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Abstract

Materials Design foLithium Batteries with High Energy Density

Tianwei Jin

Lithium-ion batteries (LIBs) play a pivotal role in advancing transportation electrification
offering a crucial solution to address climate change and fossil fuel depletibthe current
energy density of LIBs remainmsatisfyinglimiting electric transportatiorange To address this
limitation, extensive effortocus ondevelopingnovel electrode materials, including higbltage
cathodes and higbpecificcapacity electrodesdowever, the pursuit of higher energy densities
introduces safety concerdse to the higher possibility tiermal runawapndflammabe nature
of conventional liquid electrolyge In this doctoral thesis, | will preserseveralinnovative
strategiedor high-performancdithium batterysystemsaimed at enhancing the mileage of electric
transportation without compromisimg even enhancingafety

The first part (Chapter 3jliscussesa novel designfor structural batteriesStructural
batteriesare theenergy storage devicesith enhanced mechanical propertiegsegratedas
structural components in vehicles reducevehicle weights and increase redlge Through the
development of a scalatded feasibléreeroot-like lamination at the electrode/separator interface,
an 11fold enhancement in the flexural modulus of pouch dsliachievedand the underlying
mechanism is revealed fipite element simulationd his laminatiorhas a minimal impact ae
electrochemical performancé LIBs andthe smallest reportedpecific energy reduction 6f3%
in structural batteries. The prototype "electric wings" showcases stable flight for an aircraft model,
highlighting the effectiveness and scalability of engineering interfacibésion in developing

structural batteries with superior mechanical and electrochemical properties.



The second partQhapter 4)presentsa design rule forpolymer electrolytesto enhance
lithium metal battery safetyLithium metal batteries are attractive fdectric transportatiodue
to their high energy densitidsut theirapplicationis hindered byhesafety concerns from dendrite
growth.In this work, we observe that the composition®f polyethylene oxide (PE@Jectrolytes
arenear the boundary betweamorphousndpolymetrich regions concentration polarization in
electrolyteswill induce a phase transformati@andcreat a PEOrich phaset theelectrode surface.
This new phase imechanically rigidvithaY o u n g 6 s ofibd-8 @Haso that it carsuppress
lithium dendrites which allows LI/PEO/LiIFePQ cells with such a phase transformation
demonstrate superitithium reversibility without dendritefor 100 cycles

The third part (Chapter Hroposesn innovativecathode desigfor al-solid-stateLi-S
batteries (ASSLSBsyhich hare ultra-high energy densésand enhanceldattery safety. However,
conventional cathode designs of filling sulfur in carbon hodsaffer from accelerated
decomposition of electrolytes and sulfur detachmigatding to significant capacity los#\s a
solution, | proposehat nonconductive polar hostlow long cycling life of ASSLSBsvia
stabilizing theadjacent electrolytes and bondindfsiiLi S steadily to avoid detachmeBi; using
a mesoporous Sighost filled with 70 wt.% sulfur as the cathode, we demonstrate stgatiyg
in ASSLSBs with a capacity reversibility of 95.1% in the initial cycle and a discharge capacity of

1446 mAh gt after500 cycles at C/5.
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Chapter 1: Introduction

1.1 Motivation

With centuries of technological and industrial progress, efegnalthemes ofhuman
survival and development face pressing challenges in the form of global warming and fossil fuel
depletion and transportationis a major contributar Taking U.S. in 2021 as an example,
transportatioraccounted fothe largest portion (29%f total U.S. greenhouse gas emissiand
(67%) petroleumuse! 2 Responding to these challenges, electrification of transportation has
rapidly emerged as a promisiagd practicalsolution andbatterieswhich canstore energy from
cleanand sustainablesourcessuchas sun and wind teelectrically drive transportatiorwithout
emission of greenhouse gase essential in this transitiorConsequentlyboth academia and
industry are heavily invested in advancing battery technology to pave the way for a sustainable
and cleaner future in transportation.

However, current statef-the-art (SOA) batteries fall short of meeting the requirements for
electric transportationTaking electric cars as an examplieey typically have lower mileage
compared to gasolingoweredoneswhich can often travel up to 300 miles on a single tank.
Additionally, increasing the energy storage capacity of batteries, seen as a pathway to enhancing
mileage, raises safety concerns. Moreover, the long charging time of tens of minutesaeyer
customers from choosing electric caver gasoline ones which can be refueled in just one minute.
Furthermore, the poor performance of batteries in low temperdiniesthe markefor electric
carsin regions with cold climates. To address these challengesgeegtation batteries with
higher energy density, improved safety, faster charge and discharge rates, longer cycle life, wider
operational temperature ranges, and lower costs are needesgldtedtrification of transportation.
Various potential solutions are being proposed to achieve each of these desired properties.

1



In this dissertation, | will present my research efforts on developing new design principles
for battery configuration, polymer electrolytes, and cathadesrds ligh-performancdithium
batterysystemsaimed at increasing the mileage of electric transportation. The following sections
will first deliberatethe operational principles of batteries and key evaluation criteeieondly,
the key characterization methadasizedin this dissertation will be briefly introducedext, | will
discuss a rationatrsictural battery design incorporating a scalable and feasible lamination method
to significantly enhance battery bending modufisbsequentlyl will explore unexpected phase
separation behaviors in polymer electrolytes under concentration polarization, which can
effectively suppress lithium dendrite growth. Finally, | will introduce a counterintuitive cathode
design for aHsolid-state lithiumsulfur batteries, employing nonconductive polar hosts to

markedly improve cycling performance.

1.2 Rechargeabldithium batteries and key parameters
1.2.1 Fundamental of rechargeable lithium batteries

A batteryconvers the stored chemical energy into electitergyvia anelectrochemical
reaction known as the discharge procdssthis phasgthe negative electrodendergoes oxidation
andreleagselectrons thaflow throughthe external circuigenerating electricity for use in motors
and other deviceswhile simultaneously reducing the positive electrtodieanwhile, ions also
move from the negative electrode to the positive electitvdegh the electrolyt@side the battery
to maintain the electric neutralityhis reactionis reversiblefor rechargeable batterieslowing
the replenishment athemical energy storadpy applying external electricifydeally produced by

clean energyto restoeits capacity for subsequent dischargsown aghecharge procesgigure



1.lillustrates these processin aconventionabatterywhich compriseof an anode andaathode

immersed in a liquid electrolyte, separated by porous polymer separator, and sealed in a cell case.

.
+«—— charge
9 charger @
o—
€ | discharge
J motor —@
anode separator cathode
ions

Figure 1.1 Schematic of a rechargealtlattery

Following this operational principle, various parameters are commonly used to assess
whether a proposed rechargeable battery design alignapptitation requirements. Among all
rechargeable battery systems, lithium batteries exhibit comprehensive and balanced performance
across various aspects, establishing their dominant position in the electrification of transportation.

Further details will b elaborated in the subsequent sections.

1.2.2 Energy densityvoltage, and specific capacity
Energy densitythe extractable electric energy stored per battery volume (or mass, when

discussed gravimetrically), is a crucial indicatotlegenergy storage capabilitf a batteryThe



electric energy provided by a battery is determined by integrating the flow of electrons through
the external circuit with the battery voltage during the discharge pratesse, tadevelop next
generation batteries withigher energy densis for extended ranges in electric transportation,
significant effortsfocus onthe development of new electrodes with elevated specific capacities
and voltages.

Battery voltage is determined by the potential difference between its cathode and anode.
When focusing on energy density, it is advantageous to have cathodes with higher potentials and
anodes with lower potential§his preference has driven significant attention towards lithium
chemistry in the past decadascauséithium metal, with the lowest electrochemical potential (
3.04 V versus the standard hydrogen electrode), stands out as the ultimate choice among potential
candidates$.For cathodesfollowing the use of the first intercalation cathode ;TiiBthe 1970s
with a potential 0f~2.2 V (vs. Li/Li*), numerousiew materials with higher potentials have been
developedsuch ad.iCoO; andLiNixMnyCorxyO2 (NMC) that arecapable of reaching 4 %/>

Specific capacity is the amount of electric charge an electrode can deliver per electrode
massFor graphite, the anode in staitethe-art (SOA) lithiumtion batteries, this value is 372 mAh
g, while this value of lithium metal is 3860 mAH,gvhich is the major motivation of developing
lithium metal batteriesConcerning cathodes, SOA oxide cathosiésh asNMC typically have a
specific capacity ranging from 150 to 250 mA#h, gvhereas sulfur demonstrates an ultigh
value of 1672 mAh ¢, so thoud Li/S batteries hava lower voltageof ~2.2 V compared to

batteries with oxide cathodes, they excel in terms of energy density.

1.2.3 Power densitand rate performance



Energy density, a thermodynamic parameter of batteries, has a kinetic counterpart known
as power densitwhich represets the amount of deliverable power per battery volume or mass.
The power of a battery the result of multiplying itslelivered voltage by currentet the actual
voltage delivered is consistently lower than the thermodynamic equilibrium, taéjeotential
difference between electrodes. As current flows through the battery, part of the potential difference
is consumed to overcome intekmasistance, polarization, solghase diffusion, and electrode
phase transformation, manifesting as a voltage drop. This drop, causing battery power to fall below
equilibrium values, increases with discharge current and is reflectatkiperformance

The discharge/charge rate of a battery is denoted asit®/n represemhg the number of
hours requiredo fully discharge/chargéhe battery For example, a C/10 current signifies a
discharge/charge duration of 10 hours, while 6C correspondsrtonifes. As discussedbove
a higher Grate for a batteryndicatesa larger current and greater voltage deviation from its
equilibrium value, resulting itoweravailable power, capacity, and energy. Hence, it is crucial for
abattery design to exhibit favorable rate performance, implying minimal deviation in capability at

higher Crates, particularly fopowerapplicatonssuch aslectric transportation.

1.2.4 Capacity retentiomndcycle life

The specific capacities of electrodes inevitatidgayafter multiple charge and discharge
cycles, attributed to electrode degradatadactrolyte decompositigmnd battery structure failure
Consequently, the available capacities of batteries decrease overdiqeantify capacity decay,
capacity retention is defined as the ratiotlué available capacityf a batteryafter a specific
number of cycles to its initial valyg&vhereeachcycle comprisesa charge and discharge process

In practical terms, the cycle life of a battery is typically defined as the cycle number at which



capacity retention drops to 80%. To achieve a prolonged cycle life, substantial efforts are directed

towards developing stable electrodes and compatible electrolytes.

1.2.5 Mechancal properties

In addition to electrochemistry, mechanics plays a crucial role in battery performance. SOA
electrodes in lithiumon batteriessuch agyraphite and NMC, experience a 10% volume change
during cycling. This volume change is even more significant in the electrodes fayamexation
lithium batteries, such as 80% for sulf@80% for silicon, and infinite for lithium. The volume
change not only causes electrodes to lose contact with electrolytes, carbon additives, and current
collectors but also results irlectrode mismatch, battery cag@mage and potential separator
penetrationAccordingy, batteries must possess adequate mechanical properties to sustain their
structures during cycling and external conditisush agnechanical loads.

Mechanics also holds significant importance in battery applicaiticasother way, named
as structural batterieBesigning batteries to be mechanically robust for integration as structural
components in vehicles can lead to reduced vehicle weight and increased mileage. Examples
include integrating batteries into car roofs and chassis, aerospace system intepanelaliand
wings, and marine system floors and hull skins. The design of structural bastevids be
applicationspecific.For example hedesign shouldocus on achieving high stiffness and strength
for components that bear practical loaigh ascar chassis and seats. In contrast, structural
batteries used in car roofs and unmanned aerial vehicle wings should prioritize adequate bending

rigidity.®

1.2.6 Safety



Safety is a paramourbnsideration for all batteries. In the case ofdn batteries, their
high energy densities can generate significant heat during short circuits resulting from internal
failures or external impact€oupled with the flammability of conventional liquid electrolytes,
this poses a significant risk of fires or explosiowhile a higher energy density allows for
increased energy storage for mileage, it also raises safety concerns. Consequently, substantial
attention is given to the development of nonflamméiloeid electrolytes in battery research.

In lithium metal batteries, progress is impeded by the dendrite growth issue during metallic
lithium depositionwhich isthe charging procesanddendrites can penetrate separators and cause
short circuitsvhencontacting cathodes. Therefore, sedidte electrolytes are extensively studied
as a promising solution for negeneration batteries due to their excellent thermal stability under

potential short circuits and robust mechanical properties that supprefite growth.



Chapter 2: Characterization Methods

To assess the physical and chemical properties of designed materials and their
electrochemical behaviors in batteries, a range of characterization methods are employed in the
research discussed in this dissertation. This chapter will provide a briefewerfveach of these
methodsand the detailed characterizatgmocesseand parameterst each workcan be found in

the correspondingublications’ 8

2.1Electrochemical characterizations
2.1.1Galvanostatichargedlischarge tests

In battery development, galvanostatic cycling tests are the most commontgcisgidue
to evaluate the cycling performance of a designed battetyattery material This involves
continuously charging the battery to a specific upper cutoff voltage with a constant current and
discharging it to a specific lower cutoff voltage with a constant curfdmbugh these cycles,
researchers can monitor various battery behaviors, including the capacity and voltage profile of
each charge and discharge process. This allows for an assessment of cycling performance,
including cycle life, by treking changes in discharge capacity versus cycle number, and rate
performance, by cycling the battery with different currents.

Landt battery teste@ndBio-logic SP150vere used for the cycling tests discussed in this

thesis.

2.1.2 Electrochemical impedance spectroscopy
Electrochemical impedance spectroscopy (EIS) is a powerful technique used to

characterize thelectrochemicaproperties obatteriesjncluding its resistance, capacitance, and



inductanceDuring an EIS measuremertsmalamplitude sinusoidal voltager curreny signal
is appliedo thebatteryacross a range of frequencies and the resudtingnt (or voltageesponse
is recordedThe relatiorshipbetween the amplitudes and phasebeépplied signal and response
gives the values dhe resistancenpedance and capacitance impedawa function of frequency
By analyzing the frequenegependent impedance datdth appropriate mathematical models
based on the battery configuratpiIS enables the study of various electrochemical processes
such agesistances of electrolytamass transpokinetics of electrodesand electrode/electrolyte
interface properties

Bio-logic SP15@ndBio-logic VMP3multichannel potentiostatereused for the EIS tests

presented in this thesis.

2.1.3 Cyclic voltammetry
Cyclic voltammetry (CV) is an electrochemical technique to investigate the redox
properties of materialssuch as the stability of electrolytes and éhectrochemical activity of
electrodeslt involves applying a potentiatanvaried linearly with timeo the working electrode
causing reduction or oxidation on the electrode surfalie recordingtheredoxcurrentresponse
which provides information about the kinetics and thermodynamics of the redox processes.
Bio-logic VMP3 multichannel potentiostatiere used for the CV tests presented in this

thesis.

2.2 Electron microscopy
Electronic microscope is a powerful tool to characterize the structureangositionof

materialsIn contrast to théight usedin optical microscope®lectronic microscopesesa beam



of accelerated electroncusedby magnetic lenseso illuminate specimesyallowing for ultra-
high-resolution imagindpecause othe short wavelength of electrons.
Scanningelectronmicroscopes $EM) scana focused electron beam across the surface of
a sampleThe interaction between the electrons and the atoms in the sample gewarates
signalssuch as secondary electrarslbackscattered electrgnshich are detected to create high
resolution images revealing the surface morphololyy. contrast, ransmission electron
microscopesTEM) passa focused beam of electrons through a thin speciamehthe transritied
electrons aftethe interactionwith the specimens recorded to generate uHnégh-resolution
images of the internal structure of materials, allowing visualization of atomic arrangements.
Energydispersive Xray spectroscopy (EDS¥ an analytical technique used in conjunction with
SEM or TEM whichdetectghecharacteristic Xrays emitted by a sample bombardgatlectrons.
The energy spectrum of theserays provides information about the elemental composition and
distribution within the samplé-ocused ion beam (FIB) technique is emplotgedharactrize the
inner regions of bulk materialt utilizes a focused beam of ions, typically gallium ions, to mill
or etch materials precisely, exposing inner parts for subsequent analysis with SEM and EDS.
Zeiss Sigma VP SEMitachi S4700SEM, andFEI Helios Nanolab 668EM with FIB,
Hitachi HF-3300scanning transmission electron microsc@8& EM) with a highangle annular

darkfield detectomwere used in the works presented in this thesis.

2.3Mechanical tests
Threepoint bending is a commotechnique used to measure the flexural modulus of
materials a key property for structural batteries to serveaats such aairplane wingslt involves

supportinga samplewith a width ofw and a thickness af at two pointswith a distance of and
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applyinga load at the midpoint, causing the sample to bend d&fiectionof the samplal and
the applied loadr are measured, and the flexural moduliass calculated using beam bending

theory.

The peeling test is a method usednasure the adhesive strength between two materials
involving peelingoff a flexiblecomponenfrom a rigid substrate at a constant rate or anghe
force required to separate the two substrates is measungch directly reflects the adhesive
strength of the bond.

The electronic universal testing machine (Shenzhen Suns Technology Stock Co., LTD,

Model UTM6203)was used for the thrgmint bending tests in this thesis.

2.4 X-ray photoelectron spectroscop

X-ray Photoelectron Spectroscopy (XPS) operates on the principle of the photoelectric
effect. During characterization,-dys irradiate the sample surface, resulting in the ejection of
photoelectrons from the surface within a few nanometers. The kinetigies of these
photoelectrons are indicative of the chemical environment and elemental composition of the atoms
they originate from. By measuring the energies and intensities of these emitted photoelectrons,
XPS offers valuable insights into the elemer@amposition and chemical state of the sample
surface with high resolution and sensitivity.

PHI Versaprobe IIXPS was used in the works presented in this thesid) a
mo n o c hr o ma trayexcitation skutce (1,486.6 eMjhe samples were loaded in an air

tight vessel in an Ar glovebox and transferred to XPS without any air exposure.

11



2.5 X-ray diffraction

X-ray diffraction (XRD) is a technique used to analyze the atomic structure of materials. It
is basedon Bragg's law, which states that when intenactvith a materia] X-rays undergo
constructive interference with atomic planes in the crystal lattice, resulting in diffraction peaks
(Figure 2.1) By measuring the angles and intensities of these peaks, XRD provides information
about the spacing between atomic plaaesl the crystal structureenabing researchers to

determine the composition, phase, and crystallinity of materials

Figure 2.1 A schematic of Bragg diffractionVhenX-rays with a wavelength @strike a crystal lattice
whoseplanes spacing id at an angel off, if these parameters satisfy a relatioma# 2dsind where nis
aninteger the X-raysdiffractedremain in phase anehdergoe constructive interference

Empyrean diffractometemdRigaku Smartlab diffractometerere usedor theXRD tests

discussed in this thesis

2.6 Brunauer-Emmett-Teller theory
The BrunaueEmmettTeller (BET) theory is a widely utilized method for comprehending
the morphology of pores in porous materials. based orthe adsorption of gas molecules onto
the surface of a solid material. The BET theory postulates that gas molecules form a monolayer on

the material surface at low pressures, with multilayer adsorption occurring as pressure increases.
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By measuring the gas adsorbed at different pressures and applying the BET equation, which
correlates the adsorbed gas amount to surface area, the specific surface area of the material can be
determined. This offers valuable insights into the porosity arfdce properties of materials.

Micromeritics ASAP 2020 anakgrwas usedor the BET testpresented in this thesis

2.7 Thermogravimetric analysis

Thermogravimetric Analysis (TGA) is a thermal analysis technique utilized to examine
changes in masss a function ofemperature or time in a controlled atmosphere. The fundamental
principleis heating a sample with a programmed temperature ramp while continuously monitoring
its weight. As temperature rises, various thermal evatt asdecomposition, oxidatiorand
volatilization take place, resulting in alterations in sample mass. Through analyzing the rate and
extent of these mass changes, T@vides valuable insights into the composition, thermal
stability, and decomposition kinetics of materials.

Bruker TGDTA2000SATGA was usedor the TGA testpresented in this thesis.

2.8 Raman spectroscopyand stimulated Raman scattering (SRS)nicroscopy

Raman spectroscopy is a technique based on the inelastic scattering of monochromatic light
by molecules. When a photon interacts with a molecule, there is a probability of energy transfer
between them, causing the molecule to transition to a higher (3o&tsring) or lower (anti
Stokes scattering) energy vibrational state. The energy shift between the incident and scattered
photons corresponds to the vibrational modes of the molecule, offering insights into its chemical
structure and composition. Thesudting Raman spectrum displays peaks in intensity and

wavelength positionsand eachpeakcorrespond to a specific molecular bond vibration. This
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enables researchersunderstandbond information in the material under study, such-& £-0,
benzene ring, etc.

Stimulated Raman scattering (SRS) microscopy enablestimealthreedimensional
visualization of ion transport within a battery electroR/tie. contrast tospontaneous Raman
spectroscopy, SRBsestwo synchronized picosecond laser pulse traamglwhen th& energy
difference matches the vibrational transition of targeted chemical bonds, the combined action of
the two laser beams significantly accelerates the vibrational transition by a factdcofmi@red
to the slowprocessin spontaneous Ramah ' Consequently, SRS microscopimultaneously
offersafast imagingspeed~2 ¢ Perpixel), high sensitivity (<1 mM), andfine spatial resolution
(~300 nm).8 These imaging capabilitieallow SRS tocapture the rapid evolution of ion

concentration at a lithium surface and its correlation with the demplateth

Spontaneous Stimulated
Raman Raman
Excitation 108 faster Pump Stokes
Laser : > Laser Laser
N S _ Y
I Vibrational I Vibrational
Energy Loss (Q) Energy Loss ()

Figure 2.2 The comparison between spontaneous Raman scattering and stimulated Raman cattering.

The detailed SRS setupsedin the work presentedh this thesishas been previously

reported’ Spontaneous Raman spedtrahis thesisvere acquired with Xplora, Horiba Jobin Yvon.

2.9 Atomic force microscope
Atomic force microscopy (AFM) is a powerful tool used for characterizing the surface

morphology and Young's modulus of materidis acquire thesurface morphologyasharpprobe
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tip, typically mounted on a cantilevescans over the sample surfagelinteracts with the atoms

or molecules on the surfa@ndthe cantilevedeflects in response to thaseeractionforces.By
precisely measuring these deflection charagekfferent locationsAFM generates a topographic

map of the sample surface with extremely high resolution, down to the atomidheaédition,

AFM can also be used to measure mechanical properties such as Young's nitadwdokieved

by performing forcandentation measurements, where the tip is brought into contact with the
sample surface and then pushed into the surface with codtrifollee. The deflection of the
cantilever and the applied force are used to calculate the stiffness of the sample, which is related
to its Young's modulus.

Bruker Multimode 8 AFM was usddr the AFM characterizatiopresented in this thesis
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Chapter 3: Bio-inspired, Tree-Root-like Interfacial Designs for

Structural Batteries with Enhanced Mechanical Properties

"This work has been publisheBanwei Jin, Yirui Ma, ZecheXiong, Xiaoyu Fan, Yu Luo, Zeyu Hui, Xi Chen, Yuan
Yang "Bioinspired, treeootlike interfacial designs for structural batteries with enhanced mechanical prdperties
Advanced Energy Materials 2021, 11 (25), 2100997.

The thesis wr i tcencdpsonceptionéxperinbentdesigand perfarsiancalata analysjsand paper
writing.
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3.1 Introduction

Lightweighting is critical to enhaimgy the operational duration and performance of
transportation vebles!?® This demand is major driving force for the development of batteries
with high energy density, which has achieved significant progress in the last three decades, but
becomes increasingly challenging nowad&y¥ Batteries with high energy density are also prone
to thermal runaway and mechanical damd&g@which requiresprotective components witixtra
weight. An alternative and potentially power&dlutionis tousethe battery as a muHiunctional
component in vehick which serves as both the power source arstractural componerit-2*
Hence, the totatehicleweight is expected to be reduced due to the mass reduction of structural
componentssuch as car frames and airplane wings

Thisistructur al batteryo concreqgityedsaandthhs awn i
been discussed by leading electric vehicle compéatiely.>> 2°The key requirement of structural
batteries isenhancedmechanical properties, such as strength, modulus and robustness under
different kinds of mechanical deformatioa.q., shearing, flexing, compression and tension).
Strategies to enhance mechanical properties have been explored at both system and material levels.
At the system level, cellwere integrated with externalupportingmaterialswith high strength
such as metals and carbabef-based fabricto form better mechanical configurations like
sandwich structures and strengthen the battery systéffisdowever, this strateginevitably
results in lower energy densities because of the eatrgponents foreinforcementsand reported
reductions are in the range of-88%22° At the material level, the underlying principle is to
develop new multifunctional materialghich not only function as necessary components in a
battery, but also provide enhanced mechanical properfieese materials range over all

components in a battery, such as active electrode materials, electrolytes, binders and sfibstrates.
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33 For example, variougroups demonstradehat @rbonfibers, whichhave beenvidely used for
load carrying can serve asthe anodeitself or the cathode current collectdior structural
batteries’**’ However, thecycling performancef carbon fibers is not satisfactoand lithiation
dramaticallyweakenghe mechanical properties of carbon fib€rs? Moreover it is difficult to
integrate carbon fibers and cathode materials densely, scethenergy density is severely
compromised. Besides electrode materials, mechanically strong aramid fibers have been explored
as the separat, which remarkablgnhanesboth safety and tensile strength of structural batteries,
butt he cell 6s capacity and cyc®ing stability ar
Among different mechanical properties to enhance, flexural properties are especially
important, since bending is one of the most common mechanical deformatiamsaind aircraft.
Conventional Liion batteries have a low flexural modulus @08 MRy, due to sliding between
differentcomponentayerswithin. To address this challenge, Chang andvookers developed a
clever concept of wusing polymer Arivetso to i
which enhanesthe flexural modulusat 1.5 GPa, similar to polypropylefieHowever, the overall
energy density ofthese batteries is reduced by46% due to the introduction of those
electrochemically inert parts and necessary redundancy in the margin of anode and separator to
avoid shorting. This strategy also increases manufacturing challenges as it requires extra cutting
and alignment of electred.
To hinder sliding between differefgtyers inside a battery, we are inspired by how trees
immobilize soil and themselves against strong wind (Figura). The tree and tls®il are analog
to the separator anthe granularelectrode, respectively, and wind is equivalent to shear stress
introducedby bending deformatianThe success of tree&s me ¢ h an i ormgihatesftomb i | i t

their deep and strong root netwarkwhich hold soilfirmly. Inspired by this structure, we
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developed a method to infiltrate polymeric binding materialstmé@orous cathode and anode so
that binders form a continuous network, followed by laminating them teramiecoated
separator by hotrpssing (Figureg.1a). As a reult, the separator is bonded to the powahsed
electrode by a binder network like the tree staticture which dramatically enhances the flexural
propertiesof batteries. For example, the flexural modulusaofyraphitdliNiosMng3Cao.202
(NMC532)based Liion batterywith commerciallevel mass loading (~3 mAh chfor a single
layer) is enhanceby 11 times, from 281 MPato ~3.1 GPg which is similar tcepoxy: By finite
element analysjswe also show that the flexural strength could be further enhanced by using
alginate bindeto stengthen thesubstrate/electrode adhesion.

Furthermore, sincéhis strategy introduces limited redundant materials and space into a
battery, the specific energy is onlgompromised by~3% Further electrochemical
characterizations show that such structurabhicells can deliver a comparable specific capacity
with conventional batteriespch ad48.6mAh gt at C/2 with retention dd5.5% after500 cycles.

Such cycling performance argpecific energyshow that the proposed strategy does canise
noticeable side reactions or significantly affect the electrochemical performboctirther
demonstrate practical application, we replaced the wings of an aircraft model with strclotree
inspired structural batteries as the power source and the aircraft model flew steadily. In contrast,
with conventional batteries, the aircraft mbfd quickly since the wings deformed easily against
airflowduetobat t eri esd® poor mechanical pwitlo gobattery i e s .
as both theloadbearing componenand the only power sourdae the aircraft to the best
knowledge of authorsThis work demonstrates a scalable methodrtioance flexural properties

of structural batteriewith little compromise omnergy density
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Figure 3.1. A schematic of the tremot-inspired electrode/separator interfacial adhesaoml effects of
mechanical properties of cell components and interfaces dtexueal performance of a full Lion cell.

(&) The analogy between a tree against strong wind (left) and the electrode/separator adhesion against
shearing introduced biending(right). (b) The cell configuration under threpoint bending in finite

element (FE) simulation. For clearness, only three repeating graphite/NMC units are shown, and the
thicknesses of all layers are drawn to be the sé&h@he bending force per widthdeflection curvesf

pouch cells within a deflection of 1 mm inaFE sim
standard i on <cel | wi t hout and with adhesion between e
anoded ACF as both electrodeso are cells iverth the

(CF), respectively(d,e,f) The simulated shear streststributions of(d) a standard Liion cell without
adhesion between electrodes and separg®mscell with both anode and cathode replaced bya®@H(f)
astandard Liion cell with electrode/separator adhesioa déflection of 1 mm. All cks are 2.1 mm thick
and 7.0 cm long. More details can be found ih EE Simulations partin the Experiment Methods section
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3.2 Materials design and battery assembly

Materials For mechanical properties tests, conventidnii o.sMno :Ca 202 (NMC532)
cathodes with poly(vinylidene fluoride) (PVdF) binder and graphite anodes with carboxymethyl
cellulose (CMC)styrenebutadiene rubber (SBR) binder are provided by QingTao (Kunshan)
Energy Development Co., Ltd.. Both electrodes are desidke cosed, with areal capacity of ~3
mAh cni?for a single side. For electrochemical performance te8#€532(MSE Supplies LLC),
super C65 carbon black (MSE Supplies LLC) and Kynar 761 PVdFe(Aal were used as raw
materials for the cathode. Artificial graphite (MSE Supplies LLC), super C65 carbon black (MSE
Supplies LLC) and sodium alginatsigma Aldrich)were used as raw materials for the anode. The
PVdFAI.Oz-coated separator is provided by QingTao (Kunshan) Energy Development Co., Ltd..
Poly(vinylidene fluorideco-hexafluoropropylene) (P(VAAFP)) used for treeoot-like coating is
Kynar 2801 received from Arkema Inc. The conventional separator used isdC2B#&r as the
reference. LP50 ewentional electrolyte (1 M lithium hexafluorophosphate (PR ethylene
carbonate and ethyl methyl carbonate (EC:EMC = 1:1)) is provided by Gotion Inc.

Lithium difluoro(oxalato)borate (LIDFOB) (Gotioimc), lithium tetrafluoroborate (LiB5
(Gotion Inc), fluoroethylene carbonate (FEC) (Gotion Inc) and diethyl carbonate (DEC) (Gotion
Inc) were used to prepare the electrolyte. 1 M LIDFOB and 0.4 M Aviag#fe blended in the
solvent mixture of FEC and DEC in 1:2 volumetric ratio in the glovebox wif €10.1 ppm and
oxygen < 0.1 ppm.

Pouchcell assembly formechanicatests Pouch cells for mecharattests in Figure .3a
and Figure 3.b-e , and demonstrat i oligu® B.8wére prepad byi ¢ wi r
assembling conventional electrodes (~3 mAEmgether, followed by filling 2.5 g AhLP50

conventional el ectrolyte each i n t-80&kPagdnd v ebox
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finally vacuuming sealed a® 6 k P a-11% M&é&uum sealer, MTI corporation). To ensure
compl ete wetting, cells were rested for 24 nh

Batteryassembly forelectrochemicalmeasurementdNMC532 cathode was prepared by
casting a homogeneous mixture of 85 wt.% NMC532, 7.5 wt.% super C65 carbon black and 7.5
wt.% PVdF in tMethyl-2-pyrrolidone (NMP) on a clean Al foil. The Al foil with the slurry was
dried at 110 € for 2 hours and then pumchinto disks with a diameter of 12 mm for half cells
and 15 mm for full cells. Graphite anode was prepared by casting a homogeneous mixture of 92
wt.% artificial graphite, 3 wt.% super C65 carbon blact &wt.% sodium alginate in deionized
water on a clean Cu foil. The Cu foil with the slurry was dried at 80 € under vacuum for 2 hours
and then punched into disks with a diameter of 12 mm for half cells and 16 mm for full cells.

Hal f cells were assembled with 25@paedn | it h
electrolyte (100 (L in each cell) in CR2032 coin cells. The Celgard 2325 separator and the PVdF
Al>0Os-coated separator were used for cells without electrode/separator adhesion and with
electrode/separator adhesion, respectively. A bare NMC532 or graphite electrode was used as the
working electrode in cells without adhesion, and PNAP) coated ones wengsed as the
working electrode in cells with adhesion.

Full cells without electrode/separator adhesion were assembled with a graphite anode, a
NMC532 cathode, one piece of Celg@8R5 separator and-gsepared electrolytes (100 L in
each cell) in CR2032 coin cells. Full cells with electrode/separator adhesion were assembled with
hot-pressed P(VdHFP)coated graphite anode/PVd¥0Os-coated separator/P(VefFP)

coated NMC532 cathode and@epared electrolytes (100 L in each cell) in CR2032 coin cells.

3.3Mechanical simulations of structural batteries
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As a battery consists of multiple layers stacked together,lexurbl properties are

determined by the mechanigatoperties of both the layers themselves and their interfaces. To

understand their individual effects separately, we peddrian quasstatic 2D planestress finite

element (FE) analysis on a thyeeint bending test of a tion cellwith multi-layer stacking inside,

with Figure3.1b as an illustration.

Table31l. Components, thickness and
Components Thickness|Youngds mod

Al 13 402

Cu 9 700
graphite 60 0.098*

NMC 60 0.10*

separator 20 0.60%®
P(Vd~HFP) 10 0.015

pouch 115 2.0

carbon fiber 130 230%°

aThematerial properties are treated to be homogenous in simulations.
bThis value is the sum of the thicknesses of current collector and esidbleoated electrode.

Youngos

The FE snulationswere carried out using Abaqus/implicit with 8 CPUs. A 2D plsiness

model was adopted wirnode quadrilateral elementSRS4R element type. The total number

mo

of elements is 164,000 for the model without the electrode/separator adhesion and 316,000 for the

model with electrode/separator adhesion. Frictional contact with a frictional coefficient of 0.4 is

defined for electrode/semdor (in the models without electrode/separator adhesion) and

cell/pouch interface¥ All interfacial adhesion, including the electrode/current collector one and

the (PVdFHFP)/separator one, is realized by using COH2D4 cohesive element in order to study
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the effectofintdr aci al adhesi on strength on the battery
properties are listed in Table 3To mimic the experimental design shown by the SEM image in
Figure 3., a 10¢ mthick P(VdF-HFP) layer is defined ithe model with electrode/separator
adhesiomnd has a Youngés modulus of O0.015 -GPa ba
swollen PVdF’ Regarding the gradient of P(VeHFP) in the electrode region due to the tree
rootlike structure, the P(VAHHFP)/electrode interface is defined as tie in the simulation, and no
change is made to the Youngds modul i of el ect
P(VdRHFP) in the electrode regions are appreciably low.

To mimic a real testthe cell in FE is 2.1 mm in thickness and 7 cm in length, which
includes11 layers of grapite anode and 11 layers bBIMC cathodg(33 mAh cm? in total) with
active materials coated on both sides of the metal fbdshalance accuracy and computational
cost, we ensured that each component layer has at least two CPS4R in its thickness direction. The
boundary and loading conditions in the FE simulation are the same as thpdimtekending
experiments ifrigure 3.2, and a mesh conyggnce study is also conducted. The packaging layer
and the atmospheric pressure are also considered in the simulation, which is critical to mimicking

the real scenatrio.
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Figure 3.2 Images of P(VdFHFP) coated electrodes and pouch cells, and4hoe# bending teswvhich

was conducted by placing a pouch cell on two supporting beams with a span afrisi¢he loading speed

of the indenter was 1 mm min(a, b) Photos ofa) a treeroot-like P(VdR~HFP) coated NMC532 electrode
and(b) and an asssembled pouch cell with treeotlike P(VdRHFP)based adhesion for mechanical
tests.(c) The setup of the thrgmoint bending test. The span of two supporting beams is §d)nThe
morphology of a bent cell without electrode/separator adhesion in both experiment and simulation, where
inflection is observed near the supporting beam at the two @dehe morgology of a bent cell with
electrode/separator adhesion in both experiment and simulation, where no inflection is observed near the

supporting beam at the two ends.

Four cases were studied and their bending fdeftection curves are shown in Figiéc.
The baseline is with conventionbhttery materials and no binding betweslectrodes and
separatordDue to theexternalatmospheric pressurhefrictional force hinders the relative sliding
between electrodes and separatorsthos resistance is relatively small. Therefatea deflection
of 1 mm the simulated bending forgeer widthand the equivalent flexural modulus)&reonly
0.92N cni! and 310 MPa,aspectively When tle anode (both graphite and Cuyéplaced by

stronger carbofiber with a modulus of 30 GPa,*° the bending forcand E respectivelymcrease
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to 2.9N cn! and 979 MPat the samievel ofdeflection If both electrodes are replaced by carbon
fiber, the bending force and Bnly increase slightly to 4.1 N chand 1.38 GPa, respectively.
Such por mechanical properties arise from the relative sliding of components about frictional
interfaces, and thus all components deform about their own neutral axes with poor load transfer,
leading to a large compromise in flexural properties of the whole Tdedl. poor load transfer
between different layers &dso reflected by the small and discontinuous shear stress in these cells
(Figure 3.1d,e). Moreover, cell inflection near two supporting beams was observed in both
simulation and experiment, which indicates relative sliding between compoRéaqise(3.2).
These results reveal ah merely improving the mechanical properties of components without
addressing thmterfacialsliding issue is na¢noughto rigidify structuralbatteries.

On the other hand, if different componeintsa conventionabatteryare bonded together
as a laminateso thatall componentshae a common neutral axisoad transfer will be more
efficient and tremendoushjigherflexuralmodulus and stiffness can be achiew&With a moderate
interfacial adhesive energy 8f2 N cm! between an electrode and a separator, the bending force
and E are remarkably enhanced to 8.8 N'tamd 2.97 GPa, respectively, at a deflection of 1 mm
(Figure3.1c). Figure3.1f further shows that the shear stress in such a lamindtésiroeich larger
than that in a cell without adhesion (Fig@c&d,e), suggesting higher.BMoreover, the continuity
of stress through all cell components also affirms good mechanical integrity and satisfying load
transfer. In addition, no inflection is observed near the supporting beams in both FE simulation
and experimentd-{gure 3.2), further demonstrating efficient load transfer. These results indicate
that interfacial adhesion dominates the flexural modulus ofiaL¢ell, and it should be enhatt
along with the mechanicargpertiesof components themselves for realizing hpgrformance

structural batteries. In addition, if the two strategies of enhancing interfacial adhesion and
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enhancing componentsd mechanical properties ¢
be further improved. For example, Asp et al reported a combination of a polymer electrolyte and
CFbased electrodes, where the sawiid polymer electrolyte allosvload transfer between

different layers, acting as effective interfacial adhe&f@®uch combination should realize better

flexural performance than using only one strategy above.

3.4 Battery fabrication and mechanicalproperties
To realize strong adhesion betwesactrode andseparata in practicewe developed a
treeroot-like, continuous binder netwoi the subsurface regiormf a granularelectrode, which
binds with a cerant-coated segrator tightly. Such a treeotlike structure was realized by a
phase inversion method, as illustrated Rigure 3.2%° First, Poly(vinylidene fluorideo-
hexafluoropropylene) (P(VAAFP)) was dissolved in acetone with water as the nonsctent
mass ratio of 1:8. Then an excessive amount thie asprepared solutiomvas coated onto an
NMC or graphitee | ect rode by a f i | m a,pgrheateddantodhe poroust h a
electrode (Step 1anddried at80 € for 2 hours under vacuunipon the evaporation of acetone
and water in sequence, porous P(MdIFP) was formed continuously among electrode particles
and on the electrode surface, as showFRigure 3.2. The thickness of the extra P(\V.dH-P)
coating on an electrode is 5~frfh, which formed good adhesion teetholyvinylidene fluoride
(PVdF)Al>0s composite coating on the separabgrfirst roll-pressing a stack &¥(Vd~HFP)
coated electrodes and PV#0s-coated separators viahat rolling press (Model MSKHRP-
01, MTI Corporation) at 80 . -préssimg wgsasqt to G586t we e n

of the stack thickness instead of controlling the pressure. The stack was tpeesiset! between
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two parallelplates in deatpressmachine (HPN Black Series, Model HFBLK-L ABEL ) at

and 0.1 MPa for 1 h to further stabilize the adhe§&iap 2).

i b
: : evaparation of
P(VdF-HFP) solution acetone and water 100
=) °
\ porous P(VdF-HFP) coating ® 50}
‘ ..:’.:--.-.... .- -----0‘. 3 §
S 25t
porous electrode o
Step 1. P(VdF-HFP) coating by solution casting 0 L A L
0 20 40 60 80
\). roll (80 °C) Position (um)

coating P(VdF-HFP) electrode Cu foil

Step 2. Lamination with separator by hot pressing surface coating layer

e
with adhesion

Figure 3.3 The design and fabrication process of a-taad-like electrode/separator interfag@) A
schematic of the fabrication process of a structural cell withraedike interfaces through hot pressing.
(b) EDS line scans of C and F in a P(VHFP)coated graphite, along with an SEM image of the region
scanned. The surfaces of P(VHIFP) coating, electrode, and Cu current collector are marked with dash
lines. The samplewas prepared bgutting an ascoated graphite electroddth a blade (c,d) Photos of
anodeseparatocathode ensemblds) with and(d) without electrode/separator interfacial adhesiej.
Top-view SEM images of a P(VAAFP) coating on an NMC electrode after adhesidre sample was
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prepared by firshot pressg a separatoonto a P(VdFHFP)coated NMC electrodand then removing
the separator for SEM imaging.

The permeationf P(VdRHFP) into electrodes was validated by the cissgion energy
dispersive spectroscopy (EDS) line scan through acpated graphite electrode witodium
alginate binder Kigure 3.®). The signal of fluorine, which only exists in P(\(&#f-P),
concentrated on the electrode surface and the
intothe electrode (25 e m) . These r esHFR)iandead miitiatedairitoeth t h a t
porous electrode and formed a treet-like structure, which endowsrenhg lamination between a
separator and an electrode and significantly enhances the rigidity of the entire cell. As shown in
Figure 3.8, a single repeating unit of an anexbparatoicathode trlayer with such interfacial
adhesion does not flex by its own weight. In contrast, without such interfacial binding;|&yeri
ensemble flexes readily by gravitye to its poor mechanical strengkigure 3.8l). In addition,
theintroducedP(Vd~HFP) layer is highly porous even after hot pressing, which allons in
the electrolyte to pass readiFigure 3.2). Besides, SEM images of a bare NMC electrode,-an as
coated NMC electrode before hot pressing, and amoaked NMC electrode after hot pressing are

further presented iRigure 3.4for asideby-side comparison.

Figure 3.4 Topview SEM images ofa) a bare NMC electrod€b) an ascoated NMC electrode before
hot pressing, anft) an ascoated NMC electrode after hot pressing.
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The P(VdFHFP)based interfacial adhesisignificantly increases flexural properties
pouchLi-ion cellswith practical size. Pouch cells with dimensions 80 cm x 4.0 cmx ~2.1 mm
(L xW xT) and 11 graphite/sepator/NMC532 repeating units inside were used as samples in
mechanical measurementBiqure 3.®), whose configurations are the same as those in FE
simulation (Figure3.1c). The singleside capacity loadings were 3 and 3.1 mARdar the NMC
cathode and the graphite anode, respectively, and the electrolyte amount was 2.5ngi#ke
point bending experiments, the cell without the -maat-like interfacial adhesion shows a low
bending force of 0.72 N ctat a deflecon of 1 mm Figure 3.%), which corresponds to an
effective & of only 281 MPa, consistent with simulations and éitare reporté! After the tree
root-like adhesion is applied, the bending force is increased by 11.5 times to 9:batl thm same
deflection, and the corresponding effectivaskas high as 3.1 GPa. This value, close to epoxy, is
amongthe best results for structural cells with internal stresjtig in literaturé? 5°>2Moreover,
the processing complexity and extra packaging weights are significantly reduced compared to
previously reported strategies for structural battefiee.drop obending forceat 1 mm deflection
for the adhered cell is due to imperfection in-hating, so areas with weak adhesion tend to fail
first, which causes such sudden drbipe experimental resslalso align well withFE simulations
further validating our strategy that interfacial adhesion is critical to enhanicenfexural
propertiesof Li-ion cells. Such consistency also show that simulation is a powerful approach to
understand and guide experimental designs of structural batteries.

To better understand the failure mechanism stfuctural cells with adhered
electrode/separator infaces, a series of FE simulations were performed with the same cell
configuration in Figure.1c but different interfacial adhesion strengths. As the adhesion strength

i ncreases from O0.08 MPa to 0.6 MP a , the cel
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bending strength increases significantirgire 3.%). This is because the interfacial adhesion
serves to transfer the shear stress under flexing, and thus it fails when the transferred stress exceeds
the adhesion strength. Consequenthg utilization of the electrode/separator adhesion helps
increase the flexural modulus of cells, while the reinforcement of the adhesion further improves
the bending strength of cells.

Based on the simulation resultsHigure 3.9, to explore strategies to further strengthen a
structural battery, we evaluated the peelifigstrength of various interfaces in a laminateddri
cell by 180°peelingoff test>® followed by strengthening the weakest layer to further improve the
strength of the entire full cell. As shownkigure 3.5, While theAl/NMC interface andhe coated
electrodéseparator interface show high peelioff) strengtls of ~1.0 N cm' and ~0.26 N cm,
respectively, the Cu/graphite interface has the lowest peeffngtrength of 0.15 N crh To
strengthen the weak Cu/graphite interface and thus the entire cell, we reh&cedventional
carboxymethyl cellulose (CM&tyrenebutadiene rubberSBR) binder ina graphite electrode
with sodiumalginate binderandthe peelingoff strengthwas significantly enhanced 8/timesto
~0.5N cmit. The stronger adhesion allows for a battery with higher bending strength as illustrated
in FE simulation, which provides potential strategies to further enhance the flexing properties of

structural batteries.
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Figure 3.5 Mechanical properties o$tructural batterieswith proposed interfacial laminatior(a)
Experimental bending force per widtldeflection curve®f 2.1 mmthick pouch cellswith and without
electrode/separator adhesion (solid lines)@rdesponding FEimulation results (dotted lineMC and
graphiteelectrodesvere used in these cel(b) FE simulation of bending force per widtteflection curves

of cells with different interfacial adhesimstrengtls. Adhesion strengths at all electrode/separator and
electrode/current collector interfaces are treated to be the same for simf@dct@( peelingoff test
resultsof differentinterfacesn batteries, includingl/NMC, Cu/CMC-SBR-graphite P(VdF-HFP)-coated

electrodéseparator an@uj/alginategraphite The loadings in laelectrodesvere~3 mAh cn?.

3.5 Electrochemical performance

In structural batteries, theslectrochemical properties should not be significantly
compromiseds a tradeff for enhanced mechanical properti€s. calculate thepecific energy
reductionnourstrategyggonsi deri ng one repe@0i agm gebhphubet
20 em poro/lus6GepmrMMO AiBatkthd®dee m NMC 2d0atehmo per o
separatof 60 em graphite anode, the ar®daCuMMei ght f
mg cm? for graphite, 1.4 mg crhfor separator, 20.8 mg chfor NMC532 and 3.5 mg crfor
Al. In addition, 7.5 mgm? electrolyte is needed if the electrolyte amount is 2.5 ¢. Amd thus,
the total areal weight of this one cell unit is:

U p® ¢ p8 ¢ CBW ¢ 0® x® Y& a'a

For theintroducedP(Vd~HFP) coating, since it has a high porosity of ~50% and a thin
thicknessofonly8 0 & m a RHFP) Ras ¥ rél&tively low density of 1.78 g#ffthe areal
mass loading of P(VAdHFP) coating is only ~3.0 mg cfiper repeating cell unit. On the other
hand, based on the electrochemical cycling resaoltBigure 3.6 no cycling performance is
sacrificed for the full cell with such P(VeRFP)based adhesion. Therefore, the specific energy

of the cell will only be reduced by:

= 3%




Based on the calculation above, the energy density reduction due to the-HYIF
coating is ~3%, and if the weight of batt@agckaging is into account, this reduction can be further
lower. This is the smallest reduction in sgfiecenergy @ structural batteries in literaturé

Moreover, the P(VdHFP) adhesion layer and alginate binders discussed above are also
compatible with other components inside-ibm cells?” % and thus the electrochemical
performanceis expected to remain steady. Temonstratethe stability of electrochemical
performance, we testdabth half cells and full cells with and withotie treerootlike coating
layer. The electrolyte i M LIDFOB-0.4 M LiBF4in FEGDEC (1:2, v/v), a recently developed
carbonate electrolyte for higverformance lithium batteri€8. The areal capad#s in
electrochemical testsre ~1.0 mAtcm, as the purpose of these tests is to demonstrate cycling

stability.
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Figure 3.6 Electrochemicaperformance of structural batteries with treetlike interfacial adhesion and
alginate binder.d) Cycling performance ofi/NMC532 half cdls with and without electrode/separator
adhesionand(b,c) their mrresponding voltage profildsr (b) withoutadhesion anccf with adhesion(d)
Cycling performance dfi/alginategraphitehalf cdls with and without electrode/separator adhesom
(e,f) their corresponding voltage profilefr (e) without adhesion andf) with adhesion(g) Cycling
performancef graphitéNMC532full cellswith and without electrode/separatathesionAlginate is used
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as the binder in the graphite anodle,i) Correspondingvoltage profiles andj) rate performance of
graphite/NMC532 full cellsAll cellsin (a-j) werefirst cycled at C/10 for two formation cycles. After the
formation cycles, LI/NMC532 cells irafc) and graphite/NMC532 cells inigvere charged at C/3 with a
constant voltage step down to C/20, and discharged at C/2. Li/graphite ceflsvarellithiated at C/3 to
0.01 V followed by C/20 to 0.01 V, and delithiated to 1.0 V at C/2j)inti{e charging rates were always
C/3, followed by a CV step to C/20.C equals td..0 mA cnt? for all cells

Half-cell tests were performed firdti/NMC532 cells with and withouthe treeroot-like
interfacial adhesion delivexd similar specific discharge capacities of 157.3 mAhagd 155.9
mAh g! at C/2, respectivelyRigure 3.8). Thecapacity retention with and without interfacial
adhesion are 98.5% and 89.5% after 300 cycles, respectively, and the corresponding average
coulombic efficiencies (CE) are 99.89% and 99.72% from 10th to 300th cycle, respectively. Their
voltage profiles indiate that the electrode/separator adhesion does not lead to considerable
increase in overpotential during cyclindgriqure 3.®,c). The electrochemical impedance
spectroscopy (EIS) resultEigure 3.7 also show that the cell impedance is stable over @yclin
even with the P(VAdHFP) coating. The better cycling stability of P(\/tli-P)coated NMC532
may come from the good electrolyte swelling properties of P{MBP) and the passivation of

P(VdRHFP) on the NMC surface.
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Figure 3.7. Nyquist plots of LI/NMC532 half cells after 2 cycles and 200 cydqlas without
electrode/separator adhesion @ngwith electrode/separator adhesion in the range of 1 MHz to 0.1 Hz.

Similar performancevas also observed on the anode side. The Li/grapilaifecell with
alginate binder antteerootlike interfacialadhesionddivered a specificdischarge capacity of
359mAh gt after two formation cycleand 97.7% retention after 150 cycl&sgure 3.@l), with
an average CE of 99.83% from 10th to 150th cycle. These results are similar to the half cell without
thetreerootlike interfacial adhesion, whose specific discharge capacity is 363 mAftay two
formation cycles and has 97.5% retention after 150 cyElgsie 3.6l), with an average CE of
99.90% from 10th to 150th cycle. There is also no noticeable difference in their voltage profiles
(Figure 3.@,f). All data support that the treeotlike electrode/separator adhesion does not
deteriorate e chemical stability of active materials or introduce significant additional
overpotentials during cycling.

Based on these positive resultstaucturalfull cell with both the alginatgraphiteanode
andthe NMC532 cathodeadhered tdhe separatomas assembled and cycled between 2.7 V to
4.25 V.After two formation cycles at C/10, the full cell was charge@/atand discharged at C/2
for long term cycling. The cell showedspecific capacity af48.6mAh g in the first cycle after
formation cycles, 151.4 mAhJgafter 100cycles, and 141.9 mAhJgafter 500 cycles,
corresponding to 95.5% capacity retention. The average CE from 10th to 500th cycle is 99.99%.
(Figure 3.@). The voltage profiles also indicate that the overpotential and internal resistance of
the full cell with electrode/separator adhered are stable during cycling, and close to the full cell
without such P(VdFHFP) coating and adhesiofigure 3.#,i). The structural full cell with
interfacial @hesion layers also shows a reasonable rate performance. The discharge capacities are

157.7 mAh ¢ at C/10, 153.3 mAh-gat C/5, 149.2 mAhdat C/3, 144 mAhgat C/2, and 129.5
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mAh g at 1C, close to those in a cell withduteroot-like interfacial adhesionFigure 3.§).
These results demonstrate that cells with the proptveedootlike adhesion have reasonable
electrochemical performance and satisfactory {mmg stability and remarkably enhanced

mechanical properties

3.6 Prototypede mo n s t r aeledtriowi nogf s of
To demonstrate practical applicatsaf the proposed strategy in real devices,replaced
thewings of an aircraft model by two laminated structural pouch cells with dimesEi@3 cm
x 9.0cmx0.6 mm (L xW xT) (Figure 3.8. Each ell has a capacity of 780 mAh with two 3
mAh cm? anodeseparatocathode units, and the aircraft wva | el y power ed by tt
wi n gWitlo laminated cells, the aircraft model can fly steadily and smaottitych benefits
from the stiffness and lighessof the pr@osed structural batteri¢the videocan be found in the
publicatiorf). In contrast,with conventional cells without interfacial laminati@s wings the
aircraft model with the sam@eight falls soon after being thramto the sky, due to theuch

weaker strength ahe wings. Such distinctly different behaviors demonstrate the superiority of

structural energy storage for ligiveighting aerial vehicles.

Figure 3.8 (a) Top view,(b) front view andc) side view of an airplane model with laminated pouch cells

ashel ectric wingso. The airplane is in the size of
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with the wing cells as the only power source. A sifgleer electrode is 17.3 cm x7.5 cm (L xW) in one
wing, and one wing can provide a capacity of 780 mAh.

3.7 Summary

In conclusion, we demonstrdta treerootinspiredinterfadgal adhesiorbetween battery
electrodes and separatomhich increasgthebendingmodulusof batteries byl 1timesto 3.1 GPa
at appreciable deflectionBE simulations were conducted to reveal the enhancement mechanism
that this adhesion eliminates the relative sliding between different layers and allows all layers to
share a common neutral axis when the battery is bent, which validates experimentl result
Therefore, the load transfer is ma@féicient through the battery and better flexural properties are
realized.Due to the small thickness of the adhesion layer, this strategy only reduces the specific
energy of batteries by 3%, whiads the smallest reduction reported in structural batteries.
Moreover, this strategy does not affetdgctrochemicgberformance significantly, and satisfactory
specific capacities and capacity retentiomsre observed. A graphite/NMC53all cell with
adhered electrode/separator interfadas/ered a specific cpacityof 148.6mAh gt at C/2, and a
high capacity retention of 989G afte 500 cycles. All these properties all@uch a structural cell
to independentlypowerunmanned aerial vehiclmodelsaselectric wings Theseresults declare
that with this rationalinterfadal design, theflexing performance of batteries can be vastly
increased by making full use of the intrinsic strength of current collectors with electrochemical
properties maintained. The adaptability in this strategy leaves itself much space for further

amelioration and combitian with otherstrategis like mechanically stronger battery materials
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Chapter 4: Stabilizing Lithium Plating in Polymer Electrolytes by

Concentration Polarization-Induced Phase Transformatiort

AThis work has been publishe@ian Chenty, Tianwei Jir, Yupeng Miad, Zhe Liu, James Borovilas, Hanrui Zhang,
Shuwei Liu, SeYeon Kim, Ruiwen Zhang, Haozhen Wang, Xi Chen, L-@igg Chen, Ju Li, Wei Min, Yuan Yang
"Stabilizing lithium plating in polymer electrolytes by concentrajiatarizationinduced phase transformatlojoule
2022, 6 (10), 237-2389.
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4.1 Introduction

Lithium-metal batteries (LMBs) have attracted significant attention in recent years-as next
generation batteries with high energy den3ifij Li metal anode has a theoretical capacity of 3860
mAh d?, ten times that of the conventional graphite anode, and an ultralow electrode potential (
3.04 V vs. standard hydrogen electrode / SHE). However, lithium deposition is phziegoon
uniform, leading to rough morphologies such as mossy and dendritic li#AfdrBuch uneven
deposition not only results in a large electrode surface area which promotes side reactions with
electrolyte and decreases Coulombic efficiency and cycl&ffRbut also imposes potential safety
hazards such as internal shorting and thermal runaway, especially in combination with
conventional flammable liquid electrolytes (e.g. ethers and carboA&tgs)

Although polymer electrolytes cannot fully resolve the safety issues in lithium metal
batteries, they can help enhance the thermal stability of LMBs as they are more thermally stable
than liquid electrolyte§®’2 For example, the flash points (f.p.) of poly (ethylene oxide) (Mw~
600,000) is 250 &3 much higher than dimethyl carbonate (21.5,€),3-dioxolane (2 €),"”®
and 1,2dimethoxyethane-2 €) .”® Polymer electrolytes are also compatible with conventional
battery manufacturing processes and are easy to sc&l&upf or t unat el y, Youngds
electrolytes, typically in the range of 20 to 70 MP& are much lower than the proposed threshold
of 1 GPa needed to effectively suppresdémdrites.t” 8Hence, the fast growth of diendrites in
polymer electrolytes is widely observed in literat#ff® Thedendritegrowth becomes even more
severe with the introduction of plasticizers for enhancing ionic conductivity, as they further soften
the electrolyte¢® 83 This issue is difficult to fully resolve by ceramic additi¥ésince lithium
dendrites can still penetrate through the interspace between ceramic fillers. Currently, lithium

dendritegrowth remains one of the major challenges in polymer electrbded LMBS®
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Addressing this challenge requires a fundamental understanding of the embedded dynamic
Li metal/polymer electrolyte interface, such as how heterogeneity evolves at the Li anode
surface and how the Li anode interacts with solid electrolytes. While remarkable advances have
been achieved recently in characterizing the Li anode and solid electrolyte interphase (SEI), such
as cryetransmission @ctron microscope (TEMY;%8 nuclear magnetic resonance (NMR)Xin-
situ and environmental TENE °2synchrotror?™ **and ambient pressure XPSthere is limited
progress towards imaging the interaction betweérransport in the electrolyte and dendrite
growth. This arises from challenges in visualizing ions in the electrolyte, which not only has a low
concentration (@ M), but also possesses fast dynamics (diffusivity of' ~10°¢ cnm? s'1)
compared to the solid electrode materials%0M, and <18 cn? s'%). Hence, ultrehigh chemical
sensitivity (~310 mM), high speed (~1 s/image), and fine spatial resolution (<1 pm) are
simultaneously required to image chemical dynamics in the electrolyte, such as salt concentration
polarization. Such resolutions and déwgy are beyond the capability of conventional
characterization tools.

Recently, Tonet alobtained both 1D concentration profile and salt velocity uskigyX
photon correlation spectroscopy (XPCS) anera)( absorption microscopy (XAM). This
represents an important work in imaging and understanding ion transport in polymer elecfolytes.
We also utilized stimulated Raman scattering (SRS) microscopy to image ion transport profile in
liquid electrolytes, which simultaneously offers high sensitivity (< 1 mM), fast imaging speed (~2
es per pixel), and fine PFa%SR% microscepy aidesitvd on  (
temporally and spatially synchronized laser beams with an energy difference equal to that of the
targeted bondbs vibrational mo d e . The synergy

vibrational signal by up to £@imes and thus enables the desit@dporal resolutions, imaging
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speed, amh sensitivity Figure 41a)!° SRS is becoming an emerging technique for materials
science” °°Using this emerging microscopy, we visualized for the first time the heterogeneity of
ion depletion in liquid electrolytes due to concentration polarization and how it correlated with
lithium dendritegrowth® We observed that ioregletion at the Li/electrolyte interface led to faster
dendritegrowth due to the enhanced electrical field and larger concentration heterogeneity, which
agreed with theoretical predictiopts1

In thiswork, we further explored the solid polymer electrolyte/electrode interaction and
observed unexpected opposite phaeoa. Instead of promotinglendrites, concentration
polarization reduces salt concentration at the lithium/electrolyte interface and transforms the
singlephase PEO electrolyte into the tpbase region. This induces the formation of a
mechanically rigid PE®ich phase with a modulus of -3lGPa at the lithium/electrolyte interface,
corresponding to a shear modulus of 81386 GPaFKigure4.1b). Such a high modulus suppressed
dendritegrowth and led to uniform lithium deposition. Based on this discoveeyprupose a
design rule of polymer electrolytes for lithium metal anode: electrolyte composition should be at
the boundary between the singlease and the twphase regions in the PERltplasticizer phase
diagram so that a slight salt concentration poddion induced by a small current can form the
mechanically rigid PE®ich phase on lithium metal surfacepassivate lithium metal. This design
rule guides us to further develop a PEO electrolyte with an optimal composition (EO: Li = 12:1
with 40 wt.% plasticizer, 1.1 M Li salt), which showed stable cycling over 100 times in an
LI/PEOLFPcell at 40 €. In contrastl.i/PEOLFP cells with concentrated PEO electrolyte (EO/Li
= 6:1 with 40wt.% plasticizer, 1.8 M Li salt) failed quickly after 10 cycles due to the rapid growth

of lithium dendrites and dramatically increased impedance.
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Figure 4.1. The schematics of operando SRS imaging of the Li/PEO electrolyte intgddneThe
schematics of SRS imaging of@) high concentration polymer electrolyte (HCPE) aim) low
concentration polymer electrolyte (LCPE) in Li/Li cells. In LCPE, the polarizatidnced phase
transformation leads to a mechanically strong RE® phase at the lithium/electrolyte interface, which
helps suppress lithiumendrites. (c) the bright field of an iroperando Li/PEO/Li cell. The upper picture
shows the architecture of the cell, and the lower one shows aimdomage taken by optical microscope.
(d) The Raman spectrum of LCPE, wheregfnprint peaks for LiTFSI, SN, and PEO are labeled. The
corresponding composition of LCPE is EO: Li: SN = 12: 1: 2.64 (Molafigy)'he plot of Raman intensity

of the LiTFSI peak at 1245 chversus the Li: EO ratio in PEO electrolytes with 40%4vSN, showing
good linearity. The points of 1.1 M and 1.8 M LiTFSI correspond to LCPE and HCPE, respectively.

4.2 Materials design and battery assembly
Preparation of solid polymer electrolyte (SPE) precurSaygprepare LCPE / HCPE, 0.19

g / 0.38 g lithium bis (trifluoromethanesulfonyl) imide (LiTFSI, Gotion) was dissolved in 5 g
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acetonitrile (Sigm&ldrich) along with 0.35 g poly (ethylene oxide) (Mw 600,000, Sigma Aldrich)

and 0.14 g succinonitrile (SN, Tokyo Chemical Industry). Then the solution was stirred overnight

to form a translucent solution. SPEs with other compositiare wrepared similarly, and the PEO

is typically 7 wt % of acetonitrile. For ROCPE / HCPE, the preparation procedure is similar.

LiDFOB and LiBF are mixed first with a molar ratio of 1:1, then the dual salts, PEO, and PC were

dissolved in 5 g acetonikei with a weight of 0.16 g / 0.32 g, 0.35 g, and 0.315 g, respectively.
Preparation of the lithiurithium symmetric cells40 pm thick of lithium foil and 50 pm

thick of SPEs were used in the Li/Li symmetric cells while the horizontal gap between two lithium

metal electrodes is ~ 500 um. One layer of Kapton tape was laminated onto a glass slide, and two

chambers (edch) laedh Aochannel (~1 T 6 mm) to ¢

Kapton tapes (thickness ~ 100 pm). We tried to drop the PEO electrolyte onto the lithium surface

at a high temperature and melt PEO to form a better Li/PEO interface. Unforturtzetyywas

still a high impedance, and the overpotential was very high even at a low current density. Therefore,

PEO electrolyte was prepared in situ to form a-tesistance interface. The lithium foil was cut

to the desired size and soaked in dimethylostdfe (DMSO) with 0.2nvt.% HzPQy solution for

1 min to f3ROrpotedive tayer toisolate the contact between Li and acetonitrile in

the SPE precursor above. Lithium electrodes were then placed at two ends of the chamber, and the

precursor of BE above was dropped between two Li electrodes and rested to evaporate acetonitrile.

Finally, Cu foils with similar sizes were placed on the two ends of lithium as an external electrical

contact, and a glass cover was placed on top of the Li/Li cellwfetidy sealing with epoxy. The

whole process was done in a glove box witeOhd wat er | evel s < 0.1 ppm
Preparation of thei/PEOLFP cells For SNbased PEO electrolyte, LiFeRQ@QFP) was

selected as the cathode material due to its stability with the PEO electrolyte. LFP, carbon black,
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and polyvinylidene fluoride (PVDF) were mixed with a mass ratio of 8:1:1, then stirred in N
methyl2-pyrrolidone (NMP) overnight to form a uniform slurry. Then the LFP slurry was coated
on an Al foil using the doctor blade, followed by drying at 110€ 1@ hours. The mass loading
of LFP is ~ 4 mg cit. Then the LFP electrodes were assembled with lithium metal as anode and
LCPE/HCPE as the electrolyte in an argiled glove box with both HO and Q below 0.1 ppm.
A Kapton ring with a thickness of 100 pwas used to fixate the distance between the LFP
electrode and lithium metal. The cells were tested &C4Qvhich enhanced ioniconductivity,
but the formation of the new PE@h phase still occurred. The cells were rested for 15 minutes
and 1 hour after each charging and discharging step, respectively.

For PCbased PEO electrolytes, the preparation procedure is similar, except twae0.7
of CNT was added into the LFP electrodes to achieve better rate performance at high mass loading
(5 mg~ 10 mg). The electrode will be infiltrated with PEO/PC/dual salts electrolyte first, then roll

pressed, and assembled with 40 pm thick lithium metal. The batteries were tested uttler 38

4.3 SRS imaging of Li / solidpolymer electrolyte interaction

Homemade parallel cells were used to visualize the Li/PEO electrolyte interaction via SRS
microscopy (Figre4.1c). In this cell, the PEO electrolyte filled in the gap between two pieces of
lithium, and all components were sandwiched between two pieces of glass slides and sealed by
epoxy. The distance between the two electrodes was typically around 0.5 mm. Tale &ED/te
contained lithium bis (trifluoromethane sulfonyl) imide (LITFSI) as the salt and succinonitrile (SN)
as the plasticizé?* to enhance ionic conductivity and enable operation at room temperature (RT).
Although SN is not stable with lithium metal in long teritngenerally only affects the cycling

performance after 100 cycleBetails of electrolyte composition and fabrication process can be
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found in Experimental Procedures. Wavenumbers at 1245 (@ stretching,'°? 2250 cm!

(Ck N stretching,*%®and 2800 crit (C-H stretching with combination vibratipi* were selected

as Raman signatures of LITFSI, SN, and PEO, respectivelyr@4dLd). Due to the regrement

of electroneutrality, [Lf] could be considered to be equal to [TFSdven at the nanoscale, with

an error smaller than 0.1 mMTherefore, [TFS| was measured to represent the local][lThe

Raman intensities of TFSWere proportional to its concentration, and hence the Raman signal
could be easily converted to chemical concentrationsi(€igle). It is worth noting that LITFSI

in PEOrich phase may have different Raman cross sections, which may introduce small errors
into the calibration curve in Fige 4.1e1% The chemical sensitivity of LiTFSI was calculated to

be 0.012 M.

Lithium growth in PEO electrolytes with different salt concentrations. As two
representatives, the higtoncentration polymer electrolyte (HCPE) and the-tmmcentration
polymer electrolyte (LCPE) were studied with EO: Li: SN =12: 2: 2.64 and 12: linh&alarity,
respectively, which corresponded to 1.8 M LiTFSI and 2.4 M SN for HCPE, and 1.1 M LiTFSI
and 2.9 M SN for LCPE. The wdigratios of SN to PEO were fixed at 40% in both cases. Cyclic
voltammetry showed that both electrolytes have no appiecsidte reaction between 0 and 4 V
vs. Li*/Li and were capable of reversible lithium plating and strippFigure 4.2. Due to the
relatively low ionic conductivities diCPE and LCPFEL.7 x104S cm!and 1.0 x10* S cm? at

RT, respectivelyKigure 4.3, a current density of 0.5 mA ¢hwas applied.
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Figure 4.3 lonic conductivities of HCPE and LCPE at different temperatures. The ionic conductivities of
HCPE and LCPE at 2C are 1.7 x10* S cmi'and 1.0 x10* S cni?, respectively.

In the case of HCPHEF{gure 4.4), the applied current gradually consumed][bin the
lithium surface ([L]omm) from 1.8 M att=0to 1.2 M at t = 27 min, after which"Joim remained
stable at ~1.2 M in a steady state (F&g2b,c). Meanwhile, the lithium growth rate)(quickly
increased from 0.27 +0.18 pm mifhat t = 0 to 0.9 +0.46 pm mih* at t = 27 min Figure 4.4i).

The growth was in the form of mossy lithium, and statistical analysis showed a normal distribution
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of v (Figure 4.%-c). Afterward,v was drastically increased to ~1.5 pm rfirior the remaining

time, leading to an ultrahigh porosity of 97%, indicating that the HCPE could not suggmesise
growth. At this stage, a dupkak normal distribution of was obsrved Figure 4.%5-h), wherev

was low in part of the surface (< 1 um mi) but ultrahigh in other regions (> 2 pm i,
showing the heterogeneodsendritegrowth on lithium electrode. This dupkak mode may arise
from SEI properties and namiform concentration polarization of ions. These results show that
if no phase transformation occurs, ion concentration polarization at the Li/polymer electrolyte

interface promotedendritegrowth, similar to our previous observations in a gel electr8lyte.
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Figure 4.4 Lithium growth at the lithium/PEO electrolyte interface with HCPE or LCEl) lithium
dendritegrowth in HCPE (a) the bright field and corresponding SRS images of] [Ei[TFSI] at three
representative staged) the voltage profile of the Li/Li cellc, [Li*] = [TFSI] versus time, andd) the

lithium growth rate ) versus time. Interface 1 refers to the boundary between the lithium electrode and the
PEO electrolyte(e-h) lithium growth in LCPE.(e) the bright field and SRS images of {Liat three
representative moment§) the voltage profile of the Li/Li cell. The yellow shading corresponds to the

appearance of the PEG@h phase, and the green shading indicates the region where thecREbhase
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has covered the entire lithium surfag). [Li *] = [TFSI] versus time, an¢h) the lithium growth rate\
versus time. Interface 2 refers to the boundary between the newi@Eghase and the isotropic bulk
polymer electrolyte, as marked by dash lines in SRS imag&s. iBcale bars are 50 pm. The electrode

distance are 500 pm for both cells. Both cells were applied with a current density of 0.5 mfAicraom
temperature.
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Figure 4.5 Frequency analysis of the lithium deposition rate in the cell with HEP&E the mossy lithium
growth stage (t = 0 to 27 min), where the lithium growth pattern fits the normal distrib{aibh.the
lithium dendritegrowth stage (t = 27 to 72 min), in which the lithium growth pattern fits dual peak normal
distribution, showing that théendritegrowth happened on part of the lithium electrode surface.

In contrast to the conventional behaviors observed in HCPE, we find that concentration

polarization inLCPE induced a phase transformation process at the lithium/electrolyte interface
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that unexpectedly suppressed lithidendritegrowth, as observed by both SRS and briggid

(BF) images Figure 4.4/f). First, the new phase appeared as the blue region in SRS and the
granulatlike region in BF, which was also confirmed by the Rarsp@&trum Figure 4.6. The
Spontaneous Raman spectra of the RIEED phase matched with those of PEO spherulites,
suggesting its sendrystalline nature. This new phase only contained PEO, SN, and LiTFSI, and
no obvious peaks of decomposition products sichi# and ROLi were detected. The PEO

rich phase had a much lower [LITFSI] than that in the adjacent isotropic bulk LCPE, as shown by
the contrast between [LITFSI] at the Li/electrolyte interface (interface 1), and [LITFSI] outside the
boundary between theweghase and the isotropic bulk electrolyte (interfac&Rjure 4.4). This
difference increased from 0.79 M vs. 0.74 M att = 15 min, to 0.87 M vs. 0.61 M at t = 30 min, and
0.89 M vs. 0.43 M at t = 79 min. Further study showed that the new phasasegpoor in SN,

and [SN] was only ~1.8 M at the interface, compared to 3.8 M outside interfagpie(4.7.
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Figure 4.6. Raman study on the separated pha@@sSpontaneous Raman s of the PE@ich phase
formed after longime lithium deposition (red line, corresponding to the red circ{d)inand the adjacent
isotropic bulk phase (blue line, corresponding to blue circléb)n and PEO spherulite (brown line,
corresponding to brown circle {i¢). This shows that the PEGh phase is similar to PEO spherulites in
composition and structure, and both are senystalline and contain much less amount of LiTFSI and SN.
(b) A brightfield image of the lithium electrode/PEO electtelynterface, showing the PE@h phase
after lorg-time deposition in LCPE. The deposition was 0.5 mA/fwn one hour. Scale bar: 50 prfc)
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The brightfield image of a PEO electrolyte with both PHGh spherulite and saltch amorphous region.
Scale bar: 100 um. The electrolyte composition of LCPE is 1.1 M LiTFSI and 2.9 M SN. All tests were
done at room temperature.
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Figure 4.7. Change of [SN] upon the formation of the new Pl phase. Interface 1 refers to the
boundary between the lithium electrode and the PEO electrolyte, and Interface 2 refers to the boundary
between the new PEfich phase and the isotropic bulk polymerctielyte. The increasing difference
between [SN] outside interface 2 and at interface 1 shows that the plasticizer (SN) is progressively repelled
from the PEGrich phase to the bulk electrolyte during the formation of the newiRtEQphase.

Although the PE@ich phase is poor in LITFSI and SN, their concentrations are well above
0 M throughout the whole lithium deposition process. Therefore, theriBQayer still has a

moderate ionic conductivity of ~2a 10° S/cm Figure 4.8. In addition, the limiting current

density and Sandods t i hand 62 mih, hespsctiveligule 4. soe 0 .
the large voltage polarization observed at t = 79 min is more likelyedaog the increasing

thickness of the PE@ch phase instead of complete ion depletion.
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Figure 4.8 lonic conductivities of PE®ich phases formed at lithium surface at different temperatures.
The compositions of polarized state 1 and 2 are 0.52 M LiTFSI/ 2.6 M SN and 0.38 M LiTFSI/ 2.3 M SN,
respectively, as determined by the SRS microscopy. The amiductivities of polymer electrolytes at
these two polarized states are 2.3%19 cni! and 4.9x10° S cm! at 21°C, respectively.
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is reached. At x = 0 and 500 pm, y =40 pm are two lithium electrodes, and-400em are extra PEO
electrolyte.(c) A zoomrin image of the area next to the electrode for lithium depositi@n)irfd) The Li
ion concentration profile at 79 min at 0.5 radv? without considering the formation of the PEioh phase.
The average [L] on lithium metal surface is ~0.18 M. The averag€][LD pm away from the Li/PEO
interface is ~ 0.35 M.

The appearance of this new phase unexpectedly but effectively suppressed the growth of
lithium dendrites. Although the lithiundendrie growth was observed at t = 0 wittof ~ 0.3 pm
min'! (87% porosity)y quickly dropped to 0.048 pmint at t = 30 min after the initial formation
of the PEGrich phaseFigure 4.4), equivalent to a porosity of 16%. At this stage, the FED
phase progressively formed on the lithium metal surface. After the new phase fully covered the Li
metal surface, the averagérom 30 min to 63 min was only 0.044 pm minwhich corresponded
to a low porosity of 9.2%, about oti@rtieth of that in HCPE, indicating a dense and uniform
lithium deposition. Such behavior is not only delfming but also selfeinforcing during
concentration polarization. For example, if lithidandritegrows fast at a certain location, the
local current density will increase and lead to larger concentration polarization and hence a thicker
PEOvrich phase, which in turn suppressdsndrite growth in LCPE This active protection
mechanism is distinct from other conventional passive protective layers, which require perfect
uniformity and durability. This suppression mechanism has not been reported in the literature, to

the bestoftheauthr s & knowl edge.

4.4 The relation between electrolyte composition and formation of the PE@ich phase
To understand how phase transfornmatio LCPE occurs, we characterized its evolution
using spontaneous Raman scattering spectrosdeaguré 4.10. During theformation of this

PEOvrich phase, we observed rising peaks at 832!,c268 cmt, and 1467 cm, which
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correspond to senrurystalline PEG Meanwhile, peaks for TFS[730 cm?, 802 cm, and 1245

cmt) decreased simultaneously, and salt concentrations derived from different peaks were nearly
identical. After the applied current was reversed, the -ABi©layer gradually diminished as
observed in the bright field. Meanwhile, timeensity of LITFSI peaks gradually recovered, and

that of semicrystalline PEO peaks slowly decreased, showing that the formation of this layer was
reversible Figure 4.1@). Therefore, this layer was determined to be a {AEi®and saHpoor

phase, but not any decomposition pretdwof the electrolyte. We also examined the composition

of SEI on lithium metal for both LCPE and HCPE, which have similar compositamsé 4.1).

This indicates that the difference in SEI is not responsible for the distinct behavior of lithium

deposition we observed.
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Figure 4.10Q In-situobservation of the evolution of the PEi®h phase in LCPE using spontaneous Raman.
(@) The voltage profile of a Li/LCPE/Li cell. The Li plating/stripping current is 0.1 en#. (b) Bright-
field images of the lithium/PEO electrolyte interface during lithium depositpihe spontaneous Raman
spectra of LCPE polymer electrolyte near the electrode. The disteteeen the laser spot (blue circle in
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b) and the lithium metal surface is 2th. At around 100 mirthe PEQrich phase grew into the laser spot
and was detected by Spontaneous Raman. The signature peaks of-thiehPE@icrystalline phase at 832
cmt, 1268 cmt, 1467 cmt are marked with dashed red rectangles. The electrolyte composition of LCPE is
1.1 M LiTFSI and 2.9 M SN. All tests were done at room temperature.
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Figure 4.11 XPS chaacterizations of SEI compositions on Li anodes retrieved from Li/LFP cells with
different SNbased electrolytesa{d) XPS spectra ofa,b) C 1sand €,d) O Isin SN-LCPE. ¢-h) XPS

spectra of¢,f) C 1sand @,h) O 1sin SN-HCPE. {-I) XPS spectra ofiY F 1s, (j) Li 1s, (k) N 1s,and () S

1sin SN-LCPE. m-p) XPS spectra oing) F 1s, (n) Li 1s, (0) N 1s, and p) S I1sin SN-HCPE. 10 nm and

20 nm indicate the depths at which tpedra were acquiredo ensure that IHCPELFP cells do not fall

and the SEI amount is enough for the measurement, all the lithium samples are retrieved from the Li/LFP
cells after five cycles. 10 um sputtering was conducted to all the Li samples before the measurement to

remove the potential PERased electrolyte residusothe presented XPS data was acquired at the depth
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of 10 nm and 20 nm.-Ri in carbon XPS and RQi in oxygen XPS are the decomposition product of PEO.
(CHCH2O), in oxygen XPS is the signal of PEO. It shows that ardgnall amount of PEO is observed at

the depth of 10 nm, and no PEO residue is observe
the XPS signals are mainly from SEI rather than PEO electrolyte residue.

After excluding the possibility of electrolyte decomposition, we constructed the ternary
phase diagram of PEOTFSI-SN to understand compositiatependent phase evolution. This
wasachieved with the assistance of SER®)(re 4.13), as it measured the cposition of each
phase in a higithroughput fashion. The phase diagndostrates a singlgphase isotropic zone-(|
zone) in the middle (orange) and three{pltase regions at the corners (white & contour region).
Representative SRS images of each region are sholigune 4.12 As shown inFigure 4.13,
the composition of HCPE is at the center of tzeme. When a lovto-mid-level current is applied,
it progressively decreasesiJIFS] on the lithium metal surface (Path Aigure 4.13). Due to
the high salt concentration in HCPE, the electrolyte composition at the Li/electrolyte interface
remains within the-kone during concentration polarization, and thus no phase traagionm

occurred.
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Figure 4.12 The bright field and SRS pictures of PEO electraytih different compositions, including

those in the twgphase regions and the singlease region. Wavenumbers at 12432250 cmt, and

2800 cm' are selected for SRS imaging of LiTFSI, SN and PEO, respectfaglihe isotropic HCPEb)

The coeexistence of the isotropic phase and the LiTR&1 phase. The weight percentage of PEO:
LITFSI:SN is 17.9%: 67.8%: 14.3%c) the caeexistence of the isotropic phase and the RED phase.

The weight percentage of PEO: LITFSI:SN is 59.8%: 16.2%: 23(@)the ceexistence of the isotropic

phase and the Shch phase. The weight percentage of PEO: LiTFSI: SN is 7.3%: 13.2%: 79.5%. It is
worth noting thathe bright field image and SRS images do not match in this casecisphase prefers

to form thin sheets at differentheights and stacks toright field images. Due to the confocal nature of
SRS, only one layer is observed in SRS images, which can effectively avoid unnecessary interruptions.

Scale bars are 50 pm.
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Figure 4.13 The phase diagram and the phase diagtarived design principlga) the ternary PEO
LiTFSI-SN phase diagram in weight percentage. The orange color marks the region of the isotropic single
phase region while other regions represent two phases. The rainbow color at the top of the triangle is the
contour of YoasformédsPEQma phases at cofresponding compositions in the phase
diagram.(b) The schematic of how the initial salt concentration in a polymer electrolyte affects the
thickness and the coverage of the Pl layer when a current is appli€d) Whenc is high, there is no
PEOvich layer and lithiundendrite is easy to formtd >> cp). (d) ¢o is moderately higher than tloe so

that the dendrite is usually formed before the RE® layer. This leads to the partial passivation of lithium
dendrite gowth. (€) The suggested concentration rangei(c,) can yield the best passivation effect of the
PEOvrich phase on lithium metgf) co< cp, which has a low ionic conductivity and may result in a thick
PEOtrich layer.

In contrast, the composition of LCPE is very close to the boundary between the single
phase 4zone and the twphase regioncf), making it susceptible to undergoing a phase

transformation in response to concentration polarization (PatlFjume 4.13,e), since forming
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two phases is thermodynamically more stable than staying in one phase. A.lcaerttigger
phase evolution at an earlier time due to a larger ionicaemtration gradient. This phase
transformation decreases not only [LITFSI], but also [SN] in the new pRaged 4.7, since the
PEOrvich phase also contains less SN, as indicatéddayre 4.13. Moreover, the decreasing [SN]

in the PEQGrich layer also repels SN into the bulk isotropic electrolyte, causing the accumulation
of SN outside the PE@ch layer (Figure 4.7. Such phenmena indicate that the redistribution of
SN is a result of phase transformation, instead of electromigration.

We further tested a Li/Li cell with EO: Li: SN = 8: 1: 2.64, where salt concentration was
moderately higher thao. After lithium deposition started, lithiurdendrites grew first and no
PEOrich phase was observed. However, when the salt concentration on the lithium surface
gradually decreased to be lower than the PEGrich phase appeared and thickened, which
suppressed lithiurdendritegrowth. Nevertheless, the lithium surface could not be fully covered
by the PEGrich phase due to initially formed rdle-like lithium dendrites, so the effectiveness
of protection was undermined@he video of the whole process can be found in the publichtion.

Finally, a polymer electrolyte with a concentration of 0.52 M LiTFSI and 2.6 M SN, which
is deep inside the twphase region, is also tested. This solid electrolyte, along with many other
electrolytes deeply inside the typhase region, has a low ionic cotivity (0.02 mS cm) which
cannot afford a reasonable current density (e.g., > 0.3 mA fom normal operation. To cycle
cells with such an electrolyte, the currelensity in this experiment is only 0.1 mA @érfor one
hour, and we have observed g@me phase evolution phenomena on the lithium metal surface.
The video of the whole process can be found in the publicition.

From the four cases above, we can conclude that therieB@ayer originates from solid

phase transformation at or near RT, and its formation highly depends on salt concentration in the
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PEO electrolyteRigure 4.18). If the initial salt concentratiomtd) is deep inside the singfghase
region as HCPEc{ >> ¢,), the PEGrich phase is unlikely to formF{gure 4.18). If co is
moderately higher thach, dendrites may initiatebefore the formation of the PE@h phase, so
the dendritegrowth cannot be fully suppressédeigure 4.18l). If co is close toc,, such as LCPE,
even a small current can form the RECh phase that fully covers lithium surface within a short
period and effectively suppressdendrites (Figure 4.18). In addition, ifco < b, the ionic
conductivity of polymer electrolyte is usually low; PEi®Oh phase is readily formed on the lithium
metal surface, but it may be too thick to conduct iéigure 4.138).

Based on the analyses above, we propose a design principle of polymer electrolyte for
lithium metal batteries: electrolyte composition should be at the boundary between the single
phase and the twphase regions in the PERltplasticizer phase diagram gt a small current
induces reduced salt concentration and forms the mechanically strongdPEfBase on lithium
metal surface. To further support our proposal, we determined another LCPE electrolyte from the
phase diagram iRigure 4.13a, which has aomposition of EO: LiSN = 17.1: 1: 5.66, 50% more
SN than the one we used in the paen with a higher portion of SN, the PE®h layer can

still form on the lithium metal surface and suppress the growth of litdemdrites.

4.5 Mechano-chemical coupling in PEQrich layersand mechanisms oflendrite suppression

The effective suppression of Hendrites by this new PE®ich phase is hypothesized to
arise from mechanohemical coupling during the phase transformation at the Li/electrolyte
interface. To verify thisAFM was used to measure Young's moduli of solid polymer electrolytes
(SPE) with different compositions, including both the isotrqgiase ({zone) and the PE@ch
phase, and the results are superimposed onto the phase diagFéguren 4.13. AFM was

conducted orthe SPEs with thicknesses of ~ 10 um tamhon stainless steel plates. The AFM
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chamber was purged by dry Nrior to the tests. The spring constant, half anghel Poisson's
ratio of AFM tips are ~ 3 M1, 15°, and 0.4, respectively. The force curve is fitted by the Sneddon
model to get Young's modulus. The approaching curve in the extending line will be fitted first to

determine the indentation start point, then the force can be calculated using cantil@veatia

and fitted with indentation to get Youngos
a 100 b oo ¢ 300 dsao ; .
__ Extend _ Extend — ::;ESC_)”%] % I+PEQ-rich  Isotropic
£ 50 — Retract £ 50 —— Retract P p = ;
£ = = 16CPal 320 ;
5 0] — T v é 0 g E o
i_, 50 %_50 L 100 s 1.0
g o > LCPE HCPH
o <1 MPa = .
-100 Isotropic 100 PEO-rich ol ——————| ¢ 0.0 =
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X
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Figure 4.14 The mechanical properties of PEOFSI-SN polymer electrolytes and the phdistd

simulations.(a,b) the AFM extending and retraction force curvegafthe isotropic bulk phase-@one,
HCPE). No cantilever deformation was detec{b)ithe asformed PEGrich phase with a composition of
0.52 M LiTFSI and 2.6 M SN (SeEable 4.1for details).(c) the corresponding forei@dentation curves
for samples ina) and(b). () Young 6s mo d urich phasd with differenPs&liGoncentrations.
The sampleeompositions are along the path A / BRigure 4.13. All samples have the same SN/PEO
ratio as HCPE and LCPE (4®.%), but different [LiTFSI]. The solid and empty squares show Young's
modul of the PEGrich phase and the isotropic bulk phases, respectifety phasefield simulations of

Li electrodeposition in solid polymer electrolytes wig) high concentration (2 M salt) and) low
concentration (1 M salt) at 0.5 mA &n

For the composition of the HCPE (1.8 M LIiTFSI and 2.4 M SN), the approaching curve

showedno deformation of the cantilev when the tip was pressed into the electrolyigicating
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that the electrolyte was very soRigure 4.14). Large cantilever deflection was detected during
tip retraction, confirming that the tip was pressed inside HCPE and the electrolyte was sticky. All
SPEs within the-kone and the isotropic phase of SPEs in thephase regions iRkigure 4.13

di splayed similar results (Youngdés modul us
suppress lithiundendritegrowth.

Conversely, a classic force curve was observed for theriRB@hase formed in SPE. The
sample had an overall composition of 0.6 M LiTFSI and 3.3 M SN, and theieE@hase inside
contained 0.52 M LiTFSI and 2.6 M SRiQure 4.14). The conductivity of the a®rmed PEQ
rich state is in the order of "f08 cni'as there is still a reasonable amount of LiTFSI-@&M)
and SN (23 M) left inside, which still allows Lito shuttle Figure 4.8. Using the Sneddon
model’ the corresponding modulus was 1.6 GPigire 4.14), and the indentation hardness is
~410780 MPaTable 4.). Since the indegationhardness of a materialusually 3 times its tensile
strength, implying that the PEfh phase's tensile strength is ~137 MBach stress is well
beyond the hardness (48 MPa) and yield strength (8163 MPa) of lithium metal reported in
the literaturé®, so the creep of lithium metal is inevitable during lithium deposition, which results
in the suppression of lithiukendritegrowth. In contrast, the bulk PEO electrolyte has a modulus
< 1 MPa, similar to or smaller than the hardness and the yield strength of lithium metal, so lithium
dendritegrowth canot be suppressed. In addition, such analysal$® consistent with previous

studie? thus explaining whylendritegrowth was suppressed in LCPE.

Table 4.1 The normal pressurg at different indentation depths L.

Indentation depth L (nm]  Force (nN) Normal Pressurén, (GPa)
5 52 0.41
10 120 0.65
20 260 0.78
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To further understand @shanechemical coupling at the Li/electrolyte interface, the
compositiondependent mechanical properties of the RE® phases in PEO electrolytes were
systematically measured by AFM. As showrFigure 4.14, the modulus of the PEfch phase
quickly rises to 1.2 and 1.8 GPa when [LITFSI] is reduced to 0.80 and 0.44 M in thedPEO
phase, respectivelff@ble 4.). Further contour on Young's moduli of the REEh phases in the
| + PEGrich two-phase regionFigure 4.1&) shows that the modulus is tygliy above 1 GPa
when [LiTFSI] is less than 0.8 M. Since pure crystalRiO has Young's modulus of/5GPal%®
110t is reasonable that a sewrystalline PEGrich layer with a limited amount of salt/plasticizer
inside can reach a modulus 62XGPa. The contour indicates that the mechanism of concentration
polarizationinduced stabilization of lithium depositione$fective in a wide range of electrolyte
compositions.

The proposed suppression matken is also supported by phassld simulations which
take the mechanohemical coupling into accountsde the publicatiorfor the details of
simulatiors?). Based on the results above, the simulation assumed that thRedPEDase formed
when overall [LITFSI] was < 0.85 M, and the PEich phase had Young's modulus of 1.6 GPa,
while any region with J[LiTFSI] O 0. &asewds had
formed in HCPE, lithiundendrites grew fast in the soft isotropic bulk polymer electrolyiiggre
4.14% & Figure 4.1%3). In contrast, the PE€ch phase was formed once {Livas polarized to
below 0.85 M, effectively suppressing lithiudendritegrowth Figure 4.14& Figure 4.18). The
deposited lithium was widely uniform and the*Lineterogeneity was low on the lithium surface.

These simulation results strongly agree with experimental observations, supporting the hypothesis

that the formation of the PEOi ch phase with hi gh déhdritegragwth.s mo d u
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0 0.4 0.8 1.2 1.6 2 M

Figure 4.15 Phasdield simulations ofLi electrodeposition from solid polymer electrolytes at different
moments show the concentration changiéelectrolytes during lithium deposition. The color indicates

the concentration of Li salt, where 0 means lithium metal. The simulated current density is 0.3°mA cm
The phases of Li metal, PEO precipitate and electrolyte have elastic moduli of 4.9 GPa, 1.6 GPa, and 10
MPa, respectively. The ion conductivities in the bulk electrolyte and therRE@hase argé x10'3 S cm

Yand 2 x10% S cmi?, respectively(a) The electrolyte with 2 M salt, so ions are not depleted even at the
final state (t = 400 s) an() the electrolyte with 1 M salt. lon concentration polarization induces phase
separation which suppresses lithidendritegrowth, which is consistent with experimental observations.

I n addition, our results do no'thYonearef | i ct
dendrites grow faster at full ion depletion and the molten state {€30In our case, the polymer
electrolyte is solid and phase transformation exists upon the decrease of salt concentration so that
a mechanically rigid PE@ch phase forms and suppresdesdritegrowth. The salt concentration
does not decrease to 0 M, and thus it avoids the formation of the space charge region which induces
the ultrahigh electrical field andendritegrowth. In addition, we consider the observed phase
transformabn as a method to enhance the suppression of litliendritegrowth, but not a

method that can eliminate this issue.

4.6 Concentration polarization-induced stabilization of Li anode in Li/Li and Li/LFP cells
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With the understanding that the formation of a mechanically rigid-B&Ophase can
stabilize lithium deposition, and an electrolyte with composition at the boundary between single
phase and twphase regions can induce the formation of such afRttiphase even with a very
small current, we further examined the effectiveness of this strategy in repeated cycles and full
cells.

First, as a proebf-concept experiment, a current of 0.5 mA tmas applied to a Li/PEO
LCPE/Li symmetric cell with a deposition capacity of 0.25 mAH Zfar 20 cycles at room
temperature. As observed with the optical microscbfmri(e 4.19), no obvious lithiundendrites
formed in the first deposition, and the lithium protrusions were frozen by the growingi&tO
phase, leading to stable lithium deposition. During the lithium stripping, both theiBfEfhase
and lithium metal electrode shrank witlidorming any dead lithium debris. The lithium surface
moved forward slightly after 20 cycles, indicating that this suppression mechanism was effective
upon multiple cycles.

Such a reversible behavior is universal and it could be achieved in a wide range of currents
from 0.1 to 1 mA crit for LCPE Figure 4.18, where the corresponding limiting current was 0.28
mA cm? (Figure 4.9. It should be noted that the PEi©h phase sometimes did not fully disappear
during lithium stripping, which was attributed to its disappearance being a kinetically slow process.
In contrast, without the PE€@ch phase, faddendritegrowth was observed within the first several
cycles for Li/Li cellswith HCPE, forming large amounts of dead lithium during the repeated
stripping processHgure 4.19). The voltage polarization also increased in a few cycles of plating

and stripping due to the formation of dead lithidfg(re 4.17.
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Figure 4.16 The voltage profiles of Li/Li cellsvith LCPE. The current densities a(a) 0.1 mA cn?, (b)
0.25 mA cn?, (c) 0.5 mA cn¥, and(d) 1 mA cm?. For all cells, the deposition capacity is 0.25 mAhcm
After each deposition cycle, the Li/Li celissted for 30 minutes to reduce the concentration polarization.

All tests were done at room temperature.

67



a 1.00
0.75

0.50

Voltage (V)

-0.50
-0.75 4

-1.00 4,

154

1.0+

Voltage (V)

o

1.04
154

-2.0 1+

0.25 -
0.00

-0.25 4

0.5 4

0.0 4

-0.54

0.1 mAcm 2 |
O T T
N N I
0 1(‘)0 260 3‘00 460 5(‘)0 660
Time (minute)
{4 0.5 mAcm? |
4 f J
o LN f
"ww\ | 01'“' w |
. y ! | [ L
‘*“uwrm.‘ﬂ‘ UTIR TR T
0 100 200 300

Time (minute)

Voltage (V)

Voltage (V)

1.00

0.75 0.25 mAcm’Q L
0.50 1 / /
0.25- t ﬂ L
0.00 " \j l )
\
-0.25 \ F
AN
-0.50
\\
-0.75
-1.00 T T T
0 100 200 300 400
Time (minute)
6
1 mAcm™ /
4 4 ‘
5 ’_‘.‘“J /“I‘ ’
of I 1 Ty [ 1 T RRER
. | \ \ |
24 \ | | i
\ \ Voo
\ ; \ |
41 Voo
| | |
\ | |
6

T
100

200

Time (minute)

Figure 4.17 The voltage profiles dfi/Li cells with HCPE. The current densities afa} 0.1 mA cm?, (b)
0.25 mA cn?, (c) 0.5 mA cn¥, and(d) 1 mA cni?. For all cells, the deposition capacity is 0.25 mAhcm

All tests were done at room tempgire.

We further assembled Li/Cu cells\alidate that the corresponding Coulombic efficiency

(CE) was reasonable. The cells were cycled at 0.1 mAfom4 hours. For LCPE, the initial CE

was around 90%, and it was stabilized aB8% after ~40 cycles$-(gure 4.18). The overpotential

of lithium plating and stripping also barely changed within 40 cyélegi(e 4.18). These results

indicate that the LCPdased electrolyte results in stable lithium deposition instead of side

reactions. In contrast, the HCPE cell has a fluctuating CE betweera@®%0%, as a result of

dendrite formation. The overpotential also increased after 40 cycles, showing the possible

accumulation of dead lithium on the electroBey(re 4.18).
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Figure 4.18 The lithium phting/stripping in Li/Cu cells with S¥ased LCPE and HCPHKa) The
comparison of Coulombic efficiencgh) The voltage profile of a Li/Cu cell with LCPEc) The voltage
profile of a Li/Cu cell with HCPE. LCPE composition: 1.1 M LiTFSI and 2.9 M SN. HCPE composition:
1.8 M LiTFSI and 2.4 M SN. The testing protocol follows gtandard established by Whittinghanal,'**
except that the lithium deposition is 0.4 mAhthere. All tests were done at 0.1 mA¢at 40°C.

The effectieness of this strategy was also demonstratedREO/LFP cells at 0.25 C and
40 €. LiFePOy cathodes with mass loadings of ~4 md owere assembled with PEO electrolytes
and lithium metal. The thickness of the PEO electrolyte was fixed atmiO®ithout using a
separator. Stable cycling was achieved with LCPE. The initial discharge capacity was 160.2 mAh
g'* with a Coulombic Efficiency (CE) of 93.4% and slowly increased to 164.2 miAh the 10th
cycle as a result of activation. After 100 cycles, tlapacity remained at 156.1 mAHlg
corresponding to a retention of 97.4%. The average CE front"togcte to the 100 cycle was
99.5% Figure 4.1@). The voltage profile shows that the internal resistance only increases slightly,
and there is no sign of dendriteduced shortircuit (Figure 4.19). SEM further revealed that the
lithium metal surface was relatively flat after 100 cycles, with occasionally #ilethorphology,

demonstrating the effectiveness of the PigB phase in suppressing lithiudendrites Figure

4.1%).
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Figure 4.19 Cycling stability of the lithium metal anode in LCPE and HCgEh) the brightfield images

of the lithium electrodes during lithium plating and strippivith a current density of 0.5 mA ¢fin (a)
LCPE andb) HCPE. The scale bars are 100 (o). the cycling performance dfi/ LiFePQ, metal battery
with LCPE andd) the corresponding voltage profil§gs) an SEM image of the lithium metal surface after
100 cycles(f) the cycling ofLi/LiFePOQ, metal battery with HCPE anfl)) the corresponding voltage
profiles.(h) an SEM image of the lithium metal surface after 40 cycles. The scale lf@rarl(h) are 10
um. The current densities for both batteries are 0.15 m&. & cells were tested at 4C.
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On the other hand, thei/PEOLFP cell with HCPE quickly failed with the capacity
dropping from 151.5 to 26.2 mARgfter 40 cyclesRigure 4.19). The voltage profile showed a
drastically increased overpotential, which suggests poss#idritegrowth Figure 4.19). The
average CE is only 98.2%, which probably arises from the prosperous growth of tmainites,
as validated by SEM imagingrigure 4.19). More reproducible results can be found-igure
4.20 The charge transfer resistancet(Rurther supports the conclusiofihe R of LCPE and
HCPE increase 77% and 132%, respectiveigyre 4.2ab), further proving the formation of

mossy lithium and dead lithium in the cell with HCPE.
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Figure 4.2Q More results of cycling performance of Li/PEO/LFP full cells. (a) Two batteries with SN
LCPE, and (b) Two batteries with SNCPE. All cells were tested at 4C. The testing conditions were
the same aligure 4.19in the manuscript.
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Figure 4.21 The EIS of Li/PEO/LFP full cells before and after 100 cyclasSN-LCPE, ) SN-HCPE,
(c) PGLCPE and ) PGHCPE. The testing temperature is°@for SNbased samples, and B for PG

based samples.

Such phase separatiomduceddendritesuppression is universal in PEO electrolytes. In

another LIDFOBLIBF4 in PEO/PC system, a similar phenomenon was also observed. We first

identify the boundary of the singfghase region and twghase regions in this system, which is at

EO: Li* = 6 with a conductivity of 2.9 mS ch{(Figure 4.22. Hence, Li/Li cells were tested with

this composition at 0.75 mA cfand 0.375 mAh cr and characterized using an optical

microscope. A PE®ich layer was observed duringiitm deposition and capable of suppressing

lithium dendrites (Figure 4.23). In contrast, phase separation was not observed in tha$td

HCPE with EQ/LT = 3 (5.2 mS cm), and obviouslendrites and dead lithium were forme@igure



4.23). The effectiveness of the strategy was also demonstrated in full cells at 40 €, where both
films are still solid and frestanding. In an ZPGLCPE/LFPcell with 5 mg LFP crt and 40em

thin lithium (Figure 4.28), the cell showed steady cycling over 160 cycles at 0.3 mA(£689.4,
149.9, and 147.1 mAh'gin cycle 1, 25 and 160, respectively). In contrast, wherd. BBE was
replaced by PEHCPE, the cell only has a capacity retention of 17.3% after 100 cysipséd
4.23). The corresponding voltage profiles are showrFigure 4.24 Similar to SNbased
electrolytesthe Rtincrease of LCPE is much smaller than that of HCHBufe 4.2&,d). More
reproduced results are Figure 4.25 Batteries with 10 mg LFP ci(1.3 mAhcn) and 40
lithium also showed stable cycling. The cell capacity was 116 m#h gycle 1, 131 mAhgin

cycle 20, and 119 mAh7gin cycle 80 Figure 4.28. These results of SNased and P®ased
LCPE polymer electrolytes are among the best at a similar temperatu#@ @Pin literature;e.

o1, 114121 showing that stable lithium plating can be achieved in polymer electrolytes by optimizing

the salt concentration.

Li:EO=1:12

Li:EO=1:8

Li:EO=1:7 Li:EO=1:6 Li:EO=1:53
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Figure 4.22 The optical images of PEO/PC/LIBFLIDFOB based electrolytes. When the EO : Li is below
6 (f), the PEGrich phase almost disappears and the electrolyte becomes isdheglE bars are 100 pm.
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Figure 4.23 Cycling stability of the lithium metal anode in Li/Li cells and Li/LFP cells with PC/LiDFOB
LiBF4 dual salt based LCPE and HCR&D) the brightfield images of the lithium electrodes in Li/Li cells
with (a) LCPE and I§) HCPE atroom temperature and 0.75 mA &niThe scale bars are only 25 pm to
better show the a®rmed new PE@ich phase The dashed blue aredy,d) the cycling performance of
Li/ LiFePQ metal batteries withcf LCPE and ) HCPE at 38 €. The current density is 0.3 mA énin
LCPE, PEO: LIiDFOB: LiBE = 12:11, and PC is 9@vt.% of PEO. In HCPE, PEO: LiDFOB: LiBF~=
6:1:1, and PC is 9@1t.% of PEO.
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Figure 4.24 The voltage profiles of LFP/PEOI/Li cells with Mased (a) LCPE and (b) HCPE. The
composition of LCPE is PEO: LIiDFOB: LiBE 12:1:1 (EO/Lt = 6) and the composition of HCPE is EO:
LiDFOB: LiBF4 = 6:1:1 (EO/LT = 3). In both LCPE and HCPE, propylene carbonate (PC) is used as the

plasticizer, whose weight is 90% of PEO.
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Figure 4.25 More results of cycling performance of LI/PEO/LFP full cells. (a) Two batteries with PC
LCPE, and (b) Two batteries with RICPE. All cells were tested at 38. The testing conditions were
the same aligure 4.23in the manuscript.
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Figure 4.26 Li/PEO/LFP cell with cathode mass loading of 10 mg%m0 pm thick lithium metal, and
PCbased LCPE. The areal capacity of this cell is around 1.3 m&hAlintests were done at 0.3 mA cm
2 at 38°C.

Such concentration polarizatianduced phase transformatiaiso exists in polymer
electrolytes without plasticizer, or with a different polymer hdgée imaged Li/Li cells with a
polyethylene oxide (M =1500) / LITFSI electrolyte and a polyethylene glycol diacrylate /
succinonitrile / LITFSI electrolyte. When a current is applied, a secondary phase can be observed
on the surface of lithium plating in both cases, further validating this phenomér®uideos of

the phas¢ransformatiorprocesses can be found in the publicatfon.
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4.7 Summary

The dynamic concentration polarization, phase transformation in polymer electrolytes, and
their correlations with lithium deposition were observed for the first time thanks to the high
chemical, temporal, and spatial resolutions of SRS microscopy. Wesstudbeunveiled phase
transformation in the polymer electrolytes induced by concentration polarization and the formation
of a new PE@ich phase at the electrode/electrolyte interface. Such a phase transformation exists
in various other polymer electrog/systems. This new phase has a high Young's modulus of up
to 3 GPa, which igffective in mechanically suppressing lithiwandritegrowth by functioning
as a reversible, setéinforcing protective layer on lithium anode. In contrast, without such phase
transformation, conventional polymer electrolytes have a small modulus < 1 MPa, leading to fast
lithium dendritegrowth. Based on such understanding, we proposed a design rule for polymer
electrolytes: kectrolyte composition should be at the boundary betwthe singkphase and the
two-phase regions in the PE€ltplasticizer phase diagram so that curian easilyreduce salt
concentration on lithium metal surface and leads to the formation of theiBtEghase on lithium
metal surface.

By utilizing this design rule, we successfully demonstratedEO/LiIFePO: cells with
stable cycling, while cells without this mechanism failed quickly within 10 cycles. This strategy
is also compatible with statef-the-art battery materials and manufacturing processes without the
extra need to control the conformability of factive layers in previous literature. Moreover, the
strategy is universal and effective with different sahd plasticizers and it facilitates the
developmenbf solid polymer eletrolyte-based lithium metal batteries with enhanced thermal

stability and high energy density. It should be mentioned that extra polarization brought by the
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new phase may exist and require discreet design on parameters such as thickness and salt
concentration. Meanwhile, although this strategy helps enhance the suppression od étimiite

growth, it is unlikely to eliminate the uneven growth of lithium, especially in harsher conditions,
and should be combined with other strategies for further improving the reversible plating/stripping

of lithium metal. In the future, the ion concentratpofile and possible phase evolution in cross

linked polymers and polymers with ceramic fillers require more investigation using SRS, and
would further help design polymer electrolytes with better perform&adde ion kinetics and

phase evolution discovered in this work will help understand the behavior of polymer electrolytes

in other electrochemical devices, and optimize the composition to achieve better performance.
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Chapter 5: Enhanced Cycling Stability of All-solid-state Lithium-

Sulfur Battery through Nonconductive Polar Hostd

¥This workis currenly under review Tianwei Jin, Keyue Liang, Jeortdoon Yu, Ting Wang, Yihan Li, TaDe Li,

Shyue Ping Ong, Jorung Yu, Yuan Yang. Enhanced Cycling Stability of-gdlid-state LithiumSulfur Battery

through Nonconductive Polar Hosts.

The thesis writerds contribution was concept conceptior
writing.
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5.1Introduction

Lithium-sulfur batteries (LSB)ave attracted substantial attenti@s& promising next
generation energy storage solution due to the-tltyth specific capacityhigh naturabbundance,
and environment friendliness of sulft##1?®> However, the development of LSBs with liquid
electrolytes is hindered kthe following key challengesFirst, organic solvents LSBs, which
are highly flammablej i ssol ve i ntermediate | ithium polysul
results inlow coulombic efficiencies (CE) and short lifesgdhSecond,the electrically and
ionically insulating nature of sulfur and.S lead to sluggisltathodekinetics!?” Third, the large
volume change of ~80%tom sulfur to LbS caussthem tolose contact with carbon additives and
current collectorsresulting in a substantial capacity 1885 2°Recently, alsolid-state lithium
sulfur batteries (ASSLSBs) have attracted increasing attentiongaeatertialsolution to tkese
challenges®® *1By adopting inorganic sulfide sokstate electrolytes (SSEs), such asPSCl
(LPSC) and LicGeP:S:12 (LGPS)with high ionic conductivities (18102 S cm ) and favorable
mechanical properties, the shuttle effeahbe eliminated together with greatyevatedbattery
safety!3#134

To enhancdhe reactionkineticsin LSBs, high-surfacearea conductivearbonhostsare
often used®> 3¢ Unfortunately, slfide electrolytesin ASSLSBs usually have narrow
electrochemical stability windowandMeng et alhave revealed that the oxidation and reduction
decomposition of sulfides will be acceleratelden they are exposed eétectronic conductors’”
139 Therefore though carborhosts enhance the electron trangéesulfur, their high electronic
conductivities could alsoboost the decomposition ofdjacentsulfide SSEinto insulating
components, which consequently impethesion transpoffor the S/LS redox'° As a result, the

S/Li>S redox kinetics deteriorates over successive cyclasd cell capacitiesaccordindy
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diminish#* 142 Alternatively, various oxides are nonconductive so that they are expected to
suppress the decomposition of neighboring SSE and retain the cycling stability, and the electronic
conduction could be fulfilled by other strategies such as reduced sulfuasizgsoper carbon
additives with low specific surface areas.

The other potential advantage of oxides over carbon as hosts for sulfur is their strong
bonding with active materials. Carbon hosts have weak bonding with sulfur ghdue to its
nonpolarity, and previous works showed the active material would detach from the carbon hosts
upon volume expansion and contraction, leading to loss in conduction pahdegpacity*+*

148 1n contrastpxides are found to have strong chemisorption toward lithium sulfides out of their
high polarities, which makes them good candidates as sulfur hosts or separator coatings in the
LSBs with liquid electrolytes to mitigate the shuttle efféét>* Suchsuperiorbindings indicate

that oxide hosts could potentially solve the sulfur detaching issue in carbon hosts and allow
ASSLSBs to achieve better cycling performance.

Based on these hypotheshsreinwe rationally propose a counterintuitive concept that
nonconductivepolar hosts can substantilly enhance the performance of ASSLSBs. The key
concept of this work ishownin Figure 5.1, illustrating the advantages of nonconductpatar
hostsover conventional carbon hosts on SSE stability and sulfur banéiéng demonsation, we
synthesizeda platelet ordered mesoporous siliglOMS) and a platelet ordered mesoporous
carbon (pOMC) as model systems for insulating oxide hosts and conductive carbon hosts,
respectivelyThe plateletshaped OMS and OMC feature structural advantagesconventional
rod-like OMS and OMCsuch asnuchshorter mesopore channels for homogeneous sulfur loading

and shorter pathways for ions and electrons during cyting.
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The pOMS/S composite with 70 wt.% sulfur showed an excellent cycling performance,
which presented a capacity reversibility of 95.1% in the initial cycle and delivered a steady
discharge capacity of #6 mAh g after500cycles at C/5 at room temperature. In contrast, the
pOMC/S composite with 70 wt.% sulfur showed a poor capacity reversibility of 75.7% in the
initial cycle, probably due to electrolyte decomposition and sulfur detachment, with a fast capacity
decay from 430 mAh ¢' in cycle 1 to 649 mAh §in cycle 50at C/10 at room temperature.
Further postycling characterizations based on FHHBS mapping and XPS revealed that the
insulating SiQ host significantly suppresses solid electrolyte decomposition and enhances
sulfur/host binding.With all those findings, this workinveiled an unexpected stratetfy

accelerate the ASSLSB developmanmachieve higkenergydensity lithium batteries.

A complete cycle of a pOMC/S cathode
pristine state discharged state charged state

A complete cycle of a pPOMS/S cathode

pristine state discharged state charged state
: .\- ‘; \\. /.. . '.\. ¢ - - .
D) a)a > [ .° (¢ (o - ) @)@
\ & R A 2 S\ =
L LPSC S/Li,S  _®_ carbon additives
decomposition
MliroMc | pOMS [ products of LPSC

Figure 5.1. Schematics of cathodes in ASSLSBs with a carbon host (platelet ordered mesoporous carbon,
pOMC) and a nonconductive polar host (platelet ordered mesoporous silica, pPOMS), respectively. The

highly conductive carbon host promotes the decomposition of adjeleetrolytes, and sulfur filled in the
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carbon host suffers from the detachment issue during cy¢fimg.contrast, the polar silica host bonds
strongly to the active materials, and its low electronic conductivity accordingly suppress the electrolyte
decomposition.

5.2 Materials design and battery assembly

Thematerialssynthesis processes of pPOMS, pOMC, pOMS/S70, and pOMC/S70 are based
on previous publication$. 148

Synthesis of Platelet Ordered Mesoporous Silica (pOK®)g Pluronic P123 (Aldrich,
average molecular weight M= 5800 g mot, 2.0 g) was stirred with 0.32 g ZrQGh 80 g 2 M
HCI solution at 35 € for 24 h. 4.5 mL tetraethyl orthosilicate (TEOS, Aldrich, 98%) was then
added and stirred at 35 € for another 1 h. Then the solution was heated at 90 € for 24 h to form
a white precipitate. After separated by filter amaished several times with deionized water, the
asobtained pOMS was dried at 60 € andlcined to remove organic residues at 550 € for 5 h
in air. The crystalline structure and morphology of th@mpared pOMS were characterized by
XRD and electron microscope

Synthesis of Platelet Ordered Mesoporous Carbon (pOMOMC was prepared by
replication method using the pOMS as a template as follbWwsy dry pOMS (1.0 g) was mixed
with 0.35 g phenol and heated at 100 € for 12 h. The mixture was reacted with 0.3 g
paraformaldehyde at 160 € for 8 h, followed by a carbonization at 900 € for 6 h under an Ar
flow. The composite was soaked in an HF Holu (40 wt.% in deionized water) at room
temperature for 12 h to remove the pOMS template. THobtasned silicafreepOMC replica was
washed and dried overnight at 80 C.

Preparation of pOMS/S70 and pOMC/S70 ComposesvS or pOMC was manually

mixed with pure sulfur in a weight ratio of 3:7. The mixture was heated at 300 € for 4 h in a
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sealed glass container to evaporate and diffuse the sulfur into the mesopores of the pOMS or
pOMC hosts.

Fabrication of AltSolid-State LithiumSulfur BatteriesTo prepare the cathode, 40 wt.%
active material composite which is pOM3Bor pOMC/S0, 40 wt.% LsPSCI (LPSC, NEI
Corporation) soliestate electrolyte, and carbon additives including 8 wt.% super C65 carbon black
(MSE Supplies LLC), 8 wt.% vaparown carbon fiber (VGCF, Sigma Aldrich), and 4 wt.%
carbon nanotube (CNT, Carbon Solutions, Inc) were manomaded with a mortar and pestle for
15 min, then ball milled in a 40 mL polytetrafluoroethylgaewith 8 g 3 mm zirconia beads at a
rotating speed of 400 rpm for 10 hour60ing of LPSC was first pressed into a 1%qellet under
370 MPa for 5 min. Then the-psepared cathodegowderswverepressed on one side of the LPSC
pellet under 370 MPwith a40 ¢ niithium foil and a100& mndium foil on the other sidéor 5
min. Finally, the cell pellets were pressed by a 50 MPa stack pressure for electrochemical tests.

All the processes were conducted in an Ar glovebox witar@d HO < 0.1 ppm.

5.3 Characterizations of Cathode Materials

To study the effects of nonconductive polar hosts in ASSLEBBIC andpOMS particles
with similar morphology and pore structurgsresynthesized via precipitation methotdased on
our previous report¥® 16Sylfur wastheninfiltratedinto the open mesopore channafishe hosts
by sulfur vapor depositiom a weight ratio of 70:30 (sulfur : hostyjamedas pOMC/S70 and
pOMS/S70 As scanning electron microscopy (SEMMhages showed, pOMC/S76iQure 5.2a)
and pOMS/S70Higure5.2e) both have thin hexagonaprism morphologywith a thickness of ~
250 nm andin edge length of 560000 nm. Transmission electron microscopy (TEM)ages

showed theopen mesoporeshrough the prism thickness of pOMC/S7Bigure 5.2b) and
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pOMS/S70 Figure 5.2f), and the corresponding higingle annular darkeld scanning
transmission electromicroscopy (HAADFSTEM) element mapping imagesonfirmed the

uniform sulfur infusion in pPOMC/S70 (Fige5.2c,d) and pOMS/S70F{gure5.2g,h).

Figure 5.2. Physical and chemical properties of pOMS and pOMC hosts p®MC/S70: a) SEM image,
b) TEM image, c/d) corresponding HAABTEM element mapping of ¢) C and d) $h)epOMS/S70: e)
SEM image, f) TEM image, g/h) corresponding HAATEM element mapping o) gi and h) S. i) XRD
patterns of elemental sulfur, pPOMC, pOMC/S70, pOMS, and pOMS/S7ixgpyEnadsorption/desorption
isothermal profiles of pPOMC, pOMC/S70, pOMS, and pOMS/S70. k,I) Deconvoluteddsgtution S g
XPS spectra of k) pPOMC/S70 and ) MS/S70 with elemental sulfur as reference. m) RBEulation of
the interface structures of SiQi,S and GLiS.
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