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CHAPTER 1

Introduction

A globalenergy dependence satisfiedreypewablesources is essenti@ combat global
warming and provide a setustaining energy econoniyo accomplish this go@nergy storage
capabilitiesmust bamprovedto satisfy the requirements of portable technologies anddthe
intermittent energy produced by renewable souetigsently. According to the International
Energy Agency, a sustainal@aergy future requirest leasthreefourths of all vehicle satebe
electric by 260, and an additional 15GW of grid-scale energy storadpee introduced o meet
the expectedemand fronrenewable energy productiérf Meeting these demands of a
sustainable future requirdse cost of energy storage systems be reduced while simultaneously
improvingthe energy density.

The challengepresented by presedaylithium-ion (Li-ion) technologyprecludesuch
dramaticadvances andemandentirelynewmaterials andbattery chemistrieseimplemented
T o d alLy-ibndechnologies utilize a graphite anode and a layered transition metal oxide cathode
with a limiting energy density aipproximatel\250 Wh/kgand a cost of piuction exceeding
400%/kWh. As Tablel.1shows, lhis performance falldrastically short of the required 350
Wh/kg at 100 $/kWh to mak&lectric vehiclesEVs) competitive with traditional combustion
engines. In order to overcome théisatations laboratoriesround the world have been
intensely researchingew energy storage materials that go beyond the traditional gramdtiaé/
oxidesystemsandhave demonstratezkceptional performance on the datale that meet the

required energy density afiture batterysystemsBy moving to material systenvath sulfur and



oxygenas the active componegmnergy densitiesxceeding twice that dfi-ion batteriescan be

easily achievedndat a dramatically reduced cost. However, the use of these matebalsary
electrodes presents an entirely new set of challengesdiarials design anelectrode

manufacture that are not addressable through curratarial technology diabrication
processesiVhile the advent of nanomaterialdequatelyaddresesthe material challenges
presented by sulfur and oxygen active mater@lsrent methods dfattery electrode

manufacturere ill-suited to fabricate electrodeaterialscapable omaximizingthe potential of
nanoscale materswhen assembled o macrogopic films.In order to mitigate the degradation

of material performance that results when nanoscale components are assembled into-electrode
scale films, new methods of material manufacture must be developed that are both precise and

costeffective in nanmaterial assembly.

Table 1.1Battery Performance metrics outlined by the United States Advanced Battery
Consortium Goals for Advanced Batteries for EVs 2020 Commercialization.

Parameter (units) Goal Current Level
Specific Energy (Wh/kg) 350 250
Energy Density (Wh/L) 750 500
Calendar Life (Years) 15 10
Life Cycles >1000 >1000
Selling Price ($/kWh) 100 400500

1.1 Introduction tdattery Systems

Batteries store energy through chemical reactions and convert the stored chemical energy
into electricity as a source of @lemand power. A battery consists of a positive (cathode) and
negative (anode) electrode separated electrically by a separatomaedted chemicallipy an
electrolyte solution. A conventionhl-ion battery stores chemical energy by reacting lithium

ions in the electrolyte with the anode during charge and with the cathode during discharge. The



capacity of this system is limited byethotal amount of lithium ions thaainbe stored in each
electrode materialind the power density is determined by the rate at whiceitves canbe
reacted

The current limitation in energy density for commercialized battery systems stems from
the low limiting capacity ofthegraphite anodes (~372 mAh/g) and metal oxide cathodes{~100
200 mAh/g)used to fabricate the futlell battery(see Appendix A for details on battery
performance metricsyhus far much research hagntredon commercializing mtallic lithium
for useas the anoddue toits high theoretical energyapacityof ~3,860 mAh/gover10x
greater than current anode technoldgy order to fully realize the high capacity promised by
elemental lithium, however, a suitable cathode material with comparable energy density must be
implementedFor cathode materials, the frontrunners to repleazitionalmetal oxide materla
aresulfurand oxygen, both of which have a theoretical capacity @7~1mAh/g-- the highest
of any cathode material reported to dateThe mechanisrof improvedenergy densitiefor
thesetwo newbatterychemistriescanbe understooly considering thevorking principleof

energy storage farach



a. Lithium— ion: bulk storage
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Figure 11. Schematic illustration of theorking mechanisms fdithium-sulfur and lithium
oxygen batteries, two systemmgrrentlyunder investigatioto replace lithiurdion batteries
1.2 Challenges ihi-S andLi-O systems

Figurel.laboverepresents schematically the nature of charge stordgshrithium:
sulfur (Li-S) and lithiumoxygen (i-O) systemsThe working principle of bothLi-SandLi-O
batteries ret on a chemical conversion process in whichrtfeehanisnof lithium storage
dramatically changes both the morphology Hrethemistry of the fully reacted electrode
material In the case ofi-S systemsa complex multphase reaction generates a wholst lod
intermediary reaction products with unique structures and chemistries compared to the initial
elemental sulfustarting materialall of whichculminatesin the formation of an insulating
lithium sulfide discharge product. In-O systems, an initi}f gaseous oxygen cathode is

converted into a solid product of lithium peroxide through subsequent redumftithre oxygen
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molecules. These working mechanisms diffeasticallyfrom traditionalLi-ion batteries in

which the capacitis limited by the aliity of the bulk structure to accommodate intercalated or
alloyed lithiumionsand does not require any intermediary phase changes or the formation of
electrically insulating discharge productfieworking mechanismef traditional bulk systems
severely limittheir storage capabilityasgraphte iscapableof storingonly one lithium ion for
every six carbon atomanda traditional metal oxide cathode (e.g. LiGd©Canonly store one
lithium ion for everytwo molecules of theathode In Li-O and Li-S systems, howevethese
performance limitations are overcome bgoamversion reaction procegt enablesvery atom

of the active materidb be paired with one or more lithium igrikereby dramatically improving
the energy densities tiesesystems.

Unfortunately, thalischargeroductsthat enablesuchexceptional energy densitiase
heavilyinsulating and intelligent material desiga neededo pairthese materials with a
conductivecurrent collectothat iscapable of retaining sufficient electromionductivity of the
composite during operatiobnlike traditionalLi-ion batterieswhich react the bulk ofra
alreadyconductive material to host lithium iorthe chemical conversion process required.ivy
Sard Li-O batteries rapidly deactivatesaterial thats not insimultaneougsontact with both the
electrolyte andhecurrent collector.

In order to maintaithe necessarnyterconnectivity witln the composite during the
conversion process aiitg associated volumetric expansions and contractions, interfacial contact
between the current collector ati active mateal components must be controllably
maximized In this regard, nanomaterials represent the most promising candidate to Hohieve
comgete utilization of a given active materialncethear high surfaceareato-volume ratio

enables sufficient interfacial contact during conversion proceaddgionally, the conductive



current collector material which interfaosith these materialswust be chosen carefully
preserve the exceptional gravimetric performance promised by these unique material chemistries.
On this front, carbon nanomaterial®ethe materialf-choice due to their exceptionally high
conductivity low weight,chemical irertnessandthe recently developed ability to manufacture
few- to singleatom thick structures of these materials on the large scale, fhile ide&
electrode composite tmaximize the potentiaf thesenextgeneration battery chemistriess
comprised ba collection of nanoscale sulfur or oxygen electrocatalyst material optimally
interfaced with a conductive carbon network.

The fabrication of sch a material system requires a controlled assembly approach that
exercises fineantrol over individual partle placemenin orderto constructnacroscopidilms
that maintain digh surface areaf active materiain contact with the liquid electrolyte and
while remaininganchored to a conductive carbon substi@tehfabricationpresens three
primary manufaturing challenges: (1) the fabrication of a high surface eadaoncurrent
collector, (2) controllable integration of active materials with the assembled current collector that
preserves thproperties of the carefully engineered nanoscale compqraedts3) the ability to
satisfyboth of theseonditionson a largescale, higithroughput system. Addressing these three
manufacturing challenges is the focus of this dissertatrbith presentsa technique for
manufacturing improvedi-ion, Li-O, andLi-S electrodes from nanomateriaes a hrgescale

high-throughputsystem

1.3Challenges in Assembling Nargade ElectrodeMaterials
The practical incorporation of nanostructured materials into emerging applicsticims

as energy storage systeméimited bythe challenge of achieving lewost, highthroughput,



and highly replicable scalable nanomanufacturing techniques to produce functional materials
Liquid-phase processing presents a promising approach to control the assembly of nanomaterials
dueto its ability to effectsingle, isolated nanomaterials in bulk quantities. With the correct
choice of solvent or solution additive, individual structugth differentcompositions may be
suspended together homogenously in solytionsproviding the deal starting conditiofor film
assembly. However, in order moaximizethe solubility of nanostructures, the mechanism of
solubilization must be preserved until the moment of film formation in order to preserve the
carefully engineexd solution propertisand ensure an acceptably homogenous mixture of
nanomaterials within the film that closely mimic those in solution

A descriptionof thenanomateriasuspension processll illustrate the intermolecular
forces available tensuresolubility anddirect particle assembly. Traditionally, colloidal stability
has been described using the DLVO theory, rihafier the scientists that formulated the theory,
Derjaguin, Landau, Verwey, and Overb&dlVO theoryascribes colloidal stability to the
delicate balance between electrostatic and vaidels interactions that occur between two
particles in the samsolutionsystem(Figurel.2). Electrostatic interactions are provided by the
charge imparted on the surface of a particlestrochemical equilibum isestablished witim
the suspendingolutionthroughnumerouscharge transfer reactiongan der Waals forceme
engendered bthe fundamental dispersion forces that attract any two materials together due to
the fluctuating or permanent dipoles present on the atomic level. In a soluti@rejpulsion

between like particles is greater than éitkieactiveforce, the suspension is considered stable.
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Figurel.2. Graphicalrepresentation of thatermolecular forces presentsolution When the
interaction energy is positive, suspended materials repel each other and contribute-to a well
dispersed solution. When the interaction trends toward negative values, attractive forces
dominate and aggregates of material are formed within solution

Charged surfaces on a partio@yoccur through aumber of mechanismscluding
thedissociation of surface groups, chatgensfer reactions with the solvent molesukelective
solubility of individual componerg, or the introduction of polyer functional groups. Using
thesemechanisms, electrostatic chargesy becontrollably imparted to a particle dugrhe
formation of a suspensiom order to maintain isolated, walispesed nanostructures in
solution the concentration of materaithin thesuspension musemain low enough such that
the electrostatic repulsion between particles presents a suitable batestatistically
dependenaggregatiorstemming from théhermal motion of particles in solution
Thermodynamics dictates tHimiting concentrationsincean increase ithe number of particles
drives an increase the free energy of the solution/solute system that may be reduced through

the formation of aggregatebrue solutions of nanomaterials are obtained when the eptbilp

mixing, for a specified amount of nanomaterial, remains neg&eeent workn applying welt



known polymer suspensiosolubility rules to the solubility ahanomateaals has identified a
concentratiordependent aggregation limit that may be determined by the solvent projperties
conjunction withthe volume fraction and aspect ratio of the suspended nanomatefals.
nanostructures sh as singlavalled carbon nanotub€SWCNTS) this solubility limit can be as
low as 20 mg/l of solutio®’ However, traditional techiques for film formationsuch as a dip
coating or bladeasting that are currently used in industrial settings to coat battery materials
require highly concentrated suspensiohaative material that exceed2d g/l; these techniques
are known to result in severe aggregation and local viscosity disturbances that inhibit the
homogeneity of the assembled material and the uniformity with which it is spread onto the
electrodeA recent thorough investigation of the effect these defettdm formation have on
the electrochemical performance of battery electrodesrnahasized the dramatic shortcomings
of current battery manufacturing methadsddresig thefabrication challenges present for
nextgeneration energy storage systetribherefore, a new approach is required to assemble
well-dispersed mixtures of nanomaterialslfoiS andLi-O electrode architectures. The ideal
technique to accomplighis assemblyshould utilize the molecular forces inkatto dispersions
of nanomaterialg orderto assemble thicklms of material from welsuspended solutions and
to maintainthe solubility of the nanostructured materialsuntil the point of film formation.

In this regard, an assembly approach that lssegethe electrostatically charged surfaces
of nanomaterials in solution represents an attractive approacicamplish thisormation of
nanomaterial filmsBy electrostatically directing the assemblyrafividual nanoscale
componentsconformal coveragacross large areas of@nductivesurface may be achieved
and the relatively dilute suspensions of nanomaterials that are required to ensure acceptable

solubility can result in the assembly of meaningful masses of materials onto electrodes regardless



of the initial concentration in solutioAdditionally, the motion of particles along electric field
lines enables this coating process to be applied to arbitrary substrate geokstaathling
particles from solution in this manner is referred to agrephoretic deposition (EPD) and will

be a primary focus throughout the remainder of this thesis.

1.4Introduction to EPD

EPD is a widely used coating technique due to the exceptional caviteicompared
with conventional coating processes, tbah beexercised on aimdividual particle level for
materials suspended in a liquEPD enables additiviee manufacturing of materialsto
complex substrate geometries with fine control over film thickness, composition, and formation
rate. Common idustrial applications of EPD involve the coating of auto body parts or the
formation of ceramic coatings or@metrically complex substratémywever, the utilityof this
approactas it applies to nanomaterial suspensions is only beginning to receivengats
attentiont? EPD offers all of the desirable qualities ing¥etito traditional liquidphase
manufacturingbu with the added benefit of singferticle control and siteelectivity. Trese
unique advantageenable the formation of lightweight, higlurfacearea materialthatare
ideally suited for energy storage applications. The method$béy dispersing a aterial ina
solution and then uses an electric field to move the particles into a desired arrangement on the
electrode surface. There are three steps in the EPD pr{fesmation of a stable suspension
of particles, (2) migration of the particles toward depositingelectrode through the application
of an electric fieldand (3) deposition of the particles on the electrode surface. A schematic of

thesesteps in thé&ePD process is presentedkigure 1.3,
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Figurel.3 Schematic illustration of the EPD process highlighting the three steps that require
careful process engineering to accomplish effectively.
1.5Solution Formation

The first step in the process of ERCimportant for all methods of liquid processitige
formation of a suspension of particles. The primary difficulty in forming a suitable suspension
arises fronthe attractive forces between particles suspended in a solution that seek to precipitate
outlarge aggregates. Due to the difference in dielectric properties between the partithes and
solvent, there exists a shawange attractive dispersion force (a.k.a van der Waals force) between
the particles that causes particles which pass within ad@ameters of each otherdohere
with sufficient energyelativeto the thermal energy of the solvent thtitvesto break them
apart. For this reason, a stabilizing forcaeededo keep the particles separated in solution
There exist two primary meanisms for producing this stabilizing force, namedctrostatic
andpolymeric stabilization.

Electrostatic stabilizatiorequiresa charge separation between the dispersing solvent and
the surface of the suspended particldse charged surface particlesin solutioncreates a layer
of polarized solution immediately surrounding the particle that provides a net repulsive force

when two particles with similarly polarized surfaces approach each Gthére other hand,
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polymeric stabilizatiorusesa polymer coating on the suspended particles to screen the attractive
dispersion forces that exist between like particles in solution. This method relies on a polymer
coating thahasdielectric properties similar enough to those of the solvent to prewticient
attractive forces between polymer coatings. Typically, a dissociation of functional groups on the
polymer ends provides a sufficient buig of electric charge to make these particles susceptible

to migration under the influence of an applieecélic field.

1.6 Migration and Deposition

In order to measure the charge imparted to materials in suspension, dynamic light
scattering (DLS) techniques are implemented to measure the mobility of particles under the
application of a known electric fielshd, provided with appropriate solution parameters, can
calculate an important quantikpownas the zeta potential. The zeta potentiaéd to estimate
the stability of a given soluteolvent system, s an i ndirect measur ement
charge when in equilibrium with the surrounding solutidhe charged surface of a particle
attracts subsequent layers of oppositely charged icas immediately adjacenegion of
solution through the formation of what is commonly referred tiiteess doulte layero A
schematic illustration of this double layer formation is presentédjure1.4. As a particle
moves through solution, a portion of the double layer remains in contact with the particle while
the rest is carried away due to retardation effects that vary with solution composition. The zeta
potential measures the difference in ele¢atis potential between the surface of the particle and
the surface of shear within the double layer. This value is directly proportional to the mobility of

a particle as it pertains to the EPD process. Values exceedid@ m\ are consideret be
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stabk, mobile solutions while values less than this typically result in particle aggregation and

poor assembly kinetics.
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Figurel.4. Schematic illistration of the zeta potentidlhe potential measured at the surface of
shear as the particle and the surrounding double layer move through solution is referred to as the
Zeta potential.

After formation of a suitable suspension, charged particles are exposed to an applied
electric feld to achieve migration in a desired direction. When an electric field is applied to the
suspension, charged particles migrate towards the oppositely charged electrode and accumulate
in concentrations that greatly exceed those present in the bulkswlthen. In order to achieve

deposition onto the electrode surface, the interparticle repulsion that maintains the stability of the

suspension must be overcome. To accompliststhlslity, a number of processes occur
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simultaneously to contribute to the nucleation of a compact, solidlitetly from the

solubilized state. The exact working mechanism for a specific particle type and solvent
composition varies greatly from systemstgstem;however, deposition univerdgaoccurs as a
result of four main processes.schematic illustration of the processes contributing to deposition

is depicted irFigure1.5.
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Figure 1.5Mechanisms of depositions during EPBEIlm formation as a result ¢&) the increase
in nanomaterial concentration near the electrode surface, (b) electrolyte concentration changes
near the surface of the electrode, (c) charged particle neutralization on the surface of deposition
and (d) double layer distortion as a residlthe applied electric field.

The first process, flocculation by particle accumulation, can be understood as an electric
field driven sedimentation process. As particles accumulate at the surface of the electrode,
pressure exerted by particles on tlutermost regions of the accumulating deposit results in
sufficient force to overcome the interparticle repulsion in the innermostriesugting in

deposition from solutiofFigure 1.5a) The second process, electrochemical particle coagulation,

occursas a result of electrolyte concentration changes near the electrode feidaoe 1.5b)

14



Due to thepresencef an electric field, ions of opposite charge are present in drastically
diminished concentrations near the surface of the elecivbdacompare with the bulk

thereby hindering the ability of a charged surface to form a double layer in solution. The third
andmore obvious contribution to film formation is charged partiéatralization(Figure 1.5c)

This process typically occuvgith conductirg particles irsolutionand refers to a neutralization

of the particle surface from direct contact with tppositely charged electrodghis

neutralization of charge inhibits the magnitude of electrostatic repulsion between particles and
promotedilm formation. Finallythe effects of the electric field on ion concentrations within the
double layechange the magnitude of repulsion loc&lgtween two particlesy changing the
shape of the surrounding double layleg(re 1.5d) As a particle and its double layspproach

an electrode surface, ions of opposite sign are attracted toward the electrode whileshose of
sign are repelledesultingin a thinning of the double layer on surfaces parallel to the electrode
surface. A a result of these competing procesbas stem fronthe application of an electric

field, particles in solution are able to transition from a fully solubilized state &ssemblediim

statewithin the vicinity of the deposition substrate

1.7 Conclwsion

The ability to solubilize homogenous dispersions of nanomaterials represents an
attractive approach for nanomanufacturing. Traditional film coating processes are not equipped
to assemble nanomaterigigr they havdittle-to-no control over individual particle placement
andoften implementoncentrations exceeding the solubility limits of nanomaterials. EPD
addresses these shortcomings and is the supeeihiod offilm fabrication for nanomaterial

compositesEPD uilizes the mechanism of solution stability as the driving force for assembly by
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harnessing the power of electrochemical equilibria to drive film formation. Using this approach,
homogenous films of nanomaterials may be assembled from solutions ideallgezadifor

nanomaterial assembly.

1.8 Thesis Organization

In this thesisl present a method for the controllable manufactureaobmaterialshat
enablestheproduction of energy storage electrodes. Through solution engineering, | stabilize
homogenousidpersions of muitcomponensolutions and utilize theechanisnof stabilization
to assemble films directly frosolutions that contaia controlled mixture of conductive and
active nanomaterials. By applgthese films as electrodeslin-ion batteries| demonstrat¢he
scaleable fabricain of material systemssing the process of ERBat outperform traditionali-
ion battery materials. Similarly, | find that the useE$D can result in the creationlafS and
Li-O electrode materials that outparoidenticalmaterials fabricatethroughconventional
approaches.

In Chapter 21 useEPD processing to asseralcarbon nanomaterifilms and develop
models to simulate thEPD process. Through a careful consideration of solution parameters
near the @ctrode surfacd,presenimodels that accurately predict the assembly kinefid®th
single and muli-component solutiong.his chapter concludes by usiB§Dto engineer al
carbon electrodes with tunable reactivity in an electrochemical system

In Chapter 31 extend the results @hapter 2 to demonstratesealeal® assembly
process based on ERBatproducs electrodes directly from solution using a high throughput
roll-to-roll (R2R)systemBoth anode and cathode materials can be fabricgtagfdying this

system to a engineeredolution comprised of carbon nanomaterials and-bagtacityLi-ion
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battery materialsSpecifically, using silicon nanoparticles and Mo&nosheets, a futiell
lithium ion batterycan befabricated inless tharBO seondsvia this R2R platform that
significantlyoutperforms traditiondli-ion battery materials.

In Chapter 4as a coseffective solution for nanomaterial assemblgresenia method to
producefunctionalfilms of 2-D nanosheet materialsuch as theathode films oMoS, from
Chapter 3directly from bulkstartingmaterials. By implementinga onebatch synthesis and
assembly procesbkachievethe fabrication of films witla meaningful mass of materiahen
starting frompurified, ultra-dilute soluionsof a tunable size distributiomhrough the correct
choice of solventpptimizedliquid-phase exfoliatioprocessesf bulk transition metal
dichalcogenideareengineeredvith optimizedEPD assembly kinetict produce cost effective
assemblies afanostructuredii-ion battely cathode materials.

In Chapter 51 applynovel methods of strain engineeringhe MoS, materials
fabricated inChapter 4in orderto optimize the performance ofabefilms in full-cell Li-ion
batteries Throughthe application of an ultrathinarbon layer, interfacial strain is harnessed to
modulate the energetics thie MoS, conversiorreactionin order tomake these materials
compatiblewith conventional anodeUsing this approach in combination with the results o
Chapters 24, | demonstrate how EPD assembly can be used to produce hibwubattery
anode and cathode materials with superior electrochemical properties compared tedaresent
Li-ion technologies.

Chapter Glemonstrates the potentialtbfs EPDtechnique tdacklethe challenges
presented byextgeneration energy storaggstems by introducing the capability of EPD to
fabricate 3D freestanding structures of carbon nanomaterialsctraserve as scaffolds for

active electrocatalyst or sulfurespes EPDcan be usetb stabilize graphenf@am structureby
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coating an optimally thick layer of SWCNTs conformally on the surface of the foam structure.
Comparing this method of stabilizatianth traditional methods incorporating polymer
stabilizes demonstrates how these-alirbonmateriat are ideally suited foelectrochemical
applications

Chapter 7Zextends these resultsito-O systems by producing optimized cathode
materials through the integrationmdnoparticle electrocatalyassemblywith the fabrication
processes developed D nanocarbon structures. The use of EPD in assembling the catalyst
layergenerategmproved characteristics when compareddaventional dipcoating processes.
In-situ electrochemical impedance measurements eltgctte mechanism of improvement and
demonstrates that the use of Ei2atalyst filmassemblyesults in more compact,
interconnected structures that retain tineéicroscopienterconnectivityupon repeated cycling of
theLi-O battery.

Chapter 8ntroduces the utility of this approach far-S batteries. Through the
development of a novel sulfgoating techniqud,demonstrate mechanismvhereby an
optimized carbon current collector may be interfaced with sulfur filnesder to fully utilize the
morphology of thenanacarbon structure. By using capillary condensation to nucleatmtiag
of sulfur films, sulfur material is placedithin geometrically and chemicalfavorablelocations
on the carbon surface. Using this approach, cathode materi&siadetoexhibit improved
capacity and cyclabilityn compaisonwith cathodes of identical composition assembled using a
conventional melinfiltration process to produce the sulfur film

Finally, in Chapter 91 applythe novel coating proces&veloped in Chapter 8 to all
carbon films assembled using EPD. Bnghybrid depositbns of graphiti@and reactive carbon

nanomaterials, the chemistry of the carbon skeleton is optimized to produce one of the best
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performingLi-S cathode®ver reportedTheintegration of this novel coating process with the
R2R assembly approach Ghapter Joretells theexciting manufacturing capability of this

nanomanufacturing system.
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CHAPTER 2

ManufacturingCarbon Nanomaterials

2.1 Introduction

The most basicomponent of any energy storage systethesonductive material that
enables the collection or transfer of current produced by the device. In order to optimize the
energy densitpf these systemshe weight of conductive material mugt iminimized while
preservingnechanicaand electricainterconnectivity Carbon nanomaterials, whieine
exceptiondly conductive lightweight,andmechanically strongexcelas a current collector
material andareubiquitous in battery matersdoday.CurrentLi-ion batteries contain amnode
comprised solely of graphitic carbon amdathodecontaininginsulating metal oxide particles
interfaced with a condtiwe carbon networkThese material systeraghibit an energy storage
capacitydependent on th@orphologyand chemistryf their carbon structure§vhen
manufacturing_i-ion battery materials on a large scale, the precise assemblage of carbon
structurever large areas is essential for maximizing the energy storage capacity of engineered
electrode materials. In particular, the capacity obtaineuklygeneratiorLi-S andLi-O
batterieds particularly sensitive to the design of the carbon netwmaikinterconnects the
insulating sulfur and electrocatalyst species. The advent of carbon nanomaterials has enabled the
production of electrodewith comparable energy densities to fossil fubtsvever, in order to
maximize the energy density in these systehesmorphology and chemistry of the carbon

component must be carefully controlled.
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Therecentdevelopmenof awide arrayof carbon nanomaterighemistries and
structuregresents a unique opportunityoptimize the carbon structui@ a specific
application. Depending on the application, the presenaeezictive or inert carbon surface is
requiredwhile maintaining arelectrically conductive matrix. The reactivity of carbon materials
may be controlled through tleencentration oflefectsor edgen the carbon surface. Edge sites
anddefects in the carbon structure terminate with a more reagiVg/bridized carbortarbon
bonddue the local coordination of these atoms in the carbon lattice. $piesites reactith
oxygencon@iningchemicalgroups when leftinderstandard atmospheric conditioesulting in
the formation of a functionalized, polar surfacéus, by tuning the defect density in these
carbon structuredoth the conductivity and reactivity may be controlled.

Substantial advancements have been made in fabricating highly graphitic or highly
reactive carbon nanostructuiasoulk-scale quantitiesBy combining a controlled amount of
these various optimized structures together in a composstegefiect content dhe entire
assembly may be controlleflable 2.1presents a representation of some of the most common
forms ofcarbon nanostructur@sd highlights the properties of these materials that may be
harnessed for battery applications. Depending on how these materials are assembled together, it
is possible to design composites with a specified degree of conductivity, reactivity, or

mechanicalnterconnectivity through a tuning of the ratiotbé selectedarbon structures.
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Table 2.1Properties of the most common forms of carbon nanostructures with additional
columns depicting mixtures of these materials optimized for a specifiicaipqh.

Property CNTs Graphene Defective Conductive Reactlve
carbon Hybrid Hybrid

Mechanical High Medium High High
Strength
Electrical/thermal High Medium Low High High
conductivity
Specific surface Low- High Medium High High
area medium
Chemical Medium  Low-Medium High Low High
Reactivity

2.2 Experimental Methods

For single componeninaterials a solution of 0.5ng/ml HiPco SWCNTs (Unidymdr
0.5 mg/ml singlewalled carbon nanohorns wedépersed in -methyt2-pyrolidinone (Aldrich
99.5%9%) was prepared and left to sivernight. For hybrid materials, a starting solution of 0.5
mg/ml SWCNT in NMP was mixed with the other carbon nanomaterials, namely,-gialiel
carbon nanohorn'$;'® carbon nanosheets (grade 4, cheaptubes.com), and carbsitized
nanoparticles (US Research Nanomaterials, Inc) at a concentration of 0.5 mg/ml and left to sit
overnight. Prior to depositigmll solutions werailtrasonicated for 1 hr before placement into the
roll-to-r o | | systembébs reservoir.

EPD of carbonbasednanomaterials was performed in a vertical EPD cell with a
separation of 4nm between &.5 x 0.5 cnstainless steel counter electrode and.5 cm x 0.5
cmworking electrode. Monitoring of current and the application of voltage was performed using

a LabView-operated Keitldy 2602A SourcemeteAfter film deposition the battery electrodes
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were dismounted from the system and left to dry horizontally overnight on glass slides covered
by a Kimwipe. After drying, materials were weighed and then assembled auio cell utilizing

a haltcell configuration with a lithium metal foil counter electrode, a 1 M kiRREhylene
carbonate/dimethyl carbonate (Sigma Aldrich) electrolyte solution and a Celgard battery
separator. Assembly was performed in an Arglbed glovebox with Q levels <0.5 ppm
(MBraun). Electrochemical testing was performed using a Metrohm Autolab multichannel
testing system which performed both cyclic voltammetry and galvanostatic charge discharge
measurement®kaman analysis was performed using a Renishaw inVia Raman microscope with
a 532nm excitation Zetasizer measurements were carried out using a Malvern Zetasizer Nano

ZS instrument

2.3 EPD of Carbon Nanomaterials

The integration othe aforementionedabon nanomaterials into functional applications
depends on the ability to either grow the materials in functional templates, or assemble them
from bulk nanomaterials posthumously. Treguirementas led to a significant amount of
effort focused on the gwth of carbon nanotubes (CNTSs) and graphene in functional three
dimensional architectures that are viable for a broad range of appli¢atforiEhe high
temperature processing methods that result in the growth of prirsgiriybridized carbon
nanostructures enables a wide range of templating possibilities through a tailoring of the growth
substrate geometryWhereas the majority of such studies have focused on CNT and graphene
materials, defective carbon materialsh contrdled porositysuch as carbon nanohorns (CNHSs)
are also a promising nanostructure that offers complimentary properties to other forms of

nanocarbon$? 2223 CNHs exhibit a high surfacarea architecture that, unlike CNTs and
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graphene, hosts a large numbkreactivesp® carbon edge sites that makes them ideal for
anchoring discharge products to the conduatasdon skeleton duringlectrochemical

operation. However, since it is not currently feasible to directly grow CNHs Hassdimbled
architecturediquid-based processing and manufacturing routes must be developed to enable
CNHs asaviable nanomaterial for applications. In this light, EPD processing presents a viable
approach to make this material compatible with processing of fatitmes of carbon

nanomaterials.
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Figure2.1. (a) Zeta potential measurements of CNHs suspended in acetone. (b) Schematic
illustration of the EPD process used to assemble CNHs from solution. (c) Time study of the EPD
process for CNHs from acetone and (d) accumulated @idsk as a function of time for an
application of 40 V.

One of the most critical parameters for EPD processing of a chosen material is the zeta

potential, which provides a general representation of the net charge on a particle dispersed in a

24



solution. Duego the high reactivity of theseNH nanostructures, the solubility of these materials
in common organic solvents is easily achievedfgdre 2.1a characterizes the zeta potential of
these materials in thedmmonorganic solvent acetone. The surface chafthese materials is
attributed to the dissociation of carboxylic functional groups that leave behind a negatively
charged, oxygen terminated structure whérnsHlissociated from the hydroxide terminal group.
As a gauge of dispersion quality, materetibiting a zeta potential with a magnitude
exceeding +/30 mV are typically considered stable acetone, suspensions of CNHSs yield an
average zeta potential ef1.1 mV. With the development of a sufficient surface charge, these
materials become susgatible to the EPD process depicted schematically in F@ylibeTo
fabricate the EPD systerstainless steel electrodes were immersed in the solution at a separation
of 0.3 cm and a voltage of 180was applied across the electrodes using an Agilent@&p
supply.

For EPD processing, the rate at which a particle moves to an electrode under an applied
electric field isreferred taas the electrophoretic mobility and is represented below by the

Smoluchowski approximation:
— (equation2.1)

For- the dielectric constant of the liquid, the permittivity of free space,the zeta potential of

the particlesd the viscosity of the liquidy the applied voltage arid the electrode separation.

Due to the high mobility and low viscogibf these materiadolvent systems, the deposition of

these materials can occur very rapidly with complete assembly of dispersed material in less than
6 min (Figure2.1c). A study of the mass accumulation over time yields an insight to the
mechanism of ssembly (Figur@.1d). The total mass deposited during EPD as a function of

time, t, may bepredictedusing the widely accepted Hamaker approximation for the deposition
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rate of inorganic particles under an applied electric field, represented by the iexpress
x O _ fFEt ®%AO (equation 2.2)

which relates the weight of deposited materialo the product of the electrophoretic mobility

M, electric field strengtlk, electrode surface arédaand particle concentration in suspension

The efficiency factof accounts for the fact that not all particles which migrate to the electrode
surface will contribute to the formation of the deposit and has a value of 1 for the case in which
all migrating particles deposit on the electrode sexfAdit to the mass accumulation data is
presented as a dotted line in Fig@rkd and sufficient agreement between experiment and theory
is confirmed. The films assembled using this approach are extremely uniform with minimal
aggregates observedeto the effective dispersion of these materials in the sokent

emphasized in Figure 2.2

Figure 22 (a) Optical photograph of a film of CNHs assembled on an aluminum current collector
(b) SEM imaging of the CNH film with a higher magnification image irefophasizing the

absence of substantial aggregates.

2.4 Assembly of Hybrid Solutions of Nanocarbon Materials

Although CNHSs represent an ideal material with which to introduce the concept of EPD

for nanocarbon materialsacroscopic assemblies of these materials present numerous

26



challenges for direct implementation as a stalwhe current collector for electrode applications.
The low conductivity that arises from their highly defective structure and the mechanical
instablity resulting from the lowcontactsurface area requires a hybridization of this material
with additionalcarbon materials to impart the necessary structural and electrical stability to the
carbon film. Figure.3 below emphasizes the poor conductivitgd amterconnectivity of these

films through vV measurements arstanning electron microscopSEM) images of macroscale

films.
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Figure2.3.(a) IV measgu(re)ments of carbon films comprised of SWCNTSs, a mixture of SWCNTs
and CNHs and solely CNHs. SEM charaization presented in (b) and (c) emphasize the poor
mechanical stability characteristic of thick films of CNHs.

Due to the highly polar nature of defective carbuaterials many different types of
solvents are able to effectively solubilize CNH materials. However, in the cgsapbitic,sp’
carbons such &WCNTsor carbon nanosheets (CNStkle high aspect ratio, strong van der
waals attraction, and graphitic naturdloedse structures prohibits solubility in most solvents. The
low content of defectivesp® hybridized carbon atoms in SWCN#&sd CNSsnay beevidenced
through Raman spectroscopy measuremamsented in Figur24a In the Raman spectra, the

peak at ~1358mi( r e f er r e dp etaatodasponds ke sighature produced thrapih

hybridization while the peak at ~1600¢fir e f e r r e dp et asoidasponds ko graphitic
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sp’ carbon atoms. The relative intensity of thpeak to the carbon-peakyieldsa qualitative
estimation of the defect concentration for a given material. From the plot in Ridaret is
evident that both SWCNTs and C8|$ossess primarily graphitic carbon while CNHs comprise
mostly of defectiveearbons.

Whereas numerous combinations of these different nanostructures could be studied,
SWCNTs make up an essential component for all hybrid composites due to thkewnediure
of ensembles of these materials that can empower a hybrid materiahpwithved electrical and
mechanical connectivity between the individual components. To this end, substantial progress
has been made in solubilizing SWCNTs in surfactee® solutions through the use of highly
polar solvents or superacfd<®. In this regard, -imethyt2-pyrrolidone (NMP) has demonstrated
growing popularity for solution processing of individual carbon nanostructures due to its
exceptionally high surface t en? Dispersioosof > 40
SWCNTSs in NMP were found to possess suitably charged surfacEé®Pdas observed through
zeta potentials with magnitudes > 30 mV. Fig2below highlights the dispersion quality of
the three primary forms of carbon nanostructures in NiM&ugh DLS measurements of their

hydrodynamic diameter and zeta potential
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Figure2.4. (a) Raman spectroscopy characterization of the various types of carbon structures
used in this study. (b) Hydrodynamic measurements of the nanomaterial diameter and (c) zeta
potential when suspended in NMP.
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As evidenced by the above plogficient dispersion of SWCNTs in NMP solvent is
achieved with a size distribution of less than 5 nm and a zeta potential in the rad@muf
implying the formulation of a stable suspensiSimilarly, efficient dispersions of the-co
suspended nanomaitds, namely CNSs and CNHkigere alsachieved with small particle size
distributions and large zeta potentials. For solutions with NMP, dispersed nanomaterials acquire
a net negative charge through electron transfer reactions with the solvent mélendese
subsequently atticted to the anode in an EPD process resulting in film formation. In this light, it
is clear that NMP represents a suitable solvent to efficiently solubilize the various types of
carbon nanostructur@mportant for film formation

A study of SWCNT EPDrom NMPonto conductive substratesads to unique mass
deposition characteristics. An analysis of the mass deposited over time for SWCNTs is presented
in Figure2.5a Notably, in this system, an exponentially decaying mass deposition rate is
observed conarry to the mass accumulation results predicted by the Hamaker approxirAation.
attemptedit to this data using the conventional Hamaker model is providedezidatted line
inset. Insightsnto the cause of thisffect are obtained throughconsideration of the solution
properties of nanomaterialispensiondVVhen high aspect ratio nanoparticles are present in high
concentrations in solution, a number of different considerations must be made that deviate from
traditional suspensions of mascale objects. When particles with high anisotropy are present in
solution, the orientable nature of their contribution to solution viscosity and the high degree of
interparticle interaction that arises from particles with large contact area presetdstslbs
contributions to the solution viscosity at relatively low concentratidibis impliesthat, due to
the high aspect ratio of SWAN, the growing concentration of SWCNTSs at the electrode

surface locally increases the viscosity of the solution in the vicinity of the electrode thereby

29



inhibiting migration as the electrophoretic mobility has an inverse relationship with solution
viscosty.?% %0 To confirm this effect, simulations were performed using a model similar to that
developed by Sarkat al.to simulate constant voltage depositidhB constantvoltage EPD a
variable mobility parametepy(t), is implemented to account for changes in particle mobility that
arise from sreening of the applied electric field by the growing, insulating deposit:

LQw AQYO0000QO0 (equation 2.3
Where a weightiWis deposited on an aré&of the electrode. In this cadeepresents the
6sticking f aastadunddn oftteinanbstructare usee(ts the particle velocity,
andC(t) the solution concentration. In the case of EPD of SWCNTSs, however, it was found that
the changes in particle mobility may be attributed to the drastic increase in solution viscosity
near he vicinity of the electrodasSWCNTSs represent a material which exhibits a significant
concentratiordependent relationship with solution viscosity! Due to the proposed
Aent angl ement effecto, vi sc-linearltwithS&VBNInges wi t h
concentration yielding dramatic changes over multiple orders of magnitudeSM@NTs
comprise a significant fraction of the solution volurering EPD, the imposed migration of
SWCNTSs creates a significant concentration in the vicinity of the electrode thereby substantially
influencing the viscosityTo account for the changing visity, a deposition region extending
0.15mm from the electrode surface was considered and the viscosity model devsloped
Halefadl! et aP® wasused to calculate the viscosity in this region under the assumption that all
measured deposit&WWCNTs were deposited in this regidrhis model utilizes anodified
Maron-Pierce equation for suspensions of rigid-lize particlesin order to calculate &

viscosity of SWCNT suspensians

t o p — (equation 2.%
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Wheret represents the relative viscosity of the solutbén the maximum volume fraction of
suspended nanotubesid%. 0 the volume fraction of SWCNTSs in the vicinity of thie&rode.
The value ofo was determined by the aspect ratio of the SWCNTSs used and calculated to be
0.0153. A plot of the calculated viscosity during the deposition is provided in FR)Ebe
Changes in particle mobility were accounted for by substititiagabovdime-dependent
viscosity parameter into equation (1). Notably, the effects of film formation on changes in the
applied field were neglected as tB&/CNTs themselves form a condungilayer with similar
conductivity as the electrode itséff.

When combining multiple structures of carbon nanomaterials in solution, the measured
zeta potential represents a weighted average ahtdinadual species. Likewise, for EPD

assembly, the total mass deposited is the sum of the deposition of SWCNTs and the co

suspended material:
. Qw "O0AQY¥——0 0 Q0 "OAQY¥Y——-0 0 Q0 (equation 2.5)

Where—  ando 0 represent the zeta potential and concentration of SWCNTS,

respectively, and- ando 0 represent the zeta potential and concentrations for the

co-suspended nanomaterials.
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Figure25. (a) mass deposition as a function of time for SWCNTs in NMP. The red dotted line
represents a fit to the data using the traditional Hamaker approximation while the black dotted
line represents fits to the data using the modified mobility ambr.ab) calculated changes to
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viscosity as a function of time as the SWCNTs migrate toward the electrode s{ofawcass
deposition profiles for all nanocarbon hybrid solutions used irsthidy.

In all cases, hybridized solutionsdifferentnanostructuregield coatings containing
hybrid nanomaterial@~igure2.5c). This builds upon the notion that a polar solvent will screen
excessive partickparticle interaction between dissimilar species, and hence EPD processing will
lead to homogenousatings of hybrid materialsThis was observed to be the case and
representative images of the hybrid materials formed in this pracesisown in Figure.6a-c.
Whereas numerous combinations of these different nanostructures could be studied, we chose
SWCNTsto be a common component between all hybrid materials due to thikevelature of
the SWCNTSs that can empower a hybrid material with improved electrical and mechanical
connectivity between the nanostructurBise models developed in this sectemable control

over the deposition rate using changes to the EPD parameters.

2.5 Electrochemical Characterizations

After fabrications, the films were assessed for their electrochemical perforriiece.
first step in this process is to assess the energetics of Faradaic chemical reactions occurring
between the hybrid materials produeesing this EPDechniquéan a halfcell configuration
with lithium metal as the anodél'o accomplish this, cyclic Wammetry (CV) scans at a rate of
0.1 mV/s were performed in half cell configurations (vs. Li electrodes) and the results are
summarized in Fig. 4. CV analysis of the SWCNT film emphasizes that a majority of the
Faradaic chargeransfer reactions arisirfigppm storage on the SWCNT surface lies in a broad
Faradaic storage peak betweer3-\X vs Li/Li*. For our system, this storage regime gives rise to

a capacity of 658 mAh/g. Density functional theory calculations have emphasized that these
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reactions may bmediated through surface defective carbon $itas,these do not occur in the
same potential window as intercalation in graphite. Hybrid SWWSMICNH materials, which
exhibit an exceptionally high defect density, yields substantial enhantemearge stored in

this regimeevidencedhrough higher peak current values during CV scans as well as greater
capacities during device cycling yielding a maximum capacity of 884 mAh/g. Fos,GNS
material with low defect density, litt®-no enhanament in this regime is observed, however,
additional capacity is provided at lower potentials through the intercalation of lithium between

graphitic sheets yielding an improved capacity of 978 mAh/g.
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Figure2.6. SEM characterization of (a) SWCNT (b) SWCICNS (c) SWCNTCNH along with
the respective CV curves in () and galvanostatic chargescharge curves in (d)).

33



From the above plots, it is evident that the use of hybrid forms of different types of
carlon nanomaterials enables a control over the reactivity of the electradeidorbatteries.
Unfortunately, however, a fuliell fabricated from these materials is not practical due to the poor
operating voltage obtained between the lowest intercalatibage (CNS, ~0.3 V vs. Li/Li+)
and the highest intercalation voltage (CNHSs, ~1.5 V vs. Li/Li+). Using these materials as an
anode and cathode material yields a poor operating voltage of less than 1.2 V and a maximum
energy density that lags behind thatradre traditionali-ion battery electrode materials. In
order to overcome these challenges, these carbon nanomaterials must be combined with better
suitedLi-ion materials that can obtain superior capacities and operating voiadessthe

subject of tle next chapter.
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CHAPTER3

Roll-to-Roll Production of Hybrid Nanomaterials for F@kll Battery Production

3.1 Introduction

Whereas the last chapter demonstrated the feasibility of EPD for carbon nanomaterial
assembly, the ability to merge these assembly processes with that of nanostructures composed of
varying compositions is essential in ensuting applicability of thisnarufacturingtechnique to
practicalelectrode material§Vhereas nanostructures are consistently lauded for improved
performance in applications at the laboratory scale, fabrication processes and costs for industrial
processing often limit nedaerm commeral impact of many nanomatesdbr Li-ion battery
electrodes Unlike bulk materials, the physical and chemical properties of materials composed of
nanostructures are strongly correlated to impurities that interact with the nanostructures and the
transpot paths between adjacent nanoscale building blocks in the material. This provides two
extremes for nanomaterial fabrication: (i) highly precise, expensive fabrication routes carried out
in clean environment®(g.ultraviolet or electrorbased lithograpkitechniques), or (ii) large
scale,lowc o st fAcoarseodo materi al processing that re
surfactants €.g.colloidal processing such as blade coating and/or electrophoretic deposition, or
EPD).The results presented inglchapter aim to explore the medium existing between these
two processing routes where scalability and control or preatsiorbe simultaneously achieved
for the fabrication of battery anode and cathode materials.

Significant research has been carrietitowstudy the performance of various materials as

anodes for lithium ion batteries, with silicon being distinguished for its ability to maintain high
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capacities (10X greater than conventional carbon addtfies Alternatively, transition metals
are conventionally used as cathodes, due to the ability to achieve high voltage when paired with
graphite anodes drinhibit degradation under Loxidation and reduction reactions. However, a
challenge for innovation in battery research is to not isolate the performance of a single
component (anode, cathode, or electrolyte) of a battery, but instead to harnessatiigwe
engineer all working components simultaneously and thus engineer the performiarticeef
material system& Accomplishing thigequires versatility in the materials processing approach
that goes beyond applications based assessment of individual materials using a ddsooery
approach.

In thischapter methods to overcont@ese challengds presentethy demonstrating the
operation of a benchtop relb-roll platform to produce higlthroughput, clean coatings of
hybrid materials that can facilitate battery design applications. To demonsisappgloach,
focusis maintainedspecifically on hybrid materials composed of sirgkdled carbon nanotubes
(SWCNTs) MoS; nanosheetsand silicon nanoparticles. EPD from polar solvent solutions
containing mixtures of these nanostructusesemonstrateth order to form homogenous
coatings that are comprised of hybrid nanostructured materials. These coatings are then assessed
for their compositiordependent lithium reduction/oxidation energetics, which leads to-edlll
battery design with electrodpsoduced in less than 30 seconds with an optimized design that

incorporategre-lithiatedsilicon nanoparticles as an anpdad MoS nanosheets as a cathode.

3.2 Experimental Methods
The roltto-roll (R2R) system was assembled by mounting gear motbiRRM, Servo

City), powered by a 12V, 2.5A power supply (Servo City), onto a custom designed Teflon
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reservoir. The Teflon reservoir contained a 90cm x 20cm square well across which two Teflon
rollers were mounted and at the bottom of which a 65cm x 20eeh giate was mounted. The

roll was composed of a 1cm x 1m aluminum strip (Grainger) mounted on both ends to either gear
motor. A bias was applied between the aluminum roll and the steel plate using a Keithley 2400
Sourcemeter.

R2R electrophoretic deposih of carborbased nanomaterials was performed in a
vertical EPD cell with a separation of 4mm between a stainless steel counter electrode and the
working electrode. For the fabrication of battery films a 316 stainless steel disc (Pred Materials)
was mouted to a biased brass roller and rolled through the reservoir containing the depositing
solution and stainless steel counter electrode using a 4RPM gear motor (Servo City). For mass
deposition studies, a 3cm x 1.5cm aluminum strip of known mass was meoathedorass roller
using Teflon clips, mechanically moved into position above the counter electrode, and left to rest
in this position for the specified time and applied electric field. To demonstrate continuous
operation of the coating process, an alwm roll of dimensions 1m x 1.5cm was mounted to
either end of the system and continuously moved through solution at a rate of ~1.5cm/s under an
applied electric field of 500 V/cm. Monitoring of current and the application of voltage was
performed using AabView-operated Keithley 2602A Sourcemeter.

After film deposition the battery electrodes were dismounted from the system and left to
dry horizontally overnight on glass slides covered by a Kimwipe. After drying, materials were
weighed and then assembledoi a coin cell utilizing a hal¢ell configuration with a lithium
metal foil counter electrode, a 1 M LiP€thylene carbonate/dimethyl carbonate (Sigma Aldrich)
electrolyte solution and a Celgard battery separator. Assembly was performed in asfilAegon

glovebox with Q levels <0.5 ppm (MBraun). Electrochemical testing was performed using a
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Metrohm Autolab multichannel testing system which performed both cyclic voltammetry and

galvanostatic charge discharge measurements.

3.3 Roltto-Roll Electrophoretic deposition

Underlying the ability to produce scalable coatings of pristine, hybrid nanostructures is
the necessity to devel op ascpallaetof oprrno ctehsasti nogv el ri
most materials processing approaches.rdeioto achieve this, a fully automated, benchtop roll
to-roll (R2R) systems developedhat builds upon the widely known procesE#Din the
framework of industriakcale roltto-roll process design. The operating principle of this system
(Figure3.13) utilizes a roll of material (with a composition that can vary across a wide range of
conductive foils and substrates?), that is rolled through a pool of solution, coated in a
controllable manner, and then collected in a roll on the opposing side. In traditionalded&er
EPD systems, both an anode and cathode are biased in a solution to drive the migration and
depo#ion of nanostructures dispersed in the liquid onto an electrode with a polarity that opposes
the overall charge of the particles in solution this casethe same process is achieyegcept
the conductive foil (aluminum foil) is biased through a viaresh contact with a bottom
electrode that is maintained at a fixed distance beneath the roller. Therefore, when the folil is
submerged in the liquid, an electric field is applied between the top and bottom electrode that
generates a constant electriddiedespite the continuous movement of the top foil electrode. A
photograph of the benchtop R2R system developed for this study is presented i13.Elgure
with an empty liquid reservoir for the purposes of visualization. Notably, this system was

constucted and operated with cost of parts and equipment totaling under $300.
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Coatings of various dispersed nanomaterials were fabricated with this system by applying
an electric field of 100 V/cm between a stainless steel counter electrode (immerseddn)solut
and an aluminum foil roll that is extended between the two rollers. A coated foil showing the
cl ear demarcation point when the voltage 1is
are shown in Figur&slc and3.1d. In this system designstar deposition rates per unit
electrode area can be achieved both by increasing the electric field intensity or decreasing the
rolling rate of the electrode. This provides an advantage of thtonall design over the
conventional beakescale systemin that control over deposition can be tuned more precisely,
and automated process parameters can be modulated-imealased on increasing or
decreasing the rolling rate and/or potential. This is generally illustratédures3.1e and3.1f,
wheredeposited mass of coatings containing SWCNTSs or hybrid coatings of SWCNTs combined
with silicon nanopatrticles (Si NP) and exfoliated Mo@nosheets is demonstrated as a function
of absolute voltage and total deposition time. From Figure, the massaposited is observed
to exhibit a nearly linear relationship with the applied voltage in all cases. Bidgfiredicates
further that the total mass deposited is a nonlinear function of the total deposition time. Notably,
the capability to engineer degibion process parameters by decoupling these two parameters of

A

deposition time and voltage is unique tothetolf ol | system, and canot

conventiosadl ébepkecesses straighl3léand3tfar dl y.

as wdl as throughout the study presented here, the nanostructures are dispensedtigl2-
pyrolidinone (NMP) at concentrations of 0.5 mg/mL and hybrid solutions involve equal mass
ratios of each nanostructured species. Due to its polar nature, NMP hakebemnstrated as an
excellent solvent for native dispersion of nanostructured materials, many of which can only

otherwise be suspended using surfactant solutions. Recent efforts have demonstrated that EPD
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of SWCNTs from NMP polar solvents yields matesialhere electrochemical and
thermogravimetric analysis confirms the pristine quality of the coatings, in comparison to
processes carried out with surfactants that yield a significant (up to 50% by weight) mass due to
impurities?? As the basis of EPD processing of nanomaterials has built on surfactaort
additiveenabled processes, our approach not only enables R2R capability, but simultaneously
leads to an impurityree coating process, which is critical toward the perfocear

nanostructured materials.
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Figure3.1. (a) Schematic of the retb-roll system used in this study (top) and the functional
system used in this study (bottom). Uncoated material (blue) is rolled through a reservoir
containing the active solution and a counter electrode under an applied 4045 (bf) Mass
deposited as a function of time for all hybrid material combinations (c) Mass deposited after a
240s exposure in the bath as a function of applied voltage. (d) lllustration of the EPD process
(top), and a coated roll of aluminum leaving theaktion bath (bottomMass deposition
profiles versus applied voltage are presented in (e) and versus applied time in (f).

For solutions with NMP, dispersed nanomaterials acquire a net negative charge through

electron transfer reactions with the solverdleculed’ (Figure3.2a) and are subsequently
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attracted to the anode in an EPD process resulting in film formation. Notably, for hybridized
solutions of nanostructures, the zeta potential values represent a weighted average of the
individual species. In all cases, the ratel@bosition is strongly dependent on the degree of
electrostatic stabilization within solution and a strong correlation is observed between the

limiting mass deposition rate and the zeta potential of thespended particles (Figu3eb).

While depositon rates vary with solution composition, uniform film formation and an

exponentially decaying mass deposition rate is observed across all systems due to the presence of

a significant fraction of SWCNTSs.
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Figure3.2. (a) Zeta potential measurements for sirgle component and hybrid species used in
this study. (b) graphical illustration of the relationship betweesuspended material zeta
potential and the limiting mass deposited.

Shown in Figur8.3ac are SEM images showing representative homogerwaisgs of
SWCNTs, SWCNTSi NP, and SWCNIMoS, hybrid materials, respectively. Furthermore, the
chemical identity of the SWCN®i NP and SWCNIMo0S; species are identified through energy
dispersive Xray maps taken in the transmission electron micros€oip®) in Fig. 3d and 3e.
Notably, prior to dispersion of the Si NPs, a chemical vapor deposition piscgsizedto

catalytically stabilize the surface of the Si with a thin carbon layer, evident in Fig. 3e as a thin

red shell around the Si core.
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Figure3.3. E images of hyrid fm comprised of (a) SWGNIDS; and (b) SWCNTSI
NPs with elemental analysis acquired through TEM imaging in (c) for Si and (d) for. MoS

The presence of this carbon coating is important not only for silicon chenabditgtn
EPD processing, but also for stability in electrochemical devices and will be discussed at length
in a later chapté?. Overall the nature of the intense electric field confined within the diffuse
electrostatic boundary layer near the electrode surface provides a natural leveling mechanism
capable of giving rise to exceptionally uniform film density and coverage on regions of the
electrode not disturbed by other steps in the processing (Rgrérying effects, electrode
surface roughness, and movement in and out of solution may often induce clumping effects,

however, initial film formation is shown to be a highly uniform pss4
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system with insets describing higher magnifications.

3.4 Manufacturedii-ion Battery Performance

One of the key application areas where such nanomanufacturing routes could prove
valuable is in the fabrication and optimization of battery materials. Conventional approaches to
analyzing the oxidation and rection energetics of Faradaic energy storage reactions often
distinguish materials only by the chemical composition (e.g. carbon, silicon, etc.) and not by the
nanostructured characteristics of the material. Furthermore, the challenge in anyfbeissy
effort, especially in lithiurrion or other metaion batteries, is the development of a-all
architecture that involves optimized anode, cathode, and electrolyte combinations. This is
challenging due to the codependence of both electrode chemmaigititysand metal ion storage
potential of each individual component on the combination that is chosen. The focus of the
remainder of this chapter is to demonstrate an effort whereby the high throughput R2R system
discussed above enables a rational aggrdo battery design by overcoming both of these
challenges and producing an operationatdell battery from nanomanufactured hybrid
nanomaterials produced in this study.

After fabrication, the films were assessed for their electrochemical perfoemEme first
step in this process is to assess the energetics of Faradaic chemical reactions occurring between
the hybrid materials produced using this EPD technique in acelii¢onfigurationwith lithium
metal as the anodeTo accomplish this, cyclieoltammetry (CV) scans at a rate of 0.1 mV/s
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were performed in half cell configurations (vs. Li electrodes) and the results are summarized in
Figure3.5. For SWCNTSI NP hybrids, whereas there is somdaation of carbon storage that

is chiefly attributel to the SWCNT hybrid material, exceptional capacity is observed in the low
voltage lithiation reactions in silicon. This is evident from the large peak currents observed in
Figure3.5a at low voltages vs. Li/Liand a maximum capacity of 1,294 mAh/g foistelectrode
material (Figure3.5c). By producing SWCNMo$S; NS hybrid materials (Figurg5b), energy
storage at high potentials was achieved due to #&dtorage mechanism previously defined for

MoS; NSs yielding capacities as high as 867 ngAtirigure3.5d).
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Figure3.5. Cyclic voltammetry performed at a rate of 0.1 yaVor (a) silicon and (b) MaS
hybrid materials. Galvanostatic charge discharge measurements determined the lithiation
capacity of these materials at the specified rate&jd#i and (d) Mosmaterials.

As is evident in Fig. 5, the energetics for lithium insertion and removal can be tuned
across the spectrum of the stability window of the electrolyte by using these different electrode

materials. In all cases, these reduction and oxidation potentiatd) ef@ evident in CV scans,
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are measured against a lithium electrode. Since the use of pure lithium electrodes in full cell
architectures leads to dendrite formattéfi® a key challenge for constructing a faill battery

is to maintain a > 1.5 V potential difference between redox potentials of either electrode (fixed
by technological requirements, which &ased on conventional alkaline batteries), while

utilizing the same electrolyte. To accomplish this, information obtained from CV analysis was
utilized to generate a diagram of observed redox potentials (Bdag which is inferred from

CV scans. Inhis case, the redox potential for the M&S$brid material is the highest due to
Faradaic storage processes between Li and S species. The higher potential of this system makes
Mo$S; a candidate for use as the cathode material in-&dillarchitecture.Conversely, aside

from lithium metal, the Si NPs exhibit a redox potential that is the lowest of those studied in this
work. Therefore Si NPs are a practical choice for an anode material ircalfdtchitecture.

As Si NPs do not natively contain gpecies, lithiation was achieved for anodes in a full cell
configuration by placing SWCN&®i NP electrode materials in direct contact with lithium foil

for 3 hours (Figur8&.6b). As previously reported, silicon in direct contact with lithium foil will

form aLi-Si alloy providing a facile mechanism to fabricate a source for lithium ions during
device cycling*’ In order to characterize the performance of this device, galvanostatic charge
discharge measurements were performed at varying currents, with three representatidercurves
three currents of 100 mA/g, 1 A/g, and 10 A/g (Fig. 6C). Notably, at rates appropriate for
conventional battery applications (100 mA/g), cell capacities of 225 mAh/g were observed,
which is comparable to conventional battery systems. Howevaratiestructured

characteristics of the electrodes, which enable rapid ion insertion from the electrolyte, still enable
over 20% of this capacity to be accessed at 100X faster cycling rates, which is not achievable in

full-cell battery systems with bulk etesdes. In order to further quantify the cell performance,
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Ragone analysis was performed to assess the epevgyr characteristics of the device based on
the total cell mass (Figu6d). The energy density was calculated based on integration of the
gdvanostatic voltage profiles, and power density was calculated as an average value based on
the total energy released over the time duration of the discharge. A maximum energy density of
167 Whkgeit was obtained corresponding to a capacity of 225 raAhevhen operated at 100
mAgeeit. When operated at high charging currents of 1@&gpower densities near 10,000
WKkgeert were measured, which is on par with the power capability of many modern day
supercapacitors (Fig. 6D), while still boastimergy densities near ~ 40 Wikg. Whereas

this performance is promising, the nanomanufacturing approach that underlies the ability to
produce these electrodes is transferrable to many other applications, such as chemical sensing,
optoelectronics, anenergy conversion, where clean manufactured hybrid nanostructured

materials could lead to improved or ideal performance in these platforms.
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Figure3.6. (a) Schematic illustration of the wide range of potentials capable of Faradaic
lithiation reactions for the different nanostructures investigated. (b) Schematic illustration of the
prelithiation process in Si Nl SWCNT films and (c) Chargdischarge chacderistics of the full
cell device fabricated with a piithiated SWCNTSi NP anode and SWCNWoS; NS cathode.
(d) Ragone analysis of the full cell device.
3.5Conclusion

This chapter demonstrates the ability to utilize a-tmst (sub$300), benchtopall-to-
roll system for the rapid development of nanomanufactured hybrid nanostructured materials.
This approach depends upon the utilization of surfadteaatNMP polar solvent solutions that
both provide stable dispersions of hybrid nanostructure neigt@and enable controllable EPD
processing. Unl i-kealcedvERD i-wo-olhdpecadh enaltes r r o | |

greater control over deposition parameters, empowers scalable processing conditions in a

laboratory environment that intersectsrooercial applications, and provides the capability to
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assemble clean, functioonopb hgbridamaberrirablbtes
producing. This chapter specifically demonstrates the fabrication of homogenous hybrid
nanostructured nterials containing SWCNTSs, Si NPs, and Mo@nosheets, and demonstrates
the application of these materials into electrodes for acéllllithium-ion battery design. Using
electrodes that can be fabricated in as little as 30 seconds, a VdIH all nanostructured
material full cell battery was constructed that exhibits full cell capacities on par with
conventionali-ion batteries, but with improved power capability. As the bottleneck for many
commercial applications of nanomaterials is a-tmst, reliable, and scalable processing route
that builds the foundation for product development and design, this nanomanugacturin
approach, which seems unlimited in versatility in the choice of materials, brings potential for
many applications extending beyond energy storage into areas of energy conversion, sensing,

catalysis, optoelectronics, protective coatings, and others.

48



CHAPTER 4

Integrated Synthesis and Assemblylofion Cathode Materials

4.1 Introduction

The choice of materials used to comprise the electrodes in@efiilli-ion batteryis
essential in determining both the cost and performance of theléaele In order to achieve
energy densities on par with or exceeding traditional technologies, materials exhibiting high
capacities and wide operating voltages are required. As emphasized in the previous chapter,
molybdenum disulfide (Mo$ represents a class of twdimensional nanosheet material that has
exhibited exceptional promise as an electrode materil fmn batteries. Due to the sulfur
based storage mechanism in this material, efficient ust8§ in a battery architecture ga
exhibit capacities competitive with statéthe-art sulfur cathode materials as recent reports have
demonstrated reversible capacities exceeding 1,100 mAh/g (or nearly 10x the capacity of
conventional cathode materiaf§)Similarly, the emerging class tayered, 2D transition metal
dichalcogenides (TMDspf which isMoS;is a membeihas exhibited promising performance
for many future battery chemistrisach as sodiuAon or potassiurion batteriesHowever, in
order forthis class ohanostructurgeto bemonetarily competitivevith traditional materialghe
cost for acquiring nanoscale versions of these materials musirpettive with current
material manufacturing approactf@sn this chapter, a orleatch assembly approach is
presented to fabricate functional films eD2TMD nanosheets starting from a dispersion of bulk
materials Many of the advantages unique to EPD, such as assembly from dilute solutions, are

demonstrated to be key requirements to the success of this process.
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Current methods to produce high quality TMD materials for application pivot around
high cost, energy tensive, and lowyield efforts such as chemical vapor deposition or
mechanical cleavag®. These routes are not suited for producing vast quantities of material, and
this is a signiftant challenge for applications that require assembled layers of thick and high
quality TMD materials, such as in electrochemical devices, that require large amounts of mass to
function appropriately. Therefore, processes that can maintain the chenagatyrof the
pristine 2D TMD NSs and produce functional, thick, and khtghoughput coatings is an
enabling feature to both extend {atale applications foFMD materials and develop routes for

costeffective scalaup offunctional TMDcoatingsto industry scales.

4.2 ExperimentaMethods
Dispersions of exfoliated TMDanosheeatwere obtained using suspensions of MoS
(SigmaAldrich, 99%, ~2um), MoSg(Sigma Aldrich, 99.9%, ~325 mesh) and Y{Sigma
Aldrich, 99%, ~2um) in dmethyl2-pyrollidone (Sigma Aldrich, 99.5%) and acetonitrile (Fisher,
99.8%). To form these suspensions, 20 mg of TMD powder was added to 40 ml of NMP or ACN
before insertion of a probe sonicator to the solution. Sonicatsperformed for 30 minutes
using a taperetlp on a probe sonicator (Sonics, VCX750, 30% amplitude) with a 30 second on
pulse and 30 second off pulse to avoid excessive heating. All solutions were left overnight before
use. For studies using purified TMmaterial, exfoliated solutions were centrifuged at 2,000
rpms for 10 minutes and the upper 2/3 of the purified solution was harvested for further use.
EPD was performed using a Keithley 2400 Sourcemeter integrated with LabView data
acquisition softwarectapply a constant voltage and record the flow of current. For deposition

onto 2D substrates, two 316 stainless steel electrodes of dimensions 1.0 cm x 3.0 cm were
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immersed into a beaker containing 20 ml of exfoliated TMD solution at a separation of.(A5 ¢
constant voltage was applied for 2 minutes and the resulting films were placed in a vacuum oven
at 60°C to dry overnight before measurement of the mass was performed. For depositibn on 3
substrates, a nickel foam (MTI, ~110 ppi) electrode of dimessl.0 cm x 3.0 cm was prepared

and placed directly into 20 ml of exfoliated TMD solution at a separation of 0.5 cm to 2
identically sized counter electrodes on either side of the deposition electrode. Deposition was
performed for 2 minutes at the spesif voltage before removing the foam material to hang
overnight under ambient lab conditions. After a night of drying, the foam material was placed
directly into a vacuum oven at ®Dto ensure removal of any residual solvent.

To accomplish EPD at vang temperature20 ml of exfoliated TMD solution was
heated to the specified temperature on a hot plate. Temperature was recorded directly from
solution using a Kype thermocouple. After reaching the desired temperature, two 316 stainless
steel electrods of dimensions 1.0 cm x 3.0 cm were immersed directly into the heated solution at
a separation of 0.5 cm and left to rest for 5 minutes to obtain equilibrium with the solution before
a constant voltage of specified magnitude was applied for 2 minutese3ilting films were
placed directly in a vacuum oven at®Dto dry overnight.

Absorption measurements were performed using a Varian Cary 5000&WMIR
spectrometer. To measure sedimentation, exfoliated solutions were sonicated for 5 minutes
before pacement into the UWIS. Spectra were then recorded once every minute for a period of
5 minutes. To measure absorption of solutions before and after EPD, purified solutions were first
fabricated and then placed directly into the-W\5. EPD was then perfmed on the remaining

material with stainless steel electrodes at a separation of 0.5 cm under an application of 200 V
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for 30 minutes. After removal of the electrodes, the remaining solution was bath sonicated for ~1
minute and then placed into the BXIS.

Zeta potential and particle size measurements were obtained from a Malvern Zetasizer
Nano ZS instrument. Solutions were left to rest overnight to ensure removal of large sedimenting
particles that complicate DLS measurements. The upper 1/3 of the salaisoharvested and
placed into a lowpower bath sonicator for 30 minutes before placement into the Zetasizer. A
Renishaw inVia MicroRaman system with a 786 excitation laser performed Raman

characterization of the assembled films.

4.3Liquid Phase Exfoliatioof Layered Materials

MoS,, and TMDs in general characteristically possess a unique layered structure in which
covalently bonded planes tansition metals (e.dvlo) andchalcogens (e.@) atoms are held
together through weak vater Waals interaction. This unique atomic architecture enables facile
exfoliation of the material to ultrtnin structures as small as one layer thick when starting with
bulk materials and using the appropriate solvehits recent years, significant research progress
has been made toward tdpwn liquidphase digersion of 2D materials starting from
commercially available bulk materia$>® Whereas chemical processing routes designed to
exfoliate bulk 2D materials are observed to chemically alter or degrade the intrinsic properties
of the starting materi&f; >° exfoliation routes relying on the use of mechanical (sonication)
dispersion techniques in chemicailhert liquid media havendicated the ability to preserve the
unique properties of-P layered materials such B0S,.°® Despite significant advances in this
area, liquid processing MoS; nanosheets for many applications is challenged by substantial

polydispersity in exfoliated materials that mandates purification and leads to low yields of thin
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nano$eets’ in addition to the imposed requirement of subsequent assembly routes to form
controllable and uniform macroscopic functional materials. In this regard, EPD represents an
attractive route for the agebly of 2D nanosheets due to the compatibility of EPD with a broad
range of substrates and substrate topoldgigs Due to the inherit charge present on
nanomaterials in solution, EPD presents a simple and expeditious assembly route which takes
advantage of this natural charging mechanism to produce tightly packesklsitéve and size
scaleable films of nanomatals stabilized by shorange van der Waals interaction.

Furthermore, recent studies have emphasized the ability to perform EPD-diftewsional
nanostructures directly from polar solvent dispersions without surfactants or ad@trfes.
Therefore, EPD is arpcess that could be synergistically combined with exfoliation processes to
enable assembly in a oibatch approach while also potentially overcoming limitations in current
exfoliation processes, such as the low yields and poor selectivity of exfoliateshets. This
yields a roaemap toward producing functional materials composedbDfifiilding blocks with
simultaneous optimization capability across parameters of assembly kinetics (throughput),
exfoliation characteristics (quality), and solvent cost eeusability (scalability).

The general process for the exfoliation and assemo&: nanostructured material is
schematically presented in Figutda. Commercially availabl®oS,; powders are dispersed in
solvent and exfoliated through probe sonication to produce dispersions of exfulatedlSs.
Electrodes are then placed in the resulting solution and EPD is performed orlb{shaihless
steel) and D (nickel foam) electrode This approach yields a ebatch process where
exfoliation and assembly can occur sequentially with the two processes combined to directly
produce and assemble functional TMD nanomaterials. EPD processes following solvent

exfoliation leads to the capifity to produce homogenous films that can be applied to both
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planar and D porous substrates (Figudelb). Scanning electron microscopy (SEM)
characterization of Mofilms assembled on these two geometries is presented in Bidbre
From these imges it is evident that the flms generated from this EPD process are uniform

across the entire substrate and are composed exclusively of exfollat€MP® nanosheets.

d. Bulk MoS, Powder

‘ é .’ )

Sonication/Exfoliation

Figure4.1. (a) Schematic of the exfoliation/assembly process. Bulk TMD powdenisated in
solution to produce a dispersion of nanosheets which is then deposited on 2D and 3D substrates
using EPD. (b) SEM characterization of TMD films assembled on 2D and (c) 3D substrates. The
inset in (c) provides nanoscale characterization oBhassembled films.

In order to broadly assess the ability to combine the exfoliation and assembly steps for
TMD materials, two solvents that are most commonly employed for exfoliation processes were
identified. In general, solvents capable of exfaligtD materials are characterized by surface

tensions that coincide with the surface energy of the dispersed nanoniatetiathis manner,
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both NMP and ACN were chosen for this study due to the widespread use of NMP, a surface
tension for both solvents that closely matches the majority of TMD materials studied thus far
(~40.8 mN/m for NMP at 28C and ~29.3 mN/m for ACN at 2C), and previos studies that
have identified these two solvents as capable exfoliating medfustably, previous studies
have indicated both ACN and NMP as viable solvents for EPD processes without the use of
surfactants or additive8.? Additionally, a series of three TMD materials including MoS
MoSe, and WS were hosen which generally represent three of the most studied TMDs for
electrochemical applicatiof$.5® Using this series of TMD materials and two commonly
employed solvents for exfoliation, combined exfoliation and EPD was performed onto planar
stainless steel surfaces for all cases. SEM images of the resulting films that indicate both the
quality of theexfoliation as well as the effectiveness of EPD in forming homogenous coatings

are shown in Figuréd.2af.
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Figure4.2. SEM characterization of EPD films assembled from a 2 mlnute application of a
constant applied potential of 200V for (a) NN#RS2 (b)NMP-MoSe2 (c) NMPWS2 (d)
ACN-Mo0S2 (e) ACNMoSe2 and (f) ACNWS2 films. DLS characterization of the size

distribution of exfoliated flakes from supernatant solutions of ACN and NMP suspensions of (Q)
MoS2 (h) MoSe2 and (i) WS2.

Hydrodynamic diameter meagments using a dynamic light scattering (DLS) technique
measure the radius of a sphere in solution with equal volume to the mean NS volume and have
recently been shown to be closely related to exfoliated nanoshe&t §z& measurements of
the exfoliated dispersions (Figutg-i) further confirm the presence of uktlain TMD
materials. Average measured nanosheet sizeg) Me$%:: 340.1 nm for NMP and 580.1 nm for
ACN, (ii) MoSe: 338.3 nm for NMP and 408.8 nm for ACN, atid) \WS: 386.9 nm for NMP
and 544.0 nm for ACN. Crossectional SEMs for TMD films formed at 200 V from NMP

solutions are presented in Fig4r8 and demonstta these films to be composed primarily of

exfoliated nanosheets with parallel stacking to improve packing density.
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Figure4.3. Crosectlonél SEM of the assmbled films f-or NMP depositions of (a)le)S
MoSe and (c) WS.

To gauge the effect @xfoliation and assembly on the chemical properties of the
assembled films, Raman spectroscopic analyasperformedising a 785 nm laser excitation
(Figures4 4a,b). Analysis of the spectra generally indicates that sonication in NMP tends to
chemicallyalter the Mo%and MoSe nanosheets, whereas the ¥&nosheets tend to exhibit
Raman modes that remain invariant between the subsequent exfoliation and assembly treatments.
Specifically, MoS nanosheets exfoliated in NMP exhibit a greater intensitie@peak centered
at ~237 crit (compared to ACN) which is attributed to the formation carbalfur bond®® and
is indicative of organic NMP carbonaceous residues forming during the sonication process.
Similarly, the MoSenanosheets exfoliated in NMP (compared to ACN) demonstrate significant
enhancement to the peaks at ~288'ca%1 cm', and 591 cm which an also be attributed to

formation of carborselenide bonds.
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Figure 44. Raman analysis of MeSMose and WS after exfoliation in (a) NMP and (b) ACN.

One of the key principles for an EPD process to be effective is the degree of electrostatic
stability of the particles in solution. This can be assessed through measurements of the particle
zeta potential, representing the magnitude of the electrostatigec present at the surface of
shear for each particle as it moves through solution. Shown in Hduiethe measured zeta
potential for nanosheet suspensions in both NMP and ACN. This indicates that zeta potential
values for the individual materialgries only slightly between the two solvents with MoS
consistently exhibiting the smallest magnitueB8(7 mV ane34.6 mV in NMP and ACN,
respectively) and MoS€-40.4 mV and40.0 mV) and W5(-41.1 mVand-42.2 mV) the
largest with comparable magrites. These measured solute properties together with the inherit
properties of the suspending solution can be used to calculate the electrophoretic mpbility,
using the Smoluchowski equation for electrophoretic mobititthough this approximation is
designed for spherical particles, it is closely related to the mobility expression for rigid particles

with high aspect ratio®.
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Figure4 5. Zeta potential measurements of exfoliated TMDs in both ACN and.NMP

4.4 EPD Assembly of Exfoliated Materials

From the Smoluchowski approximation, it is evident that a solution with lower viscosity
and a higher dielectric constant will result in a dispersion of particles with higher electrophoretic
mobility. Calculated mabty values for the exfoliated TMDs in these two solvents are shown in
Table4.1 Notably, suspensions of exfoliated TMDs in ACN possess ~5x greater mobility than

suspensions in NMP.

Dielectric Viscosity Me&obility  MoSe mobility WS mobility
Solvent  Constant (cP) 2/ (te?) (Mv-1s?) (nMV-is?)
NMP 33 1.7 5.78 x 1¢° 6.94 x 1¢° 7.06 x 1@
ACN 38 0.34 2.61x 16 3.02x1C 3.18x 1¢

Table 4.1. List of solution properties and particle mobilites calculated in both ACN and NMP.

To characterize the EPneticsof these materials, experimentsre performed in whih
deposition rates from these two solvents were measured as a function of applied voltage (Figure

4.6a,b). For Mogmaterialsthedeposition rate is observed to possess the expectetmezar
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dependence on particle mobility with mass accumulation gl@ggiroaching the theoretically
predicted value for the two solvents using estimations derived from particle mobility (Figure
4.6¢). However, MoSeand WS exhibit unpredictably poor deposition behavior in ACN
compared to NMP. This ndimear dependencd MoSe and WS deposition rates on particle
mobility is chiefly attributed to the poor suspension quality in ACN relative to NMP due to the

lower buoyancy force in this low density solvent.
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Figure4.6. Mass deposition as a function of apglvoltage for TMD solutions on 2D substrates
from (a) NMP and (b) ACN, the dotted lines in the figure represent fits to the data using the
Hamaker approximation. (c) Theoretical prediction of the ratio of the deposition rates for ACN
to NMP plotted agast the observed values obtained from model fits to the Hamaker model.(d)
Change in concentration of the TMD solutions over time as the solution is left to settle.

Model fits to the mass deposition data using equation 1 and the parameters listed in table

| are presented as dotted lines in FigiBa,b. The sticking factor was slightly adjusted to
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produce tight fits to the data, with sticking factors for Md8oSe, and WS of 0.35, 0.32, and
0.35 respectively in NMP compared with 0.26, 0.16, and fe&pectively in ACN. fie large
disparity in sticking factor values for ACN depositiossttributedo the substantial and
materialdependent influence of sedimentati

Figure4.6d presents absorbance data for dispersions of TMDs in NMP and ACN over a
period of 4 minutes. The correlation between solution absorbance and suspension concentration
allow for the estimation of sedimentation rate by the change in absornarcgmé’. From the
datain Figure4.6d it is evident that suspensions in ACN sediment at a substantially greater rate
than in NMP and that W&nd MoSe demonstrate significant sedimentation over the 2 minute
deposition period compared with NMPhe magnitude of change in stingifactor valuesound
to bedirectly related to the degree of sedimentgtwith more heavily sedimenting particles
producing smaller sticking factor values. In all cases, however, good agresmenerally
observedetween the Hamaker model for pddideposition and our experimental data for
exfoliated TMD nanosheets indicating that changes in field strength due to the resistivity of the
growing semiconducting TMD film are negligible on small timescales. Additionally, the
representative current prigfs provided in Figurd.7a,b demonstrate conductivity values that
fluctuate about the initial value indicating the absence of parasitic side reactions or the
production of heavily insulating films. This behavior indicates constalthge EPD is well

suited for the assembly of TMD NSs from solution.
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Figure4.7. Currentdensitymeasured during the EPD process for 200V deposition in (a) NMP
and (b) ACN.

The primary advantage of EPD over other solution processing techniques is the unique
ability to formconformal coatings on complex[3 substrates. To emphasize this ability in the
context of exfoliated TMD nanosheets, EPD was performed on a conducting nickel foam
substrate for NMP TMD solutions. NMP was chosen as the suspending solvent due to the
demongrated stability of NMP dispersions and the better exfoliation properties that is
advantageous for uniform penetration into-B 8ubstrate. Similar to deposition ofD2
substrates, the deposition yield followed the trend o WBloSe > Mo, as expectedly the
calculated particle mobilities (FigudeB8a). Additionally, over 2x more material is deposited for
identical deposition conditions when moving froAb2o 3-D substrates as expected by the
presence of additional surface area in the Substrate. @ confirm infiltration of TMDs into
the interior of the foam, optical and SEM characterization was performed on nickel foams coated
by MoS and is presented in FigudeBb. The optical photograph of a cresesction of nickel
foam emphasizes the presencea d@MD coating in the interior of the foam while SEM

characterization present in the inset confirms this coating to be composed of exfoliated NSs.
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Figure4.8. (a) Mass deposition as a function of applied voltage for NMP dispersion assembled
on 3D nickelfoam electrodes. (b) Optical image of a cross section of the Mo&2d nickel

foam emphasizing complete coating of the substrate during EPD. The inset in (b) displays SEM
characterization of the material assembled on the nickel foam.

So farin this chater, the assembly behavior of TMD nanosheets has been analyzed
based on dispersions that are formed directly after exfoliation with no additional purification
steps. However, many applications of TMD nanosheets rely on the unique properties of single to
few-layer architectures that possess unique electronic, optical, and chemical features not
achievable in bulk. However, processing of solutions to achieve these highly purified
dispersions requires centrifugation cycles that lead to extremely low satoticentrations.

These low concentration solutions can be challenging to assemble into macroscopic films using
traditional routes of drop drying or spaasting due to the lowfficiency and lack of

controllability of these processes. Howe\EPD is deronstrated to ba convenient method to
assemble thick films from these dilute solutions due to the unique ability to completely assemble
all suspended materials in a single processing step. To explicitly demonstrate this, absorption
properties of purifiegolutions in ACN before and after EPD were characterized and the results

are presented in FiguAeQaf. Characteristic absorption spectra for purified solutions of MoS

MoSe and WS nanosheets are present in the tested solutions, where the congenfratio
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dispersed nanosheets is directly proportional to the observed absorbance. After the application
of 200 V between two electrodes immersed in ACN solution for 30 minutes, the absorption of
the remaining solution is reduced by 100% to the accuracydf¥hVis-NIR spectrometer,
indicating complete removal of the suspended nanosheets into the assembled film. Additionally,
a uniform film is observed on the deposition electrode and SEM characterization reveals the
presence of ultrathin MeINSs (Figuret.9g-h). This indicates that ACN is an efficient solvent

for high efficiency conversion of suspensions of high quality nanosheets into assembled
electrode materials. Identical experiments performed using purified solutions in NMP did not
result in completeemoval of material even after extending the deposition to 1.5 hours. Small
observed changes to the absorption spectra of these solutions implies that in the regime of low
concentration purified nanosheets, the solution properties of NMP cause the |dity imobe a

bottleneck for complete transference of suspended nanosheets to an assembled material.
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Figure4.9. Absorbance spectra for purified TMD solutions in ACN before and after EPD at
200V for 30 minutes for (a) Me$b) MoSe and (c) WS. Absorbance spectra for NMP
solutions under the same conditions at extended times for (d) (dp8oSe and (f) WS. SEM
characterization of the films assembled from ACN for (g) M®8 MoSe and (I) WS

Whereas this indicates that EPD from foancentation solutions of TMD nanosheets
dispersed in NMP are mobiliymited, the possibility to improve deposition kinetiss
demonstratetdy engineering the solution properties of the dispersing solution. To demonstrate
this idea, the ability to use solutieemperature of NMP during deposition as a means to modify
the solution viscosity, and hence the electrophoretic mokslipyesented In particular, the
heating of a solution increases the average kinetic energy of molecules, decreasing the

intermoleclar force between neighboring molecules that is manifested macroscopically as a

decrease in total solution viscosity. To investigate this effect on the electrophoretic mobility of
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suspended nanomaterials, EPD was performed at 5 separate temperaturesesudtshare

presented in Figuré.10a. The general trend observed during this study is a consistent increase in
deposition rate with temperature. Whereas this improvement in depositiomanatee chiefly
attributedto the viscosity, other factors suab changes in the dielectric permeability, suspension
solubility, and solution conductivity could also play a role in the resulting deposition rate. Raman
characterization for films formed at 1%Z5from NMP suspensions demonstrate identical
characteristicas those formed at 25 implying elevated temperatures do not lead to increased
residue formation from the solvent or increased amounts of structural damage to the nanosheets

during deposition (Figuré.10b).
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Figure4.10. (a) Temperature dependence bétdeposition rate for 200V constartitage EPD
experiments at a constant time of 2 minutes. (b) Raman analysis of the films formedGt 125
(upper) 25°C (lower).
4.5Conclusion

In this chapterthe utility of electrophoretic deposition (EPD) as a tool to complement
conventional exfoliation routes for oiatch assembly of function@MD coatingss

demonstratedrhe success of this approach is crucial in demonstrating that nanoscale TMD

materials(such as MoS2) may be assembled into functional coatings of material using a cost
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competitive approactComparing ondatch exfoliation and assembly processes in both NMP
and ACN suspending solvenisis observed that the use of A@ables faster EPD ssembly
kinetics (23x), more pristine NS deposits based on Raman spectroscopy analysis, and the
capability for complete extraction of all dispersed TMDs to a film using EPD. Whereas NMP
exhibits improved exfoliation properties, AGdlidentifiedas an inproved solvent for the
combined process of exfoliation and EPD assembly due to these goistRirther
demonstratethat external stimuli, such as temperature, can be used to modulate the solution
properties of NMP dispersions and improve the assekitgtics without incurring additional
damage or residuelhis workidentifies for the first time that EPD is a versatile tool that can be
directly combined with 2D nanosheet exfoliation processes to yield-bat&h solution

processing to transform builowders into functional coatings nanosheets. This opens routes
toward achieving surfactanr additivefree macroscopic assembled materials based on a broad
family of 2-D TMD nanosheet building blocks for applications across a vast range of areas

including energy storage, energy conversion, sensing, catalysis, photodetection, ameng other
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CHAPTERS

Strain Engineering MoSor Suitable CathodEnergetics

5.1 Introduction

The previous chapter demonstrated methods for usingtésiynaterial synthesis routes
to directly assemble nanostructur@D materials from lowcost bulk materialsAs emphasized
in Chapter3, such materials hold exceptional promise as a cathode material focallfull-ion
batteries, however, the performarateserved in this chapter fell drastically short of the promise
of the layered Mogcathode reported in hatlell configurationsThe reason for this poor
performance is the poor efficiency of the cathode conversion reaction when paired with
conventionabnode materials. Electrochemical investigations into the working mechanism of
Mo$; as a cathode material has revealed a conversion reaction wthddPersists down to
potentials as low 0.0 V vs. Li/Li+ as the formed discharge products undergo coregletéan
and conversion. Unfortunately however, the pairing of this material with conventional anodes,
such as Si or graphite prohibit the realization of such low voltages in a full cell configuration.
For this reason, methods to tune the conversion ogeitioccur at a significantly higher
reduction potential are desirable in order to realize the full potential of this material in a full cell
Li-ion battery.

In this chapter, methods for optimizitige performance of MeSnaterials for fulcell
applicdions will be presented by tuning the Faradaic potentiatlaeefficiency of the MoS
conversion reactioduring the initial dischargeBy utilizing the wellknown method of strain

engineering, the reaction energetics of Magd lithium will be engineed in order to ensure
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compatibility with presentlay anode materialBy applying a thin carbon layer using high
temperature chemical vapor deposition, interfacial strain imparted on the underlyiag MoS
material will facilitate the conversion reaction atgntials as high as 2.0 V vs. LilLiThe

results presented in this chapter open up an entirely newdieddectrochemical energy storage

in which physical properties such as strain may be used to alter and improve the electrochemical

properties ot.i-ion electrode materials

5.2 Experimental Methods

To fabricate the MoSnanosheets for this study00 mg of bulk Mo% powder (Aldrich,
particle size < @m) were added to 50 ml of -nethyl2-pyrrolidinone (Aldrich, 99.5%
anhydrous). The solution was sonicated in a bath sonicator for 12 hours using 8 x 90 minute
intervals. After sonication, the solution was centrifuged at 2,000 rpms for 40 minutes. The upper
2/3 ofthe supernatant was removed and subsequently centrifuged for 1 hour at 5,000 rpms before
the excess supernatant was removed and the accumulated nanosheets were placed under vacuum
overnight to completely evaporate the solvent.

In order to generate verdty stacked carbor MoS; (C- MoS;) nanosheets MaS
nanosheets contained within an alumina boat w
evacuated to 2 mTorr. A gas mixture of 100 sccm Ar and 20 seamakhtained at atmospheric
pressure werentroduced during ramping to a temperature®@@®t 750C, 2 sccm of acetylene
(CoH2) was introduced for 10 minutes followed by a temperature ramp t8C880d an
additional 10 minute soak, and a final ramp to°@5€r 10 minutes. After this process, the
acetylene was turned off and the furnace cooled back down under a flow of argon and hydrogen

where materials were removed.
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Electrode materials were fabricating by suspen@@gng of vertically stacked-®10S;
or pristine MoS nanosheets were in 20 ml NMP and somngator 30 minutes. Following this, a
stainless steel spacer was placed at 0.5 cm from a 1 cm x 1 cm stainless steel counter electrode.
A voltage of 30 V was applied for 30 minutes before carefully rengpthe coated steel
electrode from solution and placing this into a vacuum chamber overnight to dry the sample.

Electrochemical haltell devices were assembled in an argon glovebox using CR 2032
stainless steel coin cells purchased from MTI. The doateel discs were separated from a
lithium metal anode by a 2500 Celgard separator saturated with a 1 MihiPg/1 ml solution
of ethylene carbonate (EC) and diethyl carbonate (DEC). Cyclic voltammetry scans and
galvanostatic measurements were perfinusing a Metrohm autolab multichannel testing
system. Raman measurements were performed using a Renishaw inVia confocal Raman
spectrometer. Micrkikaman maps were collected using a 532 nm laser. Prior to characterizing
the electrodes after electrochemitasting, coin cells were disassembled in an Ar filled glove

box and the electrodes washed with an EC/DEC solution.

5.3 Electrochemical Behavior of M@$or Li-ion batteries.

As a bulk, sulfuicontaining materialMoS; represents an easily processed material
structure that is able to be directly incorporadsdc cathodmaterials. Due to the sulfirased
lithium storage reaction, this material is capable of achieving energy densities on par with next
generation sulfurathodes with capacities as highlas00mAh/g reported for nanostructured
materiak. During operation asla-ion battery electroddyloS; converts imo Mo and LbS
particles after the first cycle and subsequent reactions of this material store lithi@rh ¥tvs.

Li/Li *. Due to the high voltage of thiéhiation reaction, this material is capable of being paired
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with traditional anode materials such as graphite or silicon, which store lithium at volt@ges <
V vs. Li/Li+, in order to fabricate a fultell Li-ion battery with a reasonable operating voltage.
However, in order to convelMoS; into the active Mo and S components a conversion reaction
during the initial discharge is required which inhibits the ability of thitened to be directly
implemented into a cathode material system. For pristinexM&S formed using LPE, two
concurrent reactions in the initial discharge are observed, with the first one at ~ 1.1 V and the
second at ~ 0.55 V vs. Li/LiFigure5.1a presets atypical discharge curve for the initial
discharge of a pristinkloS; cathode operated against a Li metal anode. In Figle a
differential capacity plot fabricated using the data of Figuta is presented that highlights the
location of thesenitial electrochemical reactions B®S; is discharged. The reactions obtained
hereare consistent with the known pathways for insertion of lithium into pristineeMdsch
occurs first through an intercalation reaction (1.1 V) that follows
MoS; + xLi*™ + x€ = LixM0oS, (equationb.1)

where MoS undergoes a transition from a semiconducting 2H phase to the strained, metallic 1T
phase due to deformation of the crystal from lithium ion insertion. Following this transition, the
MoS; can undergo a subsequent conversion reaction at lower voltages/jahat follows

LixMoS; + 4Li* + 4e = 2Li2S + Mol/Liy (equationb.2)
These processes are outlined schematically in Fiyice Unfortunately, the location of this low
voltage conversion reacticoccurs at a similar potential to thatlofion intercalation in
traditional anode materials such as graphite or silicon. Therefore, in order to directly implement
MoS; as a cathode material, pireatment of thd&1oS; to convert it into the active matati
components must take place beforeipgithis material with an anode, adding significant

complexity to the fulcell fabrication
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Figure5.1. (@) Initial discharge curve for a pristidoS, NS and corresponding DQ/DE plot in
(b) highlighting the reactions present in the discharge curve. (c) schematic illustration of the
pristineMoS; conversion reaction process.
5.4 Strain EngineerinfyloS; Materials forSuitableCathodes irLi-ion Batteries

As emphasized in the reaction scheme of Figute, a precursor to the conversion
reaction inMoS; materials is the presence of a straiMeb,-lithium interface during
intercalation at ~1.1 V. Due to the nature €D 2naterials, however, strain may ingparted to
this structure through other means such as interfaced coatings. In semiconductor electronics,
engineering 2D materials using strain applied at an interface has been shown to strongly
modulate the bandgap and band structure, which results ifiedoglectrical and optical
properties for strained materidfs”® For monolayer Mog the bandgap is observed to shift by up
to 15 meV under tensile strain of up to 4/8%nd theoretical efforts have further emphasized

strain enabled broadbandsarption and photodetection in Mg®ven though this has not yet

been experimentally realizédThe intersetion of strain engineered properties of 2D materials
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and the impact on electrochemical storage properties presents an engaging research area for next
generation electronics and has only recently been explored for electrochemical devices.

Unlike electroniaddevices however, the application toward energy storage electrodes
requires bulk-like quantities of 2D materialsa challenge aided by recent developments in the
liquid exfoliation and assembly of layered TMDCE<! However, addressing how properties in
heterostructuredr complex 2D materials can impact chemical processes responsible for
electrochemical applications is hampered by uniform material fabrication routes that can be
employed on scales required for electrochemical measurements. As a result, the impact of
strained interfaces in 2D materials on chemical and electrochemical processes remains virtually
unstudied. Only recently has an observation emerged that compressive strain on Pt catalysts can
improve the oxygen reduction reaction capability of Pt relevafutetacells’® In this manner,
2D materials provide an idetst bed for the understanding of how interfaces and strain can
impact electrochemical processes, motivated by pioneering efforts in the field of semiconductor
electronics. Using the application of interface strain, attempts are made to tune the
electroclemical conversion reaction doS; to enable a direct pairing of this material with
anode materials fdri-ion battery fultcell electrodes. Due to the favorable properties of carbon
materials for electrochemical devices, applied strain was controllesgtintbe application of a
controlled carbon layer. As mentioned in the previous chapter, extended exfoliation processes
using high temperatures and low concentrations of material can initiate a carbon coating through
a catalyzed decomposition of the suspegdolvent enablingthe potential foone batch
processing ofhesecarbon MoS; nanostructures. Howevedagr the present studyhis methodf
applying a carbon coating was found todui#cult to control and requires further reseanch

order tooptimize the insitu formation of a carberMoS; interfacethrough solution processing
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methods In order to demonstrate the applicability of carbon to apply the necessary strain, more
controlled methods of carbon layer formatioamely chemical vapor depositi, were

employed for this study.
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Figure5.2. (a-b). TEM images of pristine exfoliated Me8anosheets(c) Edgeview TEM

image of a vertically stacked-K10S; nanosheefd) EDS elemental analysis of a stacked C
Mo$S; nanosheet(e) SEM image of arlectrophoretically assembled electrode material formed
with stacked EMoS; nanosheets.

Mo$S; nanosheets were produced through liquid exfoliation of bulkAo®&ders in A

methyl2-pyrrolidone (NMP) solvents and subsequent centrifugation. Transmissatroele

microscopy (TEM) of a representative exfoliated Ma&8nosheet is shown in Figusea,h
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Interlayer spacing of ~ 0.61 nm is observed for Ma&hosheets, with thicknesses ranging from
2-10 atomic layers. Ultrathin carbon layers are grown directly on the Blofce through
Mo$S; catalyzed decomposition obB> precursors using a temperature ramp chemnigabr
deposition (CVD) proces3his generates vertically stacked architectures where ultrathin carbon
layers are formed on both sides of the IiMn&nosheets, with a representative TEM image of this
architecture shown in Figuge2c, and corresponding elemental analysis map in Figdde To
produce an appreciable mass of material for electrochemicalE@$2syas used to assemble the
vertically stacked €MoS; nanosheets into conformal films on metal substrates from NMP
dispersions following CVD. Raman spectroscopy analysis in Figaftef vertically stacked €
MoS; nanosheets indicates that vertical stacks maintain an identical signature of crystallipne MoS
following the carbon synthesis based oa &1d Ac modes (300 500 cm?t). The carbon layers
exhibit a significant amount of $pybridized carbon atoms (~ 1320 ¢nor D-band) relative to
sp’ carbon species (~ 1580 dpor Gband). Whereas this indicates the presence of carbon, x
ray photoelectron spectroscopy (XPS) indicates the emergence of both a peak in thesgulfur 2p
spectra tlow binding energies as well as shoulders in both M@ a8dd 3d,. peaks that
represent the formation of MG bonds and distortion of surface S atoms. Figltg. This
analysis collectively supports the formation of a distinct caitofs, stacked intdace, where
mismatch of the iplane lattice spacing between Mad carbon will induce significant
interface strain.

To assess strain in the vertically stacked 2D material, statistical Raman spectroscopy
mapping comprising over 200 individual scanseparate areas was performed on thedad
A1c modes of Mog which are highly sensitive to tensile or compressive stPdin(Figure

5.3a,b) Based on the pe#dcpeak analysis of Raman mode distributions, shidts of ~ 0.66
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cmt and ~0.59cm were observed for the;Eand A modes, respectively. Asymmetry in these
modes is expected and attributed to stronger electronic coupling fadimodé? and weak
covalent bonds that form between the ia8d carbon species. This yields a ~@.2%
compressive strain based upon relative Aode shiftsi accordance with previous studfe®,
supporting the presence of interfanduced compressive strain on the Mo&terial. This is
further confirmed using-xay diffraction (XRD) which demonstrates a similar ~ 0.1%
compressive strain due to vertical stacking based on analysis of the (100) and (libdebow

planes of Mo& (Figure5.3c)
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Figure5.3. (a,b)Distributions from Raman spectroscopy maps comprisiti§O>individual

scans showing average shifts in the MA%: and e modes due to strain induced by a lattice
mismatched carbeNo0S; interface. (c) XRD analysis of vertically stacked-KoS; nanosheets
indicating stackingnduced strain in low index planeBhe following planes can be assigned to
the XRD spectirsa:( 1200D)=i 2 d8 Z06) ,3 3aggh2)2d = -~

To assess how the vertically stacked architecture and interface strain influences

electrochemical processes, we combined electrophoretically assembled vertically stacked 2D C

MoS; nanosheets with Li metal electrodes and an EC/DECAéRfetrolyte and congred

electrochemical properties against similar electrode materials produced with pristine MoS
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nanosheets. In contrast to the electrochemical reaction pathway outlined in the schematic of
Figure5.1c, insertion of lithium into the vertically stackedM®S; nanosheets yields a chemical
reaction evident at ~ 2.3 V vs. Liflbased on dQ/dE curves of the initial discharge reaction
(Figure5.4a,b) which is close to the opeircuit voltage (OCV) of the device. Furthermore,

there is no significant signature ladhium insertion at lower voltages in a manner consistent with
pristine MoS nanosheet electrodes. This highlights the presence of a chemical storage process
occurring in vertically stacked-®loS; materials that is not observed in pristine iMa%terias.

A schematic outline of the proposed reaction pathway is presented in 5iir®ue to the lack

of an electrochemical signature of lithium intercalation into the ultrathin carbon coating, this
difference can be associated solely with interface corapeestrain in the 2D stackedMoS,

nanosheets versus the pristine nanosheets.
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Figure5.4. (a) Initial discharge curve for a carbonated MogNS and corresponding DQ/DE
plot in (b) highlighting the reactions present in the discharge curvecl{ematic illustration of
the carbon coated M@$onversion reaction process.
To address the effect of theMloS; interface on the electrochemical properties during
lithium insertion, Raman spectroscopy of the electrophoretically assembledids&]
electrodes at different cathodic potentials was carried out (FB&je This analysis is possible
due to the preparation of electrodes in a manner that does not require binder materials often used
in conventional battery electrodes that can overwhelmédbgeadl Raman spectroscopic features.
At OCV conditions, both electrode materials exhibit only the native Raman modes af MoS
Cathodic scans from OCV conditions to 1.75 V vs. LiAan energy below the Linsertion

reaction observed for vertically steed GMoS; nanosheets, yields no change for the pristine

MoS; nanosheets, but the emergence of a distinct Raman peak at 746r €iMo0S2
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nanosheets. This mode is due to the formation of lithium polysulfidg&.fLior n@ 8) t hat
can be attributed to chemical conversion of the Mot reaction products in a manner

consistent with eq. (Zf. This confirms that the high voltage ~ 2.3 V signature in the dQ/dE

curves for verticallystacked @MoS; nanosheets is a chemical conversion process similar to that
which is known to occur at low voltages (0.55 V) in pristine Mo®o further support this,

cathodic scans were continued down to 0.01 V vs. Litki the pristine MoSelectrode where

the signature of conversion is evident due to the presence of the Raman mode at.746 cm
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Figure5.5. Raman spectroscopy confirming the electrochemical signature of chemical
conversion based on the Raman modeabysulfides at ~ 740 cth Notably, at 1.75 Ws.

Li/Li+, the vertically stacked @10S; nanosheets have undergone chemical conversion whereas
the pristine MoSnanosheets remain unconverted.
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5.5Conclusion
Based upon combined spectroscopic eledtrochemical analysis, a picture emerges

emphasizing the role of interface strain on lithium insertion in vertically stackdd$:

materials. In the pristine semiconducting 2H phase of Vasversion of MoBSnanosheets

cannot occur at voltages abowkere intercalation occurs (1.1 V vs. Lifl.and can only

proceed in a twstep chemical process following an intercalation reaction. As many researchers
have discussed the promise of M@@nosheets for battecathodes, the requirement of a
conversiorreaction that is near the reduction potential of lithium is highly impracticat&lill
architectures. In a vertically stackeeM®S,; nanosheet, the interface strain due to lattice
mismatch in a carbeMoS; solid-solid interface leads to an average 99.dompressive strain

that propagates into the MpBanosheet lattice and enables control of the energetics of chemical
conversion. In this regard, interface strain provides the appropriate energetic landscape to
sustain direct conversion at voltages #wdble pairing with conventional anode material such as
silicon or graphite which give promise to practical incorporation of this device in full cell

battery.

80



CHAPTER 6

Precision Assembly ain All-Carbon 3D Current Collector

6.1 Introduction

While the previous chapters have demonstrated the utility of EPD to fabricate cost
effective full-cell electrodes for lithiummon batteries, the remainder of this dissertation will focus
on the use of this technique to fabricate the battery architechatesre likely to replacki-ion
technologies in the coming decade. For these battery systems, the ability to assemble pristine,
high-surface area structures of carbon nanomaterialsiesalin order to fully realizeahe
potentialof Li-S andLi-O batteriesIn this regard, graphene foam materials have emerged as a
promising candidaterith which to construchigh-surface area,-B, conductive templates.
Unfortunately howeverto achievestructuralstability of macroscale assemblies of thessebon
structuresit is common to interface these nanomaterials with polymer stabilizers to retain
structural stability during thprocessing of frestanding carbon structurds this chapterthe
drawbacks associated with this method of stabilizairenpreentedanda means to overcome
these limitations is presented through EFBY stabilizing graphene structures with a layer of
SWCNTSs the structural integrity of-B graphene filmss preserved while simultaneously
preserving the native matei@asonductvity and chemical inertness.

The twodimensional, atomicallyhin configuration of graphene has enabled the
understanding of new physics and chemistry in-tlivoensional materials which has been the
foundation for the emergence of a broad range of grapgh&sed applications in areas such as

catalysis, sensing, energy systems, and electréhfésldeal material performance intrinsic to
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suspended graphene, such as high mobilityextellent electrical and thermal properties, are
compromised when the graphene is interfaced with a substrate or a polymer&uffiacee
dimensional, freestanding structures of grapH&méyere graphene is grown on the interior
surface of a thredimensional metl template, give exemplary promise to the route of forming
flexible and robust macroscopic templates of graphene. However, such an approach is only
viable for applications if routes to stabilize freestanding graphene materials can be executed
without geneating residue or impurities that degrade the electrical, gravimetric, thermal, and
electrochemical properties. This is a challenge for graphene materials since studies-bf flat, 2
graphene have elucidated the irreversible presence of residue whemguiiiez
polymethylmethacralate (PMMA) based transfer process universally employed for nearly all
graphenebased studies. The presence of such residues and their adverse effect have been
demonstrated to persist through chemical and annealing treatmadisgleéo a modification of

the graphene electronic structure that is manifested in opticatblué f t i ng of t he
resonance mode in Raman spectroscopy stfitifsEor threedimensional graphene materials,
theseresults emphasize that the absence of PMMA residue not only impacts the electronic
propertiesput is also the basis of the structural integrity for the freestandihgnaterial.

One possible routmwards polymefree stabilizations the use oEPD to conformally
coat these-® graphene structures with structurally stable, chemically matérials EPD
combines the scalability necessary for-tololl or largescale industrial processing with
control over thickness and deposition rate based on the voltage,-bbvangss ratio of the
particles, and deposition tinf&.In this chapter, aoute to stabilize B templates of graphene
materials using EPD to generate a thin layer of surfaéte@tSWCNTSs on the surface of the

graphenes presentedlt is foundthat, in comparison to PMMA stabilization, this leads to a
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graphene material thakhibits nearly 50x lower electrical resistance and optical Raman
spectroscopic signatures of pristine graphenic carbon. Whereas this provides a functional route
toward stabilizing @ graphene materialg,is demonstrated th#tis approactalso leadso

nearideal properties for grapheit@sed applications.

6.2 Materials and Methods

The CVD graphene films used in this study are grown on Ni foams (MTI, ~110 ppi) in a
quartz tube furnace at a growth temperature of 100@nder ambient pressure and im a
atmosphere of 100 sccrmp,F500 sccm of Ar, and 10 sccm @Hror PMMA assisted graphene
foams, 5.5wt% PMMA in Ethyl Lactate is drop casted onto the foam and baked in air on a hot
plate at 99C for 1 hour before being placed into an iron (1) chloridthlmvernight for
removal of the Ni foam substrate. The resulting PMMA/graphene foam is placed into a bath of
DI water for ~12 hrs and then left to dry. Removal of the PMMA is achieved by placing the
PMMA/graphene foam samples into an acetone bath®a® &% ~ 1 hr. Fabrication of the
annealed samples is achieved using an identical method followed by an additional annealing
procedure in which the polymer supported GF is placed into a tube furnace and annealed for 1h
under ambient conditions at AWfollowed by an additional hour of annealing in a flow of
mixed H (200sccm) and Ar (400sccm).

The EPD solution of SWNTSs is prepared as follows: 10 mg of SWCNTs (HIRCO
purified) are dissolved in 20 ml of NMP and sonicated for ~ 1hr. Graphene coated Ni foams are
suspended in the resulting solution at a 0.5 cm electrode separation with a 1cm x 1cm stainless

steel counter electrode and subjected to an applied potenti20af for 20 min. The resulting
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nanostructure is placed in an iron(lll) chloride bath overnight and then placed into a bath of DI

water before being scooped onto the stainless steel current collector.

6.3 Imparting Mechanical Stability

Although 3D graplene materials have been extensively utilized for applications in the
past few years, these approaches have required the use of Blbikzed materialsThis
studyfoundthat 3D structures of graphene do not exhibit mechanical integrity without the use
of PMMA, except when grown with very thick graphlike layers of graphene materials, upon
dissolution of the 3 foam substrate supporting the graphene. This is illustratéidume6.1a
b, where the @ graphene is found to break into small flakegm@phene material when
reaching full metabupport dissolutionStructuralstabilization of 3D graphene is achieved with
PMMA after dissolving the polymer using acetone, but close SEM analysis reveals the presence
of PMMA globules in crevices of the grlaene material that cannot be removed using chemical
treatmentsHowever, as discusdat a later point, the use of PMMA plays a role to inhibit the
development of applications that require pristine graphene properties. Thergfosa)gEPD
to coat ahin conformal layer of pristine SWCNTs on the graphene suréabgbrid material is
achieved in which SWCNTaxct to electrically and mechanically bridge the adjacent gjken
flakes of graphene formed during growthamunderlyingNi foam templateusing standard
chemical vapor deposition processinthis enablethe formation ofreestanding 3 foams of
graphene materials with superior properties to those materials stabilized using fgJe
6.1c-d). The benefit othis SWCNT stabilization routes furtherillustrated inFigure6.1e-h,

where the welike morphology of the SWCNTs forms an electrically conductive and
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mechanically robust stabilization layer to support tHig Gaphene in contrast to the insulating

residual polymer stabilizing graphesheets when using PMMA stabilization.

No PMMA \ SWCNT-

Y
. No SWCNTs ‘&tabiz{ed

SWCNT
supported
Etch
—_—>
Freestanding
PMMA graphene foams
g' / \

tch & Dissolve
—_—

Figure6.1. (a-b) Photographs of graphene foams that remain following the dissolution of Ni
foam in Fed. The left panel is a graphefeam with no polymer or SWCNT stabilization,
whereas the right side panel shows a foam material stabilized with suHiaeea8WCNTs. (c)
Photograph of a freestanding graph&@WCNT foam. (d) Lowmagnification of a SWCNT
stabilized graphene foam matdri(eh) Scheme depicting the mechanism of stabilizationDf 3
graphene foams with SWCNTs (e) and PMMA polymer (g) that leaves residue behind following
etching of the Ni foam, with supporting SEM images (f,h).

6.4 Device Performance
In order to charderize the benefit of the SWCNT coating, in comparison to PMMA
stabilization, the electrical, optical, and electrochemical properties of the foam matasals

investigatedFigure6.2). To characterize the electrical properties,®lWectrode currentoltage
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scanswvere performedn both SWCNT stabilized and PMMA stabilized graphene. Since the
thickness of the foam materials in both cases are identical and both samples exhibited a linear,
Ohmic response, the resisty of PMMA stabilized foam was calcuted b be 1.8 x 10Y * m,

and the resistivity of the CNT stabilized sample to be 3.5%Y10 r(Figure6.2a). This

indicates a ~ 50x improvement in sample resistivity and a value approaching bulk metals when
using CNT stabilization. Furthermore,optieah al ysi s of the GO0 mode usi
spectroscopyevealed further benefits of the SWCNT stabilized materials The GO& mode
corresponds to a doubtesonance process that is highly dependent upon the Fermi velocity in

the vicinity of the excited carbecaibon bond® In the case of PMMA stabilized graphene, a
blueshift of the peak cent tcomparédtothe SWGNTaphene
stabilized foamss observedemphasizing the pristine nature of the graphene when stabilizing it

with SWCNTSs relative to PMMAFigure6.2b).8” It has been shown that polymer residue, even

after annealing, can influence the electronic structure of the graphene and cause this peak

blue-shift relative b pristine graphene materials.
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Figure 6.2(a) Electrical FV measurements made on PMMs#abilized and SWCN-Etabilized
foams,(b)Anal ysi s of the Raman spectroscopic G6 mo
foams.

86



To gauge the benefits of these hybrid materials in an electrochemical setting, such as
those occurring ii-Sor Li-O batteries, aelectrochemical analysis of the PMMsabilized
and SWCNTstabilized materials usingdthyl3-methylimidizolium tetraflouoborate
(EMIBF4) electrolytesvas carried out Electrochemical impedance spectrosc(piy)
measurementg-igure6.2b) indicate ideal diffusion behavior for the SWCHNTabilized
graphene foams evidenced by a +frieijuency spike of ~ #g£ompared taon-ideal diffusion
properties for the PMMAgraphene foam. Additionally, cyclic voltammetry studies performed at
100 mV/second scan ratgsgure6.3c) indicate an improved electrochemical stability window

for the SWCNT stabilizé foam material (~ 0.5 0.7 V).
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Figure 6.3(a) EIS analysis of PMMA and SWCNT stabilized foams in EMIBF4 electrolytes,
and p) CV scans performed at a rate of 0.1 mY¥or each foam material.

6.5 Conclusion

Thereforeasthe potential for future applications employindp3jraphene materials is
correlated to the ability to generate pristine, freestanding graphene materials, an approach
demonstrated hete achieve this by stabilizing the surfaafegraphene foam structeswith a

thin, clean SWCNT coatings using a scalabl®&Eechnique. Tis hybrid material yields a
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pristine, electrically conductive and mechanically robust template that can be the basis for a
broad range of efficient device applications across fields ag energy storage and conversion,
catalysis, sensing, and other fields whernistine properties of carbon nanostructures are desired
This approach more broadly illustrates a route to engineer pristine carbon nanomaterials to
generate macroscopic asgdies exhibiting significantly enhanced performance in comparison

to materials with residual parasitic mass from polymers or surfactants.
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CHAPTER 7

EPD of Electrocatalysts for {Air Batteries

7.1 Introduction

For manyemerging energy storage applications, the practical realization of doigg
electric vehicles and lowost gridscale storage systems rests in the ability to-effettively
design secondary high energy density storage media that can be competitoasbn a
performance basis with fossil fupbwered systems. In this regard, ramjueous lithiurroxygen
batteries (LOB) have promise as a solution owing to the extremely high theoretical energy
density on par with conventional fossil fuéts’*3 Unlike traditional metalon batteries, metal
air batteries rely on the ability to store ions on the surface of a material through a reaction with
ambient air and the performance of these materials istigirelated to the reactivity of a
material os surface for oxygen eVv%Thahigh on ( OER)
surface area and improved rewity of nanostructured materials gives rise to substantially
improved performance in metair architectures comprised of pristine nanomateftals.
Traditional manufacturing techniques are unable to produce suctuséisifor metahir
batteries due to the complexBsurfaces required for acceptable volumetric and gravimetric
capacities. Conventional coating technologies rely-@nrethods to maintain lowost and
high-throughput and the additives required by thesbniques have been shown to passivate a
material 6s surface and severely inhibit, or i

nucleate oxide compounds. Thus, processing of pristine solutions of nanomateriéls on 3
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architectures is essential tbtaining the level of performance predicted for air battery
electrodes.

Macroscale assemblies of catalyst nanomaterials are essential for the commercial
realization of next generation energy storage and conversion sy§t&mkis is especially true
for Li-O batteries in which themechanism of charge storage relies on a complex reaction
between lithium and oxygen that yields the largest theoretical energy density of any energy
storage system to date. This high theoretical capacity is based on the dleogaction which
generags lithium peroxide on the electrode surface as the battery discharges: 14 Li2O,
E°=2.96 V vs Li/Li". Although the chemical mechanism of tieO seems straightforward, the
practical operation of these devices has been impeded by seemingly endless technical challenges
such as low rounttip efficiency, poor cyclability, and limited stability of the battery
component§?1%2 These challenges primarily arise from the energetics of growth and
decomposition of the insulating and insoluble discharge product during operation which yields a
variety of parasitic side reaction products and degrades the battery components. Two routes
overcome many of these challenges have emerged recently, including the use of either redox
mediators or catalysts that can direct the efficient formation of discharge products. Recent rapid
progress has demonstrated the use of a Lil redox mediatwtigate the formation of LiOH
rather than L3O, even though charge and energy efficiencies of these devices still lag behind
those of conventiondli-ion batteries (>99.5%°>1%° In this manner, catalysts can play a key
role either independently usedLinO batteriesor also combined with redox mediators to lower
the overpotentiaht the site of discharge product formatf6ri® 107

To this end, a number of catalyst architectures have shown great promise for improving

the efficiency of LOBs including precious metal cataly8tsloped nanocarbon architectutés,
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and metal oxide nanostructuré8Among these, metal oxideased architectures Vereceived

a great deal of attention due to the low material cost afithbtional capability in promoting

both the oxygen evolution (OER) and oxygen reduction (ORR) reactions presentirthe
batterychemistry!*113Within this regime, catalysts minimize the ovemgautal associated with
both the OER and ORR by tuning parameters such as electronic conductivity, binding strength of
the adsorbate on the particle surface, and the nature of the discharge product motfhbfogy.
118\Whereas traditional routes to achieve this enhanced performance have focused on
optimization of the particlscale chemical and electronic properties of the individual catalyst
particles, efforts to understand how morplgital effects and assembly on the scale of a
macroscopic electrode can influence performance have not been carried out. Despite the
recognized importance of assembly for catalytic systems in platforms ranging from fuel cells to
gas sensors 19 the effect of catalyst morphology in_&-O batteryand its impact on the
performance of the catalyst layer currently remains largely unexplored.

A key challenge to study morphology effects on catalytic systems is the use of
techniques that can enable simultaneous control over particle orientatiomgpadeRsity, film
thickness, and substrate adhesion, among other parameters. Unlike conventional processes such
as dipcoating, seHassembly, or spin coating, electrophoretic deposition (EPD) has the potential
to achieve this control by precise selectwdithe deposition parametersd.applied voltage,
duration, electrode geometmtc) that can be finely tuned® 12! The assembly mechism
inherit to EPD maximizes interfacial contact between the substrate and depositing materials
while also promoting high packing efficiencies within the assembled film itself yielding particle

coatings that exhibit exceptional mechanical properties aist gelamination or aggregation.
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Such interfacial limitations have been correlated to degradation in fuel cell applitZtoms
hence we anticipate such effects to play a rola {0 batteries.

In this study, we compare two methods of producing coatings of catalyt03Vin
nanoparticles on mesh substrates with different morphologies. For coatings prepared with EPD,
which exhibit smooth, compact, and conformal morphologies, we demonstrate significant
improvements to the operational parameteis @D batteries, including tle overpotential and
durability. Usingin-situ electrochemical studies combined wathsitu electrode imaging we
demonstrate a synergistic effect between the sipgigcle catalytic properties and the
morphological properties of the assembled catatysrito achieve the best performance in

lithium-oxygen batteries.

7.2 Materials and Methods

Multi-walled carbon nanotub@WCNT) coatings were fabricated on stainless steel
mesh electrodes using a solution of MWCNT (cheaptubes.cd,rin diameter) in-inethyt
2-pyrrolidone (NMP) (99.8%, Anhydrous). 20 mg of MWCNT material was added to 40 ml of
NMP solution and sonicated for 30 minutes usi
minimize heating. A pristine stainless steel mesh electrode was theedp0.5 cm from a
stainless steel counter electrode on both the front and backside. A bias of 200 V was applied to
the system using a Labviegperated Keithley 2400 Sourcemeter for 5 minutes and the mesh
electrode as the anode before carefully removireggrhesh from the solution and drying in a
vacuum oven overnight. Only mesh materials with a MWCNT loading of 0.04 rhgieme

selected for further use.
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Coatings of catalyst particles (MDg) were fabricating using a solution of M
(skyspring nanomategis, 4660 nm) in ethanol (200 proof, Decon Laboratories). 20 mg of
Mn203 was added to 40 ml of ethanol and the pH of the solution was tuned through dropwise
addition of a 1 M NaOHsolution until the suspension achieved a pH of 8. For EPD coatings, the
MWCNT coated stainless steel mesh was placed back into the EPD system described in the
previous section and a voltage of 100 V was applied for 1 minute before carefully removing the
electrode from solution and leaving it to hang dry overnight. Only mesh cathodes witsOa Mn
loading of 0.06 mg/ciwere selected for further testing. To form DC coatings, the MWCNT
coated stainless steel mesh was briefly dipped in solution, removedgefartd dry before
repeating the process to achieve s coverage density of 0.06 mg/cm

Components for théi-O battery were assembled into a custom built battery testing
system using an argesealed glovebox with QOevels < 0.5 ppm (MBrayn The coated mesh
cathode was placed opposite a lithium metal anode and a Celgard battery separator soaked in 0.1
M LiClO4 tetraglyme (Sigma Aldrich) electrolyte was placed between them. The chamber was
sealed and removed from the glovebox before evamydiie argon and refilling the chamber
with a mixture of 20% ©/ 80% Argon. Charge discharge, cyclic voltammetry and EIS
measurements were performed using a Metrohm Autolab multichannel testing system over a
frequency range of 1 MHz to 0.1Hz.

To obtain pofileometry measurement8]WCNT coatings were applied tc2 stainless
steel surfaces using identical deposition parameters as those used to fabricate mesh structures.
Mn2Os films were then assembled on thesP 2tainless steel surfaces with the sameqatoce
used to coat the stainless steel mesh. Profileometry was performed on the assembled composite

films using a Veeco Dektak 15Raman analysis was performed using a Renishaw inVia Raman
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microscope with a 532nm excitation. Zetasizer measurements wessl gaut using a Malvern

Zetasizer Nano ZS instrument.

7.3 Solution Processing of Catalyst Materials

The integration of solution phase catalyst synthesis into scalable fabrication processes
relies on the ability to control the final morphology of theeasisled film. Whereas
conventional coating methods such asabpting and docteblading are straigHiorward, such
methodologies that depend on the quality of the catalyst dispersion in the solution and the
disruptive capillary forces present during idiy present bottlenecks to achieve control necessary
for many applications. Alternatively, electfield assisted assembly, or electrophoretic
deposition (EPD), can be used to control the morphology of coatings without sacrificing the ease
and scalabilityof the coating technique. In this spirit, we focus this study on a comparison of
films of catalyst nanoparticles (M@s) produced using these two different coating techniques,

and coated onto a mulivalled carbon nanotube (MWCNT) coated mesh electrode (Frgliye
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Figure7.1. Mass deposition as a function of applied voltage for a 0.5 ngglation of
MWCNT in NMP demonstrating the linear relationship expected from the EPD process. The
inset depicts an optical imaging of the stainless steel mesh electrode before and after deposition
of the MWCNT coating emphasizing no change to the geotreatea of the electrode as a result
of deposition.
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The general process for catalyst assembly in both cases is presented i7 Bayarel
7.2b for the dipcoat (DC) and EPD process, respectively. Commercially availabi®©Mn
nanoparticles (NP) dispersadethanol (0.5 mg/ml) provide the depositing suspension for both
processes. During DC assembly, the substrate is dipped in t@; Bbiution and carefully
removed to produce the catalyst layer, which forms a disordered aggregate of particles during
drying. Scanning electron microscopy (SEM) analysis of the DC sample in Figare
highlights this noruniformity through the presence of uncoated regions and large aggregates that
are formed as result of the assembly process.

In contrast to this, EPD produces patrticulate films through a guidedsssmbly
process in which particles are directed to the deposition substrate under the application of an
applied electric field. Upon arrival at the substrate surface, electrohyanoiy flows generated
by ionic currents provide lateral migration of the particles that can result in controlled
monolayefby-monolayer assembly that results in exceptionally uniform films with high packing
density'?3 124 Using this method, we are able to produce a film of tightlgked nanoparticles
which possess superior interparticle adhesion that overcome the effects of drying and preserve
the uniform and conformal nature of the catalilst that exists in solutiolt®leaving a smooth,
compact catalyst film. (Figureé2d) To further quantify the differences in the initial macroscopic
morphology of the electrodes asdded using these different methods, profilometry was carried
out on both substrates. (Figut2e and7.2f) A root mean square roughness of ~7.7 um was
measured for DC samples versus ~1.1 um for EPD films. The use of EPD and DC assembly in
forming the ctalyst layer enables a comparison between smooth/compact and rough/disordered
catalyst films and the effect these separate morphologies have on the continuous operation of a

Li-O battery
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Figure7.2. Schematic representation of (a) DC and (b) EPD assembly processes. During DC
assembly, film formation via evaporation results in the presence of nanoparticle aggregates and
large regions of exposed substrate in contrast to EPD which assembles partalgs éhguided
selfassembly process using applied electric fieldsl)(EM imaging for both (c) DC and (d)

EPD films with higher magnification insets showing the high packing density of the
nanoparticles at the film interface-fljeProfilometry perforned on (e¢) DC and (f) EPD films
emphasizing the drastic difference in surface roughness as a result of the different assembly
processes. An inset is included to illustrate the experimental configuration of profilometry
measurements.
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Smooth, welinteramnnected MpOs NP films from EPD were achieved by engineering
the surface charge via the pH of the dispersing meldfumhich controls the zeta potential or the
particle mobility under an applied electfield. Measurements of the Mds NP surface charge
were performed over a range of acidity values (FiguBa) and a suspension with a basic pH of
8.5 and a corresponding zeta potential valud 52 mV was selected as the depositing solution
due to the high stability and electrophoretic mobility. High mobility enables the formation of
films with exceptionapacking efficiency and interparticle connectivity under applied electric

fields>’ Measurements of the totdéposited MpOs catalyst NP mass obtained using EPD was
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observed to increase in a nearly linear manner as a function of time (Figjoyewhich is in

good agreement to a fit applied based on the widetgepted Hamaker approximation (see
supporting infomation). Therefore, the use of EPD provides the capability to rapidly assemble
uniform films of catalyst NPs with highly controllable mass loading characteristics. Using this
technique, catalytic Mi©s NPs were coated onto a 3D mesh electrode and aaz@op of the

coating quality with evaporative techniques with comparable toadfg is depicted in Figure

7.3c and7.3d.
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Figure7.3. (a) Zeta potential measurements for a 0.5 mg/ml solution e©tmanoparticles in

ethanol. Magnitude of the zgpatential increase significantly for high pH values providing the
necessary mobility and dispersion stability for the EPD process. (b) Mass deposited as a function
of time during EPD assembly with schematic insets emphasizing the evolution of the coated
layer. Dottedline fit is based on modeling the system using the Hamaker approximatabn. (c

SEM characterization of the film coating on the mesh electrodes for (¢) DC and (d) EPD
assembly processes demonstrate the homogenous nature of EPD films oveylerdiieal

regions of the mesh electrode.
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7.4 Effects of Assembly on {air battery operation

We further employ these catalyst layers toward the reduction and evolution of oxygen
species for lithiunrroxygen batteries (LOBs), or also commonly denoitblim-air batteries.
During operation of a LOB, the growth and decomposition of an insulating discharge product
occurs at the interface between the electrolyte and both the electrode surface and the catalyst
layer, modifying interfacial electronic and igal properties between the catalyst particles and
the current collector. To study this effect in the context of catalyst coatings, equivalent masses
of MWCNTSs were first coated onto a stainless steel (SS) mesh substrate usiigt&pmduce
a lightweight current collector before a subsequent coating of catalyt©3dvhanoparticles was
applied using either the D@ EPD technique.

To assess the performance of these catalysted MWCNT mesh electrodes,
galvanostatic chargdischarge measurements were performed to a constant capacity of 1,000
MAh/geaonat a rate of 2100 mAkghon With the results of the firstomplete cycle shown in
Figure7.4a. Comparing the difference between ORR and OER curves in Figaresmooth
films exhibit a 1.37 V difference between the OER and ORR potentials while rough films exhibit
a much larger separation of 1.59 V. This &lates the overpotential improvement associated
with an interconnected and smooth catalyst film as opposed to a film with a rough and disordered
morphology. To further study the role of the morphology of the catalyst layer on the LOB
performance, OER armdRR voltage profiles were compared over 5 consecutive cycles, and the
endof-cyclevoltage was compared to extract the voltage decay rate. (Fighje A decay rate
of 9.8 mV/cycle and 5.78 mV/cycle was observed during oxygen evolution for rough aothsmo
films, respectively, while a decay rate of 4.3 mV/cycle and 2.8 mV/cycle was observed during

reduction.
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Figure7.4. (a) Initial galvanostatidischarge and charge curves for smooth and rough catalyst
films. (b) Endof-cycle voltage measurements from galvanostatic cycling over the course of 5
cycles. (ef) SEM images of both smooth-(f) and rough (€) catalyst layers both in the
dischargedtate and charged state. Additional images for these films under further cycling are
available in the supporting information.

To better understand the differences between the LOB performance of the DC and EPD
catalyst coated electrodes, SEM was performed over the course of the initial disttaagge
cycles for both electrodes. (Figufelc-f) After the initial discharge, SEMriages reveal that
rough films possess patchwork growth of discharge product o@daggregates (Figuré4e)
while uniform films possess a conformal coverage distributed homogenously across the surface

of the catalyst layer. (Figuré4c) Upon charging ahe device, the smooth, compact 10a
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catalyst layer formed by EPD promotes uniform decomposition kinetics that restores the original
morphology of the assembled electrode, whereas the patchy, heterogeneous interface from the
DC coating results in prefergal decomposition at more conductive regions of the electrode
promoting disruptions to the interfacial region of the catalyst layer. This observation is further
amplified after five consecutive cycles where the smooth compact EPD film maintainsyntegrit
whereas the rough and disordered-883embled film exhibits an unstable interface that

promotes the deactivation of large portions of catalyst material through detachment or electronic
isolationvia growth of a thick and insulating interface (Figuta and7.5b). These results

imply that catalyst layers with smooth morphology exhibit more uniform volumetric mechanical
stresses during ORR product formation and removal, whereas coatings with greater roughness
and more disorder lead to noniform stresss that more rapidly deactivate the function of the
catalytic layer.
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Figure7.5. Oxyge electrodes after 5 cycles, (a) SEM of an aRE&embled oxygen electrode
demonstrating failure through the formation of cracks between large interconnected regions of
the catalyst film and (b) SEM of a B&sembled electrode showing failure throaggregation

and detachment.

7.5 Mechanistic Understanding of The Enhancement-airlbattery performance

To monitor the individual evolution of select electrode components during operation,

electrochemical impedance spectroscopy (EIS) was perforntied and of each discharge
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during cyclic voltammetry testing over the course of 5 cycles. By probing the impedance of the
electrode in the discharge state, we are able to accurately assess the impfactredchs

discharge products on the electronic preesswithin the active layetn-situ EIS presents a
powerful tool for measuring the evolution of metal oxixesed electrodes during LOB operation
due to its noainvasive nature and its sensitivity in isolating contributions from individual cell
componerg. EIS spectra for both rough and smooth catalyst films in lituxygen batteries at
OCV conditions are shown in Figureéba, with an inset diagram showing the equivalent circuit
representation used to analyze this data. The high frequency interdaptbt with the real

axis, indicated by circuit elementgy, represents the equivalent series resistance (ESR) which
includes the ionic resistance from the electrolyte and the electrical resistance of the catalyst film
and current collectd®® 1*° The small semicircle at high frequenciaslicated by circuit

elements G and R, represent the contribution to impedance from the active interface. The
active interface in this case refers to the region of the electrode that consists of the portion of
catalyst particles in direct contacitivthe electrolyte encompassing both the electrolyte
resistance within the electrode and the resistance of the oxide particles comprising this
interface!®® 132 Lastly, the large semicircle at medium frequencies is represented by elements R
and Qtard includes within them the chargansfer resistance stemming from kinetic inhibition

to lithium ion transfer coupled with the double layer capacitance of the 3D eletf#défeThese
separate elemendsd their contribution to the overall cell impedance are represented

schematically in Figuré.6b.
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Figure7.6. (a) EIS characterization of smooth and rough catalyst films in a LOB system at the
open circuit voltage. Schematic illustration inset oféqaivalent circuit used to describe cell
components and fit EIS data (details on fits in the supporting information) (b) schematic
illustration of the meaning of modeled circuit elements in the lithaxxiygen battery electrode,
highlighting Resr, Rnt andRct.

ESR values 2fodr 68mdo tgh cenl e c?tforroudheetectradasd 100 q /
indicate a nearly 1.5X improvement in EPD films that is attributed to the compact and
interconnected nature of the M@ NPs in the EPD coated layer. Further, EIS devaals a
reduction in the interfacial resistancalR of compact coatingfe with a
smooth fil ms ¢ ombpimroughdiimethat ibreldtet! todettey interoonnectivity
of the particles across the electrobgiectrodemterface in the EPD prepared film. Finally, a
comparable chargeansfer resistance {fRis observed for both smooth and rough electrodes
with a resist?amcemodbth6680! mscmdmmaghed with ~6
assemblies. The slightly increasedistance to charge transfer with the electrolyte solution in
smooth films is attributed to a more complete and compact coating of the carbon surface by the
conformal metal oxide layer. By monitoring the evolution of these individual cell components,
subgantial insight is provided regarding the underlying mechanisms of catalyst film degradation

during battery operation.
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A summary of the evolution of component resistance valuges R, Resg over 5
consecutive chargeischarge cycles is presented igue7.7. Most notably, the interfacial
resistance in the LOB cathode exhibits the greatest susceptibility to the initial catalyst layer
morphology with a 91.9%creasen interfacial resistance observed for rough films compared
with a 15.9%decreasen smooth films. (Figur@.7a) As this resistance is associated directly
with the electrodelectrolyte interface, this implies that irreversible changes during volumetric
expansion and contraction during ORR and OER processes leads to modificathensatialyst
electrode interface that produces a large resistive barrier to charge transfer across this interface
for the rough (DC) coating. However, the opposite is true for the EPD coatings, where this
interface resistance slightly decreases. Thigmfasion is in excellent agreement with SEM
images, including crossectional SEM images, that clearly highlight morpholdgyen
deactivation in rough catalyst coatings that would be correlated to such a large increase in R
and minimal structural mafication to the smooth EPD coated catalyst layers. This
morphologydirected modification to the internal resistance can be understood mechanistically
based on results discussed thus far. Discharge into smooth catalyst films produces coverage of
reactionproduct distributed uniformly across the entirety of the metal oxide surface and remains
confined solely within the metal oxide layer. The incorporation of discharge product directly
within the catalyst layer enables a portion of the catalyst partictes atectrolyte interface to
become interconnected with conductingQd surface$®® resulting in a drop in film resistance.
Upon charging, this configuration facilitates direct decomposition through catalytic pathaays
metal oxide nanoparticles and produces Hithkeo disruption of theatalystsubstrate interface
after charging. However, in contrast to this, aggregates of catalyst particles in-ineifoom

and rough coating results in an amorphous, heterogeneous interface with the electrolyte solution.
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This architecture involvesraumber of different sites for the formation of reaction product
including (1) exposed sites with no catalyst, where products form directly on the exposed
collector material, (2) exposed catalyst sites with good electrical and mechanical connectivity
with the collector interface, and (3) catalyst sites poorly mechanically and electrically connected
to the collector. This architecture therefore leads to two distinct modes of degradadiasitic

side reaction productsa decomposition of the carbon mastrand morphological evolution

and deactivation of the catalyst due to irregular volumetric changes that occur during the
preferential formation of products at the most electrically accessible sites, typically at the

interface with the collector. A schmatic highlighting these degradation routes is presented in

Figure7.7d.
A . Smt;oth B ¢ Smooth C e Smooth
40 e Rough 110 ¢ Rough | — 500 * e Rough |
- 1 E
E . 100+ . d * $ 400}
230+ M ® < . . 2 R
a e DO=+91.9% |E el AQ =+6.3% 5 300 . ]
= L &
g 20 | 1z 8o} & 200 AQ =-77.4%
t 7 - .
w70 1 8 100 . . .
21 AQ = -15.9% | . AQ=-8.8% £ .
. . . . . 60 . . ® . 1 5 0 AQ =-78.0%
0 2 3 4 5 1 2 3 4 5 1 2 3 4 5
Cycle (#) Cycle (#) Cycle (#)
D discharge charge
— —

A smooth catalyst coating homogenous growth stable compact layer

V¥ rough catalyst coating patchwork growth morphology evolution/deactivation

—>

Figure7.7. In-situ EIS analysis during charging and discharging of lithioxygen batteries. (a)
interfacial (R) (b) ESR (Rsr and (c) chargéransfer (Ry) impedance contributions as a
function of cycling for films with rough/disordered and smooth/compact morphologies.
Highlighted in the panels are the total change in impedance over 5 consecutive cycles. (d) A
schematic illustration of the mechanism thadfgles improved performance in smooth, compact
catalyst films based on results of imaging anditu EIS analysis.
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Additional benefits of a smooth catalyst film are elucidated by the evolution of the
remaining circuit elements describing the battéegteode. Over the course of operation, the
ESR of rough films increases by 6.3% compared with a decrease of 8.8% for smooth films. The
degradation in conductivity of the underlying mesalde layer for rough films is attributed to
the loose packing of talyst particles which enables the nucleated discharge product to grow at
the interface between the catalyst layer and the current collector, disrupting electronic contact to
the active catalyst particles. This effect is characterized by SEM imagingch wiaigesdepict
a thick insulating film at the interface between the current collector and a hquzsegd,
dislodged MaOs aggregate. The presence of this additional insulating layer below the catalyst
film serves to increase the effective thicknesthefinsulating layer between the current
collector and the redeactive surface, hampering electronic conduction. Finally, an analysis of
the chargedransfer resistance during cycling of the battery reveals a steadily decreasing
resistance for both smoo#imd rough catalyst films. This effect is similar to that discussed in
previous studies and implies a decreasing kinetic resistance over time due to the rearrangement
of the electrode morphology that promotes ion conduction directly to the stifade sum of
these individual resistance values comprise the overall cell impedance and provide a fundamental
insight into the nature of the overpotential and the relationship this value has with the

morphology of a catalyst layer.

7.6 Conclusion
Overall,this study demonstrates the importance of a uniform, homogenous, and compact
morphology on the mechanistic performance of a lithaxygen battery. To accomplish a

compact film with a smooth morphology, we developed a technique to coatlthrersional

105



mesh substrates with catalytic M nanoparticles using electtiield assisted (or

electrophoretic) deposition processes, which were compared to catalytic films produced by
evaporative methods that are commonly employed. We demonstrate a reducton in th
overpotential by over 50 mV for ORR and 130 mV for OER using smooth catalyst films
combined with a cyclevercycle degradation of the overpotential that is nearly 2X lower.

situ EIS measurements combined with imaging after subsequent chargingelmarging of the
battery reveal these differences to be directly correlated with the morphditegied growth of
insulating discharge product and the impact this has on morphology evolution of the catalyst
film. Specifically, EIS and imaging results indte increased overpotential and cyolercycle
overpotential increase that is due to irregular growth of discharge product that both deactivates
catalytic material and leads to the formation of irreversible and insulating side products.
Compact and sooth-morphology films overcome this due to a uniform volumetric
accommodation of stresses generated during discharge product formation that maintains the
integrity of the compact and mechanically/electrically connected nature of the catalyst film. This
work implies the generation of highly uniform coatings of nanostructuresimaterials

presents as large of a challenge for lithiarygen batteries as the quest to identify and exploit
catalyst materials for these systems. Further, whereas this watkd@smplications for
lithium-oxygen batteries, such ideas can be straightforwardly transferred to other systems where

catalyst coatings are relevant to device operation, including fuel cells and photocatalytic systems.

106



CHAPTER 8

Nanomanufacturingi-S Batteries

8.1 Introduction

While the previous two chapters have emphasized the essential role of a carbon current
collector for the realization of negieneratiorLi-O batteries, the realization af-O batteries in
commercial applications is assumed to be decades away due to the poor energy efficiency and
reversibility attainabl e WwiSbhteriespwhelhybdoast el ect r o
similar energy densities to thatlof-O batteries are cvently being commercialized and as
recently as 2013 have been introduced for applications such as flying drones or portable electric
vehicles. On this front, the optimization of the carbon current is similarly essential for this
technology as the insulag Li>S discharge product presents similar challenges to that of
insulating LO2 or electrocatalysts.

Lithium-sulfur (Li-S) batteries are poised to replace current generhtioon batteries
due to a myriad of attractive features including high energgitie(2600 Wh kg), low-cost,
natural abundance and environmental saf&t§#° However, many challenges still exist
regarding the efficient utilization of elemental sulfur as a cathode material due to the poor
electronic conductivity and the dissolutiohintermediate reaction products that severely
impede the reversible capacity and lifetimé_bfs batteries:*! To overcome these challenges,
research has focused largely on the pairing of sulfur with casheed composites emhance
the electrical conductivity of the electrode while minimizing polysulfide dissolution and

maintaining mechanical integrity during the large volumetric expansions and contractions that
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accompany cycling*?144 On this front, substantial progress has been made in implementing
porous carbon or functionalized carbon electrodes to mitigate capacity loss and obtain
exceptional energy densities.

However, approaches demonstrating high performance have commonlyseaofea
single meltinfiltration technique to form sulfucarbon composite materials, commonly requiring
a large mass of material in powder form, additional binders, additives, or extra materials outside
of the native electrode materials and sulfur a3 ashdditional processing steps following
infiltration in order to produce a suitable film for electrode fabricattdrCommonly, specific
cathodic performance is characterized independently from the mass introduced due to extra
cathodic components (e.g. binders, membranes, etc.), even though unlikebzsbditithium
ion battery anode all added materials outside of sulfur ibi & battery cathode are equally
passive to the conversion chemistry of the sulfur active matétdf. Therefore, for lithium
sulfur battery performance to practically exceed conventional lithaumbatteries, industry
scalable techniques to achieve high sulfur loading (> 70%) relative to all additives and
components of the cathode template must be achi&etwhile simultaneously preserving the
native specific capacity of the (insulating) sulfur active material. Until now, the few reports of
high specific sulfur loading that matches these criteria indicate downfalls in storage capacity and
cycling performancé>? 153

On this front, research efforts focused on carbased cathodes have been centered on
improved performance based on either pore confinéffémtand/or surface
functionalizatiod®®%9where sulfur infiltration yields low loadings < 50 wt% or nplé long
duration steps until a usable battery material can be reafiéthereas alternative approaches

to melt infiltration have been proposé#1%4 the incorporation of sulfur into porous structures is
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best achieved through meitfiltration leaving this as a benchmark technique in the research
community*4? High performance in lithiursulfur cathodes involves a quartet between high
loading of sulfur relative to the entire composite (> 70 wt.%), high capacity (> 1000
mAh/gsuirur), €xcellent cycling performance (near 80% retention after 100 cycles), and high
Coulombic efficiency (> 98%). Despite intense widespread research on Hgukium batteries,
only a few reports have emerged that indicate such combined levels of perferiaacent
examination of 274.i-S papers revealed that most sulfur cathodes utilize material fractions of
30-70% which prohibit competitive performance with commercializetbn cells. Additionally,
less than half of these papers reported any informati@ll regarding the sulfur loading,
prohibiting a direct comparison with other electrode architectd?es.

In this report we demonstrate a simple isothermal technique where the high surface free
energy of nanoscale pores or surfaces drives the spoatanedeation of sulfur liquids until
thermodynamic equilibrium between source and cathode is reached. Unlike melt infiltration
where such small pores are thermodynamically inaccessible, our approach achieves more
complete and uniform coating in addititmhighly repeatable sulfur loadings exceeding 80
wt.%. The total amount of sulfur infiltrated into the material is directly determined by the
structure of the composite leading to a process that introduces an optimized mass of sulfur in
idealized geomeitr locations. In turn, this leads to devices based on carbon black containing
electrodes that outperform the combined cycling, capacity, sulfur loading, and charge efficiency
of other reports. The thermodynamic origin of this process presents a unigung aoathanism
whereby the most active regions of the electrode are coated first and this process is confirmed

experimentally by establishing the thermal activation barrier for coating. We also demonstrate
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the capability to scatap this process to a benoptroll-to-roll coating platform by leveraging

the rapid nature of this approach compared to other conventional routes.

8.2 Materials and Methods
To fabricate carbon films, 50/50 mixtures of singlalled carbon nanotubes

(Nanolintegris) and carbon blapfrticles(Super C45, MT) (SWCNT/CB) were bath sonicated

in N-Methyl-2-pyrrolidone (Aldrich, 99.8% anyhdrous)) for 1 hour at a concentration of
2mg/mL.The solution was then cast onto stainless steel mesh discs and dried for 12 hours under
vacuum. To achieve sulfur deposition, the carlmmued mesh discs were placed on a slightly
raised surface inside a small sealed stainless steel vessel with aireset®ang of sulfur
powder (Sigma Aldrich, 99.98%).) beneath the electrode. The entire vessel was heated to 155°C
for 45 minutes and the electrodes obtained an average sulfur loading of 74 wt %. The electrode
was directly employed as cathode in a CR 2§t8ihless steel coin cell (MTI) with a lithium foll
anode, 2500 Celgard separator wetted with 1M LiTFSi (Aldrich, 99.95 %), 0.25MsLINO
(Aldrich, 99.99 %) in a 1:1 mixture of DME (Aldrich, anhydrous 99.5 %) and DOL (Aldrich,
anhydrous 99.8 %). The coinlicend electrolyte were prepared in an argon glove box with <0.5
ppm Q.

In order to directly companeaporinfiltrated lithium sulfur battery cathode with the
typical melt infiltration method, a 50/50 SWCNT/CB powder was combined with powder sulfur
in al:9 ratio by mass. Melt infiltration was performed by heating the carbon/sulfur composite to
155°C for 12 hours. The resulting melt infiltration loading was 86 wt% sulfur. This composite
was then mixed with CB and PVDF in 85:7:7 by weight and a few arbN81P and bath

sonicated for 1 hour. This solution was then cast onto stainless steel mesh electrodes for a
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resulting sulfur loading of 74 wt% which is equivalent to the loading obtained through vapor
phase condensation. The cathode was fabricatedomaells in the same manner as the

previous samples. Electrical testing was carried out using an MTI 8 channel battery analyzer and
Electrochemical Impedance Spectroscopy was performed using a NOVA Autolab system.
Scanning Electron Microscopy (SEM) (Zeis&erlin) and Scanning Electron Microscopy

Energy Dispersive Xray Spectroscopy (STEM EDS) (Osiris) were preformed.

8.3 Optimizing Sulfur Coating Processes for Carbon Current Collectors
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Figure8.1. A Schematic representation of the vapmndensatioimfiltration process used to

load preformed carbon anchoring materials with elemental sulfur. By maintaining a uniform
temperature of the entire system to produce a sufficient vapor pressure of sulfur, capillary
condensation in the porous regions oféhextrode and on curved surfaces within the electrode
facilitate liquid sulfur nucleation from the vapor phase. The driving force to coating the entire
electrode relies on a minimization of the electrochemical potential of the liquid nuclei until the
electochemical potentials of both the bath and the coating are equivalent.
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The general thermodynamic concept of rapid isothermal vapor infiltration of sulfur into
carbon scaffolds is presented in Fig8re. In this process, liquid sulfur maintained in aesga
chambeirat lowtemperature reaches thermodynamic equilibrium through the generation of a
fixed vapor pressure otifur in the chambelA carbonrbased template supporting the sulfur
cathode, which is composed in our case offprsned combined singleralled carbon nanotubes
and carbon black material, is placed at a height of ~ 1 mm above a reservoir of molten sulfur at
the base of the sealed container. Based on conventional thermodynamics involving bulk
materials, one would expect a fully isothermadtsyn to exhibit balanced mass transport of
sulfur vapor to and from the carbon composite thredefore negligiblesulfur coating. However,
condensation onto the composite can be achieved by introducing a thermal gradient, such as in
the sulfur frost (lowpressure vapor deposition) methi§elbut the limitation in such a process is
that as sulfur vapor loses energy approaching the cooled carbon cathode it begins to agglomerate,
causing thick surface coatings of sulfur as opposed to conformally coated carbon cathodes. Using
this technique, weliserve poor penetration of the sulfur into the interior of the cathode (Figure
8.2) which explains previously observed poor cyclabfiffas sulfur does not possess high

surface area in contact with conductive carbon or protection from polysulfide shuttling.
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Figure8.2. TEM images of cooledubstrate vapor infiltrated into CNTs revealing fuomiform
depositon and exterior excess.

In our experiments we observe high sulfur loading irsathermalsystem where no
thermal gradient is introduced. Whereas this appears contradictory to convention, this is enabled
by capillary condensation of the sulfur vapor, driven by the high surface free energy of the
nanoscale pores and curved surfaces in thenarBt the point of nucleation, the high radius of
curvature at these sites leads to the preferential, spontaneous nucleation of sulfur liquid on the
cathode material in the smallest pore features due to theriegy driven difference in
chemical potetial (L) between the sulfur nuclei and the sulfur vapor (Fi@ute After
nucleation occurgycoatingremains greater than thapuleading to a process where further mass
accumulation occurs until reaching an equilibrium state w&geng= Hbuk, and the process is
complete. This method of sulfur infiltration provides a-$ietiting process whereby the amount
of sulfur loaded into the material is determined by the material system and a repeatable,
optimized loading of sulfur in the carbon matisxconsistently achieved. The final equilibrium
state involves a carbon material where all surfaces are conformally coated with a layer of sulfur
such that the surface free energy of the coated cathode and the surface free energy of the bulk

liquid are gmilar.
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To investigate the origin of this process, we carried out kinetic studies where the
SWCNT-CB cathode material was exposed to different durations of isothermal treatment at three
different temperatures (136, 155°C, and 175C) and the total szific sulfur loading was
measured (Figur&.3a). In all cases the loading curves represent a decaying exponential
function indicating temperatw@ctivated kinetics in accordance with the thermodynamic picture
emphasized in Figui@ 1l By fitting thesekinetic profiles to a selimiting, decaying
exponential function, we extracted values for the sulfur growth 3gtéhé characteristic time
for equilibrium sulfur coating{, and the activation energl4) for the continuous isothermal
growth of sulfu onto the cathode template. In all cases, after less than 60 minutes of total
isothermal processing, sulfur loading > 70 wt.% relative to all components of the carbon cathode
is achieved. At the highest temperature of°C7%ve consistently observed hdhe fastest (~ 10
minutes), and the highest loading (~ 82 wt.% sulfur). By slightly decreasing the isothermal
temperature to the same temperature used for melt infiltration (155 °C due to the low viscosity of
liquid sulfur at this temperaturéj’ an equilibrium loading of ~ 75% was achieved after 40
minutes. Similarly, areal loadings closely matching commekg¢iadn and stateof-the-artLi-S
batteries were achieved using a coating of 1 m@fraarbon materials. After exposure to the
isothermal infiltration process at 176, a loading of 75 wt.% was achieved corresponding to an
areal density of 3 mg/chand uniform penetration throughouetantirety of the sample was

observed through crosectional and toplown SEM imaging (Fig. S3).
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Figure8.3. (a) Sulfur loading with respect to time for three different temperatures using the
vaporcondensation process with inset schematics depicting condensation nucleation and
saturation pointgb) Arrhenius plot for the growth rate of the sulfur film vs. 1/Tlikear fit to

the data is shown by a dotted line with an inset depicting the specific values for growth rate and
lifetime obtained at each temperatyi®.Energy diagram depicting the evolution of the system
energy during the coating process.

Compared to melt infiltration processes, where durations > 10 hours are commonly
required to achieve moderate sulfur loading in nanoscale carbon materials, our isothermal vapor
process significantly decreases the time (up to 12X) associated with satfing@nd yields
higher (conformal) loading than that reported for effective 4indiltrated lithium-sulfur battery
cathodes. Compared with the cost of Nlgised electrode fabrication processes, the
requirement of an additional maitfiltration step yidéds over a 4X increase in the fabrication

cost unlike vapeinfiltration in which the additional cost incurred is nearly a third of traditional

fabrication costs. Additionally, vapor infiltration leads to over 20X improved carbon footprint
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