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Abstract

Endof-life lithium-ion batteries retired from portable electronics, electebicles
(EVs), and power grids need to be propedgycled tosave rare earth metals aadoid any
hazardous thresitto the environmen The recycling process of a Lithidion Battery
Cell/Module includes storaggansporation, deactivaion, disassemlyl andmaterial recovery.

This studyfocused on the disassembly step gmdpo®d a systematianethod to recover
cathode active coating, which is considered the most valuable component of a LIBnfiom
of-life LIB pouch cellsA semidestructive disassembly sesnces develope@ccording tdhe
internal structure ofthe LIB cell. A fully automated disassembline aiming at extracting
cathode electrodess designed, modeled, prototyped, and demonstrated based on the
disassembly sequenck order to further obtain the coating materthle extracted cathode
electrodesare treatedvith the organic solvent method and the relationship between process
parameters and cathode coating separgield is numerically studiedith the help of Desig

of Experiment (DOE)Regressiormodds arethenfitted from the DOE result tpredict the
cathode coating separatigield according to combinations of the process parameidrs.
singlecell material separatiomethodology developed in this stuphays an important role in

the industrial application of the direct recycling metttwat may dominate the battery recycling
market due to its environmental friendigchnologyand high recovery rateegardless of

element typen the short future
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General Audience Abstract

The bursting demand of lithiwon batteriesrom portable electronics, electric vehicles,
and power gridé the past few years nonly facilitate the boomingf thelithium-ion battery
market, but also put forward serious global concerns: Where should these batteries go at their
endof life and how should thelgetreated in a safe and harmlesannerAs a netal enriched
“ci ty miofdife LIBs ae rexpected to be properly storé@nsported, deactivated,
disassembledand recovered with sufficient safety precawitanprevent fire, explosion or any
hazardous emissions. This study faeuisn the disassembly procedure and emphasized
automated battenyisassemblyechnigus andtheimproving of material separatiaificiency.
A disassembly sequence of the pouch eficheduled and optimized for the first time. To
realize the scheduled samce afully automated pouch cell disassembly systedesignedo
achieve semdestructive disassembbf z-folded pouch cellsFixtures, transportes and end
effectois wereprototypedand assembleitito themodularized disassembly limghich extracts
cathode electrodes as final producathode electrodes as the most valuable component in a
LIB then need to go through multiple chemioagéchanical treatments to future separate
cathode coating and Al current collectdhis study utilized DOEs to optimgzthe operating
parameters of the material separation prod¢esd.ithium cobalt oxide (LCO) coating and

Lithium iron phosphate (LFP) coatingegressiomodelsaresuccessfully established fgield

prediction with ceain levels of control factors
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Chapter 1 Introduction

1.1Lithium -ion Battery Technology
1.1.1Lithium-ion BatteryElectrochemicaMechanism

Lithium was first introduced into baties by M. Stanley Whittinghamn 1970s? at
which time titaniunsulfide andithium metalwere useds the electrodeklnaffordableprices
of titanium sulfide andinsufficient voltage prevented the commercialization of such
combinatiors. In 1980, John B. Goodenougtemonstratea lithiumion secondary battery
consised of Lithium cobalt oxide(LCO) as positive electrode and lithium metal as negative
electrodé. The innovated combination enabled stable LtoGact as lithium donor, which
allowedthe negative electrode be replace by lithium holdeother tharlithium metal The
first generatiorof commercialithium-ion battery that suits for industriatale mass production
was invented byAkira Yoshino n 1985. He introducedarbonaceous with a certain crystalline
structure a the negative electrode after polyacetylene proved to be instathteo low in
density. Till present, lithiumion batteries Ave been dominating the market of portable
electronics and EVand revolutionized our daily lifestyde For this and so mucimore
conveniences the technology has broughthes2019 NobePrizein chemistrywas rewarded
to John B. Goodenough, Stanley Whittingham, and Akira Yoshino for the development of
lithium -ion batteries “.

A typical LIB consists offour essential componentgiositive electrode,negative
electrode electrolyte and separatafFigure 11). A positiveelectrode typically consists af
metal oxideand conductive additigeheld orto an aluminum current collectdry a binder.

Positive materials can be layer structured # /), olivine structured ( E & A)Oahd spinel


https://en.wikipedia.org/wiki/M._Stanley_Whittingham
https://en.wikipedia.org/wiki/John_B._Goodenough

structured { €1 / )8 Currently, negativeelectrodes on commercialized LIBse mostly
madefrom graphite and other carbon mategahtedonto a copper current collector by the
same binder as thgositive electrodeEver sinceRachid Yazamdemonstrated the capability
of the graphite imeversibly intercalamg lithium-ion within a LIB cell’, graphite has been the
dominant material fonegative electroddbecause of its low voltagmodest volume expansion,
and high performanéé. Electrolytes can be liquid, gel, or dry polym@r2. As the most widely
adopted typehe liquid electrolytas usuallyalithium salt such akthium hexafluorophosphate
(, E 0)&ithium hexaflioroarsenate monohydrate (LiAsF6), lithium perchlorate (L&}JO
lithium tetrafluoroborate (LiBF4), and lithium triflate (LICF33Pdissolves into organic
solvent blends dadthylene carbonate, dimethyl carbonataliethyl carbonte!®. Additivessuch
asvinylenecarbonatgVC) andLithium bis(oxalato) borate (LIBOBare selectively added to
help with theformation and stabilation of Solid-liquid Interface §EI), improvement of
overcharge tolerancey capability of Li cycling®. Separators areritical componentin LIB
batteriesthat utilize liquid electrolyte.A separatoris an ion-permeable porous membrane
consising of conventionapolyolefin coatedby ceramicparticles under certain circumstances

to improve thermal stability-*©.

Figure 1-1 Schematic illustration of a typical lithium cobalt oxide battéry

2



T h e trackingichdir battery was i nvented to desaribe
LIB: Lithium ions transporting back and forth by the electrolyte between cathode electrodes
and anode electrodes through separttoks demonstrated in Figurel], both electrodes allow
lithium ions to intercalate into and deintercalate out from their structures to form compounds
containing lithium atomsDuring charging process regented by green arrowppsitively
chargedithium ionsdeintercalte out frorfayered LCQ(cathode)n an oxidation reactiowhen
energy is provided from external circ@iq.1-1 left to right) Theydiffuse towardsgraphite
(anode)n, EROsolution(electrolyte)andmigratethrough separators that iate cathode and
anode electrodeSimultaneously, electremove from positive electrode negative electrode
through the external circuit amhablelithium ionsto intercalatento layeredgraphite(anode)
(Eq.12 left to right)to fulfill the energy storage proceésq.1-3 left to right) during which
liquid electrolyte and external circuit performed as conductive media for lithium ions and
electrons accordinglyt this stage, LIB areat high enegy state antheiropencircuit voltage
(OCV) highly depends orlectrochemical potentials of both positive electrodemdée and
negative electrodescgthod¢. When fully charged LIB connected to external logdthe
discharging process executesckwardreactionsand the majorityof lithium ions wouldbe
transferred back to the positive electrode (cathdtla} loweing the potential and the energy
state of the cellNoticing that anode and cathode actually chagsagations during charge and
dischargeprocess. To avoid confusidar the rest of this dissertationathodewill represent
metal oxides that act as actually cathode electrode during discharging process at the positive
terminal marked on the battery shell and anodk nepresent carbon basadode electrode
during discharging process at the negative termirta. transition metal, cobalt, inE # 1 /

at cathode oxidized from | to# | during charging and reduced fremi to# | during

t



discharging. The overall charging reaction dmsthaging reactionshown in Eq.413 was used
in the first commercial LIB developed by Soayd Asahi Kasan 1991.
The cathode half reactidfeft to right: charging, right to left: discharging)
,El 1z #1 |, E A Eq. k1
The anoddnalf reaction(left to right: charging, right to left: discharging):
# L, E Az, 6 E# Eq. 12
The overall reaction (left to right: charging, right to left: discharging):
# L EI Iz, E##l Eg. 13
The success of commercial LIB utilizing liquid electrolieseverything to do with the
existence of passive film namely soliglectrolyte interface (SEfprmedon anode surface
Since anodes operate at voltatietare mucHower than the electrochemicsthbilitywindow
of electrolytes, a small amount of electrolytes tend to decompose and form thdsithgthe
first few cycles of a freshly assembled LaBthe cosbf some irreversibly consumdithium
ionst®. The formation of SEI not only prevexthe further decomposition of electrolytes but
maintairs sufficient permability for lithium ions?°. Changes of SEI throughout the life cycle

of a LIB are considered ame of themajor sourcsof LIB degradation at the ancdé?
1.12 Lithium-ion Batery Manufacturing

The manufacturing process of LIBs can be divided into three st@jestrode
production, cell production, and cell conditioning. For LIB modules, an extra cell quality
sorting and module assembly procissseeded®?4

Most electrode production processes are based on wet coating atid-rodll
techniqué>?® Active material, conductive additives, and polymer binder fastly dry

(optional) or wet mixed depending on whethtre polymer binder is prelissolved inthe



organic solvent (N-Methyl-2-Pyrrolidone NMP). After degassing and filtering, the
homogenous suspension is theamtinuouslycoated onboth sidesof the current collector
saquentially by the slot die The aluminum(cathode) and copper (anode) current collector
should have high conductivity, tensile strength, and surface adhesion aslawl/E-modulus
and thickness variatidh The coated current collector then ggthrough a dryer under a
moisturefreeenvironment. The organic solveiiNMP) evaporated from the wet coating during
the drying processeedto be recovered and recycled for both cost and envirorafreamicerns.
Finally, the dried elecodes are compressed between tollers separated by a certain distance
to acquire desired electrode thickness. The compression step also stinaecergy dnsity,
conductivity, and adhesion as well as decretise porosity of the coated active matefial

The cell production stagérstly cuts the dried continuous electrodes and properly
insulates cathode and anode by polymer separator to form the electepdeator compound
(ESC). Depending on the continuity of electrodes and separator, configuration of&5is
divided into three categories as showrFigure 12: stacking, winding, and-#olding*®. The
stacked ESC consists of both discrete electrode sheets and discontinuous sepachtds
suitable for relatively large format batteries. The uniformed mechanical load was applied
throughout the entire sheet so that thicker electrededd be involved to improve energy
density. Nevertheless, discontinuous components raise the raquotrfor precision alignment
and obviously decreas@soductivity. The second ESC configuration is winding, which can
eitherbe cylindrical or prismatidn shapé'. Continuous electrodes and separator decrease the
assembly time to seconds without introducing any misalignment con@&@irhshe bending
nature of this ESC type and crack formation risk litsienergy density and electrode format,

especially elecbde thicknes¥. Compared to two designs abowv&folding ESC is a more



balanced configuration between productivity gredd. The continuous separator is folded into
zig-zag shape and discrete cathode and anode sheets are insbe®erralternately Since
electrodegnsulated bythe separator arstacked in a plan¢he advantage of the stacking ESC
applies to Zfolding as well.The continuous separator also decredsesaumber of items for

assembly and the difficulty for alignment.

Figure 1-2 Three categories of & sdifferenciated by ciniuity of electrodes and separator

Cathode and anode electrodes in assembled ESCs are then welded to metal tabs for
positive terminal and negative termin@orrespondingly befordeing inserted to an open
housng®®3L  The housingof LIBs can be divided into three main categories: cylindrical,
prismatic hard case, and prismatic pouch &jlindrical cells have the highest productivity
but relatively low energy density when assembled moalules and packs due to insufficient
usage of the space. Prismatic hard cases provide the best protection for ESCs against external
mechanicaimpacts in trade o¥olumetric energy density and specific energy dendihe

prismatic pouch cell utilizeformed aluminum laminated film as case to provide sufficient



insulation and protection to ESC. After filling the electrolyte, housings will be closed and
sealed to finish the cgtiroduction stage.

The initial few cycles of charging and dischargofga newy assembled cell is cad
the formation proced$®> SEI layers are expected to form due to decompositiothef
electrolyte at the surface of electrodespecially anodeDuring this processgaseous
electrolyte decomposition producssich asethylene (from ethylene daonate), propylene
(from ethylene carbonate), dr 0 gase®®3’will accumulate inside sealéttery housingPre
designed pressure relief valves enable cylindrical cells and prismaticdsedellso naturally
degas inthe formation process while prismatic pouch cedlly on an additional pouch bag
attachedn one side edg® absolve the gaand eventually cut off from the c&lIThe aging
process is the final step of the cell production which is also the most time consuming3tep (2
weeks?). Cell aging pgformance will be used tentify short circuits andlassify individual
cells according to their capacity, impedance, efficieety. The classification result isatal
importance to increase uniformity of battery modules, thus benefit equalizatibattiery

management system (BM&)
1.13 Lithium-ion BatteryRetirement

Although wique advantages in power, energy densiyfdischarge rate, and operating
temperature windoW! have helped LIBsvidely adopted in EVs and energy storage plants in
recent years, their lifespan studie® atill catching much attentiom both aademia and
industry.LIBs are expected to have a Bfganof 15 years fod2V battery systems and hybrid
el ectrical aehOcyear § HEVY s g1 eocuptoil@@dyclesa@& hi cl e ¢
80% depthof-discharge (DOD)according toUnited StatesAdvanced Battery Council

(USABC)*. Apart from lithium intercalate/deintercalate reaction, massive side reactions such



as electrolytedecomposition, etive substance dissolutiprmnd lithium metal plating are
simultaneously proceeding withaachchargingdischarging cycl&*°. Thus he degradation
of a LIB is a complex procesbat maybe causd by change®f anode, cathodendelectrolyte
throughout the entire lifeycle#?46:47

At the anode side, the degradation mainly cefmrem changes at the SEF®%2, The
formation of SEI during the first few cycles of a newly assembled LIB decrdaséstal
amount ofreeLithium andincreases the impedanakthe cell for the greater goodtbieanode
and electrolyte protecti6h®® However as LIB cycles, electrolyte reducti@actions by the
anode continuat a low rate and gradually thicken the SEI thusiogdarther lithium loss ad
impedance ris€. The growth of SEI also decreases the accessible suafaa for lithiurrion
to pass through SEI and further increases the impetfand@onditionssuchas high operation
temperature and high SOC accelerate such proc&sse#/hen LIB operates under low
temperaturer high cycling ratemetallic Lithium tendto plate on the anode surface and result
in subsequent electrolyte decomposition by metdlltbium. Consequently, capacity and
power of the LB will fade due to loss of lithium and electrol3#&°. As embedded.ithium
further accumulat lithium dendritesstart to form ashown inFigure 3. The growth of
lithium dendrites can pierce the porous separator and cause a short circuit that leads to thermal
runaway®®t Meanwhile, he lithium intercalation and deintercalation processes are
accompanied with volume change of electrode matetialhd 0% for graphite anod®) High
cycling rates fast charging for examplend state of charge induces extra mechanical strain
due to faster and larger volume change that may cawesetation of the graphite particle

compared to the original state and accelerate thé%ade
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Figure 1-3 Solid-electrolyte interfacéevelopment and agiran anodesurfacé?.

Degradationfrom electrolyte mainlycaused by electrolyte decompositiolue to
abusing operation conditions of battery &llsVhen overcharged to 4.5V or above (with
respect to Ly B, theelectrolyte will be oxidized at the cathode and form insolsblestances
like , B / and LiF. For most commercial kion, the degradation of the SEI layer will
acceleratat a cell temperature of 7590°C%>%¢ The loss of SEI above such temperature will
lead to continuous reduction reaction between electrolyte and Li metal enriched anode.

Similar to anode, lithium intercalatidintecalate also lead teolume change of the
cathode material, thustroducingmechanical stress and distortion of the crystal |&&iGther
cathodechanges may reduce the lifespan of a LIB include but not restricted to: cathode SEI
formation due to electrolyte oxidati®r®® Mn dissolutiod”%® and high temperature

decompositioff"°



1.2 State-of-the-Art Pretreatment Processn End-of-Life (EoL) LIB Recycling

As transitionmetals enriched city miseEoL LIBs are of great value if treated properly.
For example, @balt enriched LCO batteries have the potential recycling value of $8900 per ton
which is the lghest among altommoncathodematerials whileLithium manganese oxide
(, €1/ orLMO) batteries are lowest recycling valueat around $860 per tdh Currently,
solid waste landfills, wastto-energy &cilities, and recycling facilitiesare three major
destinations for EoL LIB%. LIBs treated by solid waste landfilnay bring sever
contaninations to groundwater throud¢grachate, thus can pose a threat to the environment and
human healtf¥. Wasteto-energyis a commonly found waste management method especially
in European countries. Though, energy can be generated out of combustion, Usgasio
emissions and metal concentrated ash are inevitable drawbacks of dedlingBs within
wasteto-energy facilitiesTo maximizethe value ofeach LIB componentsut of LIB waste
streams, recycling methods that are able to properly disassemble, separate, and reuse/reenergize
component®f LIBs have drawn much attention in both industry and acaderhia section
will give a general overview ahe existing major ecycling strategies followeldy detailed

pretreatment process introduction.
1.2.1 Recyclingstrategie®verview

For the convenience of interpretation, recyclipgpcedures areivlded into pre
treatment process€BTPs) andmaterial recoverprocesse§MRPs) in this dissertation as this
studymainly servethe development of . Generally, there are three majgpes ofMRPs:
pyrometallurgy, hydrometallurgy, and direct recyclfigach MAPsraiseunique requirements

to PTPsat differentlevels ofcomplexity.
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The primary goal of recycling LIBs is to separatel collecieachcomponents in high
purity so that theganbe reintroducethto the production of new LIBgr other related products.
Typically, a LIB consists of arour2b-30 maséo cathode, 1880 mas$b6 anode, 1415 mas$o
electrolyte,and3-4 mas$bo separator*’>, among whictprecious metal (Lithium (Li), Cobalt
(Co), and NickelNi)) enrichedcathode material attract the mastenton for LIB recycling
pioneers. Thuthepyrolysisprocesghatis aiming atournout LIBs as a whole arahly recover
valuable metals from the slag, namelyrometallurgy processiasbeenwidely adopted in
battery recyclingcompaniessuch asUmicore, Accurec, Sony, Onto and InméfcaThe
Pyrometallurgy processes merely require module discharging as thetdrPis the simplest
among the three major MRP$he hydrometallurgy process mainly includes steps of selective
leaching, solvent extraction, and precipitaffoff Thus to increase the efficiency of the MRPs,
destructive mechanical crushing and sieving PTPs are commonly found in hydrometallurgy
recycling plang. Recent years, as a wide variety of cathode materials have been commeycialized
hydrometallugy processscan be restricted by lacking adaptivelyto different battery types
and elementS. The direct recycling method 4energize and reuse the cathode material
separated from electrodesth minimumchanges to the active matetiad cr yst a¥. mor p h ¢
Cathode powders collected from PTdgsthroughsimplesolid-state synthesiwith additional
, E / which also raisethe complexity of PTPs since cathode electrodes are expected to be
separated from other components of LIBs with their integrity well pres&riegure 14 gives

a brief overview of three aforementioned strategies.
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Figure 1-4 General flow sheet doL LIB recyclingprocessegmodified from®?)

1.2.2 Modulg/PackDisassembly

Before the EV transformation in ground transporting MeBicthe majority of endf-
life LIBs came from portable electronics either in the form of individual celsyall packs.
As the EV market grows rapidly, sales of electric vehicles in 2017 alone ni@gdto 250000
tones andhalf a million cubic meters omodulepack wastelIBs®. Disassemlihg these
modules/pack manually can be hazardoushieman operatorand timeconsuming due to
lacking indesign for disassembly in the product design $fagbus autoratingroboticbattery
module/packdisassemblysystens aiming at eliminating safety risks for human woskand
reducing production cost has been studiedrinraber of researalvorks®>%,

Jan Schmitt® developed a robotic gripper system to rationalize the automated
disassembly processes of large scale lithium ion battery packs. The hastiwenare, PLC

based control architecture, and the corresponding seftwere presented in detail. Other than
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performing as a fixer and transporter of individual cells, the gripper system was also integrated

withf uncti onal i ti es t o residua volkagetardiresigtamce avhich witbe e r y

further used instatus evaluation in the disassembly proceBBe gripper system was later
introduced into acenariebaseddisassemblysystem forautomotivelLlB systemsas part ofa

hybrid disassembly system that can benefit the effectiveness and viability of the disassembly
proces®.

Kathrin Wegener® proposed a EV battery module/pack dissambly sequence for
recycling Audi Q5 hybrid system and introduced a KUKA robotic gffigure 1-5(b)) for
unscreving in a hybrid human robot workstatidiRigure 1-5 (a)). The locating function of the
robotic arm was investigated in two options: human demonstration and the -daEsedsauto
detection.The hluman training method has beendely adopted for the robot arms in the
industrial assembly tasks, which suits for situations with minimum uncertainties. As for the
disassembly of a battery module, deformation or corrosion from years of service may
compromse the humanobot collaborationPrevious research works® has demonstratetie
success of machine vision and machine learmragsisting higkprecision andlexible robotic
assemblythus Kathrinalso proposed the womatic detectiorof bolts with machine vision
system toincrease the flexibility and assure the accuracy of the bolt removing process.
Kathrih s research reveals the major chall enge
in EV battery module/pack recycling. The poorly structured operating environments caused by
lacking in design standard for battery module/pack as well asngoected arein years of
service emphasized the importance of involving artificial intelligen@d) for objects
identification and uncertainty handlin@hough automated disassembly of the wasted EV

module/pack have been attempietiumanrobot hybrid workstatios) there is still a long way
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to go before Al control algorithms and software take control thie battery module/pack

disassembly tasks.

(b)

ee
e

Figure 1-5 (a) Hybrid disassembly workstation and (b) Robot flange with electric soxewd.

1.23 Material Separation

The material separation process sathconcentrahg the valuableathodecomponents
for the subsequent process. The major challenge istiéysis to overcome the tight adhesion
between cathode powders and Al current collector formed by PVDF Bindiee material
separation methodsan be roughly categorized as destructive process ordestuctive
processlepending on the integrity of the essential components introduced in section 1.1.1 after
the separation. The destructive process mainly consisstept ofcrushing, sieving, and
classifying, which has been widely adopted in most researches and industrial production
systems for further treatmendf hydrometallurgical and pyrometallurgicpiocesseg® 9%,
The semidestructive processisually involves manual/serautomated separation of the

essential components (cases, electrodes, and separators), elimination of PVDF binder, and
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subtraction of cathode activeaterial Such ‘delicate’ ersuregthiei a |
purity of the collected cathode powder which mainly beeéfihe uprising direct recycling

strategy due to its process sensitivity to impurity méfais

| Manual/Auto |
dismantle

Industrial-scale

Spent LIBs
“ ) Lab-scale
Valuable fraction
(Electrodes)
e (D
Others
(Case, separator, et al.)

Figure 1-6 Pretreatment processasmmary forrecycling EoLLIBs in industrial scale and lab

scalé®.

Controlling thehazard potentials during the material separation proises$ vital
importance to achieve trubcologicalfriendly recycling of retired batteries. The major hazard
potentials of LIBs within the recycling proess can be divided into two categories:
fire/lexplosion hazard and chemical hazafthe contemporary applied carbonates of the
electrolyte such asdimethyl carbonate (DMC), ethyl methyl carbonate (EMand diethyl
carbonate (DEC)are highly flammable and show flash poiats low asroom temperature
(between 16 and 33°&Y. Meanwhile, the residual energy tends to cause thermal runaway if
batteries were accidently shorted by the external circuit. The crushing step in the destructive
process leads to micghort circuiting between anode and cathode fragmesmsl also

contributes to temperature risingnder this circumstancé,IBs can easily cause fires and
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explosionswith an additional oxidant %%, The chemical hazards are mainly toxic gaseous
substanceswith the presece of aerial humidity, E Oi&the electrolytelecompose (Eq-4)
andrelease hydrogen fluoride (HMhich canimmediately converto highly corrosive and

toxic hydrofluoric acidupon contact with moisture

o IR SN A SN b Eg. ¥4
Jan Diekmanni® introduced a typical destructive material separation praesiown

in Figure 15. The conducted mechanical process is part of the Lithq@Remess which
combines electrical, mechanical, thermal, and, most importantly, hydrometallurgical treatments
aiming at recovering nearly all valuable materials from a retired battery sytéth The

process yield and separation efficienegs investigated by the process steps of first crushing

first air-classification, second crushing, sieving, and secondassification. The discharged

EV battery modules were first crushed in a rotsingar machine with a 20 mm discharge screen.
Within the zigzagsifting air classifier, heavy parts, suat module shells, electric conductors,

and steel screws, were selectively separated from the mixed fragments according to the density.
The second crushing was introduced to further decrease the fragment size so that black mass,
which is a mixture of cath@dactive material, anode active material, and impurities, can be
separated from the current collector foils and separator by a vibration sieve with a mesh size of
50Qu mFinally, a second aiclassificationextracted the current collector foil fragmentsnfr

the valueless separatorhe presented work demonstrate an industrial scalalelehanical
separation strategy for retired battery modules or battery cells wil§ematerial recycling

rate.
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Figure 1-7 Process steps aftypical destructive material separation proé&ss

The destructive mechanical separation process mainly relied on brutal force and density
or magnetisndifferenceof the components to assure the separation efficiency. Thanks to its
high automation potentiasduchprocessshave beemvidely combined with hydrometallurgical
processs Meanwhile, the sermiestructive process that amat breaking adhesion between
active powders and current collector foblg dissolving the binder in a solveft”%%r
decomposing the bind&f1*°under high temperaturéss also caught attention in the lab scale
research

The binder dissolving method was first adoptedCloytestabile MP” who treated the
crushed battery mix with NMP at 180for 1 h to separate E # Ifrém the supportaluminum
current collector. Soon after, the method of applying ultrasonic energy to facilitate the solvent
separation of cathode active material and aluminum current collector was introduced by Jinhui
Li 1L Such mechanical (ultrasonichemical (organic solvent) combined method was widely
adopted ever sincé?!'% The more detailed relationship between process parameters and the

separation efficiencgf the ultrasonic enhanced binder dissolving proeess first studied by
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Song X'°in 2017. Process parameters such as temperature, sonication timép-gqlict

ratio, and solvent type were studied by controlling a singlriable at a timeThe result
indicatal that temperature and sonication time have little impact on the separation effmiency
the selected spend E & A DIBs and smaller solido-liquid ratio facilitates the coating
separationMeanwhile, in order toeduce the cost and pollution, C M Tolfantroduced acetic

acid as the ultrasonic medium to replace organic solvent and the optimal value of molar
concentration of acetic acifbr coating separatiorwas studied bythe single variable

controllingapproach as well.
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Figure 1-8 Experimental setip for the ANVIIL proces¥.

The binder decomposing method takbe advantage of the lower decomposition
temperature of the PVDF compared to graphite, carbon kdaskjnum foils,and copper foils.
Therefore, a heating step in the material separation process can be both convenient and effective

to eliminate the adhesionBased on this factChristian Haniscl?’ proposed the adhesion
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neutralization vianicineration and impact liberation (ANVIIL) approach as showrigure

8. A high temperature of 580 was adopted in the furnace chamtwerPVDF decomposition.
Thenewly designed aijet separator then separmtbe coating powder and the current collector
foils by lifting the electrodes towards the top lib with a khegleed air to create the impact stress
on foils and agglomerates. Thepaeated coating powder can then pass through the fine sieve
with a mesh size of 5pi and get collected for the followp procedures. The ANVILL
approach was evaluated usingéis . B - 1 g / cathode electrodes and the results
compared to a destrucéseparation process indicate a higher yield and a significantly higher
purity.

1.3 State-of-the-Art Material Recovery Process in 6L LIB Recycling
1.3.1PyrometallurgicaProcesses

The pyometallurgicalprocess usually uses a higgmperature furnace to decompose
the metal oxides in a reducing atmosph@ieere areliree types of products generated from
the pyrometallurgical process: metallic alloy, slag, and gdsesalloy consising of Co, Ni,

Fe, and Cu is the reduction product dfi¢ metal oxidefrom the cathode electrodé$!'8 The
different elements in the alloycan be selectively extracteénd reusedthrough
hydrometallurgicalor bioleaching in the followup processes. The slag typically contains
aluminum, manganese, and lithithh2°, which can be used asnstruction materials such as
cement?’. Gaseous products gpeoduced from the electrolyte and binder decomposition at low
temperature (<150) as well as burn off of the polymers at high temperature.

Without the need for module disassembly, pretreatment processpamsivation
process, the furnace is able to handle individual LIBs from portable electronics or even LIB

modules fom EVs, which makes a great contribution for simplifying operations and reducing
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production costs on a largeale.In addition the overallsafety risk of the pyrometallurgical
process is little since individual LIBs @B modules are treated in the extreme temperatures
surrounded by the reduciregmosphereHowever, thedrawbacksof the pyrometallurgical
process are equally obvioas its agdantages. The energy consumption is extremely high due

to high temperature operatidéven thoughhe burning of the electrolytesid plastic$40-50%

of the battery weighttompensatdor energy consumptigrextra instruments are nesgtito

control toxic gases such as HF and CO generated from this process. Organic electrolytes,
binders, lithium, and manganese are either burned off or trapped in the slag, thus unable to be
reused for battery manufacturing. Despite tldorementioned disadvantages, the
pyrometallurgical process still remains a frequerttiopted approach in industries for its

operation simpliity, safety, and higlyield for transition metals such as Co and®#.
1.3.2HydrometallurgicaProcesses

The hydrometallurgical process consists of two mafeps: leaching and extraction.
Unlike the pyrometalltgical process, hydrometallurgical processes codtdirectly treat
individual LIBs or LIB modules. Instead, the input of hydrometallurgical processes have to be
either the smelting slag produced by the pyrometallurgical proéessthe black mass
produced by material separation processes introduced in section G@rparedto the
pyrometallurgical processhe hydrometallurgical proceskolds many advantages such as
higher metal recovery efficiency, log&r energy consumption, mimal gas emission, and lew
capitalcost??1?4 Thus hydrometallurgical processes dretter atrecyclingEoL LIBs on an
industriatscalein favor of bothcostand environment

Figure 19 shows acomplete material flow o& hydrometallurgical process, which

mainly included steps ofpassivation, material separation, leaching, rastion, and
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remanufacture. What’s worth mentioning in t
the alkaline leaching methpd/hich can be considered aspeciaskemidestructive material
separationprocess The manually extracted cathode electrodes wsmraked in sodium
hydroxide ( A /) ¢o dissolve Al current collector foilsee Eq.15). After water washing and
filtration, cathode active could be effectively extractéd The hightemperaturecalination

process was then needed to burn off the PVDF binders to further eliminatidhdston between

cathode powders.
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Figure 1-9 Flow sheet foatypical hydrometallurgicaprocess of LiCo@from spent LIB?S,

The leaching step is the major step for recovering valuable metals in the
hydrometallurgical proces#t converts the metals in spent cathode powders from solid state
into solutions for furthepurification andseparation processbyg using inorganic acid, organic
acid, alkali @ bacteria solution. Several inorganic acids such as sulfuric @cgl [)"6-12#13¢

hydrochloric acid(HCI)11:13t133 and ritric acid (( . /)****”are commonly used as leaching
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agents, among which HCI alone proved to have the best leaching efficiency. However, the
oxidation of HCI would producé & (seeEg. 16), which increased recycling cost due to the
need of both antisepticising equipment amdissiontreatment equipment in the recycling
plants. A reducing agentsuch as hydrogen peroxide / 112128136138 godjum hydrogen
sulfite . A ( 3% or glucose# ( / )**° was usually requiretbr using( 3/ or( . /

as leaching agenAmong all combinationsof possible leaching acids and reducing agents
studied!14*43 the most commonambination by fari§ 3 //( / *% Thereducing agent

( / is able to convertransition metalgontainedn the black mass to their divalent states in
order to gain better solubility in acid solutiodws the leachingof E# Toy ( 3 //( / is

able to convert the insolubo () ) into solubleCo () ))through reactioms shown irEq. 7.
S Fc FarmEm Feopm o Jd0 Fm ok Eq.1-6

i e lmAFaF° FAEAEFE aF F  Eai7

Although inorganic acids proved to have very high efficiencies in cathode active

material leaching,especially Li (>99%) compared tpyrometallurgical processs the
considerable secondary pollutehmited the industrial application of inorganic acid@3n the

one hand hazardous gas emissions saf# I, 3 /, and. / are common products in the
inorganic acid leaching process, which posed a threat to both environméaninaaua operators.

On the other hand, the waste acid solutions from the inorganic leaching process must be
neutralized byNaOH or treated by other approachesfore emissiorExtra expenditure will be
needed for fuhter disposal of waste emissions if inorigaaicids were used as leaching agent

Thus organic acid leachirgs caught much attentionrecent yearfor theirgreenepractices.

Some organic acids such as citric agtd(( / )'**andoxalic acid ¢ ( / )'*¢ showed great

potential in LIB cathode material due to their recyclability, minimum secondary pollution, and
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easy degradation properti®geak acidity of organic acids and relatively slower reaction speed
redrictedtheindustrialapplication of such approach

The dissolved solution aftéineleaching process contained valuable metals include Li,
Co, Ni, Mn, Cu, and Al. The second essential step ofhfdrometallurgicalprocess is to
selectively extracthesemetals out of the solution in ways of solvent extraction, chemical
precipitation, or electrochemical depositi@ecause of the complexity of the solution, two or
more methods were commonly combinedéparate metals from the solufi®?f.

Solvent extraction approach was widely adopted in hydrometallurgy processes and
proved to behighly effective for different metaions. Extratantsincluding diethylhexyl
phosphoric acid (DEHPAXIi(2-ethylhexyl) phosphoric acid (D2EHPA), bis(2,4rémethyk
pentyl) phosphinic acid (Cyanex 272}ethylhexylphosphoricacid mone2- ethylhexyl ester
(PG-88A), anddiethylhexyl phosphoric acid (DEHPAyvere used to separate metals from
leachingsolution$2%:122.147 Chemical precipitation approach was commonly combined with
solvent extraction approach to gain a higher separation efficiency. The existence of anions such
as# / from oxalic acid ( #/ ), O/ from phosphoric acid(( 0/ ),/ ( from
. A/ dr ammonium kdroxide ( ( / (), and#/ from sodium carbonate (A# / ) may
combine with the valuable metals in the leaching solution and form precipfitatés

Although destructive material separation processes were most commonly adopted
pretreatment strategy for hydrometallurgical processes, the black mass containing both anode
and cathode materials would complicate the follgvprocesses. Thuthe semidegructive
material separation processes that separate anodes and cathodes prior to material segregation
would greatlybenefit the final yield and expenditure. Nevertheless, lacking in universal design

standard for individual LIBs and LIB modules made it teemely difficult to achieve
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automated prsorting of anodes and cathodes in lasgale production. Thus neither
pyrometallurgical process nor hydrometallurgipedcess could provide a puredssimplified

material stream to fulfil the closddop battery manufacturing.

1.3.3Direct Recycling Processes

Both pyrometallurgical and hydrometallurgical procesaised at produdeg pure
metal as their final product, thus the compounds of cathodeiaisteere firstorokendown
to element level before being selectively extracted from the mixiHoeever, the lithium
deficient cathode active powders can be reincorporated into new cathode product with the
presence of Lithium soursélithium hydroxide(, E J) dr lithium carbonate, ( E #)) through
a simplethermal treatmeft11>153% thys minimum crystal morphology changes of metal
oxidesareexpected.Thisstep was usuallyanmed regeneration or4lédigation while the process
adopted this step was categorized to direct recycling process. Wighstep, lithium sources
would compensate the lithium loss of the cathode material caused by SEI layer formation,
material degradation and insufficient dischargingoyer discharging may lead to copper

contamination on cathode electrogdes
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Figure 1- 10 Material flow of the direct recycling procés$
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A simplified material flow of the direct recycling process is showirigure % 10.
Cathode electrodes need to be extracted as a wiiibl® the pretreatment processawoid
cross contamination with other materiaspecially copper failThe adhesion between Al
current cdlector foil and cathode coating could be eliminated by either dissolving AlAY (
solution or eliminating the PVDF bindefhe recycled active powders such as LCO could then
get “r ep &iuhderchightemperature calcination as showsq. - 8 where xis equal
to the average percentage of lithium lossesyitiedmaterial The direct recycling processes
could directly produce highalue new cathode powdeut of recycled black mass, which
avoided complexed leaching and separation proce$hes,this approach had great potential
in decreasing the production cost as well as total energy consumption for the LIB cathode
material production cyclé’-1°8 Meanwhile, all components of LIBs (except separators) could
potentially be recycled and reused if treated by this appi@ezt-igure  11), which further

increased the economic return in industrial application.
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Figure 1- 11 Direct regeneration process flow diam of cathode material mixtfe
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Neverthelesshuge obstacles prevent the practical application of the direct recycling
processes in recycling planter the drawbacks of direct recycling process were as obvious as
its advantages mentioned abolastly, direcly repaiing cycled cathode material put forward
a much higher requimreent to pretreatment processes, especialifomated module
disassembly and cathode electrode extraction. Previous research mainly focused on industrial
application of the destructive material seqiemn proces$'**and automation potential of LIB
modde disassembh°®1%2 How to effectively achieve serdiestructive cathode electrode
extractionwithin an automated production environment remained a be&ondly, simple
solid-state calcination process suited cathode materials with simple composition (LCO and
LFP). For cathode materialsonsists of multiple metal oxiddike NCM and NCA, schel
method or ceprecipitation were needed tesynthesizecathode material$®®. The lithium
deficiency would be compensated into a molecularly homogeneous level in solutions instead of
solid-phasefrom these two approache$hus precision presorting oindividual batteries
according to material type prior to pretreatment process was required especiatly 1dBE
from portable electroni¢& %5 Thirdly, the success of regeneration step was extremely
sensitive to metal impurities in cycled cathode coating material. The existéimeAlfor Cu
particles would compromise the electrochemical performance of the regenerated cathode
powder.Thus apart from resynthesized cathodes, other-wiglheadded products consisting

of transition metals utilized in LIBsdvealso been widely studiéth16617%,
1.3.4Comparisorof Three Major LIB Recycling Methods

Although the advantages and disadvantages of three major LIB recycling methods have
been mentioned above correspondingiy,is still beneficial to compare their technology

readiness in anoreintuitive wayas shown in Figure-12. Pyrometallurgical procesisby far
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the most mature recycling strategy for practical application. The capability of smelting large
amouns of individual LIBs and LIB modules withouhvolving any pretreatment process for
material separation significantly decreases the processplexity and production cost.
However, obvious drawbacks such as high energy consumption,e seseond waste
generation, lowyield, and lacking in lithium recoverability urged both recycling industries
and researchers to seardbr its replacement wit equal simplicity and productivity.
Hydrometallurgical processhold the intermediate position of all thregpagaches in almost
every aspectlt has shown great potentiah decreasing secondary waste generation and
maximizing recycling rate of Co and While keeping the process complexity at a reasonable
level. Thus the hydrometallurgical process will most likely dominate the recycling industries in
theforeseeabléuture. Meanwhile, the direct recycling process is prevailiraviide range of
lab-scde researcheandbarelystarted industrial application. The highest material recovery rate
and lowest secondary waste generation makes it the seemingly the most profitable recycling
process. Nevertheless, lackingtime design standard of individual LIBhd LIB modules and
sensitivity to metal contamination weakened its attraction to 4scgke production where

automation could not be emphasized more.

Comparison of different LiB recycling methods  Best - - Worst

Quality of Quantity of
Technology recovered recovered Waste
readiness Complexity material material generation Energy usage  Capital cost  Production cost

Pyrometallurgy

Hydrometallurgy

Direct recycling

Presorting of Cathode Material
batteries morphology suitable for Cobalt Nickel Copper Manganese Aluminium Lithium
required preserved direct re-use recovered d d r d d recovered
Pyrometallurgy No No No
Hydrometallurgy No No

Direct recycling

Figure 1- 12 Comparison of different LIB recycling methdds
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As important energy storage devices, LIBs play a more important role in solving energy
and environmental issues than ever befGanseqgently, theLIB production volume rapidly
increases year by year. With limited service timassive amousbdf LIB s need to be properly
treated at their EoLHowever, rapid iteration of the cathode materials and lacitratture
design standards have pdshuge pressure to the recycling end of the full product cycle.
Althoughthere is little hopédo find a certain recycling procedisatcan treagll types of LIBs
with different elements and configuratiosBnultaneouslyin a profitable way substantial
efforts from research lab and related LIB manufactures are expected to treat as many LIBs as
possible at their endf-life state not only fomaximizing the commercial profit but also for

eliminatingsevereenvironmental hazards that EoL LIBsght lead to.

1.4 Outline of this Dissertation
This dissertatiofiocuses othesemidestructive pretreatment process development that

serves the direct recycling strategy. To make up the blank of material separatfwdfor
large-scaledirect recycling of LIB cells as introduced in sectionih2concept of amutomated
disassemblpystem forthe individual LIBcellsis designedprototyped, andhvestigatedor
the first time.The following cathode coating extraction process is d@esl@and improved on
both labscale and intermediateale production with the help akeries of carefully designed
experiments. The central line of our effort is to develop a systematic approach to enhance the
adaptivelyof the direct recycling processward the largescale productionThe goal of this
research work is to facilitate the industrial application of the direct recystiategysince it
has the great potential to become the mostfeendly and economically beneficial approach

by far as itroduced in section 1.3 hedetailedstructure of this dissertation is as follows.
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Chapter 2 introducethe design and prototypaf an automated disassembly system
aiming at separatg cell case, metal tab, cathode electrodes, anode electrodes, and separator
of a LIB pouch cell with minimum human interventionhe disassembly sequence plan
indicates that the entire disassembly line to be divided into three modules connected with
conveyrs. The prototyped modular disassembly system was then testified by manually
assembled dummy pouch cells.

Chapter3 takes a step forward and focuses on cathode coating material separation
cathode electrodes utilizing organic solvent approach. ldmler LCO battery packs are
selected as research subgeGeneraprocessnput operating parametessefirst differentiated
by Placket-Burman parameter screening experirseihe parameters proved to be significant
to final yield are then studied int@d by Taguchi experiments to generate a regression model
for yield prediction under different input parameter combinations.

Chapter 4tudiesthe cathode coating material separation precésathode electrodes
from LFP cylindrical secondary batterieBhe organic solvent soaking process is able to
completely separate the coating materials and the Al current collector foil without involving
any mechanical energy assistance. Theoretically, this inmewaiproach is able to achieve a
100% pure cathode coating material recollection. The prgoelssis studied by fulfactorial
experiments in order to provide guidance for process parameters selection for furtivaddab
or evenindustrialscale productio.

Chapters initiates theregeneratiorstudy of Ed LFP cathode coating reclaimed from
Chapter 4. The property of the EQFP is first characterized dpductively Coupled Plasma
Atomic Emission Spectrometer (IGAES), X-ray Diffraction Spectrometry (XRD)and

Scanning Electron Microscopy (SEM). The electrochemical performance of samples
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regenerated under various sintering conditions are then conducigentdy the optimum
process parameter
Chapter6 summarizeshe major contributions of this dissertatidhossiblefuture

developmentsare alseenclosed
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Chapter 2 DisassemblyAutomation for Pouch Cells

As governments have begun to set timetables for banningrdiuiction of internal
combustion engine vehicles globally, the estimated annual demand for litmubatteries
(LIBs) from electric vehicles (EVSs) in 2025 reaches 408GWihle this number was merely
20GWh in 2016."2 Previous studies on cyclingerformance degradation of battery packs in
hybrid electric vehicles (HEVS) indicate a battery pack lifetime of only 4.54t6 years
depending on their operating conditidi$1’4The rapid growth of discarded LIB packs from
HEVs and EVs along with an increasing number of-eflife LIBs generated by portable
electronics and energy storage plants will cause severe environmental and safety problems if
not treated properl§% Meanwhile, the enaf-life LIBs is a potential resource of valuable
metals (e.g. Ni, Mn, Li or Co) while pressures have been imposed on the supply chain of these
materials alread¥’® Therefore, it is of vital importance to develop recycling methodologies
that are ecologically friendly and economically feasible foreflife LIBs in present time and
future.

The stateof-the-art of endof-life LIB recycling methods mainly combines mechanical
pretreaments and metallurgy processés Mechanical pretreatments compsassteps of
discharging battery packs, dismantling packs into cells, and separating materials of single cells.
Metallurgy processes that consist of pyreydro, bio-metallurgy are generally downstream
procedures of mechanical pretreatmént®espite the dominatingole of metallurgical
processes in the industry, thdiazardous gagmissims, acid waste, and higanergy
consumption issuesake always been barriers towasd truly sustainable closeldop
recycling!’®In recent years, a direct regeneration approach that resynthesizes recycled cathode

powder with heat treatment pre® be feasible in lab scale reseaftht>"’Although such
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approach claimeto be more ecologically friendly and energy conserving, it also brings up
much hgher requirement to the matdrseparation technique towamhss production.

Material separation step, the most critical process in mechanical pretreatments, mainly
refers to multilevel crushing, sorting, and sieving techniques in the industry becatis&iro
high automation potential. The total coating material recovery rate following this destructive
crushing strategy is only 75% even in lab scale resefficHowever, if electrode sheets can
be separated and extracted with their integrity well preserved, the coating material recovery rate
reaches as high as 97.4% utilizing am ANVIL procéddeanwhile, the black mass yielded
from the destructive crushing strategy is a mixture of anode coating, cathode coating, and metal
impurities. For metallurgical processes that mostly break down the compound of cathode active
materials, metals can be retsa or discarded bthefollowing melting or leaching processes.
Nevertheless, for direct regeneration processes, the existence of anode powders and mixed
metals in cathode powder increases the complexity of downstream recycling processes and may
even deaassthe electrochemical performance of the final proddtt.

Hence, an automatidisassemblysystemis designed and prototyped specifically for
dismantling and separating cathode sheets, anode sheets, separators, and Al laminated film
housing from lithiursion pouch cells in this paper. Comparedthe destructive crushing
strategy that has beendely adoged in industrythis proposed system has a great potential to
achieve higher coating material recovery rate as well as yield purer cathode powder for
mechanical pretreatment processes in mass production. The material separation strategy and

mechanism degn of this project arpatentedwithin *7°.
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2.1 DisassemblySequencePlanning

Disassembly sequence plannifigSP) is always the first step of anyoE product
recycling processs Just as the solutions of a product assembly problem may not be exclusive,
one can disassemble a product witlltiple choices ofprecedene on particularparts and
components. A bettatesigned DSP benefits the disassembly efficiency as well as the
expendiure, thus helps with making actual prsfitut of the recycling activities whicis the
practicalproblem thatnostrecycling researches and enterprises are strugglingherDSP for
individual LIBs are divided into three steps: disassembly n{Bdé4) sekection, disassembly
precedencéDP) confirmation, andlisassembly objective planning. In the mode selection step,
the suitable disassembly mode ne&ul be selected based on detailed target strusctund
requests of subsequent processes. ;therdisassembly precedenmetationships between each
components are confirmed ltye disassembly matrix and thesassembly precedence graph
Finally, a rough modular allocation of disassembly objectives are determined prior to detailed
mechanism design.

2.1.1 DisassemblivodeSelection

Choosing a proper DN& the first step of starting the recycling of a product at dis. E
Generally there are twocategoriesof DMs on which decisios have to be made
completefractional disassembly andsequential/parallel disassembly. The complete
disassemblysually taks apart the assembly into the fundamemiainpositions thus eah
componentan be properly reused or recycled. Tiaetionaldisassembly onliargetghe high
value added parts tiie assembly anthe complexity of the total disassembly process as well
as the total cost can be minimized compared to the complete disass&siblythe sequential

disassemblycomponents are disconnected with the main assembly one after another. On the
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contrary, the parallel disassembly removes multiple parts withenstep, which is usually
applied toassemblies with relatively more parts and gasgccess connections.

Before selecting disassembly mode, designeed to have a thorough understanding
of the shape and internal structure of the targét HB. The shape of lithiuaion secondary
cells can be divided into three main groups: cylindrical, pouch, and prismatic. Their differences
in housing material andESC design lead to certain advantagesd agisadvantages in
manufacturing processes and applications. Relatively low production cost and highly simplified
packaging process allow pouch cells being extensively deployed on EVs and portable
electronics.

The typicalinternalstructure of pouchlIBs is an ESC sealed by stamped Al laminated
film (Figure 21). Anodes and cathodes are alternately stacked and electrically isolated by the
separatord form the ESC. Depending on the continuity of electrode sheets and the separator,
ESCs are classified into three styles: single sheet stacking, winding;fafding. The single
sheet stacking style is commonly used in laboratory cell assembly whilgindeng style
proved to be the most productive design in industrial applications due to its continuous
electrodes and separators feeding strategy. In recent years, efforts to decrease the cycle time of
Z-folding process utilizing robots and customized namins have been carried ofit!e°
which result in its rapid technology transition to mass production scale. Meanwhileled
ESCs with discrete electrodegdatontinuous separators requinere complicated mechanisms
to disassemble than the other two types. Thusdibsertation maiy focuseson the recycling

of endof-life pouch LIBs with zfolded ESCs.
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Figure 2-1 Configuration otthe H605060 lithiumion polymer rechargeable batteananufactured

by MTI Corporation

Based on aforementioned requiremem§05060 lithiumion polymer rechargeable
batteries manufactured by MTorporation arechosenas the study subject for the research
work shown in this chapteThese cells have sominal capacity 0f2000mAh at 304" cycle
with 0.2C discharge rate. Tiratemeasurstherate that a battery is dischargasctording to
its maximum capacity. A.2C rate means that tllscharge current cagischarge thdully -
chargedbattery in5 hour. Thus for the H605060LIB with a capacity o2000 mAh 0.2C
requires a discharge current of 400 riiAe concept of th€-ratewill be repeatedlynentioned
througlout this dissertation particularly within Chapter 5.The outer dimensionsf the
H605060 LIB are: v tmi | 4EEAE] A@GOmIi i 7 EAQEand ¢ 8t
i | , AT CadBhown inFigure 22. The customizedixtures, transportes, and end

effectors arelesigned to accommodate the dimensions and the clearance of the H605060 LIB.
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Figure 2-2 Detailed 2D specification of the H605060 lithition polymer rechargeable batteries

from MTI Corporation

From Figure 21, it is clear that both side edges of the Al laminated film are folded
tightly towards the center and the heat sealing of the Al laminated film is irreverSibttain
part of the Al Laminate film need to be cut off from the main body to reveal the ESC sealed
inside of it. Meanwhile two metal tabs on the positive and negative terminaleddedtogether
with all cathode electrodes and anode electrodes correspondingly by resistance welding
machines omltrasonic welding machines. It is both not practical to unweld the metal tabs and
not profitable to spend extra expenditure on equipment and processes ttvexycétal strips.
Thus the concept dhe fractionaldisassemblys applied tathe disassembly of thel605060
LIB. As for the secondategory of the disassembly mode, parallel disassembly is not necessary
for H605060individual LIB because ofhe relatively simple internal structure atige small
part number. Such disassembly mode camxieemely helpful in LIB module disassembly

wherelarge amourgof subassemblies and connectors are involved andpds@ting space is
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sufficient for multiple eneeffectors to work simultaneousiyhus the components bi605060

LIB are to be removed segntially in the order of Al laminated case and the ESC.
2.1.2 Disassembly Preceden(2P) Confirmation

After determining the DM as partial disassembly and sequential disassdnebyP
has to be confirmed byleveloping disassembly modehs.proper DPhelps the developer to
better understand the inter connection between parts and components and make decisions on
disassembly sequence accordingly. Two most commonly utilized tools in disassembly model
developmentare the disassembly matrix and the disasdgiprecedencergph, which will be
applied toH605060LIB disassembly in this section.

A completedisassembly matrix describes the iféeence between each componient
the direction of the X, y, andaxes within a3D spaceindependentlywhich is commonly
adopted in complete disassembly mode since all connedtawesto be properly removed so
that each component can be isolated. Here, we have chosen tdhedppttial disassembly
mode according to aforementioned reasons, thus a dirdfassembly matrix is developed
regardless of the direction of the interference between components. Witlisassembly
matrix, if the component A in th® row does not have any connections with the component
B in the’Q column, the A can be remaed from B freely. Meanwhile, B can also be removed
from A without any constrats. If this is the caseéhe location {, j ) in the disassembly matrix
will be marked ad). On the contrary, if external forces are required to separate certain

componentsthen the corresponding location in thisassemblynatrix will be marked as 1.
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1 2 3 4 5 6
Cathodes Anodes Separator | Allaminated Positive Negative
film metal tab metal tab
1 Cathodes 1
2 Anodes 0 1
3 Separator 1 1 1
4 Al Ia;::irl:atEd 1 1 1 1
5 Positive 1 0 0 1 0
metal tab
6 Negative 0 1 0 1 0 0
metal tab

Figure 2-3 Disassembly matrix of Zolded pouch ced.

To better illustrag the property of the connections, @a®8es space is defined for the
H605060LIB. Assume the widthy 8t T® | [ ) of the HG05060LIB is the x-axis, the
lengthe B8t ™@® | [ isthe yaxis andthe thicknessu® T@® [ | isthe zaxis. TheAl
current collectofoil tabs oncathode electrodes aneeldedtogether onto the positive metal tab
along the zaxis to form a unified positive terminal for all cathode electrode sheets. Thus
location (1, 1) and (5, lip the disassembly matrix as shownHFigure 23 are marked a$.
Similarly, Cu current collector foil tabs on anode electrodes are welded onto the negative metal
tab along the-axis as well, which marks location (2, 2) and (6, 2) as 1. The separator is the
most complicated component to define and remove conneatibt@5060LIB. It is Z-folded
by itself, thus restricting its own free movement along Haeig. As cathode electrodes and

anode electrodes are alternatively inserted into the folded structure of the separator, their

mobility in the x-axis is restrictedinless the separator is unfoldétence, location (3, 1), (3,
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2), and (3, 3) are marked as 1. The Al laminated fm critical componerfor successful

pouch cellsealing angackaging process. It consists of NylofON) outerlayer, Al middle
layer,polypropylene(CPP) innetayer, andwo binding layers irbetween thenilhefantastic
stamping formability allows the Al laminated film to perfectly accommodate different sizes of
the ESCs. The stamped Al laminated housing not only preyidegection to ESCs but also
restrics the mobility of all components of ESCs in the yplane, thus location (4, 1), (4, 2),

and (4, 3) are marked as 1. Meanwhile, @R inner layemacing as the heating sealing layer,

seals two side edges and the ¢olges oH605060LIB when two contacting CPP inner layers

are pressed by the heating bar aloraxis, thus location (4, 4) is marked asAk. for the
positive metal tab, it is welded with the Al current collector foileaery single cathode
electrode thus location (5, 1) is marked as 1. The top edge oHB&5060LIB also seals
positive metal tabs with the assistance of the hot melt adhesive polymer tape that came with the
metal tabs. Thus, location (5, 4) mmarked as 1. Same connections and céisins apply to
negative metal tabs as well hence location (6, 2) and (6, 4) are also marked as 1. So far, all
existing position restrictions cauksby connection have been identified and recorded in the
simplified DM as shown ifrigure 23. The next step is to generate the DP graph to eliminate

or remove all connections marked in DM by properly allocate them in DP.

Partial disassembly mode enables to bypass complesteps ofthe traditional DP
generation process andake parts or components removal decisions with more freedom
especially when the integrity of some components do not need to be presdéevedthe
designed material flow is presented ie thee graph as shownhiigure 2 4. The original BL
H605060LIB is placed at the very top of the precedence graph as a whole. Branches stretch out

from assemblies or stdissemblies at higher level and point to the isolated parts/components or
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subassemblies at the next levdior to the exposuref the ESC, the connections that séa

ESC inside the stamped Al laminated film housing need to be removed. As discussed in section
2.2.1,it is neither practical nor profitable to open up three sealed edges and unweld the metal
tab. Thus the first step is tdm them off from the main katy of theH605060LIB and leave

the Al film housing covered ESC as the subassembly for thelewadt The trimming line of

the side edges will be located between edges of the Al film housing covered ESC and the sealing
strip, thus connection (4, 4) in tlilisassembly matrix can be removed within this step. The
trimming line of the top edge will be located between the welding point on the metal tab and
the Al/Cu current collector foils that are covered by active material coating. That says the
uncoated taben the Al/Cu current collector foils will be trimmed as well as the unsealed part

of the double layered Al laminated films same as the side edges. Hence, the connddtions h
by the welding point between cathode electrodes and similar conneatidriselveenanode
electrodes are eliminated including the connection between Al laminated films formed by heat
sealing. Meanwhile, since the metal tabs are abandoned along with the front edge, all
connections related to metal tabs are eliminated during theefigettrimming. Thus the front

edge trimming will remove connection (1, 1), (2, 2), (5, 1), (5, 4), (6, 2), and (6, 4). The Al film
housing covered ESC will be further taken apart in the next step to completely free the ESC
from the constraint of Al laminat films. The housing will be opened and exposed ESC can be
extracted for key material separation step, which result in elimination of conrsddtid, (4,

2), and (4, 3) in % plane. Finally the #olded separator of the ESC subassembly will be
stretded into a continuous strip, so that cathode electrodes and anode electrodes attached to the
opposite sides of the separator can be collected by two saistomizedendeffectors. Thus

in this level, position restriction applied to cathode electroddsaande electrodes from the

40



separator are eliminated. Along with the stretching of the separator, connection (4, 1), (4, 2),
and (4, 3) are removed from the disassembly matrix. At this point, the major functionality of
the automated disassembly system lheen identified and defined for each precedence level
and all connections existing te disassembly matrix have been properly allocated in the
disassembly precedence graph. Further separation of active material from the cathode

electrodes will be coverad Chapter 3 and Chapter 4.

Pouch Cell

Al film housing

Metal tabs
covered ESC

Al film
housing

Housing Removal Module_l

rimming Module

1
1
]
| (8,1),(4,2),(4,3)

|
|
1
Separator |
|
|

Electrode Sorting Module

Figure 2- 4 Disassembly precedence grapid module function division.

2.1.3 Modules Design

Figure 25 shows the continuous process for direct regeneration of cathode materials
recycled from enaf-life LIBs in our lab scale production line. As part of this direct

regeneration strategy, our proposed single battery disassembly system has a great potential to
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ensure the automatic separation of Al laminated films, separators, cathode sheets, and anode
sheets with their integrity well preserved. Before being fed into the disassembly system, end
of-life LIBs need to be fully discharged in salt water to avoid explosions or fire hazards.

Then, three sealed edges along with metal tabs are to cut off from the core area sequentially.
The remaining folded Al laminated housing film need be stretched from both sides by
external forces in order to extract the ES@parators need to be unfetdand continuously

fed forward For endof-life LIBs, electrodesheets tend to attach on the separator due to the
surface tension of the electrolyte or the nature bound due to aging. Thus, specialized skiving

tools are needed tscrape cathode and anode sheets off from opposite sides of the separator.

End-of-life Li-ion battery

!

Salt Water Shorting

I
v

Pouch Trimming

Sealed edges +—
Meatal tabs <+——

Pouch core
r

Al laminated fim <«—— Housing Removal

ESC

Electrode Sorting

Separator +—
Anode & Copper <+—

Cathode & Aluminum

F

NMP Soaking & Sonication

v

Aluminum <+—— Filtration & Sieving

NMP

Cathode Powder

v
Relithiation & post
heat treatment

l

Battery-grade cathode

Figure225Conti nuous process for recHvéeylLodOBscat hoc

42



Modularizationdesign is adopted to increase flexibility of the disassembly system. The
system is physically designed and built into three modageshown in Figure-2 andFigure
2-5: pouch trimming module, housing removal module, and electrode sorting module. These
modules shouldachieve the automated disassembly of H60508® in the precedence
designed irFigure 24 andfinish three key steps encircled kigure 25 correspondinglyAll
mechanisms or toolseinvolved in these three modules can be divided into three categories:
endeffectors, fixtures, and transportefSach module contains several customized key
apparatuses to achiettee designedconnection removing plafhese apparatuses are usually
calledendeffectors. Special fixtures are also needed to hold the position of targeted assemblies
or subassemblies while emdfectors operat Between each module, the remaining
subassemblies such as Al film housing covered ESC and ESC itself need to bertednsp
between fixtures located mdjacentmodules. These apparatuses are defined as transporters.
The cooperating of enreffectors, fixtures, and transporters assure the success of connections
removing as well as material separationheautomated disaembly line. Detailed design of

these key apparatuses are introduced in the next section.

2.2 Modules Designand Prototype
2.2.1 PouchTrimming Module
In this module, the front edge of the pouch that carries electrode tabs is cut off thus
separating each of the electrode layers from the current collecting structure. The opposing side
edge seals are also removed so that the Al laminated film housing ¢altylseparated from

the compound.
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Conveyor
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Trimming
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Figure 2-6 (a) CAD design and (b) Prototype of the pouch removal module

As shown irFigure 26, the pouch trimming module consists of three main components:
the trimmingbladeset, the trimming base set, and the conveyor roller set. The trinfriaidg
set is a triplevay aluminum framevith heavy duty breakaway blades fixed in their grooves
correspondingly. Each blade is-2Bgree tilted from the horizontal direction to decrease the
cutting resistance force as well as maintain the cutting speed. The lower trimming base
cooperates with # trimming toolset in the trimming process by providing solid support to
doublelayered Al laminated film. The clearance between trimming blades and edges of the
lower trimming base is controlled under 0.3mm while edges of the upper trimming base keep a
0.5mm distance from trimming blades to protect ESCs and avoid unnecessary cutting resistance
force. Two conveyoroller sets, each consisg of five powertrain gears and three 25A
polyurethane rolleras shown inFigure 27, are assembled inside both lower and upper

trimming base along with rotary shafts and ball bearings. These rollers with rough surface
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texture can hold the pouch cell in position as well as transport the pouch without siijjesry.
within this module, the triplevay trimming blade set and the trimming base set act as end
effectors and the pinch roller sets take the responsibility offtxtine for the trimming process

and transporter to deliver the pouch cell into the trimming position as well as move the trimmed

subassembly towards the next module.

Figure 2-7 Detailed design of the pinch roller coneeget (a)side view in CAD model(b) top
view in CAD model, (§ assembly overview in CAD modeind (d)top view of prototypeghinch

rollers.

The handling scenario of the pouch trimming process is as follows:

1. Feed fully dischargedi605060pouch celiinto the trimming base

2. Conveyor roller sets transport the pouch into the trimming position.
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3. The trimming toolset moves down towards the trimming base and cut off three edges

of the housing.

4. Linear motion stage transport the trimming base forward.

5. Conveyor rollers deliver the trimmed pouch towards the next module.

2.2.2 HousingRemovalModule
In this module, the remaining Al laminated film housing is to get peeled off from the

trimmed pouch. Hence, the recovery of Al laminated film from the-addde LIBs is
accomplished in this modulEigure 28 (a) demonstrates key procedste stretch tk housing

and extract the ESC whikgure 28 (b) shows the prototype of this module.

(a) Transporting grip

Figure 2- 8 (a) Schematic and (b) Prototype of the pouch removal module
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The housing removal module cosisi of three gripping apparatusegh specialized
functionalities: the transporting grip, the vacuum grip, and the clamping grip. The transporting
grip installed on a rotary base is designed to hold and transport the trimmed pouch and the ESC.
Distance beveen two flat arms at their parallel position equals the thickness of the targeted
pouch coreAs shown inFigure 29, the vacuum grip is equipped with a heigljusting
vacuum cup on each arm driven by 12V DC air pumps. These bellows suction cupsi@re ma
of translucent silicone, which provide sufficieatiapability to the uneven surface of Al
laminated film housing. Thelampinggrip is a fixture with a stationary flat base and vertically
movable top clamp. The width and the depth of the groove omthwable top clamp are
compatible with the size of targeted pouch cells in order to support and guide the ESC while

the vacuum gripeeling off the trimmed housing.

Figure2-9 Desi gn of the vacuumsigde pvi(eaw front view
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The handling scenario of the pouch removal process is as follows:
1. The transporting grip extracts the trimmed pouch out of the trimming base.
2. Rotary base spin 90 degrees to feed the trimmed pouch into the clamping grip.
3. The clamping grip clamps the untrimmed side of the pouch core.
4. Rotary base spin 45 degrees to move the clamping grip awayttisosperation path
of the vacuum grip.
5. The vacuum grip closes the jaw and vacuum cups secure the upper and lower side of
the Al laminated film housing.
6. Jaws of the vacuum grip peel back upper and lower side of the Al laminated film
housing until the front edge of ESC fully exposed.
7. Rotary base spin back 45 degrees.
8. The transporting grip grasps the ESC.
9. Jaws of th&acuum grip further open the Al laminated film housing to its-d8@ree
configuration while the untrimmed side of the housing pushes the elesepdeator
compound into the transporting grip.
10. The Al laminated film housing fell tthve wasterecycling stream aftethe 12V DC
pump shut down.

11. The transporting grip deliveethe ESC into the next module.
2.2.3 ElectrodeSorting Module

The separation of cathodes, anodes, and separators is a critical process for any lithium
ion LIBs recycling processes. It directly influences the purity and recovery rate of the black
mass. Our proposed electrode sorting strategy extracts cathode shikeeinode sheets

respectively without applying destructive forces. By automatically stretching and feeding the
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Z-folded separator, cathode sheets and anode sheets attached on opposite sides of the separator
are scraped off by specialized tadts as the sematic shown inFigure 210 (a). Since
commonly usedPVDF binder can be removed by either dissolving in organic solvents or
decomposing at temperatusove 408 %2 multiple combinations of chemical, thermal and
mechanical treatments are then available for breaking the adhesion between Al foil and cathode

coating. The prototype of this module is showkigure 210 (b).

(a) 18t Guiding 15t Skiving 2 Guiding 2™ Skiving
post blade post blade

\

Pinch rollers

Vacuum

Figure 2-10(a) Schematic and (b) Prototype of the electrode sorting module
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The electrode sorting module consists of four apparatus: the vacuum conveyor, the
guiding posts, the skiving blades, and the pinch roller set. The vacuum conveyor is a height
adjusting vacuum cup integrated on the¥Xnotion platform. The 12V DC air pummables
the vacuum cup to carry the top layer of the separator longitudinally to pinch rSileitar
pneumatic securing usitas shown irFigure 211 are also applied to the vacuum grip
prototyped for the housing removal modulbese urethane pinch rollers with 35A durometer
are able to feed the separator forward continuously while stainless steel guiding posts and break
away skiving blades work as paito scrape electrodes off from the separator. After she 1
guiding post pressg down on the soft separator, the front edge of the electrode sheets will
detach from the separator because of cathode
separator is still rolling forward, tHé! skiving bladecanseek its way through the ghptween
the front edge of cathode sheets and the sepaf#thode sheets will then fall into the
collecting bin due to gravity. Anode sheets attached on the upper surface of the separator are

scraped off by the" guiding post and skiving blade in arsiar sequence.

Figure 2-11 Pneumatic securing urfiir separator delivery.
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The handling scenario of the pouch removal process is as follows:
1. The vacuum conveyor secutbg top layer of the Zolded separator and delivers it
throughthepinch roller set.
2. The pinch roller set squeethetop layer of the separator as vacuum conveyor release
vacuum.
3. The # guiding post and the"® skiving blade drops vertically to presewn the
separator.
4. The pinch roller set continuously fedte separator forward until the separator film is
fully paid off.
5. Components of the electredeparator compound got separated into three collecting

bins correspondingly for further treagmts.

2.3 Systemlntegration and Testify

2.3.1 Control Architecture

A total of 11 stepper motors, 22 limit switches, 3 servo motors, and 3 @ueipstalled
in the prototyped disassembly system. The realizatidheafesigned handling scenario for all
three modules highly depends on an integrated control architecture. Therefore, a LabVIEW
platform is chosen to automate stepper motors, limit switches, servo motors, and vacuum
systems. This systeghesign platform offes great flexibility for design modification, which
will benefit the future optimization of this project. The derived control architecture of the

prototyped automatic dasssembly system is as showrFigure 212.
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Stepoko Mega 2560

- &

Stepper Motor Limit Switch Servo Motor  VacuumPump

Figure 2-12 Control architecture of the prototyped automatic recycling system

Stepoko motion control boards (MCD) with GRBL firmwaaee used as local
controllers for stepper motors and limit switches. Each modudguipped with one to two
MCDs to achieve designed linear motion as well as relocate toolsets to their initial position.
Meanwhile, all 3 server motors and 3 DC vacuum puanpsontrolled by one Arduino Mega
2560 R3 board.TheLabVIEW program which served as a system controller for the ensemble
shown inFigure 213 is able to supervise the haodf functions between modules and to

indicate event timindor serial operation ofreteffectors, fixtures, and transporters
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, Pouch Trimming -y 1 AR 'y Electrode Sorting
Module

Figure 2- 13 PrototypedH605060 LIBdisassembly system overview

2.3.2 Concept Verification

To assure the safety of the operators at the current prototyping stage, dummy pouch
cellsaretreated to verify the feasibility of the designed disassembly system. In dummy pouch
cells, nontoxic materials replasgskey components of functional LIBs with similar physical
properties. The outer dimension of the dummy pouch =88.0mm*60.0mm*5.8mm with
thetolerance of +/0.5mm. These values followed the sizé&i605060LIB which will be testd

for the future deMepment of this system.
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Figure 2-14 Z-foldeddummy cellassembly lindollowing the size of 41605060 LIB (a) Die cut
machine, (b)Al laminated film stampingmachine, (c) ESC folding machine, (d) Heat sealing
machine, (e) Vacuum sealing machif@ Trimmed Al foils, (g) Stamped Al laminated film, (h)
Folded dummy ESC, (i) Dummy cell with one side edge and the top edge heat sealed, and (j)

Vacuum sealed dumnuell.

A pneumatic serrautomated Zolded LIBs assembly linatilizedto assemble dummy
cells isasshown inFigure 214. 300 microrthick papercardboardsre first trimmed by the die
cut machine. Along with an Al/Cu foil tab attached to the right position, these cardboards act
as the replacement afoublecoated current collector&or the Al laminated film stamping
machine, the depth of the staimg mode is adjusted to 5.6mm so that the overall thickness of
the dummy cell can be assured with the 0.1mm thick Al laminated film. An exatmgksl
laminated filmstamping process as shown irFigure 214 (g).The ESC folding machine
allows us to precisely assemble the dummy ESC by alternatively stacking cathode dummy
electrodes and anode dummy electrodes betweeftfiblded separatorThe dummy ESQvill

then be placed into the stamped Al laminated film housing and have its side edge edge
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sealed by the regular heat sealing machine as shokigure 214 (i). Diluted 3M liquid glue

is thenfilled inside the dummy cellfom the open side edde mimic the adhesion between
electrodes and the separatbhe metal tab welding process is skipped tfe dummy cell
manufacturing process since tinenming line at the front edge is located on top of Al current
collector foils and the welding points will be abandoned along with the trimmed front edge.
Finally, the dummy cell is placed inside the vacuum chamber of the vacuum sealing machine

(Figure 214 (e)) to drain the air out of the housing dreht sealhe remaining side edge.

Figure 2- 15 12 key frames from system testing record correspon@s teandling scenario 2,
3, 4, and 5 of the trimming module, (b) handling scenario 1, 4, 8, and 11 of the housing removal

module, and (c) handling scenario 1, 3, 4, and 5 of the electrode sortintemodu

Sealed dummy cellarethen disassembled by the prototyped automatic disassembly
systemFigure 215 shows four key frames from the testing records of each module. Handling

scenario 2, 3, 4, and 5 of the trimming modalesequentially shown ifigure 215 (a). The
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material flow of the single frame igure 215(b) andFigure 215(c) is from the righthand

side to the lethand side for clearer interpretation. Four frameBigure 215 (b) correspond

to handling scenario 1, 4, 8, and 11 of timusing removal module. Recycling of the Al
laminated film is accomplished in the fourth frameFajure 215 (b). The Al film housing

would fall off from the bellows cup after the DC pump release vacuum. Four frafRggine

2-15 (c) correspond to handlig scenario 1, 3, 4, and 5 of the electrode sorting module. As
shown in the fourth frame dfigure 215 (c), it is clear that the blue cardboards representing
cathode sheets, the green cardboards representing anode sheets, and the separator have been
succasfully separated and stored in thi@eatiors.

The success in testing dummy cells manufactured following the assembly process of a
functionally H605060LIB indicates the design rationality of the disassembly precedence and
customized apparatus. To be able to automatically disassembleLtit685060LIB with the
prototyped disassembly system, a glove box tghability to treahazardous gasmissionis
needed to keep the entire recycling process under inert atmosphisrpart of the work will
be covered in the project future development restricted by glove box hardware availability.
Instead, | take a step further in upgrading the prototyped systiénmaustrial vision cameras
and sensors to monitor the disassembly process, thusrajltve control system to be more
intelligent in detectingystem failure and act correspondingly. Some preliminary works on

sorting module upgradere covered in theext section.

2.4 Sorting Module Upgrade and Future Development
24.1 Sorting Module Upgrade

The sorting modulesi rebuilt and upgraded within a fume hood so that the electrode

sorting process of a real ESC fr¢t605060 LIBcould be recorded and analyzed accordingly.
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Apart from the original mechanism assembled in the prototyped disassembly line, three
Blackfly S USB 3 mono industrial cameraith 1.6MP resolution and 226 FRS shown in
Figure 216 (a) are integrated. These camenategratet he i ndustry’ s most
within a29mm*29mm*30mnice-cube.Both automatic and precise manual control modes over
image capture and ezamera prgrocessing are available, thus emaiplusto record videos

and capture images with trigger signals from LABVIEAMoad cell which is atransducer that
measures forcand outpus the force signal aan electrical signals also integrated into the
sorting moduleThe selected load cedls shown irFigure 216 (b) uses strain gauge detect

load changes and hydraubcpneumatic load cells are also favorable choices. The strain gage
type load celusuallyintegrate four strain gauges in\Wheatstone bridgeSuch bridge circust
originally have two balanced legé/henexternal load deforms the strain gauge, the electrical
signal changes can be captured by HX2it precision ADCmodulethatis connected to

LABVIEW via Arduino Mega 2560 R3 board

Figure 2-16 Vision-sensor network components: (a) FL3RISB3 mono industrial camesavith
1.6MP resolution and 226 FPS, and (b) Tension sensor modified from strain gage based load

cell.

57

ad



Industrial 1 Guiding Industrial 1% Skiving 2" Guiding Industrial 2% 5kiving
Camera #1 post Camera #2 Blade post Camera #3 Blade

N , .'II I|I S
| | \ / | // 3" Guiding
| | \\ II.'I |'II / ) / g past

] | Initiative
Cathodes Anodes @ Roller

o LoadCel

Figure 2-17 Schematic of the visieeensor networktegrated electrode sorting module

Figure 217 shows the schematic of the visisansor network integrated electrode
sorting module with minimum chges orthe separator feeding mechanism. The original pinch
roller toolset is replaced by an initiative roller for the convenience of recording the load change
on the rolleiwhich equalsthe resistance force applied to the separator from guiding posts and
skiving bladesThe overview of the upgraded sorting module is as shovwagure 217. The
first industrial camera focuses the ESC unfolding area as indicatedrigure 218 (d). The
second industriatamera monitarthe first guiding post and the first skiving blade from the
aboveso that the separation process of the electrodes positioned on top of the separator can be
monitored as shown iRigure 218 (b). Ideally, the third industrial camera should focus on the
separation process of tetectrodes attached to the bottom of the separator. However due to the
space restriction, the camera is set tdtidted from thehorizontaldirectionand fromFigure
2-18(c). Any electrodes failed to be skived off from the separator can be identified thheugh t
semitransparent wet separator. The output of the load cell is as shdwguie 218 (e), the
negative value between 8adL0s at the very beginningdicates a calibration step by applying

a standard 100g weight to the load cell.
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Figure 2-18 System operating withdt. H605060 LIB (a) Upgraded sorting system overview,
(b) Operating frame of indtr&al camera #2, (c) Operating frame of industrial camera #3, (d)

Operating frame of industrial camera #1, and (e) Reading from the load cell
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Figure 2-19 LabVIEW control unit Front User Interfacé) Image acquisition sectip(b) Load

cell reading section, and (t)near notion control section
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The control Ul constructed within LabVIEW is as showrFigure 219. The image
acquisition section as encircled kigure 219 (a) allows me to integrate asnany industrial
cameras as needed into the control software, so that future upgratle entire prototyped
disassembly system can be conveniBigure 219 (b) displays the real time reading from the
load cell with the auto scale adjusting functiéigure 219 (c) is the linear motion control
section integrated with functions of the position restoration, préicisar positioning, and
arbitrary speed adjustmefithe upgrade of the visiesensor natork for the electrode sorting
module initiats the study of the cybeiphysical closedoop LIB disassembly systenThe

cyberphysical concept and some related preliminary works are introduced in the next section.

1 1 1
- 1
: Labview Control Unit ke ! Dedsion ! Defects Elimination Actions 1
1 N 1 1 {Parameter Adjustment) :
| 1 I
| l 1 1 |
1 1 1 :
: | ATmega328p/Actuator | : : 1
I 1 1 I
I 1
: R : : Classification |
| Industrial | . |
1 Cameras 3 | | 1
: | Load Cell Reading : : :
I 1 1 I
1 h 4 1 1 :
! | | ! L~ Defects Diagnosis |
1 Process Images T ™ - _ -
| | uUsg ! {Machine Learning Algorithm) 1
b o e e e e 1 Y0 o o - - !
Electrode Sorting Module(Physical) Database and Control Algorithm

(Cyber)

Figure 2-20 Control architecture of theyberphysicalclosedloop process monitdor the

electrode sorting module.

24.2 CyberphysicalClosedloop ControllerandPreliminary Experiments

Themajor purposéo design and implemeantcyberphysicalcloseéHoop controller in
EoL LIB disassembly system i® deal with the uncertain condition of thelELIBs. Even

LIBs with the exact same dimensions and electrochemical parameters, their conditiolns at E
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can be verylifferentdue to their uniqueycling conditionsThus, a closedbop supervision &

online machineparameter adjustment system will be needadure 220 gives the overall
architecture of theyberphysicalclosedloop controllerthat consists ofhe physical part and

the cyber part. The physical part can be directly transferred frorpriftetyped disassembly

system introduced in the previous sectiotith an integrated visiesensor network. The cyber
partwhichwill mainly be established with Matlab or Python environments include two steps:
defects diagnosis and defects elimination actidreke the electrode sorting module as a
example, the separator from aoLH_IB can be fragile and minimum cracks as showRigure

2-21 will lead to the breakage of the separator and eventually compromise the sorting process.
If such cracks can be recorded by the industrial cameras once they appear, machine learning
algorithmswill be able to identify them by classifying the captured images. With the proper
physical model or complete experiment design, corresponding parameters can be adjusted to
either decrease the pulling force applied to the separator or simply shut dapetaton and

call for human intervention. Thushd implementation of thigyberphysical closedloop

monitor will enable themachine to cognize the possible uncertainty and apply necessary
parameter adjustmenbrrespondingly in real timén example ofdetecting defestas shown

in Figure 221 and adjusting machine parametascording to the physical model of the

apparatus is demonstrated in the rest of this section.

Figure 2-21 Algorithm input (a)intact separator and (bjacked separator
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Convolutional neural network (CNN$ used to identify the defects by continuously
classifying images captureasith industrial cameras integrated during the electrode sorting
processfor it provides promising results in image classification tasks by automatically
discovering the interconnections existed between disordered®inptius CNN, as type of
deep neural networks, is quite often utilizedampute vision related analysi®. Figure 222
demonstrated the layered structure of CNN working principlgut images, held as raw pixel
valuesfirst go through the feature learning process where features of the images are identified.
The feature learning processuallyconsists of thregypes of layersconvolutionlayers RELu
layers and poolindayers. These layers will computige output of neurons connected to local
regions from the original input images, apply elementwise activation functions, and down
sample the volume along theasial dimensions. The classification procesk further down
sample the volume of the output within the flatten lajiére fully connected layer is applied to
connect all features learned, hence all neurons are now connected. A softmax function is then
involved to calculate the probability of each label. The label with maximum probability value
will be the final classified category of the input imalgethis way, CNN successfully transform
the input image layer by layer from pixel valueghe final clasified category.

— ear

— TRUCK
— VAN

|:.| |:-| — BICYCLE

FULLY
INPUT CONVOLUTION + RELU POOLING CONVOLUTION + RELU POOLING FLATTEN O brep SOFTMAX
FEATURE LEARNING CLASSIFICATION

Figure 2-22 Layeredstructure of CNNworking principle®,
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Two image | abels for the cracking defect
preliminary CNN classification algorithm developmeftound 750images for each label are
used as the training data set and 350 images fol&aelhare used as the validation smtages
are downsized from the resolution of 4032*302£208 150to minimize the model training
time. Hyperparameters in a CNN model, such as learning speed, depth of the neuron network,
and batch size, determines tieuron network structure and setting. These parameters need to
be tuned to the best possiblendition based on the classification accuracy of the validation set
before initiating the model training utilizing the training set. Here the Bayesian hypegbaram
tuning method is adopteds shown inFigure 223, the trained CNN model will labelaeh

image with the highest probability value as the classification result.

new, 83.9% crack, 99% new, 90.3%
_ - =
—
new, 95.9% crack, 100% new, 98.3%
[re—e [

new, 88.3% new, 91.6% crack, 100%

oo -

Figure 2-23 Examples of image classification result and probability value.
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The trained CNN model is then testified by an 1120 mixed image pool cogtainin
images from both categories.confuson matrix is utilized to demonstrate the effectiveness of
trained CNN modal The matrix is a summary of prediction results on the classification
problem by giving us an insight of the errors being made by the CNN ntagete 224 (a)
gives the basic structure of a 2*2 confusion matrix which is also the matrix size for cracking
defect detection since only two labels are involved. P in predicted class and actual class
represent that the observation is positive and N represenégfagive observation. Here in the

cracking defect detection task, P represénh e crack” separlaéeotnawd
separator. True Positive (TP) represenpositive observation and a positive prediction. True
Negative (TN) represestr negéive observation and a negative prediction. Both TP and TN

are favorable results for the observatibat agrees with the prediction. False Negative (FN)
represerda positive observation but predicted as negative and False Positive (FP) represent a
negatve observation but predicted as a positive. Thtld,and FP are major sousef
inaccuracy and should be avoided as much as possible. With TP, TN, FN, and FP available, the
accuracy of the CNN classification model can be calculateBdp#1. With the corfusion

matrix of the preliminary algorithnas indicated irfrigure 224 (b), the accuracy of the trained

CNN model proved to be 98.12%hich is a satisfying result.

o s A2 A4S 22 A AR Y e
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Confusion Matrix
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Figure 2-24 (a) Structureof the confusion matrix andb Confusion matrix of the preliminary

algorithm.

The laststep tofulfill the cybefphysical closed control loop is to enable the real time
machine parameter adjustmdaised orthe physical model of the mechanism so that detected
defects can beontained or evealiminatedAf t er detecting the “crack?”
canbe taken to decrease the tension applied to the separator along its feeding direction. These
actionsmay include decreasing the separator tilting angle, decreasing feeding speed of the
separator, and increasing the blade tilting anglleich need to bdurther verified by the
physical model of the mechanism and series of DOBe commands for machine parameter
adjustment will be sent from Matlab or Python to LabVIEW, thus the continuous feeding of the
separator can be assured by this cyg¥ersical cotrol loop. The sensor network upgrade and
the cybefphysical closed control loop for the entire LIB disassembly system will be completed

in the future development of this project.
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2.5 Conclusion

An automated disassembly system ffiecyclingend-of-life Z-folded pouch LIBs has
been introduced and prototypically realized. Customized tool sets donigugtomatic material
handling are designed in each module. Ssgiodreating dummy cells proved the effectiveness
of the proposed disassembly strategy. Wiitthis automated disassembly system, cathode
sheets, anode sheets, separators, and Al laminated film housing are automatically separated.
The integrity of cathode sheets can be well preserved. Comjatieel destructive crashing
strategy, such improvemewill greatly benefit downstream recycling processes, especially for
the direct regeneration stratedyurther research activities will focus apgrading the vision
sensor network and the cybahysical closed loop control system through the entire fyjo¢d

disassembly system so that the reliability and flexibilitthefprototyped systeroan beassured.
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Chapter 3 CathodeCoating Separationof Lithium C obalt Oxide

Battery

Recycling L LIBs is not only necessary but also urgently needed in recent years. E
LI Bs are met al enriched city “mine” for [|ithi
of lithium can be recycled out of 28 tons aflHithium ion battery®*8°which takes 250 tons
of mineral ore spodumene along with 1900 tons of water to extract same amount of3fthium
Meanwhile discardedLIBs are serious environmental hazards. Residual electrical capacity
tends to causexplosions or fire accidesitCommonly used LIB electrolyte salt (e.g., Lithium
hexafluorophosphate) reacts with water and release harmful hydrofluoric acid vapor. In terms
of the urgency, the increasing demand of LIBs in EV market since’80ib@licates there will
be a heavy burden on OEMs and governments in
battery module lifetimé’317%are expected. At the same time, the bursting demand of LIBs will
also impose great pressure on the supply chain of critical raw materials such as cobalt. The
price of cobalt rose by more than 80% over 2847

Currently, there are three main recycling methods in industry: pyrometallyrgical
recycling (PR), hydrometallurgical recycling (HR), and direct recycling {3&f18° Both PR
and HR methods break the cathode compound down to elemental constituents and selectively
extract metal elemesifrom the miX*. The simplicity of the overall metallgical process comes
with high energy consumption, large waste generation, and low capability in recovering
Lithium and Mangane$§& which ischallenging for enterprises to make profit outtafbattery
recycling business. In contrast, DR has the highest material recovery rate and least waste

generation among all three recycling methods, lzebeen actively developing in research
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labs toward industrial scale applicatioi$8111>177.195ince the cathode morphology is well
preserved during the entire direct recycling process, the cathode materials instead of elemental
constituents can be recycled and redSed.

Commonly used materials extraction processes in LIB recycling involve some types of
physical or chemical separation process, such as shrétfdthgrmal treatmept, and organic
solvent methods. Shredding method, which involves multilevel crusiimegsieving and ai
classificatiod?®?, introducesa tremendous amount of impurities that are hard to purify in
subsequent processes. Thermal treatment method easily leads to change in cathode materials
structure, composition and morphology. In our DR, we have developed aprexsrting
process to separate cathode sheet, anode sheet and s€parat@n organic sobnt extraction
process to retrieve active cathode powder by dissolving the binder (e.g., Polyvinylidene
Fluoride, PVDF)with the sonicationassistedolvent soakingnethod

This chapter focuses on the organic solvent method and studies the relatiehsbgnb
the processing parameters and the cathode materials retrievalnyiild organic solvent
method using Taguchi DoE methods and Regression Analysis. Processing parameters that have
minor influences on the materials retrieval yield frasingle catlbhde sheet are first identified
by PlacketBurman parameter screening method and set to a level that would benefit the yield
the most. The remaining parameters along with essential parametéhg fmtential mass
production process are evaluated by TagDdt. Finally, the results of Taguchi DalEeused
to generate a regression model that is able to predict the yield under different input parameter

combinations.
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3.1Experiment Setup
EoL batterycells (Figure 31) usedin this work are randomly selectédm a pool of
waste drone battery modules provided by a tphady battery recycler. In order to minimize
the residual energy, the battery modules are discharged by the BD200 battery disErganger (
3-2 (a)) to an average cell voltage loélow2V/battery. Discharged modules are then manually

disassembled into individual cells.

Figure 3-1 Battery modules disassembled RDE.

Voltage of each single pouch cekedto be double checked before being cut open for
extracting the electrodgeparator compound (ESC)f@dded ESC structureare found on all
selected modules, which results in 60 to 70 single sheet electrodes from each battery. Our
previous researéft indicated that fully automated cathodes and anodes separaticiolotd
Li-ion batteriesis feasible forautomation thus we only focus on process parameters that
influence the yield of cathode powder extraction from the cathode sheets. Separated cathode
electrode sheets are then collected forsiifesequergoaking and sonicating processshown

in Figure 33. The cathode active materials are retrieved by breaking pauiplarticle and
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particleto-Al current collector bonding forces formed by binders. The masingconly found

binder typeon a LIBis PVDF which dissolves in organic solvents such as NMP, DMAC, DMF,
DMSO, and acetoneX. Song?! indicated DMAC and DMF outperform the other solvents on
dissolving effectiveness and cost efficiency. Thus DMAC and DMF are used as soaking and
sonication media in our experiments. The high temperature soaking and sonicating process are

conducted iracorvection ovenigure 32 (b)) and ultrasonic cleaneFigure 32 (c)).

(b)

e
620mm

Figure 3-2 Equipment requirement (a) Battery module discharger, (b) High temperature oven,

and (c) Ultrasonic cleaner

The cathode materials yietaf the materials retrieval process is estimated by weight
differenceof the cathode electrodé®fore and after the soaking and sonicating process. On
averagethe weight of cathode electrodesy( ) consists of 28% Al current collector and
72%cathode coating. After the cathode separation process, residual cathode electrodes are dried
in oven and weightedy( ) again. The final yield of the cathode separation process can then

be estimated bkqg.31, which is referred to as response Y gredd in this section

Eq.31
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(b) Soaking/Sonication in Current Collector with

(a) Cathode Electrode Sheets . . .
Organic Solvent Residual Cathode Coating

Conductive
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with Dissolved Binder
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Composite Cathode

Current Collector
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Figure 3-3 Experiment flow with single cathode electrodes

3.2 Placket-Burman Parameter Screening Experiment

3.21 Placket-BurmanParameteiScreeningexperiment Design

A 5 factor 2 level PlackeBurman parameter screening experiment is constructed to
identify the control factors that would influence the yield when dealing asihgle cathode
sheet. The idea of PlackBurman experiment design is to ensure each combination of levels
for any pais of factors are studied for the same number of times, similar to a complete factorial
design but with smaller number of runsteractions between the factors are considered
negligible inthe PlacketBurman experimenOther than the aforementionedaking media,
the s@king process prior to the sonication procedso introduces twopotential major
guantitativefactors: soaking time and soakitegmperatureSoaking times are set to be 2h and

6h and soaking temperatures are set to I3e &0d 9@ . Meanwhile, the sonication process
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also introduces time and temperature as potential major tatiaetifactors.In the Placket
Burman experimenta single electrode sheet is treated one at a time to prevent interactions
between electrode sheets from influencing the PVDF dissolving and cathode psoajg@ng.

Thus the sonication time required is relatively short compared to the following Taguchi
expeiments and 2 levels of the sonication time are set to 10s andl@0slevels of the
sonication temperature are set t@ 48nd 6@ , which is assured by the heating unit integrated
inside the ultrasonic equipmenthe ultrasonic equipmentavailable isequipped with a
transducer with a fixed frequeno§40 kHzat 120W power level. Thus a total of 5 factors are
available for thdlacket-Burmanexperiment design.

For factors and levels given rable 31, a complete factorial design will require 32
runswhile Placket-Burman design only needs 12 rumslfle 32). Each run is repeated 5 times
with a single cathode sheet randomly picked frashuffled electrode pool and responses are
averaged and recorded in the last columTalfle 32. The averaged responses are further
tested with analysis of variance (ANOVA) to determihe significance of each factor
ANOVA is an analysis tool used in statistesearctthat categories input variables inside an
experiment datanto two categories systematic factors and random factors. The systematic
factors have a statisticaignificantinfluence onresponse or the outpuivhile the random
factorswill be idertified and factored oufThe working principle of the ANOVA analysis will
be further explained with th@lacket-Burman experiment data in the following section.
Meanwhile, he ANOVA testis alsohelpfulin a regression studg determindiowindependent
variablesinfluencethe responsgwhich will be demonstrateith the Taguchi experiment later

on.
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. . . ) Soakin L . Sonicatin
Factor Soaking Media(A) [ Soaking Time(B) 9 Sonicating Time(D), 9
Temperature(C) Temperature(E)
Unit Type Hour 3 Second 3
Level 1 DMAC 2 60 10 40
Level 2 DMF 6 90 20 60
Table 31 Screeningexperiment parameters and levels
RunOrder Soaking Soaking Time Soaking Sonicating Sonicating LCO
Media(A) (B) Temperature Time Temperature Separation
©) (D) (E) Yield(Y)
1 DMAC 3 60 10 40 63.7
2 DMF 1 90 10 40 50.4
3 DMAC 3 90 10 60 70.2
4 DMF 1 60 10 60 52.6
5 DMAC 1 60 10 40 49.5
6 DMF 3 60 20 60 61.7
7 DMF 1 90 20 40 75.2
8 DMAC 3 90 20 40 95.1
9 DMF 3 90 10 60 64.9
10 DMF 3 60 20 40 80.3
11 DMAC 1 60 20 60 93.4
12 DMAC 1 90 20 60 90.2

Table 3-2 Plackettburmanscreeningexperimentdesign andesult

3.22 Parameter ScreenirResults

The ANOVA analysisresult constructed at 95% confidence intef@) from Minitab
19 is as shown iffable 33. Cl is a range of valuecalculated by statistical methods which
includes the desired true meaith a probability defined in advancéhat saysif confidence

intervals are developed with a given Cl from an infinite number of independent sample data,
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the frequency of these intervals containing the true mean equals to the gheh*CFor
examplea 95% Cl is a range of values that you can be 95% certain contains the true mean of
the population (or other population parametefS).is designated before examinirte
experiment data and 90% and 99% Cls are also frequently used in afalyalise in the last
column of Table &8 is a probabilitythat reflects the measure of evidence against the null
hypothesidbetween the corresponding independent input parametetheaddpendent output
responseA smaller p-values correspond to stragrgvidencelf the pvalue is belowp # ),

which equals 0.05 ithis study, then the null hypothesis is rejected and the corresponding
independent input parameter i'¥®Ceuwnnsgpohtaet ed as
ANOVA table for the PlackettBurman experimentsare source, degree of freedom (DF),
adjustedsums of squares (Adj SS), adjusted mean squares (Adj M@)Ju€, and Rralue from

left to right. The DF represents thmumberof information in the data. The ANOVA analysis

uses this information to figure out the values of unknown population parameteks.
independent variable witllevel will always havéQ p DF in order to get the number of
values/levels that are free to vary in a data set. The Adj SS are measures of variation for different
variablesof the model. In the ANOVA table, A@S is divided into Term, Error, and Total.
Minitab uses the Adj SS for term to calculate Fhrealue for a variableAdj MS measures how

much variation aariableor a source explains, thus DF of a term is taken into consideration. F
value is the test diatic used to determine whether the independent variable is associated with
the response. A sufficiently largevalue indicates that the independent variable is significant.
P-value can then be calculated from DF of the specific input variable, DF Bfritve Adj SS,

Adj MS, and Fvalue within an Fdistribution form at a Cl of 95%.
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As aforementionednput variablesvith P-values less than 0.@oved to have enough
evidence against the null hypothesis, themnsidered to have statistically significant
contribution to the response which is the material separation r#tesitase. The sonicating
time with Rvalue in 0.003roved to bea decisivefactor towards the material separation rate
andwill be factored in for the following Taguchi experimentigesFigure 34 is the main
effect plot of each input variable at different levels. $ipttys the means for each lewgthin
a variable and eamecsthese points with a broken link the line is paralleio the xaxis,there
is no main effect presenthe response mearmainsthe sameacross all factor leveldf the
line is not horizontal, the steeper the slope of the line, the greater the magnitude of the main
effect.As a quantitative factor, the saag media haethe pvalue of 0.046 and the main effect
plot in Figure 34 shows DMAC outperforms DMF, thus DMAS chosen to be the organic
solvent media to be applied in Taguchi experiment designPNadue ofother factors from
Table 31 are higher than 0.05, thus resulting in much flat main effect plots. These factors agree
with the null hypothesiandaretaken out of the factor list fahe followingTaguchiexperiment

design and their prset levelsarelisted inTable 35 along with other essential pset process

parameters.

Source DF Adj SS Adj MS FValue P-Value
A 1 494.08 494.08 6.27 0.046
B 1 50.43 50.43 0.64 0.454
C 1 167.25 167.25 2.12 0.195
D 1 1742.43 1742.43 22.12 0.003
E 1 29.45 29.45 0.37 0.563

Error 6 472.57 78.76

Total 11 2956.22

Table 3-3 Analysis ofvariance okcreening ¥periment
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Soaking Media Socking Time/hour Soaking Temperature/°C Sonicating Time/min Sonicating Temperature/°C

85

80
75
70 / /
65
60

DMAC DMF 1 3 60 90 10 20 40 60

Mean of Yield

Figure 3-4 Main effectsplot for fitted means ofcreeningexperimentyield.

3.3 Taguchi DOE
Studying one single electrode at a time can be done-at#db to better understand the
relationship between processing parameters and materials retrieval yield in organic solvent
extraction praess. Inanindustrial relevant environment, howevarass production requires
much higher process throughput and introduces more process parameters that need to be
systematically studied. Thus to simulate the industrial materials retrieval processdshuffl
cathode electrodes are cut into smaller pieces with a controlled size and treated at a much higher

solid-to-liquid weightratio in the following study.
3.3.1ExperimentDesign

3 factors with 4 levels from each factor are selected as the independent variables for the
Taguchi experimenBonication timéias beeproved to be statistically significant to influence
the cathode coating separation efficiemtyen dealing with the sihgelectrode in thPlackett
Burmanexperiment. Preliminary experiment indicates that a sonication time on minute scale
instead of seconds is required for getting a satisfactory separation yield when dealing with

interactions between cathode electrodesatfehst tripledsolid-to-liquid ratio.Hence 4 levels
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of the sonication timare set tol min, 3 min, 5 min, and 7 min accordingly. The other
independent variable introduced by cutting the cathode electrode into smaller pieces is the sheet
size. The lagest sheet size involved in the Taguchi DOE is A.1.8 which is a quarter of the
original intact sheet size. The rest three levels of the sheet sizes are downsized in the order of
0.5 time. The final independent variable is soéd-to-liquid weightratio. The lowessolid-to-
liquid weightratio introduced in the Taguchi DOE is 5mg/ml, which is already threestohe
the initial solid-to-liquid weightratio in the PlackettBurmanexperiment. The rest three levels
are sequentially doubled and thaid-to-liquid weightratio reaches 20mg/ml at level 4.

Taguchi OOE is utilized to identify the significancef each control factochosen in
Table 34. A regression model is also developed based on Taguchi DOE to predict the response
accordingto levels of independent variablesThe Taguchi DoE method is an effective
statisticaloff-line quality control methodology aiming at increasing the robustness of a product
or process facing variatiorever which we have minimum control in the design stages
capable of studying both control factors that are controllable during the production, and noise
factors that we cannot control when the process is inRiggeriment designed by Taguchi
method is able to identify controllable factors (independenabias) that minimize the effect
of the noise factors. In a complete Taguchi experiment, noise factors are manipulated so that
variability occur on purpose. The optimal control factor (independent variables) can then be
determined to improve the robustnesfsthe production process or the product itself by
increasing the system resistance to variations from the noise fagdayesin this study, the
Taguchi DOE is applied mainly due to its superior capability of dealing with -feuti
variables with its mique OrthogonalArray in variable combination subseelection.For a

complete n factors and m levels factorial design, a total numbler ¢iimes of repeating
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experiments are needed. In the case of 3 factors and 4 levels, the original 64 times repeating
experiments can be decreased to 16 times with minimum information loss. The efficiency will
dramatically increase @he number of factors and levels increase. Details about Orthogonal
Array selectiorhave been explained in many publicatidfs®.

Table 34 lists all 3 factors and 4 levels to be studied in Taguchi DoE, which enables us
to develop a more precise regression modaipared to the 2 level Plackgtirman parameter
screening experiment. In this studize L16 Taguchi orthogonal array is applied to select
subsets from combinations & control factors at 4 level$he Taguchi orthogonal arrays are
well balanced to independently evaluate all levels and factors thus each factors and levels can
be equally considere@he detailedsubsetombinations are as listed Table 36. Each subset
combination in L16 Taguchi experiment design is repeated for 5 times and yields are averaged
and recorded in the last column Béble 36 Taguchi L16orthogonalarray. The statistical

analysis of yieldsitilizing ANOVA are carried out using MINITAB.

Factor Sonicating Time(A) Sheet Size(B) Solidliquid Weight Ratio(C)
Unit min cmA?2 mg/ml
Level 1 1 0.52 5
Level 2 3 1.04 10
Level 3 5 2.09 15
Level 4 7 4.18 20
Table 34 Taguchiexperiment parameters and levels
Parameters Soaking Media Soaking Time Soaking Sonicating Sonicating
Temperature Temperature Frequency

Unit

NA

Hour

3

3

kHz

Level

DMAC

90

60

40

Table 35 Presetprocesgarameters
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RunOrder Sonication time(A) Sheet Size(B) Solidliquid Ratio(C) SeparationYieldY)
1 1 0.52312 5 25.4
2 1 1.04625 10 23.5
3 1 2.09250 15 21.9
4 1 4.18500 20 23.0
5 3 0.52312 10 30.8
6 3 1.04625 5 36.4
7 3 2.09250 20 31.2
8 3 4.18500 15 39.7
9 5 0.52312 15 37.8
10 5 1.04625 20 34.2
11 5 2.09250 5 57.9
12 5 4.18500 10 51.7
13 7 0.52312 50 52.3
14 7 1.04625 15 60.9
15 7 2.09250 10 69.8
16 7 4.18500 5 79.9

Table 3-6 Taguchi L16orthogonalarray and the corresponding separation yield.

3.32 Taguchi DOE Results

A continuous quality loss function is used to evaluate the performance characteristics
of the Taguchi DoE. This loss function calculates the deviation of a design parameter from the

desired value. Value of this loss function is called the sitmjabise G/N) ratio. Three

categories of S/N ratios are available dependimtipe goal of experiments:

If the response is to be maximized, that is the larger is bisigesr,

nY' 6
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If the response is better to be an intermediate viiee;
YO PRl TREWT,
If the response is to be minimized, that is the smaller is better, then:
YO pEl TE® T
wherew is the response of tfi@ run, wis the average response of all rufiss the standard
deviation of the regmse, and n is the total number of runs.

Here in our caseo study the yield of the cathode material retrieval, we expect the
response to be the higher the better. Thus S/N ratios for yield are calculated ftargehés
betterS/N calculation equatio For the next phase of the study, dh@eminumimpurity will be
introduced as the second response. S/ N ratios
i's bett erdumipumdebrs frgmlthe cuaent collector is an unwanted element in the
cathode materials retrieved.

The processing parameters rank towards their influence on the yield as well as how
parameters influence the yield are shownhia response table for S/N ratibaple 37) and
main effect plot Figure 35). The parameters that influence the cathode yield from high to low
are sonication time (A), sohliquid weight ratio(C), and sheet size (B). Both sonication time
and sheet size have positive impact on the yield as their level increases, while thgsdlid
weight ratio shows negative influence on the yield as more electrodes being added into certain

amount & organic solvent.
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Level Sonication time(A) Sheet Size(B) Solidliquid Ratio(C)
1 27.39 30.95 33.16
2 30.71 31.25 32.08
3 32.94 32.21 31.51
4 36.25 32.88 30.54
Delta 8.86 1.94 2.61
Rank 1 3 2

Table 3-7 Responsé¢ablefor S/N ratio

Main Effects Plot for SN ratios
Data Means

Sonication Time/min Sheet Size/cm”™2 Solid-liquid Weight Ratio/mg/ml
36
35
34

30
29
28
27

Mean of S/N ratios

Signal-to-noise: Larger is better

Figure 3-5 Main effects plot for S/Nratio.

To quantify the importance of each control factors and their specific contribution
towards the yield, an analysis of variance of the S/N ratio is carried out withfience
interval of 95%. This meathat as long as the-Value of a factor shown ihable 34 is less
than 0.05, this control factor can be considered to have statistically significant infburethee
cathode vyield. Individual contributiodP ) of theQ factor towards the cathode yield is

calculated by¥EQg.32 and reorded in the last column of Table83

Fp o mthf ] miadke «ta Eq.32
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The Rvalue of thesonication time (A), the sheet size(B), and the skdjdid weight
ratio(C) proved to be well below 0.05 and thedhue rank agrees with the rank indicated by
the response table for S/N ratio. The calculated individual contribulibr) in Table 38
indicate that the sonication time has the highest contribution of 86.55% as followed by solid

liquid weight ratio at 7.44% and sheet size at 4.90%.

Source DF seqss | Adiss | AdjMs | Rvalue | Pvaue Com':iifjtion

A 3 166.807 166.807 55.6023 155.43 0.000 86.55

B 3 9.443 9.443 3.1478 8.8 0.013 4.90

C 3 14.343 14.343 4.7810 13.36 0.005 7.44
Error 6 2.146 2.146 0.3577 1.11
Total 15 192.74 100

Table 3-8 Taguchiexperimentanalysisof variance for S/Natio.

3.33 Linear Regression Model fafield Prediction

As all three factors proved to be statistically significant toward the cathode separation
rate,thefollowing linear regression mode established tpredictthe yield from levels of all
factors by analyzing results of Taguchi experimehiisear regression model is an equation
that minimizes the distance between the fitted line and all experiment data. Generally speaking
a linearregression moddilts the experiment datavell if the distancedetween theredicted
value and thebserved values are unbias&d.statisticallydetermine how well the model fits
the original data, three goodnesfsfit statistics need to be examinedie summary below the
developed linear model: S-&yjuared (Rsq), and Rsq (ad)). S is used to assess how well the
linear model describes the response. It represents how far the true valfrerfalthe value

predicted by the linear model. The lower tredue of S, the better the model describes the
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responseR-sq also measures how close the experiment data points are to the regression line,
but it is defined by the percentage of the response variable variation that is extasoed.

always between 0%nd 100% andhe higher the F&q, the better the linear model fits the
experiment resultiowever,R-sq always increases when more terms are added to the model,
even if no actual improvement has been adfleds Rsq (adj) is introduced to compare models

that have different numb®or terms. ltcan incorporate the number of tertoshelp us choose

the best fit modelFrom the summary tablepth Rsq and Rsq(ad) are at a level higher than

95%, which indicate the developed linear regression model is a good fit to the Taguchi

experiment result.

I rfm=Fr+c gu®s 8 2

s i HYCd 8  lnmit'm

8 FYCE o L Eq.33
Term S R-sq R-sq(ad))
Value 3.71270 96.52% 95.65%

Table 3- 9 Summary table of the regression model for L€paration yield.

To validate the accuracy of the linear regression model, confirmation tests are requested
to compare the predicted cathode separation rate and the experiment value. As Srai in
3-10, three additional runarerandomly picked fronthe factor combination pool of the full
factorial design. The averaged error of three validation experirseBit35%, which isvithin

an acceptableange
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1 3 0.523 15 28.26 26.75 5.36
2 5 1.485 10 58.58 58.99 0.22
3 7 2.092 5 70.56 73.73 4.49

Table 3-10 Linear regression model for predicting LCO separation yield verification test result.

3.4 Conclusion

In summary, this study has identified sonicating time, sheet size, andigoiitweight
ratio as three essential control factors towards the efficiency of thgeptenent process,
especially the organic solvent step. DMAC outperformed DMF and proveel the most cost
effective organic solvent with the highest efficiency for the task. The S/N ratio analysis in
Taguchi DOE revealed the contribution of sonicating time (86.55%), sheet size (7.44%), and
sheet size (4.90%) towards the figadld. The mathematical relationship betweenyieéd and
control factors were successfully established with the result of Taguchi DOE and proved
accurate by confirmation tests. THeveloped linear regression model provide a reference in
choosing the properoatrol factors/independent variables with satisfying accuracy for the
future industrial scale production. The success in the yield predietiables us to study

aluminumimpurity introduced by sonicating process as the second resfooribe next step
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Chapter 4 Cathode Coating Separation of Lithium Iron Phosphate

Battery

Previousstudy on predicting the organic solvent approach separgitbeh utilizing
DOE and regression analydiss revealed that a prgion linear regression model able to
link the yield with multiple independent input process parametersolot EO cells.However,
LFP cell is also a strong competitor in the LIB market, especially the EV market in China.
Among the 15.7 GWh sales volume of power batteries in Ghoma 2015,LFP rechargeable
batteries accounted for 698 Though the energy density and operating voltage of LFP are
lower than that of LCO chemistry, LFP cells hold inherent advantages in low costetang
stability, low toxicity, and wetdefined performance. It can be foreseen that, in the short future,
EoL LFP EV battery packs will rapidly accumulate gra$ea pressure on the full product cycle
fulfillment. Hence the yield of treating B LFP utilizing organic solvent approach is studied
with, again, the DOE method, but with fiidlctorial experiment design. Since theeliminary
study forthis Chapter revésthat theorganic solvent approachight as well avoid introducing
the sonication bath to facilitate the separation of cathode coating and the Al current collector,
thenumber of the parameter dsitp a scale where fuflactorial experiment is practicgimilar
to the LCO study conducted in Chapter 3, a regression model is built to predict the newly
defined process yield from levels of independent input variaAleadditional yield prediction
approaching applying Latin square witte limited number 6 experimens needed is also

introduced at the end of this Chapter.
4.1 Full-Factorial Experiment Setup

Tenergy 3.2V 2500mAh LFP (IFR26650fchargeabldatteies as shown irFigure

4-1(a) are chosen ase test subject for this stud¥6650 in their configuration code represent
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a shape standard of 26.5 mm in diameter and 65.4mm in length sotilepopularcylindrical
18650 and 2170@ells The cylindricalcell is one of the most widely adopted packing style
for secondary batteries. The simple structured ESCpitwatuced fronthe circular winding
processallows the cylindrical cells thetter fit the automatioenvironment thus achiewmg
higher production throughput ardlower cosperkWh. The fact that continuous electrodes
and separatordo not need angutting step in the ESC production procesdso contribute to
the minimization of production cost by créag a better product consistenchhe casesof
cylindrical cells areformed fromeither steel plate or aluminum plate, which provaddid
protection to the ESC against the external impact as well as helping with the heat dissipation.
Though the uniquely esigned gas releasing vea$ shown inFigure 41(b) increases the
assemblydifficulty, it provides the incomparable advantage in gas venting and peessu
releasing. Thus the housing of the cylindrical tefinally sealed directly aftethe electrolyte
filling process, without eeding an extra gas releasing step in the formation process as the
prismatic pouch cells.

To imitate the condition of BL, IFR26650PLFP cells are cycled on fzattery cycler
under2C ratebetween a voltagengefrom 2.8V to 3.6V until their capacity fall below 85%
of their nominal capacity. Theontinuouscathodeelectrodes adopted in IFR2665@Pe
measured to be 52mm imidth and 0.8m in lengthManually extractecelectrodes aréhen
evenly cut into smaller pieces along the length, which result in 52d0nmim size cathode
electrodes foreach experimentNMP is chosento be the soaking media asrgdiminary
experimend haverevealed an exceedingly higher efficiencyNi¥IP compared to the other
organic solvent candidatsuch as DMAC, DMF, or DMSO in this proposed organic solvent

approach.
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Figure 4-1 (a)Tenergy 3.2V 2500mAh LFRFR26650P power cell rechargeabléatteryand

(b) Typical internal structure of a cylindrical LIB.

Two independent input variables aseaking time and soaking temperatundyich
proved to be sufficient for developing a precisiegression model. Each varialdestudied at
four levelsas shown in Table-4. Soaking time is studied at 1h, 2h, 3h, and 4h and soaking
temperature is studied at 80 853 , 908 , and 93 . Thus this 2 factors and 4 levels full

factorial experiment results in 16 combinations in total.

Factors Response

A B Y

Name Soaking Time Soaking SeparationYield

Temperature

Unit Hour 3 %
Level 1 1 80 NA
Level 2 2 85 NA
Level 3 3 90 NA
Level 4 4 95 NA

Table 4-1 Full-factorial experiment parameters and levels.

The original weight of a 52mm*40mm cathode electrodes is around 680mg among
which around 550mg is cathode LFP coating and the rest 130mg is the Al current collector.

After being soaked in NMP under high temperature for hauusique winkle structure will
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appear as the adhesion between the cathode coating and the current collegartigdy

destroyeds shown irFigure 42. As the soaking time getsriger, the winkle area will expand

as shown irFigure 42 (b), (c), and (d) sequentiallyhe winkled cathode coating can then be

easily peeled off alngi naturally from the cathode electrodes. The net weight of the remaining
cathode electrodew will be measured again after being sufficiently dried in the oven.

The final separation yield that represahie percentage of cathode coatingthai s “soaked

from the cathode electrode can then be calculattdthe following equation.

f et >+

m r ».D+igzg- Eq.41

Figure 4-2 The appearance of (a) the original LFP cathode electrode apgpbarance of the

LFP cathode electrode soaked in NMP under @ter(b) 2h, (c) 3h, and (d) 4h.
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4.2 Resultand Discussion

4.2.1 Full-factorial DOESeparatiorYield

The separation yield of each variable combination is calculatedhiftiorementioned
approach anglield of each combinatiois averaged betwedhreerepeated experimentEhus
atotal of48 pieces of 52mm*40mmathode electrodes are needed, wingzfuires continuous
cathode electrodes from 3E IFR26650PLFP cells. After manually dismantle these cells,
continuous cathode electrodes are evenly cut into 52mm*40mm pieces. These cathode electrode
pieces are then liy shuffled andrandomly picked cathode electrode pgftem this poolare
to be assigned to each experiment later on. Such precaution mstih@zefluence of possible
noise factors introduced from inconsistency betwaiéierent cells and electrodegees.The
averaged separation yield of &6 combinations are as shown in Tabli2. £romTable 42, it
is obvious that both independent variables are positively correlated with separatioifhygeld.
main effect ploas shown irFigure 43 indicates a similar rising trend between sonication time
and sonication temperature in the selected range, wdoofirms thepositive correltion

between the separation yieddd both independent variables.

Soaking Temperature
Level 1 Level 2 Level 3 Level 4

o
£ Level 1 0 0 1% 8%
|_
2 Level 2 0 1.2% 14% 30%
£
S Level 3 2.0% 6.7% 56.5% 90%
n

Level 4 5.6% 33.6% 83.9% 95%

Table 42 Separatioryield of the cathode coating in 2 factors, 4 level-falttorial experiment.

89




Soaking Time Soaking Temp

Mean of Separation Yield
w
o

1 2 3 4 80 85 920 95

Figure 4-3 Main effect plot for separation yield.

From the post analysis diis experiment series,umiquediscoveryworth mentioning
is the great potential that the organic solvent approach shows in recovering LFP cathode coating
without introducing any brutal vibration or mechanical forces to separate cathode coating and
the electrode.The sample as shown Kigure 44 (a) is soaked in NMP for 8h under 95 ,
which is slightly longer compared to the sample soaked for 4h @&dethat achieved 95%
separation yield. It is clear that LFP cathode coating material originally adhered on both sides
of the current collector naturally detached as wipidees which leaves amoothAl current
collector separated from the cathode cogtwithout involving any extra actions other than
high-temperature soakind-houghadhesion between particles oathode coating sheets is
considerably wak after NMP dissolves the majority of PVDF, the intact cathode coating sheets
are extracted from NMBolvent with caution. The extracted cathode coating sheets are then
tiled on a weighing papeavith the52mm*40mmaAl current collectorcovered on top as shown
in Figure 44 (b). The surface area of the cathode coating sheet is apparently larger than the Al
current collector that it is originally coated on, which indisdteat the volume of the cathode
coating sket is expanded during the NMP soaking procéls.volume expansion might as

well be the explanation to the appearance of winked structures on the electrode surface shown
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in Figure 42. In order to quantify the volume expansion of the cathode coating sheet, 10 LFP
cathode electrode pieces randomly picked fthemforementioned pool are soaked inside the
NMP under high temperature until cathode coatingess fully detach from the Al current
collector. The averaged surface area of the cathode coating E8h2819é\ | , which is a 15.2%
increase compared to the 52mm*40mm cathode electrode pieces with 20s80face area.

Since the thickness of the cathode coating sheet remiaamoundl5Q | before and after the

NMP soaking process, the total volume expansion of the cathode coating sheet can be
consideredhesame as the surface area expansitiough therue mechanisnfor the volume
expansionphenomenorrequires further investigation, the proposed NMP soaking process
indicates a great potential in separating and recollecting the cathode coating GlorhFP

cells with a 100% purity even for industrstak production.

Figure 4-4 Fully separated LFP cathode coatingr{@jurally detached from the Al current

collectorduring soaking, and (lmoatingexpansion comparison with the Al current collector.
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4.2.2 Regressionalysis

The regression model developed basm the separation yield froffiable 42 is as
shown in Eq.42. A total of four terms are included in the model. Other than the expiectad
of constant, soaking time, and soaking temperature, ththftermproved to be T A E4EH ICA
31 A E4EA igavhich indicate a nonlinear relationship between two independent variables and
the ®paration yield. The g and Rsq(adj) from the summary table of the regression model

are both above 90%, which indicate a faiofithe model tadhe experiment observatians
SRR Lol Lhy d=Fms8
8 {-+8: ghd EL™ =P

Term S R-sq R-sq(ad))

1L
- r

Value 10.4498 92.84% 91.05%

Table 43 Summary table of the regression model for LFP separation yield

The ANOVA table for the regression modagilalysis the significant level of each term
appears irEq.4-2. Noticing that the DF of each term is considered as 1 no matter how many
levels the term originally possessThetotal DF equals the total number of observatimmus
1, thus in this case equals to 15. The DF of the error then equals the total DF minus the total
number of terms involved in the modé&he P-value of the soaking time term equals 0.001,
which is way less than 0.05. Thus the soaking time term ptoveel statistically significant to
the LFP separation yield. ThevRlue of the soaking temperature term equals 0.173, which
indicatesthat the soaking temperature term alone has a much less significant influence towards
the separation yield compared te thoaking time term. However, the multiplication of the
soaking time and the soaking temperature, which is the only nonlinear term in the regression

model, proved to be the most statistically important term to the LFP separation yield with a P
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value evendss than 0.00INext, the accuracy of the developed model is testified by three

supplementary experiments

Source DF Adj SS Adj MS F-Value P-Value
A 1 24215 24215 22.17 0.001
B 1 228.8 228.8 2.10 0.173
A*B 1 2978.4 29784 27.08 0.000
Error 12 1310.4 109.2
Total 15 18305.8

Table 44 ANOVA tablefor the regression analysis

Theverification of the linear regression model developed in Chaptardmly picked
three supplementamgxperimentgrom the factor combination pb of the full factorial design
and calculated the error of the LCO separation yield from input variables. However, the ultimate
goal of the discovered LFP soaking process is to achieve the 100% separation efficiency with
the minimum energy consumption and the highest time efficiency. Thus a better approach to
testify the accuracy of the developed nonlinear regression ntielpredict the minimum
soaking time needed to achieve 100% LFP separation yield under preseleetsdiahe
soaking temperatures.hiiee levels of temperatyr853 , 1003 , and 118 , are selected as
shown inTable 45. Status of the soaked samples are checked every 15min for confirming
whether the 100% separation yieldshaeen achieved or not. The averaged error between
predicted minimum saking time and he observed soaking time for three temperature levels

are around 6.8%, which is within an acceptable range.
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Sopeinent | | jSoakng | Segareton | scaing | ‘Soaking | Eror )
Time /h Time/h

1 85 100% 8.88 9.75 9.7

2 100 100% 3.01 3.25 7.9

3 110 100% 2.32 2.25 3.0

Table 4-5 Result of thenon-linear regression model verification tests.

4.2.3 Correlation Preconfirm with Contour Plot and Latin Square

As proved in section 4.3.2tilizing a full factorial experiment desigior regression
model training can achieve a decent accuracy towards the prediction of the LFP separation yield.
A total of 16 combinations of the input variables are expected out of the 2 factors and 4 levels
full-factorial experimentWith each combination repeated for 3 times to minimize the noise
variation, a total of 48 observations are conduetadlit would have beentatal waste of time
and effortif the LFP separation yield does not have anything twitto the two selected input
variables in the first placelhus in order to preonfirm the correlatiorbetween the selected
input variables and the LFP separation yield with minimum efforts, an approach combining the
Latin SquareDesign(LSD) and the cordur plot visualization approach is conductgr to
the full factorial experiments designed in section 4.3.1.

The LSD is a very efficient experiment design method when only two input variables
are involved regardless of how many levels they have. Im atbess, the LSD is usually used
to simultaneously control two sources of variability just as whaeededh the LFP separation
yield study. The LSD gets the name due to the factttibah be writteras a square with Latin
letters to correspond to obsery sampling subsets The number of rows and columns
corresponds to the number of levels of each input variable. Thus, for the 2 factors and 4 levels
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situation in this study, thkatin Squareconsistsof 4 rows and 4 columns with 4 choices of
sampling subset#\, B, C, and Das shown iTable 46. Noticing thatfTable 46 is not the only
option for dividing the sampling subsets from a 4 by 4 LSD. The sampling subset design is
considered as a proper L3 long as each sampling subset only appears once in each row and
in each column. Also because of this restriction sttmepling subsets are orthogonal. Here the
sampling subset A” ermiscled in Table 4 is selected ashe corelation preconfirm

expeimentand detailed combination is as showTable 47.

Level Level Level Level
1 2 3 4
Lei/el c @ D B
Le;el D B @ c
Le%/el @ c B D
LeXeI B D c @

Table 4-6 A LSD of the 2 factors and 4 levels experiment

Soaking Temperature
Level Level Level Level
1 2 3 4

Q Level
S 1 @
- Level
£ 2 o
'
o] Level
(@] 3 ®
@ Level

4 ()]

Table 4-7 Latin squaralesignof 2 factors and 4 levefsill-factorial experiment.

Similar to the fulifactorial experiment introduced section 4.2.1, each combination
from the LSD is repeated for 3 timeEhe LFP separation yield is averagattl recorded in
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Table 48 accordingly. Therectangularcontour plot can then be plotted with the soaking
temperature as theaxis, the soaking time as tlieaxis, and the LFP separation yieldths z

value A rectangularcontour plot is a graphical technique for representingbassirface by
plotting z value alsonamed asontaurs, on a 2D plane. lines are drawn for connecting the (X,

y) coordinates wherhe same value occursThe plot caralso reveal the relationship between
three explanatory variables and a response variabléhdypolar contour plotn the 3
dimensional space or the ternary contour plot in tutn®nsional plane. In this study, the
rectangular contour plats shown irFigure 45(a) is adopted since only two input variables are
involved.The infill color of the area between contours grows darker as the LFP separation yield
gets higher. With merely 4 sampling subsefuarter of the futfactorial experiments required,
clear positive correlations between both soaking time/soaking temperature and the LFP
separation yield are revealed by the rectangular contour plot. THadtdrial experiments
aforementioned in secticd.2.1 are then conducted with the confidence that a regression model
can be successfully developed. The rectangular contour plot of ttiadidfial experiments as
shown inFigure 45 (b) is also plotted with data froffiable 42. A much similar trend can be

observed betweemb rectangular contour plots.

Soaking Time/h Soaking Temperatures LFP Separation Yield
3 80 0
1 85 5
2 90 12
4 95 97

Table 4- 8 LFP separation yield of the selected Latin Square sampling subset
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Figure 4-5 The contour ploplotted from the result of (a) the full fiacial experimentsand

(b)the latin square sampling subset

4.3 Conclusion
The intact LFP coating separation process studied in this chefiézed a great
opportunity in achieving 100% LFP activeatarial reclaiming with minimumprocess
complexity for industriatscale recycling of EoL LFP batteriecSompared to the traditional
organic solvent extraction process assisted by the ultrasonic bath introduced in Chapter 3, the

single step soaking process can save much effdijumd-powder separation and organic
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solvent reclaimThe success in the deepment of the LFP separation yield regression model
has everything to do with the volume expansion of the LFP cathode coating material, though
the mechanismbehind this phenomenon requires further study. Meanwhite future
development of this study shHduexpandhe rectangular caaur plot to cover a broader range

of the soaking time and the soaking temperature.
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Chapter 5 LFP Direct Recycling

As aforementioned in Chapter 1, direct recyclipgpcessis by far the most
environmental friendlyrecycling approach with the highest material recovery rate. The
automated disassembly attempt as wellhaathode coating separatistudyboth serve as
the pretreatment steps for the direct recycling process which requires pure cathode coating as
the lmaw material fortie resynthesisf newbatterygrid cathode powdePRrocesses such as heat
sintering, ceprecipitation, and sejef>>are major resynthesize methods, among which the heat
sintering method involves the direct sefiiase calcination is suitable for treating EoL cathode
materials with simple elemental composition like LCO and LFP. This Chiquigses on the
regeneation of EoL LFP reclaimed from experiments in Chapter 4 utilizing the heat sintering
method.Samples sintered under different temperataral atmosphesare first characterized
by SEMandXRD. The rate performance of the regenerated samples are then tested in the form

of coin cells utilizing lithium chips as the counter electrodes.

5.1 EoL LFP Direct Regeneration

The separated LFP cathode coashgetsollected from the experiments condutte
Chapter4 are grindecnd sieved tlough a sieve witls ¢ v 0 ¢ mesh sizeThen the lithium
deficiency of the sievetlFP powder caused by battery aging and incomplete discharge then
need to be quantified by the Inductively Coupled Plasma Ate&mission Spectrometer (ICP
AEYS) testwhichis an analytical technique used for the detection of chemical elentastan
emission spectrophotometric technique, exploiting the fact that excited electrons emit energy
at a given wavelength as they retusrgtound state after excitation by high temperature Argon
Plasm&® The mole ratio of remaining Lithium amthosphorugLi/P ratio) is measured by the

ICP-AES to confirm the value of x in the reclaimgedE & A/0 powder.Since ICRAES
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analysis requires a sample to be in solution3thg of LFP powdersampleis first mixedinto
theacidsolution consists ofml Hydrochloric Acid ( #)I2ml Hydrogen Peroxidg ( / ), and
6ml DI water.The solution is then sealed and heareithe convection oven under#0for 24h
to facilitate the dissolution. After furthefiluting the acid solution to 0.467 w%, dissolved
samples are analyzed by IQ¥ES provided by Soil La Virginia Tech.The result shows that
the Li/P ratio in thereclaimed, E & A/0 powder is around 0.8, which indicata 20%
Lithium loss.

Figure 51 demonstratethe process flow of the direct regeneration process conducted.
As the ICP resultevealed thdéormula of theEoL LFP tobe, & A/0, the BL, B& A/0
powders ismixed with LiIOH at a mole ratios of LiOH/ & A/0 at 20%. Thenthe
homogeneous mixturpowdess are pressed into pelletaith 0.75 inches in diameteFour
samples are sintered @® , 658 , and 758 in Ar&( atmosphere (abbreviated as 550
Ar&( , 650Ar&( and 756Ar&( ) and 758 in Ar atmosphere (abbviated as 75@\r).
During the sintering process,E & A/0 react with LiOH followingEq.51.The tube furnace
(OTF1200X, MTI Corporation) isutilized as the sintering equipment &ssure a neutrair
reducing atmosphere. Unlike most LCO/NCM direct regeneration processesintiea the
mixture in aif’2%, the LFP cathode would easily oxidize ferrous for ferric with the presence
of air or oxygenJieet allanalyzed the thermal decompositionttoé EoL LFP cathodm the
presence of oxygen usifihermogravimetr&Differential Scanning Calorimetry (T®SC),
XRD, SEM, and Hergy Dispersive Spectrometer (EDS}. is suggested that the oxidation
reaction of iron phosphates shownn Eq.52 occurswith the presence of oxygen during the
high temperature treatméfft Thus in this study three EoL LFP samples are siniaredO Q (

atmosphere and one EoL LFP sample is sintered in Ar atmosphere as the control experiment.
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Pelletized material will then be crushed into fine powders after the heat sintering process for

further tests.

TmlbFed PFH amlb F o 7 Eq.51

Yalbk Fo dambl  1mf Eq.52

LiOH - H,0

EOL LFP

OTF — 1200X Tube Furnance

Figure 5-1 Process flow of th&oL LFP regeneration process

Property of the siteredsamples are then characterizgd XRD which is a powerful
nondestructive technique for characterizing crystalline materials. It provides information on
structures, phases, preferred crystal orientafii@xsure), and other structural parameters, such
as average grain size, crystallinity, strain, and crystal defBlcesXRD patterns of products

are measured by a bentdp X-ray diffractometer (Bruker, D2 PHASER). The scanning rate is

to0.06°/sandthe2 range is from 15° to 80° (Cu Ka

Figure 52 shows the comparison of the XRD pattern between six test sub{&idspeaksn
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the plotare produced by constructive interference of a monochromatic bearagéXcattered

at specific angles from each set of lattice planes in a safftpéeatomic positions within the
lattice planes determines intensities of the pe&kom the comparison between the pure
commercial LFP powders from MSE supplies and the reclaimed EoL LFP, it is clear that apart
from LFP peaks, there are other impurity peaks{(0 &nd0 / ) observed in the EoL LFP
which can be the decomposition produdtBP after numerous cycles. Howeysuch impurity

peaks disappean all of the regenerated LFP samples as the intensity of the LFP peaks
apparently grow stronger indicatirigat aforementioned impuritieseact with LIOH toform

LFP during the sintering process.

—— MWSE Supplies
- _ ¢ FepO, ® P20s A
=l —
] T50-Ar
©“
] W‘W
>
o A
_.é“ I B
w
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10 20 30 40 50 60 70 80

20 (Degree)

Figure 5-2 The XRD patterns ahspurchased LFP from MSE Supplies, EOL cathode materials,
and recycleccathode materials sintered under £5065@® , 7538 within A"DE atmosphere,

and recycled material sintered under ¥5@ Ar atmosphere.
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Figure 5-3 The SEM images of (a) gairchased LFP from MSE Supplies, (b) ECEP,
regeneratetl FP sintered under (c) 530, (d) 65@ , (e)75@ within ’/A'DE atmosphergand

regeneratetl FP sintered under (f)750 in Ar atmosphere.

The morphologyf all six samplesrescanned by the environmental SEIME( Quanta
600 FEQ provided by Nanoscal€haracterizatiorand Fabrication Lab (NCFLp Virginia
Tech.The FEI Quanta 600 FEIG able to operate under higlhcuum, lowvacuum, and ESEM
modes.The Quanta SEM system @dso equipped with analytical systems, energy dispersive
spectrometer, and electron backscatter diffracttmom SEM image in Figure 53, large
secondary particlesan beobservedfrom the EoL LFP, which is most likely cause by the
existence of the residual PVInder However, these secondary partiaie®s not exist over

regenerated LFP samples regardless of the temperature and atmosphere and the particle
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distribution in regenerated LFP samples are also more uniforkheainwhile,the inert or
reducing atmosphere inlk@d in the sintering process may restrain the thermal decomposition
of theresidualPVDF binder anéismall amount of PVDF binder might still exist in regenerated
LFP samples. Previous studf@$?°®havepointed outhat the residual PVDF have very limited
effects on impedance and the electrochemical performances forabsembledells. Hence,

the existence of PVDF is acceptable for the following coin cell electrochemical performance

tests.

5.2 Coin Cell Assembly

The electrochemical performance of the regenerated LFP cathode material is then tested
in the form of coin cellsLFP cathode electrodegith 14mm in diameterequired by coin cells
are produced following the process flow as showikigure 54. LFP cathode powder and
Timical carbon are firstnanuallydry mixedfor 5min. Preprepared 5% PVDF/NMP solution
is then added to perform as the binder and the slurry mixture is further mixed for additional
20min. Noticing that within the first two mixing steps, the weight ratibFP cathode powder,
carbon, and PVDF need to be controlled at 8:1:1, which is the most commonly adopted ratio in
related research works. A film applicator with a DOgap is utilized to coat the slurry onto
the Al current collector foil. After drying ithe convection oven for 3 hours undes§the
coated electrode is cut into smaller round electrodes by the precision disc cutter. The last step
before coin cell assembly is toydthe coin cell electrodes in the vacuum oven for additional

12h under 63 .

104



y s

S

Regenerated LFP Timical Carbon PVDF Solution Film Applicator Precision Disc Cutter
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Dry Mixture Slurry Mixture

Cathode Electrodes for Coin Cell

Coated Electrode

Figure 5-4 Cathode electrodes preparation for coin cell assembly

With cathode electrodes available, coin cellsthen manually assembled inside the
glove box.The explosive view of the coin cell assembly involved in this study is as shown in
Figure 55 (a). The graphite anode electrode usually fourarggulr LIB cell is replaced by
a lithium chipfor assuring the consistency between cells. Electrolykéch is 1mol/L, E 0 &
dissolves in EC/EMC(3:7 in volume)is droppedbetween each layaturing the assembly
process. The closed positive case and negative case are then press seal®tiSk{+166E
digital coin cell crimpelas shown irFigure 55 (b). The crimped CR2032 cells as shown in

Figure 55 (c) are then tested on tlE2001A classic battery tester.
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Positive Case

S$5304 Wave Spring

55304 Spacer

Lithium Chip

Gasket

Separator

Cathode Electrodes

Negative Case

Figure 5-5 (a) Coin cell assemblyexplosive view (b) MSK-160E digitalcoin cellassembly

crimper, (c)asembledCR2032, and (d)CT2001A classic battery tester

5.3 Electrochemical Performance of the Regenerated LFP
The electrochemical performance of five samples are tested. Apart froladbuw-P
samples regenerated under different conditions, thpuashased FP powderfrom MSE
supplies is also tested as the control experiment to verify the correction of thedsect
preparation process and the coin cell assembly process. The rate performance of the assembled
coin cells are tested at the C rate of 0.1C, 0.2C, 0.5C, afat B&ycles eachl he discharging

cut off voltage is set to 2.6V while the charging cutwafitage is set to 4.0V for all coin cells
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tested. To avoid the inconsistency caused by the manually conducted electrode preparation
process and the coin cell assembly, tlo@a cells of each sampéee tested and only the ones
with intermediate capacitgreselectedor comparison

Figure 56 (a) compares the second cycle under 0.1C viAigare 56 (b) compares the
result of theate performance test.dan be seethat 7560Ar& (  has higher capacity than other
sintered LFP samples at 0.1C. The reversible capacity for the first cycle-8F&%0 is129.3
mAh/g while 650Ar& ( is 128.6 mAh/g. But the capacity of 680& (  start to exceed 750
Ar& (  when discharged at 0.2C. At 0.5C and 1C, the capacity cA8&@Q is higher than
750-Ar& (  in each cycleThus anong all sintered materials, 620& ( has the best rate
performance as shown Figure 56 (b). Noticing 750-Ar shows thdower specific capacity
and pooer cycle performance compared ©60-Ar& ( , which indicates that the reducing

atmosphere isequiredfor the LFP sintering process
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Figure 5-6 The charge/discharge voltage profiles at O{&)Cand rate performance (b) of cathode

active material mixtures sintered under différeonditiors.

107



5.4 Conclusion and Future Development

Utilizing the EoL LFP reclaimed from studies of Chaptethé, cathode materials have
been successfully regenerated by direct solid phase sintering métie&RD pattern and
SEM images indicate that regenerated sampkege a purer phaseand more uniforred
morphologycompared to reclaimed EoL LFP powders. The capacities of samples regenerated
at 658 and 758 under! O Q poth reach around 130mAh/g at 0.1C discharge conditions.
However, as C rate increases, the performance ofl 6600 xceeds 750 O O ( which
might be caused by decomposition of the resynthesized LFP at high regeneration temperature.
The capacity of 750 O Q (exceed 750 ver all Grates indicating that the reducing
atmosphere is necessary for LFP sintering proéegaredevelopmenbf this study may focus
on testing the cycle performanckregenerated LFP samples aslhasexploring the influence
of mixing additional LiOH to EoL LFP at various levels under the optimal temperature and

atmosphere.
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Chapter 6 Summary and Future Work

6.1 Summary of Contributions

The major goal of this dissertation is facilitate the industrial application of the
pretreatment techniques that is suitable for the direct recycling strategy. Machines and
experiments involving thesemidestructivedisassembly approacfor cathode electrodes
extraction from the EoL pouch LIBs and the organic solvent approach for the cathode coating
reclamation from the cathode electre@dae designed, conducted, and prototyped.

The first chapter of this dissertatiotuses on the complete disassembly strategy of the
EoL pouch LIBs starting from the disassembly sequence planning based on the structure of the
pouch LIB assembly. After successfully allocatiadj connections in the disassembly
precedence graph, the aésembly system is divided into threensecutivedisassembly
modules, namely pouch trimming module, housing removal module, and electrode sorting
module. Customized transporters, fixtures, andeffettors are designed and prototyed
each module. Theuccessfully conducted verification tests utilizing dummy cells indicate that
the prototypedautomateddisassembly system is fully capable of extracting intact cathode
electrode®ut of EoL pouch LIBs.

The second chapter of this dissertation moierward to the subsequent electrode
coating separation process of EoL LCB&focusing on the ultrasonic assisted organic solvent
approachPlacketBurman parameter screeniagperiments are first conducted and identified
the DMAC as the best organic geht while excluthg the saking time, the soaking
temperature, and the sonicating temperature from the list of essential input varidleles.
following Taguchi DOE proved that the sonication time, the sheet size, and thdicgodd

weight ratio are akkssential input variables towards the LCO separation yield. The successfully
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developed linear regression model progi@® essential tool for predicting the production
process yield in the future industrial application of the organic solvent approach.

The third chapter studies the organic solvent approach in separating LFP coating
material without involving any external assistance such as altnaor brutal impact. The
phenomenon of volume expansion of tteP cathode coating sheet enables the 100% pure
coating material reclamation without any Al debris from Al current collector. Alinear
regression model is successfully developed to correlate the input variable (soaking time and
soaking temperature) viitthe LFP separation yield, providing a reliabfgroach to predict
the process variables that are ablentnimize theenergy consumption and maximize the time
efficiency prior to handsn production process development.

The last part ofhis dissertabn initiates the directregeneration study of the EoL LFP
cathode coating material reclaimed from the organic solvent approach developed in Chapter 3.
The XRD pattern indicatea successful repair of decomposed LFP powder after the sintering
process andhe SEM images shows a much more uniformed particle size distribution in the
regenerated samples. The result of the rate performance test indicate that the optimum process

parameter of the sintering process is®5@nder the reducing atmosphere.

6.2 Future Work
As aforementioned in section 2.5, therting module in the prototyped disassembly
system is upgraded by the visieansor network as the first step for developing the eyber
physical enhanced automated disassembly system.nidehine leanmg algorithm that
cooperates with the physical model of each customized mechanism will fulfill the -tbaged
smart control system with much better process flexibility and situation awareness ability

compared to the originally developed ogeap control Ulin LabVIEW. Such improvement
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will also enable the automated disassembly system to deal with uncertiomieSoL LIBs
due to years of servicedth more confidence.

The study of the organic solvent approach introduced in Chapter 3 focuses on the LCO
separation yield as the response whiletmgtaside the metal impurity level at the time. As the
subsequent process of the selastructive disassembly approach, the studied organic solvent
approach only need to control the impurity level of Al debris siticer metals contained in an
EoL LIB such as copper, iron, stainless steel, and etc. are alreadgpamated by the
prototyped automated disassembly system. More complete experiment designs considering
both LCO separation yield and Al debris as respsmrse requirg. Meanwhile, the intensity
and frequency of the ultrasound need to be taken into consideration in the future study if
condition allows.

The organic solvent approach for separating LFP coating material from the cathode
electrode is studiedith 52mm*40mm electrode pieces at a relatively low sttjdid ratio.In
order to facilitate the industrigicale application of this approach, future developmentsteed
focus on treating the entie8m LFP cathode electrode strip. Customized fixtures are needed
to prevent layer stacking while soaking in NMP. Meanwlet@eriments conducted in Chapter
4 utilize fresh NMP for each electrode piece, which can be both expensigaarahmentally
harmil for industriatscale productionThus theefficiency degradation akeused NMP neex
to be studied systematically in the future development.

Though Chapter 5 reveals the optimum sintering temperature and atmosphere by the
rate performance test, the tgcperformance of regenerated samples need to be further
investigated. Meanwhile, the required reducing atmosphere psetfentdecomposition of

residual PVDF and the oxidation of carbon black, which may influenceldéo¢rochemical
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performance charactedtion accuracyof regenerated LFP cathode materials. Thus extra
material separation steps aiming at minimize the residual PVDF and carbon black in the
regenerated LFP cathode material are expected for future development of the direct recycling
research wiks.

Apartfrom the aforementioned future works correspngtb researchactivitiesof each
Chapterfuture studies imdopting Industrial Internet dthings (IOT) in LIB remanufacturing
processcan be a crucial assurance fiecreamg variation in the final producas well as
reducing the production cost. Previous stéffyndicated that by applying Advanced Process
Control and streamline the production/material flow, we expect reduced cost of the battery
management system, increasadformity and yield of individual batteries, and at least 20%
reduction of the manufactug cost in battery manufacturing processes. Such approach could
benefit the LIB remanufacturing process even more since much more variations in supply
chains and states of raw material (EoL LIBS) are expe@taas how IIOT could enhance the
efficiency aml effectiveness of thelB remanufacturing processill be studied in the future

development of this dissertation.
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