular strips 10 mm wide and
were tensile tested at a strain rate of 3 X $bat the temperatures 273 K, 298 K, 348 K, and 398
K. Lithium strips were cut to have a tensile gage length of 25 mm. Strips wesdtltuhe long
axis in the MD and orthogonally in the TD. The experimental setup in this section is represented

by the schematic iRig. 3.1with the exception of no camera or DIC.

True stresdrue strain data were calculated from the stress and straisuneel by the
instrument via the assumptions in Bdql and3.2. The final true stress value at 1 percent strain is
taken as the steady state creep sttess, , which is plotted logarithmically against inverse
temperature to achieve the relatioipsh Eq.3.4 derived from Eq. 3. The slope of this plot yields

0 , the activation energy.
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Figure 3.2. Time dependent behavior of (a) 0.75 mm lithium foil through constant deformation,
(b) 0.20 mm lithium foil through constadéformation, (c) 0.75 mm lithium foil through constant
stress of 0.30 MPa, and (d) 0.10 mm lithium foil through constant stress of 0.30 MPa experiments

at 298 K. True strain rates as well as true strain were measured with DIC.
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3.2.4Grain Size and Texturing

The 0.120mm | ithium foilds microstructure w
mechanics. Firsi-ray diffraction (XRD) was performed on the 0.10 mm lithium with a Malvern
PANalytical Empyrean Diffractometer with a Melk (&= = 0. 7 0®WhHlebusingla s ouTr «
focusing mirror and Xo6Cel erator Detector in t
into a mini pouch inside an argon glovebox prior to analysis. Second, scanning electron
microscopy (SEM) was performed with a JOEL JEN800. The smples were transported via a
vacuumsealed vessel. Lastly, optical images were taken with a Keyence laser confocal

microscope inside the dry room.

3.3Results and Discussion
3.3.1 Timedependent Mechanics

Plots of the true strain rate over time for thastant deformation rate experiments as well
as plots of the true strain over time for the constant stress experiments are shogun3ia
Appendix Acontains stress versus strain curves, shown irAER& A. 3 for 0.75mm and 0.10mm
foils. Each of thes plots contains curves from a single specimen. Badaot plotted after the

specimen began to experience failure. Steady state regimes were chosen to be limited by the stress
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which was changing up to 1 percent for the constant deformation experimerits thie strain

rates which maximized the coefficient of determination where creep is linear (secondary creep)
for the constant stress experiments. Furthermore, regression was used to determine estimates for
the steady state strain rates in secondary cheaptable difference between the 0.75 mm foil and

the 0.10 mm foil is captured Fig. 3.2 and3.2d. The same 0.30 MPa constant stress experiment
resulted in much higher strains and strain rates in the secondary creep stage in the 0.75 mm lithium.
The thicker lithium reached tertiary creep at around 5.5 hours, whereas the thinner lithium did not
reach this stage in the time frame of these experiments. This difference is quantified after plotting
the steady state data Fg. 3.3and 3.4. Potential undeying mechanisms for this difference
include the manufacturing processes, quality control, and microstructure. These are explored in

the final section.

0.3 1 2
O [MPa]

Figure 3.3. Characterization of the creep power law exponantof 0.75 mm lithium foil.

Horizontal eror bars cover the range of values in the steady state stress regime during constant
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deformation experiments. Vertical error bars cover the range of true strain rates measured by DIC

during the steady state regime. The slope of the lime=$.25 + 0.41(90% confidence interval).

Figure 3.3shows the steady state creep stiessain rate plots for the 0.75 mm foil, and
Fig. 3.4contains the data for each orthogonal direction of the 0.10 mm lithium foil. The power law
creep exponenty, is the slope of the linear regressions on eachldgglot, and it is obtained

with a 90 percent confidence level. These results are listeahled3.1 and3.2.

» MD e TD
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Figure 3.4.Characterization of the creep power law exponangf 0.10 mm lithium foil in both
machine (MD) and transverse (TD) directions. Average steady state strain rate and steady state

stresses are plotted as points ftted with linear regression. The shaded areas represent the 90%

confidence intervals on each fit.
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The creep exponent for 0.75 mm lithium, 6.25 + 0.41, is statistically similar to the
previously recorded valuia the literatureé® Furthermore Table 3.lindicates that if this creep
exponent is used to calculate the activation energy in the previous section rather than the creep
exponent fromRef. 3as was done iRef. 4 the activation energy (37.6 = 7.9 ibl?) nearly
matches the previously recorded vaindref. 3(37.0 + 6.0 kdnol?).3* Combining these results
with prior mechanical data at various temperatures, the power law creep exponents and activation
energies that are both similar and significantlyolethose of lattice diffusion (50 kdol?) lead
us to the conclusion that the dry room environment in these experiments does not play a major role
in the bulk time and temperature dependent mechanics of the lithiuhirtother supporting this
claim, SBM was done on the 0.10 mm lithium foil that was sitting in the dry room for one day as
well as the same foil that was brought outside of the dry room. The difference in morphology seen
in Fig. A.4 indicates the lack of effect the dry room environment Imathe lithium foil surface.

The structures on the surface of the lithium brought outside the dry room confirm the similar results

seen irprior work® It should also be noted that throughout these time dependent and temperature

dependent experimentsireth dry room, the | ithium foilds shi
Power law exponenin Activation energyQc (kJ mol?)
6.60 + 0.7C° 37.0+6.0°
6.25 +0.41 376+7.9

Table 3.1 Creep properties of 0.75 mm lithium foil
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Direction Power law exponenin
MD 10.61 £ 0.78
D 9.62 + 0.69

Table 3.2. Time dependent properties of 0.10 mm lithium foil in machine and transverse directions

The power law creep exponents of the 0.10 mm foil are separately tabUlabéel 8.2.
The Supplemental Information contains a regression equation for both MD and TD directions in a
log-log relationship between true strain rate and true stress in the steady state regime Zaable
TableA.2b includes the coefficients for the regressimatuding an interaction term (the slope),

which indicates a significant difference between the creep exponents in MD and TD for a

confidence level of 90 percent (p = 0.097).

1.4 : -

273K MD
- —— 273K TD
298K MD
— 208K TD
348K MD
— 348K TD
= 398K MD
= 0.8 |= == 308K TD
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_————
-—_
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0 0.002 0.004 0.006 0.008 0.01

€
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Figure 3.5. Temperature dependent true strag strain of 0.10 mm lithm foil in machine and

transverse directions
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These statistics (10.61 + 0.78 for MD and 9.62 + 0.69 for TD) cover a range of values
reserved for a creep mechanism different from that of the 0.75 mm lithium. Refé&zhes
reviewed metals such as carboingh and high purity aluminum that also display higher exponents
(of at least 8) experience a specific type of recrystallization, where small grains form within the
original grains during steady state creep. These higher exponents have been seen imndispers
hardened materials and some cubic metals, where creep occurs through the lattice yet with more
obstacles forming during viscoplastic deformatténOne commonality between these materials
discussed id” and the 0.10 mm lithium is the particular maaaifiring process. It is possible that
the extrusion and rolling procedure for lithium foils builds a different microstructure per different

thicknesses of foils. The final section explores this potential effect.

©
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Figure 3.6.Log scale plot showing the linear relationship between steady state creep stress and

inverse temperature (raw datakig. 3.5 for the machine and transverse directions in 0.10 mm
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lithium folil. Error bars indicate the range of the steady state stresser@gross all samples tested

per temperature. Linear fits are performed with regression with 90% confidence.

3.3.2 Temperaturdependent Mechanics

Figure 3.5contains the true stregisie strain data of one sample of 0.10mm lithium foil in
each directiorat each temperature. The results containing all samples per temperature, separated
by direction, are summarized kig. 3.6which displays the logarithmic relationship governed by
Eq. 34. The error bars indicate the range of the steady state creepvaitess over the entire
steady state range of the data collected across all samples per temperature, ranging from 0.006 to
0.01 strain. This range of strain was chosen for its corresponding true stress variation maintaining
within three percent at 298 K,ditating steady state creep and good fit with the power law at this

intermediate temperature. A linear regression is plotted for the machine and transverse directions.

Direction Power law exponenin Activation energyQc (kJ mol?)
MD 10.61 £0.78 43.77 £ 4.33
TD 9.62 + 0.69 41.16 + 3.64

Table 3.3.Creep properties of 0.120 mm lithium foll

Using the values ahfor 0.10 mm lithium foil in MD and TD (se&able 3.3or summary
of all creep parameters for 0.10 mm foil), the calculated activation energies reQuit #3.8 +

4.3 kJmoltin the MD and in the TDQ. = 41.2 + 3.6 kidnolX. These values are comparable with
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the value ofQ for 0.75 mm foilfrom 3, which is 37.0 + 6.0 kihol 2. The error results from a 90 %
confidence interval around the linear regression. It also takes into account the error from the
measurement af, the creep power law exponent. The result for the aativainergy in this study
agrees well with the conjecture that the mechanism for creep in lithium at these temperatures is
core diffusiont’ The other option is creep by lattice diffusion, which has a reported activation
energy value of 50 kianol'.® The valies of the activation energy obtained in the dry room
environment in this study for 0.10 mathick lithium as well as in previous work for 0.75 mm foil

is significantly smaller than reported value for activation through lattice diffid$iBarthermore,

the activation energy values are not a function of crystallographic orientation in the plane of the

foil, as the activation energies are comparable between MD and TD in the 0.10 mm lithium foil.

Optical images were taken with a laser confocal microscopeéstigate the surface of
the foil at each temperature after each test. An additional experiment was run at 248 K to
investigate these effects at the lowest temperature which provided mechanical data lower than the
glide stress in the previous literatdreThe images at 248 K, 298 K, and 398 K are included in
Appendix Ain Fig. A.6. A significant difference in the surface features including grain size does
not exist across these images in Rid3, but the grain boundaries in some locations appear darker
scattering more light than the grain boundaries observed in the pristine lithiuFidoB (). This

could indicate stress development from the applied displacement across all temperatures.

It can be noted that the stress experienced in the 0.10 rsnsfwer in the MD than in
the TD inFig. 3.5and3.61 especially at 273 K. This can be due to crystallographic texturing in
the foils, where certain slip planes could be more present in preferred directions. It is possible that
in the 0.10 mm lithiumglifferent temperatures define the bounds for power law creep to hold true.

However, data at more temperatures below 298 K and analysis is needed to support this claim.
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Figure 3.7.0ptical images of (a) pristine 0.10 mm lithium surface microstructure and (b) the same

foil 6s surface microstructure after constant

3.3.3 Grain Size and Texturing

The 0.10 mm lithium had twX-ray diffraction peaks characistic of BCC planes (110)
and (200) along the scan abodt Zhe more prominent signal was (110) due to its higher density,
so the corresponding angle id@as sel ected for an azi mut hal
peaks located at the symmetric locati@f the TD indicates that the plane is preferentially oriented
along the MD. This is clearly illustrated IByg. 3.8 In the literatureRef. 18saw no texturing in
their electrodeposited lithium, arRef. 3also came to the same conclusion about thg thih
lithium that was also used in this stuthf Reference 9reported texturing of the (110) plane along
the MD and TD for 0.33 mm lithiurt?. Manufacturing procedures yielding lithium thinner than
0.75 mm could result in this texturing. The major maotufang process of lithium foils is
extrusion. It is possible that foils thinner than 0.75 mm are either extruded with a smaller die or
rolled to achieve these thicknesses, but the exact manufacturing procedures from the suppliers in
this study are propriary. Directional effects in the creep parameters obtained can be due to the
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crystallographic orientation preference seen in the 0.10 mm lithium foil which could arise due to
extrusion and/or rolling. During plastic deformation, crystalline materials olevpteferred
orientations with their slip planes aligning along the direction of terf8ieor example, the rolling
process can fully recrystallize materials, especially when heat is inv@\Fatthermore, in
crystalline polymers, different mold thickseges influence the orientation of crystallites through

the thickness of liquid crystal polymers undergoing injection moléfinEhe texturing seen in the

0.10 mm lithium explains the lower stress seen in along the MD during the experiments which
varied tenperature as well as the higher strain rates per stress applied in the previous sections, as
dislocations slip with more ease along the densely packed {110} planes in BCC structures which

could have likely arisen from any plastic deformation involved éenntlanufacturing process.
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Figure 3.8.X-raydi f fracti on azi mut hal scan about p hi

lithium foil. The peaks of the machine direction (MD) and transverse direction (TD) during the

scan are |l abeled with AMDO and ATD. o
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Grain sizes on the order of -0 um have been reported for lithium foils in the
literature'®® Difference in grain size owes to modified manufacturing procedures such as heat
treatments. However, it has been discussed that materials can either wadssgtallization into
smaller grains (reducing effective grain size) or into denuded zones, increasing greif’Jiles
notion is explored iFig. 3.9 whereFig. 3% s hows the (110) peak fron
0.10mm foil, andrig. 3.9 showsa 0.10 mm foil that underwent the constant stress experiment of
0.30 MPa for several hours. The peak broadening is smaller after the lithium foil crept, meaning

the grain size has increased during creep at 0.30 MPa.
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Figure 3.9.X-ray diffraction scarmbout 2Theta @) on (a) pristine 0.10 mm lithium foil and (b)
the same foil undergoing constant stress of 0.30 MPa for several hours. The full width at half
maximum (FWHM) is taken for both (110) peaks after background noise was subtracted and is

denotedbn each plot.

Recrystallization was also explored with SEM (see Supplemental Information) and optical
microscopy inFig. 3.7. An approximate grain size of 156 + 62 um was estimated from images of

the untested foil using ImageJ. This is similar to repogiedn sizes for the pristine 0.75 mm
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lithium foil in the literature®*'®% Images were taken again with SEM and laser confocal
microscopy after the constant stress experintegt 8., Fig.A.5). The images before and after
testing show how the grairobndaries scattered more light post creep. During creep in tension,
grain boundaries behave as a source of dislocations into the.@rdinis results in volume
changes inside the grains as dislocations climb. A potential reason for the widening airthe gr
boundaries both seen in the SEM and the optical microscope could be denudation, which ultimately
results in the grain growth determined by the XRD results. Another potential source of grain
boundary adaptation is the presence of another species metia The 0.10 mm lithium is
specified for allowing up to one percent more impurities than the 0.75 mAt4bdrain growth

causes the creep rate to slow down owing to increased distance dislocation cores must travel
between grain boundariésThe resilts confirm this; the 0.10 mm foil experienced a slower creep
rate at 0.30 MPa than the 0.75 mm foil. As stated before, dispersion hardened materials as well as
certain alloys have displayed higher creep exporéftdhe mechanism for the largerfor the

0.10 mm foil could be the presence of impurities and grain growth which enable higher resistance
for dislocation cores to diffuse. Further investigation of the grain boundaries as well as the presence
of impurities using transmission electron microscqfEM) as well asX-ray photoelectron
spectroscopy (XPS) can help elucidate the dominant mechanism for this difference in creep rate.
The microstructure, in particular grain boundaries, should attract consideration in plating stability,
especially sinc&ef. 25reports mossy lithium plating preferentially at areas of localized defects
such as grain boundari&sThis means that larger grains resulting from grain growth via lithium

metal creep could yield fewer areas of mossy lithium plating.

Differences beveen the previously reported mechanics of the 0.75 mm lithium foil and

the newly studied 0.10 mm lithium foil, such as the strain rate dependent plasticity in different
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orientations, demonstrate how mechanics change through different thicknesses ars safppl

lithium, likely owing to the manufacturing process. It has been shown that the direction through

the thickness of 0.75 mm foils has different mechanics and a preference for {100} planes, and the

foil has been characterized as transversely isotféfisinner lithium such as the 0.10 mm foil in

our study can be regarded as orthotropic given it has two unique sets of properties in the machine
and transverse directions and assuming it has the same [100] texture through the thickness. This
confiimsRef. 266 s t heoreti cal prediction é&Tfhisaffeitisot r opi
more prominent as the lithium foils are thinner (often 20 um) for higher fractional use of lithium

in energy dense applications. One common practice at the batenfanturing stage is rolling

thicker lithium foil down for a more uniform surface better suited for uniform pl&fifgiture

work should extend this study to rolled and washed lithium metal anodes.

In electrochemicamechanical modeling of battery systmvhich utilize lithium metal,
the governing equations can be modified to consider the anisotropic mechanics discovered in this
study. In particular, the stress and strain rate tensors can account for orthotropic components such
as in equations describeggb Goy a | and Monr oe, and | ithium me
be characterized by foils of certain thickness owing to particular manufacturing proéadsss.
can be applicable to continuum scale modeling of the lithium metal anode interface as atell

the dendrite scale, where creep may or may not occur fast enough to even out lithiun®plating

Lithium metal battery performance targets containing goals set by the US Department of
Energy ARPAE IONICS program call for stable use for 500 cycles@and a current density of
3 mA/cn? while using a lithium metal anode at most 20 um tRigkccording toRef. 3 Big. 3.
(lithium metal dominant deformation map per height, current density, and strain rates at 298 K), a

cell which hits these targetslifainto the poweiaw creep dominated reginieTherefore,
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throughout the lifespan of such a coin cell battery, the lithium metal anode can experience around
1 percent of uniform secondary creep strain if the pressure inside the cell is unchanging from its
time of build, the cell is at room temperature, and the lithium metal behaves like the 0.10 mm foil
in this study. However, in necoin cell applications where temperature can be much different and
pressures increase, the amount of creep strain could eepoint where the lithium metal has
failed during these experiments (up to around 10 percent in this study for strain rates ofs3 x 10

1 on 0.10 mm foil and up to 60 percent for 0.75 mm foil at 4 X2bin Ref. 15)'° Our previous

work also discused seeing failure in large deformations of lithium metal which does not align
with the predictions of the modeld® While this might not translate into mechanical failure of
lithium in a cell due to different boundary conditions, this amount of plaistie,and temperature
dependent deformation should be considered while engineering lithium metal batteries for
commercialization as well as within models which can help predict which materials are

electrochemically and mechanically compatible with lithium.

3.4Conclusions

This study discovers the anisotropy in commercial 0.10 mm thick lithium foil and how it
affects creep (time and temperature dependent mechanics) in the machine and transverse directions.
The 0.10 mm foil is found to be textured; the (110) plane is aligiedy the machine direction.
Therefore, this work defines the creep power law exponent and the activation energy for the MD
and TD of the 0.10 mm foil. As the (110) plane is a slip plane in BCC structures, the lithium
creeped more in the MD than in the TIhe activation energies in both of these directions of the
0.10 mm foil are similar to each other, are similar to the activation energy of 0.75 mm lithium, and

can further support the conclusion that it hi
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diffusion rather than lattice diffusion. However, a difference exists between power law creep
exponents of 0.10 mm and 0.75 mm lithium, likely owing to impurity content and manufacturing
processes known to cause preferred crystallographic orient&tiadditionally, this study further
supportsRef. 6 s c¢cl aim that the dry room environment
mechanics such as creep activation energy and power law exponent by measuring and calculating
these parameters on 0.75 mm foil iniadustrial dry room and achieving comparable results to

the previous literaturé* Lastly, microstructural studies revealed grain growth occurring during

long term deformation of the 0.10 mm foil under constant pressure representative of a just
manufactured coin cell, indicating the prevalence of the adaptive nature of the lithium metal

anodeds microstructure and mechanics from the

These results are discussed within topics of electrochemieahanical modeling of
lithium metal batteries as well as their pertinence to the future goals for commercialization,
invoking lithium metal anode source comparisons and directionally dependent bulk creep

properties in nexgeneration modeling.
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Chapter 4: Understanding Lithium Dendrite Suppression by
Hybrid Composite Separators: Indentation Measurements
Informed by OperandoX-Ray Computed Tomography

This chapter is reproduced from the following publication:

Dienemann, L. L.; Geller, L. C.; Huang, Y.; Zenyuk, I. V.; Panzer, M. J. Understanding Lithium
Dendrite Suppression by Hybrid Composite Separators: Indentation Measurements Informed by

Operando XRay Computed TomographCS Appl. Mater. Interface023 15 (6), 8492 8501.

4.1 Introduction

Replacing the graphite anode in lithition batteries with lithium metal has been a
commercialization goal since the invention of the lithilom battery. Using lithium metal as the
anode would save both space and weilyl# to its higher energy density than graphite, the anode
used in current lithiunion battery technology. With a low electrochemical potential3dd4 V
versus the standard hydrogen electrode coupled with its low density, lithium offers triple the
volumeric energy density compared to conventional graphite ancélesibundance of work has
aimed at better understanding the instability issues that arise with lithium metal and which specific
conditions are required for achieving cycling dense, unifornulithinetaf' 1° Most often, lithium

metal plates onto and strips from the anode in an uneven manner, leaving behind mossy structures
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often referred to as dendrites. These structures must be prevented from propagation, which could

lead to shorting anlifetime decay of the cell.

Mechanisms for cell failure due to dendrites have been extensively discussed in the
literature®1114 Qverall, lithium metal failure is discussed to be mitigated by two major strategies:
dendriteprevention and dendrielocking!! The dendritgorevention mechanism is the control of
uneven plating and stripping on the lithium metal anode by tuning the uniformity of the
concentration of current and diffusion of idisf a nonuniformity is present in the cell stack, the
distribution of current is dictated by lawe si st ance pat hways which | i1
spotso where plati ng afreeinatenals s the hatfeny aremngcessayif ast
order to fully take advantage of this mechanism, which candballenge to design and fabricate
and is why the dendriilocking mechanism must also be considered. In the inevitable case where
a material contains a defect, lithium ions plate onto the lithium metal anode preferentially closest
to the defect site,udlding a hill of plated lithium metal. If extremely compliant materials like a
liquid or a soft gel are interfacing the anode, this continues to occur, increasing the intensity of the
protrusion and plastically deforming the separator. Interfacing litmetal with materials with
higher mechanical integrity has been theorized to block the propagation of dendrites. Elastic
properties such as Youngds modulus and shear
dendriteblocking ability!® Anecdotally, aplying stack pressures upwards of 0.3 MPa has been
shown to control the morphology of cycled lithium, densifyintlitmay seem that when uneven
lithium witnesses stress against it, either the protruding lithium is forced to flow or the ions begin
to plae more evenly. It may seem that when uneven lithium experiences a stress against it, either

the protruding lithium is forced to flow, or the ions begin to plate more evenly.
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In experiments, the theory that having solely stronger linear elastic propeniateter
dendrites is not supported. For example, high modulus materials such as oxide or sulfide inorganic
solid-state electrolytes often show lithium plating (formation of lithium filaments) through grain
boundaries and cracks within the matetisufficiently robust mechanical properties, including
Youngdéds modul us, are often cited as a perforn
and coatings; however, elastic properties often fail to correlate with better battery performance
across severatudies, as shown Figure 4.1*%2° An alternative performance metric used here to
compare several organic materials within lithium metal/lithium iron phosphate cells combines the

capacity retention, €ate, and number of cycles reported in these warkd js defined by Edl.1:

0 Qi Q&1 @EEDD AN OO VDME GOQE &0 B 6 a ORIV OO Q@.1)

Notable, but less often reported properties commonly cited in silicon anode research are
the elast recovery as well as the ratio of elastic to plastic work (E/P) done on an organic binder,
which are two measurements that relate to anode dimensional stability during the significant
volume changes experienced by silicon particles during lithiatiomlelittiiation3% 32 A polymer
with elastic recovery or E/P that is high enough such that the material retains its mechanical
integrity and dimensions as it had as soon as it is crimped/sealed inside any battery should
discourage permanent changes to theduotivity of the cell. If the polymer also has some
flowability or viscoelastic properties, it is possible that contact between it and thehewgying
surface of the lithium metal anode is retained, meaning that plating and stripping should maintain

a uriform lithium morphology*32* This work aims to develop an understanding of mechanical
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behavior at the lithium/hybrid polymgrarticle composite interface and its relevance in preventing

dendrites.
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Figure 4.1. Examples of prior literature reports shogino clear correlation between the
mechanical properties of polymeric materials used in lithium iron phosphate/lithium metal cells
and a proposed performance metrid 'Qi "Q¢ I OEED O THAO N O O ODME 0OQE ¢
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With polymeric interfacial/electrolyte materials, increasing the modulus usually results in
a tradeoff with ionic conductivity. Thus, the transport and mechanical properties must be optimized
together. One strategy is to levgeathe high ionic conductivity and strong modulus of inorganic
fillers within an organic matrix> Several works simply disperse particles in gel separators and
coatings, while others utilize covalent bonds and interactions between organic and inorganic
phases to maximize spatial uniformi®38 A prevalent duo in the hybrid inorganicganic
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literature is filling poly(vinylidene fluorideo-hexafluoropropylene) (PVDHFP) with active

(e.g. lithium-containing) inorganic particles, which together conmgrEs ionically conductive
separator, coating, or electrolyf*®® Several studies show that an optimal inorganic content
exists to maximize the ionic conductivity of the material and the performance of the lithium metal
battery*34® Improvement of mechanics is also cited as a reason to incorporate the particles.
However, mechanical experiments are often underappreciated in these works. The mechanical
experiments either apply deformation on the macroscale such as with tensile tastinghe
nanoscale such as with atomic force microscopy (AEN}38404149\hile these deformation

length scales do occur at the lithium metal interface, the relevant length scales of lithium dendrite

protrusions that result in soft shorting are cayptured in these experiments.

In this work, inorganic particle type and concentration in a PNBIP based hybrid
composite separator (HCS) are examined in order to determine correlations between the elastic,
plastic, and viscoelastic properties with élechemical properties and cycling performance.
Others have imaged deformation and volume changes of battery materialsopsnagdo
techniques such as optical microscopy, AFM, and PEWP? However, these techniques require
an extent of sample prepaoat or custom cell testing setups that introduce conditions that are
unrepresentative of the physical boundaries of a pouch cell, likely affecting the mechanical
response to sensitive electrochemical reactions such as lithium metal plating and stripping.
Therefore, the following novel approach was develog@derando X-ray micrecomputed
tomography (micreCT) is coupled with digital image correlation (DIC, an optical deformation
measurement technique) to determine the deformation of the separator duartoditcling in a
commercially relevant pouch cell format. Digital image correlation is often applied to tensile

specimen to accurately measure deformateg. (ithium metal creep); it has not been used to
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track deformation of a battery separator in mmowercially relevant format by means of mic@@

to the aut hor?>%Thése detormdtions ave thed gpplied to the separators in a
nanoindentation experiment to investigate the stress response in this boundary condition, which is
similar to hat experienced by the separator in the cell. This study suggests both the mechanism of
performance improvement via the presence of inorganic particles in #\APFas well as which

mechanical properties are most important for denthtideking within thesdaybrid materials.

4.2 Experimental Methods
4.2.1Hybrid Composite Separator Film Preparation

The HCS film casting method was augmented from that of Xu and coworkers to ensure
homogeneous dispersion of the particles in the polymer nfa#iX.65 g amounof PVDFHFP
(MW 455,000; Sigma Aldrich) was stirred in 1.0 g acetone under gentle heating until fully
dissolved. At particular weiglatios to the polymer, inorganic particles including LiF (Alfa Aesar)
and calcium fluoride (CakFisher Scientific), e having an average particle size of about 1 um
were sonicated in a solvent mixture of ethanol and acetone for an hoyolyheer solutiorand
particle dispersion were combined in a final solvent mixture of 1:19 ethanol/acetone by weight,
vortexed, angonicated for another hour. After an overnight stir under gentle heating, the slurry
was doctor bladed onto a Teflon film in a dry room, letting the solvent evaporate in ambient
conditions beforeaoAdleour 80 e C v a cemaveangvateyar rensainiegporgdnic
solvent. The final produstvereapproximately\80 um thick films. To achieve thicker films (about

70 um), a more concentrated PVIPH-P dissolution was used.
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4.2.2Cell Fabrication and Testing

The composite films were punched into 17 mm diameter circles and were soaked in ether
based liquid electrolyte (1M LiTFSI in DOL:DME (1:1 v/v)) for four hours prior to cell build. The
symmetric pouch cells used for both electrochemical analysis and-@iicveere comprised of
two 100 pum thick standalone lithium metal foils (Albemarle) sandwiching the composite
electrolyte. Imaging lithium metal with high resolution (0.7 pm/pixéljray CT poses
requirements such as sufficient (50 um) gap betwbetithium electrodes. Therefore, for the
cells using the 30 um thick HCSs, an additional glass microfiber (GE, 300 um) was stacked with
the composite film to form what this study r e
its low areaspecific resistane . Ot her wi se, ACel | B0 is simply
HFP based composite separator. Another lithium metal rddroequirement is to avoid having
high density materials such as current collectors in the field of view. Therefore, aCGniarl
architecture was designed with nickel d@Awingo t
electrodes that are extended out from the active area. A schematic describing the cell format and

cell stacks used in this study can be foundppendixB, Fig. B.1.

Pouch cell construction was carried out in a dry room with moisture laeal20 ppm
and temperature not exceeding 21 eC. The soal
electrolyte just before being placed in their final configuraiiotne cells. For Cell Atacks 100
pL of liquid electrolyte was added to infiltrate the glass microfiber. Cells rested for 12 hours before

cycling was recorded with LANDt CT2001A (Landt Instruments, NY).

78



4.2.3Micro-computedlomography and Digital lage Correlation

X-ray CT was performed at both Advanced Photon Source (Argonne National Laboratory,
Chicago), beamline-BM and at Advanced Light Source (Lawrence Berkeley National Laboratory,
Berkeley), beamline 8.3.2. CamessCMOS PCO edge camemptics were set at 10x, resulting
in 0.7 um/pixel resolution. Depending on the beamline4@%eV energy range was selected with
40 ms (APS) and 200 ms (ALS) exposure times and 1500 back projections {olgt86 rotation
scan. Cell cycling was paused eacheX-ray CT was in progress, which took about 3 minutes at
APS and 19 minutes at ALS for each sca@he reconstructions and phase retrieval were done
using Gridrec Algorithm with open source TomoPymage stacks were postprocessed with

Dragonfly versior2022.1.0.1259 (ORS Inc., Montreal) and ImageJ 1.53q.

Digital image correlation (DIC) was selected as a convenient approach for determining the
deformation of the HCS. DIC relies on a speckle pattern of high contrast which establishes smaller
segments (fags) over an imaged surface that can be cross correlated across images taken while a
specimen deforms. The inorganic particles have a higher density than-RWBFcreating a
strong contrast in intensity seen in the mi€d images. Therefore, the HCS has inherent
speckle pattern fit for DIC. Among the image stacks from m&To slices of interest were

analyzed with DIC software, GOM Correlate 2018 Rev. 115656 (GOM, Braunschweig).

4.2.4Mechanical Characterization

Nanoindentation was performed with iNamodel SKYA02880 (Nanomechanics, Inc.)
with a diamond Berkovich tip (see Fig.2 in Appendix Bfor a schematic of the setup and

protocol). Theprotocol contained loading, ford®lding, and unloading steps in addition to a drift
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rate measurement occurring at 40 percent of the maximum load. Dynamic excitation is used
throughout to continuously determine the contact stiffness. The instrument can calculate sample
modulus throughout the experiment using this approach, facilitating firmintact with the
sample’® The reduced modulus is calculated via the Oliver and Pharr method used on the
unloading data no less than 90 percent of the maximum load during thi8 Isiéentations were
performed in a 3x3 grid with 50 um of separation betwemeasurement sitesSince
nanoindentation is a foramontrolled experiment, the force necessary to produce about the same
order of magnitude of deformation in the film seeoperandamicro-CT was applied at a rate of

0.2 %/s and held for 60 s beforelaeding again at the same rate. Specificalg force was
increased until a load of 1 mN or a depth of 5 um occurred. For the holding step, the force in the
instrument was held constant for 60 seconds, where both load and depth could change. The raw
datawas analyzed to obtain the elastic recovery, E/P, and viscoelastic effects such as changes in
load and depth during the hold. The elastic recovery was calculated as the percentage of depth that
had been achieved at the end of the unloading out of theregiof the unloading. The E/P was
calculated as the ratio between the area under the unloading curve (elastic work) and the area

between loading and unloading curves (plastic wrk)

All other mechanical experiments were carried out in tension mode avidlynamic
Mechanical Analysis (DMA) tool (DMA850, TA Instruments) in a dry room on films both swollen
and unswollen with the liquid electrolyte used in the cell testing. Tensile specimens were prepared
with a custom dogborghaped punch withgage widthof 3.18 mm. Strain ramps at 0.3 %/s were
used to examine the overall mechani cal behavi
Loadunload tests were also performed at this strain rate with a maximum of 20% nominal strain

on the swollen HCSs (4% nonal strain for films in the dry state) to capture elastic recovery and
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E/P. The wet films were strained more to capture the effect of chain entanglements that have been

plasticized by liquid electrolyte.

4.2 5Material Characterization

The porosityp of the HCS was estimated as a weight fraction of the difference between
expected volumand estimated volume of samples of known cross sectionahatke@kness,

and weight of the HC8V using the following equations (E42 and Eq4.3).

nbe —— prmhb (4.2)

In Eq. 3,xis the particle weight fraction in the composite, ai¢kis the estimated density
of the HCS which is approximated with known polymer and particle densifieerrrr and

} particle, respectively.

"Hes= (1-X ) pvDgHFP +  Narticld (4.3)

X-ray diffraction (XRD)was used taletermine crystallinity of the HCS samples a
Malvern PANalytical Empyrean DiffractometerwithaMdk (& = 0. 70926 ) sou

a focusi ng mi r Dabector e trashsmik$iod mode.r at or

A Keyence VKX series laser confocal microscope characterized the lithium metal surface
roughness3g of postmortencells. To measur8avalues,the entire image of the lithium metal

surface was selected and analyzed Witlgence MultiFileAnalyzer software.
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4.3 Results and Discussion
4.3.1Galvanostatic Cycling

To assess theaseline cycling performance of thé$€Smaterials 1 mA/cnt was applied
to Cell B format cells. The HCSs with and without LiF parti¢e3% LiF, 0% LiF)are compared
in Figure 4.2,along withan HCS containingCak particles(50% Cak). The Cak particles
possessethe same cubic morphology and particle sizehasLiF particles (see SEM images
Appendix B,Fig. B.3); however,they led to clear differences in cell cycling. The cell with the
50% LiF HCS outperformed the other two cells, showing the lowest overpotentials and flattest
waveforms, which confirms pniaesults that more stable voltage waveforms are obtained with
this specific formulation of PVDIHFP and LiF particles as a thin coating on lithium m#tBbth
the 0% LiF and 50% CaFHCS cells exhibited a polarization increase throughout charge and
discharge as well as large, unstable overpotentials across cycles. This can be due to a higher area
specific resistance (ASR) as seen in the significantly greater polarization experienced at this
current density, as well as mossier lithium with increased sudeea and thus higher interfacial
resistance. Similar performance improvement was observed with the 50% LiF HCS present in Cell
A format cells cycled at a lower current density (0.1 mA&jcior a longer cycling time of about

80 hours (seéppendix B Fig. B.5).
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Figure 4.2 Lithium metal symmetric cell cycling at 1 mA/érand 1 mAh/crin Cell B format,

comparing0% LiF, 50% LiF, and 50% CafHCSs. The plot reports 10 cycles.

To investigate the hypothesis that the better performance derives from more homogeneous
lithium deposition in this system, the cells were torn dowmp&stmortemmage analysig-igure
4.3 contains top views of the surface of the lithium metal that wasewt to the HCS along with
topological height magp The lithium in the cell containing the HCS without particléo(LiF)
deposited nomniformly (80.7%areal coverage) in clusters whose heights reach almost 43 pm
andwhose surface roughness is 4.45 [Tine theoretical height of the lithium cycled in this cell
was calculated to b& pum. The lithium in the cell with the HG®ntaining 50%.iF particles did
not plate and strip in a fully dense morphology; however, it did plate over a larger area and was
less mossy (98.9% areal coverage with 1.21 pum surfameghness). Surface roughness
measurements were taken of several areas of the lithium surface that were adjacent to the HCS

during thepostmortenanalysis of cells containing HCSs with and without LiF ipls
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Figure 4.3 Postmortentop-down laser confocal imaging (top) and topography (bottom) of the
lithium metal anodes in Cell B format interfaced with 50% LiF HCS (left) and 0% LiF HCS (right)

cycled 10 times at 1 mA/chand 1 mAh/cr

The surface roughness valu8s, areshownin Figure 4.4 The HCS containing 50% LiF
yielded cycled lithium metal with significantlylower roughnesg3.2 + 1.5 um) than the cell with
0% LiF (12.0 £ 5.2 um). While the cycled lithium is not fully densehiase cells, the addition of
LiF particles does increase the uniformity of the cycled lithium, which is seen in the cycling data
and confirms the performance enhancement obtained with a similar material formulation in a prior
report* Therefore, we focusn the HCS configuration of PVBRFP with 50% LiF to interrogate

the mechanicagbroperty effects.

84



20

15+

Sa (um)

st 1 E

0% LiF 50% LiF

Figure 4.4. Surface roughnessS§ analysis on the topography pbstmortemlithium metal
electrodes that have been cycled while interfacing cells camga@® LiF and 50% LiF HCSs.

The central red mark on each box indicatesmedian, and the bottom and top edges of the box
indicate the 25th and 75th percentiles, respectively. The whiskers extend to the most extreme data

points not considerealsoutliers.

4.3.2Micro-computedlomography

Operandomicro-CT was performed on a Cell A format cell with a 50% LiF HCS at 1
mA/c? and 1 mAh/crito both understand the nature of the plating and stripping during the first
two cycles and ttrack the particle in the HCSn orderto quantify the deformation caused by an
inhomogeneity. A particular site of lithium protruding against the HCS on the anode side was
selected and tracked amongst the micioimage stackdabeled with a white bracket Figure
4.5, Supporting Video Xsee online publicatiorghows the deformation of the HCS over time
across two cyclewith voltage information superimposed, highlighting the protrusibmterest

as fNCycl ed Lsectiomal ilhdgesaptured witlwyslgsg timecontain the peak height
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of the protrusion of interest. The width of the protrusion can be estiffnatedlices across the z
direction. Both the widtHin the ydirection) and protrusion heightin the x-direction) were
guantifiedusingDIC (see FigB.6 and further discussiom Appendix B. All dimensions of the
lithium protrusion arelso plotted in Supporting Video 1. The maximum size of the protrusion
occurs at the end of the secoffiddl) charge (when lithium has finished platifay the second
time against the HCS) and has indented the B¢S um, with protrusion widths of 180 um and

246 pm.

Pouch Bulk Li Bulk Li Pouch

05

o °
© a

Voltage (V)
o
o

01 01
0 50 100 150 200 250 0 50 100 150 200 250

Time (min) Time (min)

-50.21

Figure 4.5 Micro-CT slices analyzedsingDIC after 60 minute¢endof the first chargdeft) and
after 180 minutegend of second chargeght) superimposed hiyevoltage profile(lower panels)
with green poirg indicating when the cell was imagetlhe HCS and its deformationare
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highlighted in coloy corresponding to the scale shown on the righé g/cled lithium protrusion

of interestis indicated withawhite bracket. Scale bar: 100 microns.

Images of crossectional slicetakenat the end of the first and second chaagsnalyzed
by DIC are shown irFigure 4.5 A noticeable feature in comparing the first cycle to the second at
the HCSlithium interface is the improved uniformity across the viewable section of cycled lithium
after the first cycle. This follows the theory that lithium always begins plating in islands but can
begin to plate over the entire active area throughoué roycling if the conditions enable it, such
as the application of sufficient stack presslirethis case, the morphology of the protrusions that
originally plate onto the anode are mossy; kginégions are representative of lithium that is less
densethan bulk lithium, and dasgk regions speckled throughout it are characteristic of pores.
These protrusiordsincluding the protrusion of interesinalyzed herdindicated witha white
bracket inFig. 4.90 tend to stay mossywith a few exceptions of origitig mossy regions
densifying during the second charge. Since this lithium densificatiomswithout applied stack
pressure, the mechanical properties of the HCS in these boundary conditions could be playing a
role inthe cycled lithium densificationMechanicalmeasurementaere thereforecarried out to

investigate whiclmaterialproperties arenostrelevant in this particular dendritdocking scenario.

4.3.3ChemoeMechanics

A nanoindentation experimentas designed to represent the geometry of the lithium
protrusionobservedin the micreCT images of the cell. A Berkovich tip was selected for the

indenter due to its similarity to the geometry of the indentation of the HCS seenojpettaado
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cell, as well as its welldefined tip geometry and material property characterization. At an

indentation depth of 5 um, the width of the Berkovich indenter is roughyn85

The raw nanoindentation data is showrrigure 4.@. A significant difference is evident
between the 50% LiF and the 0% LiF films. The reduced modulus for the 50% LiF film (24 + 8.9
MPa) is much greater than the film without particles (8.6 £ 1.0 MPa). This results in the composite
separator6s ability to appl.y¥hedegreeofetasticitgisthe ag a i
HCSs was defined with EAffalues,which are plotted inFig. 4.6. Statistical significance was
observed for the E/P difference acrosstthe films, with more elastic behavior seen in the film

without particlesusinga two-sample ttest with 95% confidence (see TaBd).

The viscoelastic behavimf the HCSis seen with the constant force step between the
loading and unloading steps and is summarizéegn4.&,d. Both films are highly viscoelastic
which is also ewent during the large, negative drifteat occurduring the drift correction step.
The purePVDFHFP film (0% LIiF) stress relaxes more under a smaller load than what the 50%
LiF film experienced at this indentation depth. In theory, the 0% LiF film wralak even more
at higher loads if it cannot retain stress at smaller loads. Most of the deformation could be pore
compressionwhich indicates a weaker material regarding stiffness and stress relaxation. On the
other hand, the 50% LiF film experienced maoreep while better maintaining its maximum load;

in other words, less stress relaxation occurred in the 50% LiF film at a higher load.

With these physical boundary conditions, the presence of uniformly distributed particles in
the HCS helpto maintain he stiffness of the material against protruding lithium during cycling,
while the PVDFHFP component allows for flowabilityvhich helpsto maintain good contact
between the separator and the changing topogmathe lithium electrodeThis could be thease

observed in theperandomicro-CT, where the dendrite does not protrude through the 50% LiF
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HCS, and more areas of lithium arounckiteive denser plating during the second cycle. The film
forms itself to the protrusion during the first cycle andntans its stress, applying local pressure
back on the protrusion with less stress relaxation during the time that lithium ions reduce in less
stressed regions. Greater porosity in films without particles aaudepremature failure driven

by lithium metl dendrites due tthefilm heterogeneity, lack of flowability, and weakness in this

boundary condition.
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nanoindentation load vs. depth dgta Calculated E/P valueg¢c) Rercent decrease in load during
nanoindentation force hal (d) Rercent increase of depth during nanoindentation forcd. hol

Multiple traces and error bars correspond to measurementsmpedin nine places on each film

89



Interestingly, the effect of the particles bnlk HCS mechanicsneasuredn tension
contrasts the relationshipdbserved viamanoindentation. The bulk mechanical dfatan tensile
testing of the dry HCS(Fig. B.7) descrbes elastiglastic behavior characteristic of semi
crystalline polymers. Theelectrolyteswollen HCSs exhibit more viscoelastigiscoplastic
behavior, agheir amorphous regimes become expanded with free volume allowing more chain
moti on. Th e lu¥andiEiPgvalies an@wLiF, 25% LiF, 50% LiF, 75% LiF and 50%
CaR HCSs(Figure 4.7, as well agield strengtls (Table B.2) were characterized within the lcad
unl oad experi ment s. I t 1 s wasmwhlseniedjto decrepseh theat t he
presence of inorganic fillers in PVBEHFP both swollen with liquid electrolyte amdthedry state
even taking into account the variable change in esesfional area due to porosity that formed
during the film drying process. This result contragtthtihe nanoindentation results and the idea
that has been suggested in prior literature that inorganic fillers increase the mechanics of hybrid
composite materialpaired with lithium metat* The yield strength canndte correlate with
performance due to large error that resulted from its G&8&én offset estimation in this case.
However,the E/P values obtained frorthe tensile experimentare shown to increase with the
addition of LiF particles while the film is in both dry asdollen state§ another opposite

relationship from the resulseenn nanoindentation.

The differences between the bulk mechanics and the nanoindentation behavior are likely
attributable to the scale of the measurement and the load conditions. Tiketestds on the
macroscale, focusing the measurement on paftichgmer adhesion and percent crystallinity in
the polymer. While these are also relevant factors to consider during nanoindentation, and this
technique puts some areas in contact withptiede in tension, it should be noted that a greater

degree of compressive forces is present. The stiffness of the particles clearly impacts the
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compressive behavior afie HCS more than it does in the tensile tests. Specifically, the probe
likely experienes more force from the higher stiffness of the LiF particles in nanoindentation than
it experiences in the tensile tests, where the deformation mainly occurs in the polymer phase.
Furthermore, the detrimental effect that film porosity has on mechaniesgisténed when the

scale of the nanoindentation measurement is on the same order of magnitude as the pores.
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Figure 4.7. Tensile mechanical properties BICSs in the swollen staténcludingYoung 6 s

modulus and E/Ralues.

Various physical properties wecharacterized to inform the mechanism for superior
performance in this hybrid system and the associated mechanical behaviors that are most
significantly responsible for blocking dendrites. These properties, measured within the same films,
are highlightd in Figure 4.8 Consistent with prior literature, the inorganic particles decrease the
crystallinity of the PVDFHFP.#7:5062 |nterestingly, for the same particle morphology and 50%
loading, the difference in chemical makeup between LiF and i@aklts n different crystallinity
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and porosity in the PVDHFP. The HCS with 50% Calnay have a more repulsive interaction
between the particle and polymer phases, resulting in more pores as \walhas polymer

crystallinty due to lack of polymeparticle interfaces.

The presence aforganicparticles affects the bulk mechanics of the polymer phasieh
can be seen when measuring the\&lResof the HCSin tension. It has been found that the onset
of plastic deformatin in semicrystalline polymers is the reorientation and stretching of lam&llae
On the other hand, amorphous regions could have chain entanglements that exhibit more elastic
behavior. As seen iRig. 4.7 the addition of particles significantly increagg®, though across
HCSs filled with particles, there is not a clear distinction of the E/P property; the macroscale
mechanics argoverned by the crystalline versus amorphous regions in the polymer phase and
influenced by particl@olymer interfaces. Whel crystalline regions of the films are closely packed
and block ion transport, porosity allows more liquid electrolyte uptake (se®Bigand faster
dissociated ion transport in the pores. Howeperesi especiallywhen directly adjacent to
lithium metal i deliverfasterion transporthan that through the solid phaséich unevenly plates
and strips dendrites. This type of defect car
lithium plates at a different rate and morphology in specific looatiat the length scale of the
pores in the HCS, owing to the rougher morphology in the cycled lithium sestain Fig. 4.3
andFig. 4.4 Pores also provide no mechanical resistance to dendrite growth which means less
stress is applied against lithium takethat has cycled unevenly due to the heterogeneity of the
porous system. The higher stress relaxation and lower stiffness in the 0% LiF HCS may be due to

the greater porosity seen in the 0% LiF filfg. 4.80.
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Figure 4.8 (a) SEM images of crossecions of various HCSddft to right: 0% LiF, 50% LiF,
75% LiF, and 50% Cajr showing uniformity ofporosity and particles. Pores and particle
agglomerations in HCS craosections are distinguished in Fig.4. (b) Percent crystallinity
obtainedvia XRD and porosity estimated by weight of 0% LiF, 25% LiF, 50% LiF, 75% LiF, and
50% Cak HCSs (c) SEM images of topurfaces obf 0% LiF (eft) and 50% LiF (ight) HCS

films, illustrating porosity difference$cale bas: 10 microns.

The explanation for improved lithium metal cycling performance in the HCS is reliant on
the amorphous regions in the polymer as wedlasiform spatial distribution of particles. Porosity
also plays a role, affecting crystallinity and local mechanicaldgeneity as well as stiffness and
viscoelasticity. A few ionic conductivity mechanisms for this type of hybrid system have been
proposed in the literature: segmental motion allowing for lithium to move along coordination sites

in the amorphous regimestime polymer, ion shuttle regions within the polyrparticle interface,
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and diffusion through vacancies in the inorganic partt}€$%°This study is consistent with the
dominating mechanism being segmental motion in the amorphous -PNBFwhich can e
achieved by weltlispersed patrticles at an optimal concentration that deters crystallinity yet does
not lead to particleagglomerabn or add porosity. In the HCSs with 75% LiF and 50% £aF
agglomerations were seen in the SEM ciesdtions Fig. 4.&), leading to local heterogeneities

in the film and in the lithium cycling. The SEM cressction of the 50% LiF film shows that
particles were well dispersed, effectively reducing the crystallinity and increasing homogeneity by
maximizing particlepolymer nterfaces and minimizing porosity (especially at the film surface
shown inFig. 4.&, right panel) due to favorable interaction with the PWEFP. Assuming that
these physical mechanisms relevant for blocking and preventing lithium metal dendrites remain
unchanged for smallesized LiF patrticles, it is possible that using well dispersed LiF nanoparticles
in the polymer matrix could further improve the spatially uniformity of lithium metal cycling. The
larger surface aret@-volume ratio of nanoparticles mayeate an HCS having a greater proportion

of amorphous polymer phase.

Finally, the present findings related to the micrersus macroscale mechanics of hybrid
composite separators may also be relevant to certain behaviors at the electrode/cathame interfa
However, it should be emphasized that the primary failure mode for lithium metal is heterogeneous
plating and stripping morphologies on the microscale, which lead to large local stresses and

therefore demand greater stiffness at these-s$ligiss locadns. Future work may investigate

whet her el asticity (E/P) or elastic stiffness

undergoing macroscale deformations due to aerogenesis.
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4.4 Conclusions

The interplay across physicochemical properties aftigein-PVDFHFP hybrid
composite separators weravestigatedto inform the importance of particleentity and
concentratioronimprowving lithium metal cycling performance. Furthermore, a novel approach to
simulating physical deformatisroccurring ina battery separatatue to lithium dendrite growth
and measuring the corresponding mechanical behavior was emplsygpa combination of
micro-computed tomography, digital image correlation, and nanoindentation. Notable differences
were observed betwediulk tensile mechanical experiments (frequently executed and reported)
and nanoindentatiormeasurementgmore representative of the conditions the separator
experiences in a cell). The nanoindentation and rfFaesults suggest that inorgamianic
separator stiffness, flowability, and resistance to stress relaxation play a role in blocking dendrites,

while separator uniformity is critical for preventitige growth ofdendrites.
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Chapter 5: Hybrid Particle Brush Coatings with Tailored
Design for Enhanced Dendrite Prevention and Cycle Life
in Lithium Metal Batteries

5.1 Introduction

As demand increases for better battery performance, it is crucrabve beyondhe
current generation of lithiuson battery materials.e. transitionmetaloxide cathodes paired with
graphite anodes. As these cells have almost reached their limit in terms of energy density and rate
capability, fully replacing the graphite anode with lithium metal is a promising soldtierto its
high energ density high theoretical capacity (3860 mAh'g2046 mAh 1), and low
electrochemicapotential. At the cellevel, estimates from commercial cells show that lithium
metal paired with high nickel content cathodes and liquid electrolytes can deligdyrdwice
the gravimetric and volumetric energy densities as grdpthitem iron phosphate cells and twice
the gravimetric energy density of silicgmaphite paired witHithium nickel cobalt aluminum
oxide! However, the instabilities that arise frameven plating and stripping at the lithium metal
interface prevent lithium metal cells from achieving competitive cycle life for several applications
such as transportatiorléctric vehicleselectric vertical takeoff and landingtc.). In one failure
mode, | ithium plates in preferential @Ahot spot
morphologies known as dendritésat degrade cell performance witpartially conductive
pathways between electrodes (soft shorts). Researchers are gxploairto mitigate this early

onset failure mode by controlling theucleation anddeposition mechanismas well asby

106



mechanically blocking the protrusion and propagation of dendri€sis is sought to be achieved

by the addition of engineered materithat physicochemicallgtabilizethe lithium metal anode.

One options toreplaethe liquid electrolyte with a solidtate electrolyt@aving superior
mechanical toughnesklowever, thigequires hundreds of megapascals of stack pressure in order
to mantain contact at the electrolygnode interface, sacrificing pat&vel energy density and
welcoming another failure mode involving lithium filaments plating into and propagatioggh
cracks in the electrolyt®® On the other hand, interfacing litmumetal with liquid or plasticized
polymersis considered tinadequately block dendrites due to poor mechaniesic transport
through polymers relies on segmental chain motion and hopping across coordinatidmhiies.
is conditional on the polymdreing free of crystallinityas crystalline domains do nurticipate
in these ionic transport mechanisms. Combining ceramic and polymeric materials into a composite
electrolyte is thought to reap the benefits of both materials, as ceramics have thaicakcha
properties necessary to push back agaliieium protrusions while plasticized polymer
viscoelasticity helpso maintaincontact with interfacing componeritst was found that in the
dendrite boundary condition of partiglymer composite sepdaas, sufficientstiffness to push
back against lithium metal dendrites as well as flowability around these protrusions correlated with
the most stable cyclinty.Another finding was that homogeneity of the dispersion of particles in
the polymer is necessato preventsevere mossy lithiu? Even in plain liquid or soligtate
electrolyte systems, agglomeration of ions or defects in the ceramic are segues to cell failure by
means of | ithium pl atThus gomagerekityss & criiical prereggsiteiithato t s g

can also be assumhéor hybrid coating designs.

While dispersing ceramic particlegithin a polymer can deteits crystallinity, particle

agglomerations inhomogeneity at the lithium metal interfacgnd ceramigolymer
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incompatibility are challengg®!? It was found thathe portion of amorphous polymer is
responsible for ionic transport in hybrid composite separ&tdfs3The separators wittarger
amorphous polymeiractionshad good interfacial compatibility with the particles and maximal
interfacial area acrosshdse domains owing to fewer agglomeratithOne composite
nanostructuren particularhas the potential to completely avoid polymer crystalljingigrticle
agglomerationsand interface heterogeneityThis is comprised of polymer chains covalently
attached, or graftedonto/from nanpar t i cl es. These Aparticl e b
previously inthe battery literature with linear polymer chains as well as polyrheesingside
groupst®?4In one approach, 5 kgol™ polyethylene oxide (PEO) was fttionalized with a silane

group and condensed onto silica nanoparticés. Plasticized with  lithium
bis(trifluorometlylsulfonyl)imide (LiTFSI) salt, it improved capacity retention of lithium metal
cells cycled at 0.thA cni2.28 As for mechanicstivasfound that interparticle interactions resalt

in caging, where friction between particles has a yielding effect per applied?éffdagerparticle
interactions were found to be tunable by adjusting the architecture of the particle brushes. However,
it was proposed that if the grafting density is high enough to discourage mechanical interactions,
the ionic conductivity is improved and results in a superior electrélyfeAnother study usk
surfaceinitiated atom transfer radical polymerization SIRP) to attach polyacrylonitrile to
yttria-stabilized zirconia nanoparticlesshich demonstrated improved capacity retention as a
lithium metal coatingvhen the cell wasycled at a 1C rate over 50 cycles with an ether based
liquid electrolyte?? The advardges of SIATRP include but are not limited to high precision
control over grafting density of the particle brysas well asthe molecular weight and

polydispersity of the polymef’ 36
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While the discussed studies show promising lithium metal resuxtisndectycle life has
mainly beerreported for low current densities, and the impdhe architecture of the particle
brush systems on dendrite prevention and overall failure mechanisften overlooked. This
study aims to address the importance of strugtuoperty relationships in a ceranpolymer
nanostructured, agglomeratioontrolled lithium metal coating in a liquid electrolyte system.
Deviating from the sing’EO chain, gady(methyl methacrylatepoly(ethylene glycol) methyl
ether methacrylate (PMMAREGMA)A b r-ansblr us ho pol ymer architectur
nanoparticles. In a polymersalt system, PMMAPEGMA bottlebrushes yielded ionic
conductivities ten times highthan the linear PEO systethAnother study crosslinked PEGMA
grafted porous nanoparticles as a lithium metal coating to improve perforffanacar system,
the PEGMA side chains areoughlyni ne uni t s i n l ength which
entanglemenlimit.®® This means that the PEO portions of these brushes are long enough to
coordinate lithium ions and do not have too much length where mobility is constrained. We
investigate the influence of grafting density and molecular wéightltingly, inor@nic content)
on pouch celrelevant mechanical properties, ionic conductivity, cycle life, and cycled lithium
morphologyas characterizedy X-ray micro-computedtomography (micreCT). A significant
improvement in lithium metal cycle life owing to denedi lithium plating and stripping is
obtained via specific particle brush architectures. A mechanism for this performance improvement
seen in the studied system and whether it relies more heavily on chemical or mechanical effects is
suggested. Lastly, thebservedfailure mechanism for lithium metal cells with particle brush

coatings is discussed.
5.2 Experimental

5.2.1Particle Brush Synthesis and Characterization
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Surfaceinitiated atom transfer radical polymerization STRP), specifically using the
activators regenerated by electron transféARGET) approach, covalently grafted the
poly(PEGMAsog) (structure in Fig. 5.1) from 15.8 nm diameter silica nanoparticles (Nissan
Chemical)*® This approach enables low concentrations of the copper catalyst as well as tolerates
limited oxygen exposuré:***2The particles were first modified with bromide (Br) end groups
similarly as performed in prior wor:* The polymerization was performewith copper(ll)
bromide catalystGu'Br,, 99.9%, Aldrich), ligand tris[2(dimethylamino)ethylJamine (M@REN,

99%, Alfa), and reducing agent tin(ll)-&hylhexanoate (Sn(Ogt)95%, Aldrich) with the
PEGMAso0 monomers (Aldrich) initiating from the sudemodified particles. The resulting
particle brushes were purified and dispersed in tetrahydrofuran (THF, 99.5%, Aldrich) via dialysis.
Molecular sieves (3 A, Aldrich) were added to remove residual water in the particle brush solution

in THF. Water conternwas confirmed to be negligible with Karl Fischer titration.

Molecular weight and inorganic content were directly measured with gel permeation
chromatography (GPCand thermogravimetric analysis (TGARespectively. Prior to GPC, the
synthesized particlbrushes were left in 48% hydrofluoric acid(HF, 99.99%, Aldrich)xolution
overnight to completely etch away the silica nanoparticles. GPC wasgtiuRerfect Separations
System (PSS) equipment with an Agilent 1260 Infinity Il isocratic pump and a PB3030Q
multi-angle light scattering (MALS) refractive detector using PSS GRAM analytical colamns
the remaining polymewith N,N-dimethylformamide(DMF, 99.9%, Acros) containing 0.05 M
LiBr as the eluent and linear PMMA standards for calibration. Thertegbonolecular weights

(Mn) areadjusted with the Markdouwink calibration to this particular eluefit.
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Figure 5.1. Schematidllustration of particle brush systems with varying grafting densitias
similar molecular weigtg of tethered brush layerRed spheres represent silica, and turquoise
hairs represent the polymer domain. Grafting densities span (a) low, (b) intermediate, ard (c) hig

values. Inset to panel (a) shows the grafted polymer repeat unit structure.

Postpolymerization, TGA samples were prepared by evaporating THF until the solution
becamea soft solid A TA Instruments TGA 550 using air atmosphere was used to quantify the
inorganic content of the particle brushésyg which then enabled the calculation of grafting
density,GD, gi ven Av o dNa the siiéaslensity (D gon) and diameted (15.8
nm) of the bare nanoparticlésee Eq. 5.1). The procedurehg following: (1) rampat 20 °C/min
to 120 °C; (2) hold at 120 °C for 10 min; (3) higgsolution ramp at 20 °C/min to 800 °C; (4) hold

at 800 °Cror five minutes. The inorganic content was calculated after exclusion of residual solvent.
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00 —— (5.1)

The electrolyte uptake by the polymer phase in the particle brushes was measured by
weight then converted to volungésen the density of silica nanoparticles and inorganic content of
particle brushesMass measurements were taken of the solid particle brushes before and after a
small volume of electrolyte (1M LiTFSI ib,3-dioxolane (DOL) and dimethoxyethane (DM#)

aratio of1:1 v/v + 1 wt% LiNQ) was added to allow for swelling while excess liquid was removed.

Bulk mechanics were measured with a Dynamic Mechanical Analysis instrument (DMA)
(DMAS850, TA Instruments). A compression experiment was designed to mimmebleanical
conditions of vacuum sealing a pouch cell (ramping the stress to 0.03 MPa and holding at this
stack pressure for 20 minutes.) The pressure of 0.03 MPa was selected, as 0.1 MPa (hydrostatic
pressure in a pouch cell) required a force outsidértties of the DMA. Samples consisted of drop
cast particle brush coatings on 20 um lithium plated on copper foil (Honjo). Stiffness and creep
rate were measured in the dry state and as swollen with electrolyte (1M LiTFSI in DOL:DME (1:1
v/v) + 1 wt% LINGs). The stiffness was estimated as the 0.03 MPa divided by the final resulting
compressive strain at the end of the stress ramp step. A bare lithium foil sample was also measured

with this technique to differentiate the thickness of the coating.

5.2.2 Eleatochemical Performance

The following was carried out in a dry room with moisture and temperature controlled at 20 ppm

and 21 eC. The suspended particle brushes w
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LITFSI:PEGMA of 50 percent. The solution was dropstcanto freestanding lithium foils
(Albemarle, about 180 um thick) which had beafender rolled between pouch cell material and

cut into electrodes. The remaining THF in the drop cast coatings was left to evaporate with gentle
heating on a hot plate fan hour. The cell design was adapted from our previous work which
enabled high qualitynicro-computedomograms of lithium metal batteri&sln this case, two 17

mm diameter Celgard 3501 separators (Celgard) were sandwiched by electrodes which achieved
the minimum electrodseparation requirement (50 pm) for optimal mi€&® resolution of lithium

metal in its various morphologies. For symmetric lithium metal calls} mm diameter active

area was used. Before pouch cell sealing, 70 uL of 1M LITFSI in DOIE (1:1 viv) + 1 wt%

LiINO3s was injected. Cells were at rest for 12 hours before cycling with LANDt CT2001A (Landt
Instruments) or Neware GZ008T 5V20mA (Neware) battery testing equipmentmilcmi? and
1mAhcni?at 2 GellsgreSted for 30 minute$ter each charge and discharge. Excess stack

pressure was natpplied

To perform temperature dependent ionic conductivity experiments;ircpiouch cells
were constructed in the dry room. The same thicknesses of the coatings studied in the pouch cell
bateries were drop cast onto stainless steel electrodes which also sandwiched a Celgard 3501
separator. A 50 uL amount of the same ether based liquid electrolyte that was used in cycling was
injected before sealing a pouch around the stackup. Electrochemipedancespectroscopy
(EIS)was usedtomeasuree si st ance at 0, 20, 40, 60, 80, an
that allotted for temperature equilibration with a thermocouple that also measured temperature

throughout the experiment.

113



5.2.3Micro-computedlomography

X-ray CT was carried out dhe Advanced Light Source (Lawrence Berkeley National
Laboratory, Berkeley) beamline 8.3.2. Camera optics were set ahd@mification resulting in
0.7 um/pixelimageresolution. An energy of22keV was selected with 200 ms exposure times and
1300 back projectionsere collectegher 180degree scan. The reconstructions and phase retrieval
were done using Gridrec Algorithm with open source Tonf8jimage stacks were processal

visualizedwith ImageJ 1.53q and segmented with Dragonfly version 2022.1.0.1259 (ORS Inc.).

5.3 Results and Discussion
5.3.1 Particle Brush Characterization

Particle brushes are classified by the length of the polymer chains (molecular Wi)ght,
and the density of pgmer chains attached to the nanoparticle surface (grafting de@gjyThe
TGA and GPC traces froMn40-GDO0.46(molecular weight 20kg mol?, grafting density = @6
nnT?) particle brushes are shown in Fig. C.1(a and b), respectively. The moleciglar, weafting
density, inorganic content, and polydispersity of all studied polymer brushes are summarized by

Table C.1.

On a microstructural level, the homogeneity of thel@g cast coatings is found to be
improvedby thecovalent attachmeiaf the pdymers onto the nanoparticles.domparison, when
bare silica nanoparticles arblended withfree polymer chainsgcrystalline agglomerations
characteristic of PEO are presentappingmode AFM (sed-ig. C.Z). The coating with the same
polymer concentration and molecular weight graftedh nanoparticles displays a homogeneous
dispersion of particle brushes, seekig. C.2. This ensures that the particle brush coating would
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not promote dendrites due tahl variations of current density resulting from heterogeneity at this

length scale.

Controlling the thickness of the particle brush layer is a challenge, as the coating swells
differently depending on particle brush architecturelapdrpacking. As drp cast, an ion milled
cross section of the particle brushes on lithium is around 300 nm thicki(se@.3. The same
volume of drop cast particles along with LITFSI added in 50 percent of PEGMA weight
expands the thickness by an order of magnitAdamilar effect occurs when introducing liquid
electrolyte to the coating in the battewhich isfurtherdiscussedbelow. Therefore, theswollen
particle brush coatinthickness could not be accurately controlled in this study and is measured

for eachcoating in the swollen state (seig. C.4.

5.3.2 Extended Cycling

Symmetric galvanostatic cycling performance was evaluated for cells with both lithium
metal electrodes coated with several variations of particle brushes. The raw cycling data shown in
Fig. 5.2 highlights the difference in cycling behavior between the cell with bare lithium electrodes
and the cell with the particle brush coatiMn40-GD0.46 The overpotentials seen in the
waveforms of the coated lithium cell are lower than that of the lithium cell. The bare lithium
cell also demonstrates asymmetry in its overpotentials until 400 hours, when the negative
overpotentials experience a significant drop in absolute value followed by a gradual increase in
absolute overpotential. This type afymmetric and unstableehaviorfrom bare lithiumis
characteristic oflendrite formation and uneven solid electrolyte interphase (SEI) gr@mtithe

contrary, the cell behavior dfin40-GDO0.46 throughout the cycles plotted Fig. 5.2a shows
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insignificant deviations in overpotential. The resulting failure of this cell is shoviAgnC.5; it

is not a result of soft shorting due to dendrites but rather depletion of the lithium re$ervoir.

Cell failure is analyzed for each coating tested with extersgatmetric lithium metal
cycling at ImA cn?and ImAhcm?  Per f or mance is evaluated wit
defined as the cycle at which one of the following occurs: fblaization of 0.6 Vi har d s hor t
if sudden, red data in Fig. C.Bfepletion of electrolyte and/or lithium reservoir if gragué?) a
drop followed by a gradual increase in overpotenfisbff shoro ; bl ack, bl ue, and
Fig. C.59, or (3) a significant drop in overpotential followed by flat, sqtie potential
waveforms t he | at t esoft short 60*® It i npoetatetonriote that although a few
different types of failure modes are classified here, the failure mechanism of the symmetric lithium
cells is often a combination of multiple abewentioned scenario®*°Figure 5.5 contains these
results in a 3D bar graph which compares the cycle life to particle brush architdttu@D).
Bare lithium performance is also on this plot, located at therwgin. It can be noted that while
someparticle brushesignificantly outperform bare lithiuth especiallyMn40-GDO0.46 other
coatings worsen lithium metal cycle lifEhe longest cycle lé observed for the bare lithium cells
was 95 cycles, while the longest of the coated cells was 320 cybkesnportantparticle brush
architecture variable whiabxhibits a trendvith lithium metal cycle life is grafting density; a 2D
plot highlighting his relationship is ifrig. 5.Z. Plots comparing molecular weight and inorganic

content show no obvious trends ($eég. C.6 Appendix Q.
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Figure 5.2.Symmetric lithium cycling at 1 mA/cfrand 1 mAh/criin CT-ready pouch cells. (a)
Voltage vs. time dta comparing uncoated (bare) lithium cells to cells itid0-GD0.46coating

on both lithium electrodes. The plot shows 246 cycles. (b) Cycle life is compared for vdrying

and GD within different coatings. Cycle at cell failure is defined as the cycle at which a polarization
of £ 0.6 V or abrupt decrease in absolute potential characteristic of a soft short. The bare lithium
system is plotted &I, and GD valuesf zero. (c)Cycles to failure plottedersugyrafting density.

Error bars denote sample standard deviations in panels (b) and (c).
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Ex-situ synchrotron Xray tomographycan be used to verifthe mechanism by which
lithium metal cycle life is extendagking the best particle brush coatinigsaginglithium metal
cellswithXr ay computed tomography poses chall enges
in low X-ray attenuation, especiallyhenimaged alongside denser materidis® As seen in the
cell cross sectional image slicesHiy. 5.3d, the cell configuration used in this study produces
scans with clear and reproducible representations of lithium metal structures including porosity
(dark voxels) and pits (brighteoxels making up hemisphejeQualitatively, lithium metal with
mossy morphology is captured most prominentligign 5.3xb, where the bare lithium symmetric
cell has endured one chardischarge cycleHig. 5.3) and 2@ycles Fig. 5.3). Notably, after a
single cycle, mossy lithium that has been plated during the first charge does not strip away during
the first discharge, beginning the accumulation of mossy lithium whose progression is evident after
20 cycles. Contramstgly, with particular particle brushcoatings ¥n40-GD0.33 and Mn40-
GDO0.46 which improved cycle life in these cells, less mossy lithium is obsdoledving the
initial cycles (seeFig. 5.3-d). This effect is also present in later cycles (see Fig.,6.5a
Throughout the Xay CT scan of the cell wittMn40-GDO0.33 having cycled once, lithium
morphologywas notdistinguishable from the bulk lithium electrodes, meaning that lithium has
plated denselywithout poresThe lithiumcoating interface is also smth without evidence of
pitting during stripping on either electrode. Compafkingy 5.3 with Fig. 5.3 demonstrates how
severe a disadvantage the uncoated lithium metal is already at after just a single charge and

discharge of the battery.
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Figure 5.3.(a-d) Ex-situ X-ray tomography cross sectional slices of lithium symmetric cells cycled

at 1 mA/cntand 1 mAh/cn?. (a) Bare lithium cell post 1 cycle. Examples of mossy (dendritic)
lithium and areas where bulk lithium has been consumed (stripped and not replaced) labeled with
arrows. Bulk of lithium electrodes and Celgard separators labeled with brgbdsre lithium

cell post 20 cycles. (c) Cell witkin40-GD0.33coating on both electrodes post 1 cycle. Coating
labeled with white brackets. Black dotted lines distinguish separasting interfaces. (d) Cell

with Mn40-GDO0.46coating on both electrodesst 20 cycles. Coating labeled with white brackets.
Black dotted lines distinguish separatoating interfaces. (e) Image segmentation data plotted
over cycles 1, 5, and 20 comparing bare lithium cell to cellsMit#h0-GDO0.33andMn40-GD0.46
coatings. \Wlume of mossy lithium divided by total slices segmented in CT scan (top), volume of

bulk lithium consumed divided by total slices segmented in CT scan (bottom). Scale bars: 100 pm.
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The cell with the coating which achieved the longest cycle life in syrmorigium cells
(Mn40-GDO0.49 wasimagedafter 20 cycles, and a representative view of the corresponding cycled
lithium morphology is shown iifrig. 5.31. Some islands of mossy morphology have been left
behind, and pitting is also noticeable at this sté¢jaile these features are visually less prominent
than in the bare lithium image, therdy CT scans are evaluated with segmentation to quantify
the extent of the mossy lithium and pitting. The scans shoWwigirb.3d as well as cells cycled
five timesand theVin40-GDO0.33cell after 20 cycles were segmented for volume of mossy lithium
(voxels containing void space as well as brighter voxels surrounding these voids, denoted as
A Mo s sy Fig b.&) as well as volume of bulk lithium consumed. In thensaaith theleast
amountof mossy lithium, segmentation of bulk lithium consumed was performed easily by
establishing the original boundary of the active lithium metal electrode area which maintained its
visibility due to the island like nature of lithiudeposition and stripping at this stage. In the scans
where the original lithium metal electrode boundary is entirely consumed, it is estimated under the
assumption that its starting thickness is the same as observed in othendellsat was measured
with a drop gauge (180 unfigure 5.2 Figure 2 displaysplots summarizinghe segmentation
data that confirm what is seen in the single slgtesvnin Fig. 5.3-d; lithium metal cells that are
coated with eithemn40-GD0.33or Mn40-GDO0.46contain less mossy lithium, and less of the bulk
lithium electrodes are consumed. Thaay CT slices illustrating the cross sections of the bare

lithium cell as well as th#n40-GDO0.33cell after five cycles can be foundhig. C.7.

Furthermore, the bare lithium cell and tM&@40-GDO0.46cell were scannedostmortem
In panelga) and(c) of Fig. C.5 it can be seen that even at the failure piftich occurred due
to soft slorting at a much earlier stagehe uncoated lithium system accrued a much more

expansive volume of mossy lithium. However, in botitoated and coateystems, the lithium
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reservoir is depleted at failure. The corresponding cycling dakginC.5 supports that the
coating that promotes the longest cycle life in the studied sample set shifts the failure mode of the
lithium metal away from the combination of ongoing soft shorting due to abundant mossy
structures and liquid electrolyte consumption. Aswbkime of mossy lithium is always less in

the coated cell, and the bulk lithium is being consuedslower rate upondepletion of the
lithium reservoir, less liquid electrolyte has been consumédch resuls in the sudden
polarization at the end akll life rather than the gradual increase of the polarization seen in the
bare lithium dat&’ This slowingdown failure effect is studied for ti¢n40-GD0.33coating in
symmetric lithium cells with a carbonatbased liquid electrolytd={g. C.§ as wellas in lithium

vs. lithium titanate (LTO) half cellsHg. C.9 with slight differences in each separate system.
Notably, the failure mode of the half cells (cycled at C/4n®h cni?) without the coating always
involved a significant dendrite resulting increasing charge capacity and thereéosedden drop

in Coulombic efficiency? The coatedithium electrode cellsever displayed such protrusions in

the X-ray CT scans or in cycling data.

The particle brush coating was challenged further by beirrgguaiith a carbonatbased
liquid electrolyte in lithium symmetric cells cycled in the same conditions as the symmetric cells
with etherbased electrolyte. Carbonates are known to passivate the lithium surface less
preferentially from ethers, stressing #ystem sooner during cyclifgThe X-ray CT scans of the
cells with carbonate electrolyte (exampleFg. C.&) show less conversion of bulk lithium into

mossy lithium in coated systems compareth&uncoatectells

Further supporting the mechanism oycle life improvement via cycled lithium
densification in coated lithium cells, digital images of cell tear dovig. (C.1Q show the

differences in coated versus uncoated systems across cycles. Lookomnmomn the lithium
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electrodes as well as the separators removed from the cells, the shade of the cycled lithium is
lighter gray and shinier for the coated electrodes, while the bare lithium electrodes all are black
and heterogeneous. Furthermore, the imaged separators cefrmwethe bare lithium cells are
covered with embedded dendrites which have broken off easily from the weak and brittle mossy
structure of the cycled lithium. On the other hand, this happens to the sepprasanst inthe

coated lithium cells to a mudbsser extent.

5.3.3 Physicochemical Properties

As different designs of the studied particle brush coativere observed teither improve
or worsen the lithium metal cycle life whilalso varying the corresponding cycled lithium
morphology Fig. C.5, understanding the mechanism by which this occurs is crucial for
optimizinglithium metal coating desigf.o this end, arrelations are sought across particle brush
designvaluesand measuredoatingproperties that suppotiie hypothesishat dendrites cahe
either mitigated throughthe preventionof their formationor by mechanicdl blocking their
propagationFourof the synthesizegarticle brush systemgerecharacterizedn detait three of
thesehad similar polymermolecular weightsvhile spaming three different grafting densities and
extended cycling performancddri40-GD0.33 Mn40-GDO0.46 andMn43-GD0.5%, and one hé&

a much larger polymenolecular weight than the otheir§329GDO0.21).

Thesefour different particle brusharchitectures span foudifferent inorganic content
values, which are summarizedrFig. 5.4 The amount of liquid electrolyte uptakg the polymer

phase of the particle brush coatings is alsticeted inthis plot. The datashow the expected
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relationship that the more polymgresenin the coatindi.e. lower inorganic contentthe more

swollen the polymer phase will become when introduced to theletised electrolyte
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Figure 5.4. Physical properties dfin40-GD0.33 Mn40-GDO0.46 Mn43-GDO0.57, and Mn329
GDO0.21coatings. (a) Electrolyte uptake of polymer phase by volume (left axis); inorganic content
by weight (right axis). (bywollen modulus measured with DMA (left axis); inorganic content by

weight (right axis).

It is expected thain general swollen particlepolymer compositewith higher inorganic
content and less electrolyte uptakehibit larger stiffnessThe results from the DMA tests
particle brusheshowever,do not show a correlatiomhe particle brush systems swollen with

liquid electrolyte underwent compression at rates similar to those experienced by the battery stack
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up during pouch cell construction; the resulting estimated stiffnesses are ploied .
Inorganic content is also plotted on the right axis, umgealack ofrelationship with mechanics.

The particle brushes which improved the baseline lithium metal performance all demonstrate much
lower stiffness 30-80kPa) than lithium metal itself and other researched coatings whose modulus
is cited as a demie suppressing trait-GPa)>% > Even when the particle brushes are in the dry
state (no liquid electrolyte present), the modulus measured with DMA does not egfddea

(Fig. C.1D), and the Sneddon modulus determined from PeakkEaraatitative Nanomechanical
Analysis (QNM) AFM measurements does not exceed the MPa raigeC(19. Creep was also
investigated with DMA, as it has been discussed in the literature that the viscoelasticity of polymer
electrolytes can help physically mégin their interface with lithium metal, preventing
heterogeneous void format i or®Wihikeihe polynsessinthe e i ho
particle brush system create observable viscoelastic behavior, differences iratafedpe most
relevant neasurement due tberelatively constant pressure boundary conditions of a poucéh cell

were not observed (séé¢g. C.1k).

While mechanics were found to not correlate to lithium metal cycling performance

propertiegelated to ionic transposhed light orrelevant improvement mechanisnrggure 5.5

indicates that the coatings which improved baseline lithium cychhgtQ-GDO0.46and Mn329

GDO0.21) maintain ionic conductivity in the mS/cm range throughout the measured temperatures
090 eC; FmeCBwiltsho 80 and 90 eC measurements wi
behavior).The ionic conductivity values ohése twaocoatingsare fairly similarto those ofthe

liquid electrolyte acrosshe temperaturerange studied Interestingly, Mn40-GDO0.46 has
significantly longer cycle life yet lower ionic conductivity thitn329GDO0.21 Likewise, the

range of estimated activation energies calculated from the Arrhenius relation are lowest for

124



Mn329GD0.21and most comparable to the activation energies estimatduefbquid electrolyte
(Fig. 5.%). This can be attributed to the highest content of liquid electrolyte taken up by the

polymer inMn329GD0.21
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Figure 5.5. Temperature dependent ionic conductivity data compaving0-GDO0.46 Mn43
GDO0.57 andMn329GD0.21swollen particle brush coating&) lonic conductivity plotteds a
function ofinverse temperature. (b) Activation engrglues, which werebtained via Arrhenius

model besfits to the ionic conductivity data

It has beerpreviously propseedthat a polymer additivevithin aliquid electrolyte, while
slightly reducingtheionic conductivity, can control the progressiainocal inhomogeneities by
dampening ion transport near lectroddnterface®® This may explain why a coating trslightly
reducesionic conductivitycompared tahe liquid system catead to animproved cycle life.
Therefore, it isreasonable to concludéat the mobile PEO unitsf the polymerchains that
participate in ionic transport are effectively slowing it dotfihe mobility of the polymer and its
ability to dissociate and transfer lithium ions across its coordination sites is a result of a balance

between the free volume and the distance between chains. This is closely related to the grafting
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density of the paicle brushes. On one end of the spectranhigh grafting density, while
shortening the distance between chareducedree volume in the system as well iasreases
tortuosity of the pathway of lithium ion coordination structures must fetkis may sbw down

the overall lithium ion transport too much at the tested rates, which could explain the worsened
performance bin43-GD0.57 Onthe other hand, grafting density that is too low poses different
challengessuch asan excessivespace between chains and not enough overall polymer
concentration to effectively dissociate ion clusters lig@d-rich systemlt is worth mentioning

that lowergrafting density results ia greater exposed surface area of silica nanoparticles. The
silica surfacehasLewis acidc charactewhich can also help with ion dissociation whideing

itself unable to contact and react with the lithium metal surfadée case of the particle brusiiés
These effects at thevo extreme ends @frafting densitymay explain the optimization curve seen

in the relationship ifrig. 5.2, where improved cycle life skews towards lower grafting densities
with the most significant improvement shown by an intermediate grafting derdity.
relationship may be particulto the PEGMA polymer design, as prior literature on particle brushes
with linear PEO are optimized by maximizing grafting density or by introducing additional
unconstrained polymers, with good performance resulting from a higher degree of separation and

fewer interactions between particiég?29.62

The proposed mechanism for lithium metal cycle life extension by densification of cycled
lithium morphologyvia the particle brushes in this study appears to favor dendrite prevention
rather thanby suppressing dendrite growth due reechanicalstiffness This preventative
mechanism consists of participation in ionic transport from the polymer regime of the particle
brusheswhich is optimizedor a particulagrafting density. When introduced to the ethased

liquid electrolyte used in this study, the ®HA-based polymer brushes graftédm silica

126



nanoparticles can harmonioustissociate lithium ions angbassthem across coordination
structures The homogeneous arrangement of particle brushes and lack of agglomeration of

particles promotes this effettt occurevenly through the swollen particle brush layer.

It remains in question whether further improvemeraty bepossibleby designing the
system talsobe effective at mechanically blocking dendgtewth It was found that foparticle
polymersepartors, bothion transporhomogeneity and mechanical enhancements should be key
design consideratiento achieve better lithium metal cyclifg.An additional coating was
synthesizedhat consisted of am-situ crosslinked matrix of poly(ethylene glycol)adrylate
(PEGDA, M, = 575 gmol?) scaffolding the swollen particle brushes. Whilevas initially
hypothesizedhat this crosslinkeBEGDA scaffolding would provide higher mechanical stiffness
and resistance to creep, the measured mechanical propertiesoivérand to be very different
compared tohe particle brush system (deig. C.19. Intriguingly, the containment of the particles
by this scaffolding while still improving the cycle life by decreasing mossy lithium from the bare
lithium baseline, resulted in heterogeneous stripping behévigr C.141) In these PEGMA
based particle brush systems which rely on some amount of iongpdrarin the polymer,
mechanical enhancements likely diminish the mobility required of the polymer to fadiieate
establishing and breakiraf Li* ion coordination structures. Future work on these as well as novel
particle brush designs will explore ader range of molecular weights, grafting densities, and
polymer architectures whiatantransport lithiumeffectively in different electrolytes, hoping to
reveal more about their mechanistic impact on lithium metal battery performance and failure
modes. Further improvemesstto lithium metal coating desigare expected to further extend cell

cycle life andfurther delay the nodendritic failure mode
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5.4 Conclusions

In this study, novel particle brushes were synthesized and evaluated as coatingsrfor lith
metal battey electrodesThe objective was to investigate the impact of different particle brush
architectures on the cycle life ®fmmetric cellsparticularly during early stage cycling with ether
based liquid electrolyte. The findings revealed #ecific particle brush structures effectively
controlled the density of cycled lithium morphologgevaluated with micrT, leading toas
much asa threefold increase in cycle life. The failure mode observethancoated Li cellsvas
not attributedo dendrite formation, but rather to the consumption of lithtlwa to the intensive
cycling and prolonged cycle life, which further indicates the effectiveness of the cqateigest
performance was obtained lmptimizing the grafting densitpf the paticle brusheswhich
promoted effectiveionic transportthrough the coatingby facilitating adequate polymer
participation. Surprisingly, the mechanical behaviors of the coatings were not critical to dendrite
mitigation, indicating a stronger reliance oandrite prevention than on dendrite blocking to
improve cycle life. Overall, this research sheds new light onélsenof particle bruskcoatings
and their marked improvementf the performance of lithium metal batteri@sth liquid

electrolytes
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Chapter 6: Concluding Remarks

6.1 Future Work

The experimental results in this dissertation showed how different hybrid materials can
utilize their chemical and physical structures to either mechanically suppress protruding dendrites
or create dendritavoiding conditions. In the hybrid separator, Ll particles and amorphous
polymer regions demonstrated higher indentation stiffness and tensile elasticity-sitbenicro-

CT images showed the optimized separator slowing the protruding plating of a dendrite while
forming itself around the protrusimver time. While some mechanical behaviors of the separator
correlated with less dendrites in lithium metal cells, mechanical property correlations were not
present in the particle brush coating study. Best performing coatings maintained fast ydedontrol
ion transport governed by the grafted polymer chains with enough mobility to participate in Li
coordination. Viable future studies can build upon this work in a few effective ways described

below.

6.1.1 Advancing Characterization Techniques

A few characterization methods could be wsliited additions to this work to validate
some hypotheses discussed. While the mechanical experiments involved in this work were
carefully selected, a thorough span of mechanical characterizations could be revealiyg of
additional properties that could distinguish the experimental materials from each other, especially
in the particle brush coating study. Applying mechanical oscillations to test samples can reveal the
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solid and liquid like nature of viscoelasticmageti . Thi s can be done with
EO (storage and | oss modulus in compression o
GoO (storage and | oss modulus in shear). At 1| e

these tests, salger amounts of material could be synthesized to enable the measurements.

Other additional techniques can investigate the lithium metal surface and the lithium
diffusing environment of the hybrid materials. The lithium metal surface can be probed-with X
ray photoelectron spectroscopy (XPS). This would reveal the chemical makeup of the SEI,
indicating proportions of the region are comprised of inorganic and organic compounds. This could
be revealing of an improvement mechanism if the SEI composition draifaygeneity correlates

to cycle life or dendrite growth in either study.

To further clarify the notion that the polymer in the particle brushes is controlling the
lithium ion transport optimally, pulsed field gradient nuclear magnetic resonance\NMIR}can
be performed. The results of this technique, lithium and fluorine diffusivities, would aid
understanding of how the particle brushes alter transport in successful and unsuccessful
architectures. Furthermore, these diffusivities can be used to ¢alaeufeansport number which
is similar to a lithium transference number in the case an electric field is applied. The transference
number is defined as the portion of total ionic transport in whitpaiticipates. Experimentally,
measuring this value iany nonideal electrolyte is impracticalln this dissertation, the nedeal
assumption was relaxed to estimate the lithium transference number via the Bruce Vincent
approach, but accuracy could not be achieved. Thus, measuring the transport number by means of
magnetic field excitation can potaadly offer more information about the system through another

lens.
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One part of the Xay micreCT post processing procedure could be further advanced. As
the segmentation was mostly manually performed, automation could be applied. Machine learning
algolithms have been performed to identify dendrites, pits, and background voxels irQmWicro
images of a particular lithium symmetric celt.is of interest to continue that work on the datasets
within Chapter 4 and 5, as these images contain differentwstes®f cycled lithium metal. At the
same time, the machine learning algorithm could be more advanced with the addition of these

datasets.

6.1.2 New Particle Brushes

As the difference between mechanical behaviors across particle brushes synthesized in
Chapter 5 was negligible, it is of interest to continue to develop novel particle brushes which span
more mechanical behaviors. The silicaoly(PEGMAso0) architecture is also limited in its ionic
transport mechanism. There are limited ways in which the s&Ments of the polymer chains
coordinate with lithium ions. This also limits the contribution to mechanical behavior by the
polymer, as the polymer must be mobile enough to effectively transport Li. There are exciting new
developments in the polymer eledyte subfield of battery research such as polyzwitterions and
single ion conducting polyme?fs Future work may involve grafting polymers inspired by these
recent developments from silica nanoparticles to understand how might the dendrite suppression
nature change. Controlling the polydispersity is another option for a future study to investigate its
impact on lithium metal cycling. In any case, measuring the impact of larger changes to mechanical
behavior would offer great insight into which dendritgigation strategy one should emphasize

in hybrid separator and coating design.
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6.2 Closing Remarks

Hybrid materials, while complex, offer many benefits to lithium metal battery cells.
Adjusting the composition results in significant differences in ptegse (chemical and
mechanical) and therefore performance with lithium metal anodes. Hybrid composites were
leveraged in this dissertation to study the mechanisms of how dendrites can realistically be
controlled by physical and chemical effects. The methdeleloped in Chapter 3 enabled the
results of the following two chapters, which showed how hybrid composites must be optimized to
improve lithium metal cycling while lessening occurrence of dendrites. While some sort of
optimization was shown to be nesasy in both the separator and the coating, the dendrite
mitigation strategy utilized and how much the material relied on this strategy to perform better
depended on the material. Chapter 4 explained how the hybrid composite separator controlled the
dendrtes which were initiated at the onset of the first charge with spatial homogeneity and
mechanical behaviors. On the other hand, Chapter 5 introduced a different kind of hybrid
architecture, a particle brush, which served as a dendrite preventing coalitijuam metal by
means of controlling the transport so that dendrites were unlikely to nucleate and propagate. Of all
cells built in this dissertation, the optimized particle brush coating was able to lengthen the cycle
life of lithium metal symmetric ctd up to 320 cycles at the practical conditions 1 mAamnd 1
mAh cni?. Ex-situ and in-situ micro-computed tomography unveiled the 3D cycled Li metal
structures that correlated to cycling performance and demonstrated how the cell as a whole is
impacted ly the cycling behavior of Li metal electrodes. It is our hope that with this study along
with the future work it inspires hybrid materials can be designed to enable lithium metal cells to

deliver better performing electric vehicles that consumers will teaptirchase.
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Appendix A: Supplementary Information Concerning
Chapter 3

This chapter is reproduced from the followingppication:

Dienemann, L. L.; Saigal, A.; Zimmerman, M. A. Creep and Anisotropy of&taeding Lithium

Metal Foils in an Industrial Dry Roord. Electrochem. En. Conv. St@021, 18 (4), 040908.

Methods

The following steps outline the time ateimperature mechanical experiments.

1. Lithium foils transferred from argon glovebox into dry room in a sealed vessel

2. Camera and two LED |Ilights set up to aim at
tensile clamp; camera software set up to take imegery 1 second during 3Es? strain
rates, every 10 seconds during-8E? strain rates, every 100 seconds during53&t
experiments, and every 10 minutes during the constant 0.3 MPa stress experiments (time
experiments only)

3. Samples cut into 10 mmvide and 25 mm total length/15 mm gage length (time
experiments) or 35 mm total length/25 mm gage length (temperature experiments) with

razor blade
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4. Magnesium oxide power sieved onto tensile specimen then lightly compacted onto the
lithium surface with flatedge tweezers. A pinch of graphite powder sieved onto white
magnesium oxide background to generate pattern showigirA.l (time experiments
only)

5. Furnace closed over specimen and temperature equilibrated for 10 minutes before start of
test (temperaturexperiments only)

6. Strains measured with GOM Correlate software to use linear regression to caiculate
(constant stress time experiments), strain rates measured with GOM Correlate software and
averaged in the steady state regime to calculat@Eonstantdisplacement rate time

experiments), and strains measured by the DMA (temperature experiments)

The experimental factors that were kept constant between this studyedn@iduring the
temperature dependent experiments are the following: source ohibmltAlfa Aesar, 0.75 mm

thick roll), strain rates and temperatures, temperature soak time period, and gage length of the

specimert.
DESCRIPTOR LEPAGE ET AL!? DIENEMANN ET AL.2
ENVIRONMENT Argon Dry air
SPECIMEN WIDTH 2-3 mm 2-3.5 mm
CUTTING TOOL Custom Razor blade
DMA TA Instruments RSAG2 TA Instruments 850

Table A.1. Differences in experimental setup for the replication of temperaependent

measurementsidapted fronRef. 22
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Regression was used to determine linear models as welhaaske conclusions based on

statistics. The following table displays these results for the 0.10 mm lithium foll.

a. Regression Equation

Direction
MD log(epsilon_dot) = -2.501 +10.614log(sigma_ss)
TD log(epsilon_dot) = -3.028+9.618log(sigma_ss)

b. Coefficients

Term Coef SE Coef T-Value P-Value VIF
Constant -2.501 0.122 -20.47 0.000
log(sigma_ss) 10.614 0.421 25.21 0.000 2.20
Direction

TD -0.527 0.164 -3.22 0.004 2.07

log(sigma_ss)*Direction

TD -0.996 0.572 -1.74 0.097 3.10

Table A.2.Regression results including (a) the regression equation predicting strain rates per stress

in the steady state regime and (b) the coefficients table.
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The form of the equations ifable A2a is the result of taking the logarithm of both sides
of Equation3.3 from Chapter 3 The power law creep exponent, becomes the slope of the
linearized equation. The interaction term is the last rolatile A2b, and it represents the effect

that orientation (MD or TD) has on this overall relationship.

a. Regression Equation

In(sigma_ss)MD -2.2503 +495.75T _inverseMD

b. Coefficients

Term Coef SE Coef T-Value P-Value VIF
Constant -2.2503 0.0241 -93.55 0.000
T_inverseMD 495.75 7.67 64.60 0.000 1.00

Table A.3.Regression results including (a) the regression equation predicting steady state creep

stress per temperature in the MD and (b) the coefficients table.
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a. Regression Equation
In(sigma_ss)TD = -2.2551 +514.26T _inverseTD

b. Coefficients

Term Coef SE Coef T-Value P-Value VIF
Constant -2.2551 0.0164 -137.66 0.000
T_inverseTD 514.26 5.22 98.44 0.000 1.00

Table A.4.Regression results including (a) the regression equation predicting steady state creep

stress per temperature in the TD and (b) the coefficients table.

TablesA3 andA4 show the linear regression results from the relationship defined by Eq.
34andthedt a obtained from 0.006 strain onwards i
the inverse of the temperature measured in the temperature dependent mechanics experiments. The
slope of these regressions contains modndQ.. Table A3 represents thexperiments run with

MD in the longitudinal axis, anflable A4 contains the data from the experiments in the TD.

The DIC speckle pattern and the surface component used to measure strain on the lithium

metal is shown in FigurA.1.
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Figure A.1. Digital image correlation image from the time dependent experiments. The shaded

region in the gage area is the surface component where strain was calculated.

148



Results
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Figure A.2. True stresgrue strain plot of 0.75 mm lithium foilsonstantly deformed at three

different rates (one sample is shown at each strain rate).

149



121

b T
L+ T
. -+ o OoC oWo
1 " o@O 0000 @ @O0 o®
+ 0000000
0000
000°
0]
* + ++ + FAH+H
0.8 r- + + + +
+ OOOOOOOOOOO 00 O0O00C OO O COOOo
)
+ O
O
o)
+ £ T+ ++++

hoo O 0P O o
+

True stress [MPa]
o
2

©

SN
rt
+

Orientation, Crosshead rate [s'1]
O  MD, 3E-3

MD, 3E-4

MD, 3E-5

TD, 3E-3

TD, 3E-4

TD, 3E-5

++ + 00

0 I I I I I I I I |
0 1 2 3 4 5 6 7 8 9

True strain [%]

Figure A.3. True stresdrue strain plot of 0.10 mm lithium foils (tested in MD and TD) constantly

deformed at three different strain rates (one sample is showadbrstrain rate and direction).
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Figure A.4. SEM images of lithium foil surface after one day of exposure to the dry room (left)

and after minutes of exposure to the environment outside the dry room (right).
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Figure A.5. SEM images of 0.10 mifithium foil grain boundaries in (a, c) back scatter diffraction
(BED) mode and (b, d) SED mode of (a,b) pristine foil and (c, d) foil crept under 0.3 MPa for

several hours.
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Figure A.6. Optical images of 0.10 mm foil surface after temperature experiments at (a) 298 K,

(b) 273 K, and (c) 398 K.
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Appendix B: Supplementary Information Concerning
Chapter 4

This chapter is reproduced from the following publication:

Dienemann, L. L.; Geller, L. C.; Huang, Y.; Zenyuk, I. V.; Panzer, M. J. Understanding Lithium
Dendrite Suppression by Hybrid Composite Separators: Indentation Measurements Informed by

Operando XRay Computed TomographCS Appl. Mater. Interface023 15 (6), 8492 8501.
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Cell Architecture

The following figure Fig. B.1) depicts the design of the cells built in this study for cycling

as well aoperandomicro-CT. The cell stack is sealed in a mini pouch.
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Figure B.1. Mini-pouch cell architecterfor commercially relevartperandomicro-CT.
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Nanoindentation Setup

Figure B.2 depicts the nanoindentation setup used in this study (Fig. B.2a) as well as the
load-hold-unload protocol (Fig. B.2b). The continuous stiffness measuremdascsibed by the
inset of Fig. B.2b, where the instrument superimposes an oscillating force throughout the
measurement, constantly determining the stiffness of the system during the superimposed
unloading segments. This enables accurate determinatiodesftation tipsample contact. The
nanoindentation instrument determines the indentation depth via a capacitive gauge and applies

the force electromagnetically (coil and magnet).

(a) (b)

magnet
A
-) continuous stiffness
I
springs .
— AN L A— Lo
o
o N
— S Oliver Pharr
I 1 capacitive gauge stiffness
e

v

Berkovich tip

Figure B.2. Schematic of (a) nanoindentation instrument illustrating elecigmetic force
application and capacitive gauge displacement measurement and (b) nanoindentatimhcoad
unload with continuous stiffness measurement and Oliver and Pharr stiffness measurement

protocol.
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Imaging

Figure B.3. SEM images ofa) LiF particles,(b) Cak particles,(c) top-down view of 12% LiF

HCS and (d)crosssectional view of 90% LiF HCS

The SEM images irFig. B.3,b depict the similarity between the morphologies and
particles sizes of the LiF and CGgparticles. Furthermore, a 12% LiF HCS was fabricated but was
not tested further due to the presence of pores in thdadap SEM image irfrig. B.3. Another
HCS that was not further investigated after imaging was the 90% LiF HCS shbwgn B13d due

to severe agglomerations of the LiF particles and macroscale porosity.
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Figure B.4. Distinguished pores (shown with arrows) and particle agglomerations (circled) in
SEM cross sections of various HCSs (50% LiF, 75% LiF, and 50%) C2dale bars represent 10

microns.

Porosity and particle agglomerations are highlighted in Fig. B.4 for clarity.
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Galvanostatic Cycling
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Figure B.5. Lithium metal symmetric cell cycling at 0.1 mA/émnd 0.1 mAh/crhcomparing
two cells in Cell A format with 50% LiF HCS with two cells with a single glass microfiber as the

separator. The plot reports up to 26 cycles.

An improvement in lithium metal cycling performance can be observed with the addition
of the 50% LIFHCS into cells with glass microfiber separators cycled at a lower current density
of 0.1 mA/cnt. The cells with the HCS show on average lower overpotentials as well as flatter
cycling waveforms which correspond to more even plating and stripping as \\elleas

interfacial resistance with lithium metal electrodes.
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Digital Image Correlation

(a) (b)
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Figure B.6.Isolated DIC surface component of 50% LiF HCS captured eydrandomicro-CT

(a) after 10 min of first chargeand(b) at the completion afecond charge. Color scale indicates
x-displacement. Average displacement was calculated from facets (areas of pixels) representing
the position of the protrusion peak are highlighted in gray in left panel (a) and are boxed in both
panels. Facets averagasl the xdisplacement of the HCS on thebgrders of the protrusion are

highlighted in gray in right panel (b).
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In Fig. B.6 the 50% LiF HCS as a DIC surface component is separated from theGnicro
slices shown in Fig. 5 in the Main Text as well asup@@ementary Video 1. Specific areas (facets
highlighted in gray) within this surface component were selected as the protrusioRigeBkes;
boxed aregsand the base of the protrusidfig. B.@; circled areds Their xdisplacements were
averaged atach time step during the cycling and resulting deformation of the HCS. These values
gave indentation depth of the cycled lithium protrusion into the HCS (indentation ¥ jpask)

as well as the-yidth of the protrusion.

Film Mechanics

0% LiF E/P 50% LiF E/P
1.14 0.94
1.30 1.23
1.55 1.21
1.70 1.32
1.83 1.15
1.75 131
1.64 1.12
1.52 1.25

1.22

Table B.1. Calculated E/P values from nanoindentation experiments on 0% LiF and 50% LiF
HCSs. One loadlepth profile for the 0% LiF HCS was nminsidered due to experimental error.
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A two-sample t test was performed to determine difference between the E/P ratio of PVDF
HFP versus the 50% LiF film at a 5% significance level. The results include@lagof 9.74 x

104 in favor of rejecting the rlihypothesis that the two are equal.
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FigureB.7.Mec hani cal properties of dry HCS fil ms

The mechanics were investigated in the dry gt@&te B.7)in addition to the swollen state
to exhibit potetial differences. In this cas# E/P, the maximum strain was chosen as 4 percent
rather than 20 percent as was done in the swollen state, as the polymer is more brittle in the dry
state. Interestingly, the film without particles (0% LiF) exhibits the ésghensile modulus and
one of the lowest E/P ratios. This coincides with the amorphous content in the cross section of the
film. The 0% LiF HCS hd the highest crystallinity. A mechanical property that better coincides
with the lithium diffusion benefitef amorphous polymer content in the HCS is the \E&lRe as
this elasticity parameter can represent how well the entangled polymer chains spring back to their

original physical state.
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Notably, the relationships observed in the bulk mechanical experirmpentisularly those
of elastic modulus and E/P across films, remain the same for the HCS when it is swollen (wet) and
when it is dry. For example, the tensile modulus significantly increases with addition of particles
into the HCS both with and without ligd electrolyte. We expect that the same observation is

likely to exist for the films in the indentation experiments.

0% LiF 25% LiF 50% LiF 50% Cak

3.12+0.45 3.61 +0.89 3.76 £1.06 2.18 £0.40

Table B.2.Yield Stress (MPa) estimated from tensileasurementsf HCSs

The yield stressalues in Table B.2vereestimatedrom the tensile data using the 0.2%
strain offset. A difference across HCSs was not observed except for the low result observed in the
50% Cak HCS. Overall, the results do not correlate with the lithium metal cycling performance

observed with these separators.
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Figure B.8. Mechanical load and unloathta obtained from (ajanoindentationand(b) tensile

testingof liquid electrolyte swolla HCSs

The raw data for the load and unload mechanical testanondentation as well as in
tension are shown iRigure B.8 The transition to plastic deformation is cleafFig. B.&, while

the viscoelastic nature of the HCSs is made evident bythe hold step iifrig. B.&.

Another property investigated was the elastic recovery, the percentage of depth or strain
elastically retained during the nanoindentation or tensile tests. The elastic recoveries for the PVDF
HFP and the 50% LiF HCS wesemilar in both mechanical tests. The nanoindentation resulted in
elastic recoveries of 87.9 £ 5.0% for PVIDIFP and 83.5 +4.0% for 50% LiF. The tensile load
and unload experiments resulted in elastic recoveries of 59.4 + 0.8% for-AVPRNd 58.8 +

0.5%for 50% LiF.
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Liquid Electrolyte Uptake
The electrolyte uptake was measured by weight and calculated wih1Eq.
6nooMmQ — (B.1)
The weight of the dry HC®whcs) was measured initially, and the weighttbé HCS

swollen with electrolytgwswollen) Was measured after soaking the same film for four hours and

then dabbing off excess liquid electrolyte. The results are summarizegl B.9
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Figure B.9.Liquid electrolyte uptake of HCSs
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Appendix C: Supplementary Information Concerning
Chapter 5

Particle Brush Synthesis

Materials. Silica nanoparticles (NPs), 30 wt% solution in methyl ethyl ketone (ANBEKwere
donated by Nissan Chemical and used as received. Tetherable initiator, 3
(chlorodimethylsilyl)propyl 2bromo2-methylpropionate (BIBSICl), was synthesized as
described in a nevious report. Methanol (MeOH, > 99.8%, Aldrich), tetrahydrofuran (THF,
99.5%, Aldrich), toluene (99%, Aldrich)N,N-dimethylformamide (DMF, 99.9%, Acros),
chlorodimethylsilane (98%, Aldrich), 48 wt % aqueous hydrofluoric acid (HF, 99.99%, Aldrich),
allyl alcohol (99%, Aldrich), zZbromoisobutyryl bromide (BiBB, 98%, Aldrich), sodium
bicarbonate (NaHC¢) ACS grade, Fisher Chemical), dichloromethane (DCM, 99%, Aldrich),
sodium chloride (NaCl, ACS grade, Fisher Chemical), triethylamine (TEA, 99.5%, Aldrich),
Karstedt 6s c atladiwng-i,1,3(3etramdthyldisiloxanéd gomplex solution, in
xylene, Pt ~2 %, Aldrich), ammonium hydroxide aqueous solutiorsAi®, 28.630.0%, Fisher),
alumina (neutral, Super |, B00um, Sorbtech), anhydrous magnesisulfate (MgS@ Fisher),

and copper(ll) bromide (C@rz, 99.9%, Aldrich), tris(2imethylaminoethyl)amine (M&REN,
99%, Alfa), tin(ll) 2ethylhexanoate (Sn(Oet)95%, Aldrich), anisole (99%, Aldrich) were used
as received unless otherwise statuly(ethylene glycol) methyl ether methacryléife GMAsoo,

averagevl, 500, contains 100 ppm MEHQ as inhibitor, 200 ppm BHT as inhjbMairich) were
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passed through a column filled with basic alumina prior to use to remove any polymerization

inhibitor.

Initi al grafting density measurement with PMMA particle brushes SI-ATRP was performed to graft
PMMA from silica nanoparticles. This enabled an accurate calculation of grafting density to benchmark in
the poly(PEGMA) particle brush synthes&ilica nanopartig@s were modified similarly as described in
previous reportd® Upon anchoring the tetherable initiators(cBlorodimethylsilyl)propyl 2bromo2-
methylpropionate (BiBSiCl), the surfaoeodified silica nanoparticles dissolved in methyl ethyl ketone
underwent four cycles of dialysis (3 times methanol, 1 time acetone in dialysis bag with a 10 kDa cutoff)
to remove the untethered initiators and other impurities. After dialysis, small scAlER®I model
reactions were completed separately at least thines to roughly calculate the accessible initiator density.
Reaction conditions: Si&zBr 0.03g MMA 3 mL, 50 vol% in anisole, CuBicatalyst (in DMF, 0.005 g/mL)

200 ppm compared to monomer, [CelBMesTREN]:[Tin"] = 1: 3: 5, 50 , ole¢ular mi n
weight of grafted brush layer was tested by DMF GPC with PMMA standards after cleavage from silica
using HF. The inorganic fractions of model particle brushes were determined by TGA. With the molecular
weights and inorganic fractions, grafting dities were calculatdaly Eq5.1. The acquired average grafting
density was assumed to be the accessible initiator densities (though the actual grafting densities may vary

according to different monomer typés).

General procedure for the synthesis of pglethylene glycol) methyl ether methacrylate (averaghl,

500) grafted silica nanoparticle brushes (Si@g-PEGMAsy) by SI-FARGET ATRP. Silica
nanoparticles (assuming ~0.7 surface Bf/from the PMMA particle brushgsn anisole stock solution
(0.1 g/mL) 2.16 mLPEGMAsno (6.48 g, 6.00 mL), ClBr. in DMF stock solution (0.005 g/mL) 0.14 mL
(250 ppm compared to monomers),dVIREN as the ligand in anisole stock solution (0.01 mL/mL) 0.26
mL were added. Then around 6.84L anisole was added into the mixture so that the monomer

concentration was around 40 vol% in anisole. The mixture was then transferred to a 25 mL Schlenk flask,
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sealed with septum stopper, and purged with nitrogen for 15 min. After that, fresh sim@ui3ole stock
solution (0.05 mL/mL) 0.1 mL as the reducing agent was incorporated into the flask triggeARGEIT
ATRP2The fl ask was then i mmersed in a 50 oil bat
reaction mixture became highly vis@uUpon finishing polymerization, the reaction mixture was
precipitated in 2 x 40 mL hexane, and then centrifuged at 4800 rpm for 5 min. The Rkfgkafted
particle brushes were centrifuged to the bottom of the centrifuge tubes. After remowsogéhmatant, the
particle brushes were redissolved in THF with vortex mixing. Then, the particle brushes in THF were
transferred into dialysis bag with 50kD cutoff, purified through 5 cycles of dialysis (3 of MeOH, 2 of THF,
each cycle at least 6 hrs). Theducts were further dried by passing through a short column filled with
anhydrous MgS@ followed by 4800 rpm centrifuge for 20 min. Finally, the particle brushes in THF as
supernatant were collected and filtered again through cotton for charactariZdweo particle brushes

synthesized and tested in this study are summarized in Table C.1.

0.206 199600 328500 657 2.14 491
0.331 35100 40000 80 1.35 20.87
0.367 14000 13100 26 1.21 42.03
0.38 61200 78400 157 1.44 10.48
0.39 18800 18800 38 1.21 32.23
0.449 34000 38500 77 131 16.78
0.459 35100 40000 80 1.37 15.96
0.489 41100 48400 97 1.32 12.84
0.5 25700 27400 55 1.28 20.31
0.51 37200 42900 86 1.42 13.76
0.554 20700 21100 42 1.3 23
0.572 37400 43200 86 1.37 12.38
0.716 17800 17600 35 1.24 21.69

Table C.1.List of particle brushes synthesized and tested in this study. Columns (left to right) are grafting
density, number average molecular weight (apparent, measured with PMMA standards via GPC), number
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average molecular weight (absolute, M&t&uwink estimatio), degree of polymerization, polydispersity

index, and inorganic content.

Thermogravimetric analysis (TGA). After 5 cycles of dialysis, the PEGMé&-grafted particle
brushes were finally in THF agable solutionsA flat PTFE surface was used where PEASM
particle brushes in THF were drgpst onto the mold to form soft solid film (layer by layer while

THF evaporates). The soft material with 20 mg was collected and loaded onto TGA.

TGA was performed on a TA Instruments TGA 550 using air atmosphetéhardata was
processed with TA Universal Analysis software. The heating procedure involved four steps: (1)
ramp up at 20 °C/min to 120 °C; (2) hold at 120 °C for 10 min; (3)-hegblution ramp up at
20 °C/min to 800 °C; (4) hold at 800 °C for 5 min.eTarganic contents of the samples were

normalized to the weight loss between 120 °C and 800 °C. The results are summarized in Fig. C.1a.
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Figure C.1.(a) TGA trace oMn40-GDO0.46 (finorg = 15.96%)during the temperature ramp step

from 120 t@GPC&AHoMRIGGDO. ddrlgaved polymer chains.
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Gel permeation chromatography (GPC)analysis. After redissolving the PEGMA particle
brushes in THF, 1 pipette of sample solution was added into a PTFE plastic vial (20 mL volume)
with tiny stirring bars. Then, 2 pipettes of hydrofluoric acid (HF) with an excessive amount were
added to the sample tdck the silica. After at least a 6 h etching process, HF was carefully
evaporated with air flow overnight. To make sure there is no residual HF, excessive ammonia in
water was added (to neutralize the residual HF). Then the air flow remains for evaporating
ammonia and water. Next, the cleaved PEGbMBrush layer was redissolved in DMF with vortex
mixing, followed by filtering through neutral alumina for DMF GPC measurement with PMMA

calibration.

Numberaverage molecular weighMg) and moleculaweight dspersity 6 , w/Mh) were
determined by gel permeation chromatography (GPC). The DMF GPC was measured via a PSS
GPC system with an Agilent 1260 Infinity Il isocratic pump, a column set containing 3 PSS GRAM
analytical columns (pore sizes: 3000 A, 3000 AQ #9, an Agilent 1260 Infinity Il refractive
index (RI) detector, and a PSS SLD2020 rraittgle light scattering (MALS) detector. The
column set was kept in a column oven thermostated at 50 °C. DMF containing 0.05 M LiBr was
used as the eluent. Analysispaflymer signals was based on PSS WinGPC software (build 9666)
for apparentmolecular weightNln, apparent @nalysis using a calibration based on linear poly(methyl
methacrylate) (PMMA) standards. Corrected molecular weidWiSagsoiuy Were obtained with
the MarkHouwi nk cal i bration t o °DHdFsultsiate sumdariediM L i

Fig. C.1b.
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Particle Brush Coating Characterization

Atomic Force Microscopy.To assess the uniformity of the particle brushes, the dispersed brushes
were drop cast onto glass microscope slides similarly as done onto the lithium foil to be assessed
with atomic force microscopy (AFM). A Bruker Dimension Icon AFM was used in this study
paired with a cantilever of stiffness 40 N/m for Tapping Mode. Gwyadoftware was used to

post process scans. The results are summarized by Fig. C.2, where differences can be distinguished
between théin40-GDO0.33coating (panel b) and the same formulation yet detached polymer and
particles (panel c) with height maps aslwas phase maps. Phase images are associated with
mechanics, where larger values indicate higher stiffness. Crystalline polymer is evident in panel ¢
in the detached system, where the polymer chains are able to rearrange into ordered structures that
showup in the AFM scans as the dark regions in the height images and the bright regions in the
phase image$These features are not present in the covalently attached system shown in panel b.
Instead, we see roughly 30 nm sized spheres which could feagibbsent the dispersed particle
brushes. The features seen in both systems exist in both 5 x 5 um and 20 x 20 um scans, indicating

they are not imaging artifacts.

AFM was also used to evaluate mechanical properties of the unswollen coatings with
PeakForc&®uantitative Nanomechanical Analysis (QNM). A Bruker ScanAsyst probe (stiffness:
0.4 N/m) with a conical tip mapped the Sneddon modulus, indentation, adhesion, and dissipation
over 1 x 1 um areas. The results are shown in Fig. C.12. Multiple scans \a&rated, as error
was present in several scans and was avoided in analysis. The statistics in Fig. C.12 are a result of

all scans combined.

In Fig. C.2a, symmetric lithium cells are cycled with 1M LiTFSI in DOL:DME (1:1 v/v) +

1 wt% LINGs. The bare lithiuntell exhibits error in its overpotentials beginning around 70 hours
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of cycling. While this noisy data did not occur in the detached particle brush coated system, at
around 200 hours, the onset of failure due to soft shorting begins with a step dowentmapot
(later cycling exhibits the consequential increasing overpotentials.) In the equivalent attached

particle brush system, that same onset of failure is delayed to around 280 hours.
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Figure C.2.(a) Extended lithium metal symmetric cycling at 1 mA?emd 1 mAh/crhicomparing
bare lithium electrodes to tth@n40-GD0.33coating and its detached system, containing the same
polymer batch and silica content from a40-GDO0.33system. Soft shorting (abrupt decrease in
overpotential in cycling waveforms) deted with arrows. (b) AFM images ®dn40-GD0.33

system. Height (top) and phase (middle) of 5 x 5 um area. Phase of 20 x 20 um area (bottom). (c)
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AFM images of detached system. Height (top) and phase (middle) of 5 x 5 um area. Phase of 20

X 20 um area (btdm).

Scanning Electron Microscopy.Cross sections of thdn40-GDO0.33particle brushes drop cast

on the 180 pum lithium foil used in battery builds were imaged with SEM. In both panels of Fig.
C.3, the coating is the lighter phase above the lithium matsbiite which shows up as dark. The
coating without salt or solvent is depicted in Fig. C.3a, while the thicker coating shown in Fig.

C.3b is plasticized with LITFSI.

(a) (b)

SED 3.00kvV WD 3.8mm €3x9.50k Std

Figure C.3. Scanning electron microscopy (SEM) images of ion milled cross sectidvin4t>
GDO0.33coating on lithium metal (a) without salt and (b) with LiTFSI concentrated at 50 weight

percent of polymer weight.

Structure Property Relationships. Figure C.4 compares multiple physicochemical attributes of

a particular selection of coatisgvhich underwent static compression with Dynamic Mechanical
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Analysis (DMA) in the swollen state, liquid electrolyte uptake experiments, and temperature
dependent ionic conductivity measurements. All measured properties are intrinsic with the
exception othickness. Three of these particle brush systems have polymers of the same molecular
weight (3537 kg/mol) but span different grafting densities (60386 nn¥). One of these three,
Mn43-GDO0.57 worsened the lithium metal cycle life. All other particladires improved the cycle

life comparing to the bare lithium systeiirhe particle brush coating design that differs from the
others in having five times as long polymer chaMs= 185 kg/mol) has a grafting density similar

to one other sample, 0.37 MirHowever, this selection of particle brushes is designed to have
unique values of inorganic content. Unfortunately, not enddgh0-GD0.33was available for

ionic conductivity experiments, as it was most extensively tested witdy Xhicro-computed

tomography throughout this study.

Linear correlations between lithium metal cycle life and any characterized property or
designed traits of the particle brushes do not exist; rather, the best performing coating in lithium
metal cells have optimized progies. In most cases, stiff nanoparticles should increase the overall
stiffness of the partickpolymer composite. This is also mostly true in this case; the highest and
lowest inorganic content samples have the highest and lowest moduli, respectivelyeH bere
no relationship can be drawn from inorganic content and cycle life. This is due to the interesting
results 0Mn43-GDO0.57 which worsened the cycle life. While this material took up an expected
amount of liquid electrolyte considering its relaliy low inorganic content, the overall modulus
of the bulk coating was much higher than expected. The only distinguishable desigriredBof
GDO0.57is that it has the highest grafting density in this sample set. Perhaps this high grafting
density led tgolymer conformations which were less compressible and an overall high packing

density in the swollen state.
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More obvious correlations are seen with the overall ionic conductivity and modulus results.
The two best performersjn40-GD0.46andMn329GD0.21, have higher room temperature ionic
conductivities, lower Arrhenius activation energies, and lower moduli than the other samples. This
combination of results supports that the improvement is largely due to the plasticization of the
polymer and its abilityo participate well via segmental chain motion while coordinating with
lithium ions. Again, the most attributable design trait is grafting density, which is optimized for

cycle life in the lowemmiddle of the overall studied range.
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Figure C.4.Radarchart of various patrticle brush design attributes (highlighted in green: molecular

weight (Mn), grafting density GD), and inorganic contenfifrg)) as well as measured properties
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(highlighted i n bl ue:l), actvationcenemydy), e¢lactrdyie ugtakey a't
thickness measured with DMA, and modulus measured with DMA). Data in darkest red represents
the coating with the longest cycle lifd140-GDO0.46, and data in light pink represents the shortest
cycle life coating Mn43-GD0.57. The dher samplesMn40-GD0.33andMn329GD0.2]) failed

at intermediate yet similar cycle numbers.

Battery Characterization. The X-ray CT scans of thpostmortencells in Fig. C.5 demonstrate

how different particle brush coatings can deliver different morphologies of cycled lithium. The
bare lithium system in Fig. C.5a shows a uniformly mossy and thick cross section of cycled lithium.
The various coated lithium dggns in Fig. C.54 each contain some degree of densified cycled
lithium. The most uniformooking morphology of the coated systems is the one with the longest
cycle life, Mn40-GDO0.46 It is also intriguing to see the two strips of a different phase wiitiein
cycled lithium, pointed out with the blue brackets in Fig. C.5c. It is possible that during failure of
the cell, lithium could have begun depositing within the coating, separating it from the separator
(which still contains some adjacent coating adowy to the measured thickness of the region
pointed out with the black bracket). This is likely to occur during the failure mode of this cell,
which is liquid electrolyte depletion. While the lithium reservoir was also being consumed, it is
not fully consimed in thigpostmortencell. This is noticeable in the top and bottom of thea(

CT scan in Fig. C.5c, where the bulk lithium is still present in the largest quantity seen in all

postmortenscans in Fig. C.5d.

The delamination from the separator iscahoticeable in thpostmortem Mn32&6D0.21

in Fig. C.5b, pointed out with a green arrow. In this case, not only is the coating delaminated from
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itself or the separators, but there are also lithium deposits between the two separators. Again, this

is likely owing to the depletion of liquid electrolyte as the main failure mode.

The Electrochemical Impedance Spectroscopy (EIS) data just after cell build in Fig. C.5e
spans interfacial resistances from around 100 to 450 Ohms. It is likelt#GDO0.46 has
higher interfacial resistance thitn329GD0.21due to the difference in their liquid electrolyte
uptake (see Fig. C.AMn40-GDO0.46has less electrolyte uptake and a greater proportion of solids
than liquids at the interface (see Fig. 5.4a). Future workooamfirm whether the interfacial

resistance values settle after a rest period and during cycling.
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Figure C.5.Extended lithium symmetric cycling at 1 mA/€and 1 mAh/cri (ad) Postmortem
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cross sectional Xay tomography scans of (a) bare lithium cétl) cell with Mn329GD0.21
coating, (c) cell withMn40-GDO0.46 and (d) cell with detached system equivaleniviim40
GDO0.33 (b) Green arrow highlights lithium plating between separators. Gray and black solid areas
in bottom right corner comprise tleelge of the reconstructed image. (c) Black bracket highlights
separators and possible coating. Blue brackets highlight new morphology discovered in portions
of the cycled lithium. Scale bars: 100 um. (e) EIS of the freshly made cellsl)n(aVoltagevs.

time plotted for lifespan of cells in-@.
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Figure C.6. Cycles to lithium metal cell failure (defined by polarization of + 0.6 V or abrupt
decrease of overpotential characteristic of soft short) compared with (a) inorganic cantgnt (f
and (b)molecular weightNln) of the polymer regime of several coating systems. Data at origin

represents bare lithium symmetric cells.
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(@)

Figure C.7. X-ray CT crosssectionalimages of (a) bare lithium and (Mn40-GDO0.33coated

lithium cells post 5 cycles at 1 mér? and 1 mAh/cri Scale bars: 100 pm.

Carbonate Electrolyte. A commercial carbonatkased liquid electrolyte shows another
comparison of symmetric lithium cycling behavior with and without particle brushes. Like in other
symmetric cells in this study, 07 pL of 1.3M lithium hexafluorophosphate:lithium
bis(trifluoromethanesulfonyl)imide (LiPF6:LIFSI) (4:1 v/v) in ethylene carbonate/propylene
carbonate/diethyl carbonate/ethyl methyl carbonate (EC/PC/DEC/EMC) (30:3:7:60 v/v) + 2 wt%
vinylene carbonate (VC) %.3 wt% 1,3propane sultone (PS) + 0.7 wt% ethylene sulfate (ESA)
(SoulBrain) was injected into cells with lithium electrodes coated with the same amount of particle
brushes with LITFSI as in the etHeased cells. Another experimental group had the rogati
without LITFSI present to decouple the effect from the salt. No significant differences were seen
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in the CT scans or electrochemical data with and without LiTFSI present. This LITFSI validation
was also carried out in the etHeased cells, and the samnelifference occurred. As carbonates

are known to facilitate a faster solid electrolyte interphase (SEI) reaction with lithium, the particle
brush coating is presented with a greater challenge to improve the cyClEHigeis evident in the

X-ray CT cposs section in the top panel of Fig. C.8b; the cycled lithium in the bare lithium system

is much thicker than in any other cell scanned in this study, and this is only after 11 cycles. The
corresponding cycling dat a fiswavdforng,discissetléo be x hi b
due to drastic changes in surface area during plating and stripping as well as breaking through and
rebuilding the electrochemical barrier of the thick $EThe electrochemical behavior of the
coated cell does not exhibhg significant difference that the-bdy CT scan does. In the bottom

panel of Fig. C.8b, th®n40-GDO0.33coating densified the cycled lithium from the bare system.
While the morphology is not completely dense on this scale with some dendrites present, the
overall difference in thickness between the scans in Fig. C.8b is significant, especially considering

that theMn40-GD0.33cell cycled 20 times.
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Figure C.8.Symmetric lithium metal cycling with carbonabased electrolyte at 1 mA/émnd 1
mAh/cn? compamg bare lithium cells to cells with lithium coated witin40-GDO0.33 (a) Plot

shows 11 cycles. (b) Cross sectionatiy tomography slices depicting the cells whose data is
shown in panel (a). Bare lithium cell (top) was scanned after 12 cycles andckassh of bulk
lithium, cycled lithium, and Celgard separators designated. Coated lithium cell (bottom) scanned

after 20 cycles. Scale bars: 100 um.

LTO Half Cells. The particle brush coating was further validated with a half cell format pairing
the lithum metal anode with lithium titanate (LTO, 3.1 mAh-gnactive loading 19.5 mg cf

NEI Corp). The lithium anodes were 16 mm diameter, while the LTO cathodes were 14 mm in
diameter. The Celgard separators, still in a stack of two, were cut into 2@m2Quares. In this
case, 0.39 MPa of external stack pressure was used along with 100 uL of tHeas#teliquid
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electrolyte. Cells rested for 12 hours before cycling at a fixed rate of C/4. Cells wikintte

GDO0.33 coating outlasted the bare lithiunelks; the specific charge capacity increases while
dropping Coulombic efficiency (see Fig. C.9a) which is characteristic of a soft short. This short is
visually clear in the Xay CT cross section of this cell in the top panel of Fig. C.9b. A large

protrus on | abel ed fAiDendriteo formed on the LTO r ¢
The same effect is seen in the capacity vs. cycle plots of additional bare lithium cells. This effect

is not seen in the coated systems. With the presence of higih@c number materials in the LTO

in the X-ray CT scan, the resolution of the lighter elements such as lithium is diminished, resulting

in less discernable cycled lithium morphology.
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Figure C.9. Lithium vs. LTO (3.1 mAh/crf) half cell performance cyetl at C/4. (a) Plot shows

60 cycles comparing a cell with bare lithium anode to a cell Mitd0-GDO0.33coated lithium

anode. Top panel shows specific charge (triangles) and discharge (circles) capacities; bottom panel
shows coulombic efficiency over cycles. (b) Cross sectiorayxtomography slices of bare
lithium vs. LTO half cell post 100 cycles (tophd ofMn40-GDO0.33coated lithium vs. LTO half

cell post 63 cycles (bottom) (data in panel (a)). Thicknesses of LTO, Celgard separators, cycled
lithium, and bulk lithium denoted as well as a dendrite protruding from LTO in the bare lithium

cell. Scale barsL00 pm.

Cell Tear Downs.Additional cells were cycled and torn down at various stages of their cycle life.
They were subsequently photographed, shown in Fig. C.10. Cycled lithium can be black due to

surface roughness and shiny due to a smooth suvi&ide this does not contain the throutjte-
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thickness information that the-day CT scans offers, it is another approach that validates the
impact of the particle brushes on cycled lithium morphology. Black lithium is seen on the surface

of the electrodem the bare lithium system in both symmetric cells and half cells. It is also seen

inthe particlep ol ymer mi xture or fAdetachedo system. Tl
that is at least lighter in color and sometimes shiny. The cycled lithithmeln40-GD0.33system

is a silvery gray, while it is shiniest in the best performing cells Mitd0-GD0.46 Some images

also show the separators that have been removed from the cell stack up (bare lithium symmetric,
bare lithium half, detached systemnsyetric, Mn40-GDO0.33 half, Mn40-GDO0.46 symmetric,
Mn329GD0.21 symmetric). The bare system and the detached system have the most lithium
embedded in the separator after teardown. The coated lithium cells still do show lithium stuck in

the separator, butig of a noticeably lesser degree.
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Figure C.10.Digital images of symmetric lithium (top row) and half (lithium vs. LTO, bottom

row) cell teardowns. Symmetric cell active area is 1.54 (diameter 14 mm). Half cell lithium

circle size is 2.01 ch(diameter 16 mm). Columns compare bare lithium celisoated lithium

cells Mn40GD0.33and its correspondVna0gGDOME antdMre3B9%e d o0 sy
GDO0.21) Number of cycles (1C for symmetric, C/4 for half cells) denoted underneath each

image(s).
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