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ABSTRACT

Carbon, as a fundamentahterial classplays anessentiatole invarious
applications due to itsxceptional properties and simlated benefits. Additive
manufacturingalso known as 3D printingan be a powerful technique in creating
hierarchical3D carbon architecturesgith geometric control acrosifferentlength
scales, allowing for integratingmechanical functionalitiesuch as enhanced stiffness
and strength, with additional properties like electrical conductiVitys dissertation
seeks talevelopuniversalcarbonfeedstocks as well as 3D printing/secondary
carbonizatiorprocessefor creatinga programmed 3D carbatructure and
investigateghe potential practical utility and applications of this structure, particularly
in advancing lithiurdion batteries

This studyfocuses on elucidating the processirgiructureperformance
relationship in printe@D carbon structure# introducesan innovative approach
combiningFused Filament Fabrication (FF&)dan optimizedpostcarbonization
processand involvesa comprehensive analysi§the processability of feedstocks (i.e.,
high-loaded carbon composite filaments) from printing to secondary prbased on
the characterization of their physical and mechanical propeftes manufacturing
technique is furtheexploredto createa 3D carbon scaffoldith tailored carbon
orientationandassociated properseequired for battery advancement

With a profound comprehension of the underlying mechanigrasigh shear
flow inherent in extrusion 3D printing, coupled with secondary carbonization

techniquesis utilizedto manipulate particle orientation and electrode design across

XV



nano to macro scalegsulting in facilitatinghe production of advancedthium-ion

batteries with improved Lion transportjnsertion, and structural stability.
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Chapter 1

INTRODUCTION

1.1 Motivation

Additive manufacturing (AM, 3D printingdnable the fabrication of
hierarchicalstructuresvith geometric control across various length sgadarpassing
the limitations of traditional subtractive manufacturing mettidéissed Filament
Fabrication(FFF) has gained attention, standing out for its capacity to provide design
flexibility, rapid fabrication, and the ability to scale up for large productieRF
prints 3D producby extruding molten filamerihroughanozzle and depasng it
layer by layer on the platform or previously printed laykrdially limited to
thermoplastics, the range of available filammaterials has expanded to metals and
ceramics by adding metal and ceramic powdét$to thermoplasticso form
extrudable filaments for 3D printin@hese particldoaded filaments allow rapid
production of 3D structures in a cost and enezfjicient way viaFFFand polymer
removal/sintering processes, which enables control of details of 3D products
Furthermoreparticleloaded filaments hold great promise aatinuously expand
their capabilities bgmbeddingrarious materialso broade their range of
applications

Carbonholds significant importance across a diverse rangg@plications
Various manifestations encompassing carbon nanotubes, graphene, and carbon fiber

are receivingsignificart attention due to their outstandingechanicalnd functional



properties Thesecarbon materialare often incorporated in small proportions into 3D
printable polymer filaments aw®enhaneechani cal
polymer properties. Drawing inspiration from the realm of metal and ceramic filament
3D printing, we envisage the possibility of constructing 3D carbon structures using
high-load carbon filaments and subsequently employing 3D printing and post
carbonization processeBhe fusion of carbon materials and architectural features
facilitated by 3D printing has significant potemtipavingthe way for multifunctional
applications, including structural materials, energy storage in batteries, and advanced
electronics

One ofthe promising applications of 3D carbon is the energy storage field,
which can offer the solutioto overcone inherent problems that stabé-the-art (SOA)
electrods in batteries havés interest in the environment is increasing, emissions
free electrification is the key to reducing carbon gas emissianrently, the United
States aims to produce half of all new car sales as electric vehicles Sy £@80
annualLithium-ion battery LIB) development is projected to increase abeidl®
over the next decade, reaching nearly 2 TWh of capacity world@ideachieve LIB
development targets, there isadid demand formproving LIB performance, such as
fast charging (<15 minutes) and high energy density (range of EVs to 300*hiles).
Despite significant advancements in battery energy storage technology over the last
decade, there is still a pressing need for improved energy and power capabiigies
typical SOA electrode manufacturing involves slurry preparation, coating, and drying
steps to produce electrode films with limithickness These SOZAelectrodes face
challenges in simultaneously increasing energy and power defsitiickness

increases, the rate of ion transport slows with thickmétbsn the 2D structure



Therefore, esearch on the electrode structures has been actively conducted to
decouple energy and power density to address this limit&ioa.solution to achieve
the full potential of energy storagedesigning electrodes Bdimensionssuch as
interdigitated plang'*and rod electrodéd!” and a 3D networg, thatallow high
power and energly increasinghe material loading in the thickness directaomd
surface arehetween electrodes and electrolyte

Thisresearchepors ona carbon 3D printing stratedy achieve scalable and
engineered 3D carbarchitecture and its energy storage application, especially for

LIB.

1.2 Objectives and Organizations of theDissertation

In recent timesthere has been substantial research into the creation of 3D carbon
geometries through the interconnection of canpanicles, encompassing 0
dimensional carbon black;dimensional carbon nanotubes (CNTs), and 2
dimensional graphento achieveistinctpropertiessuch as enhanced electrical
transporthigh surface area, and robust mechanical propectesparedo their
nanoscale building blocks unlock fields ofmultifunctional applicationgparticularly
in the realm of energy storagene primary goal of thidissertatioris todevelop
universalcarbonfeedstocks as well as 3D printing/secondary processes to build an
engineemprogrammed 3D carbon frameworkith the aim of advancinglIB through
utilizing the shear flow of the molten feedstocks and designing the printing paths
Creating a 3D carbon assembly necessitates a profound understarttieg of
printability/processability of the carbon feedstpak well agthe mechanismisvolved

in rearranging andhterconnecting carboparticles through 3D printing and pest



processing. Furthermore, for LIB applicatioas;omprehensivanalysisof the
structureperformance relationship is imperativeetgploit the architectural potential
of a 3D-printed carbon fullyThe dissertation is organized into chapters addressing
these topics, as outlined below.

This chapter provides an extensive literature review on the currenbbtiie
artcarbon 3D printing and advanced technologies, along with 3D printing for
producingthreedimensional electrodes designed LdB .

Chapter 2 provides a comprehensive review of the experimental procedures, as
well as the characterization and analysis methods employed throughout the study.

Chapter3 focuses orthe comprehensive exploration of the carbon 3D printing
strategybased omunderstandinghe mechanismsf carbon particle repositionirand
structural changthroughout the procesand its consequential impact orechanical
stability. The chapter encompasses the synthesis of carbon filameabalydests
physical and mechanical properttesassess its suitability for 3D printing and its
processability during the second carbonization stageréatingintricate 3D carbon
geometries

In Chaptes 4 and5, fabrication of 3D LIB electrodes and analysis of structure
performanceelationships are conductedhapterd concentrates on the creation of a
3D graphiteanodeby manipulatinggraphite in the oubf-plane directionin contrast,
Chapter5 focuses on developing a 3D cathdmyealigningCarbon Fiber (CF) in the
thickness direction, wrapped with Lithium Iron Phosphate (LKBY technology
employed involves manipulating the eag position of carbon particles using a high

shear flow of molten composite filaments during 3D printmgnhancéhe



movement of lithium ionglong withmechanical stability within the electrodes,
thereby contributing to improved electrochemical performance

Chapter6 presentsheinterdigitated design of the electrodes., honeycomb
shaped cathodesade ofLFP and pillarshaped anodesade ofgraphitg usinghigh-
loaded electrode filament with approximately 65 wt.% fillers to create structural
electrodes withmprovedelectrochemical performance aedhaned mechanical
propertiesThe chapter not only conducts an analysis of electrochemical performance
but also explores the printability of te&tremely highHoadedfilamentby optimizing
the amount of plasticizehatsofters the brittle filament

Chapter7 summarizes key parts of this dissertation research andfgives

work and researctiirectiors.
1.3 Literature Review

1.3.1 Carbon 3D Printing

Under the BiderHarris Administration, federal agencies have prioritized
research and development in advanced manufacturing technologies and material
design, with a focus on fosteringkean energgconomy'®2°The emergence of 3D
printing as a sustainable manufacturing method has revolutionized the industry,
enablingprecisefabricationof intricate components through layley-layer or point
by-point material deposition. Thagpproactbringsseveral advantaggscluding
increased design flexibility, reduced energy use and carbon footpritenaanced
resource efficiencycompared to traditional subtractive manufacturing techniques
involving material removal and labantensive processeith thegrowingdemand

for 3D printing feedstocks have evolved from single materials to diverse matierials



producemultifunctionalproducts in a rapid, cosfffective, and energgfficient

mannerlIn line with this trend, research efforts have focused on developing
engineered carbon structures using 3D printing techniques, with applications ranging
from energy storagé 2* to watertreatmemt®2%. Thecapability of 3D printing to create

3D architected carbons with tunable properties through topological and

microstructural design further enhances their unique properties and applications

Early attempts have been made to fabricate 3D carbon architectures through
Direct Ink Writing (DIW) anaV at PhotopolymerizatiorfVP) usingcarbonloaded

ink?"28andpolymerderivedcarborf® 2 respectively
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Figurel.1l: Various carbon 3printing and posprocessing to produce 3D carbon
architectures and representative examples. (a) Direct Ink Writing (DIW)
3D printing ofan ultralight biomimetic hierarchical graphene matdgal
1)3% and3D printed cup made dfigh-loadedV\WCNT/m-cresolgel (a-
2)%°. (b) Vat Photopolymerizatior{VP): 3D printedfree-standing lattice
electrodesomposedf monolithic glassy carbon bearws lithium-ion
batteriegb-1)?” andcarbon microlattices with cubic topology and a strut
width of 607 0 (@87 (c) Fused Filament Fabrication (FEBP
carbon structuresrade through sulfonation and carbonization of
polypropylengc-1)3t and3D printed carbon octet unit celsing 30 wt.%
CNT/PLA filaments viagFFF (our work)(c-2).

DIW extrudes the viscoelastic ink layley-layer though a nozzlevith
relatively high resolution (up to 2Gfim) undercontrolled flow rates, making it
suitablefor printing 3D structures at mesand microscale@~ig. 1.1a) Carbonloaded

ink printing allows for a diverse range of carbon materials to be chosen, but it requires



a limited viscosity range with shetlrinning behavior, often restricting the filler

loading. This limitation can lead to challenges in printing overhanging structures due
to the sagging of the printed ink and structure shrinkage/distortion after dfyisg.
example, DIW was employed tabricatean ultralight biomimetic hierarchical

graphene materialith exceptional stiffness and resilience, employing partially

reduced graphene oxide (GO) iffig. 1.1a1).2° By printing macroscopic hollow
structures and undergoilsgveralpostprocessing steps such as freeze casting and
thermal reduction treatment, a hierarchical structure featuring macroscopically hollow
scaffolds and microscopically cellular formations was achieved. This material
exhibited 90.1% shape retention after ten cycles under a pressure of 66 kPa, attributed
to the deformation mechanism designed for rotation and bending of the interconnected
graphene flakesRecently, ative research iengoing to developigh-loadedinks for

DIW that enhance freestandability after printiAgprintable highloaded gel, with a
concentration above 40 mg/mL, was developed for DIW using multiwall carbon
nanotubes (MWCNT) anah-cresol as a solvelfFig. 1.1a2).2° m-cresol enables the
processing oMWCNTSs at concentrations up to tens of weight percent and imparts
suitable rheological propertiésr printing. Despite achieving a sedtanding cup

structure without further pogirocessing, the printed cup exhibited slight isotropic

structural shrinkage

In VP, Ultraviolet (UV) lightfollows adesignedathin a liquid bath filled
with photopolymerstypically acrylic-based resindnd cures the resin by forming a
crosslinked networkFig. 1.1b) Once the singléayerresin has cured, the build
platform moves, and the blade recoatsrésn batrsurfacefor thenext print This

methodachieves highresolution 3D objects in the subicron rangeThis method



requires pospyrolysis for the creation of a carbon structure after printing a preformed
3D structureWhile pyrolysis of printed carbon precursor structures can produce a 3D
carbon with microfeatures, offering advantages for architected materials and
functional materials requiring detailed control, the low carbon yield significantly
reduces the volume of the final produatthe case of 3D architecturally designed
carbon electrodes, fretanding lattice electrodes comprised of monolithic glassy
carbon beams were manufactured through digital light processing @pidP)

pyrolyzing under vacuum at 1000 °C for 4urs as illustrated in Figl.1b-1.2’ The
lightweight carbon lattice electroddésature28 pumdiameter beamandexhibit high
compressive stresg 27 MPa In addition,these engineered structures allow for

control over Ltion transport length, overpotential, and battery performance, resulting
in an areal capacity of 3.2 mAIm? at a current density of 2.4 nié&?. The high
resolution ofVP is advantageous in producing architected materials with lightweight,
stiff, and strong properties, as demonstrated in Figure2l2Earbon microlattices

with a cubic topology and a strut width ofiG@ pm were created throudLP and
pyrolysis, achieving specific strength and stiffness of p @8 . 6 2 ¥§ldhch c m
14. 39 *@Patcmam de rosdjowigg tocah anBatrd@is ung cell topology.

FFF, which involves extruding molten filament and depositing it layer by layer
(Fig. 1.1c) is not commonly used in creating 3D carlstructures due tthe difficulty
of removing thermoplastic polymenghile preserving the integrity of the printed 3D
carbon structureOn the other side, thereas attempt tacreate3D carbon by printing
thecommaodityPolypropylene PP through FFE-followed bysulfonationand
carbonizatior(Fig. 1.1c-1).3! The sulfonation process induces the formation of

unsaturated bonds within polymer chaideyelopingcrosslinked PRhattransforms



into carbon after carbonizatiowhile providing benefitsof converting waste plastic
materialsnto valueadded productghis approach exhibits significant volume changes
and involves anulti-stepmanufacturing proces®ur work enablethe production of

3D carbon structures printed via FFF by designing feedstock that is compatible with
the carbonization procedsig. 1.1c-2 shows the pure 3D carbon octet unit cell using

30 wt.% MWCNT composite filamenin brief, the interconnected higbaded carbon

in a composite filamerdffers structural stability during the polymer removal process
andthe small amount of residual carbonized PLA acts as a bridge between the carbon

particles, contributing to high structural integrity

1.3.2 Introduction of Lithium -ion Battery and Designof Electrodes

With technological advancements and an increasing demand for renewable
technologieselectrochemical energy storalgasbecome the most essential energy
source categorized into two main classes: supercapaainisatteriedBoth systems
consist of components such as current collectors, electrodes, electrolytes, and
separators, but their mechanisms for energy storage differ slightly, each offering
unique benefitsSupercapacitors operate based on the electrical ddayze
phenomenon, where charges are physically stored by adsorbing negative ions from the
electrolyte onto the positively charged electrode, and vice versa, without involving
chemical reactions. The rapid diffusion of ions in the electrolyte to the electrode
surface enables supercapacitors to deliver high power anddsiigg performance.
On the other hand atteries store energy through the faradaic process, wherein a
chemical reaction occurs between the electrodes, resulting in the creation of an
electrode potential that drives current flow. Batteries are known for their high energy

density and stable operatingltage
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The electrochemical reactions occurring in batteries are governed by the
principles of thermodynamics. In these systems, the anode and cathode function as
reductant and oxidant, respectively, each possessing electrochemical potEmdials.
energy gapf electrolytelies betweerelectrodedlowest unoccupied molecular
orbitals (LUMO) and highest occupied molecular orbitals (HOM@dwn as the
operation window? Whenthe electrochemical potentiaf an anodés higher than the
LUMO, the electrolyte is reduced, whereas wh&athode potentias lower than the
HOMO, the electrolyte is oxidized unless electron transfer is impéded.
thermodynamically stable battery operatgthin the potential windovef the
electrolyte,and theopen cellpotentialcan becalculatedy the total Gibbs free energy
change of electrochemical reactions occurring at both electbldesheoretical open
cell potentia(*  is calculated based on the change in free endugyg a
spontaneous redox reactid@ —zwhere3~' * represents thehange in free
energy F isFaraday constant, and nrislesof electrons participated in the procéds.

In lithium-ion batteries, which utilize lithium ions as charge carriers, the
discharge process involves a spontaneous redox reaction. During distittaumge
ions migrate from the anode to the cathode through the electrolyte while electrons are
released from the negative electrode and reach the positive electrode through the
external circuiFig. 12). Conversely, during the charge process, the opposite

reactions take place
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Figurel.2: Schematic oélectrochemical reaction afbattery

From an electrochemical perspective, the performance of batteries is typically
evaluated using parameters suclesrgy density and power density. Energy density
(Wh/kg) indicates the amount of energy a battery can store, which depends on the
capacity of the electrodes (Ah/kg) and the open cell voltage. On the other hand, power
density (W/kg) describes how quickly the stored energy can be reldasadhieve
high-performance batteries, it is essential to optimize electrode design to enhance both
energy density and power density

Despite battery developmenhailenges persist in advancibgtteryproducts
such adnternet of Things (loT) devicagquiring customized shapes and Electric
Vehicles (EVs) demanding high electrochemical performgaarigng from limitations
in the design flexibility of electrodes associated withdhieent SOA battery
manufacturing? Traditional batteries are manufactured using the slurry casting
method, where electrode inks are coated on the current collector and further
calendared, resulting in 2D electrodes with limited thicki(88s100mm).2% In
contrast, compared to the 2D electrodes, thick 3D electrodes can achieve higher

energy density and power density simultaneously daéigh surfaceto-volume

12



ratio, providing shorter paths for ion transport and increased active material loading in
the thickness direction without compromisiagergy and powe(Fig. 13).%° New
manufacturing processes have been developed to pr8Buslectrodes with

increased thicknessés improvingperformanceé” 4 To improve throughhickness
transport kinetics in inkcasted thick electrod&sthroughthickness holesere

created usintpseré?*2 Other approaches suchfesezedrying**“5 magnetic

fields*®4” andconductive templaté®>° were employedo lower tortuosity for

improved structural alignmenthile thesdechniqus havedemonstrated their

potentia] commercialization is still in the early stagegarding scalability, process

complexity, andimitations in achievingptimizedarchitectural designs
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Figurel.3: An ideal electrode structure for high poveerdhigh energydensity (i.e.
thick 3D electrodes) and a new manufacturing process to produce thick
3D electrodes
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1.3.3 Lithium -ion Battery 3D Printing

There is a growing trend to rapidly create structured electrodes with
programmable geometriesicreasedhickness, and multiscale structural details by
using3D printing Amongthe diverseD printingmethodsDIW, VP, and FFFstand
out as representatigéor battery manufacturind he selection among them depends
on specific battery requirements, including feature size and processability of the
desired materials

DIW printing prints out electrodes using Huased slurriesaandits operational
principles are detailed i@hapter 1.3.1lts featuresencompassing a broad range of
material optiongsrelatively high resolutionand highprinting throughput have
contributed to its popularity in battery manufacturing, ranging from micro batteries to
relatively largesize batterie$!221:515 However, a challenge lies in the fabrication of
printable ink with a specific viscosity ranggeensuresuccessful printing and
structural integrityof the printed structuseln addition,DIW may havelimitations in
forming intricateelectrods with mechanical stability darger sizes due to sagging of
the printed inksand/or deformation after the drying procelse first 3D printed
batteries begin with Direct Ink Writing (DIW), as shown in .Figta>® Utilizing the
high resolution (30 Om) of DIW a 3D inter
8 0 0 wasnareated by employing an active matefilkdd ink consisting oL ithium
TitaniumOxide (LTO), and LFP, serving as the anode and cathode materials,
respectively. The higlhspect ratio electrodes in interdigitated architectures enable the
high battery performance in &layer full cell,deliveringapproximately 1.5
mAh/cn? at 1C with minimal capacity decay over 30 cycling tests. This demonstrates

the feasibility of 3D printing as a method for manufacturing 3D batteries
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VP is adept at producing micro batterl®scuringUV-curable resins using
UV light, as detailed in Chapter 1.3.1, achieving high resolution down to the sub
micron rangeDespite itshigh resolution VP encounters challengesprinting
electrods directly due to difficulties inrmaking active materidbadedresins with
suitable rheological behavior and optical properties, as well as the limited
electric/ionic properties of photopolymerdso, this costly technique is reliant on
batch printing, resulting in limited flexibility in terms of muitiaterial capability
Instead, it is occasionalgmployed as a template for battery components, leveraging
its highresolution capabilitie$®>’ As an examplghybrid electrolytes featuring 3D
bicontinuous ordered ceramic and polymer microchannels were produced using a
commercial stereolithography printer, as depicted in E&p>’ Computationally
designed microarchitectures are printed, and then the empty channels of the templates
are filled with LAGP powder, a ceramic solid electrolyte. Subsequently, the template
is removed, and the empty channels are filled with an insulating pqlygseatting in
structured hybrid electrolytes witmprovedmechanical properties (up to five times
the flexural failure strain) without significantly compromising ionic conductivity.
During galvanostatic cycling, the gyroid LAGE&poxy electrolyte exhibited a gradual
increase in voltage polarization, reaching the limiting voltage only after 40 cycles,
while the LAGP pellet showed a rapid increase, reaching 12V after 30 cycles at a
current density of 0.7 mA/ct

FFF hasgained increasing popularity for the production of practical 3D
electrodes, owing to its design flexibiljtycalability, andcosteffectiveness in
fabrication®® 62 Electrode filamentgan bemadeby blending active materials, such as

graphite, LTO, and LFP, and conductive additives with thermoplastics such as
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polylactic acid (PLA), acrylonitrile butadiene styrene (ABS), and polycarbonate (PC),
which are then shaped into the filamafvhile its advantagesake it suitable for

largescale production with detailed designs, ihat wellsuitedfor micro-battery due

to low resolution. Furthermore, iedectrochemical performancesy belimited due

to low contents of active and conductive materials and/or the presence of
thermoplastics, affecting electrolyte accessibility and electrical conductivigy.

reliance ora limited range othermoplastics in 3D printed electrodes poses a

weakness in battery performanéer examplea oneshot lithiumion battery was

fabricated via FFF using PLA filament loaded waidich particle for the positive

electrode (LFP), negative electrode (graphite), and separator (SiO2), as depicted in Fig
1.4c%! Leveraging the design capabilities offered by 3D printing, the printed layers in
the battery were optimized. Specifically, the first separator layer had a thickness of 50
pm with 70% filled, the second separator layer had a thickness of 100i{m100%

filled, and each positive and negative electrode had thicknesses of 150 pum and 200 pum,
respectively, to enhance battery performai®® oneshot battery exhibited low
performance, with a capacity of approximately 30 mAh/g at 4.25 mA/g and
approximately 10 mAh/g at 17 mA/g, attributed to the limited ion and electrical
conductivity resulting from the presence of the polyméerefore, addressing this

issue necessitates pgmsbcessing techniques along with the development of

specialized feedstock to mitigate the impact of the matrix on battery performance
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Figurel.4 3D printing batteries. (dpterdigitated Liion micobatteries fabricated
via DIW®S, (b) Hybrid electrolytes with 3D ceramic and polymer
microchannelsThesacrificial electrolyte template imadevia VP®’, and
(c) LFP/graphite battery printed via FEF

1.4 Conclusions
As a new method fdabricating3D carbon structurdgts of attemptdhave
been made employing 3D printing across diverse fi@ldsh 3D printingoffers
distinct advantages tailored to meet the demands of practical applicatitimes
energy storage field, interest in the use of 3D printing is rapidly increasing in line with
the decarbonization treray utilizing its design flexibility to facilitate the

straightforward creation of 3D batteri@ifferent 3D printing methodbkavedistinct
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strategies concerning resolution, material compatibility, scalability, and other factors.
Consequently, the selection of the method dependsaberials andbatteryspecific
targets, including feature siZéspecially in the case of 3D electrodes, robust
mechanical properties are crudiat achieving higkperformance batteries over the
long term This is particularly significant as substantial volume changes occur during
lithium-ion reactions, inducing high stress within the structure and diminishing long
term cycling stabilitybut it isoverlooked in currer8D printingfor battery electrode
While recent advancements in 3D printing have led to improved battery performance
through 3D electrodes, the development of neanufacturingstrategies combined
with postprocessingandmaterial desigms essential to ensure both the mechanical
robustness of 3fprinted electrodes and high electrochemical performance for the
production of nexgeneration batteries

This dissertation preserasnew approacto print3D carbon structurdsy
expanding=FF capability through designingpaterialthat can be processed for post
carbonization processd3articularly, this methodddresses challenges observed in the
energy storage field when utilizing FFtych ashe presence of polymer components
that interfere with ionic conductivity and low concentrations of active materials that

limit battery energy
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Chapter 2
EXPERIMENTS

2.1 Materials, Preparations, and 3DPrinting Batteries

For highloadedcarboncomposite filamentpproximately 30 wt.% or more of
carbon nano fillers, such as multiwall carbon nanotubes (MWCNTS), carbon black
(CB), and graphiteandactive material¢e.g.,Lithium-ion Phosphate (LFp)were
incorporatediepending on the size and structure of the matditie composite slurry
was prepared using Polylactic Acid (PLA) granules (LX175) and Dichloromethane
(DCM) obtained from Filabot (Barre, Vermont, USA) and Sigidrich (St. Louis,
State of Missouri, USA), respectiveljo create the PLA/DCM solution, 10g of PLA
was dissolved in 100 ml of DCM solvent, and the mixture was stirred at 70°C using a
magnetic stirrer until the PLA was completely melted. Subsequeptgific weights
of fillers were added to the PLA/DCM solution and dispersed thoroughly. The
solution was dried overnight to produceabon compositélm, which was later cut
into smaller pieces to facilitate extrusiprocessCarbon granules wepitinto a
single extruder and processed to create the carbon composite filarh@dt@t
ensuring thgroductionof a continuous filament suitable for 3D printiagplications.

In the case of the extremely hitgaded filament above 65wt.% filleriet
polyethylene glycol dimethyl ether 500 (PEGDE 5@Q)lasticizer wasemployed

Once the PLA was fully melted DCM, the plasticizer was mixed with a 5wt.% to
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PLA for 30 minutes. And then, the fillers were added and mixed overigéat.
process of making filament is the same as making regular filamamtioned above.

To fabricatestructured electrodea zigzagprinting pattern was designéal
achieve electrodawith an outof-plane arrangement of fillers and a thickness of
mm. Following the printing of the electrodes, they underwent sanding on both the top
and bottom sides using sandpaper with varying grain sizes (3M; 400 and B@80).
printed electrodes were then subjected to carbonization at 600 °C in a nitrogen for
duration of 30 minutessing the MTI tube furnace.

The cell preparation involved the utilization of Swagelok cells for assembling
full cells and coin cells for haffells, along with the integration of a commercial
Celgard separatoFor interdigitated electrode assempllge Celgard separator was
pre-deformed using the gwinted electrodes to provide a 3D shape fit to the electrode.
To prevent electrode breakage, a fgi@ped supporter, matching the electrode's
height, was printed using PLAs for electrolyte a Lithium hexafluorophosphate
solution with a composition of EC/DMC/DEC in a ratio of 1:1:1 (v/\«ugs

employed purchased from Sigmaldrich.

2.2 Characterizations

2.2.1 Material Characterization

The rheological properties of tkempositdilaments were assessed using a
TA instrument(DiscoveryHR-1). The complex viscosity and storage modulus were
measured as a function of angular frequency in the range e60®dad/s at a strain
amplitude of 1%, utilizing the 8.6m ETC crosshatched parallel plate under air at

the printing temperature of 200°The threshold temperature of the electrode
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feedstocksand filler ratio weraneasured by thermogravimetric analysis (TGA,
Discovery TGA). The test was conducted in nitrogen with a constant ramp rate of 10
°C/min. The decomposition of the PLA polymer was characterized-bgyX
photoelectron spectroscopy (XPS, Thermo Scientifiglgha). The effect of the
plasticizer on the composite feedstocks was measured by differential scanning
calorimetry (DSC, Discovery DSC). The samples were hesdi@donstant ramp rate

of 10 °@min, and the data were extracted in the first cycle.

The tensile properties of the electrode filaments were tested by a dynamic
mechanical analysis (DMA, Q800) with a constant strain rate oh2¥at room
temperature. The compressive properties of the printed electrodes and samples were
tested by a mechanical testing machine (500N-tzdid Instron 5848) with a constant

compression speed of 0.01rsm

2.2.2 Structure Characterization

The morphologies of the filaments and 3D printed electrodes were examined
using a scanning electron microscope (SEM, SEM/FIB Auriga 60 Cross Beam) and
transmission electron microscopy (TEM, FEI Talos F200@Gg internal structure of
the printed samples was characterized using high resolution computed tomography
(CT) scanner (Nanr€T, Rigaku nano3DX)The image processing tool, Fiji, wased
to perform a quantitative analysis of the orientation of CNTs in thd &ECT
images Initially, the SEM images were converted thi8 and subsequently, we
utilized OrientationJ Distribution and OrientationJ Analysis for orientation analysis.
Gaussiarshaped windows with 2 pixels were set as the parameters during this

process.
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2.2.3 Electrochemical Evaluation

Galvanostatic cycling experiments were conducted using a Neware battery
tester.The rate cycling tests were performed at different current densities from 0.05C
to 0.5C. The areal capacity was calculated by capacity (mAh) / volunig xcm
thickness (cm). Electrochemical impedance spectroscopy (EIS) tests were performed
in the frequency range of 0.01 to 1x106 Hz with 5mV.ms voltage, utilizing a Gamry
reference 3000 instrument. All cell investigations were carried out at room

temperature.
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Chapter 3

3D PRINTING UNIVERSAL CARBONIZABLE FILAMENTS FOR THREE -
DIMENSIONAL ARCHITECTED CARBON STRUCTURES

3.1 Intro duction

This chapter addressasomprehensive carbon 3D printing strategy with
characterization of the printed carbon structures, startingtfiemorking principles
of carbon 3D printing from thmaterial desigmo 3D printing and postarbonization
processesalongwith analysis oparticle repositioning andomponent change during
the processa® understand the structural stabilitiy3D carbon architecturén the
realm of 3D carbon processibiljtit is crucialto evaluatethe printability of thecarbon
compositdilament according to the amount of the filddedandto evaluate shape
retentionin the postcarbonization procesSubsequentlythe analysis of the
rheological properties dhefilamentand applied force generated 3D printing, which
affects the particle distributioandthe characterization of the resulting carbon
morphologyis conducted to characterize processstrgcture relationships4oreover,
the mechanisms contributing to trediablestructural stabilityof the printed 3D
carbonduringafterthe postcarbonization procesae investigated through Molecular
Dynamic (MD) simulations and various mechanical tests

The @arbon 3D printing strategy concemingFused Filament Fabrication

(FFF)combined with posprocessingtepss as follows(Fig. 3.1).
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Figure3.1: Overall manufacturing concept for 3D carbon architecture from
carbonizable carbocompositdilament fabrication, 3D printing to
carbonization

In the filamentfabricationprocessthe shear force produced from an extruder
is usedo adjust the orientation of the carbon material along the length of a high
loaded filament to overcome flow behavior in the printing process. This particle
alignment tendency can reduce the force required to extrude highly loaded filament
through a nozzle during printing while ensuring smooth extrusidREF printing a
filament under high shear force allows highly ordered rearrangement of carbon
particlesalongthe printedayer, enablingmultiscale designs in the preformed 3D
carbon structure, including nanoscale particle arrangement, mesoscale architecture
design, and macroscale building. In the prabonization, a 3D carbon structure with
enhanced structural integrity is created after removing a polymer and partially coating
the carbon patrticle jointsith the converted carboihe presence of numerous
interconnected@ndaligned carbon particlas the 3D carbon assembly prevent
volume shrinkage and enablkfficient outgassing through the pores between carbon
structures, allowing for maintaining shape as the printed part.

As a demonstration of the process, we developed a carbon filament by adding
30 wt.% CNTSs into polylactic acid (PLA) polymer to build a 3D carbon assembly and

created the unit cell of the octietiss lattice structures as an example (8i2).
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Figure3.2: Images of fabrication of 3D carbon structures using 30 wt.% CNT/PLA
filaments via 3D printing

This CNT filament offers cleaalignment visibilityand explores a relatively
uncharted territory due to challenges posed by CNT agglomeration. 3D printing with
high-loaded filaments and rapid carbonization at 600 °C in nitrogen produced complex
3D carbon structures featuring highly aligned CMTa designed directioand

experiencing almost neolumeshrinkage

3.2 Experimental Methods and Material Selection

3.2.1 Carbonizable Carbon Filament Preparation
Multiwall CarbonNanotube (MWCNT) with a diameter ranging from 20 to 30
nm and | engths ranging from 10 to 30 em we
granules (LX175) and dichloromethane (DCM) were purchased from Filabot (Barre,
Vermont, USA) and SigmaAldrich (St. Louis, State of Missouri, USA), respectively.
To create the PLA/DCM solution, 10g of PLA was dissolved in 100 ml of DCM
solvent, and the mixture was stirred at 70°C using a magnetic stirrer until the PLA was
completely melted. Subsequently, 4.28g of CNTs were added to the PLA/DCM
solution and dispersed thoroughly. The solution was dried overnight to produce a 30

wt.% CNTs/PLA film. The CNTs/PLA film was cut into smaller pieces to facilitate
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extrusion. A single extruder was employed to fabricate the CNTs/PLA filament,

ensuring the production of a continuous filament suitable for 3D printing

3.2.2 Fabrication of 3D Carbon Architecture

3D carborpreformwas printed using the CNTs/PLA filament with an FDM
printer. Subsequently, the printed structure underwent a heating process, starting from
room temperature anmeéaching 350 °C in Nat a ramping rate of 10 °C/min.
Following this, the temperature was further raise@0 °C at a ramping rate of 2
°C/min and maintained at this temperature for 30 minutebrtonate the PLA
componentat 600 °C for 30 mins taemove PLA completelgnd then cooled to room

temperature at a rate of 5 °C/minproduce 3D carbon scaffold.

3.2.3 Material Characterizations

The morphologies of the filaments and 3D printed electrodes were examined
using a scanning electron microscope (SEM, SEM/FIB Auriga 60 Cross Beam) and
transmission electron microscopy (TEM, FEI Talos F200C). The rheological
properties of the CNTs/PLA filament were assessed using a TA instrument, the
Discovery Hybrid Rheometer. The complex viscosity and storage modulus were
measured as a function of angular frequency in the range e60®dad/s at a strain
amplitude of 1%, utilizing the 8.6m ETC crosshatched parallel plate under air at
the printing temperature of 200°C. The filler ratio in the filament was determined
under a Nitrogen atmosphere using Thermogravimetric analysis (TGA, Discovery
TGA) with a ramp rate of 10 °C/min. Additionally, the decomposition of the PLA
polymer was characterized usingr&y photoelectron spectroscopy (XPS, Thermo

Scientific K-Alpha). For orientation characterizatiome image processing tool, Fiji,
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was used to perform a quantitative analysis of the orientation of CNTs in the SEM
images. Initially, the SEM images were converted-tot8and subsequently, we
utilized OrientationJ Distribution and OrientationJ Analysis for orientation analysis.
Gaussiarshaped windows with 2 pixels were set as the parameters during this

process.

3.2.4 Course-grained Molecular Dynamics Simulation

PLA, carbon nanotube (CNT), graphene, and carbon black (CB) were modeled
and simulated by coarggained MD with LAMMPS®3 The PLA molecules were
described by the MARTINI force field, which has been widely used for modeling
biomolecules and polymeféEvery PLA monomer was represented by a bead of the
Na type with the coalesced weight of 72 g/mol, and the centroid distance between two
neighboring PLA monomers, 0.434 nm, was adopted as the bond length between two
PLA beads in a macromolecular chain. The CNTs were described by verified
mesoscopic parameters developed for (618)12) doubledvalled CNTs2® Every
four atomic rings were represented by a single cegna@ed bead with a mass of
3,840 g/mol positioned at the center of the four atomic rings, and neighboring CNT
beads were spaced by 1.0 nm. Thetraigsr aphene
coarseodo approach to generate a mes®scale r
For graphene, each coaigin bead represents 250 atoms of the delalyler
graphene. The beads were placed 2.5 nm apart from each other. CB was assumed to
have a similar morphology to graphéfi&ach coarsgrain bead of CB represents
250 atoms of the fodayer graphene. The clusters of CB aggregates were generated

from interconnection through weaker van der Waals (vdW) fdfces.
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The coarsgraining method converts both PLA molecules and nanofillers
(CNTs, graphene, CB) into long chains of electrically neutral beads interconnected
with harmonic bond and angle interactions. ghemetric mixing rule modeled the
nonbonded interactions between PLA and inclusion beBads computational study
focused on five systems: (1) pure PLA, which contains 796 PLA chains, and sach ha
100 beads that correspond to a molecular weight of 7200 g/mol; (2) CNT/PLA with
5wt.% CNT containing 756 PLA chains and 4 CNT chains with 72 beads; (3)
CNT/PLA with 30wt.% CNT containing 600 PLA chains and 35 CNT chains with 480
beads; (4) graphene/PLA with 30wt.% graphene containing 600 PLA chains and 6
graphene sheets with 300 beads; and (5) CB/PLA with 30wt.% CB, which contains
600 PLA chains and 128 beads of CB. Initial models were built using thaveatfing
random walk method with our4house code. All models were placed in periodical
computationatells with cell sizes optimized by NPT and fully equilibrated by
minimization, relaxation, and annealing in NVT before production runs. The time step
was 5 fs.

Molecular entanglement is often characterized by the number of overcrossings
formed between two molecular chains. Molecular overcrossing was calculated as the
writhing number ¢ )% via a Gauss double integral over molecular pétesdo |
ie.wi — 6 . —————— wherel andi are points passing along the curves
0 ando , i i i, and d s wi numbers were calculated for all
individual PLA chains with the CNT fibers, which statistically led to thabpbilistic

spectrum of CNIPLA intermolecular overcrossing.
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3.2.5 Mechanical Tests

The flexibility of the CNTs/PLA filament was evaluated using an Instron 5944
machine equipped with a 50N load cell, applying a constant compression speed of
1mm/min. The compressive mechanical properties of the 3D printed electrodes were
tested using an Instron 5848 with a 200lbs {oalll employing a constant

compression speed of 0.01mm/s

3.3 Designof High-Loaded Carbon Composite FilamentsI hrough Mechanical
and Physical Characterization

Thekey stepin creatng 3D carbon structures is tlesignof carbonizable
filaments containing higloaded carbon materials that can maintain shape during the
polymer removal/carbonization procestowever, ahieving a printable filament with
high-loaded carbon is challenging due to increased brittleness and viscosity that tend
to cause filament breakage or nozzle clogging during priRtikgjthe carbon particle
content increases from 0 to 40 wt.%, the extrusion force for printing, calculated based
on the flow behavior of the filament in a printer nozzle, rises significantly fromND.49
to 7.38 N at the printing temperature of 200°C (slight reduction in force for the
10wt.% CNT due to the tendenoflow particle concentrations to aligrih the case
of the flexuralstressat breakthere is a sudden decrease from 67.8 kPa to 31.9 kPa at
40 wt.% CNT filaments, which can be attributed to the dominance of nanopores as
crack initiation sitegflexural stressat maximum bending strength for ductile PLA)

(Fig. 3.3).
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Figure3.3: A graph showing the printability of the CNT/PLA filament as a function
of the weight percent of CNT loading based on calculated extrusion force
and brittleness of the filament.

The extruding forcés calculated by considering the pressure drop in the
nozzle determined as the sum of all pressure drops that occur in the three zones of the
nozzl€®" underisothermal flow, steadgtate flow, incompressible fluid, no inlet and
outlet effects, and nslip boundary conditiofFig. 3.4 andEquation3.1-4). The flow
exponent (m) and the fluidity § of the CNTs/PLA feedstoc&recdculatedbased on

a model of the power law of Ostwald and de W#Elguation 25).
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wheres is the flow mean velogit T is the viscosityand is the shear rate.

(3.4)

(3.5)

Parameters Value
L1 11 (mm)
L2 0.6 (mm)
/ a 110 (°)
R1 2 (mm)
R2 0.2 (mm)
Flow mean velocity (v) 0.522 (mm/s)

Figure3.4: Nozzle geometry for extruding force calculation.

Once the carbon content surpasses 30 wtcd¥onlythe viscosity of the
molten filament is high to be extruddult alsathe filament becomes prone to

breakage during printing due to its reduced flexibiMyith this filler amount

optimization processontinuous 30 wt.% CNT filaments were fabricated with a

standard diameter of 1.75 messential for uniform extruding pressure andstamnt

supply in 3D printing (Fig3.59). The carbortompositdilament, unlike PLA

filaments, exhibited evident shedninning behavior across all frequency ranges (from

3.034x10 Pa.s at 0.04 rad/s to 5451.62 Pa.s at 620 rad/s), owing to the alignment of

CNTs along the rotational direction (Fg§50). In addition, ahigher storage modulus

of the nanocomposite filamemt rheologyresults from interconnected CNT structures

and physical entanglements and interlocks between the CNT and the PLA molecular

chains within the composite that reduces the chain mobility of the matrix polymers.
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This effect of microstructure on chain mobility was also observed in differential
scanning calorimetry (DSC) tests, in which exothermic peaks corresponding to the
crystallization of PLA disappeared in CNT/PLA samples compared to PLA (Fig.
3.50).
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Figure3.5: (a)A photo of 30 wt.% CNT/PLA filamentb) Rheological properties of
PLA and CNT/PLA filament(c) A comparison of the differential
scanning calorimetry (DSC) curves between the CNT/PLA composite
and pure PLA, exhibitinghe PLA polymer's crystallization behaviors
(exothermic reactions)

With respect to mechanical properties, the carbon filament exhibited a higher
Young's modulus (3.37 + 0.14 GPa) compared to the neat PLA filament (2.31 £ 0.44
GPa) due to the high lodskaring capacity of CNTs in the longitudinal direction (Fig.
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3.69). However, the tensile strength of the nanocomposite filamentedase to
35.16 + 0.18 MPa, which is primarily attributable to the nanopores within the
filaments These nanopores contribute to crack initiation and propagation when
subjected to forces from the extruding rollers during the printing pr@eess.ao).
For this reason, CNT loading exceeding 30 wt.% increased besgdimiting

printability, as observed in the printiegperimenandtensiletests.
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Figure3.6. (a) Mechanical properties of PLA and CNT/PLA filame(ii) Side view
of the 30 wt.% CNT/PLA filament. Nanopores are observed in the CNT
entangled regian

Furthermorethe CNTdistributionwithin the filaments before and after
carbonization \ascharacterized using scanning electron microscopy (SEN)
3.7a). Overall, he filaments displayed a denS&IT distribution within the PLA with
an alignment tendency of CNTs along the longitudinal axis of the filament, and the
carbonized filamentat 600 °Cshowed a high degree of structural integrity, retaining
approximately 91.6% of their original form. A more detailed examination of the CNT
microstructurechangen the filament after the carbonizing processs carried out

(Fig. 3.80). Increasing the carbonization temperature of filamentser500°Cled to
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the conversion oPLA polymers to amorphous carbon structures bridging the CNTs at
the interface (~ 0.9 wt.% of PDAwhich was observed in thermogravimetric analysis
(TGA) and transmission electron microscopy (TERMThis conversion played a
significant role in enhancing the structural stability of the carbonized filament by
establishingan integrated network among individual CN#ish combustioanduced

carbon structures’LA polymerscloselyattached to the CNT surfaceansformed

into carbonstructures (i.e., carbecarbon composites) at elevated temperatduesto

the mechanical interlocks and strong interfacial bonds between CNT and PLA, leading

to (Fig. 3.%).
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Figure3.7. (a) Morphological characterization of CNT/PLA filament before and
after carbonization. Scanning Electron microscope (SEM) imdlges
TransmissiorkElectronMicroscopg TEM) images withThermal
gravimetric analysi§TGA). (c) Crosssection of the 30 wt.% CNT/PLA
filament before and after carbonization. Parts of the PLA turned into
amorphous carbon and stayed at the CNT/PLA interface.
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Along with the high structural stability of the carbon composite filantaet
filaments exhibited a straightening behavior in the combustion experiment, which
couldpossibly be attributed to a shape memory effect @). The stored elastic
strain energy in the interconnected structure of @NNT and interlocks between
CNT and PLA resulting from deformation duriniamentextrusion andvinding, is

released when the PLA ignited, demonstrating the shape recovery phendiénon

Figure3.8 Structural stability upon ignition of PLA and CNT/PLA filaments

3.4 3D Printing and PostCarbonization of Carbon Composite Filaments

Fig. 3.9ashowsthe creation ofhe scalable 3D carbon structuvih
multiscalefeatures, rangingom the nanoscale orientation of CNTs to mesoscale
architecture desigrachieved through 3D printingn the nanoscalehé distribution of
CNT orientation within the carbonized samples was quantitatively analyzed, as shown
in Fig. 3.9h A high degree of CNT alignment was observed, tilted at approximately
9.5 degrees horizontally, indicating the effectiveness in achieving carbon material
alignment through extruding filaments using shear forces. Ir8Mg. the structural

stability and high shape retention capability of 3D carbon pestdtedirom the high
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loaded carbon reinforcements linked by the carbonized PLAs. Trsnpairttained
their shape even after manual deformation at a temperature above the polymer melting
temperature.

X-ray photoelectron spectroscopy (XPS) analysis further characterized the
conversion of PLA into carborn Fig.3.9d, showing the deconvolution of the C 1s
spectra, the agrinted sample displayed three intensive peaks, attributed ta e C
Ci OH, and O C=0, respectively, which are the characteristic peaks for PLA. After
carbonization, however, these peaks weakesed strong peaks corresponding to
graphitic and ppi bonds appeared as CNTs embedded in the PLA polymers were
exposed out of the sample surface. Additionally, relatively weak signals relatéd to C
C bonds were still observed in the carbonized sample due to the presence of carbon
associated with the PLA carbonization

Furthermore, this approacian create nearetshape carbon structures using a
variety of carbon nanomaterials other than CNTSs, such as carbon black and graphene,
which offers the benefit of tailoring the properties of carbon assemblies for various
applications (Fig3.10. The mechanism dhe structural stability of the 3D carbon

architecture will baleeplyinvestigated in the following section
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Figure3.9 (a) New route for 3D carbon assembly from carlbanomaterials
through3D printing and binder removal procassing carbonizable
filament. (b)CNT orientation analysis based on surface images of
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Figure3.1Q The versatility of carbon 3D printing using various carbon materials,
such as OD CB, 1D CNT, and 2D graphene

3.5 Structural Stability Modeling of 3D Printed Carbon Architectures

To elucidate the underlyirgfructural stability mechanismwe studied various
nanofiller (i.e., CB, CNT, and graphene)/PLA systems via cegngieed molecular
dynamics (MD) models (Fid.11a). Focusing on the CNT samp|grire PLAand
inadequately reinforced PLA with 5wt% CNT rapidly collapsed@27°C while CNT
(30%)/PLA as well as other nanofiller (30wt.%)/PLA retained its shape under the
simulated gravitational loadF(g. 3.11b). Evidently, pure PLA and CNT (5%)/PLA
losethe original structures due to the molten PLA at an elevated temperature, while
the addition of 30 wt.% carbon nanomaterials offered the reinforcing structure and
reduced PLA mobility, which is further corroborated by the calculated glass transition
temperature, J(Fig. 3.12. TheTy of PLA was estimated to be 346 K, a value that
aligns well with experimental ddtaand as the temperature was ab®dy,ePLA chains
became increasingly mobile, leading to collapse. In contrast, PLA reinforced by 30
wt.% of nanomaterials such as CNT, graphene, and carbon black exhibited
considerably highefy. The remarkable thermal stability results from the intricate

molecular network between PLA and strong carbon wiamdorcements
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Figure3.11 (a) Coarsegrained computational models of PLA, CNT/PLA,
graphene/PLA, ahCB/PLA. The systems where yellow and red
represent PLA and nanofillers (CNT, graphene, CB), respectifl@ly
Deformation of PLA, CNT/PLA with 5wt.% CNT, and CNT/PLA with
30wt.% CNT under simulated gravitational loads at 600K (gold: PLA;
red: CNT).
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Figure3.12 Density versus temperature for the calculation of glass transition
temperature, g, by using coarsgrained models dPLA, CNT
(5%)/PLA, CNT (30%)/PLA, CB (30%)/PLA, and graphene (30%)/PLA.

Fig. 1.13adepicts long, torturous PLA chains wrapping around CNT to create
an entangled structure contributing to enhanced strength and thermal stability. In the
case of 5 wt.% CNT filament, the probability of the mechanical interlocks between
CNT and PLA molecular chains exponentially decatgerkro, which suggested a low
possibility of forming CNTPLA entanglemenfFig. 3.13). However, as the CNT
content increased to 30 wt.%, the probabilistic spectrum showed a lognormal

distribution peaked at 1.12 per PLA chain, indicating a high level of entanglement.
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Figure3.13 (a) MD snapshots showing polymer chains wrapping around C{tJ s
Probabilistic spectra of mechanical interlocks between CNT and PLA
molecular chains in CNT/PLA with 5 wt.% and 30 wt.% CNTs

In summary, the CN'PLA intermolecular entanglement and interfacial
hydrogen bonds synergistically interlock PLA chagrshancing structural stability
and strength at elevated temperatufassimulation results show, similar mechanisms
can beapplied to create robust carbon scaffolds using various nanomaterials, such as

graphene and carbon black

3.6 Potential and Conclusions

Thedevelopment of carbonizable filamenlssigned for 3D printingalong
with the utilization of posprocessing techniques, facilitates the generation of 3D
carbon structurefeaturingcustomized carbon material orientati@msl highstructural
integrity. This methodology islsoadaptable to a range of carbon nanomaterials,

offering a rapid and scalable means to produce robust 3D carbon assemblies with
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programmable propertieBurthermore, it opesup a wide array of carbon
applicationsincluding energy storage. The capability of producingshejpe and
complex carbon architectures provides numerous opportunities for designing and
fabricating multiscale 3D carbon architectures with enhanced structural stability and

advanced multifunctionalities
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Chapter 4

ELECTRODE FILAMENT PRINTING FOR GRAPHITE STRUCTURED
ELECTRODES

4.1 Introduction

In line with emissions reduction targets, lithitiom batteries (LIBS) are
considered one of the most important energy storage systems and have been developed
to increaseslectrochemical performandéer a variety of applicationsuch alectric
vehicles®° Currently,mainstream strategies to improve battery performance address
two aspects: material level and electrode level de3iga material level design
involvesthe development of battery chemistries and matewashievencreased
energy densitand powerandreduced weightOn the other sidesubstantial research
is underway to devise electrode designs aimed at addressing current challenges
associated with the traddf between energy density apdwer densityCurrent
batteries have multayer2D thin electrodes, as shownhig. 4.1. A stacked cell
made ofthin layerscan bring better battery performance in terms of power than the
thick one. LIBs store energiased on redox reactions within bulk electrode materials,
and Lrion moves within the electrode with a diffusioantrolled process. Therefore,
thin electrodes give a shortened transport path faorLiwithin the electrode that
enables better kinetics of the ion, resulting in high power. However, the batteries with
thin electrode layers consist of a high content of inactive materials (e.g., separators,
current collectors, and packaging) that reduce the energy density in a limited volume.

In the case of the thick electrode, it can store more energy in the same volume by
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increasing active material loading, but the power density is compromised due to the
sluggish ion kinetics, and the electrode might be mechanical instamtithave

safety issueaused by more concentrated stress fileenmal stress andternal
resistanceThe ideal one is a 3D thick electrodiecorporating a 3D design, such as an
ordered arrangement of active materials at the /n@inmscale and an interdigitated
structure at the meso/macroscale, can mitigate the restrictioA@i movement

within the thick electrode thickness. This approach leads to enhanced power and

energy density.
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Figure4.1: Development of lithiurrion battery electrodes toward 3Bick
electrodes
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In this thesis, mewelectrode processing royemployingFused Filament
Fabrication(FFF) combined with secondary processirgutilized to produce3D
carbon electrode, which cadress inherent challenges present in-sththe-art
(SOA) battery electrode$his chapter examinedectrode manufacturing strategies
focusing on the production of structured anodes utilizing graphitelovithortuosity,
mechanical robustness, and complex geomatglinvestigates the structural impact
of these electrodes on battery performance, emphasizing the relationship between

electrodenternalstructure and electrochemical performance

4.2 Experimental Methods

4.2.1 Fabrication of Electrode Filament
Anodefeedstockwasmadeusinggraphiteas an active materialvhich is
commonly useddue tothe stable and repeatable lithium intercalation within the
graphite layersTheatrtificial graphite powder (Particle distribution: 1203 . Oveasn)
purchased fronMTI corporation For conductivity andtructural stability, the active
materialg(purchased from MTI corporatigmndmultiwall carbon nanotube
(MWCNT, 20i 30nmand10Gi3 0 ¢ oonter diameter aniéngth of the MWCNT
purchased from Cheaptubegere employedA high ratio of carbomparticles was used
at a weight ratio of PLA/carbon nanomaterials (70/30), and carbon black 10%,
MWCNT 20%, and graphite 70% by weight were used as carbon mat&hals.
electrode granule fabrication and filament preparation stepsdescribedn Chapter

2.
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4.2.2 Fabrication of 3D Graphite Electrode Using Electrode Filament

The zigzagatternwith a small dimension of 10x10x2 mwas printed out
using electrode filamentThe printing speed was set at 10 mm/s and nozzle size was
0.4 mm.The top and bottom sides of the printed electrodes paighedusing
sandpaper of different grain sizes (3M; 400 and 3000) to suit electrode thicknesses of
~0.5 mm and ~1 mnT.he printed electrodesere placed ocopperfoil, which is used
as a current collector, and attached using the heat of the hot plate (~80 °C). The
electrodes with the current collector were carbonized at 600 °C in nitrogéd for
minutes using tube furnacrig. 4.2). The heating conditiowasmentioned in Chapter

2.

Attaching to Cu Debinding to
foil & heat remove polymer

Single-sided electrode
T a— 8RER -
l -—ﬂ
. AR
3D grapmte

5
electrode ﬂ

3D graphite electrode “Green” electrode “Brown” electrode

Figure4.2: Manufacturing process schematic and photthefsinglesided 3D
graphite electrodes

4.2.3 Morphological Characterization
The internal structure of the structured electrode was characterized by
conducting SEMX-ray diffractions(Bruker D8 XRD 40 kV/40 mA) and Nano
computed tomographyrijgaku nano3DX Scannef0 kV/30 mA).
To quantitatively analyze the alignment of graphite, the image procesasg
performed hough O6Fi ji 6 software using 3D recon
681 x 597 x 501. The stacked images were segmented through a Gaussian filter of 2

voxels, threshold operation, and statistioc
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was used to measure orientation distribution. The graph used in the paper was
obtained by summing up all the orientation distributions measured from the individual

images.

4.2.4 Mechanicaland Material Property Characterization

The printed and carbonized vertically aligned samples with a 1mm thickness
were testedisinglnstron 5848 (200lbs loackll) with a constant compression speed
of 0.01mm/sat room temperatur&he dfect of carbonizatioron graphite powder was

analyzed XP&nd the details were described in Chagter

4.2.5 Half-cell Assembly

Coin cell (CR2032) was used for cell cycling, and Li metal was used as a
reference electrodé commercial Celgard separatamd glass fiber were used as the
separator in an electrolyte. Glass fiber was used to absorb a sufficient amount of
electrolyte.For electrolyte, Lithium hexafluorophosphate solution
(EC/DMC/DEC=1:1:1(v/vIv)), purchased from SigA&rich, was usedA ring-
shaped supporter (~1 mm thickness)s printed outisingpolylactic acid (PLA)and
then put around the electrotteprevent the breakage of the graphite electhyde

controlling the gap between the coin cell covers

4.2.6 ElectrochemicalMeasurement

Ratecycling test were performedt different current densities from 0.05C to
0.5C usinga Neware battery tester. Electrochemical impedance spectroscopy (EIS)
tests were carried out using a Gamry reference 3000. EIS was measured from 1000
kHz to 10 mHz at a constant amplitude set to 10 mV. All the cells were investigated at

room temperature.
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4.3 Working Principle of 3D Graphite Electrode Manufacturing

This chapterdemonstratethe fabrication of a thick structured electrode using
3D printing, specifically a thick graphite electrode featuring arobyiane aligned
graphite arrangemerithe througkthickness multiscale channels and oriented
graphite flakes reduce lithiton path tortuosity for enhanced ion mobility within the
electrode and increase the availability of preferential intercalation paths within
graphite flakes, both promoting powandenergy in thick electrodes.

The 3D printing strategy for 3D graphite electroole®lves two innovations
manipulation particle positioat multiple scaleand theutilization of
debindingtarbonizatiorprocess (Fig4.3). In 3D printing step, ighly loaded graphite
extruded, and graphite flakes amented along the printing direction with a high
pressure induced shear fldWAfter theasprintedelectrode is made,debinding
processs appliedto remove polymer& The carbonizatiorprocess can remove
polymers in the electrode while retaining #sgorinted geometry without structural
collapse. In a sma#cale production demonstration, the printing pattern developed for
out-of-plane electrode architecture is coupled wiik thanufacturingprocess to

realize low tortuous electrode structures.
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Figure4.3: Schematic of structured electrode additive manufacturing for 3D graphite
thick electrode with an owdf-plane aligned architecture

4.4 Effect of Filler Content in the Electrode Filament on Structural Stability of
3D Graphite Electrode

To create durable 3D electrodéise effect of the filler amount of tledectrode
filamenton printability and structural stability of the 3D graphite electrode was
investigatedThe filler loading varied from 10 wt.% to 30 wt.%s the filler loading
increases, the composite feedstock becomes more viscous at the printing temperature
(~200 °C) but exhibits ahear thinning behavior that can be expressédedhiidity
(o) andthe flow exponenim), with the details of the equation described in Chapter
(Fig. 4.4). To understand the relationship betweatrusionforce neededand filler
ratio, we calculated thextrusion forceat the nozzle. As the filler percentage increases
from pure PLA to 30 wt.% filler, thextrusion forceat the nozzle increasésm 0.49
N to 1.98 N, 3.06 N, and 3.91 N under the condition described in Chapteng a
feedstock with a higher filler ratio puts higher shear stress on the material during

printing and aligns the CNTs and graphite flakes in the PLA stream.
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Figure4.4: Viscosity @mparisorof graphite filament according to the filler ratio

Furthermorethe volume change is highly dependent on the fillgio inthe
electrode feedstocks the filleramountdecreases, the volumetric shrinkage increases,
and the structure collapses when the filler percentage decreases to 10 wt&b)Fig
The higher the filler content ratio, the higher the possibility of entanglement between

the fillers, so that the shape change after sintering can be prevented.
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Figure4.5: Comparison photo of dimension change of 3D printed samples before
and after polymer removakcording to the filler ratio
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In accordance with findings from prior studiestba effect offiller amountto
structural stabilitya 30 wt.% filler ratio was chosen for the 3D graphite electrode
With 30wt. % filamentthe air thermal stability of 3DBenchy samples mhyge
electrode feedstocks (black) and pure PLA (white} further examined (Fidg.6).
The black 3DBenchy sample structure did not change gstimerwithin the
structure decomposes with increasing temperature. By contrast, the white 3DBenchy

structure melted and collapsed

T room Tang=178°C G T 4005C S

Graphite/PLA P

R -

Figure4.6: Comparison photo of air thermal stability of 3DBenchy samples made
with electrode feedstocks (black) and pure PLA (White

4.5 3D Graphite Fabrication and Morphological Characterization

A thick electrodewith a thickness of approximately 2 mm is successfully
printed, featuring closely packed columns, and exhibiting no structural defects such as
warping, delamination, or layer shiftirigig. 4.7). Through the carbonization process,
asprinted electrode undergoes transformation into a 3D graphite electrode as the
polymer components are removéd a result, frestanding 3D graphite electrodes
made with graphite and carbon additives (7:3 by weight) are obtdihed8D
graphite electrode, made with 30wt.% fillers,sweell retained with small shrinkage

after being carbonizedithout collapsingcracking, as well as damaging the active
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material (i.e., graphiteJFurther discussion on this topic will be provided in the

subsequent sections

Printing direction

1 I I
Ll L-l ¢

3D printing electrode As-printed electrode

Figure4.7: Photo of3D printing3D graphite electrode with a dense and aligned
structure according to the printing direction

Fig. 4.8 shows the Scanning Electron Microsc¢f&M)images of 3D
graphite electrodin the top and crossection view These images reveal the presence
of channelgreatedbetweerprintedcolumns at the micro/messtale, as well as
between thalignedgraphite flakes at the nanoscalde multiscale channels will
provide a short pathway from the top to the bottom of the electrode for the liquid

electrolyte and lithium ions.
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Figure4.8: Scanning electron microscopy (SEM) image of 3D graphite electrode.

FurthermoreX-ray diffraction (XRD) and nanroomputed tomography (nano
CT) also confirmed graphite alignment in the electrode. Trackinoptéesity of the
(002) Bragg peak corresponding to the graphite basal plane suggesto&plane
alignment of the graphite flakes in an electrode. The electrode wibf-qldne
aligned graphite flakes exhibited a weak (002) Bragg peak, but the reference electrode
with in-plane aligned graphite flakes was found to have an intense pgak.gri The
weaker (002) peak intensity confirms the alignment of graphite flakes in tod-out

plane direction within the electrode.
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Figure4.9: XRD of the 3D graphite electrode in different directions {@uplane
and inplane alignment). The star symbols in the graph represent the
existence of carbon additives.

Fig. 4.10 shows3D reconstructed images of the internal electroddsdno
ComputedTomographyNancCT). The outof-plane alignment of graphite flakes
was noticeable in the 3D graphite electrotlee majority of mesoscale channels, with
an average distance of approximately 180 ¢
layers, consistent with the cressctional views depicted in the SEM images.
Mi crochannel s wit hi nwese alsoeobsgredoetwwéenthe3 . 1 t o 7 €
printedcolumns.In contrast, flakes were randomly distributed slightly horizontally in

the slurrycasted electrode without creating channels for ions.

55



3D graphlte electrode

YR
\\\fl," i ,‘l‘rq"
k:«; ‘.‘

Figure4.10. NancCT images of the 3D graphite electrode and the skasted
electrode.

Theorientation degree of the graphite particles gaantifiedbased orthe 3D
reconstructed images (Fi¢11). In the slurrycasted electrode, the flakégnment is
approximately-10° in the horizontal directignvhereasnostflakes are oriented at 90°
to the horizontal plane in the 3D graphite electranidicating approximately 58% of

the graphite aligned within the range98f° + 40° direction.
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Figure4.11: Orientation distribution as a function of the elevation angle for the 3D
graphite and the slurryasted electrodes. The angle is calculated relative
to the xy plane

4.6 Mechanical Properties of 3D Graphite Electrode

In Fig. 4.12, these 3Dgraphiteelectrodes (size 7x7x1 mm) have a compressive
strength of 0.84 MPa and modulus of 5 MPa, higher than other reported 3D printed
electrodes and structures for electronic components (e.g¢oased electrodes made
with graphené&™8Y). The improvedstructural robustnesaight come fromhedensely

packed and interconnectéller structure
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Figure4.12: Comparison of compressive strength and modulus ajraphite
electrodes with other reported 3D printed electrodes

4.7 Effect of the Structure on the Electrochemical Performances

The effects of multiscale channels on the electrode electrochemical
performance were tested in a hedfll configuration. Rate capabilities at different
current densities were tested to show the enhanced transport of Li ions compared to
the slurrycasted electrode. 3D graphite electrodes with different thicknesses (0.5 mm
and 1mm) were prepared with areal loading of 19.5 mgérd 46.6 mg/ci)
respectivelyThe slurrycasted graphite electrode with 1 mm thickness was prepared
as a reference electrode with areal loading of 38.8mfgThe chargalischarge
profiles at different currents of the 3D graphite are showsign4.13. The3D
graphite electrode with 0.5 mm delivered the highest specific capacity of 442.0, 165.4,
and 82.6 mAh/g, corresponding to areal capacity of 7.3, 2.7, and 1.4 ntAit/0r61,
3.05, and 6.12 mA/cf(0.1, 0.5, and 1C)While the 3D graphite electrode with 1 mm
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showed aslightly lower specific capacity of 393.8, 148.7, and 77.3 mAh/gataal

capacity was enhanced dudatggreater thickness and aligned internal structure,
resulting in18.4, 6.9, and 3.6 mAh/¢mat 0.1, 0.5, and 1(17.37 mA/cn). Specific
capacities higher than the theoretical specific capacity (372 mAhig often been

obsrved in graphite flakes or graphite with enlarged interlayer distances at lower

rates®?83
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Figure4.13: Rate charge and chargescharge profiles of 3D graphite electrodes with
0.5 and Emmthickness

By contrast, slurncasted electrode with 1 mm delivered a much lower
capacity of 298, 52.3, and 25.5 mAh/g at 0.1, 0.5, and é@responding to areal
capacity ofl1.4 2.0, and1l mAh/cn? at 01.44 7.22 and14.47mA/cn? (0.1, 0.5, and
1C), due to sluggish ion moveme(iig.4.14). The charge and discharge graph
illustrate that slurncased electrodes exhibit higher voltage hysteresis compared to 3D

graphite electrode8D graphite electrodes displayed voltage hystemdsds055,
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0.182, and 0.397 V, while slurtyased electrodes showed 0.134, 0.259, and 0.539 V
at 0.1, 0.5, and 1C, respectively.

Areal capacity (mAhIcmz)
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Figure4.14. Rate charge and chargescharge profiles dadlurry-casted electrodes
with 1 mm thickness

As the current increased, the gap between the overpotentials of the 3D graphite
electrode and the slurgasted electrode increased, more than doubling afitC (
4.15). The overpotential was calculated based on a potential difference between the

potential plateau at 0.1C and the corresponding potential plateau at each elevated rate

(0.2, 0.5, and 1C).
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Figure4.15: Overpotentials of the 3D graphite and the shaagted electrodes at
different current densitge

The improved electrochemical performance of the 3D graphite sample was
also observed in the electrochemical impedance spectroscopy (EISFiggt4q).
Symmetric cells were used for detailed analysis of the internal resistance by
decoupling ionic transport inside pores and charge transfer. The Nyquist plot of both
electrodes consists of three parts: a deformed semicircle, a 45° slop line, and a steep
slope, representing porous electrodes. To analyze the resistance of the porous
electrode, a transmission line model (TLM) was applied as a simulation model. A
deformed semicircle and a 45° slop line correspond to the resistance for a stepwise
flux of ions at the interface between electrode and electrolyte and the ionic transport,
respectivel\** The ionic transport resistance can be measured by projecting a 45° slop
to the Ze axis, which is 1/3 of the ionic transport resistance according to TLM theory

for cylindrical pores$® The 3D graphite electrode has an ion transport resistapgp (R
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of 21.21 q, much-castveel ebanodeae( $989rbyq),

transport within the electrode.
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Figure4.16: Nyquist plots of the 3D graphite and sluogsed electrodes measured
with symmetric cellalong with omed in Nyquist plot ofach
electrode Ron means ionic transport resistance.

Additionally, in ahdf cell, displayed a lower chargeansfer resistance of
approximately 41 ohms compared to the reference electrode, which had a resistance of

around 85 ohmswhich corresponds to the semicircle in the Nyquist plot &iLy).
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Figure4.17: Nyquist plots of the 3D graphite and sluogsed electrodes measured
with half cells

Lastly, the cycling performance of 3D graphite electrode was measured at 0.1
and 0.2C (~1 and ~2 mA/&respectively) (Fig4.18). After 50 cycles, the capacity
of the 3D graphite electrode decreased from 390 to 337 mAh/g and from 287 to 193
mAh/g with capacity retentions of 86.4% and 67.2%, respectively. The capacity decay
of the halfcell 3D graphite battery over 50 cyclkesy primarily be attributed to the

corrosion of a lithium counter electrode utilized in the.test
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Figure4.18: Cycling stability of 3D graphite electrodes under 0.1 (red) and 0.2C
(blue).

Additionally, our 3D graphite electrode rate performanes comparewith
reported thick electrodes either produced by 3D piptit?-°27"8%r the graphite
alignment method$®’ (Fig. 4.19). Results demonstrate tithts 3D printing
processing can produce high electrode material loading and achieve the highest

capacity due to the densely aligrgrdphite flakes and multiscale low tortuosity.
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Figure4.19: Comparison of the 3D graphite electrode and previously reported thick
electrodes in the aspect to a specific capacity

4.8 Potential and Conclusion

A scaledup productionprocess is proposed in Figj20to fabricate structured
electrodes with multiscale cof-plane alignment in large volumigitially, a printer
deposits the electrode composite horizontally. Subsequently, a cut and stack strategy is
employed to create a doukdaded electrode, wherein pieces of electrodes are obtained
by cutting the electrode composite to a specific thickness. These pieces are then
laminated onto metal foil and subjected to-prgssing to remove the polyméhis

strategycan produce muHscale structural features in a fast and simple way.
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Figure4.20: Schematic of a scalgp structured electrode productipnocess using
filament extrusion 3D printingystem.

3D printing creates multiscale alignments of anisotropic electrode materials to
achieve higkenergy and higipower electrodes. TH&D printingand the
debinding/sintering process enable flexible electrode design with rapid speed. In
combination with an optimized printing path, we have successfully fabricated 3D thick
graphite electrodes with low tortuosity and high mechanical robustness. The electrodes
are aligned across multiple length scales in the throhigkness direction, providing
the shortest path for ion transport and significantly improving areal and specific
capacity at a high current rate (~200% and ~260% improvement in specific and areal
capacity at 1C, respectively, compared to the slaasted electrode). We expect
further broadening of this 3D printing route in the development ofhidiime, large

area electrodes for practical energy storage applications.
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Chapter 5

ELECTRODE FILAMENT PRINTING FOR CF STRUCTURED
ELECTRODES

5.1 Introduction

Applying the electrode fabrication mechanism detailed in Chdptethick
and vertically aligned carbon fiber (CF) frame embedded witiium Iron Phosphate
(LFP)is fabricatedor lithium-ion battery electrodes with low tortuosity, improved
mechanical stability, and enhanced electrochemical performéfiges.1). To
achieve high areal capacity, we adjusted the filler loading to as high as 55 wt.% (42
wt.% of LFP and 13 wt.% of carbon additives) within the electrode filament and
printed thick 3D electrodes with a strategic alignment of anisotropic materials in the
direction of electrode thicknesSuchCF alignmentcanserve to enhance the structural
stability of the electrode andcreasehe utilization of active materials within the

thick electrode

Carbon fiber (CF
Rotate > /—L )
E s __ LiFePO,LFP
[¢]
3 4 O
c !
g 1 %’_ Carbonization ‘\|Carbon nanotube
o [re}
] H
b= { 2 Electrolyte infiltration
a ' o

| 1 m lcm 1 mm L UM >
3D printing electrode Vertically arranged structural fiber structure

Figure5.1: Manufacturing process schematic from electrode filament fabrication and
3D printing to 3D CF electrode
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5.2 Experimental Methods

5.2.1 3D Electrode Fabrication

A CF 3D electrode feedstock was madth thefilament containing
PLA/LFP/CF/CNT/CB composition in 45/42/10/1/2 ratiddter the carbonization
processthe CF 3D cathode has 76wm.% LFP within the structure3he following
procedure from filament fabrication, 3D printing, and carbonization was mentioned in
Chapter2. Slurry-cased electrode was mdale mixing Lithium iron phosphate
(LFP)/polyvinylidene fluoridg(PVDF)/CB with 8/1/1ratiosinto N-methylpyrrolidone

(NMP) solution forming a thin film that was subsequently dried overnight

5.2.2 Material and Morphological Characterization
Theequipment usetbr the characterization of electrodes, along with specific

details such as measurement conditidescribed in Chapter

5.2.3 Half-cell Assemblyand Electrochemical Measurement
The half cells of th&D CFelectrodes were assembled with Swagelok cells
using a commercial Celgard separaidre measurement condition is described in

Chapter2, and # cell investigations were carried out at room temperature.

5.3 Morphological Comparison of 3D CF and Slurry-casted Electrodes

Compared to Chaptd this chaptedelves deeper intcharacterizing the
distribution of consistent materials accordinghte manufacturing methods employed
Initially, as reference samples, particle distributions of thin skasyed electrodes
were characterized using Scanning Electron Microscope (SEM) analysiS.&idn
the crosssection of the electrodes, particle and binder separation was observed due to

binder migration, which refers to the accumulation of binder on the top surface of the
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electrodeThe movement of the binder during the drying process can be reduced by
regulating the temperature and duration of drylmg in this experiment, the

electrodes were dried at 80 °C for overnigtitjch was considered ttappropriate
temperature for achieving a more even distribution of the hfffdézvertheless,

binder separation was observed at some parts and caused detachment of the electrode
from the current collector substrate, leading to thedt®gtronic transport at this

interface This electrode isolation effect on the electrochemical properties will be

further studiedn Section5.4.

Figure5.2: Scanningelectron MicroscopeSEM) images of crossection of the
slurry-casted electrode.

In contrast to the slurrgasted electrode, t18D CF electrodexhibiteda more
uniform distribution of particles throughout the thickness of the electrode, as
evidenced in SEM/EDS imagé€sig. 5.3 and5.4). The electrode is characterized by

the presence of nano/microchannels formecharily created near the fibevgth
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vertically oriented carbon fibers within the 3D structtirat canenhance ion diffusion

and mechanical properties in the aligned direction.

Figure5.4: Zoomed in SEM images of cresection of the 3D CF electrode.

On the top surface of the electrodesbon particle agglomeration was
observed irthe slurrycasted electrode, contrasting with the 3D CF electrode. This
agglomeration has the potential to induce-naiform electrical conductivity in LFP

particles, thereby impacting the activation of the active mat€Rajs5.5).
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Figure5.5: Comparison of surfacBEM images of thslurry-casted an@D CF
electrode.

The vertically oriented fiber framework within the thickness of the electrode
led to enhanced mechanical stability in the-@fuplane direction (compressive

modulus of 13.2 MPa and a strength of 3.2 MPa

5.4 Structure and Electrochemical Performance Relationships

Theconductive carbon framework with multiple chanredstributes tdahe
improved electrochemical performance, which was evaluated through testing on
5x5x1.05 mm printed electrodes within kedlls. In the electrochemical impedance
spectroscopy (EIS) tests, the 8IF electrode displayed a substantially reduced charge
transfer resistance, ~155.4 ohms, which can be attributed to the favorable ion and
electron transport pathwaysig. 5.6).2° In comparison, the 2D reference electrode,
with a thickness of around 0.2 mm, exhibited a higher charge transfer resistance of

~261.2 ohms
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Figure5.6: Comparison of charge transfer resistance between 3D CF and slurry
cased electrodes in haiélls

Moreover, the alignedand porousstructure within the printed electrode
facilitated efficient lithiumion transportation, resulting in ~66 times higher ion
transport rates (~1.72x1Bcm?/s) compared to the slurgasted electrode (~2.61x10
12cmé/s). Lithiumi on  di f f u s,iDg'nis calaulatédybasedeon the following
Equation5.1 and 2:

(0) _ (5.1)
o Y vy .1 * (5.2)
in which R is the gas constant, T is the absolute temperature, A is the surface area of
the electrode, n is the number of electrons in the reaction, F is the Faraday constant,
and C is the concentration of lithivion,,, is the Warburg coefficienty is the real
part of the Nyquist ploty is the angular frequencyhe parameters are summarized in

Table5b.1.
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Table5.1. Parameters for a coefficient of ion diffusion.

R (J/mol K) 8.3145
T (K) 208.15
A (cm?) 1

n (the electronic transport ratig

during the redox process) 1
F (J/mol) 96485
C (mol/cny) 0.001

72.215 (for 3D printed electrode)

. (ohm/S7?) 116.49 (for slurrycased electrode)

The enhanced ion transport facilitatedrarease in charge performance,
especially at high current densities during the rate cyclingRest5.7a and b The
3D CFelectrode (areal loading: 67.86 gRrdelivered specific capacities of 149.8,
128.5, 81.3, and 39.3 mAh/g, corresponding to areal capacity of 9.9, 8.5, 5.4, and 2.6
mAh/cn? at 1.1, 5.6, 11.3, and 22.5 mA/&(0.1, 0.5, 1, and 2C), respectively. On the
other hand, the thin slurgasted electrode exhibited a much lower capacity of 117.2,
108.5, 74.1, and 9.4 mAh/g at 0.28, 1.4, 2.8 and 5.6 mA(f@r, 0.5, 1, and 2C),
respectively. The low overpotentials of the 3D electrodes were also observed,
contrasting with slurncastecelectrodes, across the entire range of current densities
(Fig. 5.7¢). The improved electrochemical properties, along with enhanced mechanical
stability, resulted in stable battery performance during-lyade stability tests,
delivering ~135 mAh/g, ~8.92 mAh/cmt 0.2C over 40 cycles with 97.74%

Coulombic efficiency (Fig5.7d).
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Figure5.7: Rate cycling performance and charge/discharge curves of 3@)@kd
slurry-casted electrodd®) at different current densitiex)(
Overpotentials of the 3D CF electrode ahary-casted electrodes at
different current densitiesd) Cycling stability of 3D CF electrodes
under 0.2C.

The rate cycling performance of the 8B electrodes was compared with
reported thick electrodes fabricated using various methods, including 3D printing and
emerging techniques for thick electrode production (&R).*861:77.86.9®2 The aligned
and conductive CF frammupled with higHoaded active materials, contributes to the

enhancement of battery performance when using the 3D CF electrodes

74



3D printing (Sun)
NE Our work
G 10" F Wood (Lu) ' % — —ge _ _
= - *
= *- - -8~ - ~ ~
< S *
,‘E’ @ - == = - - — e & ~
> Cellulose (Kuang) & ~ -a_ _ N o N %
.g ) ) - - - 7\ 1\ \. I._
a ® i — - a g
@ 10°F ~_ : 7y
° i »
8 [3D printing «
bt (Maurel) “a
{ [ N
\
\
10-1 PRI | PP |
10" 10° 10"

Areal current density (mA/cm?)

Figure5.8: Comparison of areal capacities between 3D CF electrodes and previously
reported thick electrodes.

5.5 Potential and Conclusions

While some earlier studies have explored the use otéiligned frameworks
in batteries using chemical vapor deposittand commercial fibef§ there have
been limitations in electrode design flexibility and scalability. On the other B&nd,
printing combined with carbonizationethodenables the fabrication of electrodes
with multiscale features, encompassing not enicro/mesasaleconsiderations for
design and size but alsaicro/nancscale attributes related particle distribution and
arrangemeniCompared to thin slurrgasted electrodes, 3D CF electrodes delwer
13timeshigher specific capacitf~128.5mAh/g) at the same areal current density

(5.6 mA/cnt). Overall, the results demonstrate the successful fabrication of high
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performance carbon electrodes using 3D printing, showcasing the potential of this

approach for advancingBs.
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Chapter 6

HIGH -LOADED ELECTRODE FILAMENT PRINTING FOR STRUCTURAL
ELECTRODES

6.1 Introduction

In Chaptel6, leveraginghe design flexibility afforded by 3D printingn
interdigitated design of the electrode (i.e., honeycshiped cathodes and pitar
shaped anodeg fabricatedthat allow lithium ions to move laterally and diffuse
efficiently between the cathode and anddencurrently, design advancements
include the utilization of a higlbaded electrode filament containing approximately 65
wt.% fillers, incorporating a plasticizer to maximize active material loading and
generate structural electrodes with enhanced mechanical properties through a
combination of 3D printing and peptocessing techniques (Fig1). The honeycomb
structure efficiently transfers load within the cell walls, and the formation of a carbon
layer during carbonization plays a pivotal role in synergistically integrating
components with aligned anisotropic nanomateritss integration further enhances

the overall structural stability of the electrodes.
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Figure6.1: Schematic representation of 3D printed structural electrodes using high

loaded filaments.

6.2 Experimental Methods

6.2.1 Preparation of Electrode Filaments and Structural Electrode Fabrication

The polyethylene glycol dimethyl ether 500 (PEGDE 500) was purchased from

SigmaAldrich. The multiwall carbon nanotube (MWCNT,iI0 e m i n

| ength

MWCNT) was purchased from Cheaptubes, and the active carbon powder (CB),

l'ithium iron phosphate powder (Particle

S

graphite powder (Particle distribution: 1203 . 0 &€ m) wer e purchased

corporation. We made a slurry by dissolving PLA polymer into dichloromethane

(DCM). Once the PLA was fully melted, the plasticizer was mixed with a 5wt.% to

PLA for 30 minutes. And then, the fillers, including active materials, were added and

mixed overnight. The weight ratio of components for electrodes is
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33.3/1.7/56.6/2.8/5.6 (PLA/PEGDE/active materialssMWCNT/CB). The dried
composite was cut into small pieces, and the filament with ~1.7 mm diameter was
extruded at 165 °C using the electrode filament through a single extfatlewing

3D printing and posprocessing are described in Chapter 2.

6.2.2 Thermal and Mechanical Analysis ofM aterials

The threshold temperature of the electrode feedstocks was measured by
thermogravimetric analysis (TGA, Discovery TGA). The test was conducted in
nitrogen with a constant ramp rate of 1. The effect of the plasticizer on the
composite feedstocks was measured by differential scanning calorimetry (DSC,
Discovery DSC). The samples were heatea constant ramp rate of 10/f@in, and
the data were extracted in the first cycle.

Rheology and chemical analysis of materials: The rheology properties of the
electrode feedstocks were measured at 190 °C using a rheometer (DiscovBry HR
The decomposition of the PLA polymer was characterized-bgyXphotoelectron
spectroscopy (XPS, Thermo ScientifieAdpha).

Morphological characterizations of materials: The morphologies of the
nanoparticles and carbon coating layer inside the printed structural electrodes were
characterized by the scanning electron microscope (SEM, SEM/FIB Auriga 60 Cross
Beam) and transmission electron microscopy (TEM, FEI Talos F200C). The internal
structure of the printed samples was characterized using high resolution computed
tomography (CT) scanner (Nat@l', Rigaku nano3DX).

The tensile properties of the electrode filaments were tested by a dynamic
mechanical analysis (DMA, Q800) with a constant strain rate oh@f@at room

temperature (25 °C). Samples about 0.3 mm thick were fabricated by film casting
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using a composite slurry. The compressive properties of the printed electrodes and
samples were tested by a mechanical testing machine (500/ddtabhstron 5848)

with a constant compression speed of 0.01snffhe compression samples are

prepared with 2.7 mm cells with 1.1 mm wall thickness on an 11 mm circular plate.
Young's modulus is determined in compression tests by calculating the slope within a
0.2 offset region. The strength is determined by identifying the cracking pbomtop

area of the honeycomb cells was used for mechanical property calculations.

6.2.3 Electrochemical Measurement

Each electrode was printed on an 11 mm circular plateand#signedattern.
The half and full cells of the printed electrodes were assembled with Swagelok cells
using a commercial Celgard separator. For electrolyte, Lithium hexafluorophosphate
solution (EC/DMC/DEC=1:1:]Vv/Vv)), purchased from Sigmaldrich, was used. The
detailed sample preparation procedure is described i®Rig-or full cells, the
Celgard separator was pdeformed using the gwinted electrodes to provide a 3D
shape fit to the electrod€ig. 6.3). The rate cycling tests were performed at different
current densities from 0.05C to 0.5C. The areal capacity was calculated by capacity

(mAh) / volume (cr) x thickness (cm).
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Figure6.2: Sample preparation and Swagelok cell assembly for electrochemical
tests
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Figure6.3: Design of a praleformed 3D separator using a commercial Celgard
separator

6.3 High-loaded Electrode FilamentFabrication and Characterization
A high-loaded filaments produced by incorporating a plasticizer, which
enhances the printability of the hifgraded electrode filaments by inserting itself

between the crystalline polymer chains and increasing the spacing between them.
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Typically, higher filler loading in the electrode filament results in brittleness and
breakage during the printing process. However, the addition of plasticizers softens the
polylactic acid(PLA) by weakening the intermolecular forces of the PLA chains,
allowing for the creation of highly loaded filaments that maintain better printatfility.
Among a variety of plasticizers, including acetyl tributyl citrate (ATBC),
polycarbonate (PC), and high molecular weight polyethylene glycol (PEG) based
polymers, polyethylene glycol diglycidyl ether (PEGIBEO)is selected since other
plasticizers show phase separation from PLA polymer or evaporation under
atmospheric conditiorf.We made electrode feedstocks with ~65 wt.% of fillers (i.e.,
active materials, carbon black (CB), and mulélled carbon nanotube (MWCNT)) by
optimizing the amount of the plasticizer to the polyniethis work, lithium iron
phosphate (LFP) and graphite were used as active materials for the cathode and anode,
respectively.

Electrode feedstockserestudied by varying the amount of the plasticizer (0,
5, 10 wt.%) relative to the PLA amount. The loading of the fillers was confirmed by
thermogravimetric analysis (TGA) (Fi§.4a). TGA results indicate that the critical
temperature for removing most of the polymer from the electrode is around 400 °C,
leaving ~65 wt.% active materials/carbon fillers. Especially in the filament for anodes,
as the amount of plasticizer increases, the degradation of the polymer begins faster,
indicating the weak intermolecular force between the PLA chains@Big. The
electrode feedstocks with larger graphite particles than the LFP may result in a
reduced interface between polymer and fillers, clearly showing the plasticizer's effect

on the polymer.
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Figure6.4: Thermogravimetric analys(§ GA) of the cathodéa) and anode (b)
feedstocks by varying the amount of plasticizer (0, 5, 10 wt.%) relative to
the amount of PLA.

Fig. 6.5a exhibits the detailed thermal behavior of the cathode feedstocks as a
function of the amount of the PEGDE. As the amount of plasticizer increased, an
exothermic crystallization peak (between 90 and 100 °C) became evident because of
improved crystallinity caused by enhanced chain moBil#/ not seen in the 0 wt.%
PEGDE feedstocks. The rheological properties of the feedstocks were also studied
(Fig. 6.5b and 9. The tendency was observed that the viscosity slightly decreases
when the amount of plasticizer PEGDE is increased, which can be attributed to weak
intermolecular forces between molecul&sough pure PLA andlectrodefeedstocks
have sheathinning behavior that facilitates 3D printing, the large amounts of fillers
increase the viscosity (68~8Bd 44~5MPa.s at 0.1 rdd for cathode and anode,
respectively at the printing temperature (190 °C) compared to the pure PLA (~970
Pa.s), which means more extruding force should be applied to extrude the molten

electrode feedstocks. Therefore, the electrode filaments made from electrode
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feedstocks should have appropriate stiffness and flexibility to withstand the high

pressure exerted by the rollers during 3D printing to allow extrusion.
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Figure6.5: Comparison of physical and rheological properties of the catiodle
anodefeedstocks by varying the amount of plasticizer (0, 5, 10 wt.%)
relative to the amount of PLAlifferential scanning calorimetigf
cathode feedstock (and complex viscositgh and c)of the cathodand
anodefeedstocksrespectively.

With the electrode feedstocks, continuous electrode filaments with a diameter
of ~1.7 mm were fabricated (Fi§.6a). When the feedstocks contained more than
15%plasticizer by weight, the resulting filaments became excessively soft and prone
to warping under gravityHig. 6.6b). For the fabrication of honeyconrghaped
cathodes, electrode filaments with PEGDE content ranging from 0 to 10 wt.% were
used. Among these, only the filaments with 5 wt.% PEGDE were successful in the
printing process. The filaments with 0 wt.% and 10 wt.% PEGDE broke and buckled,

respectively, when subjected to pressure frone#teudingrollers (Fig6.6c).
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schematic showing printability of cathode filaments according to the
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6.4 Mechanical Properties of Electrode Filaments

In order to characterize the printability of the electrode filament according to
the plasticizer ratio, the relative flexible property of the electrode filaments was
evaluated by subjecting them to bending and measuring the difference in length before
fracture (Fig 6.7). As expected, filaments with increased amounts of PEGDE exhibit

good bendability.

0 wt.% PEGDE

Swt% PEGDE (—\
10 wit. % PEGDE ‘
« o A%

Figure6.7: A picture of the bending ability of the cathode filaments
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Furthermore, the mechanical properties of the electrode filaments were
evaluated through tensile mechanical tests.6=8aandbs how Youngdés modul
ultimate strength, and elongation at the break of pure PLA and cathode filaments. The
results support the need for plasticizers as the-loigthed fillers in the electrode
filaments make them more brittle than pur e
tensile strength: 59 MPa, and elongation at break:°7#)s noted that with
increasing PEGDE, Young's modulus and strength decrease from 317.9 MPa and 6.1
MPa to 77.5 MPa and 12.1 MPa, respectively, and elongation increases from 0.3 to
0.9, which is consistent with the behavior of the plasticizer. Young's modulus and
yield strength were plotted to compare the flexibility of the flaments based on the
plasticizer ratio (Fig6.8c). Flexible materials mean that they are compliant and
strong®® The electrode filamentsontaining 10 and 5 wt. % plasticizare more
compliant compared to those with 0 wt.% plasticizer. Similar trends were observed in
the anode filaments, as seen in the effects of the plasticizer on the cathode filaments
(Fig. 6.8d-f). The characterization of relative bendability and mechanical properties
provides insights into the printability of the electrode filaments, where the filaments
with 0 wt.% PEGDE were too brittle and those with 10 wt.% PEGDE were too

flexible for printing
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6.5 3D Printing and Secondary Processing

Fig. 6.9 displays the 3D printing and pegtocessing of the structural electrode

Youngos

and ¢. (c and j The flexibility of theelectroddilaments.

using the higHoaded electrode filaments. After printistfucturalelectrodesa

mo d ul u s aandd, and eloagaten a$ dreake(n gt h

debinding/carbonization process removes the polymer from the elexivitdenearly

98% shape retentidor the cathode

Figure6.9: Structuraldlectrode manufacturing process from 3D printing to
debinding/carbonization process
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